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ABSTRACT 

Black carbon (BC) is an important short-lived climate forcer, which 

overall impact is still uncertain in climate models. A better estimate requires 

the accurate characterization of fundamental properties such as BC size and 

mixing state, and climate-relevant properties (i.e. BC mass concentration and 

mass absorption cross-section) in different environments. Here, we integrated 

field observations from European and South American urban and remote sites 

with chamber experiments in the CESAM simulation chamber to assess the 

metrology limits of widely used measurement techniques and the variability of 

BC properties, both at the emission and after ageing in the atmosphere. 

We found that metrology limitations, and the use of different correction 

methods, in the measurement of mass concentration and absorption 

coefficient are site and technique dependent. The combination of biases from 

mass concentration and absorption coefficient can induce a potential increase 

in the estimate of the MAC up to 90%. In urban environments BC properties 

were observed to quickly react to the diurnal changes in emissions (type, 

intensity, vicinity) and meteorology (dilution induced by atmospheric dynamic). 

BC in the Po Valley urban sites was mainly emitted by traffic sources in summer 

(71-83%), with a secondary contribution from biomass burning in the colder 

months (46-56%) when heating systems are extensively used. Mass 

concentration varied significantly with the intensity of traffic emission, resulting 

in a sudden increase of BC mass concentration from the baseline to daily 

maximum during rush hours in both European (+160%) and Bolivian (+450%) 

cities. Simultaneous measurements showed an increase in BC particle size from 

the traffic site of La Paz (85 nm) to the urban background site of El Alto (187 

nm), reflecting the proximity of direct sources and the rapid BC modification. 

The establishment of ventilated conditions was observed to promote 

dispersion of traffic emission and dilution with regional background, resulting 

in a change of concentration (-80%), diameter (+8%), mixing state (+80%) and 

absorption (+24%) of BC compared to stagnating periods in urban coastal site 

(Barcelona). Contrary to the urban sites, the variability of BC properties at the 

mountain site of Chacaltaya was found to be influenced by long range 

transport. The injection of pollution from the boundary layer appeared to 

systematically modify the climate-relevant properties of BC such as mass 



concentration (+550%) and absorption cross-section (-23%) compared to free-

tropospheric conditions, having instead a negligible impact on particle size.  

This study contributes to reducing uncertainty in BC observations, 

offering insights into fundamental and climate-relevant BC properties in urban 

and remote environments essential for refining BC direct radiative forcing 

estimates in models. 
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 INTRODUCTION 

1.1 ATMOSPHERIC AEROSOLS 

Atmospheric aerosols are defined as a population of solid or liquid 

particles suspended in a gas (Hinds and Zhu, 2022). Despite constituting a 

minority of atmospheric mass, these particles play a crucial role in climate and 

biogeochemical systems, with repercussions on human well-being and 

ecosystems. As a function of their sources, which can be both natural and 

anthropogenic, aerosol particles are characterized by a wide variety of physical 

and chemical properties. Hence, they interact differently with solar radiation 

and clouds, and can have a more or less pronounced impact on human health 

and ecosystems.  

Aerosol science has developed significantly since the end of the Second 

World War, drawing on contributions from a variety of scientific disciplines 

including meteorology, physics, engineering, chemistry and mathematics.  The 

historical origins of aerosol studies are linked to the history of air pollution, 

dating back to Ancient Rome times when complaints about dirty air were 

documented (Jacobson, 2012). As early as the 13th century, regulations and 

measures were introduced in London in response to high concentrations of 

particulate matter (PM), emphasising the harmful effects of emissions from 

coal burning (Spurny, 1998). The term 'aerosol' was coined by E.G. Donnan in 

1918 and from this time until the mid-20th century, this field of science saw 

the development of measurement techniques and the publication of 

milestones such as 'The Mechanics of Aerosols' by Fuchs and Fuks (1964). By 

the second half of the 20th century, aerosol science had become a recognised 

discipline, characterised by advances in measurement methods and 

instrumentation. Progress continued with innovations in sampling methods, 

laboratory analysis and modelling, making aerosol science an integral part of 

climate research, with a surge in publications reflecting the growing interest in 

the field (Spurny, 1998; Flagan, 1998; McMurry, 2000). Recent areas of research 

focus on the optical properties of aerosols, their radiative effects and their role 

in climate variability, highlighting the dynamic and expanding nature of aerosol 

science (Park et al., 2010; Skeie et al., 2011). The remarkable increase in 



publications containing the term 'aerosols' from nearly 16,800 in the 1980s to 

over 53,500 in the first decade of the 21st century reflects the increased interest 

and importance of aerosol studies within the scientific community. 

Despite recent progress, understanding aerosol impacts on the 

atmosphere lags behind that of gaseous species, primarily due to challenges 

in characterizing different chemical components that tend to mix in the 

atmosphere. Ongoing efforts focus on developing measurement methods and 

models to effectively quantify and represent the properties and effects of 

individual aerosol components, addressing a key source of uncertainty in 

atmospheric science. 

1.1.1 Aerosol sources and life cycle  

Aerosol particles may originate from many different sources and are 

generally classified as natural or anthropogenic and as primary or secondary 

(Figure 1-1).  Anthropogenic sources include fuel combustion, industrial 

processes, transport and land use, while natural sources include volcanic 

eruption, sea spray, dust resuspension, biological processes and biomass 

burning. Primary aerosols are emitted directly into the atmosphere by 

combustion sources, resuspension or erosion. Among these are mineral dust, 

sea salt, black carbon, metals, and primary organics. Secondary particles are 

formed through vapor nucleation of precursor gases and rapid growth of 

molecular clusters. Homogeneous nucleation involves the aggregation of 

molecules of the same type to form solid particles, while heterogeneous 

nucleation occurs when gas phase molecules condense on existing surfaces. 

Secondary aerosols predominantly consist of secondary organics, sulphate, 

nitrate, and ammonium. Depending on the source and formation mechanism, 

aerosols are remarkably diverse in terms of their physical and chemical 

properties. 

The properties of aerosols evolve dynamically after emission during 

their suspension time as a result of physicochemical processing until wet or dry 

deposition occur (Figure 1-1). During this time, called lifetime, aerosol travel 

from their source region and undergo changes in size, mass, morphology and 

composition. These changes, usually called atmospheric ageing, in turn affect 



other climate relevant properties such as hygroscopicity and their ability to 

interact with radiation.  

 

 

Figure 1-1: Schematic description of aerosol sources and their classification (adapted from IPCC, 2021), 

and synthetic graphical description of aerosol life cycle. 

 

Several processes shape the evolution of aerosols, including 

coagulation, condensation, photochemical reactions, and heterogeneous 

chemistry. Coagulation occurs when particles collide and stick together, while 

condensation occurs when vapors condense on existing particles. Both 

coagulation and condensation increase size and contribute to change particle 

composition. During their lifetime, aerosols may decrease in number or mass 

as some material returns to the gas phase, through evaporation. Depending 

on ambient humidity and particle composition, water vapor may condense on 

their surface, leading to the formation of cloud droplets. Conversely, their mass 

may decrease as they dry out due to decreasing humidity. Inside clouds, 

aerosols undergo further changes and may be released after evaporation. 

These changes affect their number concentration, composition, size and mixing 

state. Aerosols, driven by atmospheric circulation, often travel long distances, 



sometimes for days, from one continent to another. The further they travel, the 

more the physico-chemical processes mentioned above occur.  

Finally, removal from the atmosphere occurs through two main 

pathways: wet and dry deposition. Dry deposition involves the transport of 

particulate species from the atmosphere to surfaces without precipitation. It is 

influenced by particle properties such as size, density, shape and composition, 

as well as the roughness of the surface. Wet deposition is the process by which 

particles are transported to the surface by precipitation. Wet deposition might 

involve two different processes. Nucleation scavenging involves the formation 

of liquid droplets or ice crystal on the aerosol surface at cloud level and their 

eventual delivery to the Earth's surface upon rain or snow precipitation. 

Impaction scavenging involves the capture of an aerosol particles by a 

precipitating hydrometeor inside or below cloud level. Both wet and dry 

deposition mechanisms play an important role in controlling aerosol 

concentration and shaping aerosol dynamics and environmental impacts. 

1.1.2 Aerosol physico-chemical properties 

 Chemical composition and morphology 

If we define a chemical species as an ensemble of identical molecules, by 

chemical composition of an aerosol particle we mean the mass of each 

chemical species present within the particle. Considering that a single 100 nm 

particle can consist of millions of molecules, and can contain hundreds to 

thousands of distinct chemical species within an attoliter (10-18 L) volume, the 

measurement or modeling of each chemical species in numerous atmospheric 

particles becomes impractical. For this reason, we usually simplify the 

description of the composition by referring to aerosol species. That is, groups 

of similar molecules determined by a specific measurement technique or by 

the level of detail available in aerosol models. As main constituents of 

atmospheric aerosol, we can mention inorganic salts, mineral species and 

carbonaceous aerosol. The main inorganic species are sulphate, nitrate, 

ammonium, sea salt and mineral dust. Sulphate aerosols form in the 

atmosphere mainly through secondary formation processes involving sulfur 

dioxide (SO2), emitted during volcanic eruptions or from anthropogenic 

sources (linked to power production or industrial processes), or dimethyl 



sulphide (DMS) produced by phytoplankton in the ocean. They consist of 

droplets of a solution of sulphate or sulphuric acid, or can be found as a 

suspension of solid sulphate particles (SO2
4
-). Nitrate (NO3) can be produced 

from the reaction of gas-phase nitrate (nitric acid; HNO3) and ammonia (NH3) 

or from the reaction of gas-phase nitric acid with pre-existing coarse particles 

(Kim et al., 2019). The sources of gaseous precursors are fossil fuel combustion 

(e.g. in car engine or industrial processes), soils (agricultural practices, bacterial 

activity), biomass burning, and lightning.  Ammonium nitrate and ammonium 

sulphate are formed from the reaction of ammonia NH3 with nitric and sulfuric 

acid. NH3 is produced by coal combustion, biomass burning, fertilizer 

application, naturally release by soils or emitted as a result of the decay of 

waste products from domestic animals, wild animals, seas and oceans (Wang 

et al., 2010).  Sea spray and mineral dust are primary particles emitted from 

natural sources. Sea spray originates from sea surface due to bubble bursting 

in breaking waves, with an emission rate influenced by sea condition, wind 

speed at the surface and atmospheric stability. On the other hand, mineral dust 

results from disintegration of aggregates during movement of large soil 

particles.  

Carbonaceous aerosols are an important aerosol component that 

accounts for 10 - 70 % of atmospheric particulate matter (Monteiro Dos Santos 

et al., 2016; Chen et al., 2017; Mikhailov et al., 2017; Sharma et al., 2022). 

Carbonaceous aerosols are usually divided in black carbon (BC), made of 

almost pure carbon and organic aerosols (OA), which also contain hydrogen 

and oxygen.  Organic species are characterized by a variety of chemical 

compounds. They can be subdivided into primary organic aerosol (POA) or 

secondary organic aerosol (SOA). Natural POAs are emitted from forest fires, 

suspension of biogenic material (e.g. plant and animal debris, microorganisms, 

pollen, spores, etc.), also known as primary biogenic aerosol particles (PBAPs; 

Fröhlich-Nowoisky et al., 2016) and spray from surface waters with dissolved 

organic compounds (Sciare et al., 2009). Anthropogenic sources are 

represented by biomass burning (e.g. domestic heating), fossil-fuel 

combustion (domestic, industrial, traffic), and traffic-related suspension of road 

dust (Jiang et al., 2019). SOA are instead the product of reactions involving 

volatile organic compounds (VOCs). These gaseous precursors can nucleate 



and grow, be adsorbed or absorbed by pre-existing aerosols or cloud droplets, 

and be involved in heterogeneous and multiphase reactions. Sources of VOCs 

can be both natural and anthropogenic. The main natural compounds are 

isoprene, monoterpenes and sesquiterpenes (Laothawornkitkul et al., 2009; 

Panopoulou et al., 2020), the main anthropogenic are alkanes (40%), followed 

by aromatics (20%) and alkenes (10%) (Srivastava et al., 2022). 

 

 

Figure 1-2: Aerosol particles collected on Si wafer, during haze episodes in Jinan city (North China), 

from (Li et al., 2016). (a) Mineral particles mixed with Ca(NO3)2; (b) Mixture of aggregation of many 

regular CaSO4 rods and mineral together coated by Ca(NO3)2 (c) An aggregate of fly ash (d) One giant 

biogenic particle and many secondary S-rich particles (indicated by red arrows). (e) A black carbon 

(soot) particle associated with a spherical primary organic particle. (f) One irregular mineral particle. 

 

Usually, different chemical species coexist together within the same 

particle, which is then a mixture of different components. The way these 

chemical species are arranged spatially within the particle is defined as particle 

morphology. In the atmosphere, we can find a great variety of particle shapes, 

from the cubic shape of a sodium chloride crystal to the long branched chains 

of small spherules of carbon atoms characterizing BC particles. Figure 1-2 gives 

an idea of the complexity of shapes and mixing states that can be found in the 

atmosphere.  

 Size and size distribution 

Size is another fundamental aerosol property. Aerosol particles can 

range in size from few nanometres to tens or even hundreds of micrometres. 



Usually, the aerosol size is defined through the particle diameter (Dp), which 

would be the physical diameter if the particles were spherical. The size of the 

particles represents, then, an alternative speciation of the aerosol population 

as shown in Figure 1-3. Aerosol particles are usually classified in four main size 

modes named nucleation mode (diameters < 10 nm), Aitken mode (diameters 

~10 nm – 100 nm), accumulation mode (diameters ~0.1 – 2.5 μm), and coarse 

mode (diameters ~2.5 - ~50 μm). Depending on their emission source, aerosol 

particles can be found in different modes. Freshly formed particles via 

nucleation are the smallest (nucleation mode), while the Aitken and 

accumulation is populated by soot and ammonium sulphate. Natural emission 

dominates the larger modes with mineral dust, sea salt and pollens.  

Considering that ambient particles have a variety of morphologies 

(Figure 1-2), the concept of ‘equivalent diameter’ is used. The equivalent 

diameter is defined as the diameter of a sphere, which with a given instrument, 

would yield the same size measurement as the particle under consideration. 

There exist many different definitions depending on the physical property used 

to measure it (e.g. aerodynamic diameter, diffusion diameter, optical diameter). 

In this thesis the definition we will encounter are the mass equivalent diameter, 

the electrical mobility diameter and the optical diameter. The mass equivalent 

diameter (Dme) is defined as the diameter of a spherical particle with the same 

mass as the one measured. It can be derived by measuring the mass of the 

particle (mp) and assuming or measuring its material density (ρm) as follows:  

𝐷𝑚𝑒
3 = 

6𝑚𝑝

𝜋𝜌𝑚
 (1-1) 

The electrical mobility diameter (Dm) is instead defined as the diameter of a 

spherical particle with unit density which has the same electrical mobility (Zp) 

as the particle in question. The optical diameter (Dopt) is instead based on the 

scattering signal produced by particles when illuminated by a laser beam.  

If Dm, Dme and Dopt define the size of a single particle, size distributions 

fully describe the properties of a population of aerosol particles. A particle size 

distribution can be represented by a histogram showing the number of 

particles per unit volume over specific size intervals. As the size intervals 

approach infinitesimally small values, a continuous function known as the 

diameter number density distribution N(Dp) is formed. This function 



characterises the number of particles with diameters ranging from Dp to Dp + 

ΔDp per unit volume. The differential diameter number size distribution, 

denoted as nN(Dp), is precisely defined as: 

𝑛𝑁(𝐷𝑝) =
𝑑𝑁(𝐷𝑝)

𝑑𝐷𝑝
(1-2) 

so that the total number of particles per unit volume N is obtained by: 

𝑁 = ∫ 𝑛𝑁(𝐷𝑝)𝑑𝐷𝑝

∞

0

(1-3) 

Many climate-relevant properties depend on the particle mass distributions 

with respect to particle size more than on the number size distribution. It is 

than important to define also the aerosol mass size distribution as: 

𝑛𝑀(𝐷𝑝) =
𝜋

6
𝐷𝑝
3 𝜌𝑝𝑛𝑁(𝐷𝑝) (1-4) 

 

 

Figure 1-3: Example of number and volume size distributions of atmospheric aerosol particles (Seinfeld 

and Pandis, 2016). The different modes in which these can be divided are also represented. 



From observations it was found that these size distributions can be usually well 

fitted using a combination of log-normal functions defined as follows:  

𝑛𝑁(𝑙𝑜𝑔𝐷𝑝) =  ∑
𝑁0,1

√2𝜋𝑙𝑜𝑔𝜎𝑔,𝑖
𝑒𝑥𝑝(−

1

2

(𝑙𝑜𝑔𝐷𝑝 − 𝑙𝑜𝑔𝐷𝑝𝑔,𝑖 ̅̅ ̅̅ ̅̅ ̅)
2

𝑙𝑜𝑔2 𝜎𝑔,𝑖 
)

𝑛

𝑖=1

(1-5) 

 

where N0,i is the integral of the ith lognormal function, Dpg,i is the mean 

geometric diameter, and σg,i is the geometric standard deviation of the ith log-

normal mode. The number size distribution is dominated by the Aitken and 

nucleation modes, while the volume (and mass) size distribution is dominated 

by the coarse and the accumulation modes (Figure 1-3).  

 Mixing state 

Aerosol chemical and physical properties are not constant in the 

atmosphere but are highly variable depending on location and lifetime. This 

variability is described by the aerosol mixing state, which is defined as the 

distribution of a combination of properties across the particles in a population 

(Riemer et al., 2019). It can be referred only to the particle composition, so that 

the mixing state represent the amount of each chemical component in a 

particle. Or it can be defined in a more general way, including not only the 

particle composition but a combination of particle properties defining a 

particle type (e.g. size, composition, optical properties). 

 

 

Figure 1-4: Graphical description of the mixing state in an aerosol population (Riemer et al., 2019), 

showing both the extreme cases of full internal and external mixing, as well as the a real world mixture. 

 

Historically, the mixing state refers to the composition and is divided in 

external and internal mixing (Winkler, 1973), as described in Figure 1-4. Fully 



internal mixtures are populations of particles with the same aerosol type in the 

same mass fraction, while fully external mixtures are populations of particles 

with different types in each particle. In the real world we never find these two 

extremes but more intermediate situations. Different matrixes can be used to 

define if the population is more internally or externally mixed depending on 

the properties to be taken into account, the techniques available for measuring 

or the modelling approach.  

1.1.3 Aerosol variability in the atmosphere 

The spatial and temporal variability of atmospheric aerosols is a 

complex and dynamic phenomenon influenced by a multitude of factors. 

Aerosol concentrations exhibit significant spatial variability due to the 

inhomogeneous spatial distribution of natural and anthropogenic emissions. 

As a consequence, different regions or environments are affected by a variable 

presence of aerosol (Figure 1-5).  

 

 

Figure 1-5: Number concentration of aerosol particles in different environments. Data collected at 37 

globally distributed stations and representative of four environmental conditions. Adapted from Laj et 

al. (2020). 

 

Urban areas tend to experience higher concentrations compared to 

rural backgrounds, reflecting anthropogenic influences, while natural 

emissions in forest environments can also significantly contribute to aerosol 

concentration. With increasing distance from emission regions, due to dilution 



and removal mechanisms, the concentration of aerosol drastically decreases in 

pristine regions such as the pole (Figure 1-5). Furthermore, local 

meteorological conditions, topography, and local atmospheric dynamics 

control the concentration at specific locations (defined as mixed), which might 

experience high pollution levels as well as pristine conditions. 

 

 

Figure 1-6: Average trend from MODerate Resolution Imaging Spectroradiometer (MODIS) and Multi-

Angle Imaging Spectroradiometer (MISR). a) Linear trend in annual mean AOD retrieved from satellite 

data for the 2000–2019 period (%yr–1). (b) Linear trend in 2000–2019 as in (a), but for fine-mode AOD, 

AODf, and using only MISR over land. 

Temporally, aerosol concentrations vary on different timescales, ranging 

from diurnal to seasonal and long-term trends. Diurnal variations often result 

from daily human activities, such as increased traffic during rush hours. 

Seasonal changes are influenced by factors like meteorological conditions and 

specific emission patterns associated with different seasons. Long-term trends 

may be affected by changes in anthropogenic emissions and subsequent 

regulations, and climate change feedbacks. Hence, there is great uncertainty 

about multi-decadal trends. As reported by the last IPCC report (2021), there 

is little confidence in the possibility of a global trend. Most likely there has been 

a decline since 1990 in Europe and the US (East) and growth since 2000 in East 

and South Asia. In particular, sulphates increased between up 800 and 1950-

70 in Europe, to Svalbard and Russia by a factor 3 to 8, and then decreased by 

a factor of 2. As for BC, this grew in the 20th century in Europe, Russia, 

Greenland, the Arctic, saw a slight positive trend in South America, and 

remained constant at very low concentrations in Antarctica. While a decrease 

in ground absorption has been observed since the first decade of the 21st 

century. The study of aerosol optical depth of fine particles (Figure 1-6), related 



to anthropogenic aerosol, between 2000 and 2019 shows a decrease (1.5 % 

per year) in Europe and North America and an increase (1.5 % per year) in 

South Asia and East Africa. 

1.1.4 Aerosol role as short-lived climate forcers (SLCF) 

Aerosols have both direct and indirect effects on climate and due to 

their relatively short suspension time in the atmosphere are important short-

lived climate forcers (SLCFs). Their effect is to alter the Earth's radiative balance 

by scattering and absorbing solar radiation, but also by interacting with clouds. 

In contrast to well-mixed greenhouse gases, which have more a global effect, 

SLCFs primarily induce regional-scale radiative forcing effects. They affect 

climate within weeks after emission. The radiative forcing is proportional to 

emissions, and change soon after the emissions reach zero.  Despite this 

regional influence, changes in emissions can produce long-term climate 

effects.  

 

 

Figure 1-7: Scheme of the new terminology used in the Fifth Assessment Report (AR5) for aerosol-

radiation and aerosol-cloud interactions and its relation to the terminology used in the Fourth 

Assessment Report (AR4), (IPCC, 2013). 

 

Throughout this thesis we adopted the terminology established in the 

Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate 

Change, graphically described in Figure 1-7. This document introduces the 

distinction between traditional radiative forcing (RF) and effective radiative 

forcing (ERF), which incorporates rapid adjustments. RF, measured in Wm-2, is 



the instantaneous perturbation of the net radiative flux at the top of the 

atmosphere (TOA) due to changes in the radiative budget with respect to the 

pre-industrial era (1850), while maintaining the surface temperature and 

tropospheric state in their unperturbed state. 

Negative RFs indicate a decrease in net radiative flux (atmospheric 

cooling) while positive RFs indicate an energy gain (atmospheric warming). The 

ERF reflects the change in the net downward radiative flux at the top of the 

atmosphere, taking into account adjustments in atmospheric temperature, 

water vapour and clouds, with the global mean surface temperature or part of 

the surface state unchanged. Essentially, ERF encompasses RF and its rapid 

adjustments, and has been shown to be a more accurate predictor of 

subsequent long-term surface temperature changes than instantaneous RF 

(Bellouin, 2014). 

In addition, the IPCC report (2013) distinguishes between aerosol-

radiation interactions (ERFari) and aerosol-cloud interactions (ERFaci) as 

components of the effective radiative forcing, which includes both radiative 

forcing and adjustments (Figure 1-7). These distinctions are essential for 

understanding the complex processes of aerosol-induced climate forcing 

(IPCC, 2013), and are discussed in detail in the following sections.  

 Aerosol-radiation interaction 

When aerosol particles encounter radiation, their charges are excited. 

This leads to the re-emission of energy in different directions (scattering) or to 

its conversion into other forms, such as heat (absorption). The intensity of these 

interactions vary with the wavelength of the incident radiation, and the aerosol 

composition, mixing state, size and shape. All atmospheric aerosols have the 

ability to scatter solar radiation, with only a subset, including black carbon (BC), 

mineral dust and certain organic matter, that have the additional ability to 

absorb it. The absorbing components of aerosols contribute to atmospheric 

warming, while the scattering components contribute to cooling. Therefore, for 

an accurate assessment of the influence of each chemical species on the 

planetary energy budget, it is essential to have an estimate of both the 

scattering and absorption effects. 



Mie theory is used to model the radiation-particle interaction. When 

dealing with submicron aerosols (<1 µm), traditional geometric optics and 

Rayleigh scattering are not suitable for studying optical properties in the visible 

spectrum. A theoretical relationship between the microphysical properties of a 

particle to the absorbed and scattered light was established by Mie (1908) 

based on Maxwell's equations. The scattering cross-section for a particle of 

diameter Dp is defined as the amount of light dispersed per unit time in a unit 

solid angle for a unit of incident light. The scattering cross-section (σs) is then 

determined by integration over the entire surface of a unit sphere. It quantifies 

the scattered energy (Fs) in all directions relative to the intensity of the incident 

light (F0), which is expressed mathematically as follows: 

𝜎𝑠 =
𝐹𝑠
𝐹0

(1-6) 

In the same way, the absorption cross-section (σa) represents the energy 

absorbed (Fa) from all directions with respect to F0, given by: 

𝜎𝑎 =
𝐹𝑎
𝐹0

(1-7) 

The conservation of energy leads to the concept of extinction, where the 

extinction cross-section (σe) is defined as the sum of the scattering cross-

section and the absorption cross-section, expressed as follows: 

𝜎𝑒 = 𝜎𝑎 + 𝜎𝑠 (1-8) 

The scattering and absorption phenomena are influenced by key parameters 

such as the wavelength of the incident radiation (λ) and the diameter of the 

particle (Dp), assuming it is spherical. These parameters are summarised in the 

dimensionless size parameter (χ), given by χ = (πDp)/λ. The size parameter 

delineates the optical domains, with the Mie domain characterised by χ values 

close to unity, meaning that the wavelength of incident light is comparable to 

the size of the particle. Another crucial factor is the refractive index (m(λ) = n 

+ ik), a complex number with a real part (n) describing scattering and an 

imaginary part (k) related to absorption. In atmospheric science, the refractive 

index is normalised to the refractive index of air.  

The optical coefficients, including scattering (bsca), absorption (babs) and 

extinction (bext) coefficients, are widely used in atmospheric science. These 



coefficients are functions of particle size, refractive index and wavelength of 

incident light and are expressed in inverse metres (m-1). They are defined by 

integrals involving the aerosol mass distribution (nM), particle diameter (Dp) 

and density (ρp) and efficiency factors (Q). Specifically, the coefficients are given 

by: 

𝑏𝑠𝑐𝑎(𝜆) = ∫
3

2 𝜌𝑝𝐷𝑝
𝑄𝑠(𝑚, 𝜒)𝑛𝑀(𝐷𝑝)𝑑𝐷𝑝

𝐷𝑝
𝑚𝑎𝑥

0

(1-9) 

𝑏𝑎𝑏𝑠(𝜆) = ∫
3

2 𝜌𝑝𝐷𝑝
𝑄𝑎(𝑚, 𝜒)𝑛𝑀(𝐷𝑝)𝑑𝐷𝑝

𝐷𝑝
𝑚𝑎𝑥

0

(1-10) 

𝑏𝑒𝑥𝑡(𝜆) = ∫
3

2 𝜌𝑝𝐷𝑝
𝑄𝑒(𝑚, 𝜒)𝑛𝑀(𝐷𝑝)𝑑𝐷𝑝

𝐷𝑝
𝑚𝑎𝑥

0

(1-11) 

 

Efficiencies (Q) are defined as the ratio of scattering, absorption or extinction 

cross-section to the geometric cross-sectional area of the particle. 

The comprehensive nature of these optical coefficients implies that they 

are proportional to the amount of aerosol present and that they can be 

measured by instrumentation. Furthermore, the mass scattering cross-section 

(MSC), mass absorption cross-section (MAC) and mass extinction cross-section 

(MEC) can be calculated from observations, representing the amount of 

scattered, absorbed or extinguished light per unit mass of non-absorbing, 

absorbing or total aerosol material, respectively. These parameters are given 

as: 

𝑀𝑆𝐶(𝜆)[𝑚2 𝑔⁄ ] =  
𝑏𝑠𝑐𝑎(𝜆)[𝑀𝑚

−1]

𝑚𝑠[𝜇𝑔 𝑚3⁄ ]
(1-12) 

𝑀𝐴𝐶(𝜆)[𝑚2 𝑔⁄ ] =  
𝑏𝑎𝑏𝑠(𝜆)[𝑀𝑚

−1]

𝑚𝑎[𝜇𝑔 𝑚3⁄ ]
(1-13) 

𝑀𝐸𝐶(𝜆)[𝑚2 𝑔⁄ ] =  
𝑏𝑒𝑥𝑡(𝜆)[𝑀𝑚

−1]

𝑚𝑡𝑜𝑡[𝜇𝑔 𝑚3⁄ ]
(1-14) 

 

where ms, ma, and mtot denote the mass concentrations of the non-absorbing, 

absorbing, and total aerosol masses, respectively. 



Scattering, absorption and extinction depend on the wavelength of the 

incident light with a power law. The wavelength dependent variation in 

scattering, absorption and extinction coefficients can be quantified with the 

Scattering Ångström Exponent (SAE; Equation 1-15), the Absorption Ångström 

Exponent (AAE; Equation 1-16) Extinction Ångström Exponent (EAE; 1-17), 

respectively.  

 

𝑏𝑠𝑐𝑎(𝜆)

𝑏𝑠𝑐𝑎(𝜆0)
= (

𝜆

𝜆0
)
−𝑆𝐴𝐸

(1-15) 

𝑏𝑎𝑏𝑠(𝜆)

𝑏𝑎𝑏𝑠(𝜆0)
= (

𝜆

𝜆0
)
−𝐴𝐴𝐸

(1-16) 

𝑏𝑒𝑥𝑡(𝜆)

𝑏𝑒𝑥𝑡(𝜆0)
= (

𝜆

𝜆0
)
−𝐸𝐴𝐸

(1-17) 

 

These exponents are valuable parameters for deriving aerosol properties from 

optical measurements. The AAE is related to the colour of the particle and is 

therefore useful in distinguishing between the three primary absorbing 

components (BC, dust and OA). Several studies (Rosen et al., 1978; Bergstrom 

et al., 2002, 2007; Kirchstetter et al., 2004; Clarke et al., 2007) confirm values 

close to unity for BC, which can vary between 1.9 and 0.8 when BC is internally 

mixed with other compounds (Lack and Cappa, 2010; Liu et al., 2018). Observed 

OA AAE ranges from 3.5 to 7 (e.g. Kirchstetter et al., 2004; Sun et al., 2007; Lewis 

et al., 2008; Yang et al., 2009), while that of dust is typically around 2 to 3, but 

can be higher for very red dusts (e.g. Alfaro et al., 2004; Bergstrom et al., 2007).  

On the other hand, SAE depends primarily on the dominant size mode 

in an aerosol mixture, with higher values associated with the smallest particles 

of the fine mode and lower values indicating the predominance of larger 

particles. Other intensive properties can be calculated by combining babs and 

bsca. The single scattering albedo (SSA) defines the dominant light-aerosol 

interaction and is defined as: 

𝑆𝑆𝐴(𝜆) =
𝑏𝑠𝑐𝑎(𝜆)

𝑏𝑒𝑥𝑡(𝜆)
=  

𝑏𝑠𝑐𝑎(𝜆)

𝑏𝑠𝑐𝑎(𝜆) + 𝑏𝑎𝑏𝑠(𝜆)
(1-18) 

 



Values close to unity indicate that the aerosol scatters predominantly, while 

values below 0.8 indicate that the particles could have a net warming effect 

(Haywood and Shine, 1995). 

After having defined the main parameters that are necessary to define 

the optical properties of a population of particles, let us see how the RFari is 

then evaluated. RFari depends on the spatial distribution of aerosol 

concentrations in both the horizontal and vertical dimensions, as well as the 

scattering and absorption properties. The latter are influenced by aerosol size 

and chemical composition. In addition, environmental factors contribute 

significantly to the variability of RFari, such as the zenith angle of the sun and 

the reflectivity of the underlying surface or cloud beneath the aerosol layer. 

Several approximate formulae have been developed for the quantification of 

RFari at the top of the atmosphere in cloud-free conditions. One such formula 

(Bellouin, 2014) applicable to both scattering and absorbing aerosols is:  

 

𝑅𝐹𝑎𝑟𝑖 ~ 𝑆𝑇2 𝑆𝑆𝐴̅̅ ̅̅ ̅ 𝛽 ∆𝜏[(1 − 𝑅𝑠)
2 − 2𝑅𝑠(1 −  𝑆𝑆𝐴̅̅ ̅̅ ̅ (𝑆𝑆𝐴̅̅ ̅̅ ̅̅ ̅ 𝛽)⁄ )] (1-19) 

 

The formula expresses RFari as a function of the solar constant (S) in Wm-2, the 

dimensionless atmospheric transmittance above the aerosol layer (T) and the 

dimensionless surface reflectance (Rs). Aerosols are characterised by three 

dimensionless parameters: the change in optical thickness (Δτ), the single 

scattering albedo (SSA) and the up-scatter fraction (β), which is the fraction of 

radiation scattered upward for the horizontal plane of the particle. Equation 1-

19 emphasises that the sign of RFari depends on both the aerosol absorption 

properties and the surface reflectance. For a given set of optical properties, it 

also illustrates the linear dependence of RFari on the change in aerosol optical 

thickness or, equivalently, aerosol concentration. Aerosol-radiation 

interactions induce rapid adjustments. This is particularly noticeable for 

absorbing aerosols such as BC. Highly absorbing aerosols such as BC can affect 

cloudiness and liquid water content by heating the cloud and its surroundings. 

This is known as the semi-direct effect. This effect was identified by Hansen et 

al. (1997). It results from the direct interaction of aerosols with radiation and 

indirectly influences climate by changing cloud properties. 



 Aerosol-cloud interactions 

Clouds play a crucial role in regulating the Earth’s radiative budget, 

nearly doubling the planet's albedo. This results in the reflection of incoming 

shortwave solar radiation and the re-emission of longwave terrestrial radiation 

(Ramanathan et al., 1989). Aerosols and clouds are linked through a series of 

intricate feedback mechanisms, collectively referred to as aerosol-cloud 

interaction (RFaci). 

The radiative forcing resulting from aerosol-cloud interactions is driven 

by the critical role that aerosols play in the life cycle of clouds as cloud 

condensation nuclei (CCN) and ice nucleating particles (INP). Condensation of 

water vapour on pre-existing aerosol particles, specifically CCNs, forms cloud 

droplets. The super saturation required for water droplet formation, and hence 

cloud formation, is significantly reduced by the presence of suitable aerosol 

particles (e.g. Pruppacher et al., (1998)). The effectiveness of a particle to act as 

a nucleus for the formation of water droplets is dependent on its size, its 

chemical composition and the local super saturation. Hygroscopic materials 

such as sulphates and sea salts are highly effective as CCNs. Mineral dust and 

combustion products can also be effective, particularly if they are wet or have 

hygroscopic coatings. Hence, CCNs promote the formation of numerous and 

yet small droplets (Twomey, 1959). This phenomenon, known as the Twomey 

effect, is responsible for the elevated albedo of liquid droplets in an aerosol-

rich atmosphere. Subsequent adjustments tend to delay or suppress rainfall, 

prolonging the lifetime of clouds and increasing cloud coverage (Albrecht, 

1989).  

Pure water and solution droplets freeze at temperatures lower than -35 

°C. This ice formation mechanism does not require the presence of any 

impurities such as aerosol particles and it is generally known as homogeneous 

ice nucleation (Koop et al., 2000).  A small subset of aerosols also serves as ice 

nucleating particles (INPs), triggering the formation of ice crystals and 

promoting the glaciation of clouds at subzero temperatures and above -35°C 

(DeMott et al., 2010). These INPs are responsible of the formation of ice via 

heterogeneous ice nucleation (e.g. Seinfeld and Pandis, 2016). The formation 

of ice crystals depends directly on the properties of the INP particle such as 

diameter and composition, but also on super saturation of water with respect 



to the ice phase. Overall, biogenic aerosol (spores, pollen and viruses) are very 

efficient INP at high temperatures (-10°C < T < -5°C; Diehl et al., 2001)) while 

mineral dust is an efficient INP at slightly colder regime (-15°C < T < -35°C; 

Atkinson et al., 2013). The transition from a purely liquid cloud to a mixed-

phase cloud results in an increase of large ice crystals, leading to reduced 

sunlight reflection and increased precipitation, thereby shortening cloud 

lifetime and reducing cloud coverage (Murray et al., 2021). Nevertheless, the 

incorporation of INPs into climatic models remains rudimentary (Vergara-

Temprado et al., 2018), and its impact on the radiative forcing of aerosol-cloud 

interaction, as outlined in the most recent IPCC report, remains largely 

unaccounted for. Hence, we here focus on the role of CCN as climatic forcer. 

The Twomey effect, as described in studies such as Feingold (2003), 

means that an increase in the number of CCNs results in more cloud droplets 

and a simultaneous reduction in droplet size. The relationship between aerosol 

concentrations and raindrops is non-linear and can be expressed as: 

𝑁𝑑~𝑁𝑎
𝑏 (1-20) 

 

where Nd is the concentration of the droplet, Na is the concentration of the 

total particle, and b varies widely depending on the properties of the aerosol. 

Taking into account the solar constant (S), fractional cloud cover (f), changes 

in cloud condensation nuclei due to anthropogenic activities (δNa), the 

sensitivity of cloud droplet number to changes in cloud condensation nuclei 

(δNd/δNa), and the sensitivity of cloud albedo to changes in cloud droplet 

number (δα/δNd), an approximate formula (Bellouin, 2014) for calculating RFaci 

is: 

𝑅𝐹𝑎𝑐𝑖 =  −𝑆 ⋅ 𝑓 ⋅
𝛿𝛼

𝛿𝑁𝑑
⋅
𝛿𝑁𝑑
𝛿𝑁𝑎

⋅ 𝑑𝑁𝑎 (1-21) 

 

The understanding of the cloud adjustment component of the ERFaci, 

which includes both albedo and lifetime effects, is still uncertain. The influence 

of aerosols on the cloud albedo is associated with multiple light scattering 

within the cloud, which leads to an increase at higher CCN numbers. Models 

suggest that aerosols also affect the distribution of liquid water within the 



cloud. This affects cloud lifetime, precipitation, and extent. The response of the 

cloud to the adjustment depends on the state of the cloud and the 

environmental conditions, which influence factors such as precipitation and 

vertical motion within the cloud. Observational evidence for rapid adjustments 

varies, showing either reduced or increased precipitation in regions with high 

anthropogenic aerosol loading, depending on the cloud regime. The influence 

of aerosol-driven rapid adjustments is probably limited to specific cloud 

regimes or situations where changes in condensation nuclei force cloud regime 

transitions. 

 Estimate and variability of effective radiative forcing 

The last IPCC report AR6 (2021) provides the most updated estimates of 

ERF and its trend, derived based on the Coupled Model Intercomparison 

Project (CMIP6). These estimates are valid for 2014 relative to 1850. According 

to these results the average ERF is -1.11 ± 0.38 Wm−2, with ERFari at -0.25 ± 

0.40 Wm−2 and ERFaci at -0.86 ± 0.57 Wm−2. This estimate depends on all the 

different aerosol components as illustrated in Figure 1-8b and is still largely 

uncertain.  

The ensemble-mean aerosol Effective Radiative Forcing (ERF) exhibits 

significant regional variability over the 1850–2014 period (Figure 1-8a). 

Negative ERF is most pronounced over and downwind of industrialized regions 

in the Northern Hemisphere, particularly Eastern Asia and Southern Asia, 

reflecting changes in anthropogenic aerosol emissions. Europe and North 

America also show substantial negative forcing. Conversely, positive ERF over 

high albedo areas, such as cryosphere, deserts, and clouds, attributed to 

absorbing aerosols, lacks robustness across the applied CMIP6 ensemble.  

Regional net aerosol ERF trends demonstrate a division into two groups 

based on whether the mean ERF reaches its negative peak value in the 1970s–

1980s (e.g., Europe, North America) or in the late 1990s–2000s (e.g., Asia, South 

America). This shift aligns with regional long-term trends in aerosol precursor 

emissions. However, finer regional scales reveal some areas where sulphate 

aerosols are still increasing, suggesting persistence in ERF trends for these 

regions. Global mean ERF experiences a maximum negative value in the mid-

1970s, gradually decreasing thereafter, consistent with reduced global mean 



SO2 emissions and increased global BC since 1990. Despite these trends, 

uncertainties persist due to inter-model variations in aerosol-cloud 

interactions and microphysical processes, highlighting the complexity of 

accurately simulating aerosol ERF distribution and trends. In summary, the 

spatial and temporal distribution of the net aerosol ERF from 1850-2014 is 

highly heterogeneous, with a global shift from increasing to decreasing 

negative net aerosol ERF, driven by trends in aerosol and precursor emissions, 

although with temporal variations at different regional scales. 

 

 

Figure 1-8: a) Temporal variability of mean net radiative forcing due to aerosol in different regions of 

the globe; b) Description of Effective radiative forcing due to SLCF and specifically to aerosols (purple 

boxes). Adapted from IPCC (2021). 

 

1.1.5 Observations of aerosol climate-relevant properties 

Understanding the spatial and temporal variability of atmospheric 

aerosols is crucial for assessing their impact on air quality and climate. 

Monitoring and analyzing these variations provide valuable insights into the 

complex interplay between natural and anthropogenic factors shaping the 

atmospheric aerosol composition and distribution. However, there are still 

notable limitations in accurately assessing the spatial and temporal variability 

of atmospheric aerosols. One significant challenge arises from the spatial and 

temporal coverage constraints associated with in situ techniques. While these 

methods provide accurate measurements, their deployment is often limited to 

specific locations and short durations, hindering a comprehensive 

understanding of global aerosol dynamics. There is considerable variation from 

place to place in the current availability and accessibility of ground-based 



datasets. Satellite measurements, while offering extensive spatial coverage, 

face challenges related to the vertical distribution of aerosols and the difficulty 

in distinguishing between different aerosol types. Additionally, inconsistencies 

persist between aerosol models and measurements, highlighting the 

complexity of simulating the intricate interactions within the atmosphere 

accurately. Clearly, neither a single approach to atmospheric aerosol 

observations nor a limited set of instruments can provide the necessary data 

to quantify the aerosol forcing on climate in all its relevant dimensions and 

space-time scales (Anderson et al., 2005). A climate aerosol observing system 

requires combining all types of observations with models to extrapolate large 

geographical scales to compare satellite measurements (e.g. Anderson et al., 

2005 and Kahn et al., 2023). 

 

 

Figure 1-9: Location of major global in situ sites with measurements of aerosol optical properties. In 

blue, sites active in the year 2017 and in red, sites with at least > 10-year time series (Laj et al., 2020). 

 

The in situ segment of atmospheric observations is very complex, with several 

networks, operating at regional or global scales, that support consistent, long-

term measurements of atmospheric variables. The World Meteorological 

Organisation's (WMO) GAW programme was established in 1989 and the GAW 

aerosol programme in 1997, with the specific aim to monitor the background 

atmospheric conditions, evaluate the polluted air mass transports, evaluate 

trends of pollutant and essential climate variables, study the interactions 

between environment and climate. The main networks providing in situ aerosol 



properties, are the NOAA's Federated Aerosol Network (NFAN), comprising 

sites mainly in North America, but also including sites in Europe, Asia and the 

Southern Hemisphere, including Antarctic sites, and the Clouds and Trace 

Gases Research Infra Structure (ACTRIS) operating mainly in Europe, but also 

including sites in other WMO regions. In the last decades, European 

Community established the ESFRI Research Infrastructures, in order to provide 

a long term, sustainable, reliable, traceable and high quality data for many 

actual research investigations. ACTRIS is the Research Infrastructure regarding 

the short live atmospheric species. Figure 1-9 summarizes the main global 

stations with in-situ observations of climate relevant properties. 

1.2 BLACK CARBON 

1.2.1 Definition based on unique properties 

Black carbon (BC) is a distinct type of carbonaceous aerosol formed in 

flames by the incomplete combustion of liquid and solid fuels. Historically 

labelled as "soot" to describe the black material emitted from wood and coal 

fires, it has no universally accepted definition yet. The wide variety of 

nomenclatures and definitions that have proliferated over the past decades 

have been carefully collected and organised by Petzold et al. (2013), and will 

be detailed in Section 1.2.4. BC is characterized by unique physical, chemical, 

and optical properties, encompassing morphology, microstructure, thermal 

stability, solubility, and light absorption (Bond et al., 2013; Petzold et al., 2013; 

Corbin et al., 2019). 

 

Figure 1-10: Schematic of BC structure in different scales: a) fractal-like soot aggregate consisting of 

primary spherule; b) inner structure of a primary spherule; c) ordered domain composed of small, 

parallel carbon layers. From Pawlyta and Hercman (2016). 



In terms of morphology, the typical structure of BC involves a fractal-

like aggregate formed through rapid coagulation of primary spherules during 

combustion (Figure 1-10a) (Medalia and Heckman, 1969; Haynes and Wagner, 

1981). These primary spherules, exhibit diameters ranging from less than 10 to 

approximately 50 nm, varying with source type and combustion conditions. 

The typical morphology of fresh particles is thus well described as a fractal 

cluster by the following law: 

𝑁𝑆 = 𝑘0 (
𝑅𝑔

𝑎
)
𝐷𝑓

, (1-22) 

where a is the mean monomer radius, k0 is the fractal pre-factor, Df is the fractal 

dimension, NS is the number of monomers (primary spherules) in the cluster, 

and Rg, called the radius of gyration, is a measure of the total cluster radius. In 

terms of microstructure, each primary spherule comprises disordered graphite 

layers (Figure 1-10b) predominantly composed of carbon (90% in mass), with 

a minor presence of hydrogen. The graphite layer is characterized by a 

significant fraction of sp2-bonded carbon atoms (Figure 1-10c; Ogren and 

Charlson, 1983; Smith, 1981). Recent classifications by Corbin et al. (2019) 

introduce the distinction between "soot BC" (predominant type) and "char BC," 

the latter produced through the pyrolysis of low-volatility fuel droplets, that 

undergo surface graphitization. Char BC particles are bigger than soot BC 

particles and more spherical. In terms of thermal stability, both soot BC and 

char BC display extreme refractoriness in an inert atmosphere, with a 

sublimation temperature exceeding 4000 K (Schwarz et al., 2006). Gasification 

occurs solely through oxidation at temperatures above 340 °C (Cachier et al., 

1989).  

Pure BC exhibits robust light absorption, with a higher mass absorption 

cross-section (MAC) compared to other light absorbing aerosol species such 

as dust and brown carbon (BrC), as described in Figure 1-11. A MAC value of 

7.5 ± 1.2 m2g-1 at a wavelength of 550 nm is generally accepted as typical for 

freshly emitted BC. This was proposed by Bond and Bergstrom (2006) and 

confirmed in a recent review by Liu et al. (2020), where an average of 8.0 ± 0.7 

m2g-1 was found. However, ambient measurements show higher variability, 

reflecting the dependence of this parameter on the compaction of fractal 

aggregates and the mixing state of the particle. In particular, Zanatta et al. 



(2016) found a mean value of 10 m2g-1 at 637 nm for European boundary layer, 

and values in the range of 10-15 m2g-1 at 550 nm were derived in different sites 

in the Arctic (Ohata et al., 2021). These values are one to two order of 

magnitude higher than those measured for dust or BrC. Samset et al. (2018) 

clearly discuss differences in absorption by these aerosol components. At a 

wavelength of about 600 nm he calculated a MAC of 8-9 for BC, 0.02-0.05 for 

dust and 0.1-0.7 for BrC (Figure 1-11).  

 

 

Figure 1-11: Values of Mass Absorption Cross-section (MAC) and Single Scattering Albedo (SSA), and 

their spectral dependence, for different aerosol species BC, BrC and dust (Samset et al., 2018). 

 

These values in turn lead to marked differences in the values of the single 

scattering albedo, a parameter that, as discussed in Section 1.1.4.1, determines 

the nature of the radiative impact caused by an aerosol population. Values of 

0.2-0.3, >0.9, >0.8 for BC, dust and BrC respectively are reported by Samset et 

al. (2018) and shown in Figure 1-11. BC is therefore the only aerosol that causes 

heating of the atmosphere, while scattering remains dominant for the other 

absorbing components. In addition, the wavelength dependence of BC 

absorption differs significantly from that of dust and BrC, as detailed in Section 

1.1.4.1.  

Notably, BC remains insoluble in any solvent and in water (Fung, 1990). 

In turns, this means that pure and fresh BC is not hydrophilic and does not 

behave as cloud condensation nuclei (Dalirian et al., 2018). 



1.2.2 Emissions from different sources and regions 

Over the centuries, global black carbon (BC) emissions have undergone 

significant changes. If BC emissions were dominated by biomass burning in the 

pre-industrial era (before 1750), there was a notable increase in anthropogenic 

emissions attributed to coal and biomass consumption in the residential sector 

from 1850 onwards (Lamarque et al., 2010; Bond et al., 2013). By 2000, BC 

emissions had increased to about five times the background level of 1750, 

mainly driven by energy consumption. During this period, biomass burning and 

energy-related activities were the main contributors, with energy-related 

emissions accounting for 59% and biomass burning for 41% (Bond et al., 2013). 

 

 

Figure 1-12: Black carbon emission contributions by sector (a) and region of the world (b), adapted 

from IPCC (2021). 

 

Historically, North America and Europe contributed around half of 

global BC emissions. However, technological advancement in industrial 

processing, renewable energy and transport, and global policies to improve air 

quality have led to significant BC emission reduction in these regions. 

Nowadays, due to industrial development and the absence of emission 

reduction policies, Asia and Africa contribute about 80% of global 

carbonaceous aerosol emissions (Figure 1-12b). Residential solid fuels are a 

major contributor, accounting for 60-80% of emissions in Asia and Africa, while 

diesel engines play a significant role in Europe and North America, contributing 

around 70% (IPCC, 2021) of BC emission in these two areas. Globally, the 

residential and commercial sectors are the main contributors, followed by land 

transportation, fossil fuel combustion for energy production, waste 



management, and industry. Minor contributions derive from shipping, and 

fossil fuel production and distribution (Figure 1-12a). 

Despite progress, uncertainties remain, particularly in Asia and Africa, 

that weakens our confidence in emission estimates and trends. Overall, there 

is a factor of two uncertainties in global BC emission estimates, with post-2005 

emissions in Asia (high confidence) and Africa (medium confidence) likely to 

be overestimated. This highlights the need for continued refinement of 

emission estimates to improve the quantification of climatic impacts associated 

with BC (IPCC, 2021). 

1.2.3 Formation and evolution 

The exact formation mechanism of black carbon particles is not yet fully 

understood, but involves several steps: i) fuel pyrolysis and thermal 

degradation; ii) formation of polycyclic aromatic hydrocarbons; iii) growth of 

polycyclic aromatic hydrocarbon structures; iv) conversion of gas into particles; 

v) surface growth and coagulation to form the new particles (Masiello, 2004; 

Moosmüller et al., 2009; Bond et al., 2013). 

After emission, during their suspension and transport in the 

atmosphere, BC particles undergo complex chemical and physical 

transformations, collectively referred to as atmospheric ageing. Overall, the 

ageing process promotes the transition from external to internal mixing. The 

latter, as better defined in Section 1.1.2.3, characterises a diverse population of 

heterogeneous agglomerates, where black carbon and other materials are 

combined within the same single-particle volume. This process involves the 

dynamic interaction of BC with various atmospheric components and it is 

schematized in Figure 1-13. Within hours to days from emission, condensation 

of gases, coagulation with other atmospheric aerosol and oxidation result in 

an internal mixture of BC with other coating material (Jacobson, 2001; Fierce et 

al., 2015). While condensation dominates during the day, coagulation is more 

likely to be the driving mixing process at night (Riemer et al., 2010).  This first 

stage of ageing leads to the formation of thin or partial coatings on the BC 

surface, which maintains a complex geometry (He et al., 2015). On a longer 

timescale (days, Figure 1-13), the process of coagulation causes an increase in 

coating thickness (Matsui et al., 2013; Matsui, 2016), which may fully envelop 



the BC core resulting in an almost spherical shape (He et al., 2015).  As shown 

in Figure 1-13, depending on the availability of coating material and its 

precursors, thin coatings form on a local scale, while thick coating may be 

observed after the regional transport (He et al., 2015; Matsui et al., 2013; 

Matsui, 2016).  

Although there is consensus on the occurrence of internal mixing, there 

is still debate on the geometry of BC-containing particles. Considering the 

fractal-like morphology of fresh BC particles (Figure 1-14a), the most common 

simplification includes the assumption of a complete and symmetrical 

encapsulation of BC by non-BC material, referred to as concentric core-shell 

geometry assuming a fully spherical particle shape. An alternative simplified 

mixing configuration, such as partial and non-concentric shells and BC cores 

attached to other non-BC particles, have also been proposed (Sedlacek et al., 

2012; Adachi et al., 2010; China et al., 2013; Dahlkötter et al., 2014). Figure 1-14 

provides examples of the existing geometry found in ambient samples. 

 

 

Figure 1-13: Schematic description of black carbon ageing in the atmosphere and main changes in its 

properties (He et al., 2015). 

 

Ageing processes induce changes in the hygroscopic properties of BC. 

Freshly released BC is predominantly hydrophobic (Weingartner et al., 1997). 

However, its hygroscopicity increases (Schwarz et al., 2015; Ohata et al., 2016) 

during ageing due to changes in the particle diameter (Motos et al., 2019) and 



the formation of inorganic and organic coatings (Dalirian et al., 2018; Motos et 

al., 2019). It is recognised that BC can acquire hydrophilic properties within 1-

2 days in the atmosphere, making it capable of acting as cloud condensation 

nuclei (Koch et al., 2009). Hence, aged and coated BC may be activated in the 

cloud phase and be removed via nucleation scavenging during precipitation 

events (Bond 2013). This makes the ageing process to be one of the factors 

controlling the atmospheric residence time of BC (i.e. the time between 

emission and deposition). The so-called wet deposition contributes to 66% of 

the total removal of BC (Chung and Seinfeld, 2002). Models indicate that wet 

removal is three times more efficient in removing BC from the atmosphere than 

dry deposition processes (Bauer et al., 2013). BC particles deposited on surfaces 

such as soils, snow and ice, water and sediments can ultimately be preserved 

(Bisiaux et al., 2011). 

As BC aggregates during ageing, they can collapse to form less fractal 

and more compact particles (Figure 1-13). Consequently, the size distribution 

of the BC population gradually changes during transport and ageing. The 

change in morphology and size coupled with the uptake of a coating, also 

alters the optical properties of BC, which will be discussed in detail as it follows. 

 Variability of BC size distribution with sources and ageing  

The size and mass and number size distributions of BC, are crucial 

parameters in defining its optical properties and lifetime in the atmosphere. 

Usually in literature, we can find the description of the size distribution of BC 

derived from the mass equivalent diameter, from which the mass median 

diameter (MMD) and number median diameter (NMD) are derived. Size 

distributions, and consequently the MMD or NMD, show great atmospheric 

variability, influenced by both sources and ageing processes.  

In particular, the size varies with the type of source. Traffic emissions 

produce smaller particles compared to emissions from biomass burning 

(Schwarz et al., 2008). The number size distribution of traffic emissions peaks 

around 60-80 nm, while that of biomass burning peaks around 80-130 nm 

(Gong et al., 2016). MMD measurements in urban areas in summer (mostly 

related to traffic) range from 119 to 124 nm, while in winter (mixed sources) 

they range from 135 to 167 nm (Liu et al., 2014). The diameter also differs for 



different fuel types; traditional coal combustion shows BC diameters around 

200-250 nm (Yuan et al., 2021; Liu et al., 2019). Diesel and gasoline-powered 

vehicles produce emissions with smaller BC particles than coal, with gasoline-

powered vehicles producing more diverse and smaller BC particles than diesel 

(Krecl et al., 2017; Han et al., 2019). Combustion conditions also contribute to 

the variability, with studies on petrol vehicles showing high variability in 

concentrations and sizes (Karjalainen et al., 2014). This variability may be due 

to a varying number of primary spheres (for a fixed primary sphere size), or a 

fixed number of spheres of different sizes, or a combination of both.  

During atmospheric ageing, the BC core can increase in size due to 

intra-coagulation. This process occurs between freshly emitted BC particles 

and between fresh and aged BC. Considering that the coagulation rate is 

proportional to the square of the particle number concentration, in highly 

polluted environments, there is a rapid shift of the size distribution towards to 

larger diameters soon after emission (Krasowsky et al., 2018). On the contrary, 

in background and cleaner environments the coagulation process becomes 

less effective. Freshly emitted particles also have a lacy, branched structure, 

which becomes more compact and almost spherical as the coating causes the 

core to shrink due to capillary forces (China et al., 2015). In the transition from 

background to remote regions, and from the boundary layer to higher 

altitudes, the dominant mechanism changing the size distribution is selective 

removal. Wet removal is more effective for large and water-soluble BC-

containing particles (Moteki et al., 2012; Ohata et al., 2016), leading to a shift 

towards smaller diameters of the distribution peak (Miyakawa et al., 2017).  

 Variability of optical properties with ageing 

Becoming internally mixed, the optical properties of BC evolves with the 

degree of internal mixing, change in morphology, and size. First, each of the 

chemical species present in the BC-containing particle interacts differently with 

radiation, with inorganic components being mainly non-absorbing and some 

organic components being slightly absorbing. Second, with the formation of 

thin coatings around the BC core, the initial branched fractal-like structure 

collapses, resulting in a change in the cross-section of scattering and 

absorption. Third, with the growth of coating, the diameter and cross-section 

of the total particles increases. The result is a significant change in the intensive 



optical properties of the particle, with an increase of its ability to absorb 

radiation through the so-called ‘lensing effect’.  

In particular, the MAC, crucial parameter in the assessment of the direct 

radiative forcing of BC, changes. This change is quantified through a parameter 

called absorption enhancement (Eabs), obtained from the MAC of bare BC 

compared to that of a coated BC-containing particle as follow:  

 

𝐸𝑎𝑏𝑠 =
𝑀𝐴𝐶𝐵𝐶

𝑐𝑜𝑎𝑡𝑒𝑑

𝑀𝐴𝐶𝐵𝐶
𝑏𝑎𝑟𝑒 (1-23) 

 

The variability of Eabs can be estimated using different approaches: field 

measurements, laboratory studies and modelling.  

 

 

Figure 1-14: Examples of 6 morphological models of BC and BC-containing aerosols, ranging from bare 

BC to completely embedded BC mixtures (Liu and Mishchenko, 2018). Models a-b represent bare BC 

particles, c-d different concentric agglomerates, e-f non concentric agglomerates.   

 

Morphology, size and mixing evolution can be mathematically 

interpreted and the resulting Eabs can be theoretically estimated. Mathematical 



solutions depend on the assumption of morphology and relative mixing 

geometry between BC-core and coating material. However, there is still debate 

on the geometry of BC-containing particles. Considering the complexity of 

fractal or collapsed BC agglomerates (Figure 1-14a-b), some solutions need a 

geometrical simplification. Among these, Mie theory provides an analytical 

solution to determine optical properties for coated BC having concentric 

spheres core-shell morphologies as shown in Figure 1-14b (Bohren and 

Huffman, 1998). Alternative mixing configuration including agglomerate core 

embedded by a spherical coating  (Figure 1-14d),  non-concentric partial shells 

(Figure 1-14e), and BC agglomerate attached to other non-BC particles (Figure 

1-14f) have also been proposed (Sedlacek et al., 2012; Adachi et al., 2010; China 

et al., 2013; Dahlkötter et al., 2014).   

Both the morphology of the BC core and the relative position of the 

core within the particle were found to affect the absorption enhancement 

(China et al., 2013; Adachi and Buseck, 2013; Scarnato et al., 2013; Moffet et al., 

2016). Jacobson (2001) estimated an Eabs value of 3 using an early model based 

on Mie theory. Bond et al. (2006) applied Mie theory with varying core/shell 

relationships and proposed Eabs values of 1.5 for fresh BC aerosols (urban 

already slightly coated) to aged, and 1.9 for uncoated to aged BC aerosols. 

Adachi et al. (2010) used the discrete dipole approximation model and found 

Eabs values up to 1.9 with increasing coating volume fraction, noting a 30% 

decrease for off-centre BC nuclei. He also observed a 30% decrease for fractal 

morphology compared to compact sphere. He et al. (2015) developed a BC 

aging model, showing Eabs values ranging from 1.02 to 3.5 based on coating 

morphology (embedded, partly encapsulated and partly coated) and aging 

stages (three steps including uncoated BC, BC coated with soluble material and 

with soluble material and water). Fierce et al., (2016) observed Eabs values 

between 1 and 1.5 at low relative humidity, and underlined its dependence on 

coating composition. Wu et al. (2018) constrained BC core morphology, 

indicating Eabs values from close to 1 for fresh BC to 3.5 for heavily coated 

particles. Chakrabarty and Heinson (2018) proposed a power law with 

exponent 1/3 for absorption enhancement with internal mixing ratio, 

consistent with numerical simulations (Wu et al., 2018) and previous 

experiments. Romshoo et al. (2022) stressed the importance of properly 



include the size characterization with morphological information for obtaining 

more reliable results.  

Laboratory experiments shown variable results. He et al. (2015) 

summarized previous studies and found Eabs values ranging from less than 1.1 

to around 2.  The variability depends on coating type, thickness and BC particle 

size. However, only a limited number of studies have quantitatively 

investigated Eabs variations alongside coating amount or particle morphology. 

If formation of mixed diesel soot and dry ammonium sulphate particles by 

coagulation has only a minor effect on the soot absorption cross-section, 

coating with secondary organic material amplifies the MAC up to 2.1 factor at 

a wavelength of 700 nm compared to externally mixed conditions. Similarly, 

Shiraiwa et al. (2010) coated colloidal graphite particles with volatile organic 

species and observed that Eabs values (at 532 nm wavelength) increased from 

1.3 to 2 with an increase in coating volume fraction from 42% to 88%. In 

contrast, Qiu et al. (2012) observed a negligible lensing effect when coating 

150 nm diameter soot particles, with Eabs values up to 1.1 for volume equivalent 

coating fractions from 54% to 70%. Considering the variability of BC proxies, 

coating materials and mixing mechanisms (condensation, coagulation, photo 

oxidations), experimental details play a crucial role in making meaningful and 

appropriate comparisons between these studies (He et al., 2015).  

Field studies show variable and often contradictory results, with Eabs 

values from 1 to 3. This variability is partially due to variable methods used to 

derive the Eabs and to account for the coating thickness or the ratio between 

non-refractory and refractory material in the BC containing particle (Rcoat-rBC) 

and to differences in the particle mixing state, which is uncharacterized in many 

studies. Studies such as that by Samset et al. (2018), highlight the importance 

of specifying the baseline in Eabs calculations, noting differences between 

studies using freshly emitted BC and uncoated BC as references. Some of this 

studies report an Eabs very close to unity. Eabs < 1.1 at 532 nm is observed by 

Cappa et al. (2012) in a coastal region in California during summertime even at 

significant Rcoat-rBC of 12. Healy et al. (2015) observed negligible enhancement 

at 781 nm in Toronto, and McMeeking et al. (2014) low enhancement up to a 

Rcoat-rBC of 4-5. A limited dependence of the absorption on the ratio between 

the non-refractory and refractory material, attributed to a non-uniform coating 



distribution in the population of particles, was also observed in two different 

campaigns in different seasons in Fresno (summer) and Fontana (winter) 

(Cappa et al., 2019). On the other hand, some studies reported an increase of 

the absorption with the coating thickness, but with variable magnitudes 

between 1.4 and 3 (Lack et al., 2009; Liu et al., 2015; Peng et al., 2016; Cui et al., 

2016; Ueda et al., 2016). Values around 1.5 and up to 3 were observed more 

recently in long datasets measured in urban environments, where the higher 

increase was associated to availability of organic material (Zhang et al., 2018; 

Yus-Díez et al., 2022). Some of the works reported here are summarized in 

Figure 1-15, where the high variability of these results is evident.  

One of the current main issues is the discrepancy between field and 

laboratory modeling studies. As discussed in recent papers this is probably due 

to mixing state heterogeneity in the coating thickness within a population of 

particles (Zhai et al., 2022; Zeng et al., 2024).    

 

 

Figure 1-15: Variability of absorption enhancement measured in different ambient studies (Cappa et al., 

2019). 

 



1.2.4 BC role in the climate system 

Aerosol particles are important players in the Earth's climate system, 

contributing primarily to a cooling effect. Among the different types of 

aerosols, black carbon stands out as a distinct component that exerts a 

warming influence. In the latest IPCC (2021) report, the estimated BC radiative 

forcing due to direct aerosol-radiation (RFari) was 0.14 Wm-2 and that due to 

aerosol-cloud interaction (RFaci) was -0.037 Wm-2.  

 BC-radiation interaction 

To assess the global mean direct radiative forcing of black carbon (DRF, 

measured in Wm-2), it is necessary to integrate different inputs from different 

models (Schulz et al., 2006):  

𝐷𝑅F = 𝐸𝑅 ⋅ 𝐿 ⋅ 𝑀𝐴𝐶 ⋅ 𝐴𝐹𝐸 (1-24) 

In this equation ER (gm-2s-1) is the global mean black carbon emission rate 

derived from black carbon emission inventories. Gliß et al. (2021) using an 

ensamble of 14 models included in the AeroCom initiative derived that the 

median for global annual ER is 9.7 Tg yr-1, with a standard deviation of 3.8 %. L 

is the global mean lifetime of BC. It is mainly controlled by its removal from the 

atmosphere, which depends on factors such as location (altitude), season and 

scavenging processes, and depends on BC properties such as the size and the 

degree of internal mixing of BC with hygroscopic aerosol constituents. L was 

found to be 5.5 days on average with a standard deviation of 35%. MAC (m2g-

1) is the global mean mass absorption cross-section at a given wavelength (λ). 

Observational constraints on MAC at different wavelengths, locations, seasons 

and states of black carbon atmospheric ageing can be obtained from surface 

measurements or laboratory experiments. The estimated values of MAC show 

significant variability (3.1 to 15 m2g-1 at 550 nm, Gliß et al., 2021) due to the 

complicated properties of BC particles, such as mixing state and internal mixing 

degree with non-black carbon components, as better detailed in Section 

1.2.3.2. Finally, AFE (Wm-2 AAOD-1) is the global mean absorption forcing 

efficiency (forcing per aerosol absorption optical depth) determined by 

radiative transfer models. This factor varies between 90 and 270 Wm-2 per 

AAOD (Bond et al., 2013).  



Each of these four parameters affecting the DRF introduces its own 

uncertainties and complexities. Equation 1-24 clearly shows how the global 

forcing of BC actually depends on its intrinsic properties, which might in turn 

varies as function of emission type and atmospheric ageing.  

 BC-cloud interactions  

The contribution of black carbon (BC) to the formation of cloud and resulting 

cooling of the atmosphere is firstly controlled by the ability of BC to act as a 

cloud condensation nucleus (CCN) or ice-nucleating particle (INP).  

Fresh and externally mixed BC show limited activation because intrinsic 

of BC insolubility (Weingartner et al., 1997; Dusek et al., 2006). Condensation 

of hydrophilic or water-soluble organic matter and inorganic salts on BC cores, 

combined with coagulation, increase the ability of BC to act as a CCN by 

altering its solubility (Dusek et al., 2006; Kuwata et al., 2009) and total diameter 

(Moteki et al., 2012; Motos et al., 2019). More controversial and debated is the 

ability of BC to promote the formation of ice crystals, hence to act as an (INP). 

Nowadays, there is generalized consensus on the inability of BC particles to 

trigger ice formation in mixed-phased cloud regimes (Kanji et al., 2020) and on 

the efficient role of BC as INP at temperatures below -38°C (Ullrich et al., 2017; 

Mahrt et al., 2018). Although recent studies have made improvements in 

assessing the role of BC as CCN and INP, variations in observational metrics 

and scarcity of observations lead to a lack of robustness in the results. If on 

one side BC can promote cloud formation, it may lead to cloud dissipation 

through droplet evaporation and a reduction in cloud cover due to the 

warming of the atmospheric cloud layer, via the semi-direct effect (Koren et al., 

2004; Tosca et al., 2015). Hence, effective forcing of BC-cloud interaction is 

extremely variable and strongly depends on local and vertically resolved 

processes (Solomon et al., 2015; Ding et al., 2019; Zanatta et al., 2023). 

1.2.5 Modelling improvement through better parameterisation of BC 

processes and properties 

Estimation of the radiative forcing of BC has experienced substantial 

variation over the decades. In the past, this component was considered as a 

minority, only gaining climate relevance after the 1960s, when its presence in 

the Arctic was detected (Novakov et al., 2003; Sharma et al., 2004). At the same 



time as a major revision of the literature on this subject was done by Bond et 

al. (2013), the IPCC that came out in the same years re-evaluated the impact of 

BC, giving it an importance second only to CO2. In the 2013 report, the IPCC 

assessed its radiative forcing at 0.6 Wm-2, considering only its direct impact 

due to aerosol-radiation interaction and neglecting that due to interaction with 

clouds.  

However, many of the models used in deriving these estimates relied on 

limited and approximate parameterisation of both the processes and 

properties of BC. Taking the models included in the AeroCom initiative and 

CAMS (Copernicus Atmosphere Monitoring Service) as an example, the less 

up-to-date versions of these models had assumptions about the size 

distribution and mixing state of BC that were not always in line with 

observations or able to represent only a small part of the global variability. In 

fact, the median diameter of the number size distribution at emission assumed 

in these models could change from 24 to 80 nm (Mann et al., 2014, Bozzo et 

al., 2017), while the mixing state of newly emitted particles was assumed to be 

zero or not parameterised. Various subsequent studies have shown how 

incorrect assumptions or limited parameterisation impact the final values of 

the radiative forcing derived from the models (Matsui, 2016b, Matsui and 

Mahowald, 2017, Matsui et al. 2018). In particular, the underestimation of the 

coating leads to an increased estimate of BC lifetime in the atmosphere due to 

fewer particles being recognized as cloud condensation nuclei. Simultaneously, 

it results in an underestimated absorption efficiency because the potential 

‘lensing effect’ is not fully accounted for. A change in the size distribution 

assumed at emission, taking the lowest and highest diameter values used in 

the AeroCom models, can lead to a shift of up to 0.20 Wm-2 in the estimate of 

the radiative forcing. 

The last estimate derived by the IPCC in 2021 was thus very different 

from the previous one. The impact is now about 77% lower than estimated in 

2013, and this is mainly due to the inclusion of a parameterisation for cloud 

interaction, the updating of emission inventories, and the updating or 

improvement of many parameterisations concerning BC properties and 

processes.  



The most recent models base the input parameters on results obtained 

from in situ observations and are able to give a much more complex 

representation of the mixing state of BC, and its condensation core activation 

and ‘lensing effect’ during atmospheric ageing (Chen et al., 2023). Although 

models are making great efforts to improve their representations, direct 

observation of BC properties and processes remains crucial for improving and 

updating input parameters.  

1.2.6 BC measuring techniques and nomenclature 

This section summarize the nomenclature used to describe black carbon 

and the main measurement techniques from which it is derived, which are 

described in more detail in Sections 2.1 and 2.2. Each of these techniques 

quantifies BC indirectly by measuring a specific BC property; thus, the use of a 

specific technique generates a specific BC name. The lack of a universally 

accepted technique for quantifying BC in the atmosphere is one of the current 

limitations to a proper study of black carbon and also has created ambiguity 

in the scientific literature. In this work we will refer to the nomenclature detailed 

in Petzold et al. (2013) and described schematically in Figure 1-16. 

‘Soot’ is a useful qualitative description when referring to carbonaceous 

particles that are formed as a result of incomplete combustion. ‘Black carbon’ 

(BC) is a useful qualitative description of light-absorbing carbon-containing 

substances in atmospheric aerosols, but the term needs to be clarified for 

quantitative applications. Mixed particles that contain a fraction of BC should 

be referred to as ‘BC-containing’ particles. Here the main specific nomenclature 

used in this work: 

 Elemental carbon (EC) was used for methods that address the amount 

of carbon atoms present in the sample of particulate matter being 

analysed.  

 Equivalent black carbon (eBC) was used for data derived from optical 

absorption methods. 

 Refractory black carbon (rBC) was used for measurements derived from 

incandescence methods. 

 



Elemental carbon (EC) refers to the carbonaceous fraction of particulate matter, 

being thermally stable in an inert atmosphere up to temperatures above 4000 

K. This volatilizes only at temperatures above 340°C by oxidation. Moreover, it 

is also assumed to be insoluble in any solvent. The thermos-optical method is 

the main method used to measure particulate matter with these properties. 

The equivalent black carbon (eBC) is derived from the absorption coefficient 

by assuming a proper MAC using equation 1-13. The two main method used 

to quantify the absorption are: filter-based photometers and photoacoustic 

methods. Finally, the refractory black carbon (rBC), is again the fraction of 

particulate matter which is refractory and volatilizes at very high temperatures, 

but measured with laser induced incandescence methods.  

 

 

Figure 1-16: Schematic description of main properties and techniques, as well as the nomenclature 

used to refer to atmospheric black carbon. 

1.3 OBJECTIVES OF THE PRESENT STUDY AND OVERVIEW OF THE THESIS 

The introduction showed that, although black carbon is not a major 

component of the atmospheric aerosol, it plays an important role as a positive 

short-lived climate forcer. Estimates of the radiative forcing of BC still remain 

largely uncertain due to the numerous and complex mechanisms through 

which BC affects the radiation balance of our atmosphere. Indeed, BC is 

emitted into the atmosphere by various combustion sources partially 

controlling its climate-relevant properties, which undergo additional 



modifications during its short life time, further affecting its climatic impacts of 

on a variable degree on both the temporal and spatial scale. 

The overarching objective of the present work is to bring new insights in 

the observational aerosol community to decrease the instrumental uncertainty 

and deepen the understanding of the atmospheric processes in which BC is 

involved. This would provide also additional knowledge to reduce the 

uncertainty on the BC radiative forcing estimate, representing an important 

contribution to the modelling community.  

Considering the dramatic changes that the physical, chemical and optical 

properties undergo after emission due to atmospheric ageing, the present 

study aims to answer to these main research questions: 

• How can we reduce the uncertainty of the most commonly used 

measurement techniques for deriving the absorption coefficient and mass 

concentration of BC? 

• Which are the BC properties and sources in the urban environment, near 

emissions, both in Europe and South America? 

• How do the properties of black carbon change during aging and 

transport from large urban centres into the free troposphere? 

 

To adequately answer these questions, the present work was organized to 

reach two specific objectives: 1) quantify the instrumental uncertainties 

affecting the quantification of absorption coefficient and BC mass 

concentration; 2) quantify the impact of ageing on BC climate relevant 

properties in urban and remote environment.   

The first objective concerns the reduction of uncertainty in measuring BC 

with filter-based photometry, where BC concentration is derived from the 

measurement of the aerosol absorption coefficient. This technique is the most 

widely adopted to observe ambient variability of black carbon concentrations 

over monitoring infrastructures such as ACTRIS. We thus quantified the 

variability of the main correction factor C for the multiple scattering effect and 

studied its variability over time and space, and as a function of aerosol 

properties. Improving the accuracy of in situ measurements of the aerosol 



absorption coefficient contribute to a reproducible quantification of equivalent 

black carbon mass concentration across the European monitoring system but 

also to a robust quantification of BC optical properties, namely the mass 

absorption cross-section. To reach this goal I compared the aethalometer 

measurements (the unique recommended instruments available on the actual 

market) with other independent measurements, by taking advantage of long-

term measurements and simulation chamber experiments, both within ACTRIS 

RI.  

The second objective regards the study of BC properties at the emission 

and after evolution with aging. Considering the short lifetime of BC, its 

concentration and fundamental properties can present a large variability at 

regional scale. To add a contribution to this topic I first studied sources of BC 

by applying source apportionment methods and characterized the its 

properties such as size and mixing state, in different urban environments in 

Europe, where significant reductions were experienced in the last twenty years, 

and South America, where BC emissions are still significant. Second, I 

investigated the variability of fundamental and climate relevant properties of 

BC as function of long-term ageing and transport mechanism in a remote 

location in the Andes.  

The analytical and interpretative process developed/applied to answer 

the scientific questions and achieve the main objectives of the present work is 

organized in seven chapters.  

CHAPTER 1 provides a general context of the aerosol science and an 

overview of BC characteristics in the atmosphere and climatic role at global 

scale 

CHAPTER 2-3 describe the methodology and dataset used for answering 

the main research questions.  

Chapter four to six describe the main results obtained.  

CHAPTER 4 investigates one of the main artefacts of the aethalometer, 

currently the most widely used instrument for measuring the aerosol 

absorption coefficient, by comparing this technique with others that are 

considered to be independent. Here, I used two datasets from long term 

stations within ACTRIS observational network (Monte Cimone and ISPRA) and 



simulation chamber experiments at the CESAM simulation chamber in Paris, to 

derive the aerosol absorption coefficient from different measuring techniques. 

Then, I quantified the correction factor C for the multiple scattering effect 

affecting aethalometer measurements and studied its variability during BC 

aging and as a function of certain aerosol properties. 

CHAPTER 5 focuses on the study of the role and properties of BC in 

different urban sites. Measurements at sites in the Po Valley (Milan and 

Bologna), carried out as part of the RI-Urbans project, were used to assess the 

role of BC in pollution in this region and to study the variability of the main 

sources throughout the year. Additional data from short-term measurement 

campaigns were also used to analyse the main characteristics of BC in two 

different large urban areas where BC is mainly emitted from traffic sources. 

One in Europe in Barcelona and one in South America in the Bolivian Andes 

within to different cities in the same metropolitan region, La Paz and El Alto. 

CHAPTER 6 investigates the transport of BC from an urban region into 

the free troposphere, and the variation of its properties across this transition. 

Here, I used data from a campaign within the SALTENA project in the Bolivian 

Andes, using El Alto as a representative of the urban background of a large 

metropolitan region and the Chacaltaya mountain site at 5200 m above the 

sea level as representative of the free troposphere. 

CHAPTER 7 discusses the main conclusions derived from the work. 

 

 

 

 

 

 

 

 

 

 



 METHODOLOGY: INSTRUMENTS 

2.1 ABSORPTION MEASUREMENT TECHNIQUES 

2.1.1 Filter based photometers  

Filter-based photometers widely used to measure aerosol light 

absorption include the Aethalometer (Hansen et al., 1984; Magee Scientific, 

Berkeley, CA), the multi-angle absorption photometer (MAAP; Petzold and 

Schönlinner, 2004; Thermo Scientific, Franklin, MA), the multi-wavelength 

absorption analyser (MWAA; Massabò et al., 2013) the particle soot absorption 

photometer (PSAP; Bond et al., 1999; Radiance Research, Seattle, WA) and the 

continuous soot monitoring system (COSMOS; Miyazaki et al., 2008; Kanomax, 

Osaka, Japan). 

In these techniques, aerosol particles are collected on-line on a filter 

matrix and the transmitted or transmitted and scattered light are detected 

simultaneously. The amount of aerosol deposited on the filter should be 

inversely proportional to the transmittance. However, the use of a filter 

introduces biases in the quantification of the absorption coefficient due to the 

interaction of the sampled particles with the filter matrix and with other 

particles. Major effects on a filter matrix include multiple scattering effects 

caused by filter fibres and aerosol particles (Liousse et al., 1993; Petzold et al., 

1997) and the filter loading effect related to the shadowing of deposited 

aerosol particles (Bond et al., 1999; Weingartner et al., 2003). The MAAP, 

measuring also the scattered light at different wavelengths, and using a 

radiative transfer model to derive the absorption is less affected by these 

biases. The same is done but off-line by the MWAA. Various correction 

procedures have been developed for aethalometer, PSAP and COSMOS 

photometers to account for these optical effects.  

 Aethalometer 

The aethalometer relies on the measurement of attenuation to assess 

the absorption coefficient of aerosols at different wavelengths (370, 470, 520, 

590, 660, 880, 950 nm). Attenuation (ATN) is mathematically defined as the 

natural logarithm of the ratio of the intensity of light passing through a loaded 



filter (I) to the intensity of light passing through an unloaded portion of the 

filter (I0), as expressed by the equation: 

𝐴𝑇𝑁(𝜆) = 𝑙𝑛 (
𝐼

𝐼0
) (2-1) 

Consequently, the absorption coefficient or an approximation of it named the 

attenuation coefficient (batn), at a given wavelength (λ) is proportional to the 

change in attenuation over time: 

𝑏𝑎𝑡𝑛 ∝
𝐴𝑇𝑁(𝜆, 𝑡 + 𝛥𝑡) − 𝐴𝑇𝑁(𝜆, 𝑡)

𝛥𝑡
(2-2) 

Although this approach is commonly used, and the aethalometer is currently 

the most widely used instrument in the world for measuring the absorption 

coefficient, the use of a filter introduces inherent biases in the quantification of 

the absorption coefficient. Theoretically, a positive change in attenuation (ATN) 

should be directly proportional to the amount of absorbing material 

embedded in the filter (Figure 2-1a). However, in practice, the optical 

properties of the filter matrix, the presence of non-absorbing particles and the 

loading of absorbing particles introduce complexities that affect ATN 

measurements. The filter matrix has its own characteristic optical depth, and 

multiple scattering occurs within the filter fibres, consistently attenuating light 

passing through the pristine filter layer (Figure 2-1b). The light intensity used 

as a reference is not the source intensity, but the signal already attenuated by 

the presence of the filter. In addition, the loading of non-absorbing material 

will increase the amount of backscattered light, resulting in an apparent 

increase in the reflectance of the filter (Figure 2-1c). Although the percentage 

of scattering interpreted as absorption is typically negligible (less than 5%), it 

depends on the asymmetry parameter of the deposited particles, which is a 

function of particle diameter and incident light wavelength. 

The presence of non-absorbing particles becomes significant when 

absorbing material is loaded on the filter and is parameterised in terms of the 

single scattering albedo. Scattering by particles increases the optical path of 

the light, thereby increasing the probability of encountering embedded 

absorbing particles (Figure 2-1d). Multiple scattering from the filter matrix has 

a similar effect.  



 

Figure 2-1: Schematic description of the optical processes occurring in a filter matrix. a) Ideal case: the 

variation of ATN is proportional only to the amount of absorbing material loaded on the filter. b) 

Effective backscattering and multiple scattering (grey dotted lines) of the filter matrix, no aerosol 

collected. c) Presence of non-absorbing particles (blue spheres) induces additional scattering (blue 

dotted lines). d) Filter loaded with absorbing and scattering aerosol. Multiple scattering induced by the 

filter matrix and non-absorbing particles increases the optical path of light, increasing the probability of 

light absorption (pink dotted line) by absorbing particles (black spheres). 

 

This increase in optical path leads to an overestimation of absorption, which 

can be partially compensated by the 'shadowing' effect induced by the loading 

of absorbing aerosol on the filter. The last loaded particles absorb light, 

reducing the optical path for a loaded filter and decreasing the probability of 

absorption by previously loaded particles. The vertical distribution of particles 

within the filter, determined by particle size, plays a critical role in this process. 

Larger particles with lower mobility are more likely to be embedded in the 

surface layer of the filter, where backscattering and absorption are dominated 

by surface non-absorbing and absorbing particles. These optical effects 

introduce non-linearity into the attenuation-concentration relationship of the 

BC in the filter, making the attenuation coefficient an approximation of the true 



absorption. To correct for these artefacts and improve the reliability of the 

results, correction algorithms must be introduced to compensate for them.  

Concerning the loading effect, there are numerous algorithms that can 

be applied after the measurement, which may or may not depend on the 

properties of the sampled aerosol, such as the single scattering albedo 

(Weingartner et al., 2003; Schmid et al., 2006; Collaud Coen et al., 2010; Virkkula 

et al., 2015). These algorithms are typically applied to older aethalometer 

models such as the AE31. The more recent AE33 model, however, has a more 

complex internal algorithm and measurement approach known as the 

DualSpot™ method that provides real-time correction for this artefact. This 

method involves making two simultaneous measurements of batn, derived at 

two different spots with different levels of loading, designated ATN1 and ATN2: 

{
𝑏𝑎𝑡𝑛,1 = 𝑏𝑎𝑡𝑛

𝐿𝐶 ⋅ (1 − 𝑘 ⋅ 𝐴𝑇𝑁1)

𝑏𝑎𝑡𝑛,2 = 𝑏𝑎𝑡𝑛
𝐿𝐶 ⋅ (1 − 𝑘 ⋅ 𝐴𝑇𝑁2)

(2-3) 

 

These equations, derived from an empirical relation describing ATN relation 

with the surface loading of BC by Gundel et al. (1984) and further developed 

by Drinovec et al. (2015), allow the determination of a parameter called 

'loading compensation' (k) and the loading corrected attenuation coefficient 

(batn
LC).  

For multiple scattering effects, on the other hand, it is necessary to use 

a correction parameter, typically referred to as ‘C’ in the literature. This 

parameter relates the absorption coefficient to the attenuation coefficient, as 

shown by this simple relationship: 

𝑏𝑎𝑏𝑠 =
𝑏𝑎𝑡𝑛
𝐿𝐶

𝐶
(2-4) 

To date, estimates of C have been made for both the AE31 and the AE33 

models from a variety of field and laboratory studies. Aerosols of different 

types and properties, and under different ambient conditions, have been 

studied. (Weingartner et al., 2003; Arnott et al., 2006; Bond and Bergstrom, 

2006; Collaud Coen et al., 2010; Segura et al., 2014; Backman et al., 2017; Di 

Biagio et al., 2017; Saturno et al., 2017; Corbin et al., 2018; Kim et al., 2019; 

Laing et al., 2020; Valentini et al., 2020; Moschos et al., 2021; Yus-Díez et al., 



2021; Bernardoni et al., 2021; Kalbermatter et al., 2022). However, consensus is 

still missing on the absolute value of C, its dependence on the filter material 

used in the aethalometer to deposit aerosols, and its possible changes with 

varying aerosol properties, such as its absorption represented by the SSA or its 

chemical composition and on the wavelength of the incident light. The 

evaluation of the impact of this artefact on the absorption coefficient estimate 

is the main objective of Chapter 4.  

 Multi-angle absorption photometer 

The multi-angle absorption photometer (MAAP), as described by 

Petzold and Schönlinner (2004), is used to measure the absorption coefficient 

at 637 nm. This instrument employs a glass-fibre filter to collect particles and, 

during the loading process, simultaneously detects the orthogonally 

transmitted light and the backscattered light at two different angles. Firmware 

based on a two-stream radiative transfer model is then applied to derive the 

absorption coefficient (babs). The firmware treats the particle-loaded filter as a 

two-layer system (see Figure 2-2), consisting of an aerosol-loaded layer and a 

particle-free filter matrix. Radiative processes within the deposited aerosol 

layer and interactions between this layer and the particle-free filter matrix are 

treated independently. This modelling approach, originally formulated by 

Hänel (1987) and adapted by Petzold and Schönlinner (2004) for this specific 

purpose, deals with multiple reflections between the aerosol-loaded filter layer 

and the particle-free filter matrix using the adding method (Van de Hulst, 

1980). 

The radiation that has passed through the filter is completely diffuse 

and can be described by a cosine law: 

𝑆(𝜃) ∝ 𝑐𝑜𝑠(𝜃) (2-5) 

where θ is the angle of the scattered light with respect to the incident radiation. 

On the other hand, the light scattered back from the filter is better described 

by combining a function proportional to cos(θ-π) with a Gaussian law: 

𝑆(𝜃) ∝ 𝑎𝑐𝑜𝑠(𝜃 − 𝜋) + (1 − 𝛼)𝑒
[−

1
2
(𝜃−𝜋)2

𝜌2
]

(2-6)

 



where ρ is a measure of the surface roughness of the aerosol layer collected 

on the filter and α the fraction of diffusely scattered radiation. The Gaussian 

part of the law represent the radiation reflected from a rough surface. The way 

the backscattered radiation is divided in these two components depends on 

the properties of the sampled aerosol. Measuring the radiation passing 

through the filter at the scattering angle θ = 0° and simultaneously measuring 

the radiation scattered back from the filter at two angles θ = 130° and 165°, 

allows the complete determination of the irradiance in the front and back 

hemispheres relative to the incident light beam. The exact position of the 

detection angles has been chosen so that the separation between diffuse and 

Gaussian types can be determined with the highest resolution. 

 

 

Figure 2-2: Schematic description of a particle loaded filter modelled as a two-layer system (Petzold 

and Schönlinner, 2004), composed by the filter matrix, and the filter matrix with collected particles. 

 

On the basis of directly measurable quantities, the resolution of the 

model gives the two parameters necessary for the calculation of the 

absorbance ABS (fraction of light absorbed in a filter sample): 

𝐴𝐵𝑆(𝜆) = (1 − 𝑆𝑆𝐴)𝜏(𝜆) (2-7) 

τ(λ) is the optical depth of the particle loaded filter and SSA the single 

scattering albedo defined in equation 1-18. From this the absorption 

coefficient is calculated as:  

𝑏𝑎𝑏𝑠 = 𝐴𝐵𝑆(𝜆) ⋅
𝐴

𝑉
(2-8) 



where A is the area of the filter spot with the sample collected, and V the 

volume of the air sampled.  

It is important to highlight a historical discrepancy in the operating 

wavelength of the MAAP. Originally thought to operate at 670 nm as stated by 

Petzold et al. (2005), subsequent investigations have shown that the correct 

wavelength is 637 ± 1 nm. Consequently, to derive the correct aerosol 

absorption coefficient at 637 nm using the MAAP firmware, an adjustment of 

5% is required, assuming an absorption Ångström exponent of 1. This 

correction is made in accordance with the findings of Müller et al. (2011). 

 Multi-Wavelength Absorption Analyser 

The Multi-Wavelength Absorption Analyser (MWAA) is an off-line 

absorption photometer that measures aerosol absorption coefficients (babs(λ)) 

over a range of wavelengths (375, 407, 532, 635 and 850 nm). MWAA works by 

assessing both total light transmission and diffusion through filters, with data 

collected in both the anterior and posterior hemispheres. The methodology 

uses the same radiative transfer model developed by Hänel (1987) and adapted 

for fibre filters by Petzold and Schönlinner (2004) described for the MAAP.  

In the MWAA approach, the aerosol-loaded filter is conceptualised as a 

two-layer system, consisting of an aerosol-loaded layer and a particle-free filter 

matrix. The outputs of this model include the single scattering albedo and the 

optical depth (τ) of the aerosol-laden layer, which are crucial for determining 

the absorbance (ABS) of the deposited aerosol. As in MAAP, the aerosol 

absorption coefficient is then derived from equation 2.8. As in MAAP, the 

scattered and transmitted radiation is measured at fixed angles (0°, 125°, 165°). 

The model then relies on an analytical function to provide the total scattered 

light. Unlike instruments based solely on transmitted light, MWAA's 

simultaneous measurement of transmitted and scattered light eliminates the 

need for complex correction algorithms to account for aerosol scattering 

properties. Differently from the MAAP it provides the babs at different 

wavelengths but measuring collected filters off-line.  



2.1.2 Extinction minus scattering 

The absorption coefficient can be also derived from the so called 

extinction minus scattering technique (EMS). We know from the theory 

described in Section 1.1.4.1 that: 

𝑏𝑎𝑏𝑠 = 𝑏𝑒𝑥𝑡 − 𝑏𝑠𝑐𝑎 (2-1) 

so the absorption coefficient can easily be calculated if scattering and 

extinction coefficients are measured simultaneously. Since the absorption 

coefficient is generally much smaller than the scattering coefficient, this 

calculation is subject to very high uncertainties, when applied in the field to 

predominantly scattering samples (Modini et al., 2021). However, it can be used 

successfully in laboratory studies with highly absorbing aerosols. High values 

of the absorption coefficient reduce the uncertainty resulting from the 

subtraction of the two contributions.  

Various techniques can be used to measure the scattering and 

extinction coefficients. In the next section, we will briefly describe only the two 

used in this work. Namely, a CAPS PMex instrument (Aerodyne, Massoli et al., 

2010) to measure the extinction coefficient and the integrating nephelometer 

(TSI Inc., model 3563, Anderson et al., 1996; Massoli et al., 2009) to measure 

the multispectral scattering coefficient. 

 Cavity Attenuated Phase Shift monitor 

The Cavity Attenuated Phase Shift monitor CAPS PMex is one of the main 

instrument used in aerosol science to measure the extinction coefficient bext. It 

consists of a near-confocal optical cavity with highly reflective mirrors (high 

reflectivity (R>99.98%)) at each end. These mirrors, maintained under a 

constant flow of particle-free air, create an effective optical path of 

approximately 2 km. The aerosol sample flows through the cavity at a 

controlled rate of 0.85 liters per minutes. Square-wave modulated light from a 

broadband LED enters the optical domain and encounters a phase shift of 35°-

40° as it exits the cavity. The light is detected by a photodiode detector with a 

10 nm band-pass filter. Regular switching between aerosol and particle-free air 

ensures stable performance. The relationship between the measured phase 

shift and the light extinction is: 



𝑐𝑜𝑡(𝜃) = 𝑐𝑜𝑡(𝜃0) + (
𝑐

2𝜋 ⋅ 𝑓
) ⋅ 𝑏𝑒𝑥𝑡 (2-2) 

where θ is the phase shift measured, θ0 is the phase shift under particle-free air 

conditions, c is the speed of light, and f is the modulation frequency.  

Baseline drift and the contribution of gas phase absorption to the total 

extinction can cause variations in instrument response (i.e. cot(θ0)). Typically, 

baseline drift is minimal and related to changes in the temperature of the 

sampling cell. However, gas-phase absorption, mainly due to NO2 in the visible, 

can be significant in polluted environments (Baynard et al., 2007). The 

instrument operates at ambient pressure and monitors pressure and 

temperature for accuracy. In this study, a single cavity CAPS instrument was 

used at 630 nm. 

 Integrating nephelometer 

The integrating nephelometer (TSI Inc., model 3563, Anderson et al., 

1996; Massoli et al., 2009), measures the amount of light scattered by an air 

sample collected in a measuring chamber, at three different wavelengths (450, 

550, 700 nm). The integral structure consists of a dark aluminium tube with 

aperture plates along its axis. Illumination is provided by a quartz halogen lamp 

emitting a near Lambertian intensity profile in the visible spectrum. Aperture 

plates restrict light integration between 7° and 170°, and a backscatter shutter 

selectively captures light between 7° and 90° for exclusive backscatter 

measurements. Receiving optics are positioned at one end of the tube, 

containing three photomultipliers - one for each measured wavelength - while 

the opposite end houses a light trap for a dark reference against which the 

scattered light is evaluated. The light from the tube passes through a chopper, 

allowing separate measurements of the photomultiplier background noise, 

lamp stability and the effective signal from the measurement volume. After 

interacting with particles and gases, the light passes through lenses and filters 

that split it into three wavelengths before reaching the photomultiplier tubes. 

The signal is then converted to the scattering coefficient value using a model 

based on Mie theory. 

Calibration procedures involve the introduction of filtered air to establish 

an aerosol zero reference and a gas with a known scattering coefficient, 



typically CO2, to establish the span. The instrument effectively separates the 

fraction of scattering due to particles from that due to air. During instrument 

zeroing in particle-free air, where only Rayleigh scattering is dominant, the 

scattering coefficient component due to gases is accurately measured and 

subtracted to derive the bsca parameter only due to particles.  

The derivation makes several assumptions about the functionality of the 

nephelometer. It is assumed that the nephelometer is sensitive to radiation 

scattered in the range 0° to 180°. The model assumes that each volume of air 

behaves as a point source of scatter and that the lamp acts as an isotropic light 

source. It also assumes that the scattering response at each wavelength (λ) 

represents the interaction of the aerosol with a monochromatic light source at 

that specific wavelength. However, the values of bsca measured by the 

nephelometer are not free from uncertainties arising from calibration 

procedures and systematic errors inherent in its operation. Anderson et al., 

(1996) discuss and estimate in detail the uncertainties associated with the non-

idealities of the instrument, mainly related to wavelength and angular 

sensitivity. The wavelength non-ideality is due to the fact that the scattering 

coefficient is measured against a narrow but finite range of wavelengths that 

are not perfectly centred on the nominal wavelength. The angular non-ideality 

is attributed to two main factors: the light intensity from the source should 

ideally be isotropic, which may not be the case, and the integration angles are 

between 7° and 170° instead of the ideal range of 0° to 180° (truncation error). 

Errors in the nephelometer bsca due to truncation and wavelength non-

idealities are reported to range from a few to 10% for submicron particles, 

signal levels above 10 Mm-1 and averaging intervals of 60 seconds or more, as 

reported by Anderson et al., (1996). However, these errors may be more 

pronounced for coarser particles and for particles for which the spherical shape 

assumption made by the Mie theory is not valid. In these work the Anderson 

and Ogren, (1998) corrections were applied for field measurements and the 

Massoli et al., (2009) correction was applied in laboratory studies.  



2.2 MASS CONCENTRATION MEASUREMENTS 

2.2.1 Absorption based 

The absorption coefficient, measured with absorption photometers 

including the required corrections, can be converted to an equivalent black 

carbon mass concentration (meBC) using an appropriate mass absorption cross-

section, MACeBC: 

𝑚𝑒𝐵𝐶 = 𝑀𝐴𝐶𝑒𝐵𝐶 ∙ 𝑏𝑎𝑏𝑠(𝜆). (2-9) 

It is important to note that absorption is not a direct proxy for black carbon 

mass concentration, and the assumption of a constant relationship between 

absorption and BC concentration is only valid if there is no interference from 

light-absorbing materials other than BC (Bond and Bergstrom, 2006).  

Both the MAAP and the two model of aethalometer presented (AE31 

and AE33), provide as output the eBC mass concentration calculated from the 

absorption or attenuation coefficients with specific assumed MACeBC values. In 

the MAAP this value is set to 6.6 m2g-1, derived by the manufacturer, optimized 

towards fresh BC particles measured in urban areas for comparison with EC 

values (Petzold and Schönlinner, 2004).  

In the aethalometer AE31 the eBC mass concentration is derived from 

the attenuation coefficient at all the seven wavelengths using these MAC(λ) 

values: 39.5, 31.1, 28.1, 24.8, 22.2, 16.6, 15.4 m2g−1 at 370, 470, 520, 590, 660, 

880, 950 nm, respectively.  

In the aethalometer AE33 the eBC mass concentration corrected is the 

main output of the instrument, calculated using the following relation: 

𝑚𝑒𝐵𝐶(𝜆) =
𝑆 ⋅ 𝛥𝐴𝑇𝑁1(𝜆)

𝐹1 ⋅ (1 − 𝜁) ⋅ 𝑀𝐴𝐶𝑒𝐵𝐶(𝜆) ⋅ 𝐶𝑖𝑛𝑠𝑡 ⋅ (1 − 𝑘(𝜆) ⋅ 𝛥𝐴𝑇𝑁1(𝜆)) ⋅ 𝛥𝑡
, (2-10)  

where S is the filter spot area, F1 is the flow rate in one of the two filter spot, ζ 

accounts for flow leaks, Cinst is the corrective parameter for scattering artefacts 

deriving from the filter, k is the corrective parameter for the loading effect, 

described in Section 2.1.1.1, ATN1 is the attenuation in the first filter spot and 

Δt the time interval considered (1min). MACeBC are the wavelength dependent 



mass absorption cross-section assumed in the instrument: 18.47, 14.54, 13.14, 

11.58, 10.35, 7.77, 7.19 m2g−1 at 370, 470, 520, 590, 660, 880, 950 nm, 

respectively. 

 Source apportionment based on the aethalometer model 

As described in Section 1.1.4.1, the spectral dependence of the 

absorption coefficient (represented by the AAE), is related to the aerosol 

composition. The contribution of the different aerosol components responsible 

for absorption can thus be separated using this dependence. The main 

absorbing aerosols are BC, BrC (brown carbon, consisting of organic material) 

and dust. Outside of specific transport times and proximity to specific sources, 

dust has a minor contribution in urban environments and the first two will 

dominate. We know that BC absorbs effectively at all wavelengths in the visible 

with only a weak wavelength dependence (AAE ∼ 1), whereas the organic 

component absorbs much more effectively in the UV than in the IR with AAE > 

1. These two components are mainly associated with emissions from liquid 

fuels (related to traffic emissions) for BC, and from solid fuels (related to 

biomass burning such as forest fires, wood-fired heating systems, waste 

incineration) for BrC. The aethalometer based source apportionment model 

therefore allows to distinguish two components: absorption from liquid fuel 

sources (babs,lf) and absorption from solid fuel sources (babs,sf), as expressed by 

the following equation: 

𝑏𝑎𝑏𝑠(𝜆) = 𝑏𝑎𝑏𝑠,𝑙𝑓(𝜆) + 𝑏𝑎𝑏𝑠,𝑠𝑓(𝜆). (2-11) 

 

The most widely used model for this derivation is the one developed by 

Sandradewi et al., (2008). Below are the relationships that allow the derivation 

of the two contributions. 

 

{
 
 

 
 
𝑏𝑎𝑏𝑠,𝑙𝑓(𝜆1)

𝑏𝑎𝑏𝑠,𝑙𝑓(𝜆2)
= (

𝜆1
𝜆2
)
−𝐴𝐴𝐸𝑙𝑓

𝑏𝑎𝑏𝑠,𝑠𝑓(𝜆1)

𝑏𝑎𝑏𝑠,𝑠𝑓(𝜆2)
= (

𝜆1
𝜆2
)
−𝐴𝐴𝐸𝑠𝑓
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(2-13) 

 

This model allows the calculation of the contributions in terms of babs, and from 

these, using a proper MACeBC(λ) it is possible to derive the contributions in 

terms of BC: BClf and BCsf. These equations are based on a good choice of the 

two parameter AAElf and AAEsf, representing the absorption dependence for 

liquid fuel and solid fuel aerosols. This choice is not trivial and should at best 

be made with the help of other independent measurements of traffic tracers 

or biomass burning (e.g. NOx, Levoglucosan, C14). In the absence of these, 

Zotter et al., (2017) through a sensitivity study done analysing data from 

different field campaigns across Switzerland found the best combination of 

values to be used (AAElf = 0.9 and AAEsf = 1.68). However, the use of fixed 

values is problematic. From previous studies we can see a significant spatial 

heterogeneity in the optimal combination. For example, values of 0.9 and 1.82 

were reported for Milan (Mousavi et al., 2019), and values in the ranges AAElf 

= 0.97-1.12 and AAEsf = 1.63-1.74, were found in urban and rural areas of Spain 

(Becerril-Valle et al., 2017). 

2.2.2 The thermal-optical technique 

The thermal-optical technique is a fundamental method for the 

quantification of total carbon (TC) mass concentration in atmospheric aerosols, 

separating the organic carbon component (OC) from the elemental carbon 

component (EC) by relying on their distinct thermal behavior. This employs an 

OC/EC analyzer and specific thermal protocols. This paragraph explains the 

underlying principles of the OC/EC analyzer and looks at the specificities of the 

thermal protocols available. 



 Measuring principle and biases 

As described in detail by Chow et al. (1993), the preeminent instrument 

for thermo-optical analysis of the carbonaceous fraction of particulate matter 

(PM) samples is the Sunset EC/OC analyzer, manufactured by Sunset 

Laboratory Inc. of Tigard, OR.  

This instrument is the most widely used in the scientific community for 

measuring the carbonaceous fraction of aerosols. The analytical principle is 

based on the different response of elemental carbon (EC) and organic carbon 

(OC) to variations in temperature and atmospheric conditions. Figure 2-3 

shows a schematic diagram of the Sunset Laboratory OC/EC analyzer, including 

a front furnace, a manganese oxide oxidation furnace, a methanator and a 

flame ionization detector (FID). 

The process for the quantification of carbonaceous aerosol is based on 

the thermal desorption of carbonaceous from a quartz filter in a first hoven, 

where a red light diode laser and a thermocouple monitor, respectively, the 

filter transmittance and temperature throughout the analysis. Second, carbon 

species released during the heating enter the oxidizer to form carbon dioxide.  

Finally, the carbon dioxide is then reduced to methane before entering a flame 

ionization detector (FID). The concentration of methane (CH4) is proportional 

to the carbonaceous mass deposited on the sample filter. A widely used 

technique for the thermal quantification of OC and EC is the thermal-optical 

transmittance (TOT) method, described by Birch and Cary (1996). This method 

involves two thermal cycles. First, carbonaceous particles undergo thermal 

desorption in a pure helium atmosphere (inert atmosphere), and the measured 

components in this cycle are designated as organic carbon. After the first 

heating phase, the furnace cools down and the carrier gas changes to a mixture 

of helium and oxygen (2% oxygen/helium mixture: oxidizing atmosphere). As 

the temperature rises again, the refractory components oxidase and volatilize 

in the second cycle. 

This technique is, however, not free from bias. In the helium 

atmosphere, some of the OC undergoes pyrolysis, producing thermally stable 

and light-absorbing pyrolytic carbon. Hence, not all of the OC is desorbed in 

the first heating cycle. In the second cycle pyrolytic carbon is oxidized and 

miss-quantified as EC. To correct for the underestimation of OC and 



overestimation of OC, the transmission signal is continuously monitored in the 

sample hoven. As the transmission decreases in the helium cycle and increases 

in the oxygen cycle, the "split point" in the second cycle where the optical 

signal returns to its initial value is pinpointed. 

 

 

Figure 2-3: Schematic representation of the Sunset Laboratory OC/EC analyzer, and of the main 

processes required for carbonaceous aerosol measurement. 

 

This defines the pyrolytic carbon component measured before the split point 

in the oxygen phase and attributes it to the organic carbon phase. This 

correction, known as the "charring correction", can be made by using the 

thermo-optical reflectance method (TOR) instead of the transmittance. 

However, it's important to note that the assumptions described above for 

optical charring correction are only partially fulfilled, so that charring artefacts 

often remain a dominant source of bias even for optically corrected EC mass 

data. 

 Existing thermal protocols  

To date, the thermal-optical protocols used in atmospheric science have 

predominantly centered on the IMPROVE (Interagency Monitoring of 

PROtected Visual Environments; Chow et al., 1993), NIOSH (National Institute 

for Occupational Safety and Health; Birch and Cary, 1996), and EUSAAR-2 

(European Supersites for Atmospheric Aerosol Research; Cavalli et al., 2010) 

standards.  

 



Table 2-1: Existing thermal protocols for deriving EC and OC concentrations using the Sunset 

technique: temperature set points and temperatures listed. 

 NIOSH NIOSH 5040 IMPROVE IMPROVE-A EUSAAR-2 

Step T, duration 

[°C, s] 

T, duration 

[°C, s] 

T, duration  

[°C, s] 

T, duration  

[°C, s] 

T, duration 

[°C, s] 

He1 310, 60 250, 60 120, 150-580 140, 150-580 200, 120 

He2 475, 60 500, 60 250, 150-580 280, 150-580 300, 150 

He3 615, 60 650, 60 450, 150-580 480, 150-580 450, 180 

He4 900, 90 850, 90 550, 150-580 580, 150-580 650, 180 

He/𝑂21 600, 45 650, 30 550, 150-580 580, 150-580 500, 120 

He/𝑂22 675, 45 750, 30 700, 150-580 740, 150-580 550, 120 

He/𝑂23 750, 45 850, 30 800, 150-580 840, 150-580 700, 70 

He/𝑂24 825, 45 940, 120   850, 80 

He/𝑂25 920, 120     

 

Historically, the IMPROVE protocol has been the first choice for samples 

taken at non-urban background sites within the U.S. IMPROVE network. In 

particular, in 2005, the IMPROVE network transitioned to the use of the 

IMPROVE-A protocol, which is a slightly modified iteration of the IMPROVE 

protocol that incorporates refined temperature measurements for improved 

accuracy (Chow et al., 2007). On the other hand, the NIOSH protocol was 

applied to samples collected from urban sites as part of the USA-EPA 

Speciation Trends Network. The subsequent introduction of the NIOSH-5040 

protocol addressed the specific determination of elemental carbon (EC) in 

diesel exhaust. These protocols differ in terms of temperature set points, with 

NIOSH having higher temperatures, up to 900°C in helium, compared to 

IMPROVE, which peaks at 550/580°C in helium. In addition, there are variations 

in dwell times at each temperature step, generally favoring longer dwell times 

for IMPROVE over NIOSH, as shown in Table 2-1. Furthermore, the reflective 

method is the cornerstone of the charring correction in the IMPROVE protocol, 



whereas the NIOSH protocol has opted for the transmittance method. 

Throughout Europe, the EUSAAR-2 protocol has emerged as the designated 

standard for thermal methods in air quality networks. This protocol, which 

conforms to the European Committee for Standardization Ambient air (2017; 

EN16909:2017), is tailored for the measurement of total carbon (TC), organic 

carbon (OC) and elemental carbon (EC) in samples of particulate matter in the 

size range below 2.5 μm (PM2.5). 

2.2.3 Single particle soot photometer 

Description of LII  

As described in details by Michelsen et al. (2015), incandescence is a 

form of thermal radiation, which is emitted when a body reaches its 

sublimation point (Figure 2-4). The so called laser-induced incandescence (LII) 

is obtained when a laser beam is used to heat a material enough to produce 

an incandescence emission. Thanks to the refractory nature (vaporization 

temperature above 4000 K) and strong absorption of light in the visible 

spectrum of BC particles, LII is an effective technique to detect BC aerosol 

particles (Stephens et al., 2003). In fact, when heated by a laser beam, BC emits 

an incandescence signal, proportional to its mass.  

 

 

Figure 2-4: Illustration of processes involved in particle interaction with laser beam radiation during LII- 

signal collection (Michelsen et al., 2015). 



Hence, LII has been exploited to derive the mass of BC particles in the 

atmosphere in the last two decades with the development of the single particle 

soot photometer (e.g. Stephens et al., 2003; Schwarz et al., 2006, 2010; Moteki 

and Kondo, 2007). As described in Section 1.2.4, we refer to the particles 

measured with this technique as rBC particles. 

Description of the SP2 system  

The single particle soot photometer (SP2, Droplet Measurement 

Technologies, CO, USA) is a commercial instrument based on laser-induced 

incandescence, which allows measuring the mass (mrBC) and number 

concentration of rBC particles, the mass equivalent diameter (DrBC) of rBC cores, 

and the coating thickness of non-refractory and non-absorbing material 

(CTrBC). The design of the SP2 allows the continuous sampling of single aerosol 

particles, which are exposed to a high-intensity continuous intra-cavity laser 

beam (Figure 2-5).  

 

Figure 2-5: Schematic description of the SP2 (adapted from Schwarz et al., 2010). 

 

The laser beam is generated by a Nd:YAG crystal excited by a solid-state 

pump laser at 808 nm. The resulting intra-cavity beam has a Gaussian shape 

and a nominal wavelength of 1064 nm. As shown in Figure 2-5, the thermal 

radiation emitted by refractive and absorbing particles in the visible spectrum 

is detected by two photomultiplier tubes (PMTs). Each of these photomultiplier 



tubes is coupled to an optical band-pass filter to narrow the measured 

radiation in specific wavelength ranges. One allows measurement in a broad 

range between 350 nm and 800 nm (broadband detector), the second one 

(narrowband detector) in a narrow range between 630 nm and 800 nm. 

The measurement of the light scattered by all particles is done by avalanche 

photodiodes (APDs; Figure 2-5) placed at different viewing angles: 13°-77° and 

103°-167° relative to the laser. Finally, a two-element APD beam configured as 

described in Gao et al. (2007), is used to assess the position of the particle in 

the beam. Each segment of the avalanche photodiode has a distinct polarity, 

with one half inverted relative to the other. It is oriented so that as particles 

containing refractory black carbon (rBC) pass through the laser beam, the 

scattered light is shifted from one detector element to the other. As the 

particles pass through the central region of the detector, the scattered signal 

is evenly split, resulting in a measured scatter signal of zero. This mechanism 

produces a distinct notch in the signal, providing information about the 

location of rBC-containing particles within the laser beam.  

Short description of the SP2-XR system 

The Single Particle Soot Photometer Extended Range (SP2-XR, Droplet 

Measurement Technologies, DMT, Longmont, CO, USA) is the smaller, simpler 

and newer version of the SP2. It is based on the same physical principles and 

allows the users to obtain a real-time output of rBC mass and particle size for 

individual particles as well as some information on the particle mixing state. 

Moreover, the software provides real-time results for BC particle number/mass 

concentration and size distribution by automatically processing the raw data. 

The SP2-XR has a distinct optical cavity with respect to the SP2 and is not 

equipped with the two-element APD, used in the SP2 to evaluate the position 

of the particles in the laser beam. Nevertheless, the results provided by this 

instrument are nicely comparable to those provided by SP2, as described in 

Modini et al. (in preparation). 



 Quantification of rBC properties 

Calibration of incandescence signal 

The intensity of the thermal radiation emitted by the incandescent 

particle is parameterized as  the peak-height of the incandescence signal as 

detected by the photomultiplier tubes (PkHtINC in Figure 2-6). PkHtINC is 

proportional to the mass of refractory and absorbing material (Moteki and 

Kondo, 2010).  

 

 

Figure 2-6: Representation of the incandescence signal produced by the SP2 (black line), measure of 

the PkHtINC (red arrow). Fitting procedure for mass calibration (bottom panel). 

 

The instrumental-specific proportionality between PkHtINC and mass is 

established by a calibration procedure. Since mainly BC particles remain intact 

at temperatures above 4000K, the signal can therefore be related to the mass 

of BC present in the collected particles. The calibration is done by measuring 

rBC standard material with known mass, and characterized by properties as 

similar as possible to the ambient BC. Although a NIST standard for refractory 

BC does not yet exists (Baumgardner et al., 2012), the sensitivity of the SP2 to 

different calibration materials was investigated in Laborde et al. (2012a).  

All the rBC mass observations reported in this thesis were based on the 

use of fullerene soot as calibration material. The calibration process involved 

nebulizing a suspension of fullerene soot, selecting particles by size using a 



Differential Mobility Analyzer (DMA) and then measuring them with the SP2, 

similar to Laborde et al. (2012b). The selected diameter values were then 

converted to mass values using the effective density value specific to fullerene 

soot (Gysel et al., 2011). 

Properties derived 

Once that the calibration has been performed, the incandescence signal is used 

to measure and calculate: 

 the mass of each rBC particle passing through the laser beam, 

 the rBC mass concentration mrBC (corrected as detailed in Section 

2.2.3.4), 

 the mass-equivalent diameter (DrBC) of each particle (assuming a particle 

density of 1800 kg m-3), 

 the mass (MSD) and number (NSD) size distributions (as described in 

Section 1.1.2.2), 

 the mass median diameter (MMD), derived as the diameter that divide 

the fitted size distribution between 10 and 1000 nm, in parts with the 

same total mass. 

 Quantification of rBC-free properties 

Calibration 

The size of non-absorbing particles, quantified as optical diameter Dp, 

can be determined using the scattering signal of the SP2. Regardless of their 

composition, all aerosol particles produce a scattering signal when exposed to 

radiation. If they are non-absorbing, they will not heat up as they pass through 

the laser beam, remaining intact and producing a signal proportional to their 

scattering cross-section 𝜎𝑚𝑒𝑎𝑠(𝐷p, m) and the beam intensity Ibeam. Assuming 

that the particles are spherical and assuming a value for the refractive index of 

the material, the scattering cross-section can then be related to a diameter Dp 

value via Mie theory. 

As described in the Figure 2-7, the raw signal from the scattering 

detector s(t), which depends on the cross-section of the particle and the profile 

of the laser beam Ibeam(t), assumes the Gaussian shape of the beam, since the 

cross-section is constant over time. It therefore reaches a maximum value, 



defined as PkHt, when the particle is at the center of the beam. This maximum 

value is proportional to the cross-section of the material according to the 

following 

relationship:

𝜎(𝐷𝑝, 𝑚) =  
𝑃𝑘𝐻𝑡𝑠𝑐𝑎𝑡(𝐷𝑝,𝑚)

𝐼𝑏𝑒𝑎𝑚⋅ 𝐶𝐹𝑠𝑐𝑎𝑡(𝐷𝑝,𝑚)
(2-3) 

where CFscat is a calibration factor that can be determined by measuring 

particles of known size and refractive index (e.g. m = 1.59 and Dp = 220 nm for 

polystyrene latex spheres, PSL), and deriving their cross-section using the Mie 

theory. To increase the accuracy of the procedure, it is then possible to average 

the calibration coefficients obtained by using particles of different sizes or by 

varying the intensity of the laser beam. Once that the calibration coefficient 

has been determined it is than possible to derive the cross-section from the 

𝑃𝑘𝐻𝑡scat produced by each particle measured, using the relation 2-3. 

 

 

Figure 2-7: Example of scattering signal (orange line) and scattering cross-section (red line) for a rBC-

free particle measured by the SP2. Dotted orange line represents the Gaussian fit applied to determine 

the scattering peak height for every particle. Blue line represents the distribution of laser beam 

intensity. All properties are expressed in arbitrary unit [a. u.]. 

In all the measurement campaigns presented in this thesis, the calibration of 

the scattering detector was performed using 220 nm diameter PSL size 

standard particles (Thermo Scientific, formerly Duke Scientific), and varying the 

laser beam intensity. The good reproducibility of the values obtained for the 



coefficients over time was checked, as well as the comparability of the size 

distribution obtained for non-absorbing particles with that obtained from the 

SMPS. The refractive indexes used in this thesis for calculating the size of non-

absorbing particles were 1.50-1.59 for campaigns in Bolivia, 1.48 for the 

campaign in Barcelona.    

 Estimation of mixing state 

Several methods, based on different measurement techniques, have 

been used to derive information on the mixing state of BC (Riemer et al., 2019). 

Of these, those based on SP2 measurements are the most promising in terms 

of time-resolved and size-resolved information, although they are still subject 

to significant uncertainties. There are three in particular: (i) scattering to 

incandescence lag time, (ii) leading edge only (LEO), (iii) normalised derivative. 

The second, developed by Gao et al. (2007), is the one implemented in this 

thesis. 

In the assumption of spherical particles with core shell geometry, the 

quantity derived by this method is the coating thickness, i.e. the thickness of 

non-incandescent material present around the rBC core. This is calculated from 

the comparison of scattered and incandescent signals using the following 

relationship: 

𝐶𝑇 =  
𝐷𝑝 − 𝐷𝑟𝐵𝐶

2
(2-4) 

where Dp is the total optical diameter of the particle containing rBC derived 

from the scattering signal, DrBC is the mass-equivalent diameter derived from 

the mass measurement. In the previous section we described how to derive the 

size of BC-free particles. If the particles contain rBC, the quantification of the 

particle size is particularly complex, due to the volatility of coating material. 

While passing thorough the laser beam, the increasing temperature of the rBC 

core causes the evaporation of coatings, so that the diameter of the total 

particles decreases with the time spent within the laser edges. Hence, the 

optical diameter of the rBC-containing particle has to be reconstructed from 

the first part of the scattering signal before evaporation onset.  This is what is 

done by the leading edge only method described by Gao et al. (2007). To apply 

this method, it is then necessary to know the shape of the laser profile and the 

position of the particle in the beam. 



The actual shape of the laser can be obtained by analysing the scattered 

signals from the non-absorbing particles (Laborde et al., 2012a). The laser 

profile is fitted over the part of the scattered signal produced by the particles, 

that is within 3% of the maximum laser intensity (Figure 2-8c). This is the very 

first edge of the signal, where evaporation of coatings did not occur yet. The 

position of the particle in the beam is derived from the split detector (Figure 

2-8b). The distance between the inversion point of the split detector signal and 

the scattering peak, which is determined during the optical alignment of the 

sensors, remains unchanged during the measurement. To check the success 

and quality of this fit, it is then useful to evaluate the scatter plot of the results 

obtained on scattering only particles with the actually measured scatter signals 

(Figure 2-9a). Once the scattering cross-section has been evaluated using the 

reconstructed peak, the total particle diameter is derived assuming a spherical 

core shell and refractive indices for both the refractory interior and the outer 

coating. 

 

 

Figure 2-8: Example of SP2 signals over time passed within the laser beam for a rBC containing particle. 

(a) Laser beam intensity profile (b) incandescence and position sensitive (split) signals (c) scattering 

signals (d) scattering cross-section (Laborde et al., 2012a). 



As a final check, the ability of the method to reproduce the diameter of the 

inner core is assessed with a scatterplot by comparing its estimate from LEO-

fit with its measurement from the incandescence signal (Figure 2-9b). By 

checking the impact on these comparisons, values of m=2.0+1.0i, 

m=1.75+0.43i, were selected as refractive indexes for the rBC core and m=1.50, 

m=1.48 for the coating material in Chacaltaya and Barcelona respectively.  

 

 

Figure 2-9: Examples of test performed to check the quality of the LEO-fit analysis. A)  scatterplot of the 

LEO-fit derived peak height to the actual scattering peak height. B) Scatterplot of the optical diameter 

of rBC cores derived from the scattering signal assuming a refractive index to the mass equivalent 

diameter derived from the incandescence signal. 

 

 Uncertainties and corrections  

Unit to unit variability 

During the SOOT11 initiative at the AIDA chamber, six SP2s from 

different research institutions were examined (Laborde et al., 2012b). The 

agreement in the number and mass size distributions was within a narrow 

range of 5% and 10%, respectively. However, a more pronounced variance was 

observed for rBC cores lighter than 1fg. Discrepancies in rBC mass 

concentration are commonly attributed to differences in mass calibration 

accuracy (Laborde et al., 2012b). The number size distribution of rBC-free 

particles was in agreement within 15%. In addition, all six instruments 

measured coating thickness within a 17% tolerance. Notably, the accuracy of 

the mass concentration measurement of the SP2 is dependent on the 

calibration material, justifying the use of a fullerene soot standard during 

calibration procedures. Laborde et al. (2012b) emphasised that while the SP2 



provides accurate and reproducible data, achieving high quality results 

requires careful tuning and calibration of the instrument. The main adjustments 

and calibration steps listed in Laborde et al. (2012b) where always performed 

in the campaigns presented in this thesis to achieve optimum performance of 

an SP2. 

Mass concentration correction 

 

Figure 2-10: Graphical description of the method applied to correct the mass concentration for the 

missing mass in the SP2. 

Having determined the mass of each particle, and knowing the flow sampled, 

it is possible to derive the mass concentration of rBC. However, the range of 

diameters over which measurements can be done is limited. This can vary from 

instrument to instrument and, in the case of the instruments used in this work, 

is between 80 and 500 nm. If a large proportion of the particles fall below or 

above this range, the concentration is subject to a major bias. For this reason, 

in many sites a correction method is needed to account for the missing mass. 

This correction can vary from one campaign to the other depending on the 

dataset. Here we describe the methods used in each of the datasets analysed 

in this thesis (Table 2-2).  

Specifically, we introduced an hourly percentage missing mass 

correction coefficient (MMpc) or a scaling factor. Two different approaches 

were used to calculate them: (i) one involving the evaluation of the mass lost 

from the hourly size distribution, (ii) one obtained comparing the mass with an 

independent technique such as the thermo-optical technique described in 

section 2.2.2 (e.g. rBC – EC comparison). In the first approach, illustrated in 

Figure 2-10 a log-normal fit is applied to the hourly measured size distribution. 



The total mass is derived integrating the curve obtained in the diameter range 

10 to 1000 nm. 

 

Table 2-2: Summary of missing mass correction factors used through the thesis, in each site where an 

SP2 was used to measure the rBC mass concentration. A percentage correction has been derived when 

the method used was based on fitting the size distribution, while a scaling factor have been derived 

when the measurements have been corrected scaling the mrBC on the mEC. 

SITE METHOD 
MMcp [%]  

MEAN (MIN-MAX) 

SCALING 

FACTOR 

BCN SizeDist - fit 20 % -2.4 – 96 %  

LP 
SizeDist – fit 

Scaling to EC 
10.7 % 2.9 – 22 % 

 

7.7 

EA SizeDist - fit 7.2 % 3.3 – 17 %  

CHC SizeDist - fit 1.2 % -14 – 30 %  

 

The missing mass is estimated from the difference between the total 

and the measured mass. The correction coefficient MMpc is finally obtained as 

the ratio of the missing mass to the mass measured, multiplied by 100. In the 

second approach, the correction coefficient (Scaling factor) was derived from 

the ratio, between mEC and mrBC.  

Limitation to LEO-fit method 

The LEO-fit method has limitations connected with the various 

assumptions and detection limits of the instrument. In particular, the spherical 

core-shell model with a void-free interior is not entirely realistic; the particles 

in the environment have a wide variety of shapes (Adachi et al., 2010; Adachi 

and Buseck, 2013; Liu et al., 2017). The assumed density of 1800 kg/m3 is close 

to reality, but it is an approximation in the environment (Ouf et al., 2019). The 

choice of refractive indices is quite complex.   

The variability of the results is significant as the parameters used vary 

(Taylor et al., 2015). Moreover, both the scatter and incandescence detectors 

have detection limits, meaning that only particles within a certain size range 



can be measured. This can vary from instrument to instrument depending on 

the condition of the sensors. 

 

 

Figure 2-11: Distributions of rBC diameter and coating thickness. Red lines indicate the detection limits, 

with iii and iv showing the low and high broadband incandescence detection limits, respectively, i and ii 

showing the LEO lower and higher coating detection limits (Naseri et al., 2023). 

 

As discussed in previous papers (Naseri et al., 2023) and shown in the 

Figure 2-11, this implies limitations in the coating that can be measured for 

rBC cores of different sizes. In the case of very small cores, it will only be 

possible to calculate the coating if it is sufficiently large, in the case of very 

large particles it will only be possible to calculate the smallest coatings. In the 

case of the instrument used in this thesis, the limits are set at rBC particles 

between 180 and 220 nm. 

 

 

 

 

 

 

 



 METHODOLOGY: FIELD CAMPAIGNS AND 

EXPERIMENTS  

3.1 LONG TERM MEASUREMENTS AT MONTE CIMONE AND ISPRA 

The first scientific goal of my work has been investigated by comparing 

aethalometer measurement and an independent reference technique both in 

environmental conditions, by using the long term National Facilities in the 

frame of ACTRIS RI, and with specific experiments in a simulation chamber (in 

the frame of EUROCHAMPS/ACTRIS). In particular, I studied the ambient 

variability of the correction coefficient C for the aethalometer’s multiple 

scattering effect (that was described in Section 2.1.1.1) through measurements 

carried out at two sites being part of international monitoring networks ACTRIS 

and WMO-GAW.  

  

 

Figure 3-1: Graphical representation of the areas where the Monte Cimone (CMN) and Ispra (JRC)  

measurement sites are located. 

 

The Monte Cimone observatory (CMN) and the Joint Research Centre       

Ispra station (JRC) both located in northern Italy (Figure 3-1), provide long-

term measurements performed following the standard operation procedures 

of the ACTRIS network and are representative of different atmospheric 

conditions. For on-line aerosol measurements, ACTRIS Standard Operating 



Procedures and Quality Assurance (QA) and Quality Control (QC) requirements 

are followed at both stations. Those involve station audits, side by side 

instrument comparisons at the world calibration center for aerosol physics 

(WCCAP) in Leipzig (DE), and specific QC measurements. 

3.1.1 Sites description 

The ‘Ottavio Vittori’ Climate Observatory, is situated on Monte Cimone, 

the highest peak in the northern Apennines (44.1933°N, 10.7011°E) at an 

altitude of 2165 meters above the sea level (m a.s.l.). It is the only GAW-WMO 

global station on Italian territory and south of the Alps managed by the 

National Research Council of Italy (CNR), and an essential component of 

ACTRIS-RI. Located about 40 km from the nearest industrial areas and 

surrounded by small towns 15 km away and 1100 m below, Monte Cimone is 

immersed in a pristine environment characterised by grassland and rocky 

terrain, with coniferous and beech forests ending at an altitude of 1600 m. The 

absence of major pollution sources, combined with its high altitude, makes 

Monte Cimone an ideal platform to study the background conditions of the 

Mediterranean troposphere and the direct influence of surface emissions on it 

(Cristofanelli et al., 2017). 

The site of Ispra (45.8046°N, 8.6287°E, 209 m a.s.l.) is managed by the 

Climate Change Unit of the Joint Research Centre’s (JRC) Institute for 

Environment and Sustainability of the European Commission. Its aim is to 

monitor atmospheric variables to contribute in assessing the impact of 

European policies on air pollution and climate change. It is located in a semi-

rural area on the north-western edge of the Po Valley (see Figure 3-1). The 

station is tens of kilometres away from major emission sources such as heavy 

road traffic, large factories and major metropolitan areas such as Milan (60 km 

to the south-east). In particular, four significant industrial sources emitting 

more than 1000 tonnes of CO per year are located between 20 and 50 km east 

to southeast of Ispra. The closest source, located 20 km south-southeast, emits 

more than 2000 tonnes of NOx per year. Overall, JRC is considered to be 

representative of continental polluted background.  



3.1.2 Methodology applied  

The main objective of these field observations was the analysis of the C 

factor in ambient conditions for correcting the aethalometer at CMN and JRC. 

More in detail, different instrumental setups were used to quantify the spatial-

temporal variability of C and its model-to-model variability, and the spectral 

dependency of C. The specific setups, used for the investigation of the various 

C dependencies at different sites and during different periods are summarised 

in Table 3-1.  

 Spatial-temporal variability of C at CMN and JRC 

At both sites, to quantify the spatial and temporal variability of C, the 

absorption coefficient (babs) used as a reference at 637 nm was measured with 

a MAAP (model 5012, Thermo Sci.). The attenuation coefficient corrected for 

the loading effect batn
LC(λ) was instead measured using two different 

aethalometer models (AE33 and AE31, Magee Sci.). For the AE33, the internal 

loading correction algorithm described in Section 2.1.1.1 was used to correct 

the loading effect. In particular, we obtained batn
LC(λ) from BC(λ) as follows: 

 

𝑏𝑎𝑡𝑛
𝐿𝐶 (𝜆) = 𝐵𝐶(𝜆) ⋅ 𝑀𝐴𝐶𝑒𝐵𝐶(𝜆) ⋅ 𝐶𝑖𝑛𝑠𝑡 (3-1) 

 

For the AE31, we instead calculated batn
LC(λ) using the output value of BC(λ), 

multiplied by the spectral MACeBC(λ) assumed in the instrument and reported 

in Section 2.2.1 and applying the correction by Collaud Coen et al. (2010). The 

multiple scattering correction factor C at 637 nm was then derived using hourly 

averaged babs from the MAAP and batn
LC(λ) from both aethalometer models, 

and applying equation 2-4. The batn
LC at 660 nm was interpolated to 637 nm 

using equation 1-16, and an AAE calculated from uncorrected batn
LC(λ) values 

(on average ~1.3 for both sites and aethalometer models).  

 Spectral dependency of C at CMN 

To investigate the spectral dependency, the reference absorption 

coefficient babs(λ) was measured off-line by the MWAA at five wavelengths 

(375, 407, 532, 635 and 850 nm), during a specific field campaign. The C(λ), at 



the aethalometer wavelengths, was obtained from the ratio of the averaged 

batn
LC(λ) (on the time periods of each filter analysed with the MWAA) and the 

MWAA babs(λ), which was adjusted to the aethalometer wavelengths with an 

AAE calculated from babs(λ) values (on average ~1.3). For correcting the 

aethalometer AE31 measurements with the Collaud Coen et al. (2010) 

correction and for deriving the SSA needed for discussing C variability, we used 

scattering coefficient measurements performed by an integrating 

nephelometer (model 3563, TSI Inc.). 

3.1.3   Temporal coverage of observations 

At CMN, the measurements performed by the AE31 covered only one-

month period (July 2017), those with the AE33 a two-years period (2020-2022). 

MAAP and nephelometer measurements were always available when both 

aethalometer models were running. Moreover, at CMN, the spectral analysis 

with the MWAA covered two months in October-November 2022. At JRC, we 

analysed data from January to June 2022 when AE31, AE33 and MAAP were 

simultaneously running. 

 

 

Table 3-1: Summary of measurement periods for each technique used in the sites of CMN and JRC. 

C VARIABILITY 

 

AETHELOMETER 

MODEL 

REFERENCE 

ABSORPTION 

C WAVELENGTH 

[NM] 

SITE AND 

PERIOD 

Spatial-Temporal AE33 MAAP 637 
CMN: 2020-2022 

JRC: Jan-Jun 2022 

Spectral AE33 MWWA 
370, 470, 520, 590, 

660, 880, 950 

CMN: Oct-Nov 

2022 

Model-to-model 
AE33 

AE31 
MAAP 637 

CMN: Jul 2017 

JRC: Jan-Jun 2022 

 

 

 

 

 



3.2 RI-URBANS CAMPAIGN IN THE PO VALLEY  

I took advantage of the RI-URBANS H2020 and CAIAC projects to study 

part of my second objective, that is the study and characterization of BC near 

the sources in urban environments. One of the pilot study of H2020 RI-URBANS 

project focused on the pollution hot spot of Po Valley, where two sites were 

instrumented in different regions: Milan and Bologna. Both sites were 

equipped with instruments for the online source apportionment (ACSM and 

AE33 aethalometer). The campaign started in January 2023 with one-year 

duration in 9 cities of Europe. The RI-URBANS project aims to showcase the 

adaptability and enhancement of Service Tools (STs) from atmospheric 

Research Infrastructures (RIs) for improved air quality monitoring in European 

cities and pollution hotspots. Addressing the pressing need to reduce air 

pollution and assess its health impacts, the project develops synergies between 

Air Quality Monitoring Networks (AQMNs) and RIs to advance policy 

assessments.  

By analyzing the annual measurement at the two sites of the Po Valley 

(Milan and Bologna), we explored the role of eBC in total PM1 in urban areas 

and studied the variability of eBC sources over the year. 

 

 

Figure 3-2: Sampling sites in the Po Valley, Bologna and Milan. 



3.2.1 Bologna 

 Description of the site 

The site in Bologna (BO), located within the CNR research area 

(44.5237°N, 11.3386°E) in a residential suburban site just outside the city 

center, consists of a container placed on the roof of the building, about 25 m 

above ground. It is unaffected by direct pollution sources and focuses on the 

analysis of urban background conditions in Bologna. It serves as a 

representative site for a densely populated and highly urbanized environment 

with major roads and an airport.  

 Methodology applied 

At this site, an aethalometer (model AE33, Magee Sci.) and a Quadrupole 

Aerosol Chemical Speciation Monitor (Q-ACSM), measured simultaneously for 

six months from the end of December 2022 to July 2023.  

The ACSM provided a chemical characterization of total particulate 

matter (size cut-off < 1μm). The aethalometer was used to measure the mass 

concentration of eBC as described in Section 2.2.1.  

In addition, the source apportionment model of the aethalometer was 

used to separate the total eBC into its components from solid (BCsf) and liquid 

(BClf) fules, as described in Section 2.2.1.1. In the absence of specific 

measurements to quantify the contribution of dust to the absorption, it was 

assumed to be small and negligible compared to the contribution of BC and 

organic aerosol at this site. Waiting for more detailed analyses (i.e. 

comparisons with traffic and biomass burning tracers such as NOx, m/z 60 of 

ACSM), the extremes (1%-99%) of the distribution (summer-winter) of AAE 

values were used for an approximate determination of the Ångström 

exponents AAEsf, AAElf. In this case AAElf = 1.0, AAEsf = 1.8.   

3.2.2 Milan 

 Description of the site 

The site in Milan (MI) is instead located in the internal courtyard 

surrounded by the buildings of the CNR research area (45.4807°N, 9.2322°E) in 

a residential area in the eastern part of the city. It consists of a van specifically 



designed to perform aerosol and reactive gas measurements in accordance 

with ACTRIS recommendations and standard operating procedures. Being 

located in a cohort within buildings, even if at less than 150 m from big roads, 

it is not subject to any particular direct sources other than the occasional car 

parked nearby, and is more representative of background conditions, where 

the aerosol is more aged and diluted than in areas close to roads. It is located 

less than 100 m from the regional environmental agency station “Milano 

Pascal”, that can provide ancillary measurements useful to compare or 

integrate the measurements. 

 Methodology applied 

At this site, an aethalometer (model AE33, Magee Sci.) and a Time-of-

flight Aerosol Chemical Speciation Monitor (Tof-ACSM), measured 

simultaneously for one year from January 2023 to January 2024.  

The ACSM provided a chemical speciation of non-refractory particulate 

matter (size cut-off < 1 μm), while the aethalometer was used to measure the 

mass concentration of eBC as described in Section 2.2.1.  

In addition, the source apportionment model of the aethalometer was 

used to separate the total eBC into its components BCsf and BClf as described 

in Section 2.2.1.1. The same assumptions as for Bologna and the same method 

to derive AAElf, AAEsf were used. For this site AAElf = 1.0, AAEsf = 1.8.  

 

 

 

 

 

 

 

 



3.3 SUMMER FIELD CAMPAIGN IN BARCELONA 

A second field campaign in an urban environment, was devoted to 

investigate the microphysical properties and mixing of BC particles near 

emissions. This was carried out from July 19th until July 31st 2021 at an ACTRIS 

site in Barcelona (BCN), as part of the CAIAC project (Changes on Aerosol 

composition and their Implications for Air quality and Climate in NE Spain). 

This project involved many different techniques to characterize the influence 

of human activities on the physical and chemical properties of aerosols 

particles. 

3.3.1 Description of the site  

Barcelona is located in the Western Mediterranean Basin, in a narrow 

corridor between the sea to the south-east and a mountain range to the north-

west. It is the second biggest city in Spain with a population of around 4.5 

million people. The metropolitan region is characterized by major highways, 

densely urbanized areas, industrial zones, power plants, ports and airports. This 

means a large number of anthropogenic sources of atmospheric aerosols, 

including BC.  

 

 

Figure 3-3: Map of the sampling site at IDAEA CSIC, the Institut de Diagnòstic Ambiental i Estudis de 

l'Aigua in Barcelona (BCN), where the campaign in July 2021 was performed. 

 



The sampling site is placed in the western part of the city in the inner 

courtyard of the IDAEA CSIC, the Institut de Diagnòstic Ambiental i Estudis de 

l'Aigua (41.3876° N, 2.1146° E; 68 m a.s.l.). As we can see from the Figure 3-4, 

the area near the measurement site is surrounded by parks, residential blocks 

and highly trafficked streets. The nearest street but lightly trafficked is about 

25 m away. The two largest heavily trafficked roads, Avinguda Diagonal and 

Ronda de Dalt are located approximately 250 and 680 m west-southeast 

respectively. The emissions from the city are mainly traffic, domestic heating, 

cooking, construction with inputs of harbor, airport and industrial emissions. 

Given its location this site is representative of urban background conditions.  

BCN site is equipped with the state-of-the-art systems for both remote-

sensing and in-situ measurements of atmospheric aerosol.  

3.3.2 Methodology applied 

In order to characterize the microphysical properties of BC, we deployed 

in BCN an SP2-D (Single Particle Soot Photometer, Droplet Measurement 

Technologies, CO, USA) corrected and calibrated as detailed in Section 2.2.3, 

for measuring rBC mass concentration, size distribution and coating thickness.  

An aethalometer (model AE33, Magee Sci.; corrected with a C factor of 

2.44, Yus-Díez et al., 2021) was deployed to derive the absorption coefficient 

at seven wavelengths.   

The rBC mass concentration was compared at this site with the EC mass 

concentration measured with a semi-continuous OC:EC aerosol analyzer 

(Sunset Laboratory Inc.). The measurements followed the EUSAAR-2 protocol 

with a 3 hours measuring interval and a measurement error of 10 % (Karanasiou 

et al., 2020). This instrument was installed with a PM2.5 inlet cut-off and at a 

flow rate of 8.0 L min−1. A comparison of this technique with the off-line OC:EC 

method at this site can be found in Yus-Díez et al. (2022), and demonstrate a 

strong agreement. The offline EC concentrations in the PM10 fraction were 

26 % higher than online EC concentrations in the PM2.5 fraction. 

 

 

 



 

 

 

 

 

 

Table 3-2: Summary of variables measured during the field campaign in Barcelona (BCN), including the 

measurement period and the techniques used.  

OBJECTIVE 
BC 

PROPERTIES 
TECHNIQUES PERIOD 

Black carbon 

characterization 

Mass concentration 

Diameter 

Coating thickness 

SP2 19-31 July 

Optical properties 

characterization 

Mass absorption cross-

section 

Absorption 

enhancement 

SP2 

Aethalometer 
19-31 July 

Characterization of 

case events 

Mass concentration 

Diameter 

Coating thickness 

Mass absorption cross-

section 

Absorption 

enhancement 

SP2 

Aethalometer 

Pollution case: 20,23 

July 

Clean case: 24, 25 July 

BC mass 

concentration 

comparison 

Refractory BC  

Elemental carbon 

SP2 

OC:EC analyzer 
19-31 July 

 

 

 

 

 

 

 

 



3.4 SALTENA EXPERIMENT IN THE BOLIVIAN ANDES 

The last field campaign has been carried out during the Southern 

Hemisphere High Altitude Experiment on Particle Nucleation and Growth 

(SALTENA) experiment, that took place between December 2017 and June 

2018 (wet to dry season) at Chacaltaya (CHC), El Alto (EA) and La Paz (LP), in 

the Bolivian Andes. This thesis includes the results of this extensive 

measurement campaign, with the aim to explore the variability of rBC 

properties both in special high altitude urban environments and after ageing 

during transport from urban areas to a remote site. The aim of the campaign 

was to identify the sources, understand the formation mechanisms and 

transport, and characterize the properties of the atmospheric aerosol (Bianchi 

et al., 2022). Three SP2s (one C model and two SP2-XRs) were used for this 

purpose, with a particular focus on characterizing BC properties in unique 

urban and remote environments. 

  

 

Figure 3-4: Map of the Bolivia region where the three sites involved in this campaign are situated. La 

Paz (LP) in a valley, El Alto (EA) on the Altiplano and Chacaltaya (CHC) on a mountain top (Bianchi et al., 

2022). 

 

Figure 3-4 describes graphically the area were the experiment was conducted. 

The chosen urban sites are part of a huge metropolitan region, including the 

cities of LP and EA, with a population of 1.8 million at an altitude of more than 

3000 m a.s.l. Here the concentrations of pollutants can be very high and the 



properties very special, as combustion processes change in such low-oxygen 

environments. We used these data for comparing rBC properties in different 

urban environments. Additionally, measurements were conducted in the global 

WMO-GAW CHC station (5240 m a.s.l.), located nearly 20 km away from the 

urban metropolitan area. This sampling configuration allowed the unique 

opportunity of studying the properties of BC in exceptional urban background 

conditions as well as free tropospheric conditions, and to study the variability 

of given properties during transport. To our knowledge, this campaign marked 

the first instance of conducting such detailed measurements in these distinct 

environments. The description that follows provides an overview of the three 

sites where the campaign took place. 

3.4.1 Urban sites 

 Description of urban background sampling sites 

One of the two urban background stations was situated in the city of La 

Paz (LP; 16.5013°S, 68.1259°W, 3600 m a.s.l.), on the roof of the Pipiripi 

Municipal Museum (Espacio Interactivo Memoria y Futuro Pipiripi). The 

building is located in the centre of the city, on a small hill in a central park. It is 

approximately 70 m horizontally and 45 m vertically from the nearest road. 

Despite its proximity to a green area (approximately 100 metres), it is in the 

middle of a densely populated residential district within a 1km radius, 

characterised by the presence of several busy roads.  

The other urban background site was located at El Alto city (EA; 16.5100° 

S, 68.1987° W, 4025 m a.s.l.), within the facilities of the meteorological 

observatory of the El Alto International Airport. The station was located in an 

area closed to the public and at a sufficient distance from the runway 

(approximately 250 m) to avoid being directly affected by aircrafts landing and 

departing. The surrounding area of the sampling site was an empty and very 

dry terrain nearly 600 m from the closest main road.  

The two sites are characterized by different topographical features. The 

city of El Alto is located on the vast and flat Altiplano at around 4000 m a.s.l, 

while La Paz is distributed along the mountain valleys which lie below the 

Altiplano, with steep and rough terrain. The meteorological conditions, mostly 

affected by the transition between the dry and wet seasons typical of tropical 



regions, vary considerably between the two cities due to the differences in 

altitude and local topography (Wiedensohler et al., 2018). 

Air pollution emissions in these two sites can be affected by contrasting 

urban dynamics, due to marked economic and social disparities and persistent 

inequalities between the respective population, and by daily movement of a 

significant portion of El Alto’s population to La Paz. In addition, most of 

industrial activities are concentrated near El Alto. Vehicle traffic is also different 

in the two cities with a higher density of heavy vehicles such as trucks and 

buses in El Alto (Mardoñez et al., 2023). While La Paz seemed to be more 

influenced by direct traffic emissions, El Alto station was more representative 

of urban background conditions. 

 Methodology applied 

At the urban sites (LP, EA), measurements were taken over a one-month 

period, starting at the end of April until the end of May. Two SP2-XR (Droplet 

Measurement Technologies, DMT, Longmont, CO, USA) were used to measure 

rBC mass concentration and size distribution.  The calibration procedures and 

correction methods applied to SP2 are described in section 2.2.3.1 and are the 

same applied in Modini et al. (in preparation).  

The absorption coefficients needed to calculate the MAC at 660 nm 

were measured using an aethalometer (model AE31, Magee Sci.), corrected 

with a C value of 3.0. The latter was obtained from the comparison of the 

attenuation coefficients measured by the AE31 (interpolated to 637 nm) and 

the absorption coefficients measured by a MAAP (at 637 nm), both located at 

the CHC GAW station, as detailed in Mardoñez et al. (2024).  

3.4.2 Mountain site 

 Description of the site 

The mountain site is located on Mount Chacaltaya (CHC; 16.3505°S, 

68.1314°W, 5240 m a.s.l.), which is part of the World Meteorological 

Organisation (WMO) GAW network and has been operational since December 

2011 (Andrade et al., 2015). The station is located approximately 140 m below 

the summit of the mountain, on the north western slope, with a direct view of 

the metropolitan region below. Due to its high altitude over an area of complex 



topography, it receives air masses from different regions: from the Altiplano 

highlands (3800 m) and the Pacific Ocean to the northwest and west, from the 

lowlands and the Amazon rainforest to the east and northeast, and from the 

metropolitan area of LP-EA to the south and south-west.  

It experiencies the annual alternation of wet (from November to March, 

with a transition period in April) and dry (from May to September) seasons. the 

seasonal meteorological condition affects the source region of air masses. 

Mainly arriving from west during the dry season and from north-east and 

south-east during the wet season (Chauvigné et al., 2019). It is regularly 

affected by pollution transport from the metropolitan area, in particular during 

daytime as a consequence of the increase in the boundary layer height and 

thermally-induced winds (Wiedensohler et al., 2018). It can be affected by the 

influence of volcanic eruptions from an active region in Perù (Bianchi et al., 

2022, Moreno et al., 2024), and by biomass burning events from the Amazon 

Basin during the biomass burning season in August-September (Chauvigné et 

al., 2019).  

 Methodology applied  

At this site the measurements were carried out over a two-month period 

from the beginning of April to the beginning of June 2018. These periods are 

the transition between the rainy and dry seasons and the beginning of the dry 

season.  

The rBC properties (mass concentration, size distribution, MMD, coating 

thickness), were derived at this site using a SP2 (C, Droplet Measurement 

Technologies, CO, USA). The correction method is detailed in Section 2.2.3.1. 

The absorption coefficient was measured at 637 nm with a MAAP (model 5012, 

Thermo Sci.). 

 

 

 

 

 

 



 

 

 

 

 

 

Table 3-3: Instruments used in each of the three sites of the Bolivian Andes, where the campaign was 

performed in April-May 2018, for measuring rBC microphysical properties and absorption coefficient.  

Site 

rBC Microphysical properties 

(rBC mass concentration, mass size distribution, 

MMD, coating thickness) 

Abs. Coefficient (babs) 

La Paz SP2-XR, Droplet Measurement Technologies, DMT, 

Longmont, CO, USA 

Aethalometer 

(model AE31, Magee Sci.) 

El Alto SP2-XR, Droplet Measurement Technologies, DMT, 

Longmont, CO, USA 

Aethalometer 

(model AE31, Magee Sci.) 

Chacaltaya SP2 (C, Droplet Measurement Technologies, CO, 

USA) 

Multi–Angle Absorption 

Photometer MAAP 

(model 5012, Thermo Sci.) 

 

 

 

 

 

 

 

 

 

 

 



3.5 CHAMBER EXPERIMENTS 

By participating to simulation chamber experiments at CESAM chamber 

(Experimental Multiphasic Atmospheric Simulation Chamber; Wang et al., 

2011), we investigated the comparability of absorption measurement 

techniques for various types of black carbon aerosol under controlled 

conditions. Four campaigns were conducted during 2021 and 2022. 

3.5.1 Description of the chamber 

The CESAM chamber is a 4.2 m3 stainless‒steel, multi–instrumented 

platform allowing the study of aerosol ageing under controlled conditions of 

temperature, light and chemical composition (Wang et al., 2011). In our case, 

the aerosol generation was provided by the mini-CAST burner (model 6204C, 

Jing Ltd., Switzerland), a co-flow diffusion flame generator, producing cast soot 

(CS) from the combustion of propane (Moore et al., 2014). The procedure for 

injecting soot into CESAM involves a brief stabilization period of the miniCAST 

flame. Following this, the miniCAST exhaust is connected to a two-way splitter. 

This splitter divides the miniCAST output, with one part entering CESAM 

through a charcoal denuder (custom-made, with a flow rate of 3 to 6 LPM and 

filled with cut activated carbon, reference: LABO moderne fs99ff6060) to 

eliminate any potentially present volatile organic compounds (VOCs) in the 

aerosol flow. The other portion is directed towards an external exhaust. The 

duration of the injection varied according to the target concentration inside 

CESAM chamber. 

3.5.2 Description of the experiments 

The generation process allows control over particle size, composition, 

and morphology. Five mini-CAST operation points were examined, 

representing different burning conditions and resulting in particles with 

varying EC/TC ratios and sizes (Table 3-4).  

The CS aerosol was injected into the CESAM chamber, aged under 

controlled conditions for 2 to 26 hours, and subjected to various experiments, 

including physical aging (CS as only component in the chamber) and chemical 

ageing (injection of inorganic and organic species), in dry/wet and light/dark 

conditions. The chamber underwent thorough cleaning and evacuation 



between experiments, maintaining background aerosol concentrations below 

10 ng m‒3. Multiple repetitions were conducted to ensure result reproducibility. 

More detailed information is available in Heuser et al. (in preparation). 

 

Table 3-4: Summary of aerosol composition (EC/OC) of freshly emitted particles, generated with the 

mini-CAST at different operational points.  

AEROSOL TYPE EC/OC RATIO 

CS1 3.8 

CS2 2.7 

CS3 2.0 

CS4 1.1 

CS5 0 

 

3.5.3 Methodology applied 

The objective was to investigate the variability of the C factor with 

microphysical properties of the particles in controlled conditions. The C factor 

was derived at 630 nm from the equation 2-4. The absorption coefficient babs 

considered as reference here, was derived at 630 nm by using the EMS 

technique, involving a Cavity Attenuated Phase Shift Extinction (CAPS PMex, 

Aerodyne) to measure the extinction coefficient and a nephelometer (model 

3563, TSI Inc.) to measure the scattering coefficient as detailed Section 2.1.2. 

The attenuation coefficient loading corrected was then measured by an 

aethalometer (model AE33, Magee Sci.) using the internal algorithm to correct 

the loading.  Both quantities were averaged over periods of about 30 min 

where the aerosol properties were almost stable, before calculating the C 

factor.  

The EC/OC fractions for the five combustion sources investigated in this 

study were determined through thermo-optical analyses following the 

EUSAAR-2 protocol (Cavalli et al., 2010). These analyses were conducted on 

aerosol samples collected on quartz filters (47mm diameter, Pall 

TissuquartzTM, 2500 QAT-UP). The quartz filters were installed in a custom-



made stainless-steel sample holder and directly sampled from the miniCAST 

exhaust. To ensure accuracy, a charcoal denuder was positioned in front of the 

filter sampler. The results of the thermo-optical analyses are presented in Table 

3-4, revealing a decreasing EC/OC ratio from CS1 to CS5. The particle size was 

evaluated as the NMD of the distribution derived with a scanning mobility 

particle sizer, (SMPS, DMA Model 3080, CPC Model 3772, TSI Inc.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 RESULTS: INVESTIGATION OF METROLOGY LIMITS  

 

One of the uncertainties associated with BC radiative forcing estimates is 

due to the lack of reference techniques and calibration materials for accurate 

measurement of BC absorption coefficient and mass concentration. As 

described in Chapter 2, many different techniques are currently available to 

measure both quantities, but each is subject to specific and different 

uncertainties. In particular, the aethalometer is the most widely used technique 

for measuring the absorption coefficient worldwide in international networks 

such as GAW and ACTRIS, but it suffers from numerous biases as described in 

Section 2.1.1.1. In this chapter, we present a study of one of these biases, the 

multiple scattering effect, by comparing results from field and simulation 

chamber studies with results from the existing literature. We also evaluated the 

comparability of mass concentration measurements derived from the SP2 and 

the Sunset techniques from a field campaign in Barcelona. Details on the 

methods applied in the various contexts are described for field studies in 

Section 3.1 and 3.3, and chamber studies in Section 3.5. 

4.1 CHARACTERIZATION OF REFERENCE ABSORPTION TECHNIQUES  

To quantify the performances of various absorption measuring 

techniques, it is fundamental to first identify reference measuring approaches 

with a minimal influence of systematic artefacts. In this section we compare the 

results obtained with techniques that measure the absorption coefficient 

without the use of a filter (EMS) or that automatically correct for the multiple 

scattering effect (MAAP and MWAA). In particular, the MAAP is the most widely 

used as reference for deriving the correction values (Collaud Coen et al., 2010; 

Segura et al., 2014; Saturno et al., 2017; Yus-Díez et al., 2021) and, in general 

normalize absorption measurements in laboratory experiments (Müller et al., 

2011) and field observations (Zanatta et al., 2016). Thanks to its design MWAA 

is capable to account automatically for multiple scattering effect, and it was 

already used as a reference measurement (Ferrero et al., 2021; Bernardoni et 

al., 2021). Although derived by the simultaneous measurements of extinction 

and scattering coefficient with two distinct instruments, the extinction minus 



scattering (EMS) is not a filter-based technique. Hence, although it has other 

limitations (Modini et al., 2021), it is free from multiple scattering bias.  

 

 

Figure 4-1: Scatterplot of the absorption coefficient measured at 637 nm with the MAAP with those 

measured with other reference techniques (MWAA at 635 nm and EMS at 630 nm). On the left the 

MAAP compared with the MWAA during ambient observations at CMN. On the right the MAAP 

compared with the EMS during chamber experiments. 

 

Since the MWAA was used specifically at the CMN site to study the 

spectral dependence of C (Section 3.1.2.2), its absorption coefficient was 

compared with MAAP. As we can see from Figure 4-1, this technique was well 

correlated  linearly with the MAAP (R2 = 0.93), the intercept of the applied linear 

fit was low (~0.1 1/Mm) and the slope was 1.02. Generally, we can argue that 

for Monte Cimone aerosol, the absorption coefficient measured with the 

MWAA well compared with MAAP, with an overall difference of 2% being well 

within the accuracy of the MAAP, estimated to be 15% (Petzold et al., 2005; 

Müller et al., 2011). It must be noted that previous studies reported a much 

higher discrepancy between the MAAP and the MWAA, which was observed to 

underestimate absorption coefficient at 637 nm by 16% compared with the 

MAAP (Saturno et al., 2017). This may partly be due to small differences in the 

two techniques, input values to the internal radiative transfer model that are 

assumed in the MAAP are measured by the MWAA instead. Partly in the 

procedure of collecting the sample on a filter, in the storage and transport 



required for the off-line measurement at locations other than the acquisition 

site required by the MWAA, there may be contamination of the sample. 

EMS was used as a reference absorption technique in chamber 

experiments, where it is subject to lower uncertainties than in the field, and 

where MAAP showed some limitations due to high BC accumulation rates on 

the filter as described by Hyvärinen et al. (2013). We used data collected during 

chamber experiments with propane soot to compare the EMS technique to the 

MAAP, as shown in the scatterplot of Figure 4-1. Despite the low number of 

observational points over a much wider range of values, a linear fit well 

represented the EMS-MAAP relation with a correlation coefficient of R2 = 0.99, 

a very low intercept (-0.08 1/Mm), and a slope of (0.91). Overall, the low offset 

and the slight underestimation by the 9% by EMS techniques compared to the 

MAAP, fell within the MAAP uncertainty (15%; (Petzold et al., 2005; Müller et 

al., 2011) and, especially the high variability of errors for EMS-derived 

absorption (10-100%; Modini et al., 2021) 

This comparison is important to show that the results obtained in Section 

4.2 and Section 4.3 using EMS and MWAA instead of MAAP as reference 

technique are non-susceptible to additional source of uncertainties. 

4.2 AMBIENT VARIABILITY OF C FACTOR 

Here we present the variability of C values in ambient conditions at two 

different sites, one representative of continental background conditions (JRC) 

and the second representative of more clean mid-troposphere (CMN). C values 

were calculated at both sites with two aethalometer models (AE31 and AE33, 

Magee Sci.) and the MAAP from hourly averaged data.  

4.2.1 Site to site variability 

The distributions of the site dependent C values for the AE33 (CAE33) are 

shown in Figure 4-2, while means and standard deviations listed in Table 4-1. 

CAE33 increased from a mean value of  2.3  0.5 (SD) at the mountain site of 

CMN to a mean value of 3.1  0.4 (SD) at the background site of JRC. Errors 

resulting from sampling flow uncertainties (7-16%) and signal-to-noise errors 

(1-10%) might have non-negligible contribution (Cuesta-Mosquera et al., 

2021) to the increase of approximately 35% between the CAE33 measured at JRC 



compared to CMN. Overall, the instrumental error of CAE33 was estimated to be 

27% by the propagation of the unit-to-unit variability of the MAAP instrument 

(15%; Muller) and AE33 instrument (23%; Cuesta-Mosquera et al., 2021, 

estimated from the maximum difference between the considered instruments), 

being smaller than the range of the site-to-site variability. 

 

 

Figure 4-2: Density plots summarizing C at 637 nm variability in all sites (CMN, JRC)  for both 

aethalometer models (AE33 in orange, AE31 in blue). Reference absorption technique: MAAP. 

 

Considering that both CMN and JRC stations comply with the standard 

operation procedures for aerosol absorption coefficient observation issued by 

the ACTRIS network, we considered as negligible the errors associated with 

sampling lines (e.g. tube lengths, air drying systems, particle losses, etc..). 

Finally, the statistical test t-Student indicated a significant difference (p << 

0.05) between the CMN and JRC, CAE33 values population. Hence, it is fair to 

consider the CAE33 changes shown in Figure 4-2  to be related to the properties 

of the sampled aerosol rather to instrumental uncertainties. The CAE33 

calculated at CMN and JRC are in the same range of previous studies (Collaud 

Coen et al., 2010; Yus-Díez et al., 2021); however, these studies showed 

different trends between mountain and background sites. While Yus-Díez et al. 

(2021) showed relatively constant CAE33 urban, background and mountain top 

sites in Spain (2.44 < CAE33 < 2.51), Collaud Coen et al. (2010) showed a net 



increase (+33%) from mountain top in Switzerland to regional background in 

the Netherlands. It must be noted that here we report only the relative variation 

since the latter results were obtained at different sites using an AE31. To 

identify the driving force of CAE33, its variability is investigated in more details.    

 

Table 4-1: Summary of average C values at 637 nm and their standard deviation (SD) in the two sites. 

Reference absorption instrument: MAAP 

SITE 
C (637 nm) 

MEAN (SD) 

 AE31 AE33 

CMN 3.2 (0.8) 2.3 (0.5) 

JRC 4.1 (1.1) 3.1 (0.4) 

 

Some studies rely the different values at different sites with different mean SSA 

values, but contrasting results are observed. For example, for the AE31 Collaud 

Coen et al. (2010), observed higher values in urban sites with lower SSA values 

compared to mountain sites. Concerning the AE33, Yus-Díez et al. (2021) 

observed instead a clear relation with the SSA with higher values for mountain 

than urban background site where 70% and 57% of the data were associated 

to SSA values higher than 0.9 respectively.  

4.2.2 Seasonal variability 

The monthly time series of CAE33 (Figure 4-3) observed at each site 

allowed to investigate potential differences of CAE33 connected with seasonal 

variability at both CMN (all seasons) and JRC (winter-spring-summer). At JRC, 

CAE33 remained fundamentally stable from January till May with values raising 

from approximately 3.0 to a maximum of 3.40 in June.  

This summer increase might be correlated with the monotonic decrease 

of black carbon concentration from winter to summer observed at the site 

(Zanatta et al., 2016), which might control the type of dominant aerosol at JRC 

or increase the influence of instrumental noise on the AE33 performance, 

representing approximately 10% (Cuesta-Mosquera et al., 2021) of summer 

absorption coefficient at JRC. At CMN it was possible to investigate the full 



seasonality of CAE33. Similar to JRC, the CAE33 values showed little to no 

seasonality at CMN with values remaining substantially constant throughout 

the year, from a minimum of 2.28 in summer, to a maximum of 2.5 in winter.  

 

 

Figure 4-3: Monthly boxplot, describing the seasonal variability of C values at 637 nm at JRC and CMN, 

for both models of aethalometer (AE31 in blue and AE33 in orange). Reference absorption technique: 

MAAP. 

 

This slight increase of CAE33 is inversely proportional to the 

concentration of BC at CMN (Marinoni et al., 2008) and consequently 

absorption coefficient. As in the case of JRC, the slight increase of CAE33 in the 

cleanest month might be attributed to a change in optical and physical 

properties of the aerosol at both sites but also an increased influence of 

instrumental noise on the AE33 performances, as shown by (Cuesta-Mosquera 

et al., 2021). Overall, the seasonal variability at both sites was minimal. 

Especially compared to other biogenic dominated site of SMEAR II in the 

Finnish boreal forest, where C value was observed to increase from late winter 

to summer by approximately 30% (Luoma et al., 2021). Although the factor 

controlling the seasonality of C factors remains largely unknown, Figure 4-3, 

clearly shows that the baseline of CAE33 is significantly different at the two sites 



in any season. Hence the site-to-site variability might be influenced by the 

completely different properties, such as the single scattering albedo. 

4.2.3 Dependence on aerosol optical properties  

Pervious works showed that optical properties such as SSA may directly 

influence the correction factor for the multiple scattering effect (Schmid et al., 

2006; Backman et al., 2017; Yus-Díez et al., 2021). In this section the variability 

of CAE33 with the aerosol optical properties is investigated more in details. We 

compared hourly averaged CAE33 values with the corresponding SSA. For this 

purpose, hourly averaged SSA have been derived at 637 nm using the 

absorption coefficient measured by the MAAP and the scattering coefficient 

measured by the nephelometer at both CMN and JRC sites.   

 

 

Figure 4-4: C (637 nm) dependence on the SSA (derived at 637 nm combining MAAP and 

nephelometer) in each site (CMN, JRC) and for both models of aethalometer (AE31 on the left,  AE33 on 

the right). Reference absorption instrument: MAAP. Dots represent the mean values in each SSA bin, 

the gray lines the 25th and 75th percentile. The dots colors represent the number of observations used 

in each bin for calculating the mean and the curves are the fitted curves using Yus-Díez et al. (2021) 

relation. 

 



The CAE33 values were then binned to the SSA values, ranging from 0.5 

to 0.98. The number of bins was chosen using the ‘auto’ mode of the numpy 

histogram_bin_edge function (python). This function selects as best number of 

bins, the highest value between those obtained with the Freedman and 

Diaconis, (1981) or the Sturges, (1926) criteria. For each SSA bin, the mean CAE33 

and the corresponding IQR were derived (Figure 4-4). The mean values derived 

for the AE33 were then fitted according to the cross sensitivity to scattering 

law proposed by (Schmid et al., 2006) and used in Yus-Díez et al. (2021), to 

derive useful parameters to describe and eventually predict this dependence.  

For both the CMN and JRC sites, CAE33 remains relatively constant up to 

an SSA of 0.85. It experiences a slight increase in the SSA range of 0.85 to 0.95, 

particularly at CMN compared to JRC. However, for SSA values higher than 

0.95, the SSA-CAE33 relationship varied. Both at CMN and JRC an increase was 

observed but the C values became more scattered in this region. The fitting 

curve provided by the chosen law aligns with the data up to an SSA equal to 

0.95, is more uncertain at higher SSA values where we have few and more 

scattered observations. Compared to the results obtained in Yus-Díez et al. 

(2021), these curves are more flat and strongly increase only at higher SSA 

values, both at the mountain top and the regional background sites. This is 

probably related to the different data treatment and the lack of measurements 

at very high SSA values. From these findings, it is essential to thoughtfully 

choose the right correction factors, especially when applying them to situations 

with high SSA values. The variations observed in the fitted curves across 

different sites underscore the potential difficulties and uncertainties linked to 

deriving accurate corrective factors, particularly for high SSA values where 

absorption is typically minimal and near the detection limits of the instruments. 

Further research is necessary to delve into this dependence, utilizing extensive 

in situ datasets and chamber studies.  

4.2.4 Spectral dependence  

We assessed the wavelength dependence of the CAE33 by comparing the 

attenuation coefficient measured by the aethalometer with the absorption 

coefficient measured using the MWAA across all aethalometer wavelengths. 

This comparison was done in a specific period of one month (September-

October 2022) with 43 filters collected at CMN.  



The results, shown in Figure 4-5, reveal averaged CAE33 values between 

2.0 ± 0.5 at 880 nm and 2.3 ± 0.6  at 470 nm. Although the data exhibited high 

variability with a standard deviation of up to 0.6, there was no significant 

difference to establish a wavelength dependence of the CAE33 factor. Applying 

a statistical t-Student test to quantify the significance of the difference, we only 

observed a potentially significant distinction between the 470 nm and 880 nm 

values (with a p-value = 0.036). The test applied to all other wavelength pairs 

yields p > 0.05, indicating no evidence of a statistically significant difference. It 

is important to notice that the overall precision (unit-to-unit variability) of the 

AE33 is not wavelength dependent (Cuesta-Mosquera et al., 2021); hence, all 

wavelength dependent CAE33 presented in this part of the work fell within the 

relative error of  27% (considering the uncertainty of the MWAA equal to 

MAAP). 

 

 

Figure 4-5: CAE33 dependence on aethalometer wavelengths for AE33 at CMN. CAE33 calculated from 

AE33 and MWAA measurements. 

 

To date, only a limited number of studies have explored multi-wavelength 

absorption reference techniques for both models of aethalometer. In the case 

of the AE31 model, Bernardoni et al. (2021) and Ferrero et al. (2021) did not 

identify a significant wavelength dependence of the C factor. However, they 

noted improved agreement in the measured babs (λ) with AE31 and AE33 when 

a C(λ) correction was applied to both instruments. For the AE33 model, neither 



Bernardoni et al. (2021) and Ferrero et al. (2021) observed a significant 

wavelength dependence when accounting for uncertainty. In contrast, 

Moschos et al. (2021) identified a decreasing trend from 2.5 at 370 nm to 2.3 

at 880 nm for Swiss background conditions. Additionally, Yus-Díez et al. (2021) 

reported no significant dependence except in the case of aged aerosol where 

an increasing C with wavelength is observed with values in the range of 3.47 - 

4.03. 

4.2.5 Aethalometer model variability 

When examining the AE31 model, it becomes apparent that the CAE31 

were systematically lower than the CAE33. First, the average CAE31 was 39% (3.2 

 0.8) and 32% (4.1  1.1) higher than CAE33 at CMN and JRC, respectively (Table 

4-1). CAE31 also showed a wider distribution than CAE33 at both sides, with a 

relative standard deviation of 25-26%. The first contributor to a wide variability 

might be represented by the high uncertainty characterizing the absorption 

measurements of the AE31, quantified to be 35% (Zanatta et al., 2016), 

increasing the overall CAE31 uncertainty to 38% compared to 27% of CAE33. 

Despite the higher uncertainty, the statistical test t-Student indicated a 

significant difference (p << 0.05) between CAE31 and CAE33 at CMN and JRC. 

However, this difference was not fund to be constant off-set, but observed a 

change as function of the season, at least at JRC. Figure 4-3 shows that monthly 

mean values of CAE33 and CAE31 did not follow the same trend remaining largely 

uncorrelated (R2 = 0.1). As matter of fact, CAE31 was larger than CAE31 by 46-48% 

in the coldest and most polluted months of January and February, but only by 

20% in June. Concerning the CAE31-SSA relationship, it becomes evident that 

the CAE31 factor exhibits a decreasing trend within the range of SSAs from 0.5 

to 0.9. This trend is consistent across all sites, with JRC showing a more 

pronounced effect compared to CMN. However, for SSAs exceeding 0.9 at 

CMN and 0.95 at JRC, there is a noticeable reversal, and the CAE31 factor begins 

to increase once again. Although a slight reduction in the CAE31 factor was 

observed consistently across all sites within the 0.5 to 0.9 SSA range, the 

specific starting point and extent of the increase varied among sites. Due to 

this behavior, CAE31 were not fitted to parametrize the cross sensitivity to 

scattering law proposed by Schmid et al. (2006) and used in Yus-Díez et al. 

(2021). Our analysis indicates a significant difference in performances between 



the two aethalomer models; hence, each model should be corrected with an 

appropriate and dedicated C value. Past absorption coefficient data that were 

acquired with the AE31 model should not be corrected with CAE33 values and 

vice-versa. Moreover, CAE31 must not be derived from CAE33-SSA 

parametrizations.  

4.3 C DEPENDENCE ON MICROPHYSICAL PROPERTIES OF FRESHLY EMITTED 

BC IN LABORATORY STUDIES 

Ambient observations provide the possibility to investigate the temporal 

and spatial variability of C values, under the realistic conditions of a varying 

sources, meteorology and atmospheric ageing. Chamber experiments, despite 

their shorter duration, allow reducing the number of variable and, in theory, 

facilitating the understanding of specific physical and chemical processes. The 

experiments carried out in the CESAM simulation chamber have been designed 

to study the variability of CAE33 as a function of the microphysical properties of 

BC. In this section, we focus on the measurements made during experiments 

in which the chamber was filled with freshly generated aerosol with different 

properties. The aerosol was generated with a mini-CAST burner (Moore et al., 

2014) using five different combustion to form five types of cast soot aerosol 

(CS) with different compositions CS1 - CS5 and decreasing EC/OC as described 

in Section 3.5 and summarized in Table 3-4. 

 

 

Figure 4-6: C dependence on particle size, in laboratory studies using different freshly emitted particles. 

On the left this dependence is compared with the BC type emitted (different composition with 

increasing organic content from CS1 to CS5). On the right it is compared with the optical properties of 

the particles described by the SSA. 

 



For each experiment done we calculated CAE33 values comparing the 

aethalometer AE33 with the EMS as described in Section 3.5. We calculated the 

optical properties of the particles in terms of SSA from the ratio between the 

scattering coefficient measured with the nephelometer and the extinction 

measured with the CAPS. And evaluated the DBC from the diameter 

corresponding to the peak of the number size distribution evaluated with the 

SMPS.  

As shown in Figure 4-6, the CAE33 factor seems to depend on the 

microphysical properties of the particles. We obtained similar CAE33 values for 

the type CS1, CS2, CS3, CS4 (ranging from 2.73 to 2.87), and higher values up 

to 3.84 for CS5. However, it is difficult to constrain the property controlling this 

change. CS5 is the aerosol type with the lowest diameters (97.7-129 nm). It is 

possible that very small particles, are able to cause a higher multiple scattering 

effect by penetrating more deeply into the filter fibres. But CS5 is also the one 

with the highest organic content and the lowest EC content (almost 0). They 

are thus able to significantly scatter the radiation, as shown by the higher SSA 

in Figure 4-6 (right panel), increasing the multiple scattering. However, the 

relationship between C and SSA is not so obvious, as the experiment with the 

highest SSA does not have the highest C. The reason for the larger increase in 

the two smaller diameter experiments is probably a combination of effects 

related to the size and optical properties of the particles. 

The results obtained in the chamber, suggest that the composition and 

diameter of the particles, which could not be distinguished in ambient 

measurements, can drastically change the CAE33 from 2.9 to 4. this difference, 

which corresponds to 35%, is very similar to that observed between CMN and 

JRC in ambient. It is therefore theoretically possible, not proven here, that very 

fresh, small particles with a high concentration of organic and inorganic 

components could justify higher values at JRC compared to CMN. 

4.4 COMPARISON OF MASS CONCENTRATION MEASUREMENTS 

The accurate quantification of black carbon mass concentration is a 

fundamental step for the quantification of its climatic impacts. As reported by 

Bond et al. (2013) and Petzold et al. (2013), there is a multitude of different 

techniques capable of providing BC mass concertation. However, as reported 



by several works, the intra-technique precision (rBC/rBC, Laborde et al., 2012; 

EC/EC, Cavalli et al., 2016) and inter-technique precision (rBC/EC, Pileci et al., 

2021; eBC/EC, Liu et al., 2022) of these techniques is subject to a high degree 

of variability. In this section we compared the mass concentration 

measurements of BC made with independent techniques during the 

measurement campaign in Barcelona in July 2021, as described in Section 3.3. 

High temporal resolution SP2 measurements of refractory BC mass 

concentration (mrBC) were averaged over elemental carbon mass concentration 

(mEC) measurements taken over three hour periods. As can be seen both from 

the time series and from the scatter plot in Figure 4-7, the two independent 

techniques produced highly correlated results (R2 = 0.92) at both moderate 

(mEC < 0.5 µg m-3) and high (mEC > 0.5 µg m-3) concentrations. The high 

correlation indicated the establishment of a liner proportionality between mEC 

and mrBC and confirmed that both techniques quantified the same refractory 

and absorbing aerosol as found by Pileci et al. (2021), although with a different 

sensitivity. In fact, there was a considerable difference in the absolute rBC and 

EC mass concentration.  

The average mrBC was 0.5 μg/m3 with a standard deviation of 0.3 μg/m3
 

and affected by an instrumental uncertainty of  10% (Laborde et al., 2012b). 

Lower values were observed for mEC (mean = 0.3 μg/m3 and sd = 0.2 μg/m3), 

which are associated with an overall uncertainty of  24% (Cavalli et al., 2016). 

Hence mEC and mrBC did not fell within the instrumental uncertainty range. As 

we can see from the slope of the linear fit in Figure 4-7,  the SP2 overestimated 

mEC by a factor of 1.75. Table 4-2 summarizes the results for each technique. 

The resulting ratio (mrBC/mEC) between the two measurements is on average 

1.7 with a standard deviation of 0.3 and a median of 1.6. Other studies 

previously compared EC and rBC mass concentrations. Miyakawa et al. (2016) 

found high correlation and close agreement (within 7%) in ambient aerosols at 

an urban location. In contrast, Sharma et al. (2017) reported a factor of 3.1 in 

the Arctic, attributing the bias to filter loadings near the limit of quantification 

and charring bias causing EC mass overestimation. Finally, Pileci et al. (2021) 

analysed ambient measurements across several European sites, concluding 

that systematic discrepancies up to 50% were often linked to the BC source.  

 



Table 4-2: Averaged mrBC and mEC, mean ratio mrBC/mEC, , measured by the SP2, and the semi-

continuous Sunset in Barcelona during the campaign in July 2021.  

Mean (sd) mrBC non 

corrected [μg/m3] 

Mean (sd) mrBC 

corrected [μg/m3] 

Mean (sd) mEC 

[μg/m3] 

Mean (sd) Ratio 

mrBC/mEC [μg/m3] 

0.4 (0.3) 0.5 (0.3) 0.3 (0.2) 1.7 (0.3) 

 

Although it is difficult to differentiate between the factors controlling the 

performances of both techniques, hereafter we provide some potential 

explanations. Differences in the upper cut-off diameter for EC and rBC mass 

measurements are a potential source of discrepancy. In this work, EC 

measurements were performed with a cut-off of 2.5 μm, the rBC measurements 

have the highest detection limit around 500 nm and were corrected by 

extending the diameter range from 10 to 1000 nm (Section 2.2.3.4). If this were 

the main source of bias, we would observe higher values for EC than for rBC, 

for missing mass in the range between 1 and 2.5 μm.  

 

 

Figure 4-7: Comparison of rBC and EC mass concentration measurements done in the field campaign in 

Barcelona in July 2021. On the left the two time-series averaged over three hours, on the right the 

resulting scatterplot with the estimated slope.  

 

Instead we observe higher values for the rBC. Another potential source of bias 

is an overestimated missing mass correction for rBC. The uncorrected values 

are lower than the corrected values, but still higher than the EC. Furthermore, 

there is no correlation between the values of the applied correction and the 

ratio. Issues with the thermal-optical techniques may introduce other 

uncertainties into this comparison. Underestimation of EC may occur in the 

separation of EC and OC components, influenced by factors such as filter 



overloading with EC. This interference reduces the detection of pyrolytic 

carbon, resulting in a systematic low bias in the EC concentration. In addition, 

poor separation performance may occur due to low TC surface loading and 

low EC to TC mass ratios. 

Our results show a difference more pronounced than some of the 

previous results with a percentage difference up to 70 %. This combined with 

the variability already shown in the absorption coefficient leads to very high 

uncertainties in the quantification of the MAC.  Challenges include the lack of 

a traceable reference method, uncertainties in both techniques, and potential 

cross-correlations among various aerosol and BC properties. 

4.5 IMPACT OF METROLOGY LIMITS ON EVALUATION OF BC OPTICAL 

PROPERTIES 

In this section we underline with a specific example how important is the 

instrumental validation presented above to quantify the direct radiative forcing 

of BC. As described in the introduction, the key parameter used in models to 

estimate the radiative forcing of BC is the MAC. It is derived from the ratio 

between the absorption coefficient babs, often measured using the 

aethalometer corrected as described above, and the mass concentration that 

is derived in literature both with the SP2 (mrBC) and the Sunset (mEC) method. 

Taking the measurements in Barcelona as an example, we estimated the 

potential variability of MAC that can be derived from the same measurements 

by using different C values for correcting the aethalometer and adjusting the 

mrBC to the mEC with different factors.  

In particular, we explored a set of different situations. In the first one 

(EX1- ACTRIS best; Table 4-3) we used the harmonization factor suggested by 

the ACTRIS network to correct the AE33 resulting in a C = 2.45, and the mean 

value found in Pileci et al. (2021) to adjust the mrBC to the mEC (0.92). This 

example is representative of what could be done when no reference technique 

is available for the absorption and no comparison EC-rBC can be done. EX2 

(Literature absorption uncertainty; Table 4-3)  represents the maximum 

variation possible due to rBC-EC factor variability. The C used is the one from 

ACTRIS, the rBC-EC ratio the highest and lowest (0.53-1.29) found in Pileci et 

al. (2021). EX3 (Literature absorption uncertainty; Table 4-3), we used the 



highest and lowest C values (2.23-3.43) found in literature (Valentini et al., 2020; 

Ferrero et al., 2021; Bernardoni et al., 2021; Yus-Díez et al., 2021), and the mean 

rBC-EC ratio value (0.92; Pileci et al., 2021). The EX4 (EX4-This study in-situ; 

Table 4-3) was derived for the opposite situation, so when it is possible to 

compare both. The C value of 2.44 was derived by Yus-Díez et al. (2021) during 

the Barcelona campaign, while the rBC-EC factor (1.75) was value obtained in 

this work.  

 

Table 4-3: Averaged mass absorption cross-section at 660 nm, measured in Barcelona by changing 

corrections applied to the aethalometer and the SP2. Evaluation of variability that results from C obtained 

in this study.  

 
EX1-Best 

ACTRIS 

EX2-Literature 

Mass 

uncertainty 

EX3-Literature 

absorption 

uncertainty 

EX4-This study 

In-situ 

uncertainty 

EX5-This study 

Po-Valley 

uncertainty 

C 2.45 2.45 2.23 3.43 2.44 2.3 3.1 

mrBC/mEC ratio 0.92 0.53 1.29 0.92 1.75 0.92 

MAC [m2/g] 8.97 5.2 12.85 9.86 6.4 17.13   

MAC difference from 

Best ACTRIS 
0% -42% 43% 10% -29% 91% -6% 27% 

 

By using the correction factors of EX1, we obtain a “reference” MAC of 8.97 

m2/g (Table 4-3). As we can see in Table 4-3, changing the chosen parameters 

the MAC at 660 nm may increase from a minimum value of 5.2 m2/g to a 

maximum of 17.13 m2/g. The most pronounced fluctuations are observed due 

to different mrBC/mEC ratio found in literature and in this work, leading to 

fluctuation of  40% with respect to EX1. The variability of literature C values 

introduced a smaller bias, quantified to vary from -29% to +10% compared to 

EX1. These examples might be, however, not suitable or representative of 

specific ambient or sampling conditions. As a matter of fact, the use of in-situ 

specific correction factors leads to an overall estimation of +91% with respect 

with EU-reference. In the case of Po-Valley, the C correction at CMN would be 

in line with the EU-standard (-6%). However, in the Po-Valley background 

station of JRC, the C value would lead to an overestimation of absorption and 

MAC by 27% with respect to the EU-reference. 



These results underline that instrumental inaccuracies and uncertainties 

have a direct impact on the ability of comparing daily, seasonal and multi-year 

trends across a monitoring network, potentially impacting the interpretation 

of BC phenomenology. It must be reminded that this degree of uncertainty is 

directly propagated to the products of global models and satellites, which are 

validated against the open-access database of monitoring networks.  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 RESULTS: ANTHROPOGENIC IMPACT ON URBAN 

SCALE 

 

Research on BC in urban areas has attracted particular interest because 

of its potential role as a tracer of anthropogenic pollutants with adverse health 

effects. Although epidemiological studies have not found a clear association 

between BC and adverse health effects, there is evidence that the presence of 

other compounds condensed on these particles causes BC to lead to health 

problems when inhaled (WHO, 2021; Janssen et al., 2012). To date, there are 

no guidelines for the use of eBC in air quality regulations, but it is recognised 

that it would be a better tracer of combustion emissions rich in health-

damaging compounds. Their monitoring and source identification can 

therefore provide important data for improved policies to reduce urban air 

pollution.  

Characterising the properties of BC in urban environments, close to 

sources, is also crucial for climate models. By measuring the size distribution, 

size-resolved coating thickness and MAC in urban areas, it is possible to define 

their range of variability shortly after emission. This information, in turn, can be 

used to more accurately model and determine the evolution of BC properties 

(e.g. MAC) at a distance from the sources after long ageing. As shown in several 

works (e.g. Matsui, 2016, Matsui et al., 2018), all this information is crucial for a 

better estimation of the radiative effect of BC. 

This chapter presents a study on black carbon in the urban environment. 

In the first part, its concentration and percentage contribution to submicron 

particulate matter are studied, as well as the contribution of its main sources 

at two sites, Milan and Bologna, in one of the most polluted areas in Europe, 

the Po Valley. A presentation of the measurement campaign and the methods 

used are summarised in Section 0. The second part analyses BC microphysical 

properties in two different urban environments, characterised by very different 

sources, air quality regulations and meteorological conditions. One is 

Barcelona in Europe and the other two are La Paz and El Alto in the Bolivian 

Andes in South America. Details about methods applied during the two 

campaigns are provided in Section 3.4.  



5.1  BC AND ITS SOURCES VARIABILITY IN THE PO VALLEY 

In this section, we present an analysis of the chemical composition of 

atmospheric particulate matter in the submicron fraction (PM1), focusing on 

the contribution of BC to total PM1 and the influence of liquid fuel combustion 

and solid fuel combustion on the resulting BClf and BCsf concentration. We 

will do this for the two urban measurement sites located in the Po Valley, 

Bologna and Milan in 2023. The contribution of BC to PM1 was calculated as 

the ratio of eBC over PM1. The latter was estimated in a simplified manner as 

the sum of the non-refractory component (NR-PM1) and the eBC 

concentration. The two eBC components were identified with the aethalometer 

source apportionment model described in Section 2.2.1.1, then applied at the 

two sites as described in Section 3.2.1.2 and 3.2.2.2. 

5.1.1 BC contribution to PM1 mass concentration 

The average values for NR-PM1 and eBC measured in Milan are 6.3 ± 

6.2 μg/m³ and 0.9 ± 0.9 μg/m³ respectively over the year 2023. In Bologna we 

found an average and standard deviation NR-PM1 of 9.0 ± 8.0 μg/m³ and an 

eBC of 1.2 ± 0.9 μg/m³ for the same year. We obtained higher values in Bologna 

than in Milan. This is related to the characteristics of the site in Milan located 

in a parking inside a group of building in a traffic-controlled area of the city 

center, while Bologna site is directly exposed to heavy urban and highway 

traffic without building obstructions.  

The two cities were characterized by a very similar average chemical 

composition. The percentage contribution of each compound to the total mass 

is shown in the pie charts in Figure 5-1. The organic material dominated the 

chemical composition at both sites with a value of 42%. This fraction contained 

both secondary and primary aerosols, produced by a variety of sources such 

as fossil fuel combustion (e.g. vehicular traffic, energy related activities), 

biomass combustion (burning of wood for domestic heating) or food cooking 

practices and many other different secondary formation processes (Hallquist 

et al., 2009; Via et al., 2021). At both sites, the most abundant component after 

organic aerosol is nitrate accounting for 24.8% and 23.2% of PM1 in Milan and 

Bologna respectively. This is followed by sulphates and ammonium with similar 

percentages of around 10-11%, BC with 11-12% and a negligible amount of 



chloride (below 1%). These results are consistent with other previous studies 

conducted in Europe (Putaud et al., 2010) and Po Valley (Gilardoni et al., 2014; 

Paglione et al., 2020) and highlight the non-negligible presence of BC as a 

significant component of particulate matter in urban environments 

comparable to sulphate and ammonium. 

 

 

Figure 5-1: Fractional chemical composition of PM1 for two main cities in the Po Valley, Milan  and 

Bologna, accounting for equivalent black carbon (eBC), Chlorine (Cl), ammonium (NH4), sulphate (SO4), 

Nitrate (NO3), organic matter (Org). 

 

5.1.2 Contribution of liquid and solid fuel emissions to BC 

concentration 

The total eBC mass concentration was subdivided into its main 

components, BClf from liquid fuel emissions (mainly traffic in the urban 

environment) and BCsf from solid fuel emissions (mainly related to biomass 

burning in particular from residential heating systems in the urban 

environment). BClf accounted for 58.7% and 63.2% of eBC mass in Milan and 

Bologna, respectively; with a minor but not negligible contribution of solid fuel 

combustion. These data indicate that BC from liquid fuel emissions dominates 

and traffic is the main source of BC in urban environments in the Po Valley.  

This result is in line with what was observed in Savadkoohi et al. (2023), 

where the same method, but with different Ångström exponents (1.0 for AAElf 

and 2.0 for AAEsf), was applied to several European sites. Traffic was found to 

be the largest contributor in all of them. However, the percentage contribution 

of solid and liquid fuels is slightly different. The results of this work show a 



higher contribution from solid fuels and appear more similar to suburban sites 

(BCsf account for 30-40%) than to urban sites (BCsf account for less than 30%), 

where less traffic and more potential sources of biomass burning are expected.  

We applied the same absorption Ångström exponents for the source 

apportionment at the Bologna and Milan dataset. This choice is supported by 

the similar chemical composition of PM1 at both sites. Although it must be 

considered that the choice of Ångström exponents may affect the source 

apportionment method (Zotter et al., 2017), we proceeded further to 

investigate the temporal variability of source influence at both sites on diurnal 

and seasonal scale. 

 Diurnal variability 

We applied the source apportionment method with a diurnal resolution 

to investigate the hourly influence of liquid and solid burning on the BC 

concentrations at Milan and Bologna. The study of the diurnal variability 

suggested that the applied model is capable of splitting the two contributions 

fairly well. This variability is shown for both the Milan and Bologna sites in 

Figure 5-2. Both sites presented very similar pattern for both components, 

similar also to those reported in other studies (Mousavi et al., 2019; Paglione 

et al., 2020), in which a similar study was conducted in Milan and a source 

apportionment model based on AMS data was applied in Bologna to derive 

contribution and variability of traffic and biomass related compounds. BClf 

exhibited a diurnal pattern marked by two peaks during rush hours, specifically 

between 7–9 AM and 8–10 PM, aligning with peak vehicular traffic, confirming 

the efficient identification of liquid fuel combustion.  

 

 

Figure 5-2: Diurnal variability of BClf and BCsf components in Milan and Bologna. 



 

On the other hand, BCsf follows a daily cycle with a pronounced 

maximum during the night and a secondary peak in coincidence of traffic 

emissions. These patterns are however, not only influenced by a change in 

emission fluxes during the day, but also by atmospheric dilution controlled by 

the boundary layer reaching its maximum in the early afternoon. Hence, the 

minimum of absolute eBC and both of its components reached between 12:00 

and 16:00 is mostly due to dilution. Otherwise, during night, a shallow 

boundary layer promotes pollutant accumulation near the ground at night, and 

the daily emission pattern from domestic heating (BCsf), which rises during the 

evening and night hours. 

  Seasonal variability 

Black carbon concentration in polluted continental regions undergo a 

strong seasonal variability, with higher concentration in winter compared to 

summer (Savadkoohi et al., 2023). Total eBC concentration was lower in 

summer-spring compared to winter-autumn, with an eBC mass concentration 

increase in winter compared to summer by a factor 1.8 in Bologna and 2.2 in 

Milan.  

 

 

Figure 5-3: Boxplot representing the seasonal variability of two BC components, BCsf and BClf, in the 

two sites of Milan and Bologna.  

 



This variation reflects the combination of a change in activities-sources, and 

the meteorological effect due to higher mixing layer usually observed in 

warmer periods, that enhance the dilution of pollutants locally emitted. The 

source apportionment model of the aethalometer was used in this work to 

verify the absolute and relative strength of biomass burning (BCsf) and fossil 

(BClf) fuels burning during various seasons at Milan and Bologna. Figure 5-3 

and Table 5-1 summarizes the seasonal variability of both components in the 

two sites.  

 

Table 5-1: Average and standard deviation values of BC components, BCsf and BClf, in different seasons 

in Milan and Bologna.  

 MI BO 

 
BCsf [μg/m³] 

Avg. (SD) 

BClf [μg/m³] 

Avg. (SD) 

BCsf [μg/m³] 

Avg. (SD) 

BClf [μg/m³] 

Avg. (SD) 

Winter 0.9 (0.7) 0.7 (0.6) 1.1 (0.7) 1.3 (0.9) 

Spring 0.3 (0.3) 0.5 (0.4) 0.3 (0.2) 0.7 (0.5) 

Summer 0.1 (0.06) 0.4 (0.2) 0.15 (0.08) 0.7 (0.3) 

Autumn 0.5 (0.6) 0.9 (0.6)   

 

BClf and BCsf have a very different variability. BClf decrease by a factor of 1.8 

and 1.9 in Milan and Bologna respectively, following a decrease in work and 

school-university activities nearby the two sites. BCsf decrease instead by a 

much bigger factor of 7.3 and 9 in Bologna and Milan respectively. The 

observed decrease in this component is attributed to the complete loss of the 

primary source, i.e. heating systems in summer. With the elimination of this 

source, the remaining contributors may include outdoor cooking activities, 

which are more common in summer, and activities related to the disposal of 

agricultural waste by combustion. 

Overall, this study shows how two different and distant urban cities, both 

being located within the Po Valley, display a very similar average aerosol 

composition. The black carbon component, while not dominant, is nonetheless 

significant with a contribution equal to inorganic components such as 



sulphates and ammonium. The BC present is predominantly associated with 

urban traffic throughout most of the year, a source matched if not exceeded 

by biomass burning (mainly due to domestic heating) only in winter and 

especially during the night. 

5.2 VARIABILITY OF MICROPHYSICAL PROPERTIES IN URBAN 

ENVIRONMENTS 

In this section we explore the complex variability of rBC microphysical 

properties in urban environments that were found to be mainly affected by 

traffic sources and thus liquid fuel emissions.  In particular, we use here results 

obtained in two campaigns in very different environments: a European 

metropolitan region on the Mediterranean Sea, the city of Barcelona, and two 

urban sites in the Bolivian Andes (La Paz and El Alto).  

5.2.1 Barcelona 

Barcelona is a European metropolitan city located on the Mediterranean 

Sea, characterized by local/regional recirculation patterns and sea breezes in 

summer associated with low rainfall. PM concentration at this location are 

mainly influenced by numerous local sources, regional recirculation patterns 

and dust outbreaks from North Africa (Ealo et al., 2016), but also by secondary 

aerosol particles which formation is promoted by low precipitation and high 

solar radiation (Rodríguez et al., 2002; Pérez et al., 2010; Querol et al., 2017). 

 General characterization of BC in Barcelona 

During the intensive campaign conducted in BCN from 19 July to 31 July 

2021, a mean mrBC of 0.5 μg/m³ was observed, with a standard deviation of 0.4 

μg/m³. This result lies in the range of meBC observations in Europe during 

summer (Savadkoohi et al., 2023), and is also comparable with the values of 

meBC (0.5-0.85 μg/m³) measured in summer in the Po valley, presented in the 

previous section. Nonetheless, eBC concentrations (from a MAAP instrument) 

are reported to increase towards autumn by one order of magnitude in BCN 

(3.6 μg/m³, Pérez et al., 2010). Concerning the rBC mass size distribution (Figure 

5-4), the mass median diameter (MMD) obtained from the lognormal fit to the 

median distribution was 102 nm. This value is very close to traffic observations 

in other European cities such as Paris, London and Zurich (Laborde et al., 2013; 



Liu et al., 2014; Motos et al., 2019). Hence our rBC appeared to have a typical 

small diameter of freshly emitted from traffic sources, compared to larger rBC 

emitted by ship-traffic (DrBC  500 nm; Zanatta et al., 2020) or biomass burning 

(DrBC  200 nm; Schwarz et al., 2006) or being aged on continental scale (DrBC  

190-240 nm; Yuan et al., 2021). 

 

 

Figure 5-4: Average mass size distribution observed in BCN.  

The procedure to derive the coating thickness, described in Section 2.2.3.3, was 

applied to all detected particles (DrBC range of 80-500 nm; Figure 5-5) similar 

to Motos et al. (2019). However, we will describe only the results for the 

diameter range between 180 nm and 220 nm, where the coating thickness is 

expected not to be affected by the biases discussed in Section 2.2.3.4. Figure 

5-5 shows the density plot of coating thickness in the chosen range of rBC 

cores (180 and 220 nm).  

 

 

Figure 5-5: Coating thickness CTrBC variability in BCN. On the left the variability of particle number with 

both coating thickness and rBC core diameter. On the right the density plot of hourly averaged coating 

thickness values only in the rBC core diameter range between 180 and 220 nm. 



We observed a mean coating thickness of 15 nm and a standard deviation of 

5 nm, with minimum and maximum values ranging from 0 nm to 30 nm, 

respectively. These values are relatively low, indicating a majority of 

predominantly fresh or poorly aged particles at this site, as expected for urban 

sites (Laborde et al., 2013; Ahlberg et al., 2023), where suspension time is too 

short to promote the formation of thick coatings (Matsui, 2016). It is important 

to notice that the thickness distribution shown in Figure 5-5 did not peak at 0, 

as observed in previous studies (e.g. Laborde et al., 2013), indicating that the 

majority of the rBC cores presented a non-null coating. Hence, coating 

formation might represent an important sink for volatile precursors in the city 

of BCN, where photo chemically induced nucleation particles make only a small 

contribution to the total particle number concentration (Dall’Osto et al., 2012). 

 Diurnal cycle of rBC properties 

BCN temperatures undergo a daily increase with a maximum at mid-

day, in coincidence with the maximum vertical extent of the surface mixing 

layer (Pérez et al., 2010; Pandolfi et al., 2013).  

 

 

Figure 5-6: Diurnal variability of temperature and wind speed of the campaign conducted in BCN. 

 



During the present summer study, atmospheric temperature reached its daily 

maximum between 12:00 and 16:00 (Figure 5-6), being approximately 10-12°C 

higher than autumn (Pandolfi et al., 2013). We can thus argue that the 

maximum dilution observed in BCN in summer 2021 occurred between 12:00 

and 16:00, being potentially more intense than in the autumn season.  

 

 

Figure 5-7: Time required for travel 20 km in the metropolitan region of BCN, during different hours of 

the day and different days of the week. This refers to the year 2022 (Barcelona traffic report | TomTom 

Traffic Index, 2024). 

 

The increase of wind speed in the afternoon similar to what previously reported 

for the city of BCN in autumn (Pérez et al., 2010), was followed by a minimum 

during the nighttime (00:00-04:00). Wind speed controls ventilation and thus 

dilution of atmospheric pollutants. Hence its daily cycle might efficiently affect 



the concentration of BC in urban coastal environments (Pérez et al., 2010). 

Considering the influence of atmospheric dynamic on urban pollution as 

function of daytime, hereafter we discuss the black carbon properties 

according the daily cycle. The diurnal variability of rBC mass concentration is 

presented in Figure 5-8. Located in a predominantly residential area, the main 

source of black carbon (BC) at this site was road traffic as reported by previous 

studies (Pandolfi et al., 2016; Via et al., 2023). 

The diurnal variability observed was therefore largely influenced by a 

combination of daily traffic variations, and boundary layer and wind variability. 

The Figure 5-7 shows that the peak traffic hours in this metropolitan region are 

7 a.m. and 6 p.m., with a decrease in the central part of the day. The rush hour 

easily explain the mrBC peaking in the morning up to the mean value of 1.03 

μg/m3 (Figure 5-8), when the dilution driven by the boundary layer 

(temperature proxy) and wind speed was at its daily minimum (Figure 5-8). 

However, a second daily peak of mrBC was not observed in the late afternoon, 

as reported otherwise for eBC in autumn for Barcelona (Pérez et al., 2010). The 

increase dilution due to temperature above 30°C and maximum wind speed 

(2.5 m/s) might be responsible for the absence of a second peak in the 

afternoon in the correspondence of the second rush hour of the day (Figure 

5-7).  

 

Figure 5-8: Diurnal variability of rBC mass concentration during the campaign in BCN.  

 

With all due precautions, we can argue that wind-controlled dilution might 

completely counteract the increase of vehicular emission, reducing the overall 

impact on BC concertation. This process was presented already for coastal 



urban environment (Pérez et al., 2010). Quit surprisingly, the second highest 

mrBC (0.73 μg/m3) was observed at night between 00:00 and 04.00. Although 

vehicular traffic was still relevant in the early morning (Figure 5-7), and regional 

recirculation and stagnation might contribute to increased level of 

anthropogenic aerosol particles during night (Rodríguez et al., 2002; Pérez et 

al., 2010), specific sources might arise during the BCN night. Dall’Osto et al. 

(2012) reported increasing sulfur content during night, which was mostly 

related with industrial activities and ship emission, and potentially contributed 

to the mrBC night peak shown in Figure 5-8. 

We also investigated the variation of coating thickness throughout the 

day. As illustrated in Figure 5-9, we observed lower values during the morning 

peak in concentration, intermediate values in the middle part of the day, and 

notably high values during the night. The lower values observed during rush 

hours can be attributed to a higher concentration of newly emitted particles. 

During the night the increase is even higher suggesting a different process or 

source compared to daytime. First, it is possible that while condensation of 

photochemical pollutants is the dominant mechanism acting during the day 

(Wei et al., 2023), coagulation resulting in thicker coating, more likely happen 

during the night. Second, sulfur-reach night emission might represent a 

distinct of coating precursors (Rodríguez et al., 2002; Pérez et al., 2010), 

potentially contributed to the mrBC night peak shown in Figure 5-8. 

 

 

Figure 5-9: Diurnal variability of mean coating thickness in the site of BCN.  



 Optical properties 

The MAC (660 nm) was also derived in BCN obtaining an average value 

of 11 m2/g, with a standard deviation of 2 m2/g. This value was very similar to 

that obtained in Yus-Díez et al. (2022) by using EC as method for measuring 

the mass concentration (10.85 ± 3.02 m2/g) at the same site, and to the average 

reported for other European background and urban sites (Laborde et al., 2013; 

Zanatta et al., 2016). The MAC enhancement (Eabs) was then calculated as the 

ratio of MAC over the reference MAC for uncoated BC particles (7.5 ± 1.2 m2/g 

at 550 nm) adjusted to 660 nm (with an AAE = 1).  The resulting absorption 

enhancement was 1.7 ± 0.4, comparable to the value calculated in Yus-Díez et 

al. (2022) at 660 nm (1.63 ± 0.54), but higher than those found by many other 

works (Liu et al., 2015; Zhang et al., 2018; Cappa et al., 2019). One of the reasons 

of this difference could be related to the choice of the reference MAC. The real 

reference MAC of uncoated particles could be higher in this site than the 

estimate used, since externally mixed BrC has a non-negligible impact on the 

MAC as observed in the same site by Yus-Díez et al. (2022). Taking into account 

this potential bias in the reference MAC results in lower Eabs (Liu et al., 2015; 

Zhang et al., 2018; Yus-Díez et al., 2022). Moreover, the size distribution could 

also play a role, since we observe here small particles, that could have a higher 

MAC (Zanatta et al., 2018).  

 

 

Figure 5-10: Scatterplot of hourly averaged Eabs and median binned Eabs, at 660 nm as a function of the 

mean coating thickness CTrBC around rBC cores with diameter in the range 180-220 nm, in BCN.  



This deviation from the absorption expected for bare BC particles is anyway 

due to the persistent presence of coating, even if low, as we can see in Figure 

5-10, and reported by Yus-Díez et al. (2022). We then studied the relation 

between the mean coating thickness and the Eabs, by binning the Eabs values on 

mean coating thickness values. The median and IQR variability of Eabs as a 

function of the binned mean coating thickness is displayed in Figure 5-10. The 

Eabs showed an increase of about 60% in the small range of coating thickness 

values explored, and shows an almost linear relationship with the coating, 

confirming the expected dependency. However, the small range of coating 

thicknesses available did not allow a very detailed study of this dependence.  

 

 

Figure 5-11: Diurnal variability of the Eabs at 660 nm derived in BCN.   

 

We also studied the diurnal variability of the absorption enhancement, 

reported in Figure 5-11. The diurnal pattern of Eabs reflected well the variability 

observed in the coating thickness. We calculated smaller values (1.51 - 1.57) 

during the morning and evening rush hours, higher values (1.88 – 1.81) during 

the night and the central part of the day. It could be that different degrees of 

internal and external mixing, and a different coating composition determine 

different enhancement degrees (Liu et al., 2017; Luo et al., 2018; Yus-Díez et 

al., 2022). But this aspect needs more investigation to be better understood.  



 BC properties during clean and polluted periods 

During the BCN campaign we observed two distinct meteorological 

phases: a period from 19 to 23 July, hereafter referred to as the "first period" 

(FP), and a "second period" (SP) from 24 to 31 July. The first period was 

characterized by drier conditions and prevailing winds from inland (north-

northwest; Figure 5-12). From 24 July onwards, we observed an increased 

variability in wind directions, with the additional contribution from the sea 

(south-east sector; Figure 5-12) introducing moisture and precipitation events 

on 30-31 July.  

 

 

Figure 5-12: Wind roses during the campaign in BCN. With first period we refer to the first week of the 

campaign from 19-24 July 2018, with second period we refer to the period between 25-31 July. 

 

The FP period was characterized by higher air pressure with a mean of 1005 

mbar, a relative humidity of 67%  11% and a mean temperature of 28.4°C ± 

2.3°C. In contrast, the SP was characterized by lower pressure (1002 ± 2 mbar), 

higher relative humidity (76 ± 9%) and lower temperature (26.0 ± 1.6°C). The 

average concentration decreased from 0.8 μg/m³ in the FP to 0.4 μg/m³ in the 

SP. Figure 5-13 shows a general decrease of the mrBC baseline after 24 July 

2021, but also the reduced occurrence and intensity of pollution events: four 

pollution events exceeding 4 μg/m³ of rBC mass concentration were observed 

in the first period. The stable conditions observed in FP might have facilitated 

the accumulation of pollutants, whereas unstable conditions in the SP, 

including rainfall and sea breeze, might have promoted aerosol removal and 

dilution. The wind rose (Figure 5-13), which shows the variation in mrBC with 



wind direction, supports this finding. Westerly winds from inland and from 

busy roads might transport BC and lead to enhanced mrBC. In contrast, south-

easterly winds from the sea were associated with lower concentrations. In 

addition, the southern direction showed high concentrations as it corresponds 

to the nearest busy roads. Although the concentration decreased significantly, 

the microphysical properties of rBC from the first to the second period 

remained within the instrumental uncertainty of the SP2.  

 

 

Figure 5-13: On the left rBC mass concentration times series (1 min resolution), with division in first and 

second periods. On the right variability of the concentration with wind direction. 

 

The mass mean diameter increased from 98 nm in FP to 107 nm in the SP, while 

the coatings thickened from 12 nm in the FP to 16 nm in the SP. The variability 

of rBC properties during this campaign was further explored by studying 

specific cases characterized by opposite conditions. The first one addressed as 

high concentration (HC) case and the second one called low concentration (LC) 

case. In HC we included the two pronounced morning peak observed in the 

first period of the campaign (20 and 23 of July from 6:00 to 11:00), in LC we, 

instead, included two cases with low concentration and mainly south-easterly 

winds observed in the second period of the campaign (24 and 25 July from 

10:00 to 19:00). Figure 5-14 well represents the differences in wind pattern in 

these two cases. The HC is characterized by low wind speed below 2 m/s and 

mainly from the west direction (hinterland, big highways), while the LC period 

is associated with south and south-easterly stronger sea breeze, with speeds 

higher than 4 m/s.  

 



 

Figure 5-14: Wind roses during the ‘high concentrations’ (HC) and ‘low concentrations’ (LC) cases in 

BCN. 

 

 

 

 

Figure 5-15: Variability of rBC properties derived by the SP2 during the campaign performed in BCN in 

July 2021. The values are divided in two distinct periods, LC containing two periods with south-easterly 

strong winds from the sea and HC representing two intense morning rush hours. Top panel: normalized 

mass size distribution or rBC particles. Bottom left panel: boxplot of mass absorption cross-section 

(MAC) at 660 nm of wavelength. Bottom right panel:  coating thickness of rBC particles (CTrBC) in the 

range of core diameter 180-220 nm.   

 

 



Figure 5-15 and Table 5-2 summarize the rBC properties observed in the 

selected cases. The mrBC concentration was substantially different with a mean 

for HC of 1.5±1.1 μg/m³ and for LC of 0.3±0.2 μg/m³, with an 80% decrease 

when strong winds are blowing from the sea. Concerning the mass size 

distributions in the two cases we observed (upper panel of Figure 5-15) that 

both of them were quite similar to other observation in urban sites close to 

traffic sources (Laborde et al., 2013; Krasowsky et al., 2018). The distribution 

corresponding to the LC period was slightly shifted towards larger diameter. 

The MMD was 103±6 nm in the HC period and 110±13 nm in the LC period, 

increasing of 7% (small compared to the uncertainty on the size distribution: 

15%, Laborde et al., 2012). These two periods were thus influenced by the same 

BC sources.  

 

Table 5-2: Summary of mean and standard deviation of rBC properties derived by the SP2 during the 

campaign performed in BCN in July 2021. The values are divided in two distinct periods, LC containing 

two periods with south-easterly strong winds and HC representing two intense morning rush hours.  

 [rBC] μg/m3 MMD nm CT nm MAC m2/g 

LC 0.3±0.2 110±13 18±5 12±1 

HC 1.5±1.1 103±6 10±2 9.7±2.3 

 

The parameters that differ the most are those related to the mixing state of the 

particles, the coating thickness and the MAC. The coating thickness was 10±2 

nm in the HC period and 18±5 nm in the LC period. An increase of 80% was 

observed for periods with strong winds form the coast compared to morning 

traffic rush hours in periods with low weak winds. The similar but lower 

difference was observed in the MAC. The HC period was characterized by a 

mean MAC of 9.7±2.3 m2/g and the LC period by a value of 12±1 m2/g, 

showing an increase of 24%. 

This result suggests that periods with air masses from the sea are 

associated in this season to a higher mixing of rBC particles resulting in higher 

absorption. A similar conclusion about the ageing of the aerosol particles 

reaching this site with easterly winds during summer was derived by Dall’Osto 



et al. (2012), who found an increased accumulation mode in periods with 

similar wind pattern, compared to periods with air masses from south-west.  

5.2.2 Urban sites in South America: La Paz and El Alto 

La Paz (LP) and El Alto (EA) are two of Bolivia's fastest-growing cities at 

high altitude. Situated between 3200 and 4050 m above sea level, they are 

home to around 1.8 million people and form the second largest metropolitan 

area in the country.  Air quality in this metropolitan area is strongly influenced 

by urbanization, particularly by sources such as traffic emissions, open burning 

of waste and biomass burning, although there are still no regulations on 

particulate concentrations. Despite their proximity, the considerable 

differences in altitude, topography and socio-economic activities between LP 

and EA result in different sources, dynamics and transport of particulate matter. 

 Meteorological conditions during the campaign 

The campaign occurred during the transitional phase between the rainy 

and dry seasons, and at the beginning of the dry season. This temporal context 

is characterized by reduced temperatures compared to other periods of the 

year and minimal precipitation. At the LP station, precipitation rates data 

indicates rainfall only in few days: the 13th of April, 2018, at 4:00 the 28th of 

April, 2018, at 21:00, and the 3 and 5 May, 2018. Throughout the rest of the 

campaign, a precipitation rate of zero was observed.  

 

 

Figure 5-16: Wind roses for LP and EA, during the campaign. 

 



The two urban stations exhibit distinct meteorological characteristics, 

distinguished by their geographical locations – one situated in a valley (LP) and 

the other on an Altiplano (EA), 425 m above LP. In LP, the average temperature 

stands at 12.2 °C, with a standard deviation of 4.2°C. Conversely, EA 

experiences a lower average temperature of 6.7 °C, with a higher standard 

deviation of 5.5°C. Nighttime temperatures drop to -6°C in EA, while they 

remain above 4°C in LP. 

The prevailing wind patterns also contribute to the divergent climatic 

conditions. In LP, winds blow predominantly from the south-east, with an 

average speed of 2 m/s (with a standard deviation of 1.0). In EA, on the other 

hand, easterly winds prevail, but the directions are more scattered here (Figure 

5-16), exhibiting an average speed of 5.3 m/s (with a standard deviation of 2.4). 

 

 

Figure 5-17: Diurnal profile of temperature and wind speed at the Bolivian urban sites. 

 

The diurnal wind and temperature profiles show remarkable similarities in 

terms of hourly variability, but significant differences remain in absolute values. 

The temperature follows a clear pattern, rising from a minimum of 7.6°C at 

seven in the morning to a maximum of 18.6°C around 15:00. It then decreases 

in the afternoon, falling back to the morning minimum. During the night, the 

rate of decrease is more gradual, while the afternoon and morning periods are 

characterized by pronounced temperature variations (> 1°C/h). This observed 

trend is linked to the dynamics of solar radiation: the sun rises at around 6:40 

am, reaches its maximum intensity at 12:30 pm and sets at 6:30 pm. EA reflects 



this diurnal pattern, with identical times for temperature minima and maxima. 

However, the temperature range is more pronounced at this location, with a 

significant difference of 14.3°C between the minimum and maximum values, 

corresponding to an hourly variation of approximately 1.6°C. The wind patterns 

are slightly different. With a minimum around 8 a.m., the wind increases to its 

maximum speed at 4 p.m., before decreasing in the late afternoon. In EA, the 

wind speed increases from 3.5 m/s to 7.9 m/s, while in LP it increases from 1.3 

m/s to 3.2 m/s. 

 rBC mass concentration  

In this section we present the average variability of rBC mass 

concentrations in two urban high-altitude sites in the Bolivian Andes, LP (3600 

m) and EA (4025 m).  

 

Figure 5-18: Diurnal variability of rBC mass concentration in the two urban sites of the Bolivian Andes: 

LP and EA.  

 

The respective average mrBC were 1.5 μg/m³ and 1.8 μg/m³. These values are 

lower than previous observations in two other high-altitude sites in South 

America. A daily mean meBC up to 5 μg/m3 was observed in Bogota (3152 m 



a.s.l.) by Rincón-Riveros et al. (2020), while an average meBC of 2.34 μg/m3 was 

obtained in Mexico City (2280 m a.s.l.) by Peralta et al. (2019), in the same 

season of our campaign. A decrease of 64-23% is found in our observations 

compared to these other cities. While an increase of 40-50% is observed 

compared to the values reported in previous sections in the Po valley. 

Considering that vehicular traffic, mainly from gasoline cars, is the main source 

of BC in this region (Wiedensohler et al., 2018; Mardoñez et al., 2023), with a 

secondary contribution from waste burning in EA, and that the combined 

population of the LP-EA conurbation is more than four times smaller than that 

of Bogota or Mexico City, the concentration measured here are remarkable.  

Figure 5-18 illustrates the diurnal variations in average mrBC. LP and EA 

share a similar pattern in mass concentrations, characterized by higher levels 

in the early morning and late afternoon or evening, and lower concentrations 

in the midday and nighttime. This pattern, typical of urban areas influenced by 

vehicular traffic, results from a combination of source variability and 

atmospheric conditions. Although detailed information on traffic evolution 

during the day is not available at these sites, we know that people usually move 

by personal petrol-powered vehicles and public transports, with main vehicles 

in order of importance constituted by car, mini-buses, motorbike, van, truck 

(INE, 2022). Moreover, it was estimated that nearly 440’000 people commute 

daily from the city of EA to the city of LP to work every day (Suárez-Alemán 

and Serebrisky, 2017; Garsous et al., 2019). This would imply a diurnal increase 

in traffic in the morning and in the late afternoon, and a different travel times 

in the two cities. From the variability of temperature and wind speed in Section 

5.2.2.1 we can instead have a rough idea of the diurnal variability of the 

boundary layer height increasing when the sun is shining heating the 

atmosphere and decreasing when it set leading to lower temperatures. Peak 

concentrations in both cities coincide with minimum in boundary layer height 

during morning and evening rush hours. The subsequent decline is influenced 

mainly by changes in the height of the atmospheric boundary layer.  

Both sites have a common morning peak around 07:00, slightly higher 

in EA (4.9 μg/m3) than in LP (4.8 μg/m3). However, the late afternoon and 

evening patterns are different. In LP, the second peak begins at around 16:00, 

peaks (1.7 μg/m3) at 19:00 and reaches values close to the minimum at 22:00 



(0.8-0.9 μg/m3). In EA, the peak with a mean of 2.6 μg/m3 begins an hour later, 

lasts until 21:00 and decreases to the minimum (0.8-0.9 μg/m3) at 4:00. Not 

only the time variability is different in the evening but also the magnitude of 

the peak, with the one in EA 53% higher than that in LP. These variations are 

attributed to differences in boundary layer dynamics. EA, located on an open 

Altiplano, contrasts with LP, located in a valley, where the sun sets early and 

valley winds increase the dispersion of pollutants. In addition, people commute 

from LP to EA in the evening, so sources are likely to increase later on the 

Altiplano. 

 Size distributions  

This section focuses on the characterization of rBC-containing particles at the 

two Bolivian urban sites. Mass size distributions (dM/dlog(DrBC)) at LP and EA, 

normalized to mean total mass concentration (Masstot) for better 

comparability, are shown in Figure 5-19. The median and mean distributions 

were used to calculate the mass median diameter (MMD). This involved fitting 

the observations with a lognormal distribution (diameter range 10-1000 nm) 

and determining the diameter that equally divides the fitted distribution, 

ensuring the same total integral in each part. 

The results for the mean and median size distributions show that the 

MMD for the median and mean distributions were 142-85 nm in LP and 187 

nm in EA. The values for EA were slightly higher than values typically associated 

to urban environments, more consistent with a regional background site 

characterized by more aged BC (Ahlberg et al., 2023). The LP distribution was 

unique, with most mass in particles <150 nm, and the median distribution 

peaking below the minimum detectable diameter. Therefore, while the EA 

results were more reliable, with a significant fraction likely to be within the 

instrument's detection range, a large fraction is lost at LP, making the 

lognormal fit more uncertain and the MMD potentially overestimated. EA's 

distribution could be the result of fast aging in an urban polluted environment. 

LP's unique distribution, similar to few other observations close to sources, 

could be attributed to freshly emitted particles from vehicles (Krasowsky et al., 

2018). Although both cities share vehicular traffic as a major aerosol source, 

their distributions differ significantly. 



Possible explanations for the differences include secondary sources 

such as waste burning, which affects EA and is associated with larger sizes. 

However, since the source is not constant, significant temporal fluctuations in 

the distribution would be expected, which are not observed. Mardoñez et al. 

(2023) identify two types of traffic in the two cities, one due to emissions from 

petrol vehicles, which dominate in LP, and one due to diesel vehicles, which are 

present in comparable proportions in EA. 

 

 

Figure 5-19: Average normalized mass size distributions of rBC cores in LP and EA. 

 

This difference in sources could be a reason for the different distributions, as 

emissions from gasoline vehicles can produce particles with very different 

properties and even smaller sizes than those from diesel vehicles (Karjalainen 

et al., 2014), especially under such unique conditions. A more likely explanation 

for the different distributions could be the distance between the vehicular 



sources to the sampling site. The LP station, located in the city center and closer 

to busy roads (<50 m), is likely to observe freshly emitted particles. In contrast, 

EA, located at least 500 m from the nearest busy road, is likely to observe 

partially aged particles due to coagulation and condensation, shifting the size 

distribution towards larger diameters. A more detailed analysis of the 

peculiarities of the LP distribution is presented in Modini et al. (in preparation). 

 Optical properties 

The mass absorption cross-section (MAC at 660 nm) was derived for the 

two sites of LP and EA (Figure 5-20). The resulting means and standard 

deviations are 11±9, 8±2 m2/g for LP and EA, respectively. The values observed 

in LP are quite high compared to those expected in an urban site very close to 

direct traffic sources and also higher than those derived in the same site using 

EC measurements (MACEC = 7.6±1.7 m2/g) instead of rBC (Mardoñez et al., 

2024). This is probably a result of the instrument's constraints, particularly the 

restricted diameter range (80-460 nm). The mass size distribution at this site 

peaks at, or even below, the minimum measurable diameter. Although the 

mass values have been corrected for comparison with EC, this correction may 

not be entirely adequate to capture the full variability in true concentration. As 

a consequence, there is an underestimation of the mass concentration, leading 

to an overestimation of MAC.  

 

 

Figure 5-20: MAC boxplots in the urban Bolivian sites of LP and EA. 

 



The median value equal to 8.8 m2/g is probably more representative and less 

affected by outliers in this site, considering the variability it is also more 

comparable to the one obtained in EA. However, the values measured in EA 

align with expectations for an urban background location and are more 

consistent with those obtained using EC (MACEC = 7.7 ± 1.9 m2/g) for 

measuring the mass concentration. It is also more comparable to that reported 

by Bond and Bergstrom (2006) for pure black carbon 7.5 ± 1.2 m2/g not mixed 

with other compounds. This indicates that the particles observed at this site 

are mainly fresh soot, and their aging time is insufficient to develop a 

significant coating that would enhance absorption. The resulting absorption 

enhancement derived in EA is Eabs = 1.2 at 660 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 RESULTS: ANTHROPOGENIC IMPACT ON REGIONAL 

SCALE AND FREE TROPOSPHERE 

 

As reported in the last IPCC report (2021), high mountain regions are 

particularly susceptible to climate changes, with a growing evidence of an 

enhanced rate of global warming, through many different mechanisms. As 

already described, BC directly warms the atmosphere by absorbing the 

radiation (Bond et al., 2013), with a more efficient radiative forcing when it is 

located above clouds rather than near the surface (Samset and Myhre, 2015), 

and it can decrease surface albedo after deposition on the cryosphere 

(Réveillet et al., 2022). Hence, mountain region is particularly vulnerable to 

positive forcers. López-Moreno et al. (2014) found a positive trend between 

altitude and warming rate in the European mountain chains, the so called 

elevation dependent warming (EDW) might involve absorbing aerosol particles 

such as BC (Pepin et al., 2015).  For this reason, it is very important to monitor 

BC concentrations, processes and properties at high altitude to better evaluate 

its impacts. Unfortunately, BC observations in high mountain regions, with 

state of the art techniques able to capture microphysical properties (such as 

SP2), are limited to few examples (e.g. Liu et al., 2010; Zhu et al., 2016; Tinorua 

et al., 2023).   

Bolivian Andes are of particular interest with considerably elevated 

peaks up to 6,000 metres. This region is characterised by unique high-altitude 

urban areas such as LP and EA (4000 m), which with their 1.8 million inhabitants 

constitute a strong source of BC. As reported by few studies urban area in 

South America are characterized by high BC concentrations (Peralta et al., 2019; 

Rincón-Riveros et al., 2020) compared to most urban cities in Europe 

(Savadkoohi et al., 2023), due to the absence of policies for emission 

regulation. This high concentration, can in particular affect the cryosphere 

enhancing glaciers melting in the Andes (Molina et al., 2015; Gilardoni et al., 

2022; Lapere et al., 2023). Although, some areas of South America are among 

the few in the world where there has been an increase in the optical thickness 

of the aerosol layer rather than a decrease between 2000 and 2019 (IPCC, 



2021), a lack in atmospheric research and observations is registered here. Only 

fifteen WHO-GAW operational stations are present including global, regional 

and contributing network stations. The site of Chacaltaya, where this study was 

conducted, is one of the only two global stations in the whole South America, 

and the campaign whose results are reported in this chapter, was one of the 

very few in which an SP2 was used to measure the microphysical properties of 

black carbon in the area (Saturno et al., 2018), and the only one at a high 

mountain site. Among the most important effort in filling the knowledge and 

observational gap in southern America is represented by the SALTENA 

experiment, aimed to identify the sources, understand the formation 

mechanisms and transport, and characterise the properties of the atmospheric 

aerosol (Bianchi et al., 2022). In this context the use of the SP2 allowed to focus 

on characterising the properties of BC in a high-altitude environment. 

The objectives of this study are to: 

 Quantify the microphysical properties of BC at the Chacaltaya 

station 

 Understand the relationship between microphysics and optical 

properties in the free troposphere 

 Identify the main transport pathways and their impact on BC 

population in the free troposphere 

6.1 AIR MASSES CHARACTERIZATION AT CHACALTAYA 

In order to obtain accurate information on the origin of the air masses 

passing over Chacaltaya and sampled here, as well as the transport pathways 

to this site, the results of a previous study based on FLEXible PARTicle 

Dispersion-Weather Research and Forecasting model (FLEXPART-WRF) 

simulations were used (Aliaga et al., 2021). Specifically, 20000 particles per hour 

were released in a layer 20 m thick and extending over a distance of 2x2 km in 

the horizontal, centred on CHC, and their retro trajectory was studied for four 

days. The output variable of the model is the source-receptor relationship 

(SRR), expressed in units of seconds and depending on the location, the time 

of release (arrival at CHC), the time elapsed before release and the number of 



particles present at the grid point considered. The output SRR dataset was then 

processed through a number of steps (e.g. log-polar grid transformation and 

grid cell pre-processing) before being subjected to cluster analysis using a k-

means clustering algorithm. At the conclusion of this analysis, six primary 

transport pathways were identified representing the diverse air masses 

reaching CHC (Figure 6-1): 

 03_PW from the East: Originating from the Amazon basin and the 

eastern/south-eastern lowlands. 

 05_PW from South and Southeast: Extending from the south-eastern 

lowlands to the southern Altiplano. 

 07_PW from Southwest: Encompassing the Pacific Ocean, coastal area, 

western Altiplano, and LP–EA. 

 08_PW from West: Covering the western Altiplano, Lake Titicaca, and 

the coastal area. 

 11_PW from North and Northwest: Spanning the Amazon basin, western 

Altiplano, and coastal area. 

 12_PW from North: Originating in the Amazon basin. 

 

 

Figure 6-1: Geographical representation of air mass pathways reaching the site of Chacaltaya (Aliaga et 

al., 2021). Variability of pathway percentage contribution through the campaign. 

 

The results of this study make it possible to also assess the influence from the 

surface and the free troposphere. During the six months of the study, it was 

observed that 76% of the air masses reaching CHC came from the free 

troposphere, but that influences from the pure free troposphere are very rare. 

Very often, even for short periods of four days, air masses are influenced by 

the surface or the first layer of the atmosphere within 1500 m above the 



ground. These results were studied in detail during the campaign period in 

question in order to characterise the air masses in terms of their area of origin 

and the dominant influence of the free troposphere or the boundary layer. 

 Identification of transport pathways 

We examined the variability of air mass pathways at the CHC site during 

the measurement campaign presented in this thesis, utilizing the SRR sets 

generated by Aliaga et al. (2021) as output. The corresponding analysis is 

illustrated in Figure 6-2, where the percentage of influence from each pathway 

is depicted for each day. The graph shows that each day is typically influenced 

by multiple pathways, with a single pathway rarely contributing more than 

40%. To identify representative periods for each air mass trajectory and to 

reduce the simultaneous influence of several trajectories, we decided to group 

the air masses in three sectors.  

 

 

Figure 6-2: Variability of source-receptor relationship (SRR) percentages for the new sector division 

during the campaign at the Chacaltaya station. NW indicates the North Western sector; E, indicates the 

Eastern sector; SW indicates the South Western sector. 

The first, labelled 'East' (E), was identified by combining sectors 03_PW 

and 05_PW, and includes the lowlands and the Amazon forest from the 

southeast to the northeast. The second, labelled 'North-West' (NW), was 

created by merging 12_PW with 11_PW and covers part of the Amazon basin 

and the Altiplano to the west. The final one, named 'South-West' (SW), was 

created by merging sections 07_PW and 08_PW and includes the metropolitan 



region of LP-EA, part of the western Altiplano, Lake Titicaca and the Pacific 

coast. Shown in Figure 6-2 is the daily change in the percentage of the 

influence of each of macro-sector over the course of the campaign. 

This grouping makes it possible to identify more clearly which sector is 

dominant on any given day. We then selected the days on which a single 

pathway accounted for more than 65% and identified them as representative 

of that sector. Using this criterion, 13 days were identified as representative of 

the East sector, 22 days were identified as representative of the South-West 

pathway and only 5 days were identified as representative of the North-West 

sector. 

 Periods representative of free tropospheric conditions 

In addition, the model outputs allowed the derivation of the ‘fractional 

contribution of free tropospheric air’ to the air mass. That is to say, the 

percentage in time spent by each considered pathway at an altitude above 

1500 m above ground level.  

 

 

Figure 6-3: Histogram of the fractional contribution of free tropospheric air throughout the campaign 

at the Chacaltaya station. Boundary layer high defined at constant vertical distance of 1500 m from the 

ground. 

The histogram in Figure 6-3 shows the fractional contribution of free 

tropospheric air during the entire campaign and highlights a predominant 

influence of the free troposphere at CHC, with a minimum contribution of at 

least 50%. At the same time, there are no examples where air masses are 



completely unaffected by the planetary boundary layer. The fractional 

contribution of free tropospheric air rarely exceeds 90%, indicating that 

minimal but not negligible fraction of the air masses passed below 1500 m 

a.g.l.  

On the basis of these results, we proceeded to identify distinct periods 

characterized by a predominant influence of the free troposphere, termed 'free 

tropospheric periods' (FT), and periods characterized by a maximal influence 

of the boundary layer, termed 'boundary layer periods' (BL). In the former 

category, we included periods with a fractional contribution of free 

tropospheric air above the 95th percentile of the distribution (0.82) and an rBC 

concentration value < 0.1 μg/m3. In the latter category we included periods 

with a fraction of free tropospheric air below the 5th percentile of the 

distribution (< 0.57). 

6.2 MICROPHYSICAL AVERAGE PROPERTIES OF BC IN A REMOTE SITE  

6.2.1 Average rBC mass concentration 

The rBC mass concentration was calculated here by using the SP2 

measurements derived from the incandescence signal properly calibrated as 

detailed in Section 2.2.3.1 and corrected as described in Section 2.2.3.4. The 

average value of rBC mass concentration (mrBC) measured in this site during 

the campaign was 0.11 μg/m3, with a standard deviation of 0.18 μg/m3. This 

value is similar to other SP2 observations in high altitude sites in Europe and 

Tibet (Zhu et al., 2016; Tinorua et al., 2023a) and very low compared to the 

Bolivia urban sites. We know from previous studies that the metropolitan 

region of LP-EA is the main source of BC at CHC (Wiedensohler et al., 2018; 

Bianchi et al., 2022). Considering the values in EA as representative for the 

average condition of the metropolitan area, the mean concentration in CHC 

was sixteen times lower than that in EA. This result is well informative about 

the typical difference in rBC mass concentration between a high mountain site 

and an urban one.  

The diurnal profile of the rBC mass concentration (Figure 6-4) was also 

different in CHC, reversed compared to the one derived in EA. Very low values 



were observed during the night until late morning. During the day from around 

10:00 in the morning, the boundary layer height started to increase promoting 

the transport of pollutants to CHC while causing a dilution of the pollutants in 

EA. This resulted in an increase of the rBC mass concentration at CHC since 

night until a main peak at 12:00 (mrBC = 0.35 μg/m3). This peak occurred about 

5 hours later than the morning peak at the urban sites being five time lower 

than the average in EA. This is consistent with previous observations of 

boundary layer variability over the metropolitan region and the transport of 

pollution to CHC (Wiedensohler et al., 2018).  

 

 

Figure 6-4: Diurnal variability of rBC mass concentration, measured by the SP2, in the site of Chacaltaya 

(CHC) compared to that observed in El Alto (EA).  

 

Moreover, considering again the SRR sets of results from (Aliaga et al., 

2021) for the time spent by each air mass at an altitude below 1500 m a.g.l, we 

found a similar pattern to that observed for the concentration as shown in 

Figure 6-5. This means that air masses observed in the central part of the day 

spent a longer time in the boundary layer where the BC produced in the 

metropolitan region was more likely to have accumulated.   



 

Figure 6-5: Diurnal variability of the time [sec] spent by the air masses arriving at this site, in the 

boundary layer (below 1500 m a.g.l.). 

 

The transport of particles from the boundary layer and the metropolitan 

region of LP and EA was the dominant source of BC particles measured at CHC. 

Most of rBC was the result of anthropogenic sources placed in the 

metropolitan region but aged for at least few hours before being transported 

to the mountain top. We expect them to be much more aged than those 

measured in LP and EA. This site is a good location to study how the aging 

modifies the rBC properties during transport. 

6.2.2 Size distributions 

The SP2 was used to derive hourly mass size distribution as described 

in Section 1.1.2.2 for the entire campaign. The mean and median size 

distributions observed in CHC are compared to those measured in EA in Figure 

6-6. The distributions were very similar to one another with a peak diameter of 

the median distribution equal to 171 nm in CHC and 187 nm in EA. 

Particles observed in CHC were thus just slightly smaller than those 

measured in EA, but considering that the agreement in size distributions 

measured with the SP2 is expected to be 15%, this difference (~9%) does not 

seem to be significant. This is an additional confirmation that the particles 

observed in the two environments originate from a common source. Both of 

them are in agreement with particles emitted from aged traffic sources 

(Laborde et al., 2013), with no evidence of a strong impact form biomass 

burning that would result in larger particles (Schwarz et al., 2008). The similarity 



of the size distributions showed above suggests that transport from urban to 

remote location occurred in the same way for particles of all sizes without 

significant removal mechanisms or intra-coagulation that may impact the rBC 

size distribution. 

 

Figure 6-6: Mass size distribution measured by the SP2, normalized to the total mass measured in El 

Alto (EA) and Chacaltaya (CHC).  

 

6.2.3 Coating thickness at Chacaltaya 

At the CHC site, we also derived the coating thickness around BC-

containing particles using the LEO-fit method detailed in Section 2.2.3.3. The 

purpose of this evaluation is to provide a quantitative and dimensionally 

resolved assessment of particle mixing levels. The range of BC core diameters 

over which we could perform this measurement was 180-220 nm. This range 

falls above the mass size distribution peak, allowing evaluation for only a small 

fraction of the BC-containing particles.  

Figure 6-7 shows the variability of the coating thickness measured by 

the instrument for different diameters of rBC cores and the distribution of 

values obtained for diameters between 180 and 220 nm. Compared with the 



results obtainend in BCN, at this mountain site we observed rBC cores with a 

thicker coating. In the urban site of BCN, we never observed particles with 

coatings thickness higher than 120 nm, while here we observe particles with 

coatings up to 300 nm. However, the distribution of hourly averaged coating 

thickness (Figure 6-7) indicated that the majority of rBC particles with cores in 

the 180-220 nm range seem to be uncoated. 

 

 

Figure 6-7: Left panel: Coating thickness as a function of rBC diameter for all measured particles. Right 

panel: density distribution of mean coating thickness derived for rBC cores with diameters in the range 

180-220 nm, at the Chacaltaya station. 

 

This result is rather surprising for a remote site like CHC, where we 

expected to measure mainly long-aged particles. Similar cases of thinly coated 

BC have been observed in the upper troposphere on the Swiss Alps, e.g. 

significantly lower in winter compared to summer at Jungfraujoch (Motos et 

al., 2020). In addition, very low coating thickness was observed downstream of 

a fire plume passing through clouds in Canada (Taylor et al., 2014). It has been 

hypothesized that the reduced coating thickness may be due to more effective 

removal of heavily coated particles in precipitating clouds. However, in the 

context of the campaign in CHC, this scenario seems unlikely given that it was 

carried out during the transition period with the dry season when not so 

frequent precipitations are present, and only a couple of days of precipitations 

were observed in the metropolitan region.  



6.2.4 Optical properties  

The optical properties of BC particles were estimated by calculating the 

MAC at 637 nm as described in Section 3.4.2.2. This was done to evaluate the 

radiative impact of the particles in this location and to assess potential 

differences with the urban sites. The MAC mean were 24±13 m2/g, with a 

median of 21 m2/g. These values are three times higher than those measured 

in the metropolitan region, and also vary high compared to the maximum 

values reported in Zanatta et al., (2016) at the mountain site of Puy de Dôme 

(17.3±1.71 m2/g up to 19.9±1.68 m2/g in summer), and to the highest 

measured by Tinorua et al., (2023) at Pic du Midi observatory.  

 

 

Figure 6-8: MAC (derived with rBC and MAAP at 637 nm) dependence on SSA (derived with MAAP and 

nephelometer).  

 

As observed in BCN, the presence of coating would cause the radiation 

to interact more efficiently with rBC cores through the lensing effect, leading 

to an increase in the MAC. The high MAC values observed at CHC, however, 

cannot be explained by the lensing effect, due to the thin coatings. To exclude 

potential source of biases in these results, we checked the data quality of mass 

concentration measurements by comparing different techniques. The results 

obtained in this work using rBC mass concentration are well comparable to 

what is found by Mardonez et al. (2024) using EC mass concentration, 

excluding biases due to the SP2's mass correction applied. Considering the 

absorption coefficient, the MAAP instrument used in this study is considered 

to be a reference for absorption measurements, and subject to little 



instrumental bias (Weingartner et al., 2003; Collaud Coen et al., 2010; Yus-Díez 

et al., 2021). However, a potential source of bias in absorption coefficient 

measurements with filter-based instruments is the presence of non-absorbing 

particles collected in the filter, which can be approximated with the single 

scattering albedo (SSA). While examining the variability of MAC with SSA in 

this site (Figure 6-8), we observe a tendency for MAC to increase at high SSA 

values. However, it's important to note that SSA values during the campaign 

are never exceptionally high. Additionally, this potential bias alone does not 

account for the consistently high MAC observed even at lower SSA values. In 

essence, this bias might contribute to positive peaks and outliers, especially 

during periods of very low concentrations. However, when excluding periods 

with concentrations below a certain threshold (e.g., < 0.01 μg/m3), the results 

show only minimal deviations from the median obtained using all values (still 

21 m2/g in both cases with a reduced standard deviation of 8 m2/g compared 

to 13 m2/g).  

Another potential source of bias at low BC concentrations is the 

presence of other absorbing components in the sample collected on the filter, 

specifically dust and organic material. The presence of organic matter could 

result in an overestimation of absorption, potentially up to 10%, as indicated 

by Zanatta et al. (2016). However, it's crucial to note that at these wavelengths, 

organic matter is not expected to be the dominant absorber. Regarding dust, 

it is unlikely to cause substantial differences in the measurements. If dust were 

a significant contributor, we would observe a notable impact on absorption 

and, consequently, a bias in the MAC also in EA, where a substantial percentage 

of dust in the total particulate matter was identified (Mardoñez et al., 2023). 

In summary, we have no other reason than a substantial presence of 

highly aged particles at this location, to explain the heightened MAC measured 

at this site. It is thus plausible that the average coating value was subject to 

significant biases that affect its accuracy. As pointed out by Naseri et al. (2023), 

in addition to the limited detection range, the SP2 may underestimate the 

actual coating due to the assumptions required to apply LEO-fit. In this case, 

it's possible that the spherical core-shell assumption or the refractive indices 

used as input to Mie theory are significantly different from reality, leading to 



an underestimation of the coating in this diameter range. By considering as 

representative for the site the median MAC value obtained after excluding 

periods with concentrations below 0.01 μg/m3, the resulting absorption 

enhancement is Eabs = 3.2, upper limit of many ambient observations (Cappa 

et al., 2019).  

6.3 INFLUENCE OF AIR TRANSPORT ON RBC PROPERTIES  

6.3.1 Free tropospheric air masses 

The potential evolution of rBC properties and their mixing state with the 

influence of the planetary boundary layer was studied by dividing the dataset 

into periods with free troposphere characteristics (FT) and periods significantly 

influenced by the boundary layer (BL), as described in Section 6.1.1.2. First, the 

periods identified as BL were characterised by much higher average 

concentrations than those identified as FT.  

 

 

Figure 6-9: Variability of rBC size at Chacaltaya station during periods affected by boundary layer (BL) 

influence and free troposphere influence (FT). Left panel: normalized mass size distribution. Right panel: 

distribution of the mass median diameter (MMD). 

 

The mean mrBC value in BL periods (0.13 μg/m3) was six times higher than that 

in FT periods (0.02 μg/m3). This increase clearly shows the influence of direct 

sources on BC levels in a remote location via vertical transport modulated by 

the boundary layer dynamics, as observed at CHC by Wiedensohler et al. 

(2018). This vertical export, driven by mountain-valley circulation, was also 

reported as an efficient transport pathway of BC at high altitudes in the Chilean 

Andes (Lapere et al., 2023; Ruggeri et al., 2024).  



However, these studies could not investigate other microphysical 

properties of BC such as size and mixing. The comparison between particle 

sizes in the two type of periods is shown in Figure 6-9, were both the size 

distributions and the histogram of hourly averaged MMD are reported. The 

size distributions are very similar with just a slight shift towards smaller 

diameters in FT period compared to BL period. This trend is confirmed by the 

density distributions of MMD, revealing a common mode around 170 nm. 

However, for FT periods the diameters have a wider variability, being more 

spread towards smaller values not observed in BL. It thus appears that even 

short time spent in the boundary layer, strongly modified the overall properties 

of FT-rBC, as confirmed by the similarity with the EA size distribution. None the 

less, the wider spread in MMD of FT-rBC might suggest the influence of 

different processes on the rBC size. As an example, the impact of cloud 

processing on DrBC might be further investigated at the CHC site using a 

combination of back-trajectories, reanalysis data and CO measurements as 

proposed in Tinorua et al. (2023). 

 

 

Figure 6-10: Coating thickness and mass absorption cross-section boxplots corresponding to FT and BL 

periods, at Chacaltaya. 

 

Besides rBC diameter, the main difference between the two air masses 

was related to the mixing state of the particles. BL periods had a coating very 

close to 0 and a MAC very close the median derived for the whole campaign. 

The presence of null or thin coatings suggests the dominance of fresh rBC, 

externally mixed with other atmospheric material as expected in urban 



environments (Laborde et al., 2013). FT periods have slightly higher values of 

coating (mean coating thickness of 9.2 nm) and a mean MAC of 27 m2/g. 

Particles observed for free tropospheric periods seems thus to be more mixed 

than those observed during transport from the PBL. This is close to 

expectations since in the free troposphere we expect to measure particles that 

have been in suspension in the atmosphere for a longer time and are therefore 

subject to increased ageing.  

Nonetheless, the coatings observed in FT at CHC remained thinner 

compared to continental Europe (Laborde et al., 2013) or the Arctic (Zanatta et 

al., 2018).   The fact that an increase in MAC corresponds to an increase in 

coating is in line with the lensing effect described above. However, given the 

likely poor accuracy of the coating values, it is difficult to study the relationship 

between these variables in more depth. Looking at these results, summarized 

in Table 6-1, particles measured in the different type of air masses probably 

derive from similar sources, as the properties of the rBC cores do not show 

substantial differences. The main difference between FT and BL periods is that 

in former particles remained in suspension for a longer time, ageing more 

through mixing with other compounds and with a compaction of the internal 

core. 

6.3.2 Air masses following different pathways 

 Mass concentrations 

Three dominant horizontal pathways, not distinguished in FT and BL, 

followed by the air masses reaching Chacaltaya were identified as described in 

Section 6.1.1.1. The average rBC mass concentration varied depending on the 

pathway, as summarized in Table 6-1. The South-West sector  was associated 

with the highest concentration as we can see in Figure 6-11. Not only the 

average and the median were the highest but also the lowest and highest 

percentiles. This result is consistent with the presence of the metropolitan 

region of LP-EA in the path followed by these air masses. From the diurnal 

profile (Figure 6-11) it is indeed evident the increase during the day up to 0.46 

µg/m3 at midday, and higher concentrations compared to other sectors even 

during the night (0.04 - 0.07 µg/m3). On the other hand, the path involving the 



east sector (E) has the lowest values, with a slight increase during the day, not 

exceeding 0.25 µg/m3, and values ten times smaller during the night (0.017 - 

0.027 µg/m3). This sector was characterized by the presence of the Amazon 

basin and lowlands, where biomass burning emissions are systematic and has 

been shown to affect the melting rate of glaciers in the Andes (Magalhães et 

al., 2019). However, the low rBC concentration did not reflect any influence of 

major biomass burning emission in the Eastern sector. As matter of fact, this 

campaign occurred in the low of the biomass burning seasonal cycle, which is 

characterized by BC concertation peak between June and February (Artaxo et 

al., 2013). 

 

 

Figure 6-11: rBC mass concentrations measured at Chacaltaya for different air mass pathways coming 

from South-West (SW), North-West (NW) and East (E). 

 

Finally, the northwest sector, which also includes part of the Amazon rainforest 

to the north and the Altiplano to the west, is characterized by intermediate and 

more variable concentrations than the other sectors. First, the large difference 

between mean (0.14 µg/m3, similar to the SW mean) and median (0.03 µg/m3, 

lower than E median) suggested the establishment of a clean background 

condition perturbed by intense pollution vents. From the diurnal variability 

(Figure 6-11) we can appreciate how night-time concentration was very low 

(0.008-0.022 µg/m3), lower than the eastern sector, but then raised significantly 



by two orders of magnitude for a few hours in the late morning up to 0.65 

µg/m3 (higher than the diurnal maximum of the SW sector). Hence, the sector 

NW was affected by extremely pristine and extremely polluted contributions, 

potentially reflecting mixed contributions from the clean eastern sector and 

the polluted SW sector. It must be considered that, the NW sector was also the 

one for which the lowest counting statistic with only 5 days of dominant 

influence.  

 Particle population properties 

Figure 6-12 shows some of the microphysical properties of BC in the 

different sectors. In particular, we can see from Figure 6-12a and Figure 6-12b 

that there was no significant difference in the distributions of the mean hourly 

values of the mass median diameter and the mean distribution.  

 

 

Figure 6-12: Variability of mean microphysical and optical properties of BC at Chacaltaya in the different 

sectors calculated on hourly time stamp. a) Normalized mass size distribution of rBC; b) Density 

distribution of mass median diameter (MMD); c) Spectral dependence of the absorption coefficient. 

Sectors: South-West (SW), North-West (NW), East (E). 

Although the North West sector showed the widest distribution of MMD, the 

mean MMD from all sectors fell within 5 nm from 185 nm (NW) to 190 nm 



(SW), not enough to be representative of different particle populations. 

Similarly, the spectral dependence of the absorption did not seem to show any 

substantial differences (Figure 6-12c). The resulting absorption exponent 

varied from 0.8 (NW) to 1.0 (SW), potentially related to more compact and aged 

particles (Liu et al., 2018) rather than soot produced from biomass burning 

(Zotter et al., 2017).  

A slight difference can be observed in the mixing state of the particles 

shown in Figure 6-13 in terms of coating thickness and mass absorption cross-

section. The NW sector was confirmed to have mixed influence leading to 

strong variability but also highest absolute means of both the MAC (24 m2/g) 

and coating thickness (13 nm). The cleanest Amazonian sector (E), showed, on 

the contrary, thin mean coatings (2.5 nm) and the lowest mean MAC (21 m2/g). 

The most polluted sector, intermediate mean values were observed (MAC = 22 

m2/g; CT = 7.2 nm). Overall, the MAC values for the different sectors fell within 

the MAC uncertainty of 18% propagated by the absorption coefficient 

uncertainty (MAAP; 15%; Müller et al., 2011) and rBC mass concentration 

uncertainty (SP2; 10%; Laborde et al., 2012). Otherwise, the coating thickness 

appeared to have a sector-to-sector variability higher than its instrumental 

uncertainty of 17% (Laborde et al., 2012b).   

 

 

Figure 6-13: Boxplot of optical properties and mixing state of BC at Chacaltaya in the different sectors 

calculated on hourly time stamp. Left panel: mass absorption cross-section at a wavelength of 637 nm. 

Right panel: coating thickness for rBC cores with a diameter of 180-220 nm; Spectral dependence of the 

absorption coefficient. Sectors: South-West (SW), North-West (NW), East (E). 

 



The similarity in properties observed in air masses that followed such different 

pathways, as well as the common shape of the diurnal profiles, suggest that 

the observed rBC particles may not have had such different sources during this 

campaign. While the eastern and northern sectors, dominated by the Amazon 

rainforest, could have been influenced by BC transport from biomass burning, 

it's important to note that this campaign took place during the transition 

between the rainy and dry seasons, a period less affected by such events. No 

substantial change towards larger particle diameters or higher AAE is observed, 

as would be expected in the presence of large biomass burning particle 

transport events. The primary source region for BC appears to be LP and EA, 

considering that other urban areas are at least 200 km away. During periods 

dominated by air masses from the east or northwest, pollution from this source 

region is likely to be diluted by cleaner air, resulting in lower concentrations. 

 

Table 6-1: Summary of averaged and standard deviation values of main properties, for different air 

masses characteristics. Free tropospheric and boundary layer influenced air masses are summarized as 

well as air masses from different pathways East (E), North West (NW) and South West (SW). 

 [rBC] μg/m3 MMD nm CT nm MAC m2/g 

FT 0.02 ± 0.02 164 ± 14 9.2 ± 9.2 27.3 ± 5.4 

BL 0.13 ± 0.15 173 ± 7 3.7 ± 4.9 20.9 ± 5.3 

E 0.07 ± 0.08 172 ± 6 2 ± 4 20.8 ± 5.7 

NW 0.13 ± 0.25 174 ± 15 12 ± 11 23.4 ± 8.7 

SW 0.14 ± 0.19 175 ± 10 7 ± 7 22.1 ± 5.3 

 

6.3.3 Contribution of volcanic emissions to coating formation on BC 

particles 

The works of Aliaga et al. (2021) and Bianchi et al. (2022) show that the 

volcanic activity of the Sabancaya volcano in Peru had a visible impact on the 

aerosol properties measured at the CHC site during this measurement 

campaign. Moreno et al. (2023) in particular showed how the SO4
2- 

concentration is dominated by volcanic activity at this site.  

 



 

Figure 6-14: time series of the SO4
2- mass concentration during the campaign. 

 

With the aim to study if the volcanic activity could have had an impact on BC 

properties during our campaign, we looked through SO4
2- variability for the 

presence of air impacted by volcanic activity, identified a parameter able to 

quantify this impact on the aerosol composition and properties and studied 

the variability of BC concentration and coating of BC-containing particles as a 

function of this parameter.  

 

 

Figure 6-15: Scatterplots showing the dependence of the mean coating thickness and the rBC/([NR-

PM]+[rBC]) ratio, on the [SO4
2-]/([NR-PM]+[rBC]) ratio, under the influence of volcanic emission 

observed at Chacaltaya on May 2018. 

  

As we can see from Figure 6-14, the impact of volcanic activity was clearly 

visible in the second part of the campaign when the concentrations of SO4
2- 

shifted from being less than 0.5 μg/m3 to 2.5 μg/m3. As a parameter to 

represent this impact on the aerosol properties we calculated the ratio between 

SO4
2- concentration and the total aerosol mass concentration, obtained as the 

sum between the total concentration of non-refractory material NR-PM 



derived from the ACSM and the rBC mass concentration ([SO4
2-]/([NR-

PM]+[rBC])).  

Figure 6-15 shows how this parameter correlated with the rBC mass 

concentration and coating thickness. The coating thickness increased with the 

relative concentration of SO4
2- and decreased with the rBC relative 

concertation. This means that volcanic activity may influence the mixing state 

of rBC providing aerosol precursors such as SO2 and sulphate aerosol SO4
2- 

and SO2, which can condense and coagulate with rBC particles. Hence, even if 

SO4
2- is not recognized as a major component of black carbon coatings (Fierce 

et al., 2016; Zhang et al., 2018; Wang et al., 2019), volcanic emission might 

represent an important regional and punctual driver for BC ageing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 CONCLUSIONS 

 

In this thesis I explored some of the challenges related to the quantification of 

BC impacts on the climate system, from the accuracy of measurement to the 

characterization of some properties and atmospheric processes in different 

environments. 

First of all, I studied how to reduce the uncertainty in eBC observations. 

The measure of the absorption coefficient of aerosol particles is at date one of 

the sources of uncertainty in the evaluation of BC impact on climate. The 

aethalometer is the instrument most widely used to measure the absorption 

coefficient and its use is recommended by research infrastructures and global 

networks. It requires a parameter, C, to correct for the multiple scattering of 

the sampled particles on the filter tape. We calculated the C parameter by using 

two model of aethalometer (AE33, AE31) compared to different reference 

techniques (MAAP, EMS). We analysed the C variability in ambient conditions 

at different environments and through experiments in the CESAM simulation 

chamber. We obtained significantly different values in different sites, with an 

average of 2.3  0.5 (SD) at the CMN mountain site of to a mean value of 3.1  

0.4 (SD) at the background polluted site of JRC. The CAE33 value at JRC regional 

background site was 35% higher than to the mountain top site. In ambient 

studies non-significant seasonal and wavelength dependence of the CAE33 was 

observed. CAE33 showed higher values at high SSA but the observations 

available were not enough to properly assess a clear relation. Chamber 

experiments allowed to explore the C variability with composition and size of 

freshly emitted particles, suggesting that the difference found between the 

background and the mountain top sites could be related to higher 

concentrations of small particles with a higher organic content. It was observed 

that the variability introduced by the aethalometer model was significant, with 

CAE31 values systematically higher and opposite relationship with SSA 

compared to CAE33. These results reinforce the message that this corrective 

parameter can vary significantly from site to site, due to different properties of 

the collected particles. The use of a standardised value of C, which is necessary 



in absence of a reference technique to derive it, can lead to a significant 

deviation in the absorption coefficient estimate. Moreover, clear 

recommendations for a reference technique to directly measure the BC mass 

concentration are still missing, and two of the most used techniques, the 

incandescence emission detection (mrBC) and the thermo-optical analysis (mEC) 

can differ for a factor up to 1.75. The combination of these two sources of 

uncertainty can induce a deviation in the MAC estimate up to 90%.  

On the other hand, the monitoring and characterization of BC 

concentration and properties in different urban and remote environments is 

essential for an improvement of policy actions to reduce urban air pollution 

and to derive important information, needed in models for a better 

representation of BC ageing and a better quantification of BC radiative forcing.  

I first focused on the analysis of eBC concentrations in two urban 

environments located in the European hot spot for climate and air quality: the 

Po Valley. Despite the stringent air quality policies in this area, the analysis 

revealed that eBC accounted for a significant proportion (11-12%) of 

submicron particulate matter, both in Milan and Bologna. This contribution was 

comparable to that of major inorganic components such as sulphate and 

ammonium. BC emissions were mainly associated to vehicular traffic (~75%) in 

both cities, in particular in summer, while in winter the contribution of biomass 

burning becomes nearly 50% of total eBC. This analysis is important to derive 

more efficient policy for air quality regulations. Reducing source-specific BC 

emissions as a function of the season can reduce people exposure to harmful 

compounds in the Po Valley. The first objective to reach in both cities should 

be the reduction of vehicular traffic with policies that promote the use of 

alternative means of transport such as public transport and cycling. However, 

measures to improve the efficiency of heating systems and favour cleaner 

energy choices can also be important in reducing emissions, particularly during 

the most polluted winter period, when the legal limits for particulate matter 

are most often reached and exceeded. 

 Some of the most important BC properties needed for a better 

modelling of BC life cycle and climate impact, the mass concentration, the mass 

size distribution and MMD, the coating thickness and the MAC, have been 



studied in this work both in different urban areas and a remote mountain top 

site. The diurnal profiles of the BC mass concentrations significantly differ in 

different urban environments and at the mountain top. All urban environments 

were characterized by a typical bimodal pattern during the day, but the timing 

and the magnitude of the main peaks can significantly differ from city to city 

because of population habits, orography and meteorological conditions 

affecting the dilution and accumulation of particles. The mountain top site 

showed an inverted pattern due to the absence of local sources, and a reversed 

influence of the boundary layer variability, bringing pollutants thanks to valley 

breezes in early afternoon.  

The size distributions can also differ significantly in different cities, 

reflecting the distance from sources and their variability. Sites located closer to 

major roads (<50 m) such as LP and BCN shows distributions more affected by 

smaller particles with the peak of the mass median distribution at 85 and 102 

nm, respectively. While EA located at a longer distance from major roads > 250 

m, and potentially affected by waste burning in addiction to traffic, shows 

larger particles with a peak of the distribution at 187 nm. The mountain top 

site shows instead a distribution very close to the one observed in EA, more 

representative for the background conditions of the whole metropolitan 

region, with a peak at a diameter of 171 nm. Particle size evolve quickly through 

aggregation of small particles in highly polluted urban environments, while no 

significant variation was observed during transport towards more clean 

environments. In CHC, slightly smaller particles were observed during free 

tropospheric conditions, suggesting a possible rearrangement of BC when 

remained longer in suspension. No significant diameter fluctuations were 

instead observed for air masses coming from different regions.  

The coating thickness was also estimated in one of the urban sites, BCN 

and in the CHC mountain top site. Small coatings were observed both in the 

urban and in the mountain site with an averaged value of 14.6 nm and 7 nm 

respectively. The one in Barcelona is consistent with freshly emitted particles 

form traffic sources, while that in CHC is probably affected by biases in the 

method used to calculate it. However, a significant increase in the coating at 

CHC was observed when the site has been affected by volcanic activity.   



Finally, the variability of optical properties represented by the MAC have 

been evaluated in all the sites. Values in the range 8-11 m2/g were observed in 

the three urban sites. In LP and EA, lower values closer to the one reported for 

uncoated BC were observed, while BCN was characterised by a slight 

enhancement due to the presence of a non-negligible coating thickness. These 

properties can be significantly different in urban environments due to different 

meteorological conditions. Smaller particles with a lower absorption 

enhancement were observed during rush hours in BCN compared to periods 

cleaner with air masses from the sea. In CHC the value was surprisingly much 

higher up to 24 m2/g, and this is probably due to the high level of mixing of 

these aged particles. It cannot be excluded that the exceptionally high MAC 

values calculated at CHC might derive from inconsistencies of SP2 values 

compared to potential eBC observations. Hence, the CHC MAC anomaly might 

be regarded as an excellent example to improve the repeatability of absorption 

and BC observations across monitoring networks. The MAC can be thus 

significantly different from urban to mountain top sites. Close to sources 

particles are more externally mixed with other compounds resulting in just a 

slight increase in the absorption compared to that of bare BC particles, while 

after a long aging, internal mixing become predominant inducing a strong 

absorption enhancement.  

 These results are important to highlight the need of a better 

characterization of BC properties in different urban environments, as they can 

vary significantly close to sources depending on the type of the source and the 

meteorological conditions. This characterization set the starting conditions in 

models for evaluating the subsequent BC life cycle and BC radiative forcing 

both close and far from the source. Moreover, the results in CHC show the high 

importance of deriving correct absorption enhancement in remote locations, 

where the degree of internal mixing can be very high. This can lead to huge 

impacts on BC radiative forcing regional estimate in these areas.  
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