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Summary 

Black carbon (BC) is a very important aerosol component in the Earth system. First, because it induces a strong 

positive radiative forcing (RFBC = +1.1 W m-2 ±90 %), through two main pathways: aerosol-radiation interaction 

(RFARI) and aerosol-cloud interaction (RFACI). Second, because elevated concentrations of black carbon in ambient 

air are a public health concern, as they can cause allergies, pulmonary and cardiovascular diseases, and premature 

deaths. Both for correctly quantifying BC radiative forcing and for the implementation of air quality or human 

health regulations, a deep understanding of BC physical, optical and chemical properties, such as, mass 

concentration, mass size distribution and mixing state is required. Furthermore, BC emission abatement measures 

would have significant co-benefits for improving air quality and for counteracting climate warming on a short 

time scale. 

BC properties change during the particles’ life cycle. Freshly emitted BC particles are strongly light absorbing, 

hydrophobic and externally mixed fractal–like aggregates of primary carbon spherules. During atmospheric aging, 

the fractal aggregates become internally mixed with other aerosol species. The aging changes the size and 

composition of the coated BC particles, thus modifying their hygroscopicity and morphology. Moreover, aging is 

known to enhance the BC mass absorption cross-section (MACBC) by a lensing effect. The MACBC, a key 

parameter for the BC radiative forcing calculation, is defined as the ratio of the light absorption coefficient caused 

by BC to the BC mass concentration. BC properties also depend on the emission source: particles from fossil fuel 

combustion generally have smaller volume equivalent diameters (70–140 nm) than particles produced by biomass 

burning (140–200 nm).  

Black carbon particles are ubiquitous in the atmosphere even where no emission source is present, since they can 

be transported very far and reach very vulnerable places like the Arctic, triggering unforeseen effects. Due to their 

scarcity, BC properties measurements in such remote places are very precious in order to provide the information 

needed to develop global aerosol radiative forcing models.   

Even if large progress in understanding the properties, life cycle and cloud-interaction mechanisms has been made 

in the past decades, there are still a lot of open questions concerning black carbon aerosols. During this PhD thesis, 

we had the ambition to address some of the most important ones through field campaigns from a polluted area i.e. 

the Po Valley, in Northern Italy, to a very clean and remote environment, at the Zeppelin Observatory, Svalbard, 

in the middle of the Arctic Sea.    

The king instrument used in each campaign of this work was the Single Particle Soot Photometer (SP2) and its 

most recent version: the Single Particle Soot Photometer Extended Range (SP2-XR), an instrument based on the 

laser induced incandescence technique. The SP2 has become increasingly recognized as a valuable tool for 

quantifying aerosol refractory black carbon (rBC) properties because it provides simultaneously multiple 

information at single particle level. First, it unambiguously measures the mass of rBC in individual aerosol 

particles rather than inferring bulk BC loadings from measurements of aerosol optical/absorption properties. 

Second, it is able to give additional information such as the mass and number rBC size distributions and the rBC 

mixing state (both in a qualitative and in a quantitative way) of individual rBC-containing particles. Third, as the 

instrument detects individual aerosol particles, it is able to quantify rBC loadings even in very clean environments, 

such as the Arctic, where other techniques would require prohibitively long integration times.  

The open research questions on black carbon science we addressed during this PhD work, were as follows: 

1) Black carbon mass concentration measurements  

The quantification of black carbon mass concentration is a very tricky business. There is neither an SI 

(International System of Units) traceable reference method nor a suitable standard reference material for 

quantifying it. Currently, BC mass is defined operationally through methodologies that use distinct physico–

chemical and/or optical properties of BC in order to quantify its mass concentration in aerosols. The three 

most common applied techniques are the filter based thermal–optical evolved gas analysis; the laser induced 
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incandescence (LII) and the aerosol light absorption based methods. The specific terms used to refer to the 

mass of BC quantified by each of these three techniques are: elemental carbon (EC), refractory black carbon 

and equivalent black carbon (eBC), respectively. Aerosol optical absorption has long been used as a proxy 

for BC mass, but it can be influenced by both non-BC aerosol that absorbs at the same wavelength of the 

instrument used (e.g., dust or brown carbon), and by the enhancement of absorption by coatings. Moreover, 

eBC mass measurements rely on prior knowledge or assumed values of the MACBC. Such prior knowledge 

is not required for thermal optical measurements of EC mass or for LII measurements of rBC mass. Many 

BC technique intercomparisons are available in the literature but very few regard EC and rBC mass. This 

means that the debate on the comparability of these two quantities is still largely unresolved.   

In the first paper work, we examined and quantified the level of agreement or disagreement between BC mass 

concentrations measured by the thermal–optical analysis and the LII technique. For this purpose, we 

compared co–located measurements of EC and rBC mass concentrations from field campaigns performed at 

several European sites (Bologna, Cabauw, Paris and Melpitz) in order to sample different aerosol types. This 

first multi–site intercomparison allowed us to more quantitatively assess the extent to which the EC and rBC 

concentration measurements agree or disagree with each other. Potential reasons for discrepancies such as 

different size cuts, calibration uncertainties and various interferences were discussed. 

We found that the thermal–optical analysis and the LII technique provide an operationally defined measure 

of atmospheric BC mass in good overall agreement. However, systematic discrepancies up to ~±50 % were 

observed at some sites. The median of the observed rBC to EC mass ratios for the whole dataset was 0.92, 

with a GSD of 1.50. The median ratio varied from 0.53 to 1.29 from campaign to campaign. Potential reasons 

for the discrepancies were: source–specific SP2 response, the possible presence of an additional mode of 

small BC cores below the LDL of the SP2, differences in the upper cut–off of the SP2 and the inlet line for 

the EC sampling, or various uncertainties and interferences from co–emitted species in the EC mass 

measurement. The discrepancy between rBC and EC appears to be systematically related to the BC source, 

i.e. traffic versus wood and/or coal burning. However, it was not possible to identify causalities behind this 

trend due to potential cross–correlations between several aerosol and BC properties relevant for potential 

biases.  

 

2) The relationship between MACBC and BC properties 

The scientific understanding of the factors that drive variability in the light absorption per BC mass remains 

inadequate and contributes to the large uncertainty in BC climate forcing quantification. Light absorption by 

externally mixed BC is reasonably well characterized, but internal mixing between BC and other aerosol 

components through processes such as gas condensation and coagulation can enhance the absorption by BC. 

The impact of internal mixing is not well understood, with disparities between laboratory observations and 

field studies. Laboratory studies typically show strong enhancement in BC light absorption, often by a factor 

of two or more for sufficiently large coating amounts. However, absorption enhancements by ambient BC 

vary among field studies, with several studies showing much weaker absorption enhancement for similar 

average coating amounts. This laboratory-ambient discrepancy translates into ambiguity in model 

representations of absorption by BC-containing particles and, thereby, uncertainty in model predictions of 

atmospheric warming by BC. Although the range of the literature MACBC values is consistent with more 

recent observations, the spread remains rather large. The MACBC variability can be primarily explained with 

the variability in BC physical and optical properties such as mixing state, BC core size, particle morphology 

and refractive index. However, it also depends on the measuring techniques used for the BC mass 

concentration and the absorption coefficient, which can have large uncertainties.  

In the second paper work, we investigated the spatio–temporal variability of the MACBC value and its relation 

with the mixing state and BC core diameter in the Po Valley, Italy during summertime. Moreover, we 

provided an overall picture of the most relevant physical–optical black carbon properties, such as the 

refractory BC mass concentration, elemental carbon mass concentration, rBC mass size distribution, BC 

absorption coefficient, absorption Ångström exponent and single scattering albedo.  
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Our findings showed that the small variation of BC core diameters found during the campaign was not able 

to explain the much greater variability in the observed MACBC values, which was better explained with the 

variability of the BC mixing state. This result provides experimental confirmation that the lensing effect can 

substantially increase the MAC of black carbon by up to a factor of almost 2. However, while this study 

provides clear evidence of BC mixing state effects on MACBC, the observed MACBC values remain tainted 

with considerable uncertainty due to the lack of absolutely accurate mass measurement techniques. Indeed, 

in this study, the MACBC values based on rBC mass concentrations were 35 % higher than those based on EC 

mass concentrations. Moreover, the study of the relevant physical–optical black carbon properties in the Po 

Valley, gave evidence that the Po Valley, in summer, contains a 'pool' of aged BC particles into which fresh 

BC emissions are mixed on short temporal and spatial scales.  

 

3) Long-term measurements of BC properties in the Arctic 

The description of BC impacts on climate and air quality in the Arctic requires an accurate understanding of 

BC optical and microphysical properties, BC aerosol-cloud interaction, wet and dry deposition, and sources. 

In particular, the analysis of BC temporal variability can help understanding how changes in climate and 

anthropogenic activities affect BC. The BC atmospheric concentration in the Arctic region is controlled by 

BC emissions at high and middle latitudes, local meteorology and large-scale circulation, and BC removal 

efficiency through wet and dry deposition, which in turn are controlled by BC microphysical properties and 

meteorology. A better understanding of all the factors controlling BC atmospheric concentration is a key 

element to improve the model ability to describe the climate impact of BC and reduce the uncertainty of 

future climate scenarios. Moreover, increasing the time coverage of BC measurements, especially during 

winter on a global and regional scale would improve the knowledge of BC climate impact in the Arctic.  

Long-term observations at Svalbard make use of optical filter-based techniques to infer the BC mass 

concentration, such as the multi-angle absorption photometer, the photo acoustic absorption photometer and 

the Aethalometer. However, the absorption coefficient calculated with these instruments can be prone to large 

uncertainties, due to multiple scattering and filter loading effects. Additional uncertainty results from the 

empirical conversion of the absorption coefficient to the equivalent black carbon mass concentration using 

an assumed MACBC. Thanks to the recent development of the Single Particle Soot Photometer, direct 

measurements of refractory black carbon have started also in the Arctic. However, the SP2 measurements in 

the Arctic are still scarce. Improving the comparability and accuracy of atmospheric BC measurements, by 

understanding the differences among different monitoring methods, is an urgent need in the Arctic.  

To answer the need of a more complete characterization and longer time series of black carbon properties in 

the Arctic, we measured the rBC mass concentrations and the rBC size distributions at the Zeppelin 

Observatory in Svalbard, Norway, from April 2019 to March 2020. The measurements were performed with 

a Single Particle Soot Photometer Extended Range, the more compact version of the SP2. For the first time 

in this work, the SP2-XR was used for a long-term remote monitoring campaign. In addition, trajectory 

analyses were used to estimate the sources of BC. Finally, we compared the rBC mass concentrations with 

those derived from the MAAP to investigate their agreement or disagreement.  

The study of the temporal variability of refractory black carbon mass concentration and rBC mass size 

distribution showed an annual average and median rBC mass concentrations were 8.0 and 3.8 

ng m−3, respectively, while monthly averages ranged from a maximum of 24.7 ng m−3 in February, to a 

minimum of 2.3 ng m−3 in October. The annual average modal diameter, 𝐷rBC,mode of the rBC size 

distribution was 197 nm with monthly values between 𝐷rBC,mode= 161 nm in August and 𝐷rBC,mode= 233 nm 

in December. Weighted BC concentration trajectory analyses showed that from October to March, BC 

concentrations at Zeppelin were mainly influenced by source regions in northern and central Russia. From 

April to July the BC mass came from extreme Northern areas: North Eurasia and Northern Canada, while in 

August and September the BC mass concentration originated mainly from North-East Europe. Unexpected 

but frequent occurrence of coarse BC particles with mass equivalent diameter bigger than 300 nm were found 

both in the SP2 mass size distribution and in the transmission electron microscopy analysis, prevalently in 
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June, September, October and November. The rBC mass concentration was compared with the equivalent 

black carbon (eBC) mass concentration measured with the MAAP. The monthly eBC/rBC mass ratio varied 

between 2.9 and 4.0. The principal reason of such large discrepancy was explained with the too low MACBC 

value applied to the absorption coefficients measured by the MAAP to calculate the equivalent black carbon 

mass concentration. Another cause of this discrepancy was found to be the limited detection range of the SP2-

XR, which did not allow the total detection of coarse BC particles. Indeed, the frequent presence of coarse 

BC particles, was found to increase the eBC/rBC mass ratio by 33 %. 
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Sommario 

Il black carbon (BC) è un componente dell’aerosol atmosferico molto importante nel sistema terrestre. Primo 

perché induce una forte forzate radiativa positiva RFBC = +1.1 W m-2 ±90 %), attraverso due percorsi principali: 

interazione aerosol-radiazione (RFARI) e interazione aerosol-nube (RFACI). In secondo luogo, perché elevate 

concentrazioni di black carbon nell’aria sono un problema per la salute pubblica, in quanto possono causare 

allergie, malattie polmonari, cardiovascolari e morti premature. Sia per quantificare correttamente la forzante 

radiativa del BC, sia per l’implementazione delle normative sulla qualità dell’aria e/o sulla salute umana, è 

necessaria una profonda comprensione delle proprietà fisiche, ottiche e chimiche del BC, come la sua 

concentrazione in massa, la distribuzione dimensionale e lo stato di miscelazione (noto come mixing state). 

Inoltre, le misure di abbattimento delle emissioni di BC avrebbero co-benefici significativi per il miglioramento 

della qualità dell’aria e per contrastare il riscaldamento climatico su scala temporale breve. 

Le proprietà del BC cambiano durante il suo ciclo di vita. Le particelle di BC appena emesse sono aggregati 

frattali composti da sferette di carbonio, fortemente assorbenti, idrofobi e non mescolati con altre sostanze. 

Durante l’invecchiamento atmosferico, gli aggregati frattali si mescolano internamente con altre specie di aerosol. 

L’invecchiamento cambia la dimensione e la composizione chimica delle particelle di BC, modificandone 

l’igroscopicità e la morfologia. Inoltre, è noto che l’invecchiamento aumenta la sezione d’urto di assorbimento in 

massa del BC (BC mass absorption cross-section - MACBC) mediante un effetto di lente (lensing effect). MACBC 

è un parametro chiave per il calcolo della forzante radiativa del BC ed è definito come rapporto tra il coefficiente 

di assorbimento della luce causato dal BC e la concentrazione in massa del black carbon. Le proprietà del BC 

dipendono anche dalla sorgente: le particelle derivanti da combustione di combustibili fossili hanno generalmente 

diametri equivalenti in volume inferiori (70-140 nm) rispetto alle particelle prodotte da combustione di biomassa 

(140-200 nm).  

Le particelle di BC sono ubiquitarie nell'atmosfera anche dove non è presente alcuna fonte di emissione, poiché 

possono essere trasportate molto lontano e raggiungere luoghi molto vulnerabili come l'Artico, innescando effetti 

imprevisti. A causa della loro scarsità, le misure delle proprietà del BC in luoghi così remoti sono molto preziose 

per fornire le informazioni necessarie per sviluppare modelli globali di forzante radiativa degli aerosol. 

Anche se negli ultimi decenni sono stati compiuti grandi progressi nella comprensione delle proprietà, del ciclo 

di vita e dei meccanismi di interazione con le nubi, ci sono ancora molte questioni aperte riguardo al black carbon. 

Durante questa tesi di dottorato, abbiamo avuto l'ambizione di affrontare alcuni dei temi più importanti attraverso 

campagne di misura da un'area fortemente inquinata come la Pianura Padana, nel Nord Italia, a un ambiente molto 

pulito e remoto, come l’Osservatorio Zeppelin, Svalbard, nel mezzo del Mar Artico. 

Lo strumento principale utilizzato in ogni campagna di misura è stato il Single Particle Soot Photometer (SP2) e 

la sua versione più recente: il Single Particle Soot Photometer Extended Range (SP2-XR), uno strumento basato 

sulla tecnica dell'incandescenza. L'SP2 è diventato sempre più riconosciuto come uno strumento per quantificare 

le proprietà del BC refrattario (rBC) perché fornisce simultaneamente più informazioni a livello di singola 

particella. In primo luogo, misura in modo inequivocabile la massa di rBC nelle singole particelle di aerosol 

piuttosto che dedurla da misure di proprietà ottiche/di assorbimento dell'aerosol. In secondo luogo, è in grado di 

fornire informazioni aggiuntive come le distribuzioni dimensionali in massa e in numero di rBC e il mixing state 

(sia in modo qualitativo che quantitativo) delle singole particelle contenenti rBC. Terzo, poiché lo strumento rileva 

le singole particelle di aerosol, è in grado di quantificare la massa di rBC anche in ambienti molto puliti, come 

l'Artico, dove altre tecniche richiederebbero tempi di integrazione proibitivi. 

Le domande di ricerca ancora insolute riguardanti la scienza del black carbon, che abbiamo affrontato durante 

questo lavoro di dottorato sono state le seguenti: 
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1)  Misure di concentrazione in massa di black carbon 

La quantificazione della concentrazione in massa di black carbon è un'attività molto complicata. Non esiste 

un metodo di riferimento SI (Sistema Internazionale delle unità di misura), né un adatto materiale di 

riferimento per quantificarla. Attualmente, la massa di BC è definita operativamente attraverso metodologie 

che utilizzano proprietà fisico-chimiche e/o ottiche distinte di BC al fine di quantificare la sua concentrazione 

di massa. Le tre tecniche più comuni sono l'analisi termico-ottica basata su collezione di particolato su filtro; 

i metodi basati sull'incandescenza (LII) e quelli basati sull'assorbimento della luce. I termini specifici 

utilizzati per fare riferimento alla massa di BC quantificata da ciascuna di queste tre tecniche sono: carbonio 

elementare (EC), black carbon refrattario e black carbon equivalente (eBC), rispettivamente. 

L'assorbimento ottico dell'aerosol è stato a lungo utilizzato come proxy per la massa di BC, ma può essere 

influenzato sia dall'aerosol che assorbe alla stessa lunghezza d'onda dello strumento utilizzato (ad esempio, 

sabbia o brown carbon), sia dall’aumento dell'assorbimento dato dal rivestimento del BC. Inoltre, le misure 

della massa di eBC si basano su conoscenze a-priori o valori presunti di MACBC. Tale conoscenza preliminare 

non è richiesta per le misure termo-ottiche della massa di EC o per le misure della massa di rBC attraverso la 

tecnica LII. Molti lavori di intercomparison tra le tecniche BC sono disponibili in letteratura, ma pochissimi 

riguardano la massa EC e rBC. Ciò significa che il dibattito sulla comparabilità di queste due quantità è ancora 

in gran parte irrisolto. 

Nel primo articolo, abbiamo esaminato e quantificato il livello di accordo o disaccordo tra le concentrazioni 

in massa di BC misurate dall'analisi termico-ottica e con la tecnica LII. A questo scopo, abbiamo confrontato 

le misurazioni co-localizzate delle concentrazioni in massa di EC e rBC da campagne di misura eseguite in 

diversi siti europei (Bologna, Cabauw, Parigi e Melpitz) per campionare diversi tipi di aerosol. Questa prima 

comparazione multi-sito ci ha permesso di valutare più quantitativamente con che precisione le misure della 

concentrazione di EC e rBC sono in accordo o in disaccordo tra loro. Inoltre, sono state discusse le potenziali 

ragioni di tali discrepanze come diversi tagli dimensionali, incertezze di calibrazione e possibili interferenze. 

Abbiamo scoperto che l'analisi termico-ottica e la tecnica LII forniscono una misura della massa di BC in 

buon accordo generale. Tuttavia, in alcuni siti sono state osservate discrepanze sistematiche fino a ~ ± 50%. 

La mediana dei rapporti di massa osservati tra rBC e EC per l'intero set di dati era 0.92, con una GSD di 1.50. 

Il rapporto mediano variava da 0.53 a 1.29 da campagna a campagna. Le potenziali ragioni delle discrepanze 

erano: la risposta SP2 specifica per sorgente, la possibile presenza di particelle di BC al di sotto dell'LDL 

dell'SP2, differenze nel cut-off superiore dell'SP2 e nella linea di ingresso per il campionamento EC, o nel 

caso dell’EC varie incertezze e interferenze da specie co-emesse. La discrepanza tra rBC e EC sembra essere 

sistematicamente correlata alla sorgente di BC, ovvero traffico rispetto alla combustione di legna e/o carbone. 

Tuttavia, non è stato possibile identificare le cause alla base di questa tendenza a causa di potenziali 

correlazioni incrociate tra diversi tipi di aerosol e proprietà del BC, rilevanti per poter distinguere potenziali 

bias. 

2) La relazione tra le proprietà MACBC e BC 

La comprensione scientifica dei fattori che determinano la variabilità di MACBC rimane inadeguata e 

contribuisce alla grande incertezza associata alla quantificazione della forzante climatica del BC. 

L'assorbimento della luce da parte del BC mescolato esternamente è ragionevolmente ben caratterizzato, ma 

il mixing interno tra BC e altri componenti dell'aerosol attraverso processi come la condensazione del gas e 

la coagulazione può aumentare l'assorbimento da parte del BC. L'impatto del mixing interno non è ben 

compreso, con disparità tra le osservazioni di laboratorio e gli studi sul campo. Gli studi di laboratorio 

mostrano tipicamente un forte aumento nell'assorbimento della luce da parte del BC, spesso di un fattore due 

o più per quantità di rivestimento sufficientemente grandi. Tuttavia, l’aumento dell'assorbimento da parte del 

BC varia tra gli studi sul campo, con diversi studi che mostrano un aumento dell'assorbimento molto più 

debole per quantità di rivestimento medie simili. Questa discrepanza tra laboratorio e ambiente si traduce in 

ambiguità nelle rappresentazioni dei modelli di assorbimento da parte di particelle contenenti BC e, quindi, 

incertezza nelle previsioni del modello di riscaldamento atmosferico causato dal black carbon. 
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Sebbene l'intervallo dei valori di MACBC della letteratura sia coerente con le osservazioni più recenti, lo 

spread rimane piuttosto ampio. La variabilità di MACBC può essere principalmente spiegata con la variabilità 

nelle proprietà fisiche e ottiche del BC come: mixing state, dimensione del nucleo di BC, morfologia delle 

particelle e indice di rifrazione. Tuttavia, dipende anche dalle tecniche di misurazione utilizzate per la 

concentrazione in massa del BC e per il coefficiente di assorbimento, che possono avere grandi incertezze. 

Nel secondo articolo, abbiamo studiato la variabilità spazio-temporale del MACBC e la sua relazione con 

mixing state e il diametro del nucleo BC nella Pianura Padana, in Italia durante il periodo estivo. Inoltre, 

abbiamo fornito un quadro generale delle proprietà fisico-ottiche del BC più rilevanti, come la concentrazione 

in massa di rBC, concentrazione in massa di EC, distribuzione dimensionale della massa di rBC, coefficiente 

di assorbimento del BC, esponente di Ångström di assorbimento e albedo a dispersione singola. 

I nostri risultati hanno mostrato che la piccola variazione dei diametri del nucleo di BC trovata durante la 

campagna non era in grado di spiegare la più ampia variabilità nei valori di MACBC osservati, che è stata 

spiegata meglio con la variabilità del mixing stata del BC. Questo risultato fornisce la conferma sperimentale 

che il lensing effect può aumentare sostanzialmente il MAC del black carbon fino a un fattore di quasi 2. 

Tuttavia, mentre questo studio fornisce una chiara evidenza degli effetti del mixing state del BC sul MACBC, 

i valori di MACBC osservati rimangono contaminati dall’incertezza dovuta alla mancanza di tecniche di 

misurazione accurate della massa di BC. In effetti, in questo studio, i valori MACBC basati sulle 

concentrazioni di massa di rBC erano del 35% più alti di quelli basati sulle concentrazioni di massa EC. 

Inoltre, lo studio delle proprietà fisico-ottiche rilevanti del black carbon nella Pianura Padana, ha evidenziato 

che la Pianura Padana, in estate, contiene un insieme di particelle di BC invecchiate in cui si mescolano le 

emissioni di BC fresche su brevi scale temporali e spaziali. 

3) Misure a lungo termine delle proprietà del BC nell'Artico 

La descrizione degli impatti del BC sul clima e sulla qualità dell'aria nell'Artico richiede un'accurata 

comprensione delle proprietà ottiche e microfisiche del BC, dell'interazione aerosol-nube del BC, della 

deposizione umida e secca, e delle sorgenti. In particolare, l'analisi della variabilità temporale del BC può 

aiutare a comprendere come i cambiamenti climatici e le attività antropogeniche influenzino il BC. La 

concentrazione atmosferica di BC nella regione artica è controllata dalle emissioni di BC alle alte e medie 

latitudini, dalla meteorologia locale e dalla circolazione su larga scala, e dall'efficienza di rimozione del BC 

attraverso la deposizione umida e secca, che a loro volta sono controllate dalle proprietà microfisiche e dalla 

meteorologia. Una migliore comprensione di tutti i fattori che controllano la concentrazione atmosferica di 

BC è un elemento chiave per migliorare la capacità dei modelli di descrivere l'impatto del BC sul clima e 

ridurre l'incertezza dei futuri scenari climatici. Inoltre, aumentare la copertura temporale delle misure di BC, 

specialmente durante l'inverno su scala globale e regionale, migliorerebbe la conoscenza dell'impatto 

climatico del BC nell'Artico. 

Le osservazioni a lungo termine alle Svalbard fanno uso di tecniche ottiche su filtro per dedurre la 

concentrazione di massa BC, come il multi-angle absorption photometer, il photoacoustic absorption 

photometer e l'Aetalometro. Tuttavia, il coefficiente di assorbimento calcolato con questi strumenti può essere 

soggetto a grandi incertezze, a causa di effetti di dispersione (multiple scattering effect) ed eccessivo carico 

del filtro (filter loading effect). Un'incertezza aggiuntiva risulta dalla conversione empirica del coefficiente 

di assorbimento nella concentrazione in massa di BC equivalente utilizzando un valore di MACBC assunto. 

Grazie al recente sviluppo del Single Particle Soot Photometer, sono state avviate misurazioni dirette del 

black carbon refrattario anche nell'Artico. Tuttavia, le misurazioni SP2 nell'Artico sono ancora scarse. 

Migliorare la comparabilità e l'accuratezza delle misurazioni atmosferiche di BC, comprendendo le differenze 

tra i diversi metodi di monitoraggio, è una necessità urgente nell'Artico. 

Per rispondere alla necessità di una caratterizzazione più completa e di serie temporali più lunghe delle 

proprietà del black carbon nell'Artico, abbiamo misurato le concentrazioni in massa di rBC e le distribuzioni 

dimensionali in massa di rBC presso l'Osservatorio Zeppelin nelle isole Svalbard, Norvegia, da Aprile 2019 

a Marzo 2020. Le misure sono state eseguite con un Single Particle Soot Photometer Extended Range, la 
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versione più compatta dell'SP2. Per la prima volta in questo lavoro, l'SP2-XR è stato utilizzato per una 

campagna di monitoraggio remoto a lungo termine. Inoltre, sono state utilizzate analisi della traiettoria (back-

trajectories) per stimare le sorgenti di BC. Infine, abbiamo confrontato le concentrazioni di massa di rBC con 

quelle derivate dal MAAP per indagare sul loro accordo o disaccordo. 

Lo studio della variabilità temporale della concentrazione in massa di black carbon refrattario e della 

distribuzione dimensionale della massa di rBC hanno mostrato una media annuale e mediana della massa di 

rBC di 8.0 e 3.8 ng m−3 rispettivamente; mentre le medie mensili variavano da un massimo di 24.7 ng m−3 

a Febbraio, a un minimo di 2.3 ng m−3 a Ottobre. Il diametro modale medio annuale, 𝐷rBC,mode, della 

distribuzione dimensionale di rBC era di 197 nm con valori mensili compresi tra 𝐷rBC,mode = 161 nm in 

Agosto e 𝐷rBC,mode = 233 nm a Dicembre. Le analisi delle traiettorie pesate con la concentrazione in massa 

di rBC, hanno mostrato che da Ottobre a Marzo, le concentrazioni di BC allo Zeppelin Observatory erano 

principalmente influenzate dalle regioni con origine in Russia settentrionale e centrale. Da Aprile a Luglio la 

massa di BC proveniva dalle zone estreme del Nord: Nord Eurasia e Canada settentrionale, mentre in Agosto 

e Settembre la concentrazione in massa di BC proveniva principalmente dall'Europa nord-orientale. La 

presenza inaspettata ma frequente di particelle BC grossolane con un diametro equivalente di massa (mass 

equivalent diameter) maggiore di 300 nm è stata riscontrata sia nella distribuzione dimensionale di rBC 

dell’SP2-XR che nell'analisi al microscopio elettronico a trasmissione, prevalentemente in Giugno, 

Settembre, Ottobre e Novembre.  

La concentrazione di rBC è stata confrontata con la concentrazione in massa di eBC misurata con il MAAP. 

Il rapporto mensile eBC/rBC variava tra 2.9 e 4.0. La ragione principale di tale grande discrepanza è stata 

spiegata con un troppo basso valore MACBC applicato ai coefficienti di assorbimento misurati dal MAAP per 

calcolare la concentrazione in massa di eBC. Un'altra causa di questa discrepanza è stata riscontrata nel 

limitato range di rilevamento dell'SP2-XR, che non consentiva il rilevamento totale di particelle BC 

grossolane. In effetti, è stato riscontrato che la frequente presenza di particelle BC grossolane aumentava il 

rapporto di massa eBC/rBC del 33%. 
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Chapter 1: Introduction 

1.1 The Earth’s climate 

Climate is usually described in terms of the statistical properties (i.e. mean and variability) of parameters such as 

temperature, humidity, precipitation and wind, over a period of time, ranging from months to millions of years 

(the typical period to characterize the climate system is 30 years). The Earth's climate is the result of the properties 

and interaction of five major components of the climate system: the atmosphere (air), the hydrosphere (including 

the oceans and all other reservoirs of water in liquid form), the cryosphere (ice and permafrost), the lithosphere 

(earth's upper rocky layer) and the biosphere (living organisms).  

1.1.1 Global energy balance and natural climate forcers 

Climate change is governed by changes to the global energy balance. The energy that drives the climate system 

comes from the Sun, located at around 150 x 106 km from the Earth. The annual average radiative solar flux 

reaching the top of the Earth’s atmosphere is called solar constant and is approximately 1360 W m−2  (Dines, 

1917). The total amount of energy received per second at the top of the Earth's atmosphere is given by the solar 

constant times the surface area of the Earth divided by the cross-sectional area of the Earth irradiated by the Sun, 

which corresponds to one quarter of the solar constant (approximately 340 W m−2). Part of this energy does not 

reach the surface of the Earth since it is reflected back to space by clouds and the atmosphere; the remaining 

fraction is absorbed by the Earth’s surface or the atmosphere. The energy that reaches the Earth’s surface is then 

re-emitted as long-wave (infrared) radiation. Part of this re-emitted energy is absorbed by clouds and atmospheric 

gases (such as carbon dioxide, CO2; methane, CH4; water vapor, H2O or nitrous oxide, N2O) and then re-emitted 

again in all directions: this process is known as “greenhouse effect” and keeps the Earth at a habitable temperature 

(Stephens et al., 2012).  

The climate system evolves under the influence of its own internal dynamics and due to changes in external factors 

that affect the Earth’s surface temperature, called “climate forcers”. Natural external forcers include phenomena 

such as volcanic eruptions, solar activity variations, e.g., the Milankovitch cycles (the changing of the Earth’s 

eccentricity, obliquity and precession), the motion of tectonic plates, the orbital dynamics of the Earth-Moon 

system and changes in the atmospheric chemical composition.  

The cyclic nature of these forcers brought the Earth to undergo different ice age cycles, which are cold glacial 

periods followed by shorter warm periods (called “interglacial periods”). In the past 740,000 years there have 

been eight cycles of glacial advance and retreat (EPICA community members, 2004). The last ice age ended about 

11,700 years ago and marked the beginning of the modern climate era and of human civilization (Severinghaus, 

1999).  

1.1.2 The climate forcers from the preindustrial era 

At present, we are living in an interglacial period, the Holocene, and according to the natural climate forcers, the 

next glacial period should begin in around 50,000 years. However, the sharp increase in human activities during 

the last 100–1000 years (Fig. 1.1), which has caused a sharp and accelerating increase in atmospheric greenhouse 

gases trapping the Sun's heat, may prevent the next glacial period (IPCC, 2013; Ganopolski et al., 2016).  

Each of the last three decades has been successively warmer at the Earth’s surface than any preceding decade 

since 1850. The period from 1983 to 2012 was likely the warmest 30-year period of the last 1400 years in the 

Northern Hemisphere (IPCC, 2013). The globally averaged combined land and ocean surface temperature data as 

calculated by a linear trend, show a warming of +0.85 (+0.65 to +1.06) °C over the period 1880 to 2012 (Fig. 1.1). 

The CO2 and  CH4 concentrations have increased by 40% and 150% since 1790 (Lüthi et al., 2008; MacFarling 

Meure et al., 2006; IPCC, 2013) (Fig. 1.1). However, greenhouse gases are not the only climate forcers of this 

era.  
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Figure 1.1: Time series of global average temperature and CO2 concentration from the data by Parrenin et al., 

2013; Bereiter et al., 2015; Snyder, 2016 (Image credits: Ben Henley and Nerilie Abram/The Conversation).  

The Radiative Forcing (RF) is defined as the change in the net radiative flux due to a change in an external driver, 

also called a forcing agent or a climate forcer. A forcing is positive when it is related to an incoming energy that 

exceeds the outgoing energy, resulting in a warming, and vice-versa. Moreover, the recently introduced Effective 

Radiative Forcing (ERF) takes into account rapid adjustments to perturbations. The individual forcing caused by 

each climate forcer has been isolated and reported in the last assessment report of the IPCC (IPCC, 2013). Since 

the great majority of anthropogenic emissions occurred after the beginning of the industrial revolution, during the 

second half of the 18th century, the forcings are compared to the year 1750 (Fig. 1.2).  

 

Figure 1.2: Radiative forcing contribution of the various forcing agents between 1750 and 2011 with associated 

uncertainty range (solid bars are ERF, hatched bars are RF, associated uncertainties are for RF assessed in AR4) 

(IPCC, 2013). 
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In addition to GHGs, aerosol particles (definition in Sect. 1.2) are very likely playing a role in climate change. In 

general, anthropogenic gas emissions have a warming effect while aerosol particles, induce a cooling. When 

accumulated, the effects of all forcers result in a warming of the climate system since 1750, with an effective 

forcing of 2.3 W m−2 (Fig. 1.2). A striking point is that the large 5 to 95% confidence range attached to this 

number (1.1 to 3.3 W m−2) is mainly caused by the uncertainties on the forcing due to aerosols.  

1.1.3 Impacts, vulnerability, adaptation and mitigation of climate change 

Even if this global mean temperature increase seems to be rather small, the sensitivity of the climate system and 

ecosystems is such that this temperature anomaly was found to be responsible for various types of threats and 

damages. Indeed, global warming is substantially influencing the ecosystems. All five components of the system 

are affected by climate change and respond in various ways, e.g., increased frequency and intensity of heat waves 

and droughts, stronger and more frequent extreme rainstorms, sea level rise, enhanced acidification of the oceans, 

surface melting of ice caps, animal migration, more frequent forest fires and desertification and accelerated 

biodiversity loss, just to mention some. Climate change has an effect also on the human beings through increased 

mortality and morbidity. Moreover, climate change increases people’s exposure to natural hazards (floods, heat 

waves cyclones, erosion, …); generally, this affects more the poor people or those who live in conflict areas 

(IPCC, 2013).  

While the above-mentioned changes of the climate system have already been observed, a large amount of studies 

aimed at estimating their evolution in the near future. Unsurprisingly, all changes are expected to intensify, and 

the negative impacts observed on the living world are expected to escalate. However, the overall risk of climate 

change impacts can be reduced by limiting the rate and magnitude of climate change. This means that to achieve 

scenarios that estimate concentration levels of 450 ppm equivalent CO2 by 2100 (to keep the temperature change 

below the 2 °C relative to the pre-industrial era) we should cut the anthropogenic greenhouse gas emissions by 

mid-century through large-scale changes in all systems. A tremendous effort needs to be committed in order to 

mitigate the impacts of global warming; the two main strategies being the reduction of anthropogenic emissions 

of greenhouse gases and the improvement of the performance of carbon sinks.  

Several international treaties and mitigation strategies have emerged in the last decades. The United Nation 

Framework Convention on Climate Change (UNFCCC) entered into force in 1994 with the objective to reduce 

the risks of anthropogenic climate change by stabilizing the atmospheric concentration of greenhouse gases. The 

organization has become the main forum focusing on climate change mitigation. Every year since 1995, the parties 

of the UNFCCC have met in the Conference of Parties (COP) to evaluate the progress and fix new objectives. 

During the COP21 in 2015, the Paris Agreement was ratified, specifying that the increase in global average 

temperature should be kept below 2 °C and ideally below 1.5 °C, relative to the preindustrial era. To meet the 

GHG target reduction (without considering the aerosols’ role), cuts in emissions of 7.6 % per year from 2020 to 

2030 to meet the 1.5°C goal and 2.7 % per year for the 2°C goal should be realized. 

In this context also the aerosol emissions play a large role in determining the near-term allowable greenhouse gas 

emissions that will limit future warming to 2 °C, however in the long term, drastic GHG emissions reductions are 

required under any reasonable aerosol scenario. Larson and Portmann (2019) estimated that, with large future 

aerosol emissions, similar to present day amounts, GHG emissions need to be reduced by 8 % by 2040 and by 

74 % by 2100 to limit warming to 2 °C. Under a more likely low aerosol scenario, GHG emissions need to be 

reduced by 36 % and 80 % by 2040 and 2100, respectively.  

1.2 Atmospheric aerosols: definition, properties and effects 

The atmospheric aerosol is a polydisperse collection of solid and liquid particles suspended in the atmosphere, 

each one maintaining its physical-chemical properties long enough to allow their observation and measurement 

(Seinfeld and Pandis, 2006). The term “aerosols” is often used for indicating only the aerosol particles. We will 

use this latter terminology in the thesis. In the last decades, the atmospheric aerosol (also called particulate matter 

- PM) has raised increasing interest due to its impacts on both the environment and human health (Cao, 2017; 

Davidson et al., 2005; Fuzzi et al., 2015).  
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In particular, aerosols can:  

- affect the Earth’s radiative balance, via its optical properties (scattering and absorption - direct effect) 

(Moosmüller et al., 2009; Pandolfi et al., 2018) and by changing clouds’ lifetime and albedo (indirect 

effect) (Twomey, 1974);  

- act as cloud and ice condensation nuclei (McFiggans et al., 2006; Andreae and Rosenfeld, 2008);   

- be a catalyst in chemical reactions taking place in the atmosphere (e.g., Sørensen et al., 2002);   

- cause water and soil pollution via dry and wet deposition processes (Barrie and Schemenauer, 1986); 

-  impair visibility (Appel et al., 1985) and damage cultural heritage (Bonazza et al., 2016)  

- be detrimental for human health, entering the respiratory tract and reaching other parts of the body 

(Dockery et al., 1993; Krewski et al., 2009; Pope et al., 2002). 

 

1.2.1 Sources, formation, and life cycle 

Atmospheric aerosols are part of a very complex system; they are generated by many different sources and 

emission processes and they show a significant heterogeneity in terms of chemical composition, size, shape and 

residence time. They are ubiquitous in the atmosphere but in extremely variable concentrations. The spatial and 

temporal distribution of aerosols strongly depends on the distribution of sources and sinks and how these interact 

with their transport in the atmosphere.  

Sources of atmospheric aerosol can be natural or anthropogenic. Natural aerosol sources comprise seas and oceans 

(with produce sea spray), deserts (mineral dust), soil, volcanoes and forests (Fitzgerald, 1991; Durant et al., 2010; 

Knippertz and Todd, 2012). Among major sources of anthropogenic particles are: energy production, traffic, 

industrial activities, and domestic heating in urban and industrial areas; biomass burning, livestock and 

agricultural manure at rural sites. On a global scale, natural aerosol is significantly more abundant (by about one 

order of magnitude) than anthropogenic ones (Viana et al., 2014). Nevertheless, the percentage of atmospheric 

particles produced by human activities can increase significantly and become comparable to the one of natural 

aerosol in densely populated and heavily industrialized areas (Gelencsér et al., 2007). 

When aerosol particles are directly emitted into the atmosphere by the sources, they are called primary aerosols. 

Secondary aerosols are instead the aerosols formed by gas-to-particle conversion. Formation and evolution in 

time of natural and anthropogenic aerosols are influenced by transitions from the gas phase to the condensed 

phase. In the formation of a condensed phase from the vapor, three processes are relevant: nucleation, 

condensational growth, and coagulation.  

Nucleation is the transformation of matter from one phase to another phase through the formation of nuclei. For 

atmospheric aerosols, nucleation refers to the transformation of gas-phase molecules into a cluster of molecules 

called “aerosol nucleus”. The nucleation can be homogenous or heterogeneous. Homogeneous nucleation is the 

formation of particles from a super-saturated vapor without any condensation nuclei. Otherwise, heterogeneous 

nucleation leads to the formation of particulate material from a super-saturated vapor in presence of condensation 

nuclei (Dunning, 1960). This process is more commonly called condensation and is the most important mechanism 

causing mass transfer from the gaseous to the particulate phase. Growth by condensation takes place when 

molecular clusters formed by nucleation processes become larger than a critical size: stable atmospheric particles 

formed this way can increase in size due to condensation of vapor on their surface (Wagner, 1982). Opposite to 

condensational growth, evaporation leads to more molecules leaving the surface of a particle compared to those 

that attach to it (Nomura et al., 2000). Finally, coagulation takes place when two particles join together to form a 

unique and larger particle (Ramabhadran et al., 1976). Consequently, the particle number decreases, and the 

average diameter increases. 

Finally, atmospheric aerosol is removed from the atmosphere via two different deposition pathways: dry 

deposition and wet deposition. Dry deposition happens when particles are transported to a surface and are then 

retained by it. Wet deposition, comprises: fog deposition, when particles get embedded in fog or mist droplets; 

rain-out, i.e. aerosol deposition caused by processes occurring in clouds, where particles serve as condensation 
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nuclei for water droplets or ice crystals, and wash-out, when aerosol particles are removed below clouds, where 

they are captured by precipitation (Seinfeld and Pandis, 2006). 

During their life-cycle, aerosol particles undergo various atmospheric processing mechanisms which modify their 

own characteristics, depending also on their native properties such as size and chemical composition, and 

determine their residence time in the atmosphere. In the following sections, the physical, optical and chemical 

properties of aerosols will be briefly discussed. 

1.2.2 Physical properties 

Atmospheric aerosols are largely variable in terms of shape which is related to the particle formation pathway. 

For instance, natural aerosol has usually an irregular shape, whereas anthropogenic particles (especially those 

produced by high temperature combustion processes) are typically spherical and smaller. Another fundamental 

aerosol physical feature is the size. Due to the irregular shape of the particles one typically uses equivalent 

diameters (based on specific aerosol characteristics) in order to describe particles and compare them. Some of the 

most commonly used equivalent diameters (and the ones used in this thesis work) are: 

• Aerodynamic diameter (𝐷ae): equivalent diameter of a spherical particle of unit density having the same 

inertial properties (i.e., the same terminal settling velocity) as the actual particle. 

• Volume equivalent diameter (𝐷veq): the diameter of a sphere of the same volume as that of the actual 

particle. 

• Optical diameter (𝐷opt): equivalent diameter of a spherical particle having the same refractive index as 

the one of the particles used for the calibration of the optical instrument adopted to determine an aerosol 

size distribution, that scatters the same amount of light in the measured angle. 

The aerosol size distribution is a key property affecting the particles’ physical behavior. Since atmospheric 

aerosols cover a wide range of diameters (from a few nanometers to around 100 µm), size distributions are usually 

represented as a function of the logarithm of the diameter itself. Size distributions can be expressed in terms of 

number, surface area, volume or mass of particles. 

An atmospheric aerosol size distribution can be represented by the sum of lognormal distributions, each associated 

to specific formation, transformation, and deposition processes. For example, the analytical lognormal mass size 

distribution function is defined as: 

𝑑𝑚

𝑑ln𝐷p
=  

𝑚

ln𝜎g √2𝜋
exp [−

1

2
 (

ln 𝐷p− ln𝜎g̅̅̅̅  

ln𝜎g 
)]  (1.1) 

 

where m is total particle mass (µg m−3), 𝐷p is the particle diameter, 𝜎g  is the geometric mean diameter, and 𝜎g̅̅̅ is 

the geometric standard deviation.  

Depending on particle size, atmospheric aerosols can be classified according to different conventions. Major 

classifications are based on modes or sampler cut-point. The modal classification ideally divides aerosol particles 

according to the modal structure of their size distribution (Fig. 1.3): 

• Nucleation mode: particles with a diameter of about 10 nm. These particles are formed by nucleation 

processes from low-volatility vapors and are rapidly removed by coagulation through Brownian motion 

(resulting in bigger particles);  

• Aitken mode: particles with diameters in the range 0.01-0.1 µm. These particles are mainly produced by 

high temperature combustion and coagulation of smaller particles; they are removed by coagulation; 

• Accumulation mode: particles with diameters in the interval 0.1-1 µm. Typical formation processes are 

combustion, coagulation, and chemical reactions, whereas rain-out and wash-out are common removal 

pathways in this size range. The accumulation mode is usually divided into two sub-modes: the 

condensation mode, containing particles growing by condensation, and the droplet mode, with particles 

that typically represent evaporated droplets after aqueous phase chemistry. 
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• Coarse mode: particles with diameter larger than 1 µm. Typically with natural origin and mechanically 

generated. These particles experience negligible diffusion and, due to their higher weight, the removal 

takes place mainly by gravitational settling. 

Classification based on cut-points arises from the sampling of aerosol in a specific size range. Size-selective 

aerosol samplers are characterized by their 50 % cut point size, i.e., the aerodynamic diameter (in µm) at which 

half of the particles penetrate and the remaining half is rejected. These samplers are commonly used for research 

and monitoring purposes, and the aerosol size fractions sampled are named PM𝑥, where "x" is the maximum 

aerodynamic diameter of the considered aerosol population. Following European air quality standards, regulated 

aerosol fractions are PM2.5, i.e., particles with 𝐷ae < 2.5 µm, and PM10, i.e., the fraction of particles with 𝐷ae < 10 

µm. In this thesis, we will refer to these fractions in Chapter 3. 

 

Figure 1.3: Terminology used to describe the modes of atmospheric aerosols (McMurry et al., 2004). 

1.2.3 Optical properties 

The scattering and absorption of light by atmospheric particles are phenomena of great importance because they 

modify the transfer of solar energy into the atmosphere thus influencing climate change and visibility (Moosmuller 

et al., 2008).  

When a radiation beam of a given intensity 𝐼0 hits an aerosol particle, it causes excitement of its electric charges 

which are placed in oscillation: these can re-radiate energy in all directions (scattering or diffusion) and convert 

part of the light energy into thermal energy with subsequent heating of the particles and the environment 

surrounding (absorption). The law of conservation of energy requires that the light that is removed from the 

incident beam by the particles, called extinction, 𝑊ext, is equal the sum of the scattered and absorbed parts. The 

ratio 𝑊ext/𝐼0 is a quantity (unit: 𝑚2) and is called extinction cross section 𝜎ext; the same holds for scattering and 
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absorption. For an ensemble of n particles, the extinction coefficient 𝑏ext (unit: 𝑀𝑚−1) is the sum of individual 

single i particle extinction cross sections 𝜎ext,i divided by the volume V (unit: 𝑚3) occupied by the particle 

ensemble. The extinction coefficient is given by the sum of the scattering and absorption coefficients: 

𝑏ext = 𝑏sca +  𝑏abs (1.2)  

The fraction of light extinction that is due to scattering is called single scattering albedo and in case of a particle 

ensemble is calculated as follows: 

SSA =  
𝑏sca

𝑏ext

 =  
𝑏sca

𝑏sca +  𝑏abs

 (1.3) 
 

Light extinction depends on the chemical composition of the particle and the surrounding medium, particle size, 

the wavelength and the polarization state of the incident light, and the shape of the particle (Bohren and Huffman, 

1983). Since the analytical solution of the problem of the interaction of light with a particle is very complex, 

usually a linearly polarized plane electromagnetic wave incident on a spherical particle is assumed. With this 

assumption of a linearly polarized plane electromagnetic wave incident on a spherical particle, the parameters 

regulating scattering and absorption by a particle are: 

• wavelength λ of the incident radiation; 

• size (i.e., particle diameter 𝐷p), which is usually included in the so-called size parameter: x = π𝐷p/λ; 

• complex refractive index m = n − ik, where both terms (real part n and imaginary part k) are functions 

of the wavelength; the real and imaginary parts at first order approximation are related to the non-

absorbing and absorbing behavior of a particle, respectively.  

The theory that solves the classical problem of the interaction of light with a spherical particle is the Mie-Debye-

Lorentz theory (hereafter called Mie theory). It describes scattering and absorption by a particle of arbitrary size 

(i.e. x) and composition (i.e. m) expanding the electromagnetic field inside and outside the particle in vector 

spherical harmonics and then solving Maxwell's equations with appropriate boundary conditions. The Mie theory 

gives a complete picture of the phenomena arising from the interaction of radiation with a particle. An extensive 

discussion of the possible solutions is reported e.g., by Bohren and Huffman (1983).  

Depending on the size parameter x, three light scattering regimes can be identified:  

- Rayleigh scattering: the particle is very small compared to the wavelength of the incident light (x << 1); 

- Mie scattering: particle size and wavelength of incident radiation are comparable (x ≈ 1);  

- Geometric scattering: the particle is large compared to the wavelength (x >> 1). 

In the Rayleigh scattering regime (for instance, when 𝐷p < 0.1 µm in the visible range), it is possible to give an 

approximate solution of the scattering problem. In this regime, the angular distribution of scattered light is 

symmetrical in the forward and backward hemispheres and more or less independent of particle shape. For a 

particle with size comparable to the wavelength of the incident light, no simplifications can be made to solve the 

problem: therefore, the exact solutions of Maxwell's equations must be found to compute the scattering, 

absorption, and extinction cross sections. When the particle size is much larger than the wavelength of the 

incoming light, its optical properties can be described using geometric optics principles of reflection, refraction, 

and diffraction. 

Although not always explicitly indicated, all optical properties are dependent on the wavelength of the incident 

radiation. The wavelength dependencies of some of the optical parameters defined are important to identify 

specific aerosol features. Extinction, scattering, and absorption coefficients generally depend on λ following a 

power law, where the exponents are called extinction, scattering, and absorption Ångström exponents, 

respectively: EAE, SAE, and AAE. Therefore, considering a wavelength pair 𝜆1and 𝜆2, the wavelength 

dependence follows (for absorption) the following equation: 
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𝑏abs,1 (𝜆1)

𝑏abs,2 (𝜆2)
 =  (

𝜆1

𝜆2
)

−AAE
 

(1.4)  

 

Where 𝑏abs,1and 𝑏abs,2 are the aerosol absorption coefficients at the wavelengths 𝜆1 and 𝜆2. 

Another very important aerosol optical property is the mass absorption cross-section (or mass absorption 

coefficient) (MAC) calculated at a certain wavelength 𝜆. For a certain aerosol component x, the MAC is given by 

the ratio between the absorption coefficient, 𝑏abs and the mass concentration of the component x, 𝑚x, as follows: 

MAC (𝜆)  =  
𝑏abs(𝜆)

𝑚x
 

(1.5)  

We will extensively talk about the MAC of black carbon particles, MACBC, (Sect. 1.3) in Chapter 4.  

1.2.4 Chemical properties 

The chemical composition of aerosols is a key parameter for two main reasons: first, it is crucial for the aerosol 

toxicity (Tsai et al., 2000), second it controls the hygroscopicity of the aerosol (i.e. its ability to take up water and 

grow in size as ambient relative humidity increases) and thus its removal processes (Gysel et al., 2007). 

The atmospheric aerosol composition is a mixture of inorganic compounds (sulfates, nitrates, and ammonium), 

organic material, elemental carbon, crustal species, sea salt, metal oxides, hydrogen ions and water. In the present-

day atmosphere, the majority of sulfate, nitrate, ammonium and elemental carbon originate from anthropogenic 

sources; organic compounds have both substantial anthropogenic and natural sources (Calvo et al., 2013). 

The chemical components of aerosols can be externally mixed (particles are chemically pure and the mixture is 

comprised of particles of different chemical composition) or internally mixed (different chemical species are 

mixed within each particle). In general, primary emissions are more likely to contain externally mixed particles. 

Aging and particle processing in the atmosphere result in increased internal mixing. 

Internal mixing can affect the optical properties of a particle. As we mentioned in Sect. 1.2.3, different aerosols 

absorb and scatter radiation in different ways and mixing different elements together within the same particle can 

alter the refractive index, m. Specifically, both sulfate and nitrate scatter radiation across the solar spectrum 

(Pandolfi et al., 2018). Organic aerosols include thousands of different compounds, some of which only scatter 

solar radiation and some, called brown carbon, can also absorb solar radiation in the UV-Vis region (Andreae and 

Gelencsér, 2006). However, black carbon particles (for definition see Sect. 1.3) dominate aerosol light absorption. 

Black carbon particles can become coated with nitrate, sulfate or organics and this leads to an increase of the 

particle’s overall absorption efficiency (Liu et al., 2015b) (Sect. 1.3.2). This effect, known as lensing effect, will 

be extensively treated in Chapter 4.  

1.2.5 Impact on climate  

Aerosol optical properties have effects both at global scale on the Earth radiation balance and at local scale on 

visibility. The effect of atmospheric components on the Earth radiation balance is quantified by the RF (see 

definition in Sect. 1.1.2). Atmospheric aerosols affect the Earth’s radiation balance both directly via scattering 

and absorption of radiation, and indirectly acting as cloud condensation nuclei (CCN) and ice nuclei (IN), with 

impacts on cloud albedo and lifetime. These effects on RF are called RFARI (aerosol-radiation interaction) and 

RFACI (aerosol-cloud interaction), respectively. Nevertheless, it is noteworthy that the estimate of RF due to 

aerosol and its precursors is still affected by a large uncertainty (Fig. 1.2): the best estimate of RFARI + RFACI is 

- 0.9 Wm−2 (-1.9 − 0.1 Wm−2), attributed with medium confidence (IPCC, 2013). 

RFARI is characterized by the modification of the radiative forcing caused by the scattering and absorption of 

anthropogenic aerosol particles. Particles absorb and scatter solar radiation to different extents depending on their 

optical properties (Sect. 1.2.3). As we have seen in Sect. 1.2.4, the optical properties of a population of aerosols 
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depend on the size distribution and the refractive index (which in turn depends on the mixing state and chemical 

composition of the single particles).   

RFACI is characterized by the modification of radiative forcing caused by the interaction between the 

anthropogenic aerosol particles and clouds. A cloud forms when the air becomes supersaturated, which occurs 

when an air mass is cooled to its dew point or when the quantity of water vapor in an air mass increases. As 

explained in Sect. 1.2.1, aerosol particles provide a surface onto which water vapor can condense long before the 

supersaturation threshold for homogeneous nucleation and therefore the formation of cloud droplets around 

aerosol particles (heterogeneous nucleation) is far more common. The particle’s ability to act as CCN depends on 

its chemical composition, with more hygroscopic particles being more likely to act as CCN as well as on the 

particle size, where bigger particles (accumulation mode particles) are more likely to act as CCN than smaller 

ones.  

Many different processes are part of the indirect effects of aerosols on clouds and many of these effects are highly 

uncertain (IPCC, 2013). The first effect to be discovered was the Twomey effect (Twomey, 1974): in warm clouds, 

an increase in the aerosol number concentration results in an increased number of cloud droplets and a smaller 

average radius for these droplets, which in turn increases the reflectivity of the clouds. Fifteen years after that, the 

cloud lifetime effect was discovered (Albrecht, 1989): an increase in aerosol number concentration increases cloud 

lifetime. The associated effect is the reduction of the precipitation efficiency, as smaller particles are less likely 

to fall out of the cloud as rain (Rosenfeld, 1999). Moreover, aerosol optical properties can affect the way in which 

they influence clouds: scattering particles act as good CCN while absorbing aerosols have been shown to prevent 

clouds from forming or if within cloud droplets even cause sufficient warming to lead to cloud evaporation 

(Chýlek et al., 1996; Huang et al., 2010).  

 

Figure 1.4: A schematic of the mechanisms through which aerosols affect atmospheric radiative transfer via 

aerosol-radiation interaction (left) and aerosol-cloud interaction (right). The blue arrows illustrate the solar 

radiation, the grey arrows the terrestrial radiation and the brown arrow symbolizes the couplings between the 

surface and the cloud layer for rapid adjustments. Black dotted lines with different thickness represent 

precipitation intensity. (IPCC, 2013). 
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1.2.6 Impact on human health 

In 2013, the World Health Organization (WHO) declared PM carcinogenic to humans and estimated 7 million 

premature deaths every year due to poor air quality, both ambient and indoor (WHO, 2016). 

In the human body, the coarse fraction of the aerosol particles is stopped in the upper respiratory system, while 

the particles of the PM2.5 fraction penetrate to the lower respiratory tract; furthermore the accumulation mode 

particles reach the bronchioles (Heinzerling et al., 2016). Exposure to aerosols has been associated with 

cardiovascular and respiratory morbidity and mortality in numerous epidemiological and toxicological studies 

(Dockery et al., 1993; Pope et al., 2002; Chung et al., 2015). There is good evidence of the effects of short-term 

exposure to PM10 on respiratory health, but for mortality, and especially as a consequence of long-term exposure, 

PM2.5 is a stronger risk factor than PM10.  All-cause daily mortality is estimated to increase by 0.2–0.6% per 

10 µg m−3 increase of PM10 concentration (Samoli et al., 2008). Long-term exposure to PM2.5 is associated with 

an increase in the long-term risk of cardiopulmonary and lung cancer mortality by 4–8% per 10 µg m−3 of PM2.5 

(Pope et al., 2002).  

However, no consensus in the scientific community about which aerosol property (mass, size, number, surface 

area, composition, etc.) or the component responsible for adverse health effects has been found yet. Even if it is 

likely that not every PM component is equally important in causing these health effects, the collective evidence 

has not yet isolated factors or sources that would be unequivocally related to specific health outcomes (Stanek et 

al., 2011). 

1.3 Black carbon 

Among aerosols, black carbon (BC) particles play a significant role in the Earth’s climate system. Black carbon 

is the strongest light absorber among aerosols (Moosmüller et al., 2009). Moreover, it influences cloud properties 

in two ways: with the semi-direct effect, altering the thermal structure of the atmosphere by the heat generated 

from light absorption and indirectly contributing to CCN population (Koch and Del Genio, 2010). In addition, it 

alters the melting of snow and ice cover (Bond et al., 2013).  

BC particles seem to be the second largest positive contribution to anthropogenic climate forcing in the present-

day atmosphere after that from CO2 (Jacobson, 2001; Bond et al., 2013; IPCC, 2013). However, due to their short 

lifetime compared to CO2, BC emission reduction represents a potential mitigation strategy that could reduce 

global climate forcing from anthropogenic activities in the short term and slow the associated rate of climate 

change (Takemura and Suzuki, 2019).  

1.3.1 Nomenclature 

There is no universally accepted definition of black carbon, and it is often times referred to as soot, graphitic 

carbon, and/or elemental carbon. Some definitions have focused on its chemical and/or physical properties, while 

others are operationally based and reflect the results of measurement and estimation approaches (Janssen et al., 

2012; Bond et al., 2013). In general, black carbon is a collective term that describes a range of carbonaceous 

substances from partly charred plant residues to highly graphitized (i.e., highly ordered molecular carbon 

structures as found in graphite) soot that are generated as products of incomplete combustion (Shrestha et al., 

2010). 

Black carbon was defined by the essential works of Bond et al. (2013) and Petzold et al. (2013) as the material 

which strongly absorbs visible light; volatilizes at ~4000 K; is insoluble in water and organic solvents; exists as 

aggregates consisting of primary spherules with diameter 10–80 nm and consists primarily of graphitic sp2-bonded 

carbon. BC typically has a wavelength-independent refractive index, which, in combination with its typically open 

morphology and small size relative to visible/infrared wavelengths, means that it is a strong broadband absorber 

with an AAE (Eq. 1.4) close to 1.0 when externally mixed. 
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Corbin et al. (2019) recently split the definition of BC into two categories: soot BC and char BC. While soot BC 

is the one defined above, char BC is defined with the same properties of soot BC except for the morphology. 

Indeed, char BC is formed when low-volatility fuel droplets undergo surface graphitization rather than evaporation 

when heated. As a result of this, char BC particles are bigger than soot BC particles, more spherical and with an 

AAE close to 0.    

Black carbon is usually defined operationally, which means that it is based on the measurement technique used to 

measure it. The amount of strongly light-absorbing carbon with the approximate optical properties of BC that 

would give the same signal in an optical instrument (typically at the red or IR wavelengths) as the sample, is 

defined as equivalent black carbon (eBC) (Andreae and Gelencsér, 2006). The thermal–optical analysis (TOA) 

measures the mass of carbon that is thermally refractory up to about 800 K (depending on the analysis protocol), 

after correcting for potential sample pyrolysis, and is called elemental carbon (EC). Finally, black carbon 

measured by laser-induced incandescence technique (LII), heated to ~4000 K, is named refractory black carbon 

(rBC). In Chapter 3 the TOA and LII techniques are treated in detail.  

1.3.2 Sources, formation and life cycle  

Black carbon is a primary pollutant emitted from anthropogenic and natural incomplete combustion processes. 

Major source categories include open biomass burning (e.g., agricultural burning, wildfires, prescribed burning), 

mobile/transportation sources, electricity generating units and other power production sources, and residential 

heating and cooking (Bond et al., 2013; Briggs and Long, 2016). 

A complex series of reactions involving polycyclic aromatic hydrocarbon molecules forms precursors of BC. 

These precursors oligomerize to sizes large enough to serve as particle nuclei and grow through reactions on the 

surface. These freshly formed BC particles consist of small graphitic spheres of tens of nanometres with high 

carbon-to-hydrogen ratios (Heidenreich et al., 1968). These graphitic spherules coagulate to form aggregates or 

fractal chain-like structures consisting of hundreds or thousands of spherules (Martins et al., 1998) (Fig. 1.4a). 

Within a few hours after the emission during their transport in the atmosphere, these particles undergo many 

different processes like coagulation, condensation and photochemistry. These processes are collectively known 

as aging and change the morphology, hygroscopicity and mixing state of the particles (Matsui et al., 2013; 

Weingartner et al., 1997; Peng et al., 2016).  

In particular, aging causes individual black carbon particles to become internally mixed with sulfate, nitrate and 

organic material (Jacobson, 2001; Moteki and Kondo, 2007; Shiraiwa et al., 2010; Lee et al., 2015) (examples of 

electron microscopy images of Arctic BC internally mixed with sulfate and dust are shown in Chapter 5), 

increasing their light absorption, size and hygroscopicity thereby increasing their ability to act as CCN, 

influencing its removal rate (Stier et al., 2006). Aging mainly affects the mass absorption cross-section of BC 

(MACBC) (Eq. 1.5), which topic will be extensively discussed in Chapter 4.  

It is often assumed that non-absorbing material surrounds the BC particles completely and symmetrically, and 

such configuration is called core-shell geometry (Fig. 1.4c). However, mixing geometries with partial and non-

concentric shell may also exist (Adachi et al., 2010; Sedlacek et al., 2012; Dahlkötter et al., 2014) as well as BC 

cores attached to other non-BC particles (Moteki et al., 2014).  

Black carbon is a short-lived aerosol as its global average residence time in the atmosphere is on the order of 5-

10 days (Samset et al., 2014; Lund et al., 2018). The dominant sink of BC is wet deposition which is more efficient 

in removing BC from the atmosphere than dry deposition (Bauer et al., 2010). On a global scale, wet deposition 

accounts for 80 % of the total deposition (Jurado et al., 2008) and for more than 90 % in certain areas such as in 

the Arctic (Dou and Xiao, 2016). The relative importance of wet-versus-dry deposition depends on the amount of 

precipitation at a given site location and atmospheric burden. While wet deposition controls BC lifetime, dry 

deposition can significantly extend the lifetime of BC in the absence of precipitation (Emerson et al., 2018). BC 

particles deposited on the surfaces can finally be preserved in soils, snow and ice, water and sediments (Lavanchy 

et al., 1999; Bisiaux et al., 2012). 
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Figure 1.5:  Geometries of numerically generated BC aggregates with different particle geometries. In the top 

figure (a): fresh BC, (b) compact BC, (c) coated BC; in the bottom figure some examples of transmission electron 

microscopy images of real BC particles for comparison (from left to right: Burr et al., 2012; Lewis et al., 2009; 

Freney et al., 2010) (Image credit: Liu et al., 2018).  

1.3.3 Black carbon impact on climate  

Black carbon has a huge impact on the climate system. Despite its relatively low particle mass concentration, it 

has been argued that BC is the second most important atmospheric positive forcer after CO2 (Jacobson, 2001; 

Bond et al., 2013), but a controversy around this notion exists (Feichter et al., 2003). Its effect, according to the 

IPCC report, can be divided into the direct effect, the semi-direct effect, the snow/ice albedo effect and the indirect 

effect (IPCC, 2013). The net effective BC radiative forcing was estimated to be around +1.1 W m -2 (Bond et al., 

2013) and includes aerosol-radiation-cloud interactions with rapid adjustments. This value is, however, affected 

by an uncertainty of 90%, resulting in an ERF range between 0.17 and 2.1 W m-2 (Myhre et al., 2013).  

Direct radiative forcing of black carbon is caused by absorption and scattering of sunlight. Black carbon is the 

dominant absorber of visible solar radiation in the atmosphere: black carbon heats the atmosphere and reduces the 

amount of sunlight that reaches the surface and that is reflected back to space. Bond et al. (2013) estimated a 

global industrial-era (1750 to 2005) direct radiative forcing of black carbon of +0.71 W m-2 with 90% uncertainty 

bounds of +0.08 to +1.27 W m-2 .   

Black carbon influences the properties of ice clouds and liquid clouds through diverse and complex processes. 

The semi-direct effect consists in the perturbation of the temperature structure of the atmosphere, with consequent 

influence of the cloud cover and distribution. This effect can either increase or decrease the cloud cover and the 

cloud water content depending on many factors such as the position of black carbon particles relative to the cloud 

and the cloud type (Koch and Del Genio, 2010). The indirect effect refers to their action as CCN when coated 

with hygroscopic material and as ice nucleating particles (IN), and subsequently altering the cloud albedo. The 

estimate of the industrial-era climate forcing from black carbon cloud effects is +0.23 W m-2 with a 0.47 to 

+1.0 W m-2, 90% uncertainty range (Bond et al., 2013). This estimate is calculated with very low scientific 

understanding and large uncertainties (IPCC, 2013). 
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Black carbon particles deposited on high albedo surfaces like ice and snow reduce the total surface albedo 

available to reflect solar energy back to space. This effect creates a positive feedback because a reduced surface 

albedo increases the surface temperature, and the increased surface temperature decreases the snow or ice cover 

and further decreases the surface albedo. The cloud-albedo effect is estimated at +0.13 W m- 2 with a 0.04 to 

+0.33 W m-2 90% uncertainty range (Bond et al., 2013). 

1.3.4 Black carbon impact on human health 

Even if it is not yet clear which role the single aerosol component has in the mortality rate, as explained in Sect. 

1.2.6, it is known that the risk may vary among specific PM2.5 components. Some studies, e.g., Ostro et al. (2007) 

show the evidence for the hazardous nature of combustion-related PM. Moreover, the exhaust from diesel engines 

was classified by the International Agency for Research on Cancer as carcinogenic (Group 1) to humans.  

In particular, black carbon, as part of the PM2.5 and as product of the incomplete combustion mechanisms, is 

particularly harmful to human health. Epidemiological studies found evidence of associations of all causes and 

cardio-pulmonary mortality with short and long-term average BC exposure (Janssen et al., 2012). Specifically, 

BC has been linked to several pathologies such as cardiac and ventricular arrhythmias (Rich et al., 2005), lowered 

heart rate variability (Schwartz et al., 2005), and more generally increased cardiovascular mortality (Maynard Dan 

et al., 2007). In addition, due to its small size, BC may act as a carrier for a wide variety of chemical constituents 

of different toxicities (e.g., polycyclic aromatic hydrocarbons; metals and inorganic salts; Contini et al., 2018).  

By reducing black carbon, the health risks from air pollution will decline. It is estimated that from 640,000 to 

4,900,000 premature human deaths could be prevented every year by utilizing available mitigation measures to 

reduce black carbon in the atmosphere (WHO, 2016). For example, Janssen et al. (2011) found that a reduction 

of BC will lengthen human life four to nine times more than a comparable reduction of the PM2.5 mass. 

For all these reasons, the measurement of the size and the mixing state of BC, along with its chemical composition 

are of high interest for policy makers in order to address more appropriate human health regulations. 

1.4 Aim of the work and thesis structure 

In summary, black carbon constitutes a small fraction of the total aerosol; however, it contributes greatly to the 

overall positive radiative forcing and plays a clear role in the climate warming. Unfortunately, there is still a large 

number of uncertainties in its quantification and properties, for example regarding its metrology and the 

uncertainties on the radiative forcing pathways. In this scientific context, during this PhD project, we focused our 

attention on three different topics. These are discussed in the following chapters.  

In Chapter 3, we address an important issue regarding the methodology used to quantify the black carbon mass 

concentration. Through five field campaigns, we answer the question: are refractory black carbon and elemental 

carbon mass measurements consistent between each other? This is an important matter, because, as mentioned in 

Sect. 1.3.1, black carbon is operationally defined and because the debate on the comparability of these two 

quantities was still largely unresolved. This finding has important implications for studies based on BC mass 

concentration measurements, for example for the interpretation of uncertainties of inferred BC mass absorption 

coefficient values, which are required for modelling the radiative forcing of BC.  

In Chapter 4, we investigate how the MACBC   values change in relation to the mixing state and size of black 

carbon particles. Regardless of the uncertainties associated with the MACBC  values, these results are important to 

mechanistically understand how MACBC depends on BC particle properties and to demonstrate the debated lensing 

effect in ambient measurements. In addition, we also gave a picture of the temporal and spatial variability of the 

most relevant physical and optical properties of black carbon particles, i.e.: rBC mass concentration, EC mass 

concentration, mass size distribution, absorption coefficient, mixing state, AAE, and SSA. This field experiment 

was performed in the Po Valley, one of the most polluted sites in Europe, with both stationary and mobile 

measurements. The study of the spatio-temporal BC properties in this area is fundamental for assessing BC climate 

impacts. 
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In Chapter 5, we characterize black carbon properties at the remote site of Zeppelin Observatory, Svalbard, 

Norway, over one year. Despite its short lifetime, BC can be transported over long distances and, as explained in 

Sect. 1.3.2, undergo changes of its properties through aging. In this work, we compare the rBC and eBC mass 

concentration measurements; we examine the seasonal variability of the main BC properties (mass concentrations 

and mass size distributions) and we identify the geographic regions contributing to the BC measured through back 

trajectories analysis. Such BC properties are fundamental to derive the optical properties required for radiative 

forcing estimates in the Arctic, a place that is warming twice as fast as the rest of the world. 

Within the studies, filter based thermal-optical analysis; laser induced incandescence technique and aerosol light 

absorption based methods were used to quantify the BC mass concentration. All these techniques are described in 

Chapter 2.  
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Chapter 2: Methodologies 

In this chapter, the main measurement techniques adopted in this work are briefly discussed. These are: the filter-

based absorption photometry (Sect. 2.1), the thermal-optical technique (Sect. 2.2) and the laser induced 

incandescence technique (Sect. 2.3). 

2.1 Filter-based absorption photometry 

 

The most adopted filter-based photometers for the measurement of aerosol light absorption are: 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 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 all of these techniques, the aerosol particles are collected on-line on a filter matrix and the transmitted light (or 

transmitted and scattered light in the case of the MAAP) is simultaneously detected. The amount of aerosol 

deposited on the filter is inversely proportional to the transmittance or, directly proportional to the attenuation 

(ATN) defined in Eq. (2.2). From ATN, the absorption coefficient can be retrieved using Eqs. 2.3 and 2.4.  

However, the use of a filter introduces consistent biases in the absorption coefficient quantification. In fact, the 

ATN measurement is influenced by the interaction of sampled particles with the filter matrix and with other 

particles. The major effects happening on a filter matrix are: 

- multiple scattering effects caused by the scattering by the filter fibers and the scattering by aerosol particles on 

the filter (Liousse et al., 1993; Petzold et al., 1997). The scattering due to particles (which depends on the optical 

properties and size distribution of the deposited aerosol particles) and due to the filter fibers increases the optical 

path of the light. This in turn leads to an overestimation of the absorption coefficient. Hänel (1987) dealt with the 

radiative transfer problem for a plane layer that both scatters and absorbs radiation by applying a radiative transfer 

scheme. Petzold and Schönlinner (2004) developed the MAAP starting from Hänel’s approach in order to consider 

the multiple scattering effects happening in the optical analysis of aerosols deposited on a fiber filter (Sect. 2.1.2).  

- filter loading effect: related to the shadowing that deposited aerosol particles cause on each other (Bond et al., 

1999; Weingartner et al., 2003). In particular, the accumulation of particles on the filter matrix leads to a saturation 

of the instrumental response. Moreover, the filter loading effect depends on the optical properties of the particles 

present on the filter matrix, especially on black carbon particle coating. Weingartner et al. (2003) showed that 

uncoated BC induces a higher loading effect compared to coated BC and Drinovec et al. (2017) found that the 

filter loading parameter can be used as a proxy for determination of the particle coating, thus allowing for 

differentiation between local/fresh and transported/aged particles. Since the filter loading parameter depends on 

the backscattered fraction of light, it can be parametrized as a function of the SSA (Eq., 1.3) (Collaud Coen et al., 

2010; Virkkula et al., 2015). 

The optical effects just described take place in every filter-based photometer. Several correction procedures have 

been developed for the Aethalometer (Weingartner et al., 2003; Virkkula et al., 2007; Collaud Coen et al., 2010; 

Drinovec et al., 2015), the PSAP (Bond et al., 1999; Ogren, 2010) and the COSMOS (Miyazaki et al., 2008; 

Nakayama et al., 2010).  

After applying these corrections, the absorption coefficient might be converted into an equivalent black carbon 

mass concentration (check Sect. 1.3.1 for BC nomenclature) using a proper mass absorption cross-section, 

MACeBC.  

𝑚eBC =
𝑏abs(𝜆)

MACeBC

 
(2.1)  
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In general terms it is important to note that absorption is not a proxy for black carbon mass concentration and the 

assumption that there is a constant ratio between absorption and BC concentration is only valid when there is no 

interference from light-absorbing materials other than BC (Bond and Bergström, 2006). 

A discussion on the MACBC variability is presented in the Introduction of Chapter 4. Because only the 

Aethalometer and the MAAP were used in this PhD work, we will focus on these two instruments, describing 

their principle of operation in Sects. 2.1.1 and 2.1.2.  

2.1.1 The Aethalometer 

 

Among the light attenuation methods, the Aethalometer (Hansen et al. 1984), is the most frequently used technique 

in the world for real-time measurement of BC mass concentrations. The first Aethalometer was conceptualized 

and developed in 1979 and currently there are hundreds of these instruments installed worldwide. The first 

Aethalometer model calculated BC using white light, afterwards distinct wavelengths ranging from the near 

ultraviolet to the near infrared were added. The multi-wavelength analysis was implemented to gather information 

about different components of the carbonaceous fraction, particularly organics, which absorb light prevalently at 

shorter wavelength (Yan et al., 2018). 

The Aethalometer measures the change in transmittance of the incoming radiation through a filter on which 

particles are deposited. The attenuation is defined as the logarithm of the ratio between the light intensity that 

passes through a pristine part of the filter (𝐼0) and the intensity of the light that passes through the loaded filter (I): 

𝐴𝑇𝑁 () = 𝑙𝑛 (
𝐼0()

𝐼()
)  (2.2)  

As a consequence, the attenuation coefficient (𝑏atn) at a certain wavelength  is equal to the variation of the 

attenuation measured at different times multiplied by the spot size area A (m2) divided by the sample flow rate Q 

(m3 s−1) through the filter: 

𝑏𝑎𝑡𝑛() =  
𝐴

𝑄

𝐴𝑇𝑁 (,𝑡)− 𝐴𝑇𝑁 (,𝑡+𝛥𝑡) 

𝛥𝑡
=  

𝐴

𝑄
  

𝛥𝐴𝑇𝑁 

𝛥𝑡
   (2.3)  

It is well known that 𝑏atn may differ significantly from the true aerosol absorption coefficient 𝑏abs of airborne 

particles. This is because of the multiple scattering and filter loading effects described in Sec. 2.1. This produces 

significant uncertainties in the assessment of BC concentrations. Several algorithms have been proposed to correct 

the Aethalometer data for these effects (Weingartner et al., 2003; Virkkula et al., 2007; Collaud Coen et al., 2010). 

In these works generally two calibration factors (C and R) are introduced, which can be used to convert 

Aethalometer attenuation measurements into absorption coefficients through the following formula: 

𝑏abs = 𝑏atn
1

𝐶 𝑅(𝐴𝑇𝑁)
   (2.4)  

where C and R(ATN) describe the multiple scattering effect and the filter loading effect, respectively. C mainly 

depends on the nature of the filter and the apparatus used, is greater than unity and is caused by multiple scattering 

of the light beam at the filter fibers in the unloaded filter. Any other effects that are caused by deposited particles 

are described by the empirical function R(ATN) which varies with (a) the amount of aerosol particles embedded 

in the filter and (b) optical properties of the deposited particles. For unloaded filters R is set to unity, i.e. 

R(ATN = 0) = 1. With the gradual increase in attenuation due to the accumulating particles in the filter the 

absorbing particles in the filter absorb a higher fraction of the scattered light which leads to a reduction of the 

optical path in the filter (R < 1) (Weingartner et al., 2003).  

Without these corrections, the Aethalometer approach is quite reliable only for thin aerosol layers with a high 

black carbon mass fraction (> 10 %) and a low scattering coefficient of the particles (∼1000 cm−1). These 

conditions are usually met for samples of an urban aerosol, but they are no longer valid for background aerosols 

(Petzold and Schönlinner, 2004).  
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In particular, other than previous Aethalometer versions, whose data needed to be converted afterwards, the AE33 

version uses the patented DualSpot™ method to compensate for the loading effect. This is done by making two 

simultaneous measurements of black carbon (BC1 and BC2) on two spots at two different degrees of loadings, 

ATN1 and ATN2:  

{
𝐵𝐶1 = 𝐵𝐶 (1 − 𝑘 𝐴𝑇𝑁1)
𝐵𝐶2 = 𝐵𝐶 (1 − 𝑘 𝐴𝑇𝑁2)

 (2.5) 
 

From these two equations both the compensated black carbon, BC and the ‘loading compensation’ parameter, k, 

which may provide additional information about the physical and chemical properties of the aerosol, can be 

retrieved (Drinovec et al., 2015).  

It is important to remember that, in addition to the problem of evaluating 𝑏abs with Eq. (2.4), all optical methods 

convert light absorption/attenuation using a fixed conversion coefficient (i.e. MACeBC, Eq. 2.1) that can bias 

resulting eBC mass values. 

In this PhD thesis the data of the Aethalometer (AE-31 and AE-33 models) (details in Sect. 3.2.4.2 of Chapter 3 

and in Sect. 4.2.3 of Chapter 4) were used to calculate the absorption Ångström exponent (Eq. 1.4). This 

coefficient describes the spectral dependence of the aerosol light absorption coefficient and is commonly used to 

retrieve an indication on the sources of black carbon (Zotter et al., 2017). 

2.1.2 The multi-angle absorption photometer 

 

The multi-angle absorption photometer (Petzold and Schönlinner 2004) measures simultaneously the light 

transmittance in orthogonal direction through a glass-fiber filter as well as back-reflectance at two different angles. 

The firmware includes a full data inversion, which is based on a two-stream approximation radiative transfer 

model, to directly infer the absorption coefficient 𝑏abs at 637 nm, whereby the reflectance signals provide the 

information required to account for the effects of multiple scattering and shadowing.  

 

Figure 2.1: Schematic illustration of the two-layer system of particles deposited in a fibrous filter matrix (Petzold 

and Schönlinner, 2004). 

The measurement of the angular distribution, S(θ), of light scattered back and penetrated through a particle-loaded 

fiber filter showed that the radiation that has penetrated through the filter is completely diffuse and can be 

parameterized by a cosine law: 

S(θ) ∝ cosθ (2.6)  

with θ being the scattering angle relative to the incident radiation. The back-scattered radiation is described by a 

combination of a diffusely scattered fraction proportional to cos(θ − π), and a fraction that is parameterized best 
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by a Gaussian law proportional to 𝑒[−
1

2
(𝜃−𝜋)2/𝜌2]

, with 𝜌 being a measure for the surface roughness of the aerosol 

layer deposited on the filter and α the fraction of diffusely scattered radiation:  

S(θ) ∝ αcos(𝜃 − 𝜋) + (1-α) 𝑒[−
1

2
(𝜃−𝜋)2/𝜌2]

. (2.7)  

The Gaussian-distributed fraction of the back-scattered radiation can be taken as radiation “reflected” from a 

rough surface. The distribution of back-scattered radiation between diffuse and Gaussian type depends on 

the sampled aerosol. The measurement of the radiation penetrating through the filter at the scattering angle θ = 0°, 

and the simultaneous measurement of the radiation scattered back from the filter at two detection angles θ = 130°, 

and 165°, permits the full determination of the irradiances in the forward and back hemisphere relative to the 

incident light beam. 

The exact position of the detection angles was chosen such that the partitioning between diffuse and Gaussian 

types can be determined with highest resolution. In the MAAP, the determination of the aerosol absorption 

coefficient 𝑏abs  of the deposited aerosol uses radiative transfer techniques. The particle-loaded filter is treated as 

a two-layer system (Fig. 2.1): the aerosol-loaded layer of the filter and the particle-free filter matrix. Radiative 

processes inside the layer of deposited aerosol and between this layer and the particle-free filter matrix are 

separately taken into account. In this approach, originally developed by Hänel (1987) and modified for this 

purpose by Petzold and Schönlinner (2004), multiple reflections between the aerosol-loaded filter layer and the 

particle-free filter matrix are treated by the adding method (Van de Hulst, 1980). Starting from quantities directly 

measurable, the model resolution gives the two parameters needed to calculate the absorbance ABS (fraction of 

light absorbed in a filter sample): 

𝐴𝐵𝑆 () = (1 − SSA)𝜏() (2.8)  

Where 𝜏() is the total optical depth of the particle loaded aerosol-filter layer and SSA is the single scattering 

albedo, defined in Eq. (1.3).  

Therefore, 𝑏abs is calculated as follows: 

𝑏abs() = 𝐴𝐵𝑆 () 
𝐴

𝑉
   

 

 

(2.9)  

where A is the area of the sample spot to which particles are deposited, and V the volume of air sampled.  

𝑏abs can be converted into an equivalent black carbon mass concentration using a 𝑀𝐴𝐶eBC(637 nm) of 

6.6 m2 g−1. This value was set by the MAAP manufacturer and was optimized towards fresh BC particles 

measured in urban areas after some comparisons between MAAP absorption data and EC values (Petzold and 

Schönlinner, 2004). For this reason when dealing with aged BC aerosols the MAAP 𝑚eBC may be overestimated. 

It is important to note that originally, the operating wavelength of the MAAP was thought to be 670 nm (Petzold 

et al., 2005), while later, the true value was shown to be 637 ± 1 nm. As a consequence of this, the absorption 

coefficient determined by the firmware of the MAAP needs to be increased by 5 % assuming an absorption 

Ångström exponent of 1 to obtain the correct aerosol absorption coefficient at 637 nm (Müller et al., 2011). 

In this work the MAAP was used in Chapter 4 to calculate the absorption coefficient of black carbon, while in 

Chapter 5 it was used to retrieve 𝑚eBC and to compare it with 𝑚rBC measured with the SP2.  

2.2 Thermal optical technique  

The thermal-optical technique allows the determination of the total carbon (TC) which is the total carbonaceous 

aerosol concertation. With the use of a thermal sequence, TC can be split into organic carbon (OC) and elemental 

carbon, according to their different thermal stability. This technique requires an instrument (OC/EC analyzer) and 

a thermal protocol.  
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2.2.1 The Sunset EC/OC analyzer 

 

The Sunset EC/OC analyzer manufactured by Sunset Laboratory Inc. (Tigard, OR) (Chow et al., 1993) is the most 

widespread instrument to perform thermo-optical analysis of the carbonaceous fraction in PM samples. The 

analysis is based on the different evolution characteristics of EC and OC as a function of the temperature and type 

of atmosphere and on the quantification of the evolved CO2 at the thermal steps chosen for the separation.  

A schematic view of the Sunset Laboratory OC/EC analyzer is shown in Fig. 2.2 The instrument consists of a 

front oven, an oxidizer oven with manganese oxide, a methanator and a flame ionization detector (FID). 

 

Figure 2.2: Schematic view of the Sunset Laboratory OC/EC analyzer (Ammerlaan et al., 2015). 

The procedure for the determination of EC and OC works as follows. A punch from a quartz filter sample is placed 

in a quartz boat and positioned in the path of a red light diode laser, which is used to monitor the transmittance of 

the filter during the analysis. A thermocouple at the end of the boat is used to monitor the temperature during 

analysis. All carbon species evolved from the filter are converted to carbon dioxide in an oxidation oven 

immediately downstream of the primary oven, and the carbon dioxide is reduced to methane before passing into 

a FID.  

One of the most widespread techniques for the thermal quantification of OC and EC fraction is the Thermal-

Optical Transmittance method (TOT) (Birch and Cary, 1996) and consists of two main steps. In the first step, the 

carbonaceous particles are thermally desorbed in a pure helium atmosphere (inert atmosphere). The components 

measured in this cycle are called organic carbon. After the first heating step, the oven is cooled down and the 

carrier gas is switched to a mixture of helium and oxygen (2% oxygen/helium mixture: oxidizing atmosphere). 

The temperature is increased again and the refractory components that oxidize and volatilize in the second cycle 

are attributed to elemental carbon. However, in the helium atmosphere, a fraction of OC pyrolyses and produces 

thermally stable, light absorbing material with the result that not all OC is desorbed in the first heating cycle. In 

the second cycle, these components, called pyrolytic carbon, oxidize. To correct for this effect the transmission 

signal is measured continuously. The transmission decreases in the helium cycle and increases again in the oxygen 

cycle. The point in the second cycle where the optical signal reaches its initial value is called “split point” 

(Fig. 2.3). In this way the component that is measured in the part of the oxygen phase before the split point, that 

is the pyrolytic carbon, can be attributed to the organic carbon. This correction is called “charring correction” and 

can also be done using light reflectance (thermo–optical reflectance method; TOR) instead of transmittance. 

The above described assumptions on the optical charring correction are only partially fulfilled, typically leaving 

charring artefacts as a main source of bias even for optically corrected EC mass data (Chow et al., 2004; 

Subramanian et al., 2006). More information can be found in Sect. 3.2.2.1 of Chapter 3. 
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Figure 2.3 Schematic of the thermal-optical OC/EC analyzer (Kvietkus, 2007). 

So far, 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) thermal-optical protocols have 

been the most widely used ones in the atmospheric science community. Traditionally, the IMPROVE protocol  

has been applied to samples from non-urban background sites in the US IMPROVE network; in 2005, the 

IMPROVE network started to apply the IMPROVE-A protocol, an only slightly modified version of IMPROVE 

thanks to refined measures of the sample temperature (Chow et al., 2007). The NIOSH protocol has been applied 

to samples from urban sites in USA-EPA’s Speciation Trends Network. The protocol NIOSH-5040 was later 

introduced to be used for the determination of EC from diesel exhaust. These protocols differ in temperature set 

points – higher for NIOSH (e.g. the highest temperature in He is 900 °C) than for IMPROVE (e.g. the highest 

temperature in He is 550/580 °C) – and in the residence times at each temperature step – typically longer for 

IMPROVE than for NIOSH (Table 3.1). Moreover, the IMPROVE protocol uses the reflectance method to correct 

for charring, while the NIOSH protocol has adopted the transmittance method. In Europe, the EUSAAR-2 protocol 

has been selected as the European standard thermal protocol to be applied in air quality networks for the 

measurement of TC, OC, and EC in PM2.5 samples (European Committee for Standardisation Ambient air, 2017; 

EN16909:2017). 
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Table 2.1: Most common thermal protocols: temperature set point and residence time are reported.  

 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     

 

Previous studies have demonstrated that differences in the temperature and duration steps of the various thermal 

protocols may significantly alter the measured amounts of OC and EC (Chow et al., 1993). The use of different 

thermal protocols can result in a wide elemental carbon–to–total carbon variation by up to a factor of five (Cavalli 

et al., 2010). In general, it has been observed that protocols with a rather low peak temperature in the inert mode 

like EUSAAR-2 and IMPROVE generally classify more carbon as EC compared to the NIOSH protocol 

(Karanasiou et al., 2015). In Table 3.1 of Chapter 3 the differences between EC measured with EUSAAR–2 and 

with other protocols reported in previous literature studies are summarized.   

In this thesis, EC mass concentrations at several European sites were analyzed with the EUSAAR-2 thermal 

protocol and compared with co-located measurements of rBC mass concentration. The results are shown in 

Chapter 3. 

2.3 Laser induced incandescence 

 

Laser induced incandescence (LII) is an optical technique which enables the detection of black carbon particles. 

The technique is based on the measurement of the black body thermal radiation emitted by BC particles when 

heated up by a light source, typically a laser (Michelsen, 2017). There are different instrumental approaches for 

LII using both pulsed–shot lasers (Michelsen et al., 2015), and continuous–wave lasers, as in the commercially–

available Single–Particle Soot Photometer (SP2). 

The spectral radiance of a black body is described by Planck’s law: 

𝐵 (, 𝑇) =
2ℎ𝑐2

𝜆5[exp (
ℎ𝑐

𝜆𝑘𝐵𝑇
) − 1

  (2.10) 

 

where h is the Planck constant, c is the speed of light in vacuum, λ is the radiation wavelength and 𝑘𝐵 is the 

Boltzmann constant. 

Detection of the LII signal is essentially an integration of Planck’s law over a certain spectral detection band, time 

interval, and particle size distribution. The resulting detected LII signal is expressed by: 

𝑆LII =
𝛺

4π
 ∫ ∫ 𝐶𝑒𝑚𝑖𝑡(𝑣, 𝑚, 𝜆, 𝑠ℎ𝑎𝑝𝑒, 𝛼, 𝛽, 𝛾, 𝑡)

𝛥𝜆𝛥𝑡
 𝐵 (, 𝑇) 𝜀() d𝜆 𝑑𝑡 (2.11)  

where Δλ is the wavelength detection band, Δt is the time interval of detection,  Ω is the solid angle of 

detection, 𝜀() the wavelength-dependent function describing the transmissivity of the optical filter and 

responsivity of the photodetector, 𝐶𝑒𝑚𝑖𝑡  the emission cross-section of the thermal emission, 𝑣 the particle volume; 

m the complex refractive index, and α, β, γ the Euler angles of particle rotation. 
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2.3.1 The Single Particle Soot Photometer 

 

The Single Particle Soot Photometer (Droplet Measurement Technologies, DMT, Longmont, CO, USA) 

(Stephens et al., 2003; Moteki and Kondo, 2007) is based on the LII technique. The SP2 can simultaneously 

measure the size of the particle and give information on its mixing state at single particle level. The detection of 

the emitted particle incandescence signal allows the determination of the particle mass. The elastically scattered 

signal provides information about the size of the particle. The schematic of SP2 is shown in Fig. 2.4.  

 

 
 

Figure 2.4: Schematic of the measurement chamber of the SP2 (adapted from Schwarz et al., 2006). 

 

An air jet carrying sample aerosol intersects an intense (∼1 MW cm−2) Nd:YAG, intra-cavity, continuous laser 

beam (λ = 1064 nm) pumped by a diode laser. Two optical lenses are positioned to each capture a solid angle 

(∼π/2 sr) of light emitted or scattered by particles in the laser beam, and image it onto an avalanche photodiode 

(APD). One of the two is used to optically size non-incandescence particles that only scatter light, the second 

serves for the sizing of the internally mixed black carbon, as described later. Two photomultiplier tubes equipped 

with optical filters detect incandescent light over either a “broadband” (∼350–800 nm) or “narrowband” (∼630–

800 nm) wavelength interval and are used to characterize incandescing particles (Schwarz et al., 2006). 

 

Light-absorbing refractory particles such as rBC absorb energy and are heated to their boiling point or vaporization 

temperatures, emitting thermal radiation. The intensity of the thermal radiation emitted at the rBC vaporization 

point is a linear function of the refractory volume of the particle. Since rBC is the main atmospheric component 

remaining at a temperature higher than 4230-4325 K, the technique is selective for refractory black carbon and 

does not undergo major interferences by non-refractory absorbing materials (information about potential 

interferences and artefacts can be found in Sect 3.2.3.3 of Chapter 3). The mass of every rBC particle is derived 

from the measured 𝑆LII signal (Eq. 2.11), which is proportional to the height of the incandescence peak signal 

(𝑃𝑘𝐻𝑡inc). The relationship between 𝑃𝑘𝐻𝑡inc and particle mass is parametrized within the calibration procedure, 

performed measuring 𝑃𝑘𝐻𝑡inc when sampling pure rBC particles with a certain mobility diameter or mass 

(Baumgardner et al., 2012; Laborde et al., 2012a). In case of a mobility-diameter based calibration, the effective 
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density of the calibration material used is needed to infer the rBC mass from the selected mobility diameter. The 

effective density of several common SP2 calibration materials was determined by Gysel et al. (2011). An 

alternative way of performing an incandescence calibration is to introduce particles with a known BC mass into 

the SP2. During atmospheric measurements, the mass equivalent diameter of rBC particles, 𝐷rBC, is not directly 

measured, but derived from the particles mass using a material density of 1800 kg m−3 (Moteki and Kondo, 2010).  

Despite the advantages, the SP2 technique has one main disadvantage: the size range. Depending on the SP2 

model the size detection range may vary. The lower limit of detection of the different SP2s varies between 

𝐷rBC = 80 nm and 𝐷rBC = 90 nm (Schwarz et al., 2010). The higher size limit of detection varies between 

𝐷rBC = 340 nm and 𝐷rBC = 550 nm depending on the gain of the analog-digital converter. This higher cut off may 

result in an important rBC mass underestimation, for this reason the measured rBC mass size distribution is usually 

fitted with a unimodal lognormal function (Schwarz et al., 2006; Laborde et al., 2013; Chapter 3). The two most 

commonly used approaches used to extrapolate the measured rBC mass size distribution and correct for the 

missing rBC mass are explained and compared in a detailed way in Sect. 3.2.3.5 of Chapter 3. 

 

 

 

Figure 2.5: Schematic of the signals of a purely scattering particle and a coated BC particle passing through the 

SP2 (adapted from a schematic prepared by Martin Gysel-Beer). 

 

With the SP2 is also possible to infer the optical diameter of BC-free particles from the measured differential 

scattering cross section of the single particle (𝜎𝑠𝑝−𝑚𝑒𝑎𝑠(𝐷p, m)). Assuming a spherical geometry and the refractive 

index, Mie theory can be used to interpret the SP2 raw signal of the light scattering detectors. The scattering signal 

s(t) is proportional to the incident laser intensity and to the scattering cross section and depends on the distribution 

of the laser intensity. Due to the absence of light absorption, the scattering cross section of an rBC-free particle 

remains stable throughout the measurement time. As a consequence, the s(t) is proportional only to the intensity 

of the laser light at which the particle is exposed and assumes a Gaussian shape peaking with an amplitude of 

𝑃𝑘𝐻𝑡scat at the laser center (Fig. 2.5a). The calibration of the scattering signal is determined by measuring 
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𝑃𝑘𝐻𝑡scat when sampling non-absorbing, spherical particles of a known diameter, 𝐷p, and refractive index, m (e.g. 

m = 1.59 for polystyrene latex spheres, PSL). Mie theory and the homogeneous spherical particle model is then 

used to calculate the relationship between 𝐷p and the corresponding differential scattering cross section 

(𝜎𝑠𝑝−𝑀𝑖𝑒(𝐷p, m)). The scattering signal calibration factor 𝐶𝐹scat is then calculated, using the SP2 measurement of 

the integrated laser intensity (𝐼monitor from the YAG monitor) with the following equation: 

𝐶𝐹scat(𝐷p, 𝑚) =  
𝑃𝑘𝐻𝑡scat

𝐼monitor 𝜎sp−Mie(𝐷p, 𝑚) 
 (2.12) 

 

The scattering signal calibration might be performed calculating the average of the scattering signal calibration 

factors measured for different particle diameters in order to gain in accuracy. Alternatively, calibration factors 

might be calculated for a single particle diameter varying the intensity of the laser beam (𝐼monitor).  

The measured particle scattering cross section 𝜎𝑠𝑝−𝑚𝑒𝑎𝑠(𝐷p, m) is then derived from the measurement of 

𝑃𝑘𝐻𝑡scat, using the calibration factor and the following equation: 

𝜎sp−meas(𝐷p, 𝑚) =  
𝑃𝑘𝐻𝑡scat(𝐷p, 𝑚)

𝐼monitor 𝐶𝐹scat (𝐷p, 𝑚)
 (2.13) 

 

The particle's optical diameter is then inferred from 𝜎sp−meas(𝐷p, 𝑚), using Mie theory, and assuming a certain 

refractive index.  

Due to light absorption, the scattering cross section of an rBC-containing particle decreases during its path in the 

laser beam. This is due to the evaporation of non-rBC components (the coating) and the core vaporization at 

incandescence. As a direct consequence, the maximum of the scattering signal does not occur in the middle of the 

laser beam (Fig. 2.5b). Therefore, the scattering signal is still proportional to the original size of the particle only 

prior to light absorption by the rBC core and thermal transfer from the rBC core to the non-refractory coating. In 

this case, 𝑃𝑘𝐻𝑡𝑠𝑐𝑎𝑡  can be reconstructed by fitting the edge of the scattering signal (leading edge only fit, LEO), 

knowing the laser intensity at the position of the particle in the laser beam profile, compared to the intensity at the 

center of the profile, corresponding to the signal peak, as explained in Gao et al. (2007). This approach, known as 

LEO-fit, allows quantifying the thickness of the BC particle coating, 𝛥𝑐𝑜𝑎𝑡: 

𝛥𝑐𝑜𝑎𝑡 =
𝐷p−𝐷rBC 

2
. (2.14)  

A different approach, known as delay–time method, can be used to obtain a binary classification of the BC mixing 

state. With the delay–time method the time lag between the first scattering signal peak and the incandescence 

signal peak is measured (Fig. 2.5b) and utilized as an indication of the coating vaporization time. Particles with a 

delay time below a certain threshold are classified as bare, thinly or moderately coated, whereas particles with a 

delay time above this threshold are identified as thickly coated (Schwarz et al., 2006; Laborde et al., 2012b). 

In this thesis work, the data from three different SP2s was analyzed (see Table 3.3 of Chapter 3 for more 

information). Additional information on the incandescence calibrations performed can be found in Sect. 3.2.3.2 

and Table 3.3 of Chapter 3 and in Sect. 4.2.3.1 of Chapter 4. In the Bologna campaign the delay-time method for 

the calculation of the number fraction of thickly coated particles was applied (Sect. 4.2.3.1 of Chapter 4) because 

it was not possible to perform the LEO–fit method due to misalignment of the position sensitive detector. 

2.3.2 The Single Particle Soot Photometer Extended Range 

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 
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particle number/mass concentration and size distribution by automatically processing the raw data. The scheme 

of the SP2-XR optical components is reported in Fig. 2.6.  

 

Figure 2.6: Schematic of the measurement chamber of the SP2-XR (figure adapted from the SP2-XR manual). 

The flow of aerosol particles is directed through the inlet and the aerosol jet to the center of the Gaussian shape 

continuous Nd:YAG laser beam (λ = 1064 nm), characterized by an intra-cavity circulating power up to 

1 MW cm−2. The laser radiation is absorbed and scattered by the particles which consecutively heat up. In the 

presence of coated black carbon particles this warming removes the coating material in a time period depending 

on the coating thickness and its chemical composition. The BC cores eventually reach a temperature of 

approximately 4230-4325 K, incandescing and emitting a thermal/visible signal before vaporizing (Moteki and 

Kondo, 2010). The peak intensity of the thermal emission at the core boiling point is proportional to the mass of 

each particle. The incandescence signal passes through a band pass filter, nominally from 400 nm to 750 nm, and 

it is recorded via a single photomultiplier tube. The SP2-XR has only one detector for the incandescence signal, 

whereas the SP2 has two: the broadband and the narrowband (Sect. 2.3.1). The incandescence signal from the 

SP2-XR can be compared to the one from the broadband channel of the SP2. 

Similarly to the SP2, the SP2-XR allows the particles optical sizing by recording the elastically scattered light 

with an avalanche photo diode with a band pass filter centered at 1064 nm. The non-BC particles number 

concentration and optical size distribution are then derived. The SP2-XR is not equipped with the two element 

APD, used in the SP2 to evaluate the position of the particles in the laser beam and the particles differential 

scattering cross section, as described in Gao et al. (2007). This still enables the use of the LEO-fit method (Gao 

et al. 2007 and Schwarz et al. 2008) to quantitatively determine the coating thickness of black carbon particles. 

However, two other methods could potentially be applied to infer the BC coating characteristics: the qualitative 

delay-time method and a quantitative method based on the assessment of the differential scattering cross-section 

without the use of the two element APD (Moteki and Kondo 2008). 
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2.4 Comparison of BC measuring techniques 

 

Over the last decade, the comparability of black carbon mass concentration obtained from using different 

techniques has been widely investigated. Since there is not yet a universally accepted BC mass quantification 

technique, it is extremely important to understand how the various instruments and technique compare to each 

other and what the reasons behind these potential differences are.   

As mentioned at the beginning of this Chapter, absorption is not a proxy for black carbon mass concentration, 

unless having the knowledge on the mixing state and optical properties of the sampled aerosols. In this case, one 

can apply the appropriate corrections needed and the proper BC mass absorption cross sections (which might be 

calculated using reference techniques such as laser induced incandescence or well calibrated thermal-optical 

technique) to convert an absorption coefficient into an equivalent black carbon mass concentration. In general, it 

is very difficult to own all this information during a field campaign because of the necessity of a combination of 

instruments. In contrast, the thermal optical measurements of EC mass or the LII measurements of rBC mass do 

not require a prior knowledge or assumed values of the MACBC, and for this reason these techniques are 

recommended to obtain reliable BC mass concentrations measurements. 

Numerous works investigated the comparability between eBC and EC mass or the difference between eBC and 

rBC mass concentrations. Some studies showing the discrepancy between eBC from the MAAP and rBC from the 

SP2 are discussed in Chapter 5. The lack of intercomparison studies of EC mass and rBC mass and the unresolved 

direction of the systematic difference between these two quantities was the motivation of the study presented in 

Chapter 3. 
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Abstract. The mass concentration of black carbon (BC) particles in the atmosphere has traditionally been 

quantified with two methods: as elemental carbon (EC) concentrations measured by thermal–optical analysis and 

as equivalent black carbon (eBC) concentrations when BC mass is derived from particle light absorption 

coefficient measurements. Over the last decade, ambient measurements of refractory black carbon (rBC) mass 

concentrations based on laser–induced incandescence (LII) have become more common, mostly due to the 

development of the Single–Particle Soot Photometer (SP2) instrument. In this work, EC and rBC mass 

concentration measurements from field campaigns across several background European sites (Palaiseau, Bologna, 

Cabauw and Melpitz) have been collated and examined to identify the similarities and differences between BC 

mass concentrations measured by the two techniques. All EC concentration measurements in PM2.5 were 

performed with the EUSAAR–2 thermal–optical protocol. All rBC concentration measurements were performed 

with SP2s calibrated with the same calibration material as recommended in the literature. The observed values of 

median rBC to EC mass concentration ratios on single campaign level were 0.53, 0.65, 0.97, 1.20 and 1.29, 

respectively, and the geometric standard deviation (GSD) was 1.5 when considering all data points from all five 

campaigns. This shows that substantial systematic bias between these two quantities occurred during some 

campaigns, which also contributes to the large overall GSD. Despite considerable variability of BC properties and 

sources across the whole data set, it was not possible to clearly assign reasons for discrepancies to one or the other 

method, both known to have their own specific limitations and uncertainties. However, differences in the particle 

size range covered by these two methods were identified as one likely reason for discrepancies.  

Overall, the observed correlation between rBC and EC mass reveals a linear relationship with a constant ratio, 

thus providing clear evidence that both methods essentially quantify the same property of atmospheric aerosols, 

whereas systematic differences in measured absolute values by up to a factor of 2 can occur. This finding for the 

level of agreement between two current state–of–the–art techniques has important implications for studies based 
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on BC mass concentration measurements, for example for the interpretation of uncertainties of inferred BC mass 

absorption coefficient values, which are required for modelling the radiative forcing of BC. Homogeneity between 

BC mass determination techniques is very important also towards a routine BC mass measurement for air quality 

regulations. 

3.1 Introduction 

Light absorbing aerosols exert a positive radiative forcing through direct absorption of solar radiation. Moreover, 

their heating can change the atmospheric dynamics and thereby, cloud formation and lifetime (Samset et al., 2018). 

Despite the relatively small mass abundance of black carbon (8–17 %; Putaud et al. 2010), it dominates the aerosol 

light absorption in the atmosphere (Bond et al., 2013). Additional, significant contribution comes from brown 

carbon (Kirchstetter et al., 2004), tar balls (Adachi et al., 2019) and mineral dust (Sokolik and Toon, 1999).  

Black carbon aerosols possess a unique set of properties: they are refractory (Schwarz et al., 2006), strong 

absorbers of short– and long–wave radiation (Bond and Bergstrom, 2006), insoluble in water (Fung, 1990) and 

composed primarily of graphene–like sp2–bonded carbon (Medalia and Heckman, 1969). The source of black 

carbon is the incomplete combustion of hydrocarbon fuels, including fossil– and bio–fuels (Bond et al., 2013). 

BC mass concentration data from atmospheric measurements are used in many applications such as validation of 

model simulations (Grahame et al., 2014; Hodnebrog et al., 2014) and quantification of the mass absorption 

coefficient of BC (MACBC). The latter is defined as the ratio of the light absorption coefficient caused by BC to 

the BC mass concentration, and is a crucial parameter in modelling the BC radiative forcing (Matsui et al., 2018). 

For these reasons, it is important to assess the accuracy and comparability of different BC mass measurement 

techniques.  

There is neither an SI (International System of Units) traceable reference method nor a suitable standard reference 

material for quantifying BC mass (Baumgardner et al., 2012; Petzold et al., 2013). This presents a challenge for 

the long–term, routine monitoring of BC mass concentrations in observation networks such as GAW (Global 

Atmosphere Watch), ACTRIS (European Research Infrastructure for the observation of Aerosols, Clouds and 

Trace Gases) and IMPROVE (Interagency Monitoring of PROtected Visual Environments). The lack of a 

reference method is due to variability in the microstructure of BC produced by different combustion sources 

(Adachi et al., 2010), the difficulty of isolating BC from other particulate matter, and the lack of direct mass–

based methods selective to BC without interferences (Baumgardner et al., 2012).  

In practice, the BC mass is defined operationally through methodologies that use distinct physico–chemical and/or 

optical properties of BC in order to quantify its mass concentration in aerosols. The following three different 

techniques are most commonly applied: filter based thermal–optical evolved gas analysis (Huntzicker et al., 1982; 

Chow et al., 2007; Cavalli et al., 2010); laser induced incandescence (LII) (Schraml et al., 2000; Stephens et al., 

2003; Schwarz et al., 2006; Michelsen et al., 2015) and aerosol light absorption based methods (Rosen et al., 1978; 

Hansen et al., 1984; Arnott et al., 2003; Petzold et al., 2005). The specific terms used to refer to the mass of BC 

quantified by each of these three techniques are: elemental carbon (EC), refractory black carbon (rBC) and 

equivalent black carbon (eBC), respectively (Petzold et al., 2013). eBC mass measurements are not further 

addressed here, as they rely on prior knowledge or assumed values of the MACBC. Such prior knowledge is not 

required for thermal optical measurements of EC mass or for LII measurements of rBC mass. 

Thermal–optical analysis (TOA) and the LII technique both make use of the high refractoriness of BC to quantify 

its mass, although in a different manner. In comparing these two techniques, it is essential to define what is meant 

by BC. The popular Bond et al. (2013) definition of BC is, fundamentally, a summary of the properties of highly–

graphitized carbon found in soot particles. There are, however, other forms of light–absorbing carbonaceous 

particulate matter (PM), with different cross–sensitivities for TOA and LII. Building on earlier studies (e.g. Bond 

2001), Corbin et al. (2019) recently proposed a refined classification of light–absorbing carbonaceous PM into 

four classes: soot–BC, char BC, tar brown carbon and soluble brown carbon, and they provided an overview of 

the respective physico–chemical properties. This refined classification provides a useful framework in describing 

the responses of TOA and LII. For example tar brown carbon, an amorphous form of carbon, is sufficiently 

refractory to contribute to EC mass, whereas it is not sufficiently refractory to cause substantial interference in 
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rBC (Corbin and Gysel–Beer, 2019). Any work that compares BC measurement techniques should therefore 

consider the types of carbonaceous material present in the sample.  

Very few intercomparisons of EC mass and rBC mass are available in the literature, particularly when it comes to 

ambient aerosols, despite the fact that both methods are frequently applied these days. This means that the debate 

on the comparability of these two quantities is still largely unresolved. Some studies have shown that the two 

quantities can agree to within a few percent (Laborde et al., 2012b; Miyakawa et al., 2016; Corbin et al., 2019), 

while other studies have shown they can systematically differ by factors of up to 2 to 3 in either direction (e.g. 

Zhang et al., 2016; Sharma et al., 2017).  

In this work, we examined and quantified the level of agreement or disagreement between BC mass concentrations 

measured by the thermal–optical analysis and the LII technique. For this purpose, we compared co–located 

measurements of EC and rBC mass concentrations from field campaigns performed at several European sites 

(Bologna, Cabauw, Palaiseau and Melpitz) in order to sample different aerosol types. Care was taken to harmonize 

the applied methods: all thermal optical measurements were performed with the same temperature protocol 

(EUSAAR–2, European Supersites for Atmospheric Aerosol Research; Cavalli et al., 2010) and all SP2 

calibrations were done using the same calibration material. This first multi–site intercomparison allows us to more 

quantitatively assess the extent to which the EC and rBC concentration measurements agree or disagree with each 

other. Potential reasons for discrepancies such as different size cuts, calibration uncertainties and various 

interferences are discussed. 

3.2 Methods 

 

3.2.1  Sampling campaigns: measurements sites and experimental setup 

The observations presented here include measurements from five field campaigns at four different sites, three of 

which are part of the ACTRIS network (Aerosols, Clouds and Trace gases Research InfraStructure; 

www.actris.eu). Basic information (site and country, station code, coordinates, altitude and year/season) of each 

field campaign is summarized in Table S3.1.  

The Melpitz research site of TROPOS (Germany; 51° 32' N, 12° 56' E, 87 m a.s.l.) is located in the lowlands of 

Saxony, 41 km NE of Leipzig, Germany. The nearest village with about 230 inhabitants is 300 m east of the 

station. The site is representative for the regional background in Central Europe (Spindler et al., 2012, 2013) since 

it is situated on a flat meadow, surrounded by agricultural land (Spindler et al., 2010). The area is sometimes 

influenced by long–range transported air masses from source regions in eastern, south eastern and southern Europe 

which can contain, especially in winter, emissions from coal heating (van Pinxteren et al., 2019). Two separate 

field campaigns were performed in summer (from 6 May 2015 to 1 July 2015) and winter (from 2 to 23 February 

2017). During the two campaigns, the SP2 was placed behind a nafion dryer (model MD700, Perma Pure) with a 

PM10 inlet about 6 m above ground. The PM2.5 sampler for the OC/EC samples was placed nearby. The 

meteorological conditions and aerosol characteristics encountered during the campaigns are described by 

Altstädter et al. (2018) for the summer campaign and by Yuan et al. (2020) for the winter campaign.   

The KNMI (Koninklijk Nederlands Meteorologisch Instituut) Cabauw Experimental Site for Atmospheric 

Research (Netherlands; 51° 58' N, 4° 55' E, –0.7 m a.s.l.) is located in the background area of Cabauw, 20 km 

from Utrecht, 30 km from Rotterdam and 50 km from the North sea. The nearby region is agricultural in an 

otherwise densely populated area, and surface elevation changes are at most a few meters over 20 km. During the 

campaign, the SP2 was placed behind a nafion dryer (model MD700, Perma Pure) with a PM10 inlet situated 4.5 

m above the ground. The PM10 sampler, from which filters off–line OC/EC analyses were carried out, did not 

include a dryer in the sampling line in line with the GAW recommendations (GAW Report–No. 227). The 

measurements at this site were performed from 13 to 28 September 2016. The meteorological conditions and 

aerosol characteristics encountered during the campaign are described by Tirpitz et al. (2020). 

The Bologna measurements were performed at the main seat of CNR–ISAC (Consiglio Nazionale delle Ricerche 

– Institute of Atmospheric Sciences and Climate), in Bologna (Italy; 44° 31' N, 11° 20' E; 39 m a.s.l.). The site is 
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classified as urban background and is located in the Po Valley, a European pollution hot spot due to its orography, 

meteorological conditions and high presence of  human activities, resulting in a large number of anthropogenic 

emission sources (Vecchi et al., 2009; Putaud et al., 2010; Ricciardelli et al., 2017; Bucci et al., 2018). During the 

campaign, a PM2.5 sampler, not equipped with a drier, was situated at the ARPAE Supersito (inside CNR–ISAC 

area). The SP2 was located inside a fully instrumented mobile van in the CNR parking area, about 50 m away 

from the ARPAE Supersito. The instruments in the van were connected to two inlet lines situated on the top of 

the vehicle at a height of 3 m and connected to the main inlet line with an inner diameter of 5 cm; no size cut was 

performed. The sampled air was dried to below 30 % relative humidity using two custom–built, silica–gel–loaded 

diffusion driers. The data presented in this paper were collected from 7 to 31 July 2017. The meteorological 

conditions and the aerosol properties of this campaign are described by Pileci et al. (in preparation).  

The SIRTA Atmospheric Research Observatory (France; 48° 43' N 2° 12' E; 160 m a.s.l.) is situated in Palaiseau, 

25 km South of Paris. The station is characterized as suburban background (Haeffelin et al., 2005). This site is 

influenced both by fresh and aged black carbon mainly originating from the Paris area. It is impacted by road 

transport emissions all year round and residential wood burning during the winter (Laborde et al., 2013; Petit et 

al., 2015; Zhang et al., 2018). The SP2 along with many other instruments was installed in an air–conditioned 

trailer of the SIRTA measurement platform. For the OC/EC measurements, high–volume samplers with a PM2.5 

cut–off were available in the same area. The measurements were performed from 15 January to 15 February 2010. 

EC and rBC concentrations during this campaign have previously been published in Laborde et al. (2013).  

3.2.2 Thermal optical analysis  

 

3.2.2.1 Measurement principle, OC/EC split and involved artefacts 

In thermal–optical evolved gas analysis (TOA), carbonaceous particles deposited on a filter are thermally 

desorbed/reacted in order to determine the total carbon mass. This technique further divides the total carbon (TC) 

into EC and organic carbon (OC) according to the expectation that EC is refractory in an inert atmosphere while 

OC is not (Chow et al., 1993; Birch and Cary, 1996; Bond, 2001; Chow et al., 2004). Therefore, TOA provides 

operationally defined OC and EC mass rather than fundamental quantities. This basic binary split does not 

acknowledge that neither OC nor EC are well–defined materials. Instead, carbonaceous matter in aerosols 

populates the multidimensional space of chemical and physical properties more or less in a continuous manner 

(Saleh et al., 2018; Corbin et al., 2020). Nevertheless, the binary split approach aims at providing an operationally 

defined EC mass that corresponds to “true” BC mass as defined on a conceptual level by Bond et al. (2013) and 

Corbin et al. (2019) (see Sect. 3.1).  

In TOA analysis, the carbonaceous material deposited on a punch of a quartz–fibre filter is thermally desorbed 

through progressive heating; first in an inert atmosphere of pure helium (He) at multiple moderate temperatures 

(~500–700 °C) (inert mode) and then in an oxidizing atmosphere (98 % He and 2 % O2) at high temperature 

(~850 °C). The applied duration and the temperature of each step vary between different thermal protocols, as 

discussed below in Sect. 3.2.2.2. The evolving carbon is catalytically converted first to carbon dioxide (CO2) and 

then to methane (CH4). CH4 is then quantified using a flame ionization detector (FID) and reported as OC (inert 

mode) and EC (oxidizing mode) mass. The instrument type applied in this study and most commonly used to 

perform TOA measurements is the OC/EC analyser manufactured by Sunset Laboratory Inc. (Tigard, OR).  

Ideally, all OC would desorb in the inert He atmosphere and EC would exclusively burn off in the oxidizing O2 

atmosphere (Chow et al., 1993; Birch and Cary, 1996). In practice, a fraction of carbonaceous matter may be more 

refractory than the applied separation threshold, while not being BC in a strict sense. This would cause a positive 

bias in measured EC mass. In addition, a fraction of the OC can pyrolyze in the He step to form pyrolytic carbon 

(PC), which is thermally stable and only desorbs in the O2 step, thereby causing a charring artefact in the mutual 

quantification of OC and EC. To correct for this latter effect a laser at 658 nm is used in combined thermal–optical 

analysis to monitor the light transmission through the loaded filter before and during the analysis. The 

measurement principle behind this so-called thermal-optical transmission (TOT) correction approach is explained 

in Sect. S3.1. The charring correction can also be done using light reflectance (thermo–optical reflectance method; 
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TOR) instead of transmittance. As reported in the review paper by Karanasiou et al. (2015), EC values of 

atmospheric samples determined using the TOT method are often up to 30–70 % lower than those determined 

using the TOR method due to greater evaporation and saturation artefacts in the reflection approach (see Sect. 

S3.1). Therefore, all EC mass values reported in this study are based on the TOT method. 

The above described assumptions on the optical charring correction are only partially fulfilled, typically leaving 

charring artefacts as a main source of bias even for optically corrected EC mass data (Chow et al., 2004; 

Subramanian et al., 2006). Pyrolysis depends on many factors, including the amount and type of organic 

compounds, temperature steps in the analysis and the residence time at each temperature step. This makes the 

TOA technique sensitive to the aerosol type collected on the filter. Water extraction experiments have shown that 

water soluble organic carbon (WSOC) compounds are particularly prone to causing charring (Yu et al., 2002; 

Piazzalunga et al., 2011; Zhang et al., 2012; Giannoni et al., 2016). Samples with a high WSOC content come e.g. 

from biomass and wood burning (Hitzenberger et al., 2006; Reisinger et al., 2008; Chen et al., 2015). A filter 

water–washing step prior to TOA can be used to remove WSOC, thereby reducing charring artefacts and 

improving comparability of different protocols for EC mass measurements (Yu et al., 2002; Piazzalunga et al., 

2011). However, filter pre–washing is generally not applied in long–term monitoring TOA measurements for 

practical reasons (the washing step is time consuming). In these cases, the charring phenomenon can be reduced 

by adopting a thermal protocol with a sufficiently long residence time at each temperature step in the He 

atmosphere to allow for maximum OC evolution (Subramanian et al., 2006; Karanasiou et al., 2015).  

The OC/EC split can be also biased by EC pre–combustion: EC can thermally evolve in the presence of oxidizing 

species (Watson et al., 2005; Corbin et al., 2014, 2015), and soluble inorganic compounds (Chow et al., 2001; Yu 

et al., 2002) and metal salts (Aakko–Saksa et al., 2018) can catalyse EC pre–combustion. If the amount of EC 

undergoing pre–combustion is significant relative to the amount of PC formed during the analysis, the optical 

correction (transmittance or reflectance) is not able to account for it and this may cause an underestimation of the 

EC concentration.  

Moreover, soluble brown carbon on filters can affect the laser correction if it was evolving during the OC steps, 

thereby causing a positive EC artefact. However, soluble brown carbon absorbs much less per unit mass than EC 

at the red wavelength (λ = 635 nm) of the laser used in the thermal–optical instruments, since its absorbance 

decreases strongly from the blue–UV region of the electromagnetic spectrum towards the red region (Karanasiou 

et al., 2015). This reduces the potential interference of soluble brown carbon via the introduction of a bias in the 

optical charring correction. Recently, Massabò et al. (2019) developed a modified Sunset Lab Inc. EC/OC analyser 

to measure the brown carbon content in the sample by adding a second laser diode at λ = 405 nm. 

Tar brown carbon only evolves in the oxidizing step of TOA due to its refractoriness (Corbin et al., 2019). 

Therefore, it is assigned to EC independent of its light absorption properties. This is in contrast to LII, where tar 

brown carbon only gives marginal contribution to observed rBC mass (Sect. 3.2.3.3). 

Further artefacts in TOA analysis can be caused by carbonate carbon, as discussed in Wang et al. (2010), 

Karanasiou et al. (2015) and Querol et al. (2012). Thermal protocols can be designed to minimize this artefact by 

having most carbonate carbon evolve as OC (as is the case with the EUSAAR–2 protocol used in this work; Sect 

3.2.2.2). However, minor positive, carbonate-related artefacts in EC cannot be excluded (Karanasiou et al., 2011).  

3.2.2.2 EUSAAR–2 vs other existing protocols 

Many variants of thermal protocols exist for the thermal–optical analysis of EC mass (Bautista et al., 2015). The 

results presented in this study are based on the EUSAAR–2 protocol, which was developed by Cavalli et al. 

(2010). The EUSAAR–2 protocol was specifically optimized for aerosol typically encountered at European 

background sites, and it has recently been selected as the European standard thermal protocol to be applied in air 

quality networks for the measurement of TC (total carbon), OC, and EC in PM2.5 (particulate matter) samples 

(European Committee for Standardisation Ambient air, 2017; EN16909:2017). Besides EUSAAR–2, the  

IMPROVE–A (Interagency Monitoring of PROtected Visual Environments; Chow et al., 1993, 2007) and NIOSH 

(National Institute for Occupational Safety and Health; Birch and Cary, 1996) thermal protocols are also 
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commonly used for TOA analysis. Various NIOSH–like protocols (NIOSH–5040, NIOSH–840, NIOSH–850, and 

NIOSH–870) exist that are all modified versions of the Birch and Cary (1996) and Birch et al. (1999) protocols.  

Table 3.1 summarizes the differences between EC measured with EUSAAR–2 and with other protocols reported 

in previous literature studies, with a particular focus on the thermal protocols that are considered in this study (e.g. 

see Fig. 3.6). The use of different thermal protocols can result in a wide elemental carbon–to–total carbon variation 

by up to a factor of five (Cavalli et al., 2010). In general, it has been observed that protocols with a rather low 

peak temperature in the inert mode like EUSAAR–2 and IMPROVE generally classify more carbon as EC 

compared to the NIOSH protocol (Karanasiou et al., 2015). The EnCan–Total–900 protocol has much longer 

retention time at each temperature step compared to the IMPROVE and NIOSH methods and does not involve a 

charring correction (Huang et al., 2006; Chan et al., 2010).  

Table 3.1: Overview of reported differences between EC calculated with other protocols minus the EC calculated 

with the EUSAAR–2 protocol: (a) Han et al. (2016); (b) Cheng et al. (2013); (c) Karanasiou et al. (2015). 

Protocols  Relative difference compared to EUSAAR–2 (TOT) 

IMPROVE (TOR) ~ +25 % (a) 

IMPROVE–A (TOR) ~ –10 % (b) 

EnCan–Total–900 ~  ±25 % (c) 

 

 

3.2.2.3 Variability of EC measurements with the EUSAAR–2 protocol  

Given the artefacts involved in TOA analysis, different instruments can measure different EC concentrations for 

the same sample, even if the same thermal protocol is used. For this reason, the Joint Research Centre (JRC) 

European Reference Laboratory for Air Pollution (ERLAP) organizes annual instrumental inter–laboratory 

comparisons in order to harmonize measurements from different Sunset instruments that employ the EUSAAR–

2 protocol, which typically include 15 to 30 participants. The measurement performances are evaluated using 

several PM2.5 quartz fiber filters collected at a regional background site in Italy. Since the true concentrations of 

EC or TC in these ambient samples are unknown (due to the lack of suitable reference methods or materials), the 

expected concentrations are chosen (‘assigned’) as the robust averages (i.e. with outliers removed) of the TC and 

EC mass concentrations measured by all participants.  

The latest intercomparison yielded an EC/TC ratio repeatability (with the same instrument over time) of 3 % to 

8 % and a EC/TC ratio reproducibility (amongst different instruments) of 12 % to 17 % (across 21 participants), 

where the method precision becomes exponentially poorer toward lower TC contents (<10 µgC cm−2) and lower 

EC/TC ratios (<0.07) (EMEP/CCC–Report 1/2018). Table 3.2 presents EC bias and variability (see Sect. S3.2 of 

the SI for further information) for the instruments used in each campaign (based on data from the ERLAP 

intercomparison campaign that occurred most recently before or after the campaign in question). The Palaiseau  

campaign EC samples were analyzed by the Institute des Géosciences de l’Environnement (IGE, Grenoble), the 

Cabauw samples were analyzed by the Joint Research Center (JRC, Italy), the Melpitz (summer and winter) 

samples were analyzed by the Leibniz–Institut für Troposphärenforschung (TROPOS), and the Bologna campaign 

samples were analyzed by ARPAE. The EC bias and variability of the instrument used for analyzing the Bologna 

filter samples, which did not participate in a full ERLAP intercomparison, was determined by comparison with 

the JRC ERLAP reference instrument for nine filter samples from the Bologna campaign. The EC bias found was 

smaller than 20 % for all applied OC/EC analyzers, which is within the TOA measurement uncertainty. Therefore, 

we did not correct the EC measurements reported in this work for these biases.  

Blank filters were analyzed for all campaigns. The blank value for EC mass was always below detection limit or 

negligibly small compared to EC mass on loaded filter samples, such that applying a blank correction does not 

make a difference for the resulting EC mass concentration. 
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Table 3.2: Description of the methodology for EC mass concentration measurements: thermal protocol, sampling 

duration, inlet size cut, flow rate and performance during the ERLAP intercomparison, in relative terms for EC 

bias and variability (Sect. 3.2.2.3 and Eqs. S3.1 and S3.2).  

Station 

code 

Thermal 

protocol for 

mEC 

Sampling 

duration  

(h) 

Inlet 

size 

cut 

Flow rate  EC bias EC 

variability 

Palaiseau EUSAAR–2 

(TOT) 

12 PM2.5 30 m³ in 12 

hours 

–6.0 % 11.9 % 

Melpitz 

winter 

EUSAAR–2  

(TOT) 

24 PM2.5 30 m³ h–1 –6.0 % 4.3 % 

Melpitz 

summer 

EUSAAR–2 

(TOT) 

24 PM2.5 30 m³ h–1 16.1 % 4.4 % 

Cabauw EUSAAR–2 

(TOT)  

12 PM10 27.6 m³ in 12 

hours 

–6.7 % 3.0 % 

Bologna EUSAAR–2 

(TOT) 

24 PM2.5 38.3 L min–1 1.6 % 6.8 % 

 

Blank filters were analyzed for all campaigns. The blank value for EC mass was always below detection limit or 

negligibly small compared to EC mass on loaded filter samples, such that applying a blank correction does not 

make a difference for the resulting EC mass concentration. 

 

3.2.3 The Single Particle Soot Photometer (SP2) 

 

3.2.3.1  Principle of measurement 

Laser induced incandescence occurs when a high–intensity laser is used to heat light absorbing and highly 

refractory particles to high enough temperatures for them to emit considerable grey/blackbody radiation. LII can 

be used to quantify rBC carbon mass concentration in aerosols by detecting the emitted thermal radiation, which 

is approximately proportional to rBC mass. There are different instrumental approaches for LII using both pulsed–

shot lasers (Michelsen et al., 2015), and continuous–wave lasers, as in the commercially–available Single–Particle 

Soot Photometer (SP2, Droplet Measurement Technologies, Longmont, CO, USA). The SP2 quantifies the rBC 

mass in individual particles (Stephens et al., 2003; Schwarz et al., 2006; Moteki and Kondo, 2007). When aerosol 

particles enter the instrument, they are directed into the centre of an intra–cavity Nd:YAG laser beam with a 

wavelength of 1064 nm where they are irradiated. BC-containing particles absorb the laser light causing them to 

heat up and incandesce. Since the thermal radiation emitted by individual black carbon particles is proportional 

to the volume (and mass) of BC in the particle (Moteki and Kondo, 2010), this radiation intensity can be converted 

to rBC mass using an empirical calibration curve.  

3.2.3.2 rBC mass calibration  

 

The relationship between incandescence signal peak amplitude and BC mass depends on the BC type (Moteki and 

Kondo, 2010; Laborde et al., 2012a), which means the instrument should be calibrated with a material that 

represents the type of BC one seeks to measure. Unfortunately, many types of BC are found in the atmosphere, 

such that it is typically not possible to calibrate the SP2 specifically with atmospheric BC. Instead, a fixed 

calibration using commercial BC materials is commonly applied. Therefore, potential variation in the chemical 

microstructure of atmospheric BC results in uncertainty in rBC mass measurements.  
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Table 3.3: Description of the measurement methodology for rBC mass concentration adopted during each 

campaign, along with SP2 owner (Paul Scherrer Institute (PSI), Alfred Wegner Institut (AWI) and Institut de 

Géosciences de l’Environment (IGE), calibration material (fullerene soot batch), calibration method selection, 

and inlet size cut. 

Station code / 

campaign 

SP2 

owner 

Revision, 

acquisition card 

type 

Calibration 

material  

(fullerene soot 

batch) 

Size selection 

method for 

calibration 

Inlet 

size 

cut 

SP2 upper 

detection limit 

[nm] 

Palaiseau PSI C, 14 bits – 2.5 

MHz – 

8 channels 

Fullerene Soot 

(stock 40971, 

lot FS12S011) 

DMA PM10 439 

Melpiz 

winter 

AWI C, 14 bits – 2.5 

MHz – 8 

channels 

Fullerene Soot 

(stock 40971, 

lot W08A039) 

APM PM10 722 

Melpitz 

summer 

PSI C, 14 bits – 2.5 

MHz – 

8 channels 

Fullerene Soot 

(stock 40971, 

lot FS12S011) 

APM PM10 766 

Cabauw IGE C, 14 bits – 2.5 

MHz – 

8 channels 

Fullerene Soot 

(stock 40971, 

lot FS12S011) 

DMA  PM10 537 

Bologna PSI C, 14 bits – 2.5 

MHz – 

8 channels 

Fullerene Soot 

(stock 40971, 

lot FS12S011) 

DMA No 

size 

cut 

676 

 

In this study, two different batches of fullerene soot (Alfa Aesar; stock 40971, lots FS12S011 and W08A039) 

were used. The former is recommended as calibration material (Baumgardner et al., 2012) since it was shown to 

be suitable for quantifying BC in diesel engine exhaust (agreement within 10 % for rBC cores ≤ 40 fg; Laborde 

et al., 2012b). Calibrations using the latter batch agreed with those using the former batch within 5 %. In this 

work, three different SP2s (PSI, IGE, AWI) were used to acquire the data. This does however not contribute 

appreciably to uncertainties, since the reproducibility of measured rBC mass size distributions was shown to be 

±10 % during a large SP2 intercomparison involving six SP2s from six different research groups (Laborde et al., 

2012b). The SP2 used during the Melpitz campaigns was calibrated using an APM to select the calibration 

particles by mass. For the other campaigns a DMA was used for size selection and the corresponding particle mass 

was calculated using effective density data reported in (Gysel et al., 2011). The latter approach results in an 

additional error of about 10 %.  

3.2.3.3 Potential interferences and artefacts 

  

One of the strengths of the SP2 is that the incandescence signal is not perturbed by the presence of non–refractory 

matter internally or externally mixed with BC (Moteki and Kondo, 2007; Slowik et al., 2007). However, other 

types of highly refractory and sufficiently light–absorbing (at 1064 nm) material can incandesce in the SP2 laser. 

Therefore, SP2 measurements can potentially contain interferences from metals, metal oxides (Moteki et al., 

2017), volcanic ash and dust (rarely) (Kupiszewski et al., 2016). Fortunately, such materials are usually observed 

only rarely in atmospheric aerosols in large enough quantities to cause significant SP2 measurement artefacts. 

Furthermore, if they are present, in some cases their presence can be identified and ignored when calculating rBC 

mass. Specifically, potential interference can be determined with the use of the spectral bandpass filters, which 

permits the determination of the color temperature of incandescence (Moteki et al., 2017). Recently, Sedlacek et 

al. (2018) found that rBC–free organic particles that absorb light at 1064 nm can char and form rBC under 

sufficiently high SP2 laser power, resulting in an rBC overestimate. In general, this artefact is only likely to be 

relevant in biomass burning plumes that contain organic tar balls that can absorb light at 1064 nm (Sedlacek et 

al., 2018). Marine engines operated with heavy fuel oil can also produce tar particles, but Corbin and Gysel–Beer 
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(2019) found that the contribution of such particles to rBC mass was negligible. Furthermore, it is possible to 

distinguish incandescing tar particles from soot BC with SP2 measurements by examining the ratio of scattering–

at–incandescence to incandescence signals (Corbin and Gysel–Beer, 2019). 

3.2.3.4 SP2 detection efficiency and detection range 

The SP2 lower detection limit depends on both physical limitations of the detection technique and instrument 

parameters chosen by the operator (Schwarz et al., 2010). With optimal setup, the SP2 can reach unit counting 

efficiency for rBC mass 𝑚rBC ≈  0.12 fg (Schwarz et al., 2010; Laborde et al., 2012a), which corresponds to an 

rBC mass equivalent diameter of 𝐷rBC ≈ 50 nm using a void–free BC bulk density of 1800 kg m−3 (Moteki and 

Kondo, 2010). The lower cut–off size for unit counting efficiency can be larger if the SP2 is not optimally setup. 

Usually the SP2’s counting efficiency is robust down to 𝐷rBC ≈ 80 nm (𝑚rBC ≈ 0.48 fg). We only considered the 

data of particles with BC cores greater than 𝐷rBC = 80 nm in this study, as exact characterization of the cut–off 

curve was not performed in all campaigns. Note, poor counting efficiency for BC cores with greater mass than 

this limit has been reported by Gysel et al. (2012). PALAS soot, which is characterized by very small primary 

sphere size and very low fractal dimension, resulting in relatively enhanced heat loss. However, we are not aware 

of studies indicating reduced counting efficiency for atmospherically relevant BC particles, which have larger 

primary spheres and higher fractal dimension, compared to PALAS soot. 

The SP2 was operated downstream of inlets with a 50 % cut–off diameter at 10 µm in every campaign except for 

the Bologna campaign, where no external upper size cut was applied. In addition, the SP2 is unable to quantify 

rBC mass above a certain limit due to the saturation of the electronics that record the signals. This saturation limit 

can be varied via detector gains, with typical settings resulting in upper limits of quantification ranging from 

𝐷rBC ≈ 500 nm  to around 𝐷rBC ≈ 1 µm. Consequently, the total BC mass may be underestimated if BC cores 

greater than the upper limit of quantification contribute substantially to total BC mass. Recently, Schwarz (2019) 

evaluated an algorithm for reconstructing the peak incandescence intensity from the truncated incandescence 

signals of large BC cores. We did not apply this approach as it only allows increasing the upper limit of 

quantification by around 15 % in terms of 𝐷rBC without introducing substantial uncertainty in the upper limit of 

quantification. 

The SP2 has no lower number concentration detection limit (in the absence of leaks), while particle counting 

coincidence imposes an upper concentration limit when multiple BC particles cross the laser beam simultaneously. 

Coincidence only caused negligibly low bias in measured rBC mass concentrations for the concentration ranges 

that were encountered in this study.  

3.2.3.5 Methods to correct SP2 data for missing mass below LDL 

 

Two approaches are most commonly used to extrapolate the measured rBC mass size distribution and correct for 

the missing rBC mass  (Schwarz et al., 2006; Laborde et al., 2013). In this study, both methods were applied in 

order to assess the sensitivity to the correction approach (Sect. 3.3.1); based on this assessment the first of the two 

methods described below was determined to be preferable. The two methods are based on fitting the measured 

rBC mass size distribution with a unimodal lognormal function since BC mass size distributions are generally 

close to lognormally distributed (e.g. Fig. 3.1; and Schwarz et al., 2006; Reddington et al., 2013). 

A first approach to correcting SP2 rBC measurements for potentially missed mass is based on extrapolation of the 

measured size distribution below and/or above the SP2 detection limits. We hereafter refer to this as the 

“extrapolation method”. The corrected rBC mass, 𝑚rBC,corr
extrap

, is obtained as the sum of the measured mass, 

𝑚rBC,meas, and a correction term, ∆𝑚extrap: 

𝑚rBC,corr
extrap

=  𝑚rBC,meas + ∆𝑚extrap . (3.1)  
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Here, ∆𝑚extrap is obtained by fitting a lognormal function 
d𝑚fit

dlog𝐷rBC
 to the measured rBC mass size distribution and 

only considering potentially missed mass below the lower detection limit (LDL) of the SP2. No correction was 

applied for potentially missed mass above the upper detection limit (UDL) for two reasons explained in Sect. 

3.3.1.1. Using this approach, the correction term simplifies to the integrated mass of the lognormal fit in the size 

range below the LDL:  

∆𝑚extrap = ∆𝑚rBC<𝐿𝐷𝐿 =  ∫
d𝑚fit

dlog𝐷rBC
(𝐷rBC) dlog𝐷rBC 

𝐷LDL

0
. (3.2) 

A second commonly applied approach, hereafter referred to as the “fit method”, is based on the assumption that 

the true BC mass size distribution in the submicron size range exactly follows a lognormal function. Under this 

assumption, the corrected rBC mass, 𝑚rBC,corr
fit , is chosen as the integrated mass, 𝑚fit, of a lognormal fit to the 

measured rBC mass size distribution (which includes corrections for contributions below the LDL and above the 

UDL): 

𝑚rBC,corr
fit =  𝑚fit =  ∫

d𝑚fit

dlog𝐷rBC

(𝐷rBC) dlog𝐷rBC 

+∞

0

.  (3.3) 

The corrected BC mass obtained with this second approach is composed of four terms (Eq. 3.4), which are 

visualized in Fig. 3.1: i) the measured rBC mass, 𝑚rBC,meas (black solid line), ii) the rBC mass below the SP2 

detection limit, ∆𝑚rBC<𝐿𝐷𝐿 (red shading; Eq. 3.2), iii) the rBC mass above the SP2 detection limit, ∆𝑚rBC>𝑈𝐷𝐿 

(blue shading; Eq. 3.5), and iv) the residual area between the fit, 𝑚fit and the measured rBC mass integrated in the 

range from DLDL to DUDL (denoted as Δ𝑚fitresid; purple shading; Eq. 3.6):  

𝑚rBC,corr
fit =  ∆𝑚rBC<𝐿𝐷𝐿 +   ∆𝑚rBC>𝑈𝐷𝐿 +  𝑚rBC,meas +  Δ𝑚fitresid , (3.4) 

where 

∆𝑚rBC>𝑈𝐷𝐿 =  ∫
d𝑚fit

dlog𝐷rBC

(𝐷rBC) dlog𝐷rBC 
+∞

𝐷UDL

 (3.5) 

and 

Δ𝑚fitresid =  ∫  
d𝑚fit

dlog𝐷rBC

(𝐷rBC) −
d𝑚meas

dlog𝐷rBC

(𝐷rBC) dlog𝐷rBC 
𝐷UDL

𝐷LDL
. 

(3.6) 

Note that with this definition Δ𝑚fitresid has a negative value for the example shown in Fig. 3.1. The correction 

term in the case of the fit method is naturally defined as the difference between the corrected and the measured 

rBC mass: 

∆𝑚fit =  𝑚fit −  𝑚rBC,meas . (3.7) 

From Eqs. (3.4) and (3.7), one can derive: 

∆𝑚fit =  ∆𝑚rBC<𝐿𝐷𝐿 +   ∆𝑚rBC>𝑈𝐷𝐿 + Δ𝑚fitresid . (3.8) 

Comparing the missing mass correction terms of the two approaches given in Eqs. (3.1) and (3.3) shows that the 

corrected rBC mass differs by the sum of two physically meaningful quantities, the fit residual and the extrapolated 

rBC mass above the UDL: 

𝑚rBC,corr
fit − 𝑚rBC,corr

extrap
= ∆𝑚rBC>𝑈𝐷𝐿 + Δ𝑚fitresid . (3.9) 
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The results of these two approaches are compared and discussed in relation to the different datasets used in this 

study in Sect. 3.3.1.1. Outside of Sects. 3.3.1.1 and 3.3.1.2, Figs. 3.1, 3.2 and S3.1, and Table 3.4, this manuscript 

applies the first method (Eq. 3.2) to quantify rBC mass. 

 

Figure 3.1: Approach to correct for the rBC mass outside the rBC core size range covered by the SP2 for the 

Melpitz winter (panels a and c) and the Melpitz summer (panels b and d) campaigns. The bottom two panels show 

the measured rBC mass size distribution as a function of rBC core mass equivalent diameter, including the SP2 

detection limits DLDL and DUDL. The lognormal functions are fitted between DLDL and Dfit,upper. The integrated area 

of the red, purple, and blue shadings correspond to ∆𝑚rBC<𝐿𝐷𝐿, Δ𝑚fitresid and ∆𝑚rBC>𝑈𝐷𝐿, respectively (see Sect. 

3.2.3.5). The top two panels additionally show the same shadings after subtraction of the measured size 

distribution (and measurement forced to be zero outside the SP2 detection range). The average mass size 

distributions of the other campaigns are represented in Fig. S3.1. 

3.2.4 Auxiliary measurements 

 

3.2.4.1 Aerosol size distribution 

In the Melpitz winter and summer campaigns, aerosol number size distributions in the diameter range from 3.8 to 

770 nm were measured with a mobility particle size spectrometer (MPSS), custom built by Wiedensohler et al. 

(2012), which consists of a differential mobility analyzer (DMA) and a condensation particle counter (CPC). The 

DMA was operated with a sheath air flow of 10 L min−1 and the aerosol number size distribution was measured 

every 20 minutes. During the Cabauw campaign, a modified version of a commercially available scanning 

mobility particle sizer (TSI SMPS 3034) provided the number size distribution of the aerosol in the diameter range 

from 10 to 470 nm. No size information is available for the Palaiseau and Bologna campaigns. 

3.2.4.2 Absorption Ångström exponent (AAE) inferred from Aethalometer data 

The Aethalometer measures the light attenuation through a sample filter that is continuously loaded with aerosol 

(Hansen et al., 1984). The raw attenuation coefficient (𝑏atn) is calculated from the rate of attenuation change with 

time. The relationship between attenuation coefficient and absorption coefficient of the deposited aerosol particles 

is linear for low attenuation values but saturation occurs when the attenuation values are high (Weingartner et al., 

2003). Therefore, the measurements must be corrected for this “loading effect” in order to obtain a corrected 
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attenuation coefficient (𝑏atn,corr ) (Virkkula et al., 2007; Drinovec et al., 2015). The attenuation coefficient is 

greater than the absorption coefficient due to multi–scattering effects within the filter matrix, described with a 

proportionality constant C. 

From a pair of 𝑏atn,corr  at two different wavelengths, 𝜆1 and 𝜆2, it is possible to calculate the absorption Ångström 

exponent, AAE(𝜆1, 𝜆2), a coefficient commonly used to describe the spectral dependence of the aerosol light 

absorption coefficient (Moosmüller et al., 2009): 

AAE(𝜆1, 𝜆2) = − 
ln (𝑏atn,1,corr (𝜆1))

ln (𝑏atn,1,corr (𝜆2))
 
ln (𝜆2)

ln (𝜆1)
  (3.10) 

Note that since the Aethalometer C–value has only a small spectral dependence (Weingartner et al., 2003; Corbin 

et al., 2018), it is possible to infer the AAE directly from the corrected attenuation coefficient, as is done in this 

work. 

The AAE provides an indication on the sources of BC (Zotter et al., 2017). The light absorption of particles from 

traffic emissions is dominated by BC, which has an AAE of ~1. By contrast, wood burning emissions contain a 

mixture of BC and co–emitted brown carbon. Light absorption by brown carbon has a much stronger spectral 

dependence than BC, such that the mixture has an AAE between ~1 and 3 (Kirchstetter et al., 2004; Corbin et al., 

2018). This makes relative apportionment of BC to traffic and wood burning sources based on aerosol AAE 

possible. However, this simple approach only works in the absence of additional BC sources or light absorbing 

aerosol components (e.g. from coal combustion).  

In this paper the AAE values were calculated with the formula presented in Eq. (3.10) with 𝜆1 = 470 nm and 𝜆2 = 

950 nm. Aethalometer AE–31 (Magee Scientific) instruments were used during the Palaiseau and Cabauw 

campaigns. These measurements were corrected for the loading effect with the algorithm developed by 

Weingartner et al. (2003). In the other campaigns, Aethalometer AE–33 (Magee scientific) instruments were used. 

These data did not need further correction since the algorithm developed by Drinovec et al. (2015), which takes 

into account the filter loading effect, is incorporated in the instrument. However, the AE33 firmware correction 

was not working properly during Bologna campaign. Therefore, these data were corrected using the Weingartner 

et al. (2003) correction. 

3.3 Results and discussion 

 

3.3.1 rBC mass potentially missing below the LDL of the SP2 

 

3.3.1.1 Comparison of two approaches to correct for the truncated rBC mass  

In the following, we compare the results from the two different approaches for estimating the missing rBC mass 

concentration outside the size range covered by the SP2 (see Sect. 3.2.3.5).  

Typically, the measured size distributions only approximately followed a lognormal distribution. We chose to 

infer and present the missed rBC mass estimate based on fitting across the range from 80 nm to 300 nm. In 

addition, the sensitivity to the fitted range was assessed. The estimated missed rBC mass below the SP2 LDL 

increased by up to 11 % of the measured mass when increasing the lower fit limit from 80 nm to 100 nm, i.e. 

around the SP2 LDL. This provides evidence that the extrapolation towards the smallest BC cores is not strongly 

affected by the SP2 counting efficiency performance, which could potentially be degraded in this range. The fit 

approach used the total area of a lognormal fit to rBC mass size distributions to obtain the correct rBC mass. 

Sensitivity analyses done with fitting to a manually prescribed upper limit between 200 nm and 400 nm showed 

that the fit results were insensitive to the choice of this upper limit for valid fits. Therefore, a fixed fit range from 

80 nm to 300 nm, which always provided good match between measured and fitted size distribution around the 

mode of the distribution, will be used in the remainder of this manuscript for missing mass corrections. The 

validity of the fits was determined by comparing the fitted peak location with the mode of the measured data. Data 
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were only fitted to a manually prescribed upper limit, and the fit results were insensitive to the choice of this upper 

limit for valid fits, while larger deviations occurred for invalid fits. 

Table 3.4: Estimates of potentially missed rBC mass for the two methods (∆𝑚extrap and ∆𝑚fit), summands 

contributing to it (∆𝑚rBC>𝑈𝐷𝐿 and Δ𝑚fitresid), and modal diameter of the averaged rBC mass size distribution, all 

separately listed for each campaign. The size range of 80–300 nm rBC mass equivalent diameter was chosen for 

fitting the measurement. The sensitivity of the results to this choice was negligible, as discussed in the text.  

Mass fractions/ 

Campaigns  

∆𝑚extrap [%] 

( ∶= ∆𝑚rBC<𝐿𝐷𝐿) 

∆𝑚fit[%] ∆𝑚rBC>𝑈𝐷𝐿[%] Δ𝑚fitresid[%] 𝐷rBC,mode [nm] 

Bologna 24.1 ± 6.4 17.8 ± 7.4 0.2 ± 0.3 –6.5 ± 1.9 118.6 ± 0.3 

Cabauw 22.4 ± 4.9 19.7 ± 4.6 0.7 ± 0.3 –3.4 ± 1.0 127.2 ± 0.4 

Melpitz summer 24.5 ± 8.5 20.5 ± 7.3 0.4 ± 0.3 –4.5 ± 3.7 142.9 ± 0.3 

Melpitz winter 2.9 ± 2.1 2.5  ± 1.4 1.1 ± 0.4 –1.5 ± 1.5 227.9 ± 0.7 

Palaiseau 20.3 ± 8.7 18.0 ± 7.0 2.5 ± 2.0 –4.9 ± 2.1 136.7 ± 0.3 

 

Detailed results of the missing mass correction are listed in Table 3.4. The extrapolation method and the fit method 

provide comparable results. It can be seen that ∆𝑚extrap varied in the range 3–25 %, while ∆𝑚fit varied between 

3–21 %. Considerable variability in missing mass correction between campaigns occurred due to differences in 

the rBC mass size distribution, especially differences in the average modal diameters, which is also listed in Table 

3.4. As shown in Eq. (3.9), the extrapolation and the fit methods for missing mass correction differ by the sum of 

the fit residual (Δ𝑚fitresid) and the extrapolated mass above the UDL (∆𝑚rBC>𝑈𝐷𝐿). The opposite signs and 

comparable magnitudes of these two terms (Table 3.4), shown as purple and blue shadings in Figs. 3.1 and S3.1, 

have partially compensating effects, resulting on average in only 3 % difference between the two missing mass 

correction methods.  

The systematic difference between measurement and fit for rBC mass equivalent diameters near the UDL of the 

SP2 (Figs. 3.1 and S3.1) could indicate either the presence of a second lognormal mode that is centered at a larger 

diameter than the main mode, or an inaccurate extrapolation of the incandescence signal calibration for masses 

greater than 64 fg (𝐷rBC = 408 nm). As both effects make extrapolation of the rBC mass size distribution above 

the UDL uncertain, we decided to apply the extrapolation method in this study. As explained in Sect. 3.2.3.5 (Eqs. 

3.1 and 3.2), the extrapolation method only uses the fit below the LDL of the SP2 to estimate missing rBC mass. 

This ensures a well–defined upper cut–off in terms of rBC core mass for the corrected rBC mass concentration 

results. In the following, all reported rBC mass concentrations are corrected with the extrapolation method 

(Eq. 3.2) with fit range chosen from 80 nm to 300 nm, unless otherwise stated. 

The missing mass correction results for the Melpitz winter campaign are significantly different from those for the 

Melpitz summer and all other campaigns (Fig. 3.1, Fig. S3.1 and Table 3.4). Specifically, the missed mass 

percentage for the Melpitz winter campaign is less than 3 %, while it is between 18 % and 24.5 % for the other 

campaigns. This is due to the fact that the Melpitz winter rBC core mass size distribution peaks in the middle of 

the SP2 detection range, with 𝐷rBC,mode = 227.9 nm (Fig. 3.1 and Table 3.4). This is not the case for the other 

campaigns, where, as shown in Table 3.4, the average rBC mass size distributions have their maximum between 

118.6 and 142.9 nm (Figs. 3.1 and S3.1). This could indicate that in Melpitz during the winter the BC source was 

different from that of the other campaigns of this work. Indeed, with a back–trajectory analysis on the same 

dataset, Yuan et al. (2020) showed that the period between 5 and 14 February 2017 was characterized by air 

masses transported from south–east Europe, where coal is still used as fuel (Spindler et al., 2013). Coal combustion 



54 
 

and biomass burning produce rBC size distributions with larger modal diameter than traffic emissions (Bond et 

al., 2013; Liu et al., 2014; Schwarz, 2019). 

3.3.1.2 Limits to rBC mass missed in small BC cores imposed by the BC particle number  

The presence of an additional mode of small particles below the lower detection limit of the SP2 would introduce 

an error in the above extrapolation calculations. Indeed, a substantial fraction of nascent soot particles emitted by 

combustion engines is usually below the detectable size range of the SP2. Count median diameters (CMD) of 

non–volatile particle size distributions in aircraft turbine exhaust range from 15 to 40 nm (Lobo et al., 2015; 

Durdina et al., 2017, 2019) while unfiltered gasoline direct injection and Diesel engines have larger CMD values 

ranging from 50 to 100 nm (Burtscher et al., 2001; Momenimovahed and Olfert, 2015).   

The existence of additional modes of BC cores at diameters below the SP2 lower detection limit has been 

hypothesized based on the observation of ‘upticks’ in rBC mass size distributions at the LDL of the SP2 (i.e. 

increasing particle concentration with decreasing mass equivalent diameter as the SP2 LDL is approached) (Liggio 

et al., 2012; Cappa et al., 2019). Cappa et al. (2019) performed multi–modal fits to measured SP2 size distributions 

with upticks assuming fixed modal diameter (47 nm) and geometric standard deviation (1.63) of the lognormal 

mode lying below the SP2 LDL. These authors estimated that the campaign average mass concentration of the 

hypothesized small mode of BC particles was as large as 52 % of the total measured rBC mass concentration. 

While upticks at the lower end of SP2 size distributions may indicate the presence of an additional mode of small 

rBC particles, it should be noted that these upticks might also represent measurement artefacts. SP2 measurements 

of rBC cores with diameters below 100 nm are sensitive to small variations in fitted calibration curves and it is 

difficult to perform accurate calibration measurements near the LDL of the SP2 (Laborde et al., 2012a). 

Nevertheless, we cannot exclude presence of an undetected mode with small modal diameter between around 

40 nm and 60 nm BC core size in our studies. Even smaller mode diameter is considered unlikely because such 

small particles can be found only in the proximity of a source (Zhu et al., 2006). Larger mode diameter is 

unrealistic in our campaigns because we did not see any sign of the upper tail of such a hypothetical mode at the 

bottom end of the BC size distribution measured by the SP2. 

The mass of BC particles below the lower detection limit of the SP2 (𝐷rBC < ~80 nm) can be estimated by 

measuring the total number concentration of non–volatile particles by thermo–denuded MPSS measurements, 

assuming that BC particles dominate the number of nonvolatile (NV) particles remaining after thermal treatment 

(Clarke et al., 2004). Miyakawa et al. (2016) employed this approach to conclude that the fraction of small rBC 

particles with 𝐷rBC less than around 80 nm did not contribute substantially to the total rBC mass concentrations 

measured at an industrial site south of Tokyo, Japan. In the absence of such thermally–treated measurements, we 

assume 30 % of total measured particle number concentration as an upper limit for total BC particle number 

concentration (Wehner et al., 2004; Reddington et al., 2013; Cheung et al., 2016). This provides, after subtraction 

of the BC particle number concentration measured by the SP2, an upper limit (𝑛limit) for the undetected BC particle 

number concentration. 
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Figure 3.2: Relationship between rBC mass equivalent diameter, BC particle number concentration and rBC mass 

concentration for perfectly monodisperse BC aerosol (magenta cross and lines illustrate an example of this 

unambiguous relationship). The oblique dashed–dotted black grid represents isolines of constant rBC mass 

concentration. The continuous oblique lines represent the observed uncorrected rBC mass concentrations 

(campaign geometric mean values). The horizontal dashed lines represent the upper number concentration limit 

(𝑛limit), calculated as difference between assumed maximum minus measured BC particle number concentration. 

The figure can be read in two ways: the intersects of the horizontal lines with rBC mass concentration isolines 

provide an upper limit for the maximal undetected rBC mass concentration if the undetected mode peaks at the 

diameter where the intersect occurs. Alternatively, when the horizontal dashed line crosses the corresponding 

oblique line of equal color (e.g. red point if we consider Melpitz summer), this corresponds to a maximal 

contribution of rBC mass concentration in small undetected particles equal to the observed value. If we consider 

Melpitz summer as an example (red point) this happens for a BC mass mode of 44 nm. The grey shading indicates 

that the modal diameter of a hypothetical mode undetected by the SP2 is expected to be between 40 nm and 60 nm. 

Based on the discussion in Sect. 3.3.1.1, we applied in this study the extrapolation method to correct for estimated 

rBC mass below the SP2 LDL (∆𝑚extrap in Table 3.4). The resulting corrections are smaller than the upper limit 

imposed by BC particle number as discussed here. Hence, it cannot be excluded that the truly missed mass was 

larger than accounted for. The conservative estimate based on the BC particle number considerations suggests 

that the missing mass could be as large as 23 % (applied correction: 3 %), 125 % (applied correction: 22 %), 

263 % (applied correction: 25 %) for the Melpitz winter, Cabauw and the Melpitz summer campaigns, 

respectively.  

3.3.2 Comparison of observed EC and rBC mass concentrations 

Here we aim at a quantitative comparison of rBC (after correction using Eq. 3.2) and EC mass concentrations 

measured by the SP2 and the thermal–optical method, respectively. Figure 3.3 shows a scatter plot of time–

resolved data using distinct colours for each campaign (rBC data averaged according to the sampling periods of 

the EC samples). Figure S3.2 presents the corresponding statistics of the rBC to EC mass ratio and Table 3.5 

reports all statistical parameters. The median values of the rBC to EC mass ratio lie between the arithmetic and 

geometric means, indicating distributions that are between the normal and lognormal distribution (Fig. S3.2). For 

this reason, we adopted the median when reporting the ratio of the two quantities and in the figures (lines in Figs. 

3.3 and 3.6), and the geometric standard deviation (GSD) to report the 𝑚rBC/𝑚EC  variability (Table 3.5). 
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Considering all data points from all campaigns, the median value of 𝑚rBC/𝑚EC was 0.92 with a GSD of 1.5. That 

is, 𝑚rBC was on average 8 % smaller than 𝑚EC, and 68 % of the individual data points fell into the range within a 

factor of 1.5 around the geometric mean ratio. Accordingly, the overall statistics for these two quantities agree 

closely, with geometric mean values (GSD) of 0.41 (2.60) μg m−3 and 0.47 (2.46) μg m−3 for 𝑚rBC and  𝑚EC, 

respectively, both ranging from 0.05 to 3.22 μg m−3 (Fig. 3.3). 

The above result suggests a very small overall systematic bias between rBC and EC mass on average. However, 

a look at the statistics calculated for each campaign separately (Table 3.5 and Fig. S3.2) reveals a slightly different 

picture: the variability of the rBC to EC mass ratio is considerably smaller for individual campaigns, with GSDs 

typically around 1.2–1.3, and the systematic bias on campaign level is substantially greater than the overall bias, 

with median ratios ranging from 0.53 to 1.29. During the Melpitz winter campaign, 𝑚rBC was on average 29 % 

higher than mEC with 𝑚rBC and mEC geometric means of 1.20 (2.64) μg m−3 and 0.97 (2.16) μg m−3, respectively. 

During the Melpitz summer campaign, 𝑚rBC was comparable to 𝑚EC within 3 %, with respective geometric means 

of 0.17 (1.57) μg m−3 and 0.18 (1.54) μg m−3. For the Bologna summer campaign, the median rBC to EC mass 

ratio was 0.65, with 𝑚rBC and 𝑚EC geometric means of 0.40 (1.46) μg m−3 and 0.64 (1.45) μg m−3. The largest 

difference was found in Cabauw, with a median rBC to EC mass ratio of 0.53 and geometric means of 𝑚rBC and 

𝑚EC of 0.46 (1.62) μg m−3 and 0.86 (1.63) μg m−3, respectively. During the Palaiseau campaign, 𝑚rBC was 20 % 

higher than 𝑚EC; this value is somewhat higher than the value of 15 % previously published in Laborde et al. 

(2013), which is explained by the fact that here we used the 𝑚rBC/𝑚EC median value instead of the result of the 

linear fit. 
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Figure 3.3 rBC mass concentration versus EC mass concentration for the five campaigns studied in this paper. 

The median rBC to EC mass ratios are shown as lines for each campaign. Uncertainties of EC measurements as a 

function of EC and TC filter surface loadings as well as EC/TC mass ratio are presented in Fig. S3.3 and discussed 

in Sect. 3.3.3.2. 
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Table 3.5: 𝑚rBC and 𝑚EC statistics per campaign: median, arithmetic and geometric mean, geometric standard 

deviation (GSD), standard deviation (SD), 10th and 90th percentiles and number of data points.  

 Palaiseau Cabauw* Melpitz 

summer 

Melpitz 

winter 

Bologna All the 

campaigns 

𝑚rBC median  

(10th , 90th)  

[µg m–3] 

0.85  

(0.34, 1.55) 

0.47  

(0.27, 0.83) 

0.17  

(0.09, 0.29) 

1.41  

(0.29, 3.56) 

0.44  

(0.26, 0.61) 

0.41  

(0.13, 1.44) 

𝑚EC* median  

(10th , 90th),  

[µg m–3] 

0.71  

(0.32, 1.36) 

0.92  

(0.45, 1.47) 

0.19  

(0.11, 0.31) 

0.92  

(0.45, 1.47) 

0.56  

(0.45, 1.01) 

0.47  

(0.14, 1.44) 

𝑚rBC geometric 

mean (GSD),  

[µg m–3] 

0.77 (1.88) 0.46 (1.62) 0.17 (1.57) 1.20 (2.58) 0.40 (1.46) 0.41 (2.60) 

𝑚EC geometric mean 

(GSD),  

[µg m–3] 

0.68 (1.83) 0.86 (1.63) 0.18 (1.54) 0.97 (2.16) 0.64 (1.45) 0.47 (2.46) 

𝑚rBC/𝑚EC    

geometric mean 

(GSD) 

1.13 

(1.40)** 

0.53 (1.19) 0.92 (1.26) 1.23 (1.32) 0.63 (1.23) 0.88 (1.50) 

𝑚rBC/𝑚EC    

arithmetic mean 

(SD) 

1.20 (0.51) 0.54 (0.11) 0.95 (0.24) 1.28 (0.33) 0.65 (0.14) 0.96 (0.41) 

𝑚rBC/𝑚EC   median  

(10th , 90th) 

1.20  

(0.72, 1.50)  

0.53  

(0.44, 0.64) 

0.97 

(0.63, 1.23) 

1.29  

(0.76, 1.58) 

0.65  

(0.49, 0.82) 

0.92 

(0.51, 1.42) 

# data points  39 32 55 21 7 154 

* EC mass was measured in PM2.5, except for the Cabauw campaign, where PM10 samples were collected. 

** The statistics of the rBC to EC mass ratio for the SIRTA campaign is strongly influenced by one outlier (see 

Fig. 3.3). Ignoring this outlier would provide a geometric mean ratio of 1.09 and a GSD of 1.32. 

3.3.3 Discussion of level of agreement between the rBC and EC mass concentration measurements 

 

In this section, we test different hypotheses for the observed differences between rBC and EC mass. 

3.3.3.1 Differences in upper cut–off diameters and in inlet losses  

Differences in the upper cut–off diameters for the EC and rBC mass measurements are a potential source of 

discrepancy. The EC mass measurements presented in Fig. 3.3 relate to an upper 50 % cut–off at an aerodynamic 

particle diameter Daero = 2.5 µm at ambient RH (Table 3.2), except for Cabauw, where a PM10 inlet was used. The 

SP2 measurements were mostly taken behind PM10 inlets. However, the SP2 has a more stringent intrinsic UDL, 

which varied from 𝐷UDL = 439 nm to 766 nm BC core mass equivalent diameter, depending on the campaign 

(Table 3.3). To explore the possibility that BC particles with diameters between the UDL of the SP2 and 2.5 µm 

aerodynamic diameter contributed to the discrepancies between 𝑚rBC and 𝑚EC, the SP2–related mass equivalent 

diameters (𝐷ve) were converted to aerodynamic diameters (𝐷aero). This was done by numerically solving Eq. 

(3.11), where 𝐶C is the Cunnigham slip correction factor, 𝜌p the particle density, 𝜌0 = 1000 kg m−3 and χ is the 

particle dynamic shape factor (more details in Sects. S3.3 and S3.4 of the SI): 
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𝐷ve = 𝐷aero √
𝜌𝑜 𝜒 𝐶𝐶(𝐷aero)

𝜌𝑝𝐶𝐶(𝐷ve)
 . (3.11) 

During the Melpitz winter campaign, the intrinsic UDL was at 𝐷rBC = 722 nm. The aerodynamic diameter of 

externally mixed bare BC cores of this size varies from around 𝐷aero = 625 nm for fractal–like shape to 970 nm 

for compact shape (Table S3.3). For coated BC particles, the corresponding dry aerodynamic diameter ranges 

from around 1140 nm to 1660 nm for coating to core mass ratios of 1:1 and 6:1, respectively. The actual BC 

mixing state was measured by Yuan et al. (2020), though at smaller core diameters. Using these data as a constraint 

provides around 1320 nm as a best estimate for the dry aerodynamic diameter. However, the impactor for the filter 

sampling is operated at ambient RH, which means that hygroscopic growth affects the cut–off diameter. Potential 

hygroscopic growth was assessed as described in Sect. S3.4. Accordingly, the aerodynamic diameter of particles 

with BC cores size at the SP2 UDL increases up to 1610 nm and 2230 nm at 80 % and 95 % RH, respectively, for 

the best estimate BC mixing state. Externally mixed bare BC particles are not affected by hygroscopic growth. 

Based on this analysis, it can be expected that the intrinsic SP2 UDL translates to a cut–off varying between PM1 

and PM2.5, or even slightly smaller or greater under extreme assumptions. This statement also applies for the 

Melpitz summer campaign, where the SP2 UDL differed only marginally from that of the Melpitz winter campaign 

(Table 3.3).  

Since during the Melpitz campaigns the EC mass concentrations were measured behind both PM1 and PM2.5 inlets, 

we were able to calculate the fraction of EC mass in particles with aerodynamic diameters between 1 and 2.5 µm 

out of the total EC mass in PM2.5. Fig. 3.4a and 3.4b indicate that between 10 and 60 % of EC PM2.5 mass was 

present in the large size fraction (1–2.5 µm, indicated as EC2.5−1) for the majority of measurements during both 

the Melpitz winter and summer. These EC2.5−1 fractions are greater than the longer–term average values at the 

Melpitz site, which is potentially related to the fact that coal combustion was a likely source of EC particles with 

diameter between 1 and 2.5 µm at the Melpitz site, at least during the winter campaign (van Pinxteren et al., 2019; 

Yuan et al., 2020). 

 

Figure 3.4: Histogram of (𝑚EC_PM2.5 − 𝑚ECPM1
)/ 𝑚EC_PM2.5 for Melpitz winter (panel a, on the left) and summer 

(panel b, on the right) campaigns. The area with the oblique grey lines indicates the non–physical part in which 

𝑚EC_PM2.5 < 𝑚EC_PM1, reflecting the uncertainty in the EC measurements. 

The facts that the EC2.5−1 fraction contributed on average around 30 to 40 % EC mass in PM2.5 during the Melpitz 

campaigns, and that the SP2 BC particle cut–off is likely between PM1 and PM2.5, makes it possible that upper 

cut–off related differences contribute to the discrepancies between measured rBC and EC mass seen in Fig. 3.3. 

However, additional covariance analyses of the EC2.5−1fraction with the rBC to EC bias did not provide a 

conclusive result. Furthermore, such cut–off effects should rather result in an rBC mass being lower than the EC 
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mass, opposite to the result for the Melpitz winter campaign. This indicates the presence of other effects/biases, 

which over–compensated for the mass between 1 and 2.5 µm that the SP2 was not able to detect.  

Concerning Cabauw, the EC2.5−1fraction could be a potential cause of the observed low rBC mass to EC mass 

ratio, given that EC was measured behind a PM10 inlet and that the SP2 cut–off was at 𝐷rBC = 537 nm, resulting 

in a wider upper cut–off gap than during the other campaigns. However, the rBC modal diameter measured by the 

SP2 was the second lowest of all campaigns (Table 3.4 and Fig. S3.1), which makes a potential bias originating 

from the lower end of the BC size distribution more likely. A closer assessment is however not possible as no 

PM1 EC samples are available, which also applies for the other sites. 

Differences between 𝑚rBC and 𝑚EC can also come from differences in the inlet line losses. Particle losses can be 

caused by the presence of a dryer in the inlet line to which the SP2 was connected. In this work, the dryer losses 

are estimated to be less than 10 % (see further details in Sect. S3.5). Although this is, therefore, not the major 

contributor to the observed discrepancies, it should be addressed in future campaigns. 

3.3.3.2 Filter loading and EC/TC ratios 

Filter overloading with EC can interfere with the optical detection of pyrolytic carbon, potentially leading to a 

systematically low bias in the reported EC mass concentrations. For aerosol collected at an urban location, Ram 

et al. (2010) reported that linearity between transmission and EC surface loading was maintained when EC surface 

loading was kept below 8.0 μg cm−2. Figure S3.3a presents the observed rBC to EC mass ratios as a function of 

EC surface loading. Several samples collected during the Melpitz winter campaign exceeded the above loading 

threshold (red shading). However, the rBC to EC mass ratio of these data points was very similar to the other filter 

samples of the Melpitz winter campaigns with lower surface loading. Moreover, no systematic trend exists 

between surface loading and rBC to EC mass ratio for all other campaigns, where EC surface loading anyway 

stayed below the above threshold (Table S3.2). Instead, the bias depends systematically on the campaign as 

already shown above. Consequently, filter overloading cannot explain the 𝑚rBC– 𝑚EC_PM2.5 discrepancy during the 

Melpitz winter campaign, or for the other campaigns of this study. 

The precision of thermal–optical EC mass measurements has been found to degrade at TC surface loadings <10 

μg cm−2 and at low EC to TC mass ratio (Sect. 3.2.2.3). Figure S3.3b presents the observed rBC to EC mass ratios 

as a function of TC surface loading, which frequently dropped to low values between 2 and 10 μg cm−2 during 3 

out of the 5 campaigns (Table S3.2). However, this analysis does not suggest increased random noise nor 

systematic bias caused by low TC surface loading (points within red shaded area). Instead, systematic campaign–

dependent bias dominates again. 

OC/EC split related artefacts in thermal–optical EC mass are more likely to occur at low EC/TC mass ratios. 

Figure S3.3c presents the observed rBC to EC mass ratios as a function of EC/TC mass ratio. No systematic 

dependence on EC/TC was found, except possibly for the Melpitz winter campaign. However, multiple other 

aerosol properties exhibited covariance with EC/TC on a campaign–to–campaign basis, as will be addressed in 

Sect. 3.3.4. Causality hence remains elusive.   

3.3.3.3 Systematic EC and rBC bias due to the presence of particular types of particulate matter such as 

brown carbon or biomass burning BC  

As discussed in Sect. 3.2.3.2, the SP2 sensitivity depends on the BC type. Therefore, differences in the BC 

properties between the atmospheric rBC samples and the calibration material may result in systematic bias. The 

AAE of an aerosol provides information on brown carbon co–emitted with BC and through this on potential BC 

sources (Sect. 3.2.4.2). Figure 3.5 presents the relation of 𝑚EC and 𝑚rBC, color–coded by the AAE to investigate 

a possible influence by the presence of brown carbon. Three zones can be distinguished (see also Table S3.4 for 

AAE statistics): the upper part of the figure, with 𝑚BC > 0.3 µg m−3 and 𝑚rBC > 𝑚EC, represents data collected 

during the winter campaigns of Melpitz and Palaiseau, with an AAE above average (> 1.2; blue symbols) and 

geometric mean AAE values of 1.36 and 1.38, respectively. The lower right part of the figure, with 𝑚BC >
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0.3 µg m−3 and 𝑚rBC < 𝑚EC, represents data from Bologna and Cabauw, with 0.8 < AAE < 1.2 and geometric 

mean AAE values of 1.04 (red symbols). The data in the lower left part of the graph, with 𝑚BC < 0.3 µg m−3, 

represent Melpitz summer data, with AAEs between 0.93 and 1.28 (up triangle markers). While there is a general 

increase in the relative difference between 𝑚EC– 𝑚rBC with increasing AAE when considering all campaigns (Fig. 

S3.4), it is not explained with the AAE variability within an individual campaign (marked with different colours). 

Furthermore, tar brown carbon has been shown to be assigned to EC mass (Sect. 3.2.2.1), while it does not 

contribute to rBC mass (Sect. 3.2.3.3). Such tar brown carbon interference would cause a negative relationship of 

data points as presented in Fig. S3.4, which was not observed. Hence, the observations do not provide evidence 

of substantial fraction of tar brown carbon in total EC in daily averaged samples. We conclude that the variation 

of BC sources and carbonaceous aerosol composition, as implied by AAE variability, may contribute to variations 

in the discrepancy between 𝑚EC and 𝑚rBC, while not being the main driver of it.  

 

Figure 3.5: rBC mass concentration versus EC mass concentration for all campaigns of this study color–coded 

by the absorption Ångström exponent of each data point. 
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3.3.4 Reconciliation of sources of discrepancy between rBC and EC mass 

The results presented in Fig. 3.3 and discussed in Sect. 3.3.2 showed agreement within 8 % between rBC and EC 

mass concentrations when averaging over all data points from all campaigns. High correlations were found for 

individual campaigns, however, with large variability of the campaign median rBC to EC mass ratios, ranging 

from 0.53 to 1.29. The analyses presented in Sect. 3.3.3.3 (Figs. 3.5 and S3.4) suggest some relationship between 

observed discrepancy and BC source type. However, many aerosol properties related to potential artefacts are 

cross–correlated, which makes it difficult to identify causal reasons. 

The lowest rBC to EC mass ratios of 0.53 and 0.65 were observed during the Bologna and Cabauw campaigns 

(Table 3.5). The sampled aerosol during these two campaigns was characterized by smallest BC core sizes, highest 

EC/TC ratios and lowest AAE of ~1. The latter shows that BC was dominated by traffic sources. This is the type 

of ambient aerosol, for which the EC mass measurement should be quite reliable (e.g. Khan et al., 2012). The 

common calibration approach of the SP2 (see Sect. 3.2.3.2) should only cause limited bias in this case, as it was 

tailored to match the instrument sensitivity of rBC. Coarse BC particles with sizes between the upper cut–off 

diameter of the SP2 and the PM inlet cut–off diameter of the EC sampling may contribute to the rBC mass being 

lower than EC mass, though the analyses presented in Sect. 3.3.3.1 did not provide a clear result on the importance 

of this effect. At the lower end of the BC mass size distribution, rBC mass data were corrected for the missed rBC 

mass associated with small BC cores (Sects. 3.2.3.5 and 3.3.1.1). However, this correction would not account for 

an additional BC mode below the SP2 cut–off, as e.g. hypothesized by Liggio et al. (2012) and Cappa et al. (2019), 

nor could presence of such a mode be excluded by means of particle number–based considerations. 

The results for the Melpitz winter campaign are different in many aspects: highest average rBC to EC mass ratio 

of all campaigns (1.29), largest BC core sizes, highest EC filter loading, and highest AAE  (Tables S3.2 and S3.4). 

Large artefacts from missed rBC mass below the SP2 LDL could be excluded with number–based considerations 

(Sect. 3.3.1.2). The aerosol contained a substantial fraction of coarse BC, based on parallel EC measurements 

made with PM1 and PM2.5 inlet cut–off diameters. The SP2 might have missed some of these coarse particles. 

However, this effect likely caused less than 20 % negative bias in rBC mass concentration, which would have 

made the discrepancy between rBC and EC mass greater rather than smaller. Based on previous studies (van 

Pinxteren et al., 2019) and measured AAE, the BC contained substantial contributions from coal burning and/or 

wood burning emissions. For wood burning BC, this could result in rBC mass that is low by less than ~20 % due 

to potentially lower sensitivity of the SP2 (Laborde et al., 2012a). The sensitivity of the SP2 to BC from coal 

burning is unknown, but the bias is expected to be <30 %. As for the EC, the analyses presented in Sects. 3.3.3.2 

and 3.3.3.3 did not provide evidence of a clear bias of the EC mass measurements in one or the other direction. 

An agreement within 15 % between rBC and EC mass was observed for the Melpitz summer and Palaiseau  

campaigns (Table 3.5), where the pertinent aerosol and BC properties assumed mean values compared to the range 

covered by data from all campaigns. This finding does not exclude compensating errors in one or both 

measurements. However, no clear evidence for such errors was observed. 

3.3.5 Comparison with previous rBC and EC intercomparison studies 

In this section, we put our results into context with previous rBC and EC mass intercomparison studies available 

in the literature. Figure 3.6 contains a compilation of co–located measurements presented as a scatter plot. The 

data collected in this study are shown with green points, the corresponding median ratio is shown by the green 

line, and the green area illustrates the 1 GSD range around the geometric mean value. In the same graph, data 

from previously published ambient, lab and chamber studies are reported, including labels indicating the thermal–

optical protocol used for the EC measurements. Further information on the data shown Fig. 3.6 is given in 

Table S3.5 (SP2 calibration material, 𝑚EC cut–off, TOA thermal protocol, period, location, site characteristics or 

aerosol source, and average result of the intercomparison).  

The data points of the previous studies are scattered around the 1:1 line and the majority of them lie within the 

1 GSD range of this study. Therefore, the previous studies confirm the finding that the TOA and the SP2 

techniques both provide a consistent measurement of BC mass within the uncertainties of either technique. More 

specifically, the chamber experiments with CAST soot by Laborde et al. (2012b) show agreement between rBC 
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and EC mass within 15 % (topmost cyan point in Fig. 3.6). Such close agreement is not surprising as the sample 

comprised almost pure BC, which simplifies the EC mass measurement, and the BC mass size distribution was 

almost completely within the range covered by the SP2. Corbin et al. (2019) investigated exhaust from a four–

stroke ship diesel engine (brown triangles in Fig. 3.6). Close agreement within a few percent was achieved under 

engine operation conditions under which the emitted refractory carbon was dominated by soot–BC. By contrast, 

rBC to EC mass ratios substantially smaller than unity were observed when operating the engine under conditions 

leading to a high fraction of tar brown carbon in the exhaust. This discrepancy could be attributed to a positive 

interference in EC mass caused by tar balls. Miyakawa et al. (2016) measured ambient aerosol at an urban location 

and found very high correlation and close agreement (within 7 %) between rBC and EC mass (after applying line 

loss corrections, since they found the particle transmission efficiency of the diffusion dryer of the SP2 line to be 

84 %). Zhang et al. (2016) reported an average rBC to EC mass ratio of 0.72 for an urban background site, with 

all data points highly correlated and therefore within the green shading. During the campaign at a remote Arctic 

site by Sharma et al. (2017), the rBC mass was found to be a factor of 0.51 lower than the EC mass, with half of 

the data points lying outside the green shading. They attributed this large bias to two potential reasons: first, due 

to filter loadings being around the limit of quantification of the TOA, and second, due to large charring bias, 

causing EC mass overestimation despite optical correction. The mean EC mass uncertainty during the campaign 

was ~ 28 %, reaching values as high as 80 % during summer due to very low EC mass concentrations.  

 

Figure 3.6: EC mass concentration vs rBC mass concentration for the datasets studied in this work and other 

published data.    
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As discussed in Sect. 3.2.2.3 and shown in Table 3.1, the difference in the thermal–optical protocols used to 

quantify 𝑚EC, can result in a bias of ±40 %. For example, the geometric mean ratio between rBC and EC mass of 

the Zhang et al. (2016) data points would increase from 0.72 to 0.96, if they had been measured with the 

EUSAAR–2 protocol, or if the 25 % systematic difference between the IMPROVE and EUSAAR–2 protocols as 

reported by Han et al. (2016) were applied (see Table 3.1). However, our campaign–to–campaign variability of 

the rBC to EC mass ratio of roughly ±50 % using the same TOA protocol, (Fig. 3.3), can be even bigger than the 

variability associated with a different TOA protocol for the same sample. Therefore, the rBC mass measured by 

the SP2 cannot be used to identify the optimal TOA protocol. 

3.4 Conclusions 

In this work co–located EC and rBC mass concentration measurements from five field campaigns performed in 

the time period 2010–2017 across several European sites (Palaiseau, Bologna, Cabauw and Melpitz) were collated 

and examined to identify the differences between BC mass concentrations measured by the thermal–optical 

analysis and the LII technique. All EC concentration measurements were performed with the EUSAAR–2 thermal 

protocol, with the TOT technique on quartz filters sampled with high volumes with PM2.5 cut–off (except for the 

Cabauw campaign during which PM10 was sampled). All the OC/EC TOA instruments used to perform the EC 

analysis were compared at the JRC European Reference Laboratory for Air Pollution (ERLAP) to check the EC 

bias and variability. All rBC mass concentration measurements were performed with SP2s. Three different SP2 

instruments (PSI, IGE and AWI) were used in these campaigns, calibrated with the same standard material, 

fullerene soot, using two different batches, which produced almost identical calibration curves. The mass of BC 

cores smaller than the lower SP2 detection limit was calculated for all the campaigns including sensitivity 

analyses. The estimates of missed rBC mass outside the detection range of the SP2 was found to vary between 

campaigns due to differences in the size distributions of the BC particles.  

The observed rBC and EC mass concentrations correlated well with each other. However, the median of the 

observed rBC to EC mass ratios varied from 0.53 to 1.29 from campaign to campaign. Potential reasons for 

discrepancies are as follows: source–specific SP2 response, the possible presence of an additional mode of small 

BC cores below the LDL of the SP2, differences in the upper cut–off of the SP2 and the inlet line for the EC 

sampling, or various uncertainties and interferences from co–emitted species in the EC mass measurement. The 

discrepancy between rBC and EC appears to be systematically related to the BC source, i.e. traffic versus wood 

and/or coal burning. However, it was not possible to identify causalities behind this trend due to potential cross–

correlations between several aerosol and BC properties relevant for potential biases. For future intercomparison 

studies, it is important to constrain the upper cut–off and potential inlet losses of both methods in such a manner 

that these can be excluded as a source of discrepancy.  

The comparison with already published studies showed that most of the rBC to EC mass ratio data points of the 

other campaigns were within 1 GSD of the median and GSD found in this work. Although in this work, all EC 

concentrations were measured by the EUSAAR–2 protocol, we note that our reported variability in the rBC to EC 

mass ratio is greater than the variability expected between EC concentrations measured by different thermal 

protocols. 

From this study, we conclude that the two methods essentially measure the same quantity, i.e. both provide an 

operationally defined measure of atmospheric BC mass in good overall agreement. However, systematic 

discrepancies up to ~±50 % were observed at some sites. Lack of a traceable reference method or reference 

aerosols combined with uncertainties in both of the methods, made it impossible to clearly quantify the sources 

of discrepancies, or to attribute them to one or the other method. 
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Supplement of: Comparison of co–located rBC and EC mass 

concentration measurements during field campaigns at several 

European sites 
 

S3.1. Further details concerning the optical correction in thermal optical analysis (TOA) 

During TOA analysis a fraction of the OC can pyrolyze in the He step to form pyrolytic carbon (PC), which is 

thermally stable and only desorbs in the O2 step, thereby causing a charring artefact in the mutual quantification 

of OC and EC. To correct for this latter effect a laser at 658 nm can be used to monitor the light transmission 

through the loaded filter before and during the analysis. PC is strongly light absorbing, thus leading to a decrease 

of the transmission signal when it forms upon heating in the inert atmosphere. Later, in the oxidizing atmosphere, 

both PC and EC are released from the filter resulting in an increase of the transmission signal. The time at which 

the transmission equals again the initial pre–pyrolysis value is used to separate OC and EC, depending on whether 

the carbon evolved before or after this “split point”, respectively. This thermal–optical transmittance (TOT) 

approach to correct for PC eliminates potential charring artefacts if the PC has the same mass–specific attenuation 

cross section as the atmospheric native EC (Yang and Yu, 2002), and if no other light–absorbing material evolves 

from the sample.  

Instead of using light transmission, the charring correction can also be done with light reflectance (i.e., thermal-

optical reflectance, TOR). EC values determined using TOT can be up to 30 – 70 % lower than those determined 

with TOR (Karanasiou et al., 2015), because the evaporation of non–absorbing particulate matter during heating 

affects the reflectance to a greater extent than the transmission signal. Furthermore, high loadings of EC result in 

saturation effects of both optical signals, again to a greater extent for the reflection compared to the transmission 

method (Chiappini et al., 2014). These two effects result in better reproducibility and accuracy of the TOT based 

OC/EC split compared to the TOR approach.  

S3.2. Calculation of variability and bias 

The variability (QAV) is defined as the relative standard deviation given by the 95 % confidence limit, thus: 

𝑄𝐴𝑉 =  
𝑛

√6
  [ 𝑚𝑎𝑥 (

𝑅𝐷𝑖

𝑇𝑖
) −  𝑚𝑖𝑛 (

𝑅𝐷𝑖

𝑇𝑖
) ] (S3.1) 

 

Where RDi =  Li − Ti , with Li and Ti representing the laboratory and expected concentrations, respectively.   

The bias (QAB) is defined as the median of the percentage of the ratio between RDi and Ti 

QAB = median ⌊
𝑹Di

Ti
 %⌋.   (S3.2) 

 

S3.3. The Cunningham slip correction 

The Cunningham slip correction factor, CC, is used to account for non–continuum effects when calculating the 

drag force on small particles. CC depends on the particle diameter, D, the mean free path of the surrounding gas, 

𝜆, and on the experimental coefficients α, β and γ (Cunningham, 1910; Seinfeld and Pandis, 2006). 

CC(𝐷) = 1 +
2𝜆

𝐷
 [α + βe−

γ𝐷

𝜆  ]   (S3.3) 

with α = 1.257,  β = 0.4, γ = 1.1, λ = 6.5 10−8 m 
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S3.3. Hygroscopic growth factor 

Hygroscopic growth affects the cut–off imposed by impactors operated at ambient RH. Here we provide simplified 

equations to calculate the volume equivalent diameter growth factor, GF, of BC–containing particles coated with 

a mixture of organic and inorganic matter. The GF is calculated using κ–Köhler theory (Petters and Kreidenweis, 

2007): 

GF(RH) = (1 + 𝜅tot
RH

1−RH
)1/3  (S3.4) 

where the hygroscopicity parameter of the mixed particle, 𝜅tot, is obtained with the ZSR–mixing rule written as 

(Petters and Kreidenweis, 2007): 

𝜅tot =  𝜀BC𝜅BC  +  𝜀org𝜅org +  𝜀inorg𝜅inorg  (S3.5) 

The hygroscopicity parameters 𝜅 of BC, organics and inorganics are assumed to be 0, 0.1 and 0.5, respectively 

(Engelhart et al., 2012). The volume fraction, 𝜀x, of compound class “x” in the particle can be calculated using: 

 𝜀x =  
𝑚x

𝑚tot
 

𝜌tot

𝜌x
  (S3.6) 

where 𝑚x is the mass of “x” in the particle, 𝑚tot is the total particle mass. 𝜌x is the material density of “x”, which 

is assumed to be 1800 kg m−3, 1200 kg 𝑚−3 and 1700 kg 𝑚−3 for BC, organics and inorganics, respectively. The 

mixed particle density, 𝜌tot, is obtained with: 

𝜌tot =
1

 
𝑚BC
𝑚tot

 𝜌BC+  
𝑚org

𝑚tot
 𝜌org  +  

𝑚inorg

𝑚tot
 𝜌inorg

  (S3.7) 

 

S3.4. Dryers and losses 

Differences in 𝑚rBC and 𝑚EC mass concentration can also come from differences in the losses of the respective 

sampling inlets. Particle losses can be caused by the presence of a dryer in the inlet line. The dryer technology 

offers different dryer types including diffusion and membrane dryers. Diffusion dryers use chemical adsorbents 

such as silica gel for the minimization of aerosol losses. When the aerosol passes through the tube, the silica 

adsorbs water vapor, therefore this chemical needs to be changed and regenerated on a regular basis. Membrane 

dryers are elastic tubes based on water vapor–permeable polytetrafluoroethylene (PTFE). Commercially available 

membranes are products such as Nafion®: a sulfonated tetrafluoroethylene working as permeable membrane in 

which water vapor molecules are transported. 

In any case, particle losses by diffusion across the dryer should be accounted for in the data processing. This is 

done by calculating an equivalent tube length, which is longer than the actual dryer length (Wiedensohler et al., 

2012).  

In this work we calculate the diffusion losses when dryers were present in the inlet lines. A diffusion dryer was 

placed in front of the SP2 line during the Bologna campaign; while the EC line had none. The particle transmission 

efficiency of the diffusion dryer for a flow rate of 2 L min–1 was evaluated to be less than 10 % on average on the 

size range of the SP2 measurements. Nafion dryers (model MD–700, Perma Pure) were set in front of the SP2s in 

the Melpitz and Cabauw campaigns. The diffusion losses through them were calculated with the hypothesis of 

laminar flow and were found to be negligible. The particle loss due to the presence of a dryer in the inlet line does 

not seem to be the main reason of the 𝑚rBC and 𝑚EC_PM2.5 discrepancies for the campaigns of this study. For this 

reason we did not correct the rBC mass concentrations for this effect. 
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Table S3.1: site, station code, coordinates, altitude and year/season of the field campaigns presented in this work. 

Site (country) Station code Coordinates Altitude 
Year/season 

Palaiseau (FR) Palaiseau 48.713° N 2.208° E 160 
2010/winter 

Melpitz (DE) Melpitz 51°32' N, 12°56' E  86 

2017/winter 

and 

2015/summer 

Cabauw (NE) Cabauw 51° 58' N, 4° 55' E –0.7 
2016/autumn 

Bologna (IT) Bologna 44° 31' N, 11° 20' E 39 
2017/summer 

 

Table S3.2: The first three columns show median, 10th and 90th percentiles of EC, TC and EC/TC filter loading. 

The last four columns show minima and maxima of EC and TC filter loadings for the field campaigns of this 

study.  

Station 

code 

EC 

filter loading 

median  

(10th,  90 th)  

[µg cm−2] 

TC 

filter loading 

median 

(10 th,  90 th) 

[µg cm−2] 

EC/TC 

filter 

loading 

median  

(10th,  90 th) 

[µg cm−2] 

Min EC 

filter load 

[µg 

cm−2] 

Max EC 

filter load 

[µg cm−2] 

Min TC 

filter load 

[µg 

cm−2] 

Max TC 

filter 

load 

[µg 

cm−2] 

Palaiseau 
1.66 

(0.76, 3.19) 

9.79  

(5.02, 24.03) 

0.14  

(0.09, 

0.30) 

0.44 7.53 3.72 
37.56 

Melpitz 

winter 

4.30 

(1.50, 11.08) 

44.73  

(9.77, 

110.72) 

0.11  

(0.09, 

0.17) 

0.93 12.53 5.45 115.03 

Melpitz 

summer 

0.90 

(0.48, 1.43) 

12.47  

(6.93, 19.08) 

0.08  

(0.05, 

0.10) 

0.25 2.30 4.76 24.43 

Cabauw 
1.47 

(0.71, 2.34) 

6.87  

(3.78, 14.95) 

0.18  

(0.12, 

0.29) 

0.48 3.44 2.92 
19.10 

Bologna 
2.49 

(1.84, 2.66) 

15.50  

(13.20, 

17.72) 

0.16  

(0.11, 

0.19) 

1.63 2.74 12.46 
18.42 
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Table S3.3: In this table the aerodynamic particle diameter  𝐷aero corresponding to the upper SP2 cut–off, which 

depends on the BC mass equivalent diameter, 𝐷ve (calculating starting from the BC core mass equivalent diameter, 

𝐷rBC, knowing the particle mixing state), is given for different extreme hypotheses concerning particle shape (χ), 

mixing state and relative humidity (RH). The calculations are made with the hypothesis of fixed density of BC 

core 𝜌
rBC

 = 1800 kg 𝑚−3 and with the hypothesis of coating made by half organic material with 𝜅𝑜𝑟𝑔= 0.1 and 

𝜌org = 1200 kg 𝑚−3 and half inorganic material with 𝜅𝑖𝑛𝑜𝑟𝑔= 0.5 and 𝜌inorg = 1700 kg 𝑚−3 . From these hypothesis 

and knowing the ratio between the mass of the coating material, 𝑚coat and the mass of the BC core, 𝑚rBC, the total 

particle density, 𝜌P, can be calculated. The mixing state of the last example particle is constrained with SP2 

measurements during the Melpitz winter campaign. 

 
𝐷rBC 
[nm] 

𝜌P 
[kg m−3] 

𝜅tot 𝐷ve 
[nm] 

Dry 

GF 

(RH = 

80 %) 

𝐷ve [nm] 

(RH = 

80 %) 

GF 

(RH = 

9 5%) 

𝐷ve [nm] 

(RH = 

95 %) 

𝐷aero 
[nm] 

Dry 

𝐷aero 

[nm] 

(RH = 

80 %) 

𝐷aero 

[nm] 

(RH = 

95 %) 

Fractal–like pure BC:  

χ = 2.4  (Park et al., 

2003)  

722.0 1800.0 0.0 722.0 1.0 722.0 1.0 722.0 625.3 625.3 625.3 

Spherical pure BC:  χ = 

1 

722.0 1800.0 0.0 722.0 1.0 722.0 1.0 722.0 968.7 968.7 968.7 

Coated BC: χ = 1,  

𝑚coat= 𝑚rBC 

722.0 1579.4 0.1 909.7 1.2 1063.1 1.6 1423.4 1143.2 1336.0 1788.8 

Coated BC:  χ = 1,  

𝑚coat= 6𝑚rBC 

722.0 1452.2 0.2 1381.1 1.2 1722.4 1.8 2432.5 1664.4 2075.6 2931.3 

Coated BC with coating 

as observed during the 

Melpitz Winter 

campaign:  

χ = 1, 𝑚coat= 2.33 

[0.99–3.17] 𝑚rBC 

722.0 1505.2 0.2 1078.2 1.2 1310.4 1.7 1815.9 1322.8 1607.7 2227.9 

 

Table S3.4: AAE (470,950) statistics for the campaigns in this study: median, geometric mean, 10th and 90th 

percentiles and number of data points. 

 Palaiseau Cabauw Melpitz summer Melpitz winter Bologna 

AAE median (10, 90) 1.35 

 (1.24, 1.53) 

1.05  

(0.97, 1.12) 

1.19  

(1.09, 1.26) 

1.40  

(1.28, 1.50) 

1.03  

(1.01, 1.07) 

AAE geometric mean 1.36 1. 04 1.18 1.38 1.04 

# points 34 32 49 20 7 
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Table S3.5: Summary of site name, country, SP2 calibration material, mEC cut–off and TOA thermal protocol, 

sampling period, site characteristics and geometric mean of the 𝑚rBC/𝑚EC ratio for all the data. *One data point  

 SP2 

Calibration 

Material 

𝑚𝐸𝐶  cut–off/ 

TOA Thermal 

technique 

Site name, 

country 

Season/year 

and site 

characteristics 

𝑚𝑟𝐵𝐶 /𝑚𝐸𝐶   

median 

Palaiseau Fullerene 

Soot 

PM2.5/ 

EUSAAR–2 

Paris, France Jan/Feb 2010 

suburban 

background 

1.20 

Cabauw Fullerene 

Soot 

PM10/ 

EUSAAR–2 

Cabauw, 

Netherlands 

Oct 2016 

rural background 

0.53 

Bologna Fullerene 

Soot 

PM2.5/ 

EUSAAR–2 

Bologna, Italy July 2017 

urban 

background 

0.65 

Melpitz winter Fullerene 

Soot 

PM2.5/ 

EUSAAR–2 

Melpitz, 

Germany 

Feb 2017 

rural background 

1.29 

Melpitz 

summer 

Fullerene 

Soot 

PM2.5/ 

EUSAAR–2 

Melpitz, 

Germany 

July 2015 

rural background 

0.97 

Zhang et al. 

(2016) 

Fullerene 

Soot 

PM2.5/ 

IMPROVE 

Fresno, 

California, USA 

Jan/Feb 2013 

urban 

background 

0.70 

Miyakawa et 

al. (2016) 

Fullerene 

Soot 

PM2.5/ 

IMPROVE–like 

Yokosuka, Japan Summer 2014  

June 17 – 27  

urban 

1.07 

Sharma et al. 

(2017) 

Aquadag 

scaled to 

Fullerene  

Soot 

PM1/ 

EnCan–Total–

900 

Nunavut, Canada From Mar 2011 

to Dec 2013 

remote site 

0.55 

Corbin et al. 

(2019) 

Fullerene 

Soot 

PM1/ 

IMPROVE–A 

(washed) 

– Chamber study – 

four–stroke ship 

diesel engine 

1.03* 

Laborde et al. 

(2012b) 

Fullerene 

Soot 

NIOSH–5040 – Chamber study – 

CAST soot 

1.10* 
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Figure S3.1: Approach to correct for the rBC mass outside the rBC core size range covered by the SP2 for the 

Bologna (panels a and d), the Palaiseau (panels b and e) and the Cabauw (panels c and f) campaigns. The bottom 

three panels show the measured rBC mass size distribution as a function of rBC core mass equivalent diameter, 

including the SP2 detection limits DLDL and DUDL. The lognormal functions are fitted between DLDL and Dfit,upper. 

The integrated area of the red, purple, and blue shadings correspond to ∆𝑚rB,<𝐿𝐷𝐿, Δ𝑚fitresid and ∆𝑚rBC>𝑈𝐷𝐿, 

respectively (see Sect. 3.2.3.5). The top three panels additionally show the same shadings after subtraction of the 

measured size distribution (and measurement forced to be zero outside the SP2 detection range). 

Figure S3.2: Statistics (10th, 25th, 50th, 75th and 90th percentiles, arithmetic and geometric means, SD and GSD) of 

the rBC to EC mass ratio (𝑚rBC/𝑚EC) per campaign (panel a) and with all the campaigns of this work (panel b).  
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Figure S3.3: rBC mass concentration versus EC filter loading (panel a), TC filter loading (panel b) and EC/TC 

mass ratio (panel c). The red shaded areas in panel (a) and (b) indicate the high EC surface loading and the low 

TC surface loading areas respectively.  

 

 

Figure S3.4: Relative difference between 𝑚rBC and 𝑚EC versus the AAE(470,950) coloured by campaign. 
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Abstract. Black carbon (BC) particles are the main light–absorbing component of atmospheric aerosols. They 

affect the climate system globally and regionally, and are damaging to human health. The characterization of the 

spatio–temporal variability of the physical and optical properties of black carbon particles is of great importance 

in evaluating their climate and health effects; this is particularly relevant in the Po Valley (in the northern part of 

Italy), one of the most polluted regions in Europe and home to almost 20 million inhabitants.  

Optical properties of atmospheric aerosol indicated that the main BC source contribution in summer in the Valley 

occurred by traffic emissions. The stationary measurements at the CNR site indicated that the diurnal cycles of 

BC properties were dominated by the interplay of local sources, wind direction changes, and planetary boundary 

layer (PBL) dynamics. For instance, the average mass absorption cross–section of refractory BC at 637 nm 

(MACrBC
637 nm) increased from 12.2 to 16.0 m2 g−1 based on SP2 measurements, and from 8.1 to 11.5 m2 g−1 based 

on thermal–optical elemental carbon (EC) measurements (MACEC
637 nm); the minima occurred in the morning when 

fresh traffic emissions dominated the aerosol loading, and the maxima occurred in the afternoon when PBL height 

increased and aged particles dominated BC mass.  

The spatial variability was investigated by driving on two different types of roads (highways and provincial roads) 

which were 10 km distant and roughly parallel to each other. The  MACrBC
637 nm values increased by 39 % from the 

highway to the provincial roads. The observation of the average rBC mass size distributions and the absorption 

Ångström exponent (AAE) supported the hypothesis that mixing of freshly emitted BC with aged background BC 

was the dominant process responsible for this MACrBC
637 nm difference. Moreover, the results from aerosol mass 

spectrometry confirmed this interpretation, showing that it is more likely to find externally mixed organic aerosol 

(OA) on the highway, and more internally mixed OA on the provincial roads.  

A clear positive relationship was found between the number fraction of thickly coated BC particles and the 

MACrBC
637 nm value, while the variation in BC core size was too small to explain the variations in the MACBC values. 

Therefore, the variation in BC mixing state was the main factor driving the MACBC variability, indicating that 

atmospheric aging increases the MACBC value via the “lensing–effect” by up to a factor of 2. 
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4.1  Introduction 

Black carbon (BC) is a type of carbonaceous material emitted from anthropogenic and natural combustion 

processes. Although BC represents a small fraction (around 10 % by mass) of the total atmospheric aerosol (Lanz 

et al., 2010; Putaud et al., 2010), it plays an important role in the Earth system, impacting living organisms and 

climate (Soto et al., 2008; Grahame et al., 2014). Black carbon is the main light–absorbing component of 

atmospheric aerosols (Moosmüller et al., 2009; Liu et al., 2020). It influences Earth’s climate by both aerosol–

radiation interactions and aerosol–cloud interactions (Jacobson, 2001; Bond, 2013). Through these effects and the 

interaction with the cryosphere, black carbon particles are the second largest contributor after CO2 to 

anthropogenic climate forcing in the present–day atmosphere. In particular, the BC direct radiative effect (DRE) 

at the top of the atmosphere ranges between +0.08 and +1.4 W m−2 (Jacobson, 2001; Bond, 2013). The high 

uncertainty in the DRE originates from the low level of confidence in understanding BC–related processes (Myhre 

et al., 2013). For this reason, an improved understanding of the spatio–temporal variations of BC physical and 

optical properties is a critical step for reducing uncertainties in estimating the impacts of BC on climate (Schulz 

et al., 2006).    

Freshly emitted BC particles are often externally mixed fractal–like aggregates of primary spherules (Bond et al., 

2006). During atmospheric aging, the fractal aggregates become mixed with other particulate species (internally 

mixed), such as sulphates or organics (Weingartner et al., 1997; Riemer et al., 2009; Bond et al., 2013b; Matsui 

et al., 2013; Bhandari et al., 2019). The aging changes the size and composition of the coated BC particles thus 

modifying their hygroscopicity and morphology (Fierce et al., 2015). Moreover, aging is known to enhance the 

black carbon mass absorption cross–section (MACBC), which is the value describing the BC absorption cross 

section per unit mass of BC (Jacobson, 2001; Schnaiter M. et al., 2005; Peng et al., 2016) (see Sect. 4.2.1 for the 

operational definition of the MACBC). The enhancement of the MACBC by coating of BC particles with 

condensable material is known as the “lensing effect” (Fuller et al., 1999).  

Many theoretical studies have shown that the lensing effect can substantially increase BC absorption by up to a 

factor of two (Bond et al., 2006; Zhang et al., 2018a). Mie theory with a core−shell assumption for homogeneous 

spherical particles, and assuming the refractive indexes of the BC core and coating materials, is the simpler and 

most common method to represent a coated BC particle in models.The absorption enhancement of BC due to 

coating has been confirmed by controlled laboratory experiments which showed a good agreement with the core–

shell Mie model (Cross et al., 2010; Lack and Cappa, 2010; Shiraiwa et al., 2010; Bueno et al., 2011; Metcalf et 

al., 2013). In contrast, field experiments showed contradictory results: some observed a large absorption 

enhancement (Knox et al., 2009; Naoe et al., 2009; Cui et al., 2016; Chen et al., 2017; Yuan et al., 2020); while 

others observed much smaller enhancement, or no enhancement at all (Cappa et al., 2012; Lan et al., 2013; Healy 

et al., 2015; Liu et al., 2015; Cappa et al., 2019). Three main hypotheses made by Cappa et al. (2019) attempted 

to explain this range of results: the variability of the core refractory BC (rBC) to coating mass fraction among 

individual particles (Fierce et al., 2016), the different mixing morphologies (Adachi et al., 2010); and the variation 

in chemical composition of the coating material (Zhang et al., 2018b). However, the relative importance of these 

effects remains poorly understood. 

Bond and Bergström (2006) proposed a representative MACBC
550 nm value of 7.5 m2 g−1 for freshly generated BC 

and a range from 5 m2 g−1, for collapsed but uncoated BC, to 11 m2 g−1 for aged and coated BC (Bond and 

Habib, 2006). In a harmonization work at nine rural background sites across Europe, Zanatta et al. (2016) found 

an average MACBC
637 nm value of 10 m2 g−1. Although the range of the MACBC values found in the literature is 

consistent with more recent observations (Ram and Sarin, 2009; Cui et al., 2016; Zanatta et al., 2016), the spread 

remains rather large. The MACBC value’s variability can be primarily explained with the variability in BC physical 

and optical properties such as mixing state, BC core size, particle morphology and refractive index (Bond et al., 

2006; Dastanpour et al., 2017). However, it also depends on the measuring techniques used for the BC mass 

concentration and the absorption coefficient (Arnott et al., 2003; Pileci et al., 2021), which can have large 

uncertainties (up to 30–70 %), due to the lack of appropriate reference methods and calibration materials (Petzold 

et al., 2013; Zanatta et al., 2016).  
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BC concentrations, as well as physical and optical properties, are modified by dilution through PBL dynamics and 

atmospheric aging. For instance, Zhao et al. (2018) found that highly turbulent air conditions, observed during hot 

seasons in the North China Plain around the Beijing megacity, largely diluted the BC mass concentration to 

background levels. Furthermore, BC properties also depend on the emission source (Andreae and Gelencsér, 

2006). The main black carbon sources are fossil fuel combustion and biomass burning (Chow et al., 2001; Briggs 

and Long, 2016), with different seasonal contributions. The source apportionment of black carbon can be done 

based on the absorption Ångström exponent (AAE), a coefficient that describes the spectral dependence of the 

aerosol absorption coefficient (Kirchstetter et al., 2004; Sandradewi et al., 2008; Kirchstetter and Thatcher, 2012). 

AAE values close to 1 are associated with aerosols from fossil fuel burning, while larger values indicate aerosols 

from biomass/biofuel burning (Moosmüller et al., 2009; Sandradewi et al., 2008; Zotter et al., 2017). In addition, 

as reported by Schwarz et al. (2008), particles from fossil fuel combustion generally have smaller volume 

equivalent diameters (70–140 nm) than particles produced by biomass burning (140–200 nm).  

The MACBC value depends on particle size, morphology and mixing state, and can hence also depend on source 

and combustion conditions. Both absolute and relative differences between the MACTR (MACBC from traffic) and 

the MACWB (MACBC from wood burning) decrease with increasing wavelength (Forello et al., 2019). Zotter et al. 

(2017) found a MACTR to MACWB ratio of 0.97 at 880 nm, while Laborde et al. (2013) reported a ratio of 0.94 

(with MACBC
880 nm = 7.3 m2 g−1 for traffic and 7.8 m2 g−1 for biomass burning).  

Black carbon particles are an environmental issue in the Po Valley of Northern Italy, which is a territory encircled 

by mountains exceeding altitudes 2500 m above sea level on three sides and often characterized by meteorological 

conditions that inhibit air pollution dispersion (Bigi et al., 2017; Bucci et al., 2018). In a review paper on the 

spatial and seasonal variability of carbonaceous aerosol across Italy, Sandrini et al. (2014) found an average annual 

elemental carbon (EC) concentration of 1.7 µg m−3 at some Po Valley urban background sites and 4.5 μg m−3 at 

a traffic affected monitoring station in Milan. These values are substantially higher than at other European sites 

(Zanatta et al., 2016), confirming that the Po Valley is one of the most important pollution hotspot regions in 

Europe (Vecchi et al., 2009; Putaud et al., 2010; Bernardoni et al., 2011). Moreover, this BC load enhances local 

atmospheric heating in the valley with consequences on atmospheric dynamics; for instance Ferrero et al. (2014) 

found that BC below the upper boundary of the mixed layer has the potential to increase the dispersion of pollution 

by decreasing the atmospheric stability over the Po Valley. For these reasons, studying the spatio–temporal BC 

properties in this area is fundamental for assessing BC climate impacts.  

In this work we investigate the spatio–temporal variability of the MACBC value and its relation during summertime 

with the mixing state and BC core diameter in the Po Valley. Moreover, we provide an overall picture of the most 

relevant physical–optical black carbon properties, such as the refractory BC mass concentration (𝑚rBC), elemental 

carbon mass concentration (𝑚EC), rBC mass size distribution, BC absorption coefficient, AAE, and single 

scattering albedo (SSA). In order to sample black carbon particles with different degree of aging, both stationary 

and mobile measurements were performed. The stationary measurements were taken at a sub–urban monitoring 

site of the Regional Agency for Prevention, Environment and Energy (ARPAE), in Bologna; at the background 

site of San Pietro Capofiume, and at the remote, high altitude site of Monte Cimone. The mobile measurements 

were performed driving along the Valley with a mobile van (Bukowiecki et al., 2002; Wolf et al., 2015) where 

the route planning was performed such that a comparison of the aerosol properties on the highway and provincial 

roads was possible.  

4.1 Methods 

4.1.1  Measurements period and sites 

The field campaign was carried out in the Po Valley (Italy, Fig. 4.1) between 7 and 31 July 2017. The stationary 

measurements were performed with a mobile laboratory (described in Sect. 4.1.2), which was mostly parked 

nearby the regional network monitoring cabin of ARPAE, a suburban site in Bologna (41°54 N, 12°30 E; 

54 m a.s.l.). Some stationary measurements were also carried out at the background site of San Pietro Capofiume 

(44°390 N, 11°370 E; 11 m a.s.l.) and at the remote, high altitude site of Monte Cimone (44°120 N, 10°420 E; 

2165 m a.s.l.). Mobile measurements took place between the stationary measurements throughout the campaign. 
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Three different types of drives were performed: from Bologna to the Southeast of Milan (Lodi), from Bologna to 

Monte Cimone, and from Bologna to Chioggia, approximately 50 km South of Venice. Table 4.1 provides the 

details of all trips during the campaign. 

Table 4.1: Details of all mobile trips completed during the campaign. 

Date Trip Time Start Time Stop 

07.07.2017 Bologna – Lodi 05:42 17:05 

08.07.2017 Bologna – Lodi 05:51 15:18 

11.07.2017 Bologna – S.Pietro – Chioggia 09:00 19:05 

13.07.2017 Bologna – Monte Cimone  10:08 20:02 

14.07.2017 Bologna – Monte Cimone  09:19 20:34 

18.07.2017 Bologna – Monte Cimone  09:01 23:40 

20.07.2017 Bologna – S.Pietro – Monte Cimone 08:45 19:55 

22.07.2017 Bologna – Lodi 07:15 15:48 

24.07.2017 Bologna – S.Pietro – Chioggia 12:12 19:38 

25.07.2017 Bologna – Lodi 06:40 15:01 

27.07.2017 Bologna – Monte Cimone  07:18 10:03 

 

 

Figure 4.1: Map of the study region, with stars indicating the sites of the stationary measurements (the urban 

background site in Bologna, the rural background site of San Pietro Capofiume and the remote high–altitude 

background site of Monte Cimone). The arrows indicate the drives for the mobile measurements (Map data ©2020 

Google). 

4.1.2 The mobile laboratory  

The PSI mobile measurement van termed “MOSQUITA” (Measurements Of Spatial Quantitative Imissions of 

Trace Gases and Aerosols) was used in this field campaign. The first version of the van was built in 2000 

(Bukowiecki et al., 2002), then modified by Weimer et al. (2009), and most recently included an aerosol mass 

spectrometer (Wolf et al., 2015). The version used for this project was equipped with a set of instruments to 

characterize physical, optical, and chemical aerosol properties and to determine trace gas concentrations with high 

time resolution (a description of the instruments is given in the Sect. 4.1.3). In addition, sensors were used to 

measure ambient temperature, pressure, and relative humidity. A Global Positioning System (GPS) was employed 

to track the driving routes. The instruments were connected to two inlet lines, each with a diameter of 5 cm at 3 m 
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above the ground located on top of the vehicle; these lines subsequently connected to the main inlet (Fig. 4.2). 

The air sampling velocity was about 13 m s−1 as a compromise to provide steady sampling conditions at different 

driving speeds (Bukowiecki et al., 2002). A blower drew in the sample air from the front of the van with a constant 

flow rate of 4000 L min−1 (Weimer et al., 2009). For aerosol measurements, the sampled air was dried using two 

silica–gel–filled diffusion driers, to keep the relative humidity (RH) below 30 %.  

Table 4.2: List of the instruments inside MOSQUITA, related variables measured and wavelength of the 

measurement.  

Instrument Measured variable Additional information 

Aethalometer Attenuation coefficient and absorption 

Angstrom exponent 

λ = 370; 470; 520; 590; 660; 880; 950nm 

MAAP Absorption  coefficient λ = 637 nm 

CAPS–PMSSA Scattering and extinction coefficients λ = 780 nm 

PAX Scattering and absorption coefficients λ = 870 nm 

UHSAS Size distribution – 

SP2 rBC mass concentration 

rBC size distribution 

mixing state 

λ = 1064 nm (excitation),  

λ = 350–800 nm broadband incandescent 

light detection 

LI–7000 CO2 

Analyzer 

CO2–Carbon dioxide – 

Ozone monitor O3–Ozone – 

HR–ToF–AMS Non–refractory chemical composition – 

CPC Particle number concentration – 

 

  
 

Figure 4.2. Location of the instruments inside the mobile van. The variables measured by these instruments are 

listed in Table 4.2. The instrument details are provided in Sect. 4.1.3. 
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4.1.3 Instruments used to measure aerosol optical properties 

 

4.1.3.1 Absorption based instruments 

Table 4.2 presents an overview of all deployed instrumentation and measured variables. The following instruments 

were used to measure aerosol optical properties. 

The Cavity Attenuated Phase Shift based single scattering albedo monitor (CAPS–PMSSA) combines cavity 

attenuated phase shift spectroscopy with an integrating sphere within the optical path of the cavity. It 

simultaneously measures the extinction and the scattering coefficients of an aerosol sample in its natural 

suspended state (Onasch et al., 2015). The absorption coefficient of the aerosol is obtained by subtracting the 

scattering from the extinction coefficient (known as the extinction–minus–scattering method). The CAPS–PMSSA 

is not subject to filter–based artefacts and it is capable of measuring optical coefficients at high time resolution 

(1 s). However, all integrating nephelometers exhibit a response bias which is a function of the sampled particles’ 

scattering phase function (i.e., angular distribution), this is called truncation error and must be taken into account 

to correct the scattering coefficients (Müller et al., 2011; Onasch et al., 2015).  

In this work, the CAPS–PMSSA data was corrected and used to calculate the single scattering albedo (SSA): 

where 𝑏sca  and 𝑏ext  are the aerosol scattering and extinction coefficients, respectively. 

The Multi-Angle Absorption Photometer (MAAP, Thermo Fisher Scientific, Waltham, USA) (Petzold et al., 

2005) measures the transmitted and reflected light at multiple angles from an aerosol–laden filter and then applies 

a two–stream–approximation radiative transfer model to infer the absorption coefficient of the deposited aerosol 

sample. The instrument explicitly treats the light–scattering effects caused by the interaction between the aerosol 

sample and the filter matrix, which is an important improvement with respect to other filter–based optical 

instruments. 

In this work, the MAAP was used to calculate the absorption coefficient 𝑏abs (𝜆) at 637 nm using the following 

equation: 

𝑏abs (637 nm) = 𝑚eBC  ·  MACeBC
637 nm · 1.05 

 
(4.2) 

where 𝑚eBC is the equivalent mass concentration of BC reported by the instrument, MACeBC
637 nm = 6.6 m2 g−1 is 

the mass absorption cross section used in the firmware of the MAAP.  The factor 1.05 corrects for a difference 

between the actual wavelength (637 nm) and the nominal wavelength (670 nm) applied by the data inversion 

scheme implemented in the firmware (Müller et al., 2011).  

The Aethalometer (AE33 model, Magee Scientific, Berkeley, USA) (Hansen et al., 1984; Drinovec et al., 2015), 

measures the rate of light transmittance change through an aerosol–laden filter per deposited sample air volume 

unit, from which the attenuation coefficient (𝑏atn) of the aerosol sample is inferred at 7 wavelengths (370; 470; 

520; 590; 660; 880; 950 nm) (Weingartner et al., 2003; Virkkula et al., 2007; Collaud Coen et al., 2010). By 

measuring the attenuation of two parallel filter spots simultaneously from the same air beam but with different 

flow rates and hence different filter loading, as implemented in the AE33, it is possible to correct the measured 

𝑏atn for filter loading artefacts in real time (Drinovec et al., 2015), obtaining 𝑏atn,corr. Since the AE33 firmware 

correction was not working properly, the data was corrected for filter loading using the Weingartner et al. (2003) 

correction. The measured attenuation coefficients are related to the absorption coefficients through a factor 

accounting for multiple scattering effects known as the C–value, which is instrument and aerosol–dependent 

(Weingartner et al., 2003; Saturno et al., 2017). Therefore, it is not recommended to use AE33 attenuation 

SSA = 
𝑏sca 

𝑏ext 
  (4.1) 
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measurements to infer aerosol absorption coefficients without adequate knowledge of the C–value in a particular 

experiment.  

For the purpose of this work, the AE33 data was used to calculate AAE using the following equation: 

AAE(𝜆1, 𝜆2) = − 
ln (𝑏atn,1,corr (𝜆1))

ln (𝑏atn,1,corr (𝜆2))
 
ln (𝜆2)

ln (𝜆1)
  (4.3) 

where 𝑏atn,1,corr (470) and 𝑏atn,1,corr (950) are the aerosol attenuation coefficients at the wavelengths 470 nm 

and 950 nm, respectively. Applying Eq. (1.4) to infer the AAE implicitly contains the assumption that during this 

study the AE33 C–value did not depend on wavelength.  

4.1.3.2 The Single Particle Soot Photometer for BC particles 

rBC mass concentrations, rBC particle mass size distributions and the number fractions of thickly coated particles 

were measured using a Single Particle Soot Photometer (SP2) (Droplet Measurement Technology, Boulder, CO, 

USA). The SP2 instrument (Stephens et al., 2003; Schwarz et al., 2006; Moteki and Kondo, 2010; Laborde et al., 

2012a) employs a high–intensity continuous–wave intra–cavity Nd: YAG laser (λ = 1064 nm) to make BC 

particles incandesce until they vaporize. The rBC mass in single particles is quantified by applying an empirical 

calibration curve to the measured peak intensity of the thermal emission from the rBC core at its vaporization 

point. Previous studies have shown that the sensitivity of the SP2 incandescence signal to BC particle mass (i.e. 

the SP2 calibration curve) depends on the BC type (Moteki and Kondo, 2010; Baumgardner et al., 2012; Laborde 

et al., 2012a). The SP2 is similarly sensitive (within ±10 % for rBC mass ≤ 40 fg) to fullerene soot and ambient 

BC dominated by emissions from diesel engines (Laborde et al., 2012a). To calibrate the incandescence signal of 

the SP2 in this study, size–selected aerosols from fullerene soot (stock 40971, lot FS12S011) were generated with 

a differential mobility analyzer (DMA). Three incandescence calibrations were performed during the campaign 

and were found to be stable and in agreement, within 5 % of the previous calibrations performed in the laboratory 

and in previous field works. rBC mass size distributions were generated by converting the rBC mass of each BC–

containing particle to an rBC mass equivalent diameter (𝐷rBC) (assuming a void–free BC material density of 𝜌BC= 

1.8 g cm−3) and binning the particles by 𝐷rBC. The SP2 measurements during this field study covered the size 

range 80 nm ≤ 𝐷rBC ≤ 676 nm with unit detection efficiency. The rBC mass concentration measured in this BC 

core size range was corrected adding the estimated rBC mass concentration below the lower SP2 limit of 

quantification (here, 𝐷rBC ≤ 80 nm). This mass was determined using an extrapolation method based on 

lognormal fits to the measurement between 80 nm and 300 nm BC core diameter, as described in Pileci et al. 

(2021). This missing rBC mass correction was found to be, on average, 24.1 ± 6.4 % of the total measured rBC 

mass concentration. The SP2 detection efficiency was close to unity for 𝐷rBC ≥ 80 nm 

(which corresponds to 𝑚rBC > 0.48 fg).   

The SP2 is equipped with an avalanche photodiode, which detects the particles’ scattering signals and is used for 

the optical sizing of the particles. For BC free particles, the peak scattering intensity is translated to an optical 

diameter assuming a fixed refractive index and spherical particle shape. The scattering calibration in this work 

was performed using spherical polystyrene latex size standards (PSL) with diameters of 150 and 269 nm.  

The optical sizing of BC–containing material can be executed with the LEO–fit method (Gao et al., 2007; Laborde 

et al., 2012b). In this work, it was not possible to perform the LEO–fit method due to misalignment of the position 

sensitive detector). A different approach, known as the “delay–time method” can be used to obtain qualitative 

mixing state information. With the delay–time method the time lag between the scattering signal peak and the 

incandescence signal peak is measured. Particles with a delay time below a certain threshold (2 µs in this study) 

are classified as bare, thinly or moderately coated, whereas particles with a delay time above this threshold are 

identified as thickly coated (Schwarz et al., 2006; Laborde et al., 2012b). The number fraction of thickly coated 

particles (NFTCP) is the quantity used as the proxy of BC mixing state in this work (see Sect. 4.3). It represents 

the number of thickly coated particles out of the total number of BC–containing particles based on the delay–time 

method.  
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4.1.3.3 The thermal optical transmittance analysis for EC 

EC mass measurements were performed with the thermal optical transmittance analysis (TOT) by the Regional 

Agency for Prevention, Environment and Energy (ARPAE). The ARPAE monitoring station was situated at 100 m 

distance from the MOSQUITA van.  

During the thermal optical analysis, the carbonaceous material, deposited on a punch of a quartz–fibre filter, is 

thermally desorbed, through progressive heating: first in an inert atmosphere of pure helium (He), which allows 

for organic carbon (OC) volatilization, and then in an oxidizing atmosphere at high temperature to favor the total 

combustion of EC. The distinction between OC and EC is based on their difference in refractoriness (Birch and 

Cary, 1996; Chow et al., 1993, 2004). However, during the volatilization, part of the OC is transformed into 

pyrolytic carbon (PyC), a refractory component similar to the EC, giving rise to the phenomenon of charring (or 

pyrolysis). This effect may lead to interference in the reported OC and EC mass concentrations, even if optical 

corrections based on transmittance are applied (Chow et al., 2004).  

The EC mass measurement used in this study are based on the EUSAAR–2 heating protocol with transmittance 

correction (Cavalli et al., 2010) on high–volume PM2.5 filter samples. This protocol was specifically developed 

for aerosol typically encountered at European background sites and it was recently selected as the European 

standard thermal protocol to be applied in air quality networks for the measurements of TC (total carbon), OC and 

EC in particulate matter samples (European Committee for Standardisation Ambient air, 2017; EN16909:2017). 

The OC/EC analysis was performed by ARPAE, and some filters were sent after the campaign to the JRC ERLAP 

to validate the instrument performance (EMEP/CCC–Report 1/2018). Additional detail is provided in Pileci et al. 

(2021). 

4.1.4 The aerosol mass spectrometer for chemical composition 

The chemical composition of the non–refractory submicron aerosol was monitored with an Aerodyne high–

resolution time–of–flight aerosol mass spectrometer (HR–ToF–AMS) (Jayne et al., 2000; DeCarlo et al., 2006). 

The HR–ToF–AMS was operated in V–mode during the entire experiment to reach the highest sensitivity at 1–

minute time resolution. It measured simultaneously the concentration and size distribution of sulfate, nitrate, 

ammonium, chloride, and organic aerosol. In the same way, as for the other aerosol instruments, the sampled air 

mass was dried to an RH below 30 % with a Nafion drier before measurement. High resolution mass spectra were 

analyzed with AMS data analysis software SQUIRREL 1.52F and PIKA 1.11G (D. Sueper, University of 

Colorado–Boulder, Boulder, CO, USA) within IGOR Pro 6.36 (WaveMetrics, Lake Oswego, OR). The collection 

efficiency was calculated based on the measured aerosol chemical composition according to Middlebrook et al. 

(2012). The HR–ToF–AMS measurements were validated against off–line PM1 gravimetric mass and sulfate 

concentration measurements during the stationary measurement period in Bologna (slope=0.95, r=0.69) as 

suggested by the “Guidelines for comparison of ACSM measurements with co–located external data” (COST 

Action CA16109 COLOSSAL Chemical On–Line cOmposition and Source and Apportionment of fine aerosoL, 

Working Group 1, 2019).  

4.1.5 Gas monitors 

The carbon dioxide concentration (CO2) was measured by an LI–7000 CO2/H2O Gas Analyzer (LI–COR 

Biosciences, Lincoln, NE, USA). The LI–7000 is a high performance, dual-cell, differential gas analyzer. It uses 

a dichroic beam splitter and two separate detectors to measure simultaneously infrared absorption by CO2 and 

H2O in the same gas stream. 

The ozone concentration (O3) was measured by the Model 205 Dual Beam (2B Technologies, Boulder, CO, USA). 

The Dual Beam Ozone Monitor measures UV light intensity measurements 𝐼𝑜 (ozone–scrubbed air) and I 

(unscrubbed air) simultaneously. Ozone concentration is then calculated from  𝐼𝑜 and I according to the Beer–

Lambert Law. 
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4.2 Data treatment  

4.2.1  Black carbon mass absorption cross–section 

The black carbon mass absorption cross–section is defined by the following equation: 

MACBC
λ (λ) =  

𝑏abs(λ)

𝑚BC

 (4.4) 

where 𝑏abs(λ) is the BC absorption coefficient and 𝑚BC is the black carbon mass concentration. In this work the 

absorption coefficient was 𝑏abs(637 nm), calculated from the MAAP while 𝑚BC was either taken from the SP2 

or TOA in which cases we use the specific symbols MACrBC
637 nmor MACEC

637 nm, respectively. The statistical 

uncertainties associated with the average MACrBC
637 nm values in this work were calculated as standard error of the 

means. However, as we will see in Sect. 4.3.6, the uncertainty associated with the BC mass measurement technique 

used is much higher than the statistical uncertainty of the average MACBC value.   

4.2.2 Positive matrix factorization 

To investigate organic aerosol sources we applied positive matrix factorization (PMF) analysis (Paatero and 

Tapper, 1994) on the organic aerosol mass spectra (Lanz et al., 2007; Ulbrich et al., 2009; Zhang et al., 2011) 

using the algorithm implemented in the source Finder tool (SoFi 6.36) (Canonaco et al., 2013). PMF analysis was 

run in robust mode, and CO2 related peaks were down–weighted. 

PMF analysis was run in unconstrained mode and solutions with 2 up to 5 factors were investigated. The three–

factor solution identified a hydrocarbon–like organic aerosol (HOA) component and two oxygenated organic 

aerosol (OOA) factors: a less oxidized OOA (LO–OOA) and a more oxidized OOA (MO–OOA). The four– and 

five–factor solutions were disregarded since they split the MO–OOA factor into more than one component, while 

the two–factor solution was excluded as it identified only a single OOA factor, in contradiction with previous 

observations in the Po Valley in summer (Wolf et al., 2015). The rotational ambiguity was investigated varying 

the fpeak parameter between –1 and 1 with an increment of 0.1. For this data set we chose fpeak equal to 0 

(Q/Qexp = 2.5). Factor interpretation was supported by correlation analysis of factor spectra with reference mass 

spectra and correlation of factor time series with time series of external tracers. Time series and mass spectra 

profiles are reported in panels a, b, c, d, e and f of Fig. S4.1. Figure S4.1g shows the relative mass fraction of the 

3 PMF profiles, and Fig. S4.1h the pie chart of their relative contribution to the total OA mass. Table S4.1 reports 

the Pearson correlation coefficients (r) of factor time series with time series of external tracers and factor profiles 

of other literature works, together with their elemental ratios. 
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4.3 Results and Discussion 

4.3.1 Meteorological Parameters 

 

Figure 4.3: Diurnal profiles (1 h time resolution) of pressure, relative humidity, solar radiation, air temperature, 

wind speed and wind direction at the Bologna site. The black lines represent the medians and the two grey lines 

the 25th and 75th percentiles. Note that these diurnal profiles are calculated with 8 days, 5 of which are weekend 

days.  

Summer 2017 was the second warmest summer in Italy since records began in 1800 with a +2.5 °C temperature 

anomaly relative to the 1971–2000 mean (http://www.isac.cnr.it/en/content/2018–warmest–year–italy–1800). 

July 2017 in the Po Valley featured a high number of high–pressure fields. This meteorological context resulted 

in recurrent atmospheric stability, clear–sky and high temperatures, enhancing photochemical activity. These 

meteorological conditions are typical of summers in Northern Italy. Figure 4.3 shows the daily profiles of the 

principal meteorological quantities: pressure, relative humidity (RH), solar radiation, air temperature, wind speed 

and wind direction at the suburban CNR–site in Bologna. The black lines represent the medians, while the grey 

lines represent the 25th and 75th percentiles. The data were recorded and validated by ARPAE.    
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4.3.2 Aerosol chemical composition   

The pie chart in Fig. 4.4 presents the average aerosol chemical composition (non–refractory matter in PM1 plus 

rBC in total aerosol) measured in Bologna during the stationary measurement periods when the MOSQUITA was 

parked at CNR. The organic aerosol contribution is divided into the three factors obtained from PMF (Sect. 4.2.2). 

Overall, the total aerosol mass concentration during the considered period was 8.8 μg m−3. On average, organic 

aerosol was by far the largest PM component, accounting for 79 % of the total aerosol mass, followed by sulfate 

(8.9 %), rBC (5.3 %), ammonium (4.2 %), nitrate (2.3 %), and chloride (0.3 %) (Fig. 4.4). Wolf et al. (2015) had 

sampled the aerosol chemical composition of non–refractory matter in the Po Valley in the summer 2012, also 

with an HR–ToF–AMS. They also found that the aerosol average chemical composition was dominated by organic 

aerosol (49.7 %), followed by sulfate (27.1 %), nitrate (12.7 %), ammonium (9.9 %) and chloride (0.5 %). In this 

work, the PMF factors primary organic aerosol (HOA) and secondary organic aerosol (LO–OOA + MO–OOA) 

accounted for 5.9 % and 73.1 %, respectively of the total aerosol mass. HOA, LO–OOA, and MO–OOA 

represented 8 %, 37 %, and 55 % of the OA, respectively (Fig. S4.1h). Compared to Wolf et al. (2015), we found 

a higher degree of oxygenation for our OOA fractions (see Table S1), and did not retrieve a cooking organic 

factor. 

 
Figure 4.4: Pie chart of the average aerosol chemical composition (non–refractory PM1 plus refractory black 

carbon of the total aerosol) measured at CNR during the stationary measurements. OA is presented as its three 

PMF factors: HOA, LO–OOA and MO–OOA. 

The HOA factor is unambiguously identified based on high intensity of peaks at mass to charge ratios m/z 43 

(C3H7
+), m/z 55 (C4H7

+), m/z 57 (C4H9
+), m/z 69 (C5H9

+), and m/z 71 (C5H11
+), typical of aliphatic hydrocarbons 

(Fig. S4.1b). The HOA mass spectrum correlates with the HOA reference spectra from Crippa et al. (2013) 

(r=0.98), Crippa et al. (2014) (r=0.99) and Mohr et al. (2012) (r=0.98). HOA is a surrogate of primary OA emitted 

by traffic, and its time series (Fig. S4.1a) moderately correlates with the BC concentration (r = 0.40) (Table S4.1).  

The mass spectrum of the OOA factor in Fig. S4.1d is dominated by m/z 29 (CO+) and m/z 44 (CO2
+), showing 

the typical features of more oxidized–oxygenated organic aerosol (MO–OOA). This MO–OOA spectrum  

correlates with the less volatile OOA mass spectra from Mohr et al. (2012) (r=0.98) and Aiken et al. (2009) 

(r=0.96), and resembles the highly oxygenated organic aerosol factor (HOOA) identified by Wolf et al. (2015), 

both having the highest degree of oxidation. Further, it correlates best with sulfate (r=0.74) which is attributed to 

regional/aged secondary aerosol (Table S4.1).  
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The OOA spectrum in Fig. S4.1f is characterized by high m/z 43 (C2H3O+) and m/z 44 (CO2
+) and is identified as 

a less oxidized – oxygenated organic aerosol (LO–OOA). This LO–OOA factor identified in this study is also 

characterized by a relatively high oxygen to carbon ratio though less than the MO–OOA factor (Table S4.1), and 

it exhibits similarity to the low-volatility oxygenated organic aerosol (LVOOA) identified by Wolf et al. (2015). 

The LO–OOA mass spectrum correlates with the SVOOA average mass spectrum observed across Europe during 

EUCAARI (Crippa et al., 2014, r = 0.86) and the average SVOOA reported for multiple ambient data sets (Ng et 

al., 2011, r=0.84). Correlation coefficients of LO–OOA with nitrate and sulfate are higher and lower, respectively, 

compared to those of MO–OOA (Table S4.1), indicating that LO–OOA is likely from local origin. 

4.3.3 Diurnal variability in BC mass concentrations and properties  

The diurnal variability in the physical and optical properties of BC particles was investigated with measurements 

at the suburban site of Bologna. Only days with a maximum of 2 hours of missing data were included in this 

analysis (8 days were available at this site, 5 of which were weekend days; see Figs. S4.2–S4.9 for the individual 

diurnal profiles of different properties). Figure 4.5 displays the median diurnal profiles and inter–quartile range 

of the rBC mass concentration, the absorption coefficient at 637 nm, the MACrBC
637 nm value, the NFTCP, the rBC 

mass equivalent diameter of BC cores (DrBC), and the SSA. In addition, the median diurnal profiles of O3 (blue 

line in top panel) and the solar radiation are shown (light grey area in each panel).  

Figures 4.5a and b show that rBC mass concentration and absorption coefficient peak during the morning rush 

hour period between 05:00 and 09:00, reaching their maxima (0.8 μg m−3 and 12.1 Mm−1) around 05:30 when 

primary emissions from traffic are intense and the planetary boundary layer (PBL) height is relatively low. With 

increasing PBL height during the day, rBC mass concentrations and absorption coefficient decrease due to dilution 

of the fresh primary emissions by air mixing from aloft. In the afternoon, at 15:00, the median values of the rBC 

mass concentration and absorption coefficients are 0.2 μg m−3 and 3.6 Mm−1, respectively. As pointed out by 

many studies (Vecchi et al., 2007; Saarikoski et al., 2012; Rinaldi et al., 2015), the PBL dynamics play a key role 

in the Po Valley during summertime. During the night, a reduced mixing layer height allows for accumulation of 

pollutants, while during the day a highly convective atmosphere with a mixing layer of up to 2 km results in 

dilution and mixing. From Figs. S4.2 and S4.3 it appears that all weekdays and weekend days have a distinct 

morning peak occurring somewhere between 05:00. and 10:00 apart from the Sundays 23/07 and 30/07, which 

have a very flat diurnal profile. In Fig. 4.5a, the rBC mass concentration is plotted together with the O3 

concentration. Ozone is titrated by NO from traffic emissions, therefore, its diurnal profile shows a minimum at 

approximately 05:30, in correspondence with the traffic peak; subsequently, with the increase of photochemical 

reactions involving NOx and VOCs, ozone increases, reaching its maximum of 70 ppb around 15:00. The diurnal 

behavior of the MACrBC
637 nm, shown in Fig. 4.5c, appears to be influenced by the wind direction (Fig. 4.3f); indeed 

the MACBC is oscillating with values between 12.2 and 14.7 m2 g−1 overnight and during the early morning and 

starts increasing only after 09:30 when the wind direction changes from NW to N. It reaches the maximum value 

of 16.5 m2 g−1 around 10:00, afterwards it slightly decreases during the day. This indicates the possibility that 

the change in wind direction results in a change from fresh BC from local emissions to aged BC transported from 

northern parts of the Po Valley. Fig. S4.4 shows that the morning to afternoon difference in MACBC is quite 

pronounced on most days, with 16/07 (a Sunday) being a noticeable counter–example, which dampens the effect 

in the averaged diurnal pattern. In Fig. 4.5d the number fraction of thickly coated particles (NFTCP) is shown. It 

presents a minimum during the traffic morning peak between 05:30 and 06:30 due to the fresh BC particles emitted 

during that time, and thereafter starts increasing slightly from 5 % to 10 % during the day. Also in this case the 

increase of NFTCP appears to be related to the change in the air mass at approximately 09:30 in the morning. 

Figure 4.5e shows the DrBC diurnal profile with values ranging from 112 to 130 nm, where the change in wind 

direction seems to result in  slightly larger BC cores on average. In Fig. 4.5f the SSA diurnal profile is shown, 

with values between 0.6 and 0.8 and a minimum around 06:00 simultaneously with the peak in the absorption 

coefficient. The diurnal profile of the SSA was calculated with 11 days, 6 of which were in common with the 

other diurnal profiles, in order to increase the statistics. 
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Figure 4.5: Diurnal profiles (1h time resolution) of rBC mass concentration, absorption coefficient, MACrBC
637 nm, 

NFTCP, DrBC and SSA(780 nm) for Bologna during the stationary measurement periods. The O3 diurnal profile 

is reported on top of the rBC mass concentration. The black lines represent the medians of and the two grey lines 

the 25th and 75th percentiles. In addition, the solar radiation daily profile is shown as grey area. Note that these 

diurnal profiles are calculated with 8 days, 5 of which are weekend days, (corresponding to the single daily profiles 

in Figs. S4.2, S4.3, S4.4, S4.5, S4.6, S4.7 and S4.9).  The SSA diurnal profile is based on a different subset of 

data, with 6 out of 11 days in common with the other diurnal profiles, see Fig. S4.7. 

4.3.4 Spatial variability of BC optical and physical properties 

The spatial variation of BC optical and physical properties over the Po Valley was investigated with mobile 

measurements. The results from the four drives between Bologna and Lodi (just south of Milan), as illustrated in 

Table 4.1 and Fig. 4.1, using the MOSQUITA mobile laboratory are presented in this section. The distance 

between Bologna and Lodi was covered in two ways, either by driving on the highway (Autostrada A1) or on a 

series of smaller, provincial roads which run roughly parallel to the highway at a distance of about 10 km 

(Fig. 4.6). The traffic density on the provincial roads was substantially lower than on the highway. The wind 

direction on these days was approximately parallel to the route from Milano towards Bologna, such that aging of 

BC emitted in the Milano area could potentially be probed. Only measurements taken during the morning hours 
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(between 06:00–09:30) were included in the results presented hereafter in order to minimize potential effects from 

distinct diurnal patterns in aerosol properties. 

Figure 4.6:  Spatial variability (5 min time resolution) of rBC mass concentration, absorption coefficient, AAE 

and MACrBC
637 nm for highway (Southern points) and provincial roads (Northern points) during the Bologna–Lodi 

trips. Data are averaged from 4 days: two per the highway and two per provincial road drives (Table 4.1). Thick 

black lines indicate highway roads, thin grey lines smaller roads.  

Spatially resolved average values of rBC mass concentrations, absorption coefficients, MACrBC
637 nm and AAE 

measured during the four drives along this route are presented in Fig. 4.6 and Table 4.3. The AAE median values 

in both cases were close to 1 (between 0.8 and 0.9; Table 4.3), which agrees with the expectation that the main 

source of BC in both cases was traffic emissions. Median rBC mass concentrations and absorption coefficients 

were 3.6 μg m−3 and 53.2 Mm−1 on the highway and 1.1 μg m−3 and 21.9 Mm−1 on the provincial roads, 

respectively (Table 4.3), indicating a substantial increment from the highway emissions (BC removal can be 

excluded as a driver for this difference). Figure 4.7 shows the rBC mass size distributions normalized by their 

total area for the highway and provincial roads. The rBC mass size distributions of highway and provincial roads 

peaked at almost equal modal diameters of 𝐷rBC ≈ 108 nm and 115 nm, respectively. The fraction of BC mass 

found at larger core sizes (𝐷rBC ≥ 156 nm) was slightly larger on the provincial roads compared to the highway, 

resulting in a slightly higher median (115 nm vs. 108 nm). The high similarity of the two size distributions is a 

good basis for assessing BC mixing state effects on MACBC. Furthermore, potential artefacts from very large BC 

cores with sizes above the SP2 upper detection limit of quantification are expected to be small in the Po Valley. 

Indeed, Matta et al. (2003) demonstrated, in a previous study conducted in Bologna, that the fraction of EC mass 

found in the coarse mode is negligible. The NFTCP was very low on the highway (3 %) and more than a factor 

of three higher on the provincial road (10 %; Table 4.3), confirming a higher fraction of internally mixed BC 

particles. This suggests that the BC observed along the provincial roads was more aged than the BC measured on 

the highway. Indeed, the MACBC values were substantially lower on the highway than along the provincial roads, 

i.e., 14.9 m2 g−1 compared to 19.8 m2 g−1 (Table 4.3 and Fig. 4.6).  
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Table 4.3: 25th, 50th and 75th percentiles of rBC mass concentration, absorption coefficient, MACrBC
637 nm and AAE, 

number fraction of thickly coated particles and median equivalent diameter of BC cores for highway and 

provincial roads.  

 𝑚rBC [μg m−3] 
50th (25th, 75th) 

𝑏abs (637 nm) 

[Mm−1] 

50th (25th, 75th) 

MACrBC
637 nm  

[m2 g−1] 
50th (25th, 75th) 

AAE  

50th (25th, 75th) 

NFTCP 

[%] 

𝐷rBC 
[nm] 

Highway 3.6 (3.0, 4.0) 53.2 (43.3, 

61.9) 

14.9 (13.2, 15.4) 0.9 (0.8, 0.9) 3  108 

Provincial 

roads 

1.1 (0.9, 1.6) 21.9 (17.2, 

29.8) 

19.8 (17.2, 22.3) 0.8 (0.8, 0.9) 10 115 

 

 

Figure 4.7: Normalized rBC mass size distributions of BC cores averaged for highway and provincial roads (drives 

from Bologna to Pavia indicated in Table 4.1). The red and blue markers denote the SP2 measurements while the 

red and blue lines are lognormal fits of the size distributions. The total rBC mass concentrations are obtained with 

the extrapolation method explained in Pileci et al. (2021). The two size distributions are normalized by their total 

area.  

The particle time of flight (PToF) mode of the AMS provides a tool to explore the size distributions of individual 

fragments of the mass spectrum (Lee et al., 2015). Figure 4.8 shows the mass size distributions of Org57 (organic 

mass at m/z = 57 corresponding mainly to the mass fragment C4H9
+) representing the fresh organic aerosol from 

traffic, and Org44 (organic mass at m/z = 44, corresponding to CO2
+) as a proxy of the aged organic aerosol. Since 

measurements in the PToF mode were limited, only singular cases are shown, one for the highway and two for 

the provincial roads. On the highway, a mode of Org57 aerosol is seen at small sizes (D  < 100 nm) that is not 

present for Org44 aerosol, suggesting externally mixed fresh emissions in the smaller diameter range (Fig. 4.8a). 

On the provincial roads, the size distribution of fresh organics, represented by fragment Org57, is still 

characterized by a peak below 100 nm, but is associated with a shoulder at larger diameters which intensifies from 

provincial road 1 to provincial road 2. These results suggest that it is more likely to observe internally mixed fresh 
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and aged particles on the provincial roads (Fig. 4.8b and Fig. 4.8c). Still the scarcity of cases and the noisy signal 

make it difficult to draw firm conclusions. 

Observed differences in particle mixing state between the highway and the provincial roads can result from two 

possible processes, namely BC aging by condensation and coagulation or different mixing ratios of freshly emitted 

BC with aged background BC. The former would not alter BC mass concentration, whereas the latter comes with 

a reduction of BC mass concentration along the trajectory. The lack of systematic spatial trends of BC mass 

concentration and MAC value along the provincial road where local traffic influence is minor (except for the 

vicinity of Bologna), clearly suggests that the potential plume from Milan did not make a substantial contribution 

to BC relative to the background concentration, despite wind blowing from Milan in parallel to the drives. The 

fact that mass concentrations observed on the provincial road were comparable to those observed at the 

background sites (San Pietro Capofiume and Monte Cimone) (Fig. 4.9) combined with wind direction being 

parallel to the highway and provincial routes makes it unlikely that BC aging during transport between the two 

routes adds to the observed differences in BC mixing state and MACBC. Furthermore, the 10 km distance between 

the two routes is too short to make BC aging plausible as models usually estimate a time scale of about few hours 

(2 to 8 h) to convert hydrophobic BC to hydrophilic BC (Riemer et al., 2004; Koch et al., 2009; Fierce et al., 

2015). All these factors support the hypothesis that dilution of fresh BC emissions with aged background BC is 

the dominant process responsible for the differences in BC properties between the highway and provincial roads 

and variations along these, whereas BC aging occurs on time scales slower than that of dilution with background 

air under the probed conditions. This makes it impossible to infer approximate BC aging time scales by 

comparison of these measurements. 
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Figure 4.8: Mass size distributions of Org44 (organic mass at m/z = 44, corresponding to CO2
+ and representing 

the aged organic aerosol) and Org57 (organic mass at m/z = 57, corresponding mainly to the mass fragment C4H9
+ 

and representing the fresh organic aerosol from traffic) from the AMS in PToF mode for the highway trip and the 

two provincial road trips. The trips correspond to the ones shown in Figs. 4.6 and 4.7 and Table 4.3, apart from 

one of the highway trips during which the AMS was not working.  

4.3.5 Mechanisms driving 𝐌𝐀𝐂𝐁𝐂 variability   

As described in the introduction, the MACBC variability depends on the BC properties i.e., particle size, mixing 

state, shape and refractive index. In this work only the dependence on particle size and mixing state was explored. 

Figure 4.9 shows the relation between the MACrBC
637 nm and mixing state, using the fraction of thickly coated 

Vacuum aerodynamic diameter [nm] 
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particles as a proxy of the mixing state (see Sect. 4.1.3.2 for the definition). The NFTCP was calculated for 

particles with 𝐷rBC between 102 nm and 295 nm. It is seen that at sites exposed to traffic, such as heavily trafficked 

roads in Bologna and on the highway (red squares), when the number fraction of thickly coated particles is low, 

with values between 1 and 5 %, the MACrBC
637 nm value is in the range 12.0–15.7 m2 g−1. At the background sites 

(San Pietro Capofiume and Monte Cimone) (green triangle points), the number fraction of thickly coated particles 

is much higher, with values between 15 % and 30 %, and the MACrBC
637 nm value is higher as well, between 18.9 

and 21.7 m2 g−1. The grey circles in the graph represent values at the suburban site Bologna (1 h time resolution), 

which receives a variable mixture of fresh emissions and aged background air (see Sect. 4.3.3 on diurnal profiles). 

The observed NFTCP span the entire range of values between 1 % and 25 %, with corresponding MACrBC
637 nm 

values from 6.7 to 23.6 m2 g−1, with a linear increase of MACrBC
637 nm with increasing NFTCP. 

 

Figure 4.9: Relation between the number fraction of thickly coated particles (NFTCP) calculated for BC core size 

between 102 nm and 295 nm and the MACrBC
637 nm. Grey circles represent stationary measurements at CNR (1 h 

time resolution); red squares indicate mobile measurements of fresh BC emissions (highway and heavily trafficked 

roads in Bologna) with varying time resolution; green triangles show stationary measurements performed at 

background sites (San Pietro Capofiume and Monte Cimone) with varying time resolution. The black line 

represents a linear fit to the data.  
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In Fig. 4.10, the relationship between the MACBC and BC core size is explored using the modal diameter of the 

lognormal fit to the BC core (DrBC) mass size distribution measured by the SP2 for each time interval. The dashed 

line shows the theoretical MACBC for a polydisperse distribution of fractal-like aggregates consisting of several 

BC primary spheres described by Mackowski (1994). His analysis employed the superposition formulation for 

radiative interactions among spheres, in which the total field from the cluster is expressed as a superposition of 

vector spherical harmonic expansions about each of the spheres in the cluster. According to this theory, the 

MACBC is rather constant for the BC core sizes range of our observations (86 < 𝐷rBC < 170 nm) (dashed line in 

Fig. 4.10) and can not explain the much higher variability in the observed MACBC values, which was better 

explained by a change in BC mixing state. The fact that the variation in MACBC associated with variation in the 

mixing state dominates over the calculated uncertainties provides experimental confirmation that the lensing effect 

in atmospheric BC measurements can substantially increase the MAC of black carbon by up to a factor of almost 

2, as shown by the linear fit represented by the black line in Fig. 4.9. 

 

Figure 4.10: Relation between MACrBC
637 nm and the modal diameter of the BC core mass size distribution 

(lognormal fit to the SP2 measurement in terms of 𝐷rBC). The dashed line represents the theoretical MACBC for a 

polydisperse distribution of black carbon spheres. Grey circles represent stationary measurements at CNR with 1 

h time resolution); red squares indicate mobile measurements of fresh BC emissions with varying time resolution; 

green triangles show stationary measurements performed at background sites with varying time resolution. 
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4.3.6 Dependence of MACBC on using EC and rBC mass measurements 

The calculated MACBC is also affected by the technique used to measure the BC mass concentration and 

absorption coefficient (based on Eq. 4.16). In this work, we compared the MACBC results obtained by using two 

different instruments for BC mass calculation: the SP2 and the thermal–optical technique. The MACBC 

comparison was performed for 8 out of the 25 days when the MOSQUITA remained stationary at the Bologna 

site for the full day, which made comparison with the EC mass concentration from the daily filter samples at the 

ARPAE site possible.  

Figures 4.11a and 4.11b  show the individual daily values of MACrBC
637 nm and MACEC

637 nm calculated with using the 

MAAP data for the absorption coefficient and the thermal optical EC or SP2 derived rBC data for BC mass, 

respectively (as explained in Sect. 4.2.1). The MACrBC
637 nm values varied from 12.2 to 16.0 m2 g−1, and the 

MACEC
637 nm varied from 8.1 to 11.5 m2 g−1. On average, the MACrBC

637 nm
 value amounts to 14.1 m2 g−1, which is 

35% higher than the MACEC
637 nm value of 10.2 m2 g−1 because 𝑚rBC,is on average 35 % smaller than the 

corresponding 𝑚ECthat. 

Pileci et al. (2021) compared collocated rBC and EC mass measurements at different European sites, including 

the Bologna dataset of this study. While they found good agreement when averaging over all studies, they found 

systematic discrepancies between rBC and EC, by up to ~50 %, when separately averaging data sets from 

individual sites. In that paper, the authors could not clearly assign the reasons for the discrepancies to one or the 

other method, both known to have their own specific limitations and uncertainties. However, they found in the 

different particle size range covered by these two methods one likely reason for the discrepancies, but in this 

study, we do expect the presence of a BC coarse mode to be negligible. 

While the values of MACrBC
637 nm reported here are the first ones for the Po Valley, shows the variability of the 

MACEC
637 nm of this work, lies within the previous range of MACEC

λ  values encountered in the Po Valley (Bernardoni 

et al., 2017; Bigi et al., 2017; Forello et al., 2019; Renzi et al., 2019), as shown in Fig. 4.11c. The average 

MACEC
637 nm of the Po Valley studies (red circle in Fig. 4.11c), is 10.6 ± 1.9 m2 g−1 (in close agreement to the 

value of 10.2 m2 g−1 reported above). This value is also comparable to the average MACEC
637 nm of the European 

sites collected in Zanatta et al. (2016), with 10.0 ± 1.3 m2 g−1 (red triangle in Fig. 4.11d). 

 

Figure 4.11:  In panels a) and b) the daily values of MACrBC
637 nm and MACEC

637 nm and the arithmetic mean are 

presented as blue circles. Panels c) and d) present literature data from Po Valley and European studies, 

respectively.  Applied measurement techniques are listed in the legend. 
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4.4 Conclusions 

In this work, we investigated the spatio–temporal variability of physical and optical properties of freshly emitted 

and aged black carbon particles in the Po Valley during summertime, sampled by a combination of stationary and 

mobile measurements. The stationary measurements were taken a sub–urban site in Bologna, at the background 

site of San Pietro Capofiume and on the remote, high altitude site of Monte Cimone. Mobile measurements were 

performed driving along the Valley from Bologna to Lodi with a mobile van.  

The measured parameters included the following variables: rBC size distribution, rBC mass concentration, BC 

absorption coefficient, AAE, number fraction of thickly coated particles, geometric mass equivalent diameter, and 

SSA. Moreover, we calculated the MACBC and investigated its dependence on the mixing state, the BC core size 

diameter and the applied technique to determine the mass concentration of BC or EC. The diurnal variability in 

the physical and optical properties of BC particles was investigated with stationary measurements at the sub–

urban site of Bologna. All the properties studied showed a strong influence of the PBL dynamics and the 

meteorology.  For example, the MACBC value and AAE changed only when the wind direction drastically 

changed. The spatial variability of BC optical and physical properties over the Po Valley was investigated with 

mobile measurements. The focus was set on the difference in properties between freshly emitted BC particles, 

sampled on the highway, and aged BC particles, sampled on provincial roads. The MACBC values were 

substantially lower on the highway than along the provincial roads. Moreover, the AAE was rather constant and 

the rBC mass size distributions were very similar on the two types of roads, while organic aerosol proxy size 

distributions suggest that the BC particle mixing state was different on the highway and the provincial roads. Both 

diurnal and spatial observations gave evidence that the Po Valley, in summer, contains a 'pool' of aged BC particles 

into which fresh BC emissions are mixed on short temporal and spatial scales.  

The MACBC variability was explored in relation to particle size and mixing state. As proxy for the mixing state, 

the number fraction of thickly coated particles was used. The small variation of BC core diameters found during 

the campaign was not able to explain the much greater variability in the observed MACBC values, which was better 

explained with the variability of the BC mixing state. This result provides experimental confirmation that the 

lensing effect can substantially increase the MAC of black carbon by up to a factor of almost 2. However, while 

this study provides clear evidence of BC mixing state effects on MACBC, the observed MACBC values remain 

tainted with considerable uncertainty due to the lack of absolutely accurate mass measurement techniques. Indeed, 

in this study, the MACBC values based on rBC mass concentrations were 35 % higher than those based on EC 

mass concentrations. 
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Supplement of: Variability of physical and optical properties 

of freshly emitted and aged black carbon particles determined 

from stationary and mobile measurements in the Po Valley 

(Italy), during summertime  
 

Table S4.1: Elemental composition of PMF factors, based on (Aiken et al., 2009); Pearson correlation coefficients 

(r) of factor time series with time series of external tracers and factor profiles of other literature works. 

 HOA MO–OOA LO–OOA 

O/C 0.07 0.85 0.48 

H/C 1.91 1.25 1.41 

OM/OC 1.27 2.25 1.77 

Time series correlation coefficients 

r with NO3  0.18 0.16 027 

r with SO4  0.13 0.74 0.33 

r with eBC 0.40 0.06 0.14 

r with CO2 0.35 –0.23 0.00 

r with O3 –0.35 0.44 –0.03 

Profile correlation coefficients 

Mexico City 

(Aiken et al., 2009) 

0.98 0.96 0.95 

Barcelona 

(Mohr et al., 2012) 

0.97 0.98 0.90 

EUCAARI 

(Crippa et al., 2014) 

0.99 0.84 0.86 

Paris  

(Crippa et al., 2013) 

0.98 0.98  

Multiple campaigns 

(Ng et al., 2011) 

0.99 0.84 0.83 
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Figure S4.1: Panels a and b, c and d, e and f show the time series and normalized mass spectra profiles of HOA, 

MO–OOA and LO–OOA, respectively. Panel g presents the relative mass fractions of the 3 PMF factors and panel 

h their relative contributions to the total OA mass.  
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Figure S4.2: Diurnal profiles of the rBC mass concentration from the stationary measurements at CNR.   

 

Figure S4.3: Diurnal profiles of the absorption coefficient at 637 nm from the stationary measurements at CNR.   
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Figure S4.4: Diurnal profiles of the black carbon mass absorption cross section at 637 nm from the stationary 

measurements at CNR.   

 

 

 

Figure S4.5: Diurnal profiles of the number fraction of thickly coated particles from the stationary measurements 

at CNR.   
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Figure S4.6: Diurnal profiles of the mass equivalent diameter of BC cores (𝐷𝑟𝐵𝐶) from the stationary 

measurements at CNR.   

 

 
 

Figure S4.7: Diurnal profiles of the SSA at 780 nm from the stationary measurements at CNR. The grey open 

symbols are additional days, not in common with the other profiles. The SSA diurnal profile shown in Fig. 4.5 

was calculated considering all the days displayed in this figure. 
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Figure S4.8: Diurnal profiles of the CO2 mixing ratio from the stationary measurements at CNR. The grey open 

symbols are additional days, not in common with the other profiles. Since only 2 out of 8 days were in common 

with the other quantities, the CO2 the average diurnal profile is not shown.  
 

 
 

Figure S4.9: Diurnal profiles of the O3 mixing ratio from the stationary measurements at CNR.   
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Abstract. Black carbon particles play an important role in the direct and indirect radiative forcing of climate in 

the Arctic. However, the magnitude of the net radiative forcing is strongly dependent on the physical properties 

of black carbon (BC) particles, such as mass concentration and size distribution. Long-term and direct 

measurements of black carbon mass concentration are required to develop, assess, and improve emission 

inventories, transport models, and mitigation strategies designed to reduce the warming of the Arctic. 

For one year (from April 2019 to March 2020), measurements of refractory black carbon (rBC) mass concentration 

and size distribution were conducted at the Zeppelin Observatory, Svalbard, with a Single Particle Soot 

Photometer Extended Range (SP2-XR). Annual average and median rBC mass concentrations were 8.0 and 3.8 

ng m−3, respectively, while monthly averages ranged from a maximum of 24.7 ng m−3 in February, to a minimum 

of 2.3 ng m−3 in October. The annual average modal diameter, 𝐷rBC,mode, of the rBC mass size distribution was 

197 nm with monthly values between 𝐷rBC,mode= 161 nm in August and 𝐷rBC,mode= 233 in December.  

rBC concentration weighted trajectory (CWT) analyses indicated that from October to March, BC concentrations 

at Zeppelin were mainly influenced by source regions in Northern and Central Russia. From April to July the BC 

mass came from extreme northern areas in Eurasia and Canada, while in August and September BC was it 

originated mainly from North-Eastern Europe.  

Unexpected but frequent occurrence of large BC cores with rBC mass equivalent diameter bigger than 300 nm 

was found prevalently in June, September, October and November. The presence of such large BC particles was 

confirmed by transmission electron microscopy analysis, which found coarse black carbon particles internally 

mixed with sulfate, sea salt and dust. The relative contribution of these coarse BC particles to the total rBC mass 

concentration was found to be inversely proportional to the total rBC mass concentration. This supported two 

main hypotheses: the production of the large BC cores during atmospheric transport rather than direct emissions 

or the presence of a weak source of coarse BC particles that became relatively important if the concentration of 

other transported BC was very low. 

The rBC mass concentration was compared with the equivalent black carbon (eBC) mass concentration measured 

with a MAAP. The monthly eBC/rBC mass ratio varied between 2.9 and 4.0. The principal reason of such large 

discrepancy was explained with the too low MACBC value applied to the absorption coefficients measured by the 

MAAP to calculate the equivalent black carbon mass concentration. Another cause of this discrepancy was found 

to be the limited detection range of the SP2-XR, which did not allow the total detection of coarse BC particles. 

Indeed, the presence of coarse BC particles was found to inscrease the eBC/rBC mass ratio by 33 %. 
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5.1 Introduction 

The Arctic is one of the most sensitive regions to climate change, and is warming at twice the global rate  over 

recent decades (Serreze and Barry, 2011). To slow down this warming trend, there is growing interest in reducing 

the impact from short-lived climate forcers, such as black carbon (BC), because the benefits of its mitigation are 

seen more quickly relative to CO2 emission reduction (Shindell et al., 2012).  

Indeed, black carbon is the most efficient light-absorber in atmospheric aerosols and can exert a strong warming 

effect on global and regional climate (Bond et al., 2013; Myhre et al., 2013; Cherian et al., 2017). An absorbing 

aerosol, over a highly reflective surface, typical of the Arctic, results in a warming at altitudes above and within 

the particle layer. The added atmospheric heating subsequently increases the downward longwave radiation to the 

surface, warming it (Shaw and Stamnes, 1980). Moreover, black carbon interacts with clouds to affect their 

microphysical and radiative properties (Twomey, 1974; Jacobson, 2001; Andrews et al., 2011), further modulating the 

radiation budget of the region. BC-containing aerosols have an additional forcing mechanism when deposited on 

snow and ice surfaces. Such deposition enhances the absorption of solar radiation at the surface which can warm 

the lower atmosphere and induce snow and ice melting (Flanner et al., 2007). 

In the Arctic, these BC climate effects have a strong seasonal variation. In fact, while in summer the Arctic is 

mostly influenced by local activities (Hirdman et al., 2010); in winter and spring the phenomenon called “Arctic 

haze” takes place (Shaw, 1995). Due to the large-scale air movements, polluted air (rich of BC, sulfate, organic 

matter, ammonium, nitrate and mineral dust, etc.) coming principally from Eurasia and North America reaches 

the Arctic (Sharma et al., 2006; Huang et al., 2010; Dutkiewicz et al., 2014), perturbing the surface-atmosphere 

radiation balance (Blanchet, 1989).  

A large number of studies have performed statistical analyses of trajectories combined with atmospheric BC 

concentration data. These methods tried to identify the regions from which high measured BC concentrations 

were coming. For instance, Polissar et al. (1999), Sharma et al. (2004, 2006) and Eleftheriadis et al. (2009) studied 

the source regions of BC measured at Barrow, Alert and Svalbard using trajectory statistics. However, it is 

important to mention that the assumption of the trajectory method is based on the inertia of the tracer and the fact 

that chemical or other removal processes do not affect it. This hypothesis can sometimes introduce large 

uncertainties  to the BC source apportionment (Liu et al., 2015a). Black carbon particles can be transported into 

the Arctic via three principal pathways: low-level transport followed by ascent in the Arctic, low-level transport 

alone, and uplift outside the Arctic, followed by descent in the Arctic. The last pathway is frequent for pollution 

originating from North America and Asia, whereas European pollution can follow all three pathways in winter, 

and pathways one and three in summer (Stohl, 2006). The time for transport of BC from extra-Arctic source 

regions to the Arctic is typically of the order of several days to weeks (Heidam et al., 2004). This interval is 

appreciably longer than the time needed for BC aging that is the BC conversion from a hydrophobic to a 

hydrophilic particle. For this reason, BC particles that reach the Arctic usually have grown by condensation and 

coagulation, and this can be seen by an increase to a bigger modal diameter of the BC mass size distribution 

relatively to the emission point (Shiraiwa et al., 2008), moreover they are found to be internally mixed with soluble 

material (Zanatta et al., 2018). However, long-range transport can also change the BC mass size distribution to a 

smaller size due to preferential wet removal of larger BC cores (Moteki et al., 2012).  

Very long time series of BC mass concentration in the Arctic have been measured with filter-based absorption 

instruments, such as the multi-angle absorption photometer (MAAP), the particle soot absorption photometer 

(PSAP) and the Aethalometer (Sharma et al., 2004, 2006; Eleftheriadis et al., 2009). However, the absorption 

coefficient calculated with these instruments can be prone to large uncertainties, due to multiple scattering and 

filter loading effects (Weingartner et al., 2003; Backman et al., 2017). Additional uncertainty results from the 

empirical conversion of the absorption coefficient to an equivalent black carbon mass concentration (𝑚eBC) 

(Petzold et al., 2013) using an assumed mass absorption cross-section (MACBC). This coefficient depends on the 

composition and morphology of the particles used in the calibration of the instrument, and on the specific 

technique used to quantify the black carbon mass (Slowik et al., 2007; Pileci et al., 2021).  
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Thanks to the recent development of the Single Particle Soot Photometer (SP2), which is an instrument based on 

the laser-induced incandescence (LII) technique, direct measurements of black carbon, in this case named 

refractory black carbon (rBC) (Petzold et al., 2013) have started also in the Arctic. Sharma et al. (2017) measured 

the mass concentration of refractory black carbon (𝑚rBC) in the Canadian Arctic from March 2011 to December 

2013. Shorter term measurements of 𝑚rBC were carried out in the European Arctic (Liu et al., 2015a; Raatikainen 

et al., 2015; Taketani et al., 2016; Zanatta et al., 2018). 

These long-term measurements have demonstrated that BC concentration has declined since 1980 thanks to the 

implementation of climate and air quality policies in Europe and United States which have efficiently contributed 

to fossil fuel BC emission reductions. At the same time, emissions of BC from wood burning from residential 

heating in winter and exceptionally high emissions of BC from forest fires in summer have increased over the last 

20 years (Chin et al., 2014).  

In general, current models fail to reproduce the seasonal cycles of BC mass in the Arctic, with large 

underestimation during Arctic haze and overestimation in summer (Shindell et al., 2008; Koch et al., 2009; 

Eckhardt et al., 2015; Winiger et al., 2017). This may be due to multiple reasons: incorrect spatial or temporal 

distribution of emissions in the inventories used for the modeling in certain areas, poor characterization of BC 

optical and chemical properties such as its size distribution and mixing state, and uncertainties in the mechanisms 

associated with BC wet removal and BC interaction with clouds. For instance, Vignati et al. (2010) found that 

varying BC microphysical properties, mass size distributions and removal rates can result in simulated BC 

concentrations that differ by more than an order of magnitude in remote regions such as the Arctic. This then also 

results in substantial uncertainties in the estimation of the BC radiative forcing.  

To answer the need for a more complete characterization and longer time series of black carbon properties in the 

Arctic, we measured the rBC mass concentrations and the rBC size distributions at Zeppelin Observatory in 

Svalbard, Norway, from April 2019 to March 2020. The measurements were performed with a Single Particle 

Soot Photometer Extended Range (SP2-XR), the more compact version of the SP2. For the first time, the SP2-

XR was used for a long-term remote monitoring campaign. In addition, trajectory analyses were used to identify 

the source regions of BC. Finally, we compared the rBC mass with eBC mass concentrations measured by the 

MAAP to investigate their agreement/disagreement.  

5.2 Methods 

5.2.1 Measurement site 

The field campaign took place between 1 April 2019 and 31 March 2020, at the Zeppelin Observatory, (475 m 

a.s.l.; 78°54’ N, 11°53’ E), Svalbard, Norway. The Norwegian Polar Institute owns the station, and is responsible 

for development, maintenance, daily management and safety. The Norwegian Institute for Air Research (NILU) is 

responsible for the scientific coordination. Moreover, the Zeppelin Observatory is part of the Global Atmosphere 

Watch network. 

This site is representative of remote Arctic background and considered to be within the planetary boundary layer 

most of the time (Tunved et al., 2013). During the Arctic haze period, Ny Ålesund is mainly influenced by long-

range transport over the Arctic Ocean from Siberia, Eurasia and the European subcontinent (Tunved et al., 2013). 

Minimal local pollution reaches the site (Beine et al., 2001; Ström et al., 2003).  

5.2.2 Inlets and instruments 

5.2.2.1 Inlets 

Black carbon particles were sampled through two different inlets during the whole campaign (Fig. 5.1): a total 

inlet and a total counter-flow virtual impactor inlet (CVI, Brechtel Manufacturing Inc., USA, Model 1205). The 

total inlet sampled interstitial (not activated) particles, cloud droplets and ice crystals when mixed-phase clouds 

were present. The CVI inlet used opposing air flows to filter out particles with low inertia (i.e. interstitial particles), 

so that only activated particles (i.e. droplets and ice crystals) were sampled (Noone et al., 1988). A detailed 

technical description of the CVI inlet at Zeppelin Observatory can be found in Karlsson et al. (2020). 
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During this campaign, the CVI was only operated when there was a cloud at the station. The CVI automatically 

turned on when the visibility dropped below 1 km (the WMO’s definition of fog). Once the CVI was on, the SP2-

XR was switching between total inlet and CVI inlet every 10’ as shown in Fig. 5.1. This allowed getting quasi-

parallel information of both the activated BC and total BC.  

In this work we only used the SP2-XR data when the instrument was sampling on the total inlet. Both the MAAP 

(Sect. 5.2.2.32.1.2) and the transmission electron microscopy data (Sect. 5.2.2.4) presented in this work were 

collected when sampling on the total inlet. 

 
Figure 5.1: Schematic illustration of the experimental set-up at Zeppelin Observatory.  

 

5.2.2.2 Single Particle Soot Photometer Extended Range (SP2-XR) 

A Single Particle Soot Photometer Extended Range (SP2-XR, Droplet Measurement Technologies, DMT, 

Longmont, CO, USA) was used in this work to measure the refractory black carbon mass concentration and rBC 

particle mass size distribution. The SP2-XR uses a high–intensity continuous Nd: YAG laser beam (λ = 1064 nm), 

characterized by an intra-cavity circulating power up to 1 MW cm−2, to make BC particles incandesce and emit 

a thermal/visible signal until they vaporize. The incandescence signal passes through a band pass filter, nominally 

from 400 nm to 750 nm, and is recorded via a single photomultiplier tube. The intensity of the thermal radiation 

emitted at the rBC vaporization point is a linear function of the refractory volume of the particle. In this study the 

calibration of the incandescence signal was done using size selected aerosols from fullerene soot (stock 40971, 

lot FS12S011), generated with a differential mobility analyzer (DMA) in accordance with recommended SP2 

calibration procedure (Baumgardner et al., 2012; Laborde et al., 2012a). Two incandescence calibrations were 

performed during the campaign, in June and in November 2019 and were found to be very stable (within a few 

percent). rBC mass size distributions were generated by converting the rBC mass of each BC–containing particle 

to an rBC mass equivalent diameter (𝐷rBC) (assuming a void–free BC material density of 𝜌BC= 1.8 g cm−3) and 

binning the particles by 𝐷rBC. The SP2-XR measurements during this field campaign covered the size range 

70 nm ≤  𝐷rBC ≤  700 nm with unit detection efficiency. The rBC mass concentration was corrected adding the 

estimated rBC mass concentration below the lower SP2 limit of quantification (here, 𝐷rBC ≤ 70 nm) using an 

extrapolation method based on lognormal fits to the measurement, as described in Pileci et al. (2021). No 

correction was applied for BC cores larger than the upper limit of quantification. 
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5.2.2.3 Multi-angle absorption photometer (MAAP) 

A multi-angle absorption photometer (MAAP, Thermo Fisher Scientific, Waltham, USA) (Petzold et al., 2005) 

was used to determine the equivalent black carbon mass concentration 𝑚eBC. The MAAP measures the transmitted 

and reflected light at multiple angles from an aerosol–loaded filter and then it applies a two–stream–

approximation radiative transfer model to infer the absorption coefficient of the deposited aerosol sample. 

Moreover, the reflectance signals provide the information required to account for the effects of multiple scattering 

and shadowing.  

The 𝑚eBC is then calculated using the following equation: 

𝑏𝑎𝑏𝑠,corr (637 nm) =  𝑏𝑎𝑏𝑠,default (670 nm) · 1.05 
 

(5.1) 

𝑚eBC =  
𝑏abs,corr (637 nm)

MACeBC
637 nm   

 
(5.2) 

where MACeBC
637 nm = 6.6 m2 g−1 is the mass absorption cross section used in the firmware of the MAAP, 

𝑏abs,default (670 nm) is the aerosol absorption coefficient output of the instrument measured at 670 nm, and 

𝑏abs,corr (637 nm) is the aerosol absorption coefficient corrected for the difference between the operating 

wavelength (637 nm) and the nominal wavelength (670 nm) (Müller et al., 2011).  

5.2.2.4 Transmission Electron Microscope (TEM) 

A 120 kV transmission electron microscope (TEM; JEM-1400, JEOL, Tokyo, Japan) was used for the TEM 

images. A TEM with a scanning mode (scanning transmission electron microscopy; STEM) equipped with an 

energy-dispersive X-ray spectrometer (EDS; X-max 80, Oxford Instruments, Tokyo, Japan) was also used for the 

element mapping images of representative particles. The element mapping images were obtained using the STEM-

EDS with ~ 30 min of acquisition time. 

Aerosol samples were collected using a TEM aerosol sampler (AS-16W, Arios, Tokyo, Japan), which has two 

impactor stages that collect particles with ~0.1-0.7 and > 0.7 μm aerodynamic diameter (50 % cutoff diameter) 

on TEM grids (200 mesh Cu grids with Formvar carbon substrates U1007, EM-Japan, Tokyo, Japan). Thirty-min 

collection times at a 1.0 L min−1 flow rate were used. From the available samples, the following ones were chosen 

because they were matching events with high fraction of large BC cores based on SP2-XR data: 16:22-16:52, on 

26 April and 0:00-0:30 and 3:00-3:30 on 30 July 2019.     

Particle composition and the shapes of individual particles were measured to manually find soot particles from all 

TEM grid areas. Although particles are mixtures of several components (e.g., dust, sea salt, sulfate, and soot), soot 

particles can be explicitly identified based on both their fractal-like shapes and C-rich composition.  

5.2.2.5 Concentration weighted trajectory analysis (CWT) 

In this work, we applied Zefir (Petit et al., 2017), an Igor-based package specifically designed to achieve a 

comprehensive geographical air mass origin analysis using a single statistical tool in combination with back-

trajectories from the NOAA Hysplit model (Draxler and Hess, 1997). The results of this analysis are presented in 

the form of concentration weighted trajectory (CWT) graphs. The CWT analysis was used to determine potential 

source regions of the black carbon measured at the Zeppelin Observatory. In the CWT method, a weighted 

concentration is assigned to each grid cell by averaging the sample concentrations that have associated trajectories 

crossing that grid cell, as follows: 

𝐶𝑖𝑗 =  
1

∑ 𝜏𝑖𝑗
𝑀
𝑙=1

 ∑ 𝐶𝑙𝜏𝑖𝑗

𝑀

𝑙=1

 

 
(5.3) 
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Where 𝐶𝑖𝑗 is the average weighted concentration (of rBC, in this case) in the grid cell (l, j), l is the index of the 

trajectory, M is the total number of trajectories, 𝐶𝑙 is the concentration observed at the sampling location (receptor 

site) on arrival of trajectory l, and 𝜏𝑖𝑗 is the residence time (time spent) of the trajectory l in the grid cell (l, j). 

Thus, the weighted concentration 𝐶𝑖𝑗 obtained at each grid cell provided evidence of high BC source strength in 

this grid cell. In this work, the model was run at the receptor site of Zeppelin Observatory calculating 5, 8 and 10 

days back-trajectories every 3 hours. Different altitude thresholds (no altitude limit, 3 km, 2 km and 700 m) for 

the trajectories were set. Results were discarded for all grid cells with fewer than 3, 5 or 10 trajectories crossings 

(at altitudes below the threshold). 

5.3 Results and discussion 

 

5.3.1 rBC mass concentration and size distribution  

The total rBC mass concentration measured by the SP2-XR was corrected by adding the estimated rBC mass 

concentration below the lower SP2 limit (here, 𝐷rBC = 70 nm), ∆𝑚rBC<𝐿𝐷𝐿 (light blue area in Fig. S5.1), 

calculated using an extrapolation method based on applying a lognormal fit (
d𝑚fit

dlog𝐷rBC
, blue line in Fig. S5.1) to the 

measurement (
d𝑚meas

dlog𝐷rBC
, blue full circles in Fig. S5.1), as described in Pileci et al. (2021). The monthly mean rBC 

mass size distributions from April 2019 to March 2020, normalized by the total measured monthly rBC mass 

concentration, are shown in Fig. 5.2. Given to the peculiar shape of these size distributions, which in some cases 

show a large presence of coarse mode BC particles, the quantity Δ𝑚meas−fit (dark blue area in Fig. S5.1) was 

calculated. Δ𝑚meas−fit represents the integrated difference between measured rBC mass size distribution and 

lognormal fit in the range 300-700 nm relative to total measured rBC mass and was calculated as follows: 

 Δ𝑚meas−fit =
1

𝑚meas
 ( ∫  

d𝑚meas

dlog𝐷rBC
(𝐷rBC) −

d𝑚fit

dlog𝐷rBC
(𝐷rBC) dlog𝐷rBC )

𝐷2

𝐷1
 

 
(5.4) 

In Fig. S5.1 the modal diameter of rBC mass size distributions, DrBC,mode, is also shown. In Table 5.1, the monthly 

𝑚rBC statistic (arithmetic mean, standard deviation – SD, median, 25th and 75th percentiles and the data 

availability), 𝐷rBC,mode, ∆𝑚rBC<𝐿𝐷𝐿 and Δ𝑚meas−fit are listed.  

Table 5.1: Monthly corrected 𝑚rBC arithmetic mean, standard deviation (SD), median, 25th and 75th percentiles, 

data availability, modal diameter of rBC mass size distributions 𝐷rBC,mode, estimated rBC mass concentration 

below the lower SP2 limit ∆𝑚rBC<𝐿𝐷𝐿 and area of the fitted and integrated difference between measured rBC mass 

size distribution and lognormal fit in the range 300-700 nm relative to total measured rBC mass, Δ𝑚meas−fit, are 

shown.  

 Apr 19 May 19 Jun 19 Jul 19 Aug 19 Sep 19 Oct 19 Nov 19 Dec 19 Jan 20 Feb 20 Mar 20 

 𝑚rBC 

arithmetic  

mean (SD) 

[ng m−3] 
7.6 

(4.2) 

6.9 

(4.2) 

2.8 

(2.8) 

5.3 

(7.0) 

3.6 

(7.8) 

3.1 

(6.4) 

2.3 

(2.2) 

2.6 

(2.0) 

14.0 

(15.0) 

17.1 

(15.9) 

24.7 

(21.9) 

12.7 

(9.4) 

𝑚rBC  

median 
(25th, 75th) 

[ng m−3] 

6.2 

(4.9, 

8.6) 

6.2 

(3.9, 

9.7) 

1.5 

(0.9, 

3.8) 

2.6 

(1.1, 

4.5) 

2.2 

(1.1, 

3.3) 

1.1 

(0.6, 

1.9) 

1.4 

(0.9, 

2.9) 

1.9 

(1.1, 

3.9) 

8.1 

(5.0, 

21.0) 

14.1 

(5.6, 

21.0) 

18.3 

(7.8, 

31.5) 

10.6 

(5.8, 

16.9) 
Data  

availability 

[%] 100 100 93 87 100 83 100 100 81 84 89 48 

𝐷rBC,mode  

[nm] 189 189 180 209 161 165 212 203 233 231 226 220 

∆𝑚rBC<𝐿𝐷𝐿 
[%] 4.1 3.6 4.1 3.9 7.2 5.3 3.0 3.1 1.1 0.7 0.9 1.3 

Δ𝑚meas−fit 0.04 0.04 0.12 0.01 0.04 0.05 0.07 0.08 0.02 0.01 0.01 0.01 

 

The monthly rBC mass size distributions can be grouped into four categories with similar characteristics, 

Fig. 5.2b-e, i.e., similar modal diameter and presence or absence of a distinct BC coarse mode. August and 
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September had 𝐷rBC,mode = 161 nm and 𝐷rBC,mode = 165 nm. Moreover, Δ𝑚meas−fit is 0.04 in August and 0.05 

in September, indicating the presence of a second BC mode with modal diameter bigger than the upper detection 

limit of the SP2-XR (Fig. 5.2b). In June, October and November the presence of super-micron BC particles 

seemed to be even more important. In fact, Δ𝑚meas−fit were 0.12, 0.07 and 0.08, respectively. However, while in 

October and November 𝐷rBC,mode were 212 nm and 203 nm, in June it was smaller, with 𝐷rBC,mode,June = 180 

nm and similar to April, May and July. In April and May, the rBC size distributions had both 𝐷rBC,mode= 189 nm 

and Δ𝑚meas−fit = 0.04. The rBC size distribution was very symmetric during the winter months of December, 

January, February and March with 𝐷rBC,mode of 233, 231, 226 and 220 nm, respectively and Δ𝑚meas−fit of 0.01 a 

part from December which had Δ𝑚meas−fit = 0.02. Even if it sits in the third group, the month of July was different 

from all the others. Its rBC size distribution was very symmetric, as the winter months, with Δ𝑚meas−fit = 0.01, 

but 𝐷rBC,mode,July = 209 nm, similar to October and November.  

Figure 5.2: Normalized monthly mean rBC mass size distributions from April 2019 to March 2020 (a). The 

monthly size distributions are normalized by their total measured rBC mass concentration. In the bottom panels, 

months with similar rBC mass size distributions are grouped together: August and September (b), June, October 

and November (c), April, May and June (d), December, January, February and March (e).  
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Figure 5.3: Daily averages from April 2019 to March 2020 of rBC mass concentration (a), rBC modal diameter 

(b) and integrated difference between measured rBC mass size distribution and lognormal fit in the range 300 - 

700 nm relative to total measured rBC mass (c). 

𝐷rBC,mode varied between 125 nm and 306 nm as shown in Fig. 5.3b. These values are generally comparable to 

previous SP2 observations in the Arctic regions. Sharma et al. (2017) found on average a modal mass diameter of 

225 nm during winter, and around 170 nm during summer, similar to our results. Raatikainen et al. (2015) found 

an average modal mass diameter of 194 nm with values ranging from 140 nm and 260 nm during winter 2012. 

Taketani et al. (2016) found the median values of modal rBC size distribution around 170 nm, in September, very 

similar to our observations. Zanatta et al. (2018) reported 𝐷rBC,mode = 240 nm, during spring, higher values than 

in this work. 

Δ𝑚meas−fit varied between roughly -0.05 and 0.70 (Fig. 5.3c). The rBC mass size distributions with  

−0.05 <  Δ𝑚meas−fit <  0.05 were quite symmetric (see the dashed lines in Fig. 5.3c). For this reason, we 

considered a substantial presence of coarse BC particles when Δ𝑚meas−fit  > 0.05. Size distributions with 

Δ𝑚meas−fit  >  0.2 (see the red line in Fig. 5.3c) were characterized by an important presence of coarse BC 

particles. Virtually no such events during the period with high rBC mass concentrations from around December 

to March were present. Frequent occurence of such events was found during periods with low rBC mass 

concentration from around April to November (with May and July being event-free exceptions). 
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Five months had 100 % of data coverage (April, May, August, October and November) and only one month 

(March 2020) had less than 50 % data availability. In Fig. S5.1 the modal diameter of the rBC mass size 

distribution, 𝐷rBC,mode, is also shown. Table 5.1 lists the monthly  𝑚rBC statistics (arithmetic mean, standard 

deviation – SD, median, 25th and 75th percentiles and the data availability), 𝐷rBC,mode, ∆𝑚rBC<𝐿𝐷𝐿 and Δ𝑚meas−fit.  

The winter and spring months exhibited frequent episodes of high rBC mass concentrations. The daily maximum 

occurred on 23 February reaching a value of 76 ng m−3. In comparison, in summer and autumn, the rBC mass 

concentrations were generally lower with occasional high BC events (such as on 30 August, with 𝑚rBC ≈

40 ng m−3). The rBC mass concentration median was smaller than 7 ng m−3 from April 2019 to November 2019, 

while it was higher than 8 ng m−3 in the winter months between December 2019 and March 2020. February was 

the month with the highest rBC mass concentration (median value of 18.3 ng m−3).  

The observed rBC mass concentration can be compared to that observed at Arctic sites from previous SP2 studies. 

Raatikainen et al. (2015) reported an average rBC mass concentration of 26 ng m−3 at the Pallas Global 

Atmosphere Watch station (68◦ N, Finland) between December 2011 and February 2012. Liu et al. (2015) 

presented rBC measurements performed in the low and middle troposphere in the European Arctic in spring 2013, 

when the rBC mass concentration varied between 20 and 100 ng m−3. Taketani et al. (2016) investigated the 

spatial variability in rBC at sea level between the North Pacific and Arctic oceans during September 2014, finding 

an average rBC mass concentration of 1.0 ± 1.2 ng m−3 at latitudes higher than 75◦ N. Sharma et al. (2017), based 

on a long time series of SP2 measurements between March 2011 and December 2013 at the Global Atmosphere 

Watch baseline observatory in Alert, Nunavut (82.5◦ N), calculated seasonal rBC mass concentration averages of 

33 ng m−3, 25 ng m−3, 6 ng m−3 and 8 ng m−3 for winter, spring, summer and fall, respectively. Zanatta et al. 

(2018) reported an average mass concentration of 39 ng m−3 at Zeppelin Observatory between 22 March and 11 

April 2012. Our observations are comparable to the ones of the previous studies except for the spring months. In 

fact, the rBC mass concentration we measured in March, April and May was substantially smaller than the one 

reported by the earlier studies. This can be due to the decrease in BC mass concentrations due to the 

implementation of air quality policies or to particular seasonal meteorological conditions. 

5.3.2 Presence of coarse BC particles in the TEM analysis 

Confirmation of such large BC particles was obtained by TEM analysis (Sect. 5.2.2.4). Only two TEM samples 

overlapped with the days with significant presence of coarse BC particles. Large BC particles were searched in 

the TEM coarse mode stage, which collected particles with aerodynamic diameter bigger than 700 nm. A fractal-

like BC particle with aerodynamic diameter bigger than 700 nm corresponds to a particle with mass equivalent 

diameter 𝐷rBC, bigger than roughly 750 nm, considering a fixed BC core density of 𝜌rBC = 1800 kg 𝑚−3. Internally 

mixed BC particles with aerodynamic diameters ranging from 1 to several μm correspond approximatively to 

mass equivalent diameters bigger than 700 nm. Hence, those particles constituting the coarse mode of BC particles 

in the BC mass size distribution measured by the SP2-XR are indeed expected to be collected in the TEM coarse 

mode stage. 

The first TEM sample was collected between 03:00 and 03:30 on 30 July 2019. Figure 5.4a shows the normalized 

rBC mass size distribution on 30 July with the presence of a coarse BC mode (Δ𝑚meas−fit = 0.19, Fig. 5.3c). 

Figure 5.4b shows TEM examples of particles containing a large amount of BC mass, which makes it plausible 

that these particles showed up at rBC mass equivalent diameter > ~300 nm if they had been sampled by the SP2-

XR. The presence of carbon was confirmed by the carbon signal in the elemental mapping image (Fig. S5.2) and 

the peculiar (compacted) fractal-like shape in the TEM images (when particles did not overlap each other), which 

was found throughout the particles, as indicated by the orange arrows in Fig. 5.4b. The occurrence of small 

particles around the central big particle suggested that the original particle possibly had some volatile liquid 

material such as water, which was spread around the sample when collected and then evaporated. Figure S5.2 

suggests that K, Ca, and N were associated with sulfate in the particle. A dust particle was also attached to the 

particles, as indicated by Al and Si mapping. The EDS mapping of the bottom half of this particle was difficult to 

analyze because the particle was too thick resulting in a possible EDS shadowing effect. 
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Figure 5.4: normalized rBC mass size distribution (a) and TEM analysis on the 30th July 2019 (b). 

The second TEM sample was collected between 16:22 and 16:52 on 26 April 2019. Fig. 5.5a shows the normalized 

rBC mass size distribution on 26 April and Fig. 5.5b shows the presence of large BC particles and as shown in 

Fig. 5.3, Δ𝑚meas−fit = 0.20. The TEM (Fig. 5.5b) and EDS (Fig. S5.3) results confirm the SP2 findings by 

showing the presence of a large amount of BC internally mixed with a potassium particle as well as dust (Al, Si, 

Fig. S5.3) and organic carbon (C, O, Fig. S5.3).  

 
Figure 5.5: normalized rBC mass size distribution (a) and TEM analysis on the 26th April 2019 (b). 

The TEM analysis corroborated the presence of relatively large soot particles although the limited statistics do not 

allow for a quantitative comparison with the rBC mass size distribution from the SP2-XR. Soot particles mostly 

occurred as several aggregates within single mixed particles consisting of sulfate, seas salt and dust principally. 

Those BC internally mixed particles ranged from 1 to several μm of geometric diameters and can be compared 

with BC particles with mass equivalent diameters bigger than 700 nm.  

5.3.3 Determination of BC source regions 

 

5.3.3.1 Seasonal rBC concentration weighted trajectories  

In order to find the source regions of black carbon at Zeppelin, the BC concentration weighted trajectories analysis 

was applied to the back-trajectories, as explained in Sect. 5.2.2.5. In the literature, different approaches were used 

to analyze rBC CWT over the year to find specific seasonal BC contributions. For instance, Eleftheriadis et al. 

(2009) separated summer (May to October) from winter (November to April). Sharma et al. (2006) ran the rBC 

CWT analysis separately for the winter months from January to April and the summer months from June to 
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September. In this work, the separation between months was decided based on the rBC mass size distributions 

presented in Fig. 5.2 and based on the outputs of the rBC CWT analysis. The winter period was considered 

between December and March. April was analyzed together with May, June and July, October with November 

and August with September.  

Figure 5.6: Black carbon concentration weighted trajectories graphs based on 10 days back-trajectories calculated 

every three hours during: April, May, June, July (a); August, September (b); October, November (c) and 

December, January, February and March (d). The altitude threshold was set at 2 km and only cells with at least 

three trajectories passing through them were considered. The altitude of the receptor site is 500 m, the altitude of 

Zeppelin Observatory. 

Figure 5.6 shows that during the winter months and during October and November, long-range transport of black 

carbon from Russia arrived in the Arctic. The maps exhibit high BC CWT regions in a broad area extending from 

the Volga and Urals Federal Districts over Siberia to the Extreme-Oriental District. In a BC emission inventory 

reconstruction in Russia, Huang et al. (2015) identified three major BC hot spot regions: the European part of 

Russia, the Southern Central part of Russia where human population densities are relatively high, and the Urals 

Federal District where Russia’s major oil and gas fields are located but with sparse human population. From April 

to July the BC CWTs show weighted BC concentrations trajectories coming from extreme northern areas: North 
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Russia and Europe, such as Finland as well as Greenland See and Beaufort Sea together with a hot spot in the 

Norwegian Sea near Island. In August and September, the CWT map shows that the BC mass concentration 

originated mainly from North-East Europe, Finland, Belarus and Ukraine. However, the results suggests that there 

was not sufficient variability in the trajectory paths. Hence, we can conclude that BC was picked up somewhere 

along that path in Northen-East Europe. 

During summer, in the Arctic, the high continental pressure disappears and the transport from medium latitudes 

becomes less relevant. Thus, any emission related to biomass burning or to anthropogenic sources within the 

Arctic vortex (e.g., increasing of shipping emissions/gas flaring) becomes very important. The contribution of 

local sources, both land-based and ship emissions to the mean concentration of atmospheric BC over Svalbard is 

still an open question. However, while some influence of local sources at Ny-Ålesund village and harbor was seen 

by local stations, for instance in Gruvebadet, this was constrained in the lower layers of the troposphere and did 

not affect the high-altitude site such as Zeppelin Observatory (Gilardoni et al., 2019). In contrast, biomass burning 

episodes are becoming a very important source of BC for the Arctic region, in spring and summer (Warneke et 

al., 2010; Ritter et al., 2018; Zielinski et al., 2020). Gogoi et al. (2016) found that forest fire burning in Alaska 

and Canada led to strong increases in BC concentrations over Svalbard.  

5.3.3.2 Concentration weighted trajectories during large BC particles occurrence 

For understanding the origin of the BC coarse mode particles, the CWT analysis was ran exclusively on days that 

presented a prevalence of coarse BC particles. In order not to bias the analysis with high BC concentration days, 

the CWT was run on the relative contribution of BC coarse particles Δ𝑚meas−fit, not on the total rBC mass 

concentration. In Fig. 5.7, the CWT analyses with choosing Δ𝑚meas−fit as weigthing factor is shown. Figure 5.7a) 

includes all trajectories of days with Δ𝑚meas−fit > 0.05 and panel b) with Δ𝑚meas−fit >  0.20.  10-day back-

trajectories with an altitude threshold at 2 km were calculated for the maps shown in Fig. 5.7. The 5-day back-

trajectories maps are shown in Fig. S5.4.  

 
Figure 5.7: CWT analysis run with choosing Δ𝑚meas−fit as weigthing factor. The top panel includes all trajectories 

of days with Δ𝑚meas−fit > 0.05 and the bottom panel with Δ𝑚meas−fit >  0.20. 10-day back-trajectories with 

altitude threshold at 2 km and at least three trajectories crossing a cell. The trajectories are ending at 500 m at 

Zeppelin Observatory. 
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The maps in Fig. 5.7 show that the relative contribution of BC during days characterized by the presence of large 

BC cores was mainly coming from Northern Canada, Greenland and from the Labrador see. Some trajectories 

were passing closer to Iceland and some were coming from Siberia. We found significant occurrence of coarse 

BC particles in spring, summer and early autumn and June was the month characterized by the biggest value of 

Δ𝑚meas−fit (Table 5.1). As mentioned in Sect. 5.3.3.1, biomass burning episodes are becoming a very important 

source of BC for the Arctic region, in spring and summer and in June 2019, more than 100 long-lived and intense 

wildfires blazed within the Arctic Circle. Most of them burned in Alaska and Siberia, and few raged even 

in Greenland.  

Biomass burning produces rBC size distributions with larger modal diameter than traffic emissions with 

𝐷rBC,mode ranging from 200 to 300 nm (Bond et al., 2013; Schwarz, 2019), but there is no published study to the 

best of our knowledge that found such large presence of biomass burning coarse BC particles. If those particles 

were emitted by wildfires and transported over the Arctic, we would expect Δ𝑚meas−fit to increase with the total 

rBC mass concentration. However, Fig. S5.5 shows an inverse relationship between Δ𝑚meas−fit and 𝑚rBC. 

Moreover, large BC particles particles would be mainly removed by wet deposition (Vignati et al., 2010) after an 

average atmospheric lifetime of 7.3 days (Schulz et al., 2006). Indeed, multiple studies found biomass burning 

aerosols internally mixed with ammonium, nitrate, and sulfate, which are hydrophilic substances (Pratt et al., 

2010).  

Anyway, Figs. 5.7 and S5.4 show too few trajectories to be able to draw any valid conclusions. The only pertinent 

conclusion is that the mode of coarse BC cores is only relevant in relative terms when the rBC mass concentration 

is low, consistently with Fig. S5.5. This supports two main hypotheses: the production of the large BC cores 

during atmospheric transport rather than direct emissions or the presence of a weak source of coarse BC particles 

that becomes relatively important if concentration of other transported BC is very low. 

5.3.4 Correlation between coarse mode BC particles and presence of clouds 

In Sect. 5.3.3.2, we speculated on the hypothesis that the large BC particles we measured in the rBC mass size 

distributions were produced from a certain source and were then transported over the Arctic. However, Fig. S5.5 

shows an inverse correlation between Δ𝑚meas−fit and 𝑚rBC. This can be an indication that those particles were 

not transported but were the result of some local or regional process taking place. 

Schwarz et al. (2013) found BC mass size distributions shifted to larger sizes in snow than the one seen in the 

atmosphere. They attributed this effect to three possible processes: 1) the agglomeration in the atmosphere of 

water-bound BC; 2) long-duration in-cloud residence times and prolonged exposure to collision coalescence in a 

small fraction of cloud parcels; 3) agglomeration of snow bound BC due to thaw-freeze cycles on the ground. 

Very recently, Ding et al. (2019) observed for the first time at the micro-scale the phenomenon of BC release from 

pre-existing liquid droplets during ice/snow particle formation. He proposed a mechanism whereby BC particles 

are accumulated by droplet collision before being released back to the air in a more aggregated form (with larger 

BC  cores) during the Wegener–Bergeron–Findeisen (WBF) process (Bergeron, 1928; Findeisen, 1938; Wegener, 

1911).  The WBF process refers to the rapid growth of ice crystals at the expense of surrounding cloud droplets, 

which frequently occurs in atmospheric mixed-phase clouds and may play an important role on releasing some of 

the BC particles contained in droplets. The process proposed by Ding et al. (2019) may explain large model-

measurement discrepancies such as the underestimates of BC concentration at high latitude and altitude areas 

dominated by mixed-phase or ice clouds (Qi et al., 2017).  

To investigate if clouds could have played a role in the formation of coarse mode BC particles, we plotted 

Δ𝑚meas−fit together with the hours of cloud occurrence at Zeppelin Observatory, indicated by the grey shadow 

area in Fig. 5.8. The graph does not show a clear correlation between the presence/duration of clouds and the 

presence of coarse BC particles. In Fig. S5.6 a case study shows what happened to the rBC mass size distribution 

during a sequence of “in cloud – out of cloud”. Also, in this case there is no evident correlation between the two 

variables. However, this does not exclude that the process described by Ding et al. (2019) or some other BC-cloud 

interaction process is taking place. Many more parameters such as the type of cloud, the meteorological parameters 

and hours in cloud along the backtrajectory should be investigated. Moreover, also the mixing between the already 
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transported BC with “freshly” long-range transported BC particles might play an important role abating the 

relative importance of the coarse BC particles potentially created by the process explained by Ding et al. (2019).   

Figure 5.8: Δ𝑚meas−fit with different colors and markers per month plotted together with the hours per day 

Zeppelin Observatory was in a cloud, indicated by the grey shadow area.  

5.3.5 Comparison between rBC and eBC mass concentrations 

In this paragraph, we show the yearly intercomparison between the rBC mass concentration measured by the SP2 

and the eBC mass concentration obtained with the MAAP. The 𝑚eBC was obtained by Eq. (5.2) with 

MACeBC
637 nm =  6.6 m2 g−1. Figure 5.9 illustrates the monthly averaged and standard deviations of the rBC, eBC 

mass concentration (Fig. 5.9b) and the eBC/rBC ratio (Fig. 5.9a). The eBC/rBC mass ratio varied from a minimum 

of 2.9 in June and December to a maximum of 4.0 in September (the full statistics with arithmetic average, 

standard deviation – std, median, 25th and 75th percentiles are shown in Table 5.2). This ratio is slightly higher in 

summer and autumn, between July and October, than in winter and spring (Table 5.2).    

Literature studies found eBC/rBC mass ratios between 1.2 and 5. Raatikainen et al. (2015) showed comparisons 

between the SP2, the Aethalometer and the MAAP measurements over a 2-month period (December 2011 to 

January 2012) in Pallas, Northern Finland and found that eBC from the MAAP was a factor of five larger than the 

rBC mass from the SP2. Since the eBC/rBC mass ratio was practically constant during the campaign, they did not 

attribute this difference to the time dependent aerosol properties such as mixing state. The difference between 

eBC and rBC was explained with three possible reasons: the presence of brown carbon (not detected by the SP2 

but detected by the MAAP), the limited SP2 size range, and the MACeBC value used (the default value: 

6.6 m2 g−1). Slowik et al. (2007) compared an SP2 and a MAAP using well-characterized fractal soot particles. 

The default MACeBC value of 6.6 m2 g−1 at λ = 670 nm was used to calculate eBC mass. For uncoated soot 

(OA/BC = 0.1 – 0.7), the eBC mass was ∼ 50 % higher than the rBC mass. This study also tested the instruments 

at higher OA/BC ratios by applying a coating with oleic acid and anthracene. Three different soot coatings were 

used: a very thin organic 10 nm coating, a 50 nm oleic acid coating and a 60 nm thick coating of anthracene. Thin 

organic coatings (∼10 nm) did not affect the instrument readings, while for the 50 nm coating the ratio of the eBC 

mass increased by ∼ 20 %. The difference between eBC and rBC for uncoated particles was attributed to the too 

low MACeBC while the difference between eBC and rBC for coated particles was explained by the absorption 

enhancement due to the lensing effect. 

In the present study, the large discrepancy between eBC and rBC mass concentration could be the result of an 

interplay of causes, as highlighted by the previous studies: the principal one is the too low MACeBC value used to 

convert the absorption coefficient to eBC mass concentration. Moreover, the possible presence of species other 

than BC that absorb light at the MAAP wavelength, such as brown carbon (only a small interference is expected, 

except if a high fraction of tar balls was present, Pósfai et al., 2004; Adachi and Buseck, 2011). All these possible 
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causes lead to an eBC mass overestimation. With the assumption that the lensing effect was around a factor of 2 

for the aged aerosol found at the Zeppelin site, then eBC/rBC mass ratio would become between 1.5 and 2. This 

means either that the lensing factor of 2 is too low, there were other factors responsible for the eBC/rBC 

discrepancy or a combination of both hypotheses.  

Table 5.2: eBC/rBC mass ratio statistics with arithmetic mean, standard deviation (SD), median, 25th and 75th 

percentiles. 

 Apr 19 May 19 Jun 19 Jul 19 Aug 19 Sep 19 Oct 19 Nov 19 Dec 19 Jan 20 Feb 20 Mar 20 

 𝑚eBC/ 𝑚rBC  

arithmetic  

mean  

(SD) 
3.3 

(0.5) 

3.3 

(0.3) 

2.9 

(0.8) 

3.5 

(1.2) 

3.4 

(1.3) 

4.0 

(1.4) 

3.5 

(1.4) 

3.2 

(0.7) 

2.9 

(0.6) 

3.1 

(1.2) 

3.0 

(1.0) 

3.2 

(9.4) 

 𝑚eBC/ 𝑚rBC  

median 

(25th, 75th) 

3.1 

(3.0, 3.4) 

3.2 

(3.1, 3.5) 

3.1 

(2.7, 3.4) 

3.2  

(2.9, 3.6) 

3.3 

(2.5, 3.9) 

3.9 

(3.3, 4.7) 

3.1 

(2.7, 3.7) 

3.0 

(2.7, 3.7) 

2.7 

(2.6, 3.1) 

2.8 

(2.6, 3.1) 

2.8 

(2.7, 3.0) 

2.8 

(2.7, 3.0) 

 

Figure 5.9: rBC/eBC mass concentration ratio (a) and  𝑚rBC and 𝑚eBC monthly statistics (arithmetic average ± 

SD) (b).  

As found in previous studies, also the limited SP2 detection range can lead to an underestimation of the rBC mass 

concentration. To investigate if the eBC-rBC mass discrepancy could be also partially explained by the large 

presence of coarse BC particles, which are detected by the MAAP but not totally by the SP2 due to its limited size 

detection range, we plotted the box plots of the eBC/rBC mass ratios for different Δ𝑚meas−fit ranges, i.e., 

Δ𝑚meas−fit < 0.05, 0.05 < Δ𝑚meas−fit < 0.10,  0.10 < Δ𝑚meas−fit < 0.15 and Δ𝑚meas−fit > 0.15. The results in 

Fig. 5.10 show that the median eBC/rBC mass ratio increased from 3.0 for Δ𝑚meas−fit < 0.05 (Fig. 5.10a) to 4.0 

for Δ𝑚meas−fit > 0.15 (Fig. 5.10d). This means that the presence of coarse BC particles increased the eBC/rBC 

ratio by roughly 33 %. The same result is also shown in a scatter plot of daily eBC vs rBC values colored by 

Δ𝑚meas−fit in Fig. S5.7. Panels a) and b) illustrate the points with 0.05 < Δ𝑚meas−fit < max and 

0.05 < Δ𝑚meas−fit < 0.2, respectively. In both these figures the bias between 𝑚rBC and 𝑚eBC shows a Δ𝑚meas−fit 

dependence.      

From these results, we can speculate that at high latitude sites dominated by mixed-phase or ice clouds (and 

possibly also at high altitude with similar cloud types), coarse BC particles not detected by the SP2 can play an 

important role in the discrepancy between the mass concentration measured by filter-based instruments and the 

rBC measured by the SP2. This, together with the low MACeBC coefficient used, and possibly the presence of 

other non-BC absorbing species can explain the large bias between 𝑚eBC and 𝑚rBC found here as well as in 

previous studies in Arctic areas (e. g. Raatikainen et al., 2015; Sharma et al., 2017). 



116 
 

Figure 5.10: Box plots (showing 10th, 25th, 50th, 75th and 90th percentiles) of the eBC/rBC mass ratios for different 

intervals of Δ𝑚meas−fit. 

5.4 Conclusions 

To answer the need of long-term and direct black carbon measurements in the Arctic, a year-long field campaign 

from April 2019 to March 2020 was conducted at the Zeppelin Observatory in Svalbard, Norway. Refractory 

black carbon mass concentration and size distribution measurements were measured with a Single Particle Soot 

Photometer Extended Range (SP2-XR).  

Annual average and median rBC mass concentrations were 8.0 and 3.8 ng m−3, respectively, while monthly 

averages ranged from a maximum of 24.7 ng m−3 in February, to a minimum of 2.3 ng m−3 in October. The 

annual average modal diameter, 𝐷rBC,mode of the rBC size distribution was 197 nm with monthly values between 

𝐷rBC,mode= 161 nm in August and 𝐷rBC,mode= 233 in December.  

Weighted BC concentration trajectory analyses were run for the Zeppelin altitude using 5 and 10 days back-

trajectories. The outputs showed that from October to March, BC concentrations at Zeppelin were mainly 

influenced by source regions in Northern and Central Russia. From April to July the BC mass came from extreme 

northern areas: North Eurasia and Northern Canada while in August and September BC mass concentration 

originated mainly from North-East Europe.  

Frequent occurrence of coarse BC particles with rBC mass equivalent diameter bigger than 300 nm was found, 

prevalently in June, September, October, and November. Their presence was quantified calculating the integrated 

difference between measured rBC mass size distribution and lognormal fit in the range 300-700 nm relative to 

total measured rBC mass. The presence of such large BC particles was corroborated by transmission electron 

microscopy analysis, which found coarse black carbon particles from 1 to several μm internally mixed 

predominantly with sulfate, seas salt and dust. 

The CWT analysis was also run on the days that presented a prevalence of large BC cores. The back-trajectories 

were weighted with the relative contribution of BC coarse particles, in order not to influence the analysis by high 

concentration data. However, the scarcity of trajectories made it impossible to identify a BC source area. We 

found the relative contribution in mass of these coarse BC particles to be inversely proportional to the total rBC 

mass concentration. This supported two main hypotheses: the production of the large BC cores during atmospheric 

transport rather than direct emissions or the presence of a weak source of coarse BC particles that becomes 

relatively important if concentration of other transported BC is very low. In other words, it is more likely that 

these coarse BC particles were a local or regional product, possibly given by the interaction of BC with clouds 

during the atmospheric transport or when reaching Svalbard.  
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We did not find any correlation between coarse BC particles presence and number of hours in clouds. However, 

this does not exclude that some BC-cloud interaction process was taking place. Many more parameters such as 

the type of cloud and the meteorological parameters should be investigated before drawing any conclusion.  

The rBC mass concentration was compared with the equivalent black carbon mass concentration measured with 

the MAAP. The monthly eBC/rBC mass ratio varied between 2.9 in June and December and 4.0 in September. 

The principal reason of such large discrepancy was the too low MACBC applied to convert the absorption 

measurement by the MAAP in equivalent black carbon mass. Moreover, the presence of coarse BC particles, 

detected by the MAAP and out of the SP2 detection range, was found to increase the eBC/rBC ratio by 33 %.  



118 
 

Supplement of: Yearly characterization of the Arctic Black 

Carbon sampled on Zeppelin Observatory, Svalbard 

 

 

Figure S5.1: Measured rBC mass size distribution (blue full circles) as a function of rBC core mass equivalent 

diameter. The blue line represents the lognormal fit of the measurements. The integrated area of the cyan and blue 

shadings correspond to ∆𝑚rBC<𝐿𝐷𝐿, and ∆𝑚meas−fit.  
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Figure S5.2: Element mapping with the EDS of the particle seen with the STEM (on the top left of the figure) on 

July 30 2019 between 03:00 and 03:30. Al, C, Ca, K, Mg, N, Na, O, S and Si are present in the particle. Colors 

indicate normalized EDS intensities for each element. 
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Figure S5.3: Element mapping with the EDS of the particle seen with the STEM (on the top left of the figure) on 

July 30 2019 between 03:00 and 03:30. Al, C, Ca, K, Mg, N, Na, O, S and Si are present in the particle. Colors 

indicate normalized EDS intensities for each element. 

Figure S5.4: CWT analysis run on the relative contribution of the rBC mass between 300 nm and 700 nm per days 

with Δ𝑚meas−fit > 0.05 (a) and Δ𝑚meas−fit >  0.20 (b). 5-day back-trajectories with altitude threshold at 2 km, 

receptor site: Zeppelin Observatory and at least three trajectories crossing a cell. 
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Figure S5.5: Scatter plot of Δ𝑚meas−fit vs the total BC mass concentration at daily time resolution.  
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Figure S5.6: rBC size distributions (top) and rBC mass concentrations (1h and daily averages) (bottom) during a 

sequence of “in cloud – out of cloud” from 1 to 16 June 2019.  

 

Figure S5.7: eBC-rBC mass scatter plot. The points are colored by Δ𝑚meas−fit. Data with 0.05 <

Δ𝑚meas−fit<Max are presented on the left panel, and data with 0.05 < Δ𝑚meas−fit< 0.20 are presented on the 

right panel.
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Chapter 6: Conclusions and perspectives 

 
Black carbon (BC) has a great impact on the Earth’s climate. However, the lack of a deep knowledge on its 

properties leads to a large uncertainty in the estimation of its global radiative forcing. The motivation of this thesis 

was to contribute to reducing the uncertainties related to BC radiative forcing, filling some gaps present in black 

carbon science, with the following investigations:  

- intercomparison measurements of BC mass concentration performed with the three most used 

techniques: filter based thermal–optical evolved gas analysis; laser induced incandescence and aerosol 

light absorption based methods. These investigations were done with a large intercomparison study 

between EC and rBC across four European background sites and with a yearly intercomparison study 

between eBC and rBC in the Arctic; 

- characterization of BC properties with a month-long campaign in the very polluted area of the Po Valley 

and with a year-long campaign in a very clean environment, in the Arctic;  

- investigation of the variability of MACBC as a function of mixing state, BC particle size and BC mass 

measurement technique in the Po Valley where both fresh and aged BC were sampled. 

Hereafter the major findings of this thesis work are summarized: 

1) EC and rBC mass concentration measurements from four field campaigns performed across several European 

sites (Paris, Bologna, Cabauw and Melpitz) were collated and examined to identify the similarities and 

differences between BC mass concentrations measured by the two techniques. All EC concentration 

measurements were performed with the EUSAAR–2 thermal protocol, with the TOT technique on quartz 

filters sampled with high volumes with a PM2.5 cut–off (except for the Cabauw campaign during which PM10 

was sampled). All rBC mass concentration measurements were performed with three different SP2s, 

calibrated with the same standard material, fullerene soot. The two methods provide an operationally defined 

measure of atmospheric BC mass in good overall agreement. However, systematic discrepancies up to 

~±50 % were observed at some sites. The median of the observed rBC to EC mass ratios for the whole dataset 

was 0.92, with a GSD of 1.50. The median ratio varied from 0.53 to 1.29 from campaign to campaign. 

Potential reasons for the discrepancies were: source–specific SP2 response, the possible presence of an 

additional mode of small BC cores below the LDL of the SP2, differences in the upper cut–off of the SP2 and 

the inlet line for the EC sampling, or various uncertainties and interferences from co–emitted species in the 

EC mass measurement. The discrepancy between rBC and EC appears to be systematically related to the BC 

source, i.e. traffic versus wood and/or coal burning. However, it was not possible to identify causalities behind 

this trend due to potential cross–correlations between several aerosol and BC properties relevant for potential 

biases.  

A yearly intercomparison between eBC and rBC mass concentration measurements was performed at 

Zeppelin Observatory, in Svalbard, Norway, from April 2019 to March 2020. The eBC mass concentration 

measurements were performed with a multi-angle absorption photometer, using a MACBC of 6.6 m2 g−1 to 

convert the light absorption to eBC mass concentration. The rBC mass measurements were performed with 

an SP2-XR, calibrated with fullerene soot. The monthly eBC/rBC mass ratio varied between a minimum of 

2.9 in June and December and a maximum of 4.0 in September. Large overestimation of the eBC mass 

concentration is expected because of the assumed MACBC (too low for measurement in the Arctic, where 

internally mixed BC is sampled). The presence of light-absorbing materials other than BC, like brown carbon 

(if large presence of tar balls is present) might cause eBC overestimation. Cause of this discrepancy was 

found to be the limited detection range of the SP2-XR, which did not allow the total detection of coarse BC 

particles.  Indeed, the presence of coarse BC particles, detected by the MAAP and out of the SP2 detection 

range, was found to inscrease the eBC/rBC ratio by 33 %.  
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Recommendations and perspectives: the use of a direct BC measurement is always preferred and suggested 

in order to avoid the choice of a proper MACBC value to convert light absorption to eBC mass. However, both 

EC and rBC based techniques have their uncertainties and limitations. The thermal–optical evolved gas 

analysis is mainly influenced by pyrolysis and by the presence of inorganics and light-absorbing organics 

such as brown carbon on the filter. Moreover, this technique is prohibitive at low BC concentration sites 

because of the long integration times needed. On the contrary, the SP2 is a very valuable tool to use in very 

clean environments because it has no lower number concentration detection limit. This instrument gives also 

information on other BC properties such as the rBC mass and number size distributions and mixing state at 

single particle level. However, with this work we demonstrated that its limited detection range can sometimes 

be an important limit towards a correct rBC mass quantification. An absolutely accurate mass concentration 

measurement is still a limit of the aerosol techniques in general. The recommendation for the field campaigns 

is to adopt the most suitable technique based on the level of accuracy and information needed and based on 

the typology of the measurement site.   

2) The spatio–temporal variability of physical and optical properties of freshly emitted and aged black carbon 

particles was investigated during summertime, in July 2017, in the Po Valley, Italy with stationary and mobile 

measurements. The diurnal variability in the physical and optical properties of BC particles was investigated 

with stationary measurements at a sub–urban site of Bologna. All the properties studied showed a strong 

influence of the PBL dynamics and the meteorology. For example, the MACBC value and AAE changed only 

when the wind direction drastically changed. For instance, the average mass absorption cross–section of 

refractory BC at 637 nm (MACrBC
637 nm) increased from 12.2 to 16.0 m2 g−1 based on SP2 measurements, and 

from 8.1 to 11.5 m2 g−1 based on thermal–optical elemental carbon (EC) measurements (MACEC
637 nm); the 

minima occurred in the morning when fresh traffic emissions dominated the aerosol loading, and the maxima 

occurred in the afternoon when the PBL height increased and aged particles dominated the BC mass. The 

spatial variability of BC optical and physical properties over the Po Valley was investigated with mobile 

measurements. The focus was set on the difference in properties between freshly emitted BC particles, 

sampled on the highway, and aged BC particles, sampled on provincial roads. The  MACrBC
637 nm values 

increased by 39 % from the highway to the provincial roads. The observation of the average rBC mass size 

distributions (108 nm < 𝐷rBC,mode < 115 nm) and the absorption Ångström exponent (AAE ≈ 1) supported 

the hypothesis that mixing of freshly emitted BC with aged background BC was the dominant process 

responsible for this MACrBC
637 nm difference. Both diurnal and spatial observations gave evidence that the Po 

Valley, in summer, contains a 'pool' of aged BC particles into which fresh BC emissions are mixed on short 

temporal and spatial scales.  

The temporal variability of refractory black carbon mass concentration and rBC mass size distribution was 

investigated in the Arctic at the Zeppelin Observatory in Svalbard, Norway, during a year-long field campaign 

from April 2019 to March 2020 with the use of an SP2-XR. Annual average and median rBC mass 

concentrations were 8.0 and 3.8 ng m−3, respectively, while monthly averages ranged from a maximum of 

24.7 ng m−3 in February, to a minimum of 2.3 ng m−3 in October. The annual average modal 

diameter, 𝐷rBC,mode of the rBC size distribution was 197 nm with monthly values between 𝐷rBC,mode= 161 

nm in August and 𝐷rBC,mode= 233 in December. Weighted BC concentration trajectory analyses showed that 

from October to March, BC concentrations at Zeppelin were mainly influenced by source regions in northern 

and central Russia. From April to July the BC mass came from extreme Northern areas: North Eurasia and 

Northern Canada while in August and September the BC mass concentration originated mainly from North-

Eastern Europe. Unexpected but frequent occurrence of large BC cores with rBC mass equivalent diameter 

bigger than 300 nm were found, prevalently in June, September, October and November. Their presence was 

quantified calculating the integrated difference between measured rBC mass size distribution and lognormal 

fit in the range 300-700 nm relative to total measured rBC mass. Large BC particles internally mixed with 

sulfate, sea salt and dust were found by transmission electron microscopy analysis. The relative contribution 

in mass of these coarse BC particles was found to be inversely proportional to the total rBC mass 

concentration. This supported two main hypothesis: the production of the large BC cores during atmospheric 

transport rather than direct emissions or the presence of a weak source of coarse BC particles that becomes 
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relatively important if concentration of other transported BC is very low. In other words, it is more likely that 

these coarse BC particles were a local or regional product, possibly given by the interaction of BC with clouds 

during the transport or when reached Svalbard. We did not find any correlation between coarse BC particles 

and number of hours in cloud, however, we could not exclude that some BC-cloud interaction process was 

taking place.  

Recommendations and perspectives: a more complete characterization and longer time series of black 

carbon properties are still required worldwide in order to improve the accuracy of global aerosol models. This 

need is even stronger in the Arctic, where these measurements are scarce. Our study revealed a distinctive 

rBC mass size distribution in the Arctic, with marked presence of coarse BC particles. Future studies should 

focus on understanding the source of these particles or the mechanisms behind their formation.  

3) The variability of MACBC as a function of mixing state, BC particle size and BC mass measurement technique 

was investigated in the Po Valley where both fresh and aged BC were sampled. As a proxy for the mixing 

state, the number fraction of thickly coated particles was used. The small variation of BC core diameters 

found during the campaign was not able to explain the much greater variability in the observed MACBC values, 

which was better explained with the variability of the BC mixing state. This result provides experimental 

confirmation that the lensing effect can substantially increase the MAC of black carbon by up to a factor of 

almost 2. However, while this study provides clear evidence of BC mixing state effects on MACBC, the 

observed MACBC values remain tainted with considerable uncertainty due to the lack of absolutely accurate 

mass measurement techniques. Indeed, in this study, the MACBC values based on rBC mass concentrations 

were 35 % higher than those based on EC mass concentrations. 

Recommendations and perspectives: this result confirmed that lensing effects in ambient measurements 

can increase the MAC of black carbon by up to a factor of 2. However, an accurate absolute measurement of 

the MACBC value is not possible given the uncertainty related to the BC mass concentration. Future studies 

should focus on addressing the effects that the coating composition would have in the MACBC variability. 

Moreover, the behavior of MACBC as a function of the particle morphology remains an experimental 

challenge.  
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