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1. Introduction


Scientific understanding of the processes involving carbonaceous aerosols in atmosphere is extremely important for both the climate and human health. This explains the increasing scientific interest in characterising these chemical species [1,2]. The carbonaceous fraction is an important component of atmospheric particulate matter, generally between 20% and 50% of the total aerosol mass [3,4]. Carbonaceous aerosols include an organic fraction, named organic carbon (OC), and a refractory light-absorbing component generally referred to as elemental carbon (EC, when quantified using thermal optical methods) or black carbon (BC, when quantified using optical methods). Sometimes, carbonate carbon can also contribute to total carbon concentrations in aerosol samples. Comparability of different thermal-optical protocols for OC and EC measurements ([5,6,7,8] and comparability of BC and EC measurements [9,10,11,12] are still issues in current research.



Black carbon (BC) in itself is also a current issue, both at local and global scales; it has a primary origin and it is emitted mainly from anthropogenic combustion sources, including industrial emissions, road transport, and domestic heating [13,14]. Characterised by strong light absorption, BC particles are largely responsible for positive radiative forcing by aerosols. However, there are large uncertainties in the spatial distributions and temporal trends of sources, its effective mixing state (internally mixed or core-shell), its size distribution, and in the ability of BC particles to nucleate ice [15,16,17]. These uncertainties limit the effectiveness of models in evaluating optical properties and predicting future scenarios, thus reducing our understanding of the role of BC in climate modelling. In addition, BC has adverse effects on human health, deteriorating air quality in countries all over the world. BC may not be a major directly toxic component of fine aerosol; however, it may act as a carrier of a wide variety of, especially, combustion-derived chemical constituents of varying toxicity to sensitive targets in the human body such as the lungs, the body’s major defense cells and possibly systemic blood circulation [2].



As a result, BC could be an important target to simultaneously mitigate the health and climate effects of atmospheric aerosols.



Organic carbon (OC) is one of the largest contributors to particulate matter mass concentrations and it originates from different anthropogenic (combustion processes) and natural (sea-spray and biogenic emissions) sources. While BC has a primary origin, OC can be both primarily emitted but also formed in the atmosphere through condensation to the aerosol phase of low vapour pressure compounds emitted as primary pollutants or formed in the atmosphere [18,19]. Thereby, a large fraction of OC in the atmosphere has a secondary origin. Because of this, the OC/EC ratio in aerosol fractions differs widely, both in space and seasonally, and it could be a useful diagnostic ratio to investigate sources and processes happening in atmosphere, which can lead to the formation of secondary organic compounds [20,21,22,23,24,25]. Organic carbon is also characterised by a high solubility and it is one of the main drivers of the oxidative potential of atmospheric particles, with possible adverse health effects [26,27].



Recently, the scientific community has addressed Brown Carbon (BrC), a light-absorbing organic compound, whose characteristics are still largely unknown [28,29].



Understanding the properties and the dynamics of carbonaceous particles, contributions from main anthropogenic and natural sources, and carbonaceous aerosol transformations in atmosphere is still challenging and requires extensive research. This special issue (SI) addresses these open questions by compiling papers dealing with the different mentioned perspectives, including laboratory studies and measurement protocols, analysis of optical properties, source apportionment and carbonaceous particle emissions, as well as assessments of toxicity effects indicators and population exposure.




2. Recent Advances in the Characterisation of Carbonaceous Aerosols


This SI is a collection of recent advances in the characterisation of spatial and temporal trends of concentrations of carbonaceous aerosol, in advanced measurement methods and optical properties, in exposure and toxicity indicators, as well as discussion on the influence of the main anthropogenic sources. The following aspects are addressed in detail.



2.1. Trends of Carbon Content in Atmospheric Aerosols


Long-term trends of carbon concentrations in aerosols are important to investigate the trends of the impacts of combustion sources, as well as to have a baseline for modelling future scenarios of radiative forcing. Nevertheless, there is a lack of long-term studies of carbon content in aerosols because these measurements are generally not included in national air quality standards and, therefore, are not continuously monitored in several environmental monitoring networks. The main objective of the work of Di Ianni et al. [30] was to estimate the long-term trend (2001–2017) of “surface” equivalent black carbon mass concentration (eBC) in Rome (Italy). This was obtained rescaling aerosol absorption columnar data (AERONET) to ground-level aerosol absorption. This absorption was converted into eBC mass concentration by using values of mixing layer height, derived from ceilometre measurements, and a mass-to-absorption conversion factor. A negative trend for eBC mass concentration of −0.76 μg/m3/decade was individuated. Instead, a positive trend was found for single scattering albedo (SSA), equal to +0.014/decade, indicating that the contribution of absorption to extinction is decreasing faster than that of scattering.



The concentration of OC and EC in atmospheric aerosols is influenced by several sources (natural and anthropogenic) and by the formation of secondary organic carbon affected by local meteorology. This produces important seasonal and diurnal variabilities in measured concentrations. Analysis of these variabilities could bring information regarding the impact of the main carbon sources to particulate matter. In Diapouli et al. [31], seasonal, weekly, and diurnal variability of equivalent black carbon (eBC) concentrations were investigated at a suburban site in Athens (Greece). A dataset was collected between 2013 and 2014 including absorption coefficients (at seven wavelengths), and PM2.5 chemical composition data for key biomass burning markers (levoglucosan, K, EC, and OC). The Aethalometer model was applied for the source apportionment of eBC quantifying the contribution of fossil fuel combustion (BCff) and wood burning (BCwb). The main results indicated that eBC concentrations were equal to 2.4 ± 1.0 μg/m3 (cold season) and 1.6 ± 0.6 μg/m3 (warm season). The contribution from wood burning was significantly higher during the cold period (21 ± 11%, versus 6 ± 7% in the warm period). In Klejnowski et al. [32], the seasonal trend of carbon content in PM10 was investigated in the Krynica Zdroj area (Cracow, Poland) using data collected between 2016 and 2017. Results showed that OC, EC, and levoglucosan concentrations were at their maximum during the heating season for this site, with monthly mean total carbonaceous material/PM10 ratios ranging between about 0.28 and 0.44 depending on the season. Analysis of the correlation between OC and levoglucosan (a tracer of biomass burning) showed that biomass burning was an important source of aerosol particles affecting local air quality.



The variability of anthropogenic sources and the influence of meteorological parameters (temperature, humidity, and solar radiation) on the formation of secondary organic aerosols induces diurnal variability in the carbon content of atmospheric aerosols. The study of this variability could shed light on the relative importance of these processes compared to diurnal cycles of sources. In the work of Ye et al. [33], the day–night differences of a suite of chemical species including elemental carbon (EC), organic carbon (OC), water-soluble organic carbon (WSOC), water-soluble organic nitrogen (WSON), selected polycyclic aromatic hydrocarbons (PAHs), and secondary inorganic ions (NO3−, SO42−, NH4+) in PM2.5 was investigated in summer in Changzhou (China). The carbon content of humic-like substances (HULIS-C) was a significant portion of WSOC (~60%) and the latter accounted for, on average, about 60% of OC. A strong correlation was found between WSOC, HULIS-C and O3, implying that HULIS-C, similar to WSOC, was mainly composed of secondary species. PAHs, EC, and WSON showed higher mass concentration in the night and the WSOC/OC ratio was high in both day and night, indicating that secondary organic aerosol formation could occur throughout the day. The higher ratio during daytime suggested an important contribution from daytime photochemical oxidation.




2.2. Exposure and Toxicity


This section compiles results from studies addressing the exposure and subsequent toxicity of carbonaceous aerosols. While exposure to road traffic emissions (a major contributor to urban carbonaceous species) seems almost unavoidable in our cities today, it may be reduced as a function of means of transportation or commuting routes. This issue is analysed by Jereb et al. [34], who quantify BC concentrations at chosen sites and cycling routes in Slovenia and conclude that exposure can indeed be reduced through adequate urban and traffic planning and management. Dekoninck & Int Panis [35], on the other hand, focus on the influence of transportation modes and assess the exposure of car drivers to BC with a microscopic land-use regression approach, taking into account regulatory interventions (e.g., the Euro 5 Particulate Matter Standard). This kind of exposure estimate is especially relevant for epidemiologists and policy makers. The underlying motivation for exposure assessment studies is the toxicity of aerosol particles, and its potential dependence on particle chemical composition. The work by Samara [36] compares the redox activity of water-soluble urban aerosols from two urban sites in Thessaloniki and concludes that the quasi-ultrafine particle mode (<0.49 μm) exhibited the lowest activity in comparison to larger particles. Vehicle tailpipe emissions and biomass burning are seen to influence the oxidative potential of PM. Finally, the question of aerosol toxicity was also addressed (among other questions) by the CARE experiment [37]. In an integrative approach, this study addresses air quality, health and climate implications of aerosol pollution. It provides baseline levels of carbonaceous aerosols for Rome and concludes on the need for an update of existing air quality standards for PM10 and PM2.5 with regard to particle composition and size distribution, and the data averaging period.




2.3. Advanced Measurement Methods and Optical Properties


Due to the complexity of the aerosol carbonaceous components, there are currently large uncertainties in the assessment of their physical–chemical–optical properties and source apportionment; in addition, issues about their role in affecting the Earth’s radiation budget, visibility and health effects are still under investigation. With the aim of filling this gap, research on this topic has grown a lot in recent years and advanced experimental and modelling approaches have been proposed.



As far as the radiative budget of the atmosphere is concerned, in the last decade, brown carbon (BrC) has assumed an increasing importance because this organic material shows enhanced absorption at short wavelengths thus possibly playing a non-negligible role in the energy balance of the atmosphere. BrC is indeed the major focus of some of the papers published in this SI, due to the lack of detailed information about its properties and sources. Indeed, BrC is still poorly characterised, although it is widely recognised that HULIS (humic-like substances) are among its major components; the latter are macromolecules belonging to the organic aerosol component, primarily emitted by biomass burning or formed in atmosphere, e.g., by photochemical processes. Lee et al. [38] investigated the sensitivity of the optical properties of HULIS based on field data and simulations based on Mie theory. They focused mainly on hygroscopicity, a parameter of relevance in radiative forcing due to both indirect (e.g., aerosols acting as cloud condensation nuclei) and direct effects (e.g., altering aerosol chemical composition and optical properties), although scarcely studied. Other parameters such as the aerosol size distribution and the imaginary refractive index (IRI) of HULIS (the latter characterising the absorption properties of this carbonaceous component) were addressed as contributing to uncertainties in radiative forcing (RF) estimates. Results of the study by Lee et al. [38] showed that at the GAW background site of Anmyeon Island in Korea, HULIS comprised 32–80% of the carbonaceous component absorption coefficient and that the hygroscopic properties of HULIS strongly affected their optical behaviour. Indeed, radiative forcing estimates indicate that HULIS were significant contributors and RF was negatively enhanced (i.e., from −0.11 to −0.192 W/m2) as the hygroscopic growth factor increased from 1.0 to 1.3.



The formation of moderately brown secondary organic aerosols in biogenically-influenced urban air was observed during the CARES campaign by Gyawali et al. [39]. This study highlights the role of the interaction between anthropogenic and biogenic atmospheric components in enhancing the production of secondary organic aerosols (SOA) during intense photochemical events and air masses advection. Gyawali et al. [39] investigated mass absorption coefficients (MAC), associated uncertainties, and frequency distributions. These are relevant parameters in climate models and in Gyawali et al. [39] were obtained by regression analysis on photoacoustic (PA) and single particle soot photometer (SP2) data and simulated by the Monte Carlo method. In particular, SOA optical properties were addressed and a modest increase in light absorption in the UV range was observed for SOA compared to biomass burning aerosols as derived from multi-spectral measurements. To brown SOA (and perhaps to a mineral dust contribution) was most likely ascribed the observed enhancement of light absorption rather than to the additional coating of non-absorbing SOA on aged BC particles.



Multi-wavelength measurements are also very effective in source apportionment studies based on light absorption measurements. This is the approach presented by Bernardoni et al. [40], who applied the recently proposed MWAA model (Multi Wavelength Absorption Analyzer) to provide a source (fossil fuel combustion vs. biomass burning) as well as a component (BC vs. BrC) apportionment of the aerosol absorption coefficient. In addition, the BrC Ångström absorption exponent (αBrC) is a noteworthy output of the model. The model—stemming from the well-known Aethalometer model introduced by Sandradewi et al. [41]—aims at providing information about BrC, whose chemical complexity and ageing in the atmosphere affects optical properties and whose sources are of interest. The authors underlined that data on BrC optical properties typically reported in the literature are largely related to water or solvent extracts and, thus, are poorly representative of airborne aerosols. This issue was tackled in the study by analysing the absorption coefficient using filter-based measurements through multi-lambda home-made instrumentation. The proposed experimental and modelling methodology was applied at a rural and an urban site in Northern Italy where EC and OC were apportioned to wood burning and fossil fuel combustion sources. It is worth noting that the result for αBrC was 3.8 ± 0.1, which was fully comparable at the two monitoring sites. In addition, the authors speculated about the non-suitability of the two-source approach, especially at heavily polluted sites impacted by many different sources and where atmospheric processing can be effective in changing aerosol properties.



Carbonaceous aerosol source apportionment (i.e., fossil vs. non-fossil) can be robustly performed through radiocarbon analysis on total carbon (TC), a reliable method based on the absence of 14C in fossil fuels. Nevertheless, the disentanglement between biomass and biogenic emissions (i.e., contemporary sources) is a further improvement in source apportionment requiring 14C analysis on EC and OC separately and given a known OC/EC emission ratio for biomass burning. Zenker et al. [42] reported on the most important tricky points in radiocarbon analysis on OC and EC and presented the results of an inter-comparison study carried out among three laboratories in Europe. A focus of the paper was on experimental issues related to the EC–OC separation by thermal methods, which is well-known to be dependent on the temperature protocol. The authors also confirmed what was reported already in previous literature about EC underestimation when using the EUSAAR-2 protocol on untreated samples, thus suggesting that EC measurements on water-extracted samples are more reliable, especially when heavy loaded filters are analysed. Together with this problem, Zenker et al. [42] claimed there is a lack in available EC reference materials for 14C analysis in aerosols and noted the need for more comprehensive inter-comparison studies.




2.4. Characteristics of Carbonaceous Aerosol at Different Sites


Although in recent years the carbonaceous aerosol component has been extensively studied regarding its abundance, characteristics, and sources, there are areas particularly interesting from the pollution point of view where such data are still lacking. This is the case of the Mediterranean basin—one of the most fragile climatic zones on the planet, which is impacted by anthropogenic emissions, biomass burning, and natural sources (e.g., marine emissions and Saharan dust events)—where the paucity of OC and EC data is especially observed in the southern part of the Italian peninsula. The study by Dinoi et al. [43] reports results of a field campaign on EC and OC measurements carried out during wintertime 2016 at five different sites in Southern Italy. Urban, suburban, coastal/marine and remote locations were selected to map the spatial distribution of EC and OC on both PM10 and PM2.5 applying the same experimental approach in order to avoid biases due to differences in the thermal protocols used to quantify the two carbonaceous fractions. The average concentrations of both OC and EC were markedly differed from site to site, with the highest ones recorded at the urban and suburban sites.



Similarly, studies devoted to the assessment of the spatial and temporal distribution of carbonaceous aerosols are going on in China, where emissions have increased mainly due to anthropogenic sources. In the paper by Huang et al. [44], a year-long dataset with hourly resolution showed typical diurnal patterns of EC and OC PM2.5 observed during different seasons at Wanzhou, an urban area in Southwestern China. The high temporal resolution helped in identifying the role of local source emissions vs. meteorological conditions and advection phenomena. Wang et al. [45] investigated carbonaceous aerosol size-segregated distribution in an industrial city in China in the Yangtze River Delta during different seasons. Size-segregated datasets are extremely useful to better identify source emissions, to evaluate light extinction and to assess their impact on climate and health effects; nevertheless, size-segregated studies on aerosol chemical composition are quite scarce due to the heavy work load required in the field, as well as in the lab.



One open issue in PM extensive monitoring studies is related to the quantification of SOA (secondary organic aerosol) as it generally requires sophisticated analytical techniques (e.g., aerosol mass spectrometry) not widespread yet. In all the above-mentioned papers, a simple approach based on the “OC/EC minimum ratio” was applied to tentatively apportion the secondary organic aerosol to total OC, highlighting the limitations and high uncertainties associated with this method. Results showed that SOA represented a considerable fraction of OC in the Mediterranean area (up to ca. 60%) and in the industrial city of Nanjing while OC was dominated by primary organic carbon (with the only exception being autumn samples) in the urban area of Wanzhou.



A challenging task is typically the attribution of SOA back to its precursors. This would be a very useful piece of information to design effective strategies aimed at PM reduction. Maenhaut et al. [46] conducted a summertime field campaign at the forested background site of K-puszta in Hungary, where fine aerosol is dominated by SOA mainly produced by biogenic volatile organic compounds (VOCs). In this paper, the authors claimed that by assessing the biogenic fraction of PM—which is, in principle, impossible to abate—it is possible to estimate the fraction of PM that could be reduced by appropriate measures, thus pointing at the importance of measurements of biogenic contributions to PM. Despite the several techniques used by the authors to analyse the samples, results showed that a large fraction (more than 90%) of OC in PM2.5 remained undetermined, thus supporting the need for improved analytical methods aimed at the molecular characterisation of OC.





3. Concluding Remarks


The results presented are highlights of some of the recent advances in the characterisation of carbonaceous aerosols in the atmosphere. They evidence the complexity of the chemical–physical processes involving carbon in the atmosphere, covering different aspects such as spatial and temporal trends, as well as exposure and toxicity of carbonaceous particles. Results also show that recent advances in measurement techniques and source apportionment may be powerful and sophisticated tools to provide high quality scientific information.
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