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Zusammenfassung 

Waldbrªnde sind eine Hauptquelle von RuÇ, der schwarzen Kohlenstoff enthªlt, den am stªrksten 

absorbierendem Partikeltyp in der Atmosphªre. Durch Vertikaltransport kºnnen 

Waldbrandaerosolschichten die obere Troposphªre erreichen, was ihre Klimawirkung noch verstªrken 

kann, da die Lebenszeit von Aerosolpartikeln in der Atmosphªre mit der Hºhe zunimmt. Diese Arbeit 

befasst sich mit der Charakterisierung von schwarzem RuÇ in Waldbrandaerosolschichten in der freien 

und oberen Troposphªre anhand von Messdaten, die 2012 bei der Deep Convective Clouds and 

Chemistry (DC3) Flugzeugmesskampagne mit einem SP2 gewonnen wurden. Die RuÇpartikel, die in 

diesen in Waldbrandaerosolschichten gemessen wurden, unterscheiden sich zwischen Schichten in 

unterschiedlichen Hºhen. Anhand einer Fallstudie vom 11. Juni 2012, bei der 

RuÇmassenkonzentrationen von bis zu 2 Õg /mį gemessen wurden, werden Waldbrandaerosolschichten 

in der freien Troposphªre unterhalb von etwa 8 km Hºhe exemplarisch dargestellt. Diese Schichten 

enthalten RuÇpartikel mit einem Massenmediandurchmesser von 160-200 nm, etwa 60-80% dieser 

RuÇpartikel weisen dicke Ummantelungen aus anderem Material auf. In den meisten dieser Schichten 

war die Konzentration von Partikeln grºÇer 2 Õm, wie Staub, erhºht, auf Werte bis zu 1 cm3. Die 

Waldbrandaerosolschichten, die in der oberen Troposphªre gemessen wurden, unterschieden sich in den 

RuÇpartikeleigenschaften von den schichten unterhalb von 8 km Hºhe. Am 17. Juni wurde eine 

Waldbrandaerosolschicht in der oberen Troposphªre, auf 11 km Hºhe, vermessen, die durch ein 

Gewitter nach oben transportiert wurde. Das Verhªltnis von CO und RuÇmassenkonzentration in der 

Schicht weist auf eine geringere Auswaschung hin, als sie im Ausfluss von Gewitterambossen 

beobachtet wurde. Auch erhºhte Ozonkonzentrationen deuten darauf hin, dass die 

Waldbrandaerosolschicht nicht im Hauptaufwindbereich sondern in schwªcheren Aufwinden unterhalb 

des Ambosses transportiert wurde und sich mit stratosphªrischer Luft vermischte. 

Waldbrandaerosolschichten in der oberen Troposphªre enthielten RuÇpartikel, deren 

Massenmediandurchmessern mit 145 nm etwas kleiner waren als in Waldbrandaerosolschichten der 

mittleren Troposphªre. Etwa 50% der RuÇpartikel waren intern gemischt. Diese 

MassengrºÇenverteilung von RuÇpartikeln war nicht nur in allen bei DC3 beobachteten 

Waldbrandaerosolschichten nahezu identisch, sondern gleicht auch anderen Beobachtungsdaten von 

RuÇpartikeln in Waldbrandaerosolschichten in der oberen Troposphªre, was auf eine stabile 

Gleichgewichtsverteilung hindeutet. Das Verhªltnis von RuÇmassenkonzentration und CO, 

4.05 (ng/mį)/ppb in der freien Troposphªre und 1.43 (ng/mį)/ppb in der oberen Troposphªre, zeigt, dass 

bis zu zwei Drittel der RuÇmasse beim Transport ausgewaschen wurden. Durch die groÇe horizontale 

Ausdehnung der Schichten konnte eine dieser nur wenige hundert Meter dicken Schicht immer noch 

RuÇ in GrºÇenordnung von 2 Mg enthalten, was etwa einem Achtel der tªglichen Flugzeugemissionen 

in der oberen Troposphªre entspricht.  
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Abstract 

Biomass burning is the largest natural source of black carbon, the most absorbing particle type in the 

atmosphere. Layers containing biomass burning aerosol that are lifted into the upper troposphere have 

an increased atmospheric lifetime which can enhance their effect on climate. Biomass burning layers 

were measured during the Deep Convective Clouds and Chemistry (DC3) campaign with an airborne 

SP2 in the free and upper troposphere. Two case studies show the properties of black carbon particles in 

biomass burning layers at different altitudes. On June 11, 2012, biomass burning layers in Oklahoma 

and Missouri at 3-8 km altitude contained high concentrations, up to 2 Õg/mį, of large, thickly coated 

black carbon particles. Biomass burning layers measured on June 17, 2012, over Kansas and Arkansas 

were located in the upper troposphere, at about 11 km altitude. The mass size distribution of black carbon 

particles and the rBC/CO ratio indicate that the biomass burning layers underwent cloud processing by 

a large thunderstorm on the previous day. Washout was less strong than for anvil outflow, leading to the 

conclusion that the layer was not transported in the main updrafts but in weaker updrafts that mixed with 

stratospheric air in the anvil region. Black carbon in layers up to 9 km altitude contain large particles 

with a mass median diameter of about 160-200 nm with 60-80% of the particles being thickly coated. 

Concentrations of large particles, possibly dust, were elevated above background in biomass burning 

layers up to 1 cm-3. Biomass burning layers in the upper troposphere (UT-BB) are vertically often only 

thin, several hundred meters thick, but can horizontally stretch over about thousand kilometers. The 

estimated total amount of black carbon in one biomass burning layer is about 2 Mg, which corresponds 

to roughly one eighth of daily global aviation emissions. Black carbon particles in upper tropospheric 

biomass burning layers showed a nearly constant, probably steady-state, mass size distribution with 

mass median diameters of 145 nm, (160-200 nm in the middle troposphere). The O3 concentrations in 

the UT-BB layers were elevated, with values above 200 ppb. The lower rBC/CO ratio of the UT-BB 

layers, 1.43 (ng/mį)/ppb in contrast to 4.05 (ng/mį)/ppb in the middle troposphere, indicates that up to 

two thirds of black carbon particles were removed during transport.  
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1 Introduction: Black Carbon from Wildfires in the Atmosphere 

Wildfires have always been an important factor for humans, wildlife and the atmosphere (Bowman et 

al., 2009). Wildfires can influence the life cycle of plants by facilitating the survival of certain species 

(e.g. Clewell, 2014) or reducing the fertility of seeds (e.g. Zimmerman and Laven, 1987). Large, 

destructive wildfires can threaten the lives of humans and animals and can cause high economic damages 

(e.g. Cohen, 2000). Especially black carbon emitted from wildfires, and also from traffic, is known to 

influence human health as it is linked to an increase in respiratory and cardiovascular diseases (Naeher 

et al., 2007; Janssen et al., 2011). The influence of wildfires on human lives and economy stresses the 

importance of forest fire management policies (e.g. Stephens and Ruth, 2005). By wildfire management, 

humans can influence the size, patterns, frequency, and severity of fires (Bowman et al., 2011).  

As the main natural source of CO2 and black carbon particles, wildfires influence the carbon cycle by 

releasing large amounts of carbon from vegetation into the atmosphere (Bowman et al., 2009). Figure 1 

shows a global map of the total carbon emissions from biomass burning (van der Werf et al., 2017). 

Wildfires release huge smoke plumes containing a large variety of trace gases and particles (e.g. Andreae 

and Merlet, 2001). Due to their potential to act as nuclei for water condensation, particles can affect the 

formation of clouds (e.g. Bougiatioti et al., 2016). The emission of large amounts of trace gases and 

particles influences the Earthôs radiative budget (Bond and Bergstrom, 2006). Black carbon has a special 

role since it is responsible for most of the aerosol-related light absorption in the atmosphere due to its 

strong absorption efficiency (e.g. Moosm¿ller et al., 2009). The warming effect of the light absorption 

by black carbon is the second most important warming factor in climate after CO2 and has a similar 

order of magnitude as the cooling effect of the particle light scattering (IPCC, 2013).  

 

Figure 1: Fire emissions of total carbon. From http://www.globalfiredata.org (van der Werf et al., 2017).  

http://www.globalfiredata.org/
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Particles influence the atmosphere not only at the place where they are emitted but they can be 

transported also into regions far away from their source (e.g. AMAP, 2015). During transport, particle 

properties like hygroscopicity and light absorption can change due to aging effects (e.g. Oshima et al., 

2009a). Vertical transport has an influence on the climate effect as the particle residence time increases 

with increasing altitude (Jaenicke, 1980). The lifetime of black carbon in the atmosphere varies from 

hours to several weeks because the removal rates depend strongly on precipitation (Ogren and Charlson, 

1983). Vertical transport brings particles from the sources in the boundary layer to higher altitudes, 

influencing the vertical distribution of particles in the atmosphere. The influence of transport processes 

on particle composition, concentration and lifetime makes it important to study vertical transport 

processes to understand the life cycle of aerosol.  

Black carbon occurs in strongly variable concentrations, varying by three orders of magnitude from less 

than 1 ng over the remote Pacific (e.g. Schwarz et al., 2010b) to several micrograms per mį in polluted 

regions (e.g. Subramanian et al., 2010; Kondo et al., 2011a). However, comparisons between 

measurements and a range of global aerosol models have shown that models tend to overestimate black 

carbon in the upper troposphere by up to a factor of 10 (Koch et al., 2009; Schwarz et al., 2013), 

indicating that relevant processes of vertical transport and deposition are not well represented in the 

models. In order to identify and improve the understanding of possible transport pathways into the upper 

troposphere, this work aims to quantify black carbon in biomass burning layers at different altitudes. 

The focus here is on emissions from wildfires in the central United States in early summer. This work 

will investigate black carbon in biomass burning layers in the central United States, focusing on the 

characterization of particle size and mixing state. With the potential increase of the number of intense 

wildfires in a changing climate (e.g. Barbero et al., 2015), the emission of black carbon from wildfires 

could also increase in the future. The fire season in the western United States lasts from April to October 

(Westerling et al., 2003). The early part of the fire season coincides with a peak in the occurrence of 

thunderstorms with overshooting tops that penetrate the tropopause and influence stratosphere-

troposphere exchange in May (Solomon et al., 2016). As thunderstorms and wildfires can occur at the 

same time in the same region, they can influence each other. This work aims to investigate the influence 

of thunderstorms on the transport of black carbon from biomass burning emissions.  

1.1 Sources  and Sinks  of Black Carbon Particles   

The main sources for black carbon particles in the atmosphere are combustion processes, mainly from 

industry, traffic and, as already mentioned, open biomass burning at the surface. Nearly all these sources 

are located at the Earthôs surface, only aircraft emit black carbon directly into the free troposphere. 

Figure 2 summarizes all these black carbon sources and illustrates the interactions between black carbon 

particles and the atmosphere as well as the main sinks for black carbon particles (Bond et al., 2013). 

Open biomass burning is one of the largest contributors to the total black carbon emissions. Burning 

forests, woodlands and grass emitted an estimated amount of 2760 Gg black carbon in the year 2000 
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(Schultz et al., 2008), which is more than one third of the total emitted black carbon from all sources in 

that year (Bond et al., 2013). Wildfire emissions are derived from satellite images of the burned area 

(Wooster et al., 2005), estimates of the fuel load (van der Werf et al., 2010) and emission factors for 

burning vegetation (Andreae and Merlet, 2001). In the United States, about 578 Gg black carbon were 

emitted into the atmosphere in 2005, of which 35% originate from open biomass burning and wildfires 

(EPA, 2012). This is similar to the total black carbon mass emitted by traffic in the United States. Traffic 

emissions, however, come from a large amount of small, widely spread point sources, while wildfires 

are more confined in time and space.  

 

Figure 2: Sources and sinks of black carbon particles in the Earthôs atmosphere (from Bond et al., 2013).  

Wildfires emit also a wide range of other species (e.g. Andreae and Merlet, 2001; Akagi et al., 2011), so 

black carbon particles in wildfire emissions are found in mixtures with other substances. These co-

emitted substances are other products of combustion like CO2, CO and other trace gases or organic 

materials, with the latter often found mixed into black carbon particles (e.g. Lee et al., 2016a). Unlike 
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industrial and traffic emissions, wildfire emissions show also large variations depending on the year. 

These variations can be strong enough to affect global concentrations in CO2 (Simmonds et al., 2005). 

The strong local and seasonal variations of wildfire activity can lead to CO emissions from wildfires 

exceeding anthropogenic CO even in areas with strong anthropogenic sources (Wotawa and Trainer, 

2000). Ratios between the concentration of black carbon and trace gases can give indications of the 

source of pollution or ageing processes. Depending on the burned fuel, concentrations of trace gases 

like SO2 vary as fossil fuel contains more sulfate than forests (e.g. Kaufman et al., 1991).  

The main sink for black carbon particles are dry and wet deposition processes. Dry deposition of black 

carbon can lead to a dark cover of surfaces like the greyish to black cover of pollution on snow (e.g. 

Hansen and Nazarenko, 2004). Wet removal mechanisms for black carbon are interactions with clouds 

and precipitation. Black carbon particles can act as cloud nuclei and be removed from the atmosphere 

by washout (e.g. Ogren and Charlson, 1983). Cloud processing and washout strongly influence aerosol 

concentration while they have only little effect on insoluble trace gases like CO. Studying black carbon 

particles in context with other trace species can therefore give valuable information on source and 

history of the black carbon population in an air mass.  

1.2 Influence of Black Carbon on Climate   

Climate effects of black carbon particles in the atmosphere are both direct, because of interaction with 

solar radiation, and indirect, from interaction with clouds and albedo. While the majority of particle 

mass in the atmosphere causes a cooling effect due to the scattering of light, black carbon particles can 

counteract this effect since it absorbs solar radiation efficiently (IPCC, 2013). High concentrations of 

black carbon particles in the atmosphere, which appear like thin, brown layers to the observer, can 

decrease the reflection of sunlight back to space if they are located above a brighter surface, and, due to 

the strong absorption of solar radiation, can warm the surrounding air (Ramanathan and Carmichael, 

2008). This direct effect of aerosol on the atmosphereôs energy budget is part of the effect of aerosol-

radiation interactions (left part of Figure 3). The semi-direct effect of black carbon particles on clouds 

is strongly influenced by the altitude of the particles relative to the clouds and the cloud type (Koch and 

Del Genio, 2010). Light-absorbing particles located in the proximity of clouds cause warming of the 

surrounding air, increasing the capability of air to take up moisture (Hansen et al., 1997; Hill and Dobbie, 

2008).This can lead to inhibition of cloud formation or ñcloud burn-offò as the cloud droplets tend to 

form later and evaporate sooner in a warmer environment. If located above clouds, black carbon layers 

can change the cloud regime, e.g. from stratocumulus decks to more patchy cumulus clouds (Yamaguchi 

et al., 2015). Black carbon caused warming can also increase the stability of the atmosphere, and 

suppress turbulence in the boundary layer (Wilcox et al., 2016).  
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Figure 3: Influence of aerosol on radiative forcing. From Boucher et al. (2013) in IPCC (2013).  

Also, their ability to act as cloud or ice condensation nuclei makes aerosol particles an important factor 

in cloud formation processes. Changes in concentration or size distribution will therefore also affect 

clouds (e.g. Spracklen et al., 2011). The number concentration of particles acting as cloud condensation 

nuclei influences the cloud albedo (Twomey, 1977), as a higher concentration of cloud droplets makes 

the cloud appear brighter. It reflects more solar light back into space leading to a cooling of the 

atmosphere underneath the cloud top (cloud albedo effect in Figure 3). A change in particle 

concentration can also influence the lifetime and precipitation of clouds (e.g. Small et al., 2009). In a 

heavily polluted region over China, Guo et al. (2016) found a delay in the diurnal cycle of convection 

caused by high particle concentrations, partly because the increased stability suppresses convection until 

noon (Lee et al., 2016b). For deep convective clouds, Fan et al. (2013) showed that a polluted 

environment can cause a larger anvil size, increasing cloud cover and cloud top height. In the Amazon 

region, Goncalves et al. (2015) found that the atmospheric stability influenced how increased black 

carbon concentrations affect the change in precipitation, enhancing it in unstable cases.  

Interactions with clouds can also lead to a washout of the particles, which is the main removal 

mechanism for particles in the atmosphere (e.g. Bond et al., 2013; Seinfeld and Pandis, 2016). Black 

carbon particles can influence the climate even after being removed from the atmosphere. When they 

are deposited on a very light ground, especially on snow or ice, they lead to a darkening of the surface 

which may enhance snow and ice melt (e.g. Hansen and Nazarenko, 2004; Kaspari et al., 2015).  

The influence of black carbon on climate can also feedback on the natural sources of black carbon. 

Wildfires, the major natural contributor to black carbon emissions, can also change in amount and 

intensity due to climate change (e.g. Sommers et al., 2014). To evaluate the effect of black carbon on 
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the atmosphere, it is therefore necessary to know the distribution of black carbon concentrations, which 

are not only affected by sources and sinks, but also by various transport processes. 

1.3 Transport  and Vertical D istribution of Black Carbon  from Biomass 

Burning  in the A tmosphere   

Global models tend to overestimate the rBC mass concentrations, especially in the upper troposphere 

and lower stratosphere, like comparisons between measurements and the AeroCom atmospheric model 

ensemble shows (Schwarz et al., 2013; 2017). Black carbon emitted from wildfires can be transported 

over large distances and to high altitudes. Damoah et al. (2004) show that a Russian forest fire smoke 

plume can be transported across the northern hemisphere within 17 days. During transport, processes 

like ageing and both wet and dry removal change the black carbon aerosol distribution, leading to 

differences in climate forcing, and cloud activity between young and aged, transported populations 

making aerosol transport an important topic of research (e.g. AMAP, 2015).  

Long-range transport of forest fire aerosol from North America to Europe was studied intensively for 

example in the ICARTT-ITOP campaign (Petzold et al., 2007) for layers at 3-7 km altitude. Most of 

these layers were transported over the Atlantic very efficiently with little dilution. First in-situ 

measurements in a biomass burning layer in the upper troposphere were made by Jost et al. (2004), who 

found a biomass burning layer at 15 km altitude over Florida, originating from Canadian forest fires. 

Dahlkºtter et al. (2014) show measurements of a single biomass burning layer in the upper troposphere 

and lower stratosphere that was transported over the Atlantic from Canada to Europe. The total black 

carbon content of this upper tropospheric layer was in the same range as the total daily black carbon 

emissions of global aviation. Black carbon particles in this layer were thickly coated, which is typical 

for aged particles.  

Black carbon mass concentrations in the atmosphere span more than three orders of magnitude, from 

about 1 ng/m-3 in remote regions to several micrograms per mį in heavily polluted regions and dense 

biomass burning plumes (e.g. Schwarz et al., 2017). In the northern hemisphere, black carbon is most 

abundant in the lowermost troposphere, decreases with altitude above the planetary boundary layer and 

reaches a stratospheric background level of around 1 ng/kg above the tropopause (Schwarz et al., 2006; 

2010b). This decrease in concentration reflects that the main sources of black carbon are at the ground 

and reach the free and upper troposphere by vertical transport. As the residence time of black carbon in 

the atmosphere increases with increasing altitude, vertical transport of black carbon influences its 

residence time in the atmosphere (e.g. Petzold and Kªrcher in Schumann, 2012), and also its effect on 

climate (Samset and Myhre, 2015).  

Vertical transport of biomass burning emissions in the atmosphere can happen in different ways. The 

heat release of the burning fire induces pyroconvection, causing the plume to rise into the free 

troposphere (e.g. Fromm et al., 2010). Other vertical transport mechanisms are related to meteorology. 
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Prominent examples of meteorological systems that transport air masses vertically through the 

atmosphere are low pressure systems and thunderstorms. Both systems involve cloud formation, which 

can influence concentration, mixing state and size distribution of black carbon particles.  

In low pressure systems, warm, moist air is transported upward at frontal zones, forming a warm 

conveyor belt (e.g. Harrold, 1973; Schemm et al., 2013). Warm conveyor belts cross the troposphere 

vertically in about two days and play an important role in the transport of water vapor to the upper 

troposphere (Eckhardt et al., 2004).  

Thunderstorms transport air masses vertically even faster, air from the planetary boundary layer can 

reach the tropopause and in some cases even the stratosphere within less than one hour (e.g. Byers and 

Braham, 1948; Emanuel, 1994). In the tropics, thunderstorms are known to be involved in the 

stratosphere-troposphere exchange (e.g. Frey et al., 2015). Tropical thunderstorms are also known to 

transport biomass burning emissions into the upper troposphere (e.g. Andreae et al., 2001; Huntrieser et 

al., 2011; Reid et al., 2015). In the northern hemisphere midlatitudes, a hot spot of thunderstorms that 

reach the tropopause, and occasionally also the lower stratosphere, is located in North America (Liu and 

Liu, 2016; Solomon et al., 2016). This is also a region of wildfire activity, which makes it interesting to 

study the influence of thunderstorms on the transport of biomass burning. As 2012 was an intense fire 

year (Jolly et al., 2015), this year provided a great opportunity to study the interactions between wildfires 

and thunderstorms.  

Black carbon in biomass burning plumes was the main research topic in several field campaigns. 

ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft and Satellite) and 

ARCPAC (Aerosol, Radiation, and Cloud Processes affecting Arctic Climate) were conducted in the 

Arctic and the western US (Spackman et al., 2010; Kondo et al., 2011a). Both campaigns quantified 

biomass burning layers and their influence on the Arctic climate. The BORTAS (Quantifying the impact 

of BOReal forest fires on Tropospheric oxidants over the Atlantic using Aircraft and Satellite) campaign 

2011 in Canada analyzed ageing of boreal fire plumes with a multi-platform approach (Palmer et al., 

2013). Biomass burning plumes containing large concentrations of rBC particles were also observed 

over Texas during TexAQS (Schwarz et al., 2008a; Spackman et al., 2008), where the differences in rBC 

properties between biomass burning and industrial and urban pollution were studied. Dahlkºtter et al. 

(2014) discussed in detail rBC in a biomass burning layer in the upper troposphere after long-range 

transport from Canada to Europe measured during the 2011 CONCERT campaign. All these studies have 

focused either on biomass burning plumes advected in the lower and middle troposphere or on single 

layers that were lifted into the upper troposphere and lower stratosphere by e.g. pyroconvection. As so 

far only two case studies report on properties of rBC in biomass burning layers in the upper troposphere, 

Dahlkºtter et al. (2014) and Taylor et al. (2014), the data set of upper tropospheric biomass burning 

layers presented in the present work can improve the understanding of upper tropospheric biomass 

burning layers. 
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1.4 Questions  and Outline  

The present work aims to study and compare refractory black carbon (rBC) in biomass burning plumes 

found both in the lower and in the upper troposphere. A unique dataset with extensive measurement in 

both lower and upper tropospheric biomass burning layers from the same source gives the possibility to 

investigate black carbon properties in layers at different altitudes. This can help to improve the 

understanding of the vertical transport of biomass burning layers and its effect on the size distribution 

and mixing state of black carbon particles. Encountering rBC-rich biomass burning layers at different 

altitudes throughout the troposphere, both close to and far away from the wildfire they originate from, 

brings up questions concerning the properties of these layers and their transport pathways:  

Å What are the properties of rBC particles in the tropospheric biomass burning layers and do these 

depend on altitude?  

Å Are the rBC particle properties measured in May and June 2012 representative for this type of 

biomass burning layers or do they differ from other observations?  

Å Which vertical transport processes can bring the biomass burning layers to the altitudes they 

were observed at and do these processes influence particle properties?  

These questions will be answered in this work based on the data set acquired during the Deep Convective 

clouds and Chemistry (DC3) field campaign in 2012, focusing on rBC measurements.  

The next four chapters of this thesis are organized as follows: Chapter 2 gives an overview of the 

physical background of the measurements of rBC mass and a short description of vertical transport 

processes. The measurement campaign, DC3, the core instrument, the Single Particle Soot Photometer 

(SP2), and data analysis methods are the topics of chapter 3. Chapter 4 shows and discusses the results 

of the measurements, focusing on the three questions above. The last chapter, chapter 5, summarizes the 

thesis and the main conclusions.  

After a short overview of the physical background of the measurements in chapter 2, chapter 3 gives 

more details on the measurements themselves. The general situation and the meteorological background 

of the DC3 field campaign, during which the data were acquired, are shown. A large part of this chapter 

contains descriptions of alignment and calibration procedures for the SP2 that are crucial for data quality 

assurance and long-term stability of the rBC mass concentration measurements. Chapter 3 closes with a 

short description of the data evaluation methods used to process the data presented in the following 

chapters. Chapter 4 starts with the description of two case studies that represent two different types of 

biomass burning layers measured during DC3, June 11, 2012 (chapter 4.1), as an example for biomass 

burning layers in the free troposphere, and June 17, 2012, (chapter 4.2) as an example of a biomass 

burning layer in the upper troposphere. The third part, chapter 4.3, summarizes all the observations of 

biomass burning layers made during DC3 to characterize the properties of refractory black carbon 

particles, especially size and mixing state, in the biomass burning layers. Co-emitted species, with a 
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focus on dust and CO, are the topic of chapter 4.4. The last part of this chapter, chapter 4.5, is dedicated 

to the discussion of the third question, vertical transport processes and their influence on the properties 

of upper tropospheric biomass burning layers. It also contains a discussion of the contribution of biomass 

burning to black carbon in the upper troposphere, and of the mixing between upper tropospheric biomass 

burning layers and stratospheric air. The thesis closes with a summary of the main findings of this work 

in chapter 5.  
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2 Theoretical Background 

Aerosols play an important role in many atmospheric processes. They influence the Earthôs radiative 

budget by absorption and scattering of solar radiation. Individual particles can be classified according 

to their physical characteristics like size, shape, material, or optical properties. The variability of sizes 

and composition in particles makes it necessary to parameterize particle properties in order to condense 

information on particle size and properties. Measurements of particle size is often based on the 

interaction between particles and light. Material and size of particles are crucial parameters for the 

interaction with light and the particleôs ability to act as cloud or ice nucleus. This chapter describes in 

the first part shortly the physical characteristics of aerosol particles. The second part of this chapter gives 

an overview of vertical transport processes in the atmosphere. Since most pollution sources, also 

wildfires, are located at the ground, vertical transport processes are responsible for the redistribution of 

particles and trace gases which can be found all over the atmosphere in different concentrations. The 

vertical distribution of these trace species influences their lifetime and so their effect on climate. 

Interactions between particles and physical processes during transport can also influence properties and 

concentration of aerosol.  

2.1 Physical Properties of Aerosol Particles  

The term Aerosol describes a suspension of solid particles in a gaseous medium (Hinds, 1999). The size 

of these particles ranges from agglomerates of molecules of only few nanometers to large dust particles 

of tens of micrometers in diameter. The wide range of sizes can be separated into size modes with the 

Nucleation mode containing the very small particles below 10 nm, the Aitken mode describing particles 

between 10 nm and 100 nm, the Accumulation mode covering the range 100-1000 nm, and Coarse mode 

aerosol having a diameter of more than 1 Õm (Hinds, 2011; John, 2011).  

The composition of aerosol particles varies, depending on their source and processes in the atmosphere. 

The most abundant type of aerosol by mass is sea salt (e.g. Dentener et al., 2006), emitted from the 

oceans that cover a large fraction of the earth, followed by dust from soil mobilization, especially in the 

large deserts of the northern hemisphere like the Sahara (Prospero et al., 2002; Mahowald et al., 2009). 

Mineral dust particles are composed of non-absorbing materials like quartz and absorbing materials like 

hematite (Sokolik and Toon, 1999). Though dust is the most abundant absorbing aerosol type, black 

carbon dominates the aerosol light absorption (IPCC, 2013). Another type of absorbing aerosol is brown 

carbon (Moosm¿ller et al., 2009). As their name suggests, brown carbon and black carbon both contain 

carbon, the sixth element in the periodic table. Black carbon strongly absorbs light of all wavelengths 

and therefore appears black to the human eye while the light absorption of brown carbon is wavelength-

dependent, which makes the material appear in colors from brown over orange to yellow (Moosm¿ller 

et al., 2009).  
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A variety of definitions exists for the term black carbon, based on the materialôs optical properties, the 

measurement method or the melting point temperature (Bond et al., 2013; Petzold et al., 2013). The term 

ñsootò describes all kinds of carbon-containing particles produced by combustion processes. It is very 

unspecific about the nature of these particles and will therefore not be used in this work. Petzold et al. 

(2013) discuss the various definitions of black carbon found in the literature. As different measurement 

methods produce different results, it is also necessary to make this clear when naming the measured 

quantity. Following these recommendations, black carbon measured by laser-induced incandescence in 

a Single Particle Soot Photometer (SP2) is here referred to as refractory black carbon, abbreviated as 

rBC. This includes only that part of black carbon that strongly absorbs light and has a boiling point 

temperature around 4000 K (Schwarz et al., 2006). Other instruments that measure black carbon 

properties, like the Particle Soot Absorption Photometer, use slightly different definitions of black 

carbon. Therefore, it is crucial to consider that different measurement techniques may give slightly 

different results, which should be reflected in the terms used (see recommendations in Petzold et al., 

2013).  

Black carbon particles are found mainly in the Aitken and Accumulation mode. They are emitted as 

small spherules of graphitic material with diameters of 30-60 nm (e.g. Heidenreich et al., 1968). Within 

a short time after emission, they coagulate to fractal structures containing hundreds of primary spherules 

(e.g. van Poppel et al., 2005). Black carbon particles freshly emitted from fossil fuel combustion are 

found mainly in the Aitken mode below 100 nm diameter while black carbon from wildfires often shows 

larger particle diameters (e.g. Schwarz et al., 2008a; Costabile et al., 2015). Volatile compounds can 

condense on the black carbon particles during ageing, which may lead to the collapse of the fractal 

aggregates into a more compact shape (e.g. electron microscope images in Slowik et al., 2007). The 

mixing state of black carbon particles allows to draw conclusions about the history of the particle 

population as they acquire coatings during ageing processes (e.g. Moteki et al., 2007). These coatings 

can change the surface properties of the particle and improve the abilities of black carbon particles to 

act as cloud or ice condensation nuclei (e.g. DeMott et al., 1999; McMeeking et al., 2011). The 

morphology of black carbon particles is therefore an indicator of atmospheric processes and an important 

quantity when measuring black carbon.  

Figure 4 shows examples for different types of particle mixing states of black carbon with non-absorbing 

substances. External mixtures contain different types of homogeneous particles (Figure 4, left). Internal 

mixtures can contain homogeneous particles composed of different materials (Figure 4, middle), or 

inhomogeneous particles of the same type, for example particles coated with a different material (Figure 

4, right). External mixtures occur if air masses containing different aerosol types are mixed, or if 

particles are emitted into an air mass already containing a different type of particles (e.g. Weinzierl et 

al., 2011), if a source emits different types of particles (e.g. Kondo et al., 2011a).  
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Wildfires emit not only black carbon, but also a wide range of trace gases and organic substances as 

particulate matter (e.g. Sahu et al., 2012). In very intense wildfires, the turbulence and heat in the fire 

causes particulate matter from the ground to be mobilized and dispersed. The soil particles that are 

whirled up can be mixed into the smoke plume emerging from the fire. Soja et al. (2004) found 

signatures of soil dust particles in Siberian forest fire plumes. Dust from the surface was also found in 

biomass burning plumes over Cyprus (Nisantzi et al., 2014). Mixtures between dust and biomass burning 

aerosol occur also off the western coast of Africa if Saharan dust is mixed into the biomass burning 

emissions from central Africa (Weinzierl et al., 2011).  

 

Figure 4: Mixing state of particles containing absorbing and non-absorbing materials (adapted from 

Bond and Bergstrom, 2006).  

A homogeneous or inhomogeneous internal mixture of absorbing and non-absorbing materials within 

particles can be found in some dust particles composed of different materials containing non-absorbing 

quartz and absorbing iron oxides (e.g. Kandler et al., 2009). Coated black carbon particles are a specific 

type of internally mixed particles. The absorbing black carbon particles are coated with a non-absorbing 

material. This type of particles is typically found in aerosol populations of aged black carbon (e.g. 

Dahlkºtter et al., 2014).  

Acquiring a coating of a different material can change a black carbon particleôs properties with respect 

to light scattering and absorption (Schwarz et al., 2008b) or water solubility (e.g. Zhang et al., 2008; 

Ohata et al., 2016). While pure black carbon particles are hydrophobic, they may become hydrophilic 

when coated with a hydrophilic substance like organics (e.g. Lee et al., 2010).  

Even if the coating material on black carbon particles is non-absorbing, the absorption by thickly coated 

black carbon particles (Figure 4, right) is enhanced by more than 30% up to 100% compared to uncoated 

particles (e.g. Schwarz et al., 2008b; Shiraiwa et al., 2010; McMeeking et al., 2014). While these studies 

assume a core-shell model with a black carbon core and a concentric non-absorbing coating, Dahlkºtter 

et al. (2014) and Sedlacek et al. (2012) presented evidence of internally mixed black carbon particles 

that do not correspond to the concentric core-shell model.  
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2.1.1 The Lognormal Aerosol Size Distribution 

In a polydisperse aerosol, as it is usually found in the atmosphere, particles span a wide range of sizes. 

Particle size is an important factor affecting health, as deposition of particles in the lung depends on 

particle size (e.g. Hofmann, 2011). The effect of particles on radiation also depends on particle size (e.g. 

Bohren and Huffman, 1998). Larger particles can also more efficiently get water to condense on them 

to act as nuclei for cloud droplets and ice crystals (e.g. Kreidenweis et al., 2005; Hoose and Mºhler, 

2012). Atmospheric processes like ageing can change the size distribution of aerosol (e.g. Oshima et al., 

2009a). For these reasons, it is crucial to identify particle size distribution in an aerosol population. Since 

particle size distributions found in atmospheric aerosol tend to have a peak with a long tail towards 

larger sizes, the lognormal distribution has proven to be a useful parameterization for particle size, 

volume and mass distributions (e.g. Whitby, 1978). This section introduces the most commonly used 

parameterization for aerosol size distributions, which is the lognormal distribution. It is only a short 

summary of the more detailed explanations found in Hinds (1999) and Kulkarni et al. (2011). Why the 

size distribution of aerosol follows a lognormal function is not entirely clarified (e.g. Hinds, 1999). 

Previous studies have found that a lognormal function can be the result of breakup and coagulation 

processes on an originally monodisperse distribution (e.g. Brown and Wohletz, 1995). The shape of the 

particle size distribution in an atmospheric polydisperse aerosol population often follows a superposition 

of several lognormal functions (e.g. Whitby et al., 1972). 

For lognormally distributed particles, the part of the total number concentration N0 of particles, dN, that 

falls into the infinitesimal size interval dlnd of the diameter d is parameterized as  

where the count median diameter (CMD) marks also the peak of the distribution. The geometric standard 

deviation (GSD) represents how strong particle sizes vary in the aerosol. An example of a lognormal 

number size distribution with a CMD of 80 nm and a GSD of 1.7 is shown in Figure 5. The usefulness 

of the lognormal size distribution does not only lie in the representation of the peak at small and the tail 

at large sizes, but also in the easy convertibility between median diameters of number, surface and 

volume or mass (Hatch and Choate, 1929). The Hatch-Choate conversion for count and mass median 

diameter (MMD) is:  

ὓὓὈ ὅὓὈϽὩ  (2-2) 
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Figure 5: Example for the number size distribution (black) and the mass size distribution (red) of a 

sample of particles with lognormally distributed particle size.  

The equation for the mass size distribution can be written in analogy for the mass concentration M with 

the MMD and the total mass concentration M0. It is also possible to convert the lognormal number size 

distribution directly to a lognormal mass size distribution.  

Ὠὓ
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Ὠ” (2-3) 

The corresponding mass size distribution to the black number size distribution is shown in Figure 5 in 

red. CMD and MMD are marked as vertical lines. The total number or mass concentration can be 

calculated by integrating the respective lognormal function.  

2.1.2 Scattering and Absorption of Light by Small Particles 

To measure particle size, a large variety of measurement techniques is employed in atmospheric aerosol 

sciences (e.g. Baumgardner et al., 2011; Kulkarni et al., 2011). In this study, the measurement of particle 

size and particle mass is based on the interaction between a single particle and electromagnetic waves, 

i.e. the scattering, absorption and emission of light by each particle.  

Light falling onto a particle induces secondary radiation into all directions, the scattered light, which 

depends on incoming radiation and particle type and size. The incident light can also be absorbed by the 

particle and transferred into another type of energy, like heat. The physical principles are shortly 

described in this section. A more detailed description of this topic can be found in Hulst (1981) or Bohren 
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and Huffman (1998). Textbooks on aerosol measurement techniques, like Hinds (1999) or Kulkarni et 

al. (2011), also treat the scattering and absorption of light by particles.  

A simple approach to estimate the effect of a particle in a beam of light is to look at the energy rates of 

the incoming and outgoing radiation. The intensity of the incoming light, the incident irradiance Ii in 

W/mĮ, is the energy per time crossing a plane perpendicular to the direction of light propagation. The 

surrounding medium, usually air in the case of atmospheric particles, is neglected here. The change in 

direction and energy flux of the incoming radiation due to the interaction with the particle is the 

extinguished radiation. The rate of energy that is scattered and absorbed by the particle, Wext, can be 

separated into a scattered, Wsca, and an absorbed part, Wabs. The ratio of the scattered or absorbed energy 

rate relative to the incident irradiance has units of an area, and is called the scattering cross section, Csca, 

or absorption cross section, Cabs. The sum of scattering and absorption cross section, the extinction cross 

section Cext, can be interpreted as the area of the shadow that is casted by the particle. The scattering 

cross section refers to the light that is scattered into all directions in space. If the light scattered only into 

a certain solid angle is of interest, the differential scattering cross section dCsca for a differential angle 

dɋ is used instead. Integrated over the full solid angle of 4 ́(see equation (2-4)), it is identical with the 

scattering cross section Csca.  
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Though the scattering, absorption and extinction cross sections have the unit of an area, they are not 

identical to the particleôs geometric cross section. The relationship between the scattering cross section 

and the geometrical cross section is called the scattering efficiency Qsca. The absorption efficiency, Qabs, 

is defined in analogy.  
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Similar to the extinction cross section, the extinction efficiency is the sum of the scattering and 

absorption efficiency. 
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The scattering and absorption cross sections Csca and Cabs depend on material, shape and size of the 

particle and the wavelength of the incident light. Since the relation between particle radius a and 
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wavelength ɚ of the incident light determines the optical regime, the size parameter x is often used 

instead.  

ὼ ς“ὥ‗ϳ  (2-9) 

Particles much larger than the wavelength of the incident electromagnetic radiation (x>>1) fall into the 

geometrical regime, the other side of the size range (x<<1) is called the Rayleigh regime. The 

intermediate regime, where particle size is the same order of magnitude as the wavelength of light (xå1), 

is called the Mie regime. For very large and very small x, the calculation of scattering and absorption 

cross sections can be simplified, while for the Mie regime, explicit calculations are necessary (Mie, 

1908; Bohren and Huffman, 1998).  

For particles much smaller than the wavelength of the incident light, the relations between size, 

wavelength and scattering and absorption efficiency can be derived from dimensional considerations 

(e.g. Kulkarni et al., 2011). Being smaller than the wavelength of light, the whole particle experiences 

the same phase of the electromagnetic waveôs oscillation. Rayleigh scattering and absorption are 

therefore independent of particle shape. As all infinitesimal subvolumes of the particle absorb equally, 

the absorption cross section must be proportional to the volume of the particle. Dimensions require a 

proportionality factor, which must depend on wavelength and have the units of inverse length, i.e. the 

absorption cross section must be proportional to ɚ-1.  

In the Mie range, these assumptions do not hold, and the relations between size, wavelength and 

scattering and absorption cross section become more complicated. For a particle with known size, shape 

and refractive index, the Maxwell equations can be solved explicitly, as shown first by Mie (1908) for 

spherical particles.  

To calculate the scattering and absorption for one particle like the examples shown in Figure 4, a 

spherical shape is often assumed for simplicity. In case of the internally mixed, coated particles, the 

simple sphere approximation has to be expanded. For this particle type, the assumed model particle 

consists of a spherical core with a concentric, spherical shell of a different material around. The Rayleigh 

regime is a special case of Mie theory for small x. For homogeneous spherical particles in the Rayleigh 

regime, the scattering and absorption efficiencies are  
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 (2-10) 

where m is the complex refractive index relative to the surrounding medium. The real part of the 

refractive index describes how much the light is slowed when passing through a medium compared to 

vacuum. The complex part, associated with the absorption of light, describes the dampening of the 

electromagnetic wave in a medium.  
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Optical instruments measure particle size by detecting the light from a known source, usually a laser, 

that is scattered by a particle. The light source provides light of a known wavelength. The detector 

usually does not measure the total scattered light, but covers only a specific solid angle ȹɋ from the 

particleôs point of view. The scattered light that reaches the detector depends on particle size and 

material. For the measurement instrument shown in this work, the light source is a 1064 nm laser, and 

the scattering detector covers a cone at an angle of 15-75Á forward and 105-165Á backward relative to 

the direction of the laser beam (Gysel, 2012, pers. comm.). For this detector geometry and wavelength 

of light, the scattered light intensity is shown in Figure 6 for several absorbing and non-absorbing 

particle types in the size range of interest for this work.  

 

Figure 6: Relative intensity of scattered laser light (1064 nm) seen by a scattering detector at 15-75Á to 

the laser beam for a variety of atmospheric and laboratory spherical particles of different sizes and 

materials.  

The range of the size parameter for the materials shown in Figure 6 is about 0.15 to 3, covering the 

transition from the Rayleigh regime to the Mie regime. At smaller sizes, the curve shows the Rayleigh 

regime power law, which changes, depending on refractive index, into the wiggles typical for the Mie 

regime at larger sizes.  

2.1.3 Emission of Light by Small Particles and Incandescence 

So far, the interaction between a particle and light was described for light from an external source. 

Particles act also as a source of electromagnetic radiation due to the thermal radiation emitted from a 

body of matter with a temperature above 0 K. For particles in thermal equilibrium, the emitted thermal 

radiation is usually in balance with the absorbed thermal radiation from the surroundings. In the SP2, 



22 

 __________________________________________________________________________________  

refractory particles are heated to temperatures much higher than ambient temperatures. At their boiling 

point, refractory particles emit measurable amounts of thermal radiation as visible light. The maximum 

possible energy emitted at a certain wavelength into a solid angle, the wavelength-dependent spectral 

irradiance B(ɚ), is given by Planckôs law, equation (2-11) (Planck, 1901; Seinfeld and Pandis, 2016) and 

depends only on the temperature T of the body of mass.  

ὄ‗ȟὝ
ς“Ὤὧ

‗ Ὡ ϳ ρ
 (2-11) 

Here, h is Planckôs constant, kB is Boltzmannôs constant and c is the speed of light in vacuum. For several 

example temperatures, the Planck curve is shown in Figure 7. The integration of equation (2-11) over 

all wavelengths gives the total emissive power of a blackbody, which is related to the fourth power of 

the temperature by the Stefan-Boltzmann constant, ůsb.   

ὄὝ „ Ὕ  
(2-12) 

The maximum temperature a particle can reach is the boiling point, above which it will evaporate. Some 

materials like metals or black carbon have their boiling point at several thousand Kelvin, so the peak of 

the Planck curve falls into the spectral range of visible light (approximately 380-780 nm). The thermal 

emission of electromagnetic radiation at visible wavelengths is often referred to as incandescence.  

At incandescence, the strongly light-absorbing particles the SP2 measures have temperatures around 

3700 ï 4300 K (Schwarz et al., 2006). The emitted thermal radiation follows approximately the yellow 

curve (4000 K) in Figure 7. The figure also shows the wavelength bands used for incandescence 

measurements, indicated as a light blue shading. Violet lines mark the limits of the sensitivity of the 

narrowband detector, which coincides with the maximum of the 4000 K curve.  



 

 ________________________________________________________________________________  

23 

 

Figure 7: Wavelength-dependent spectral radiance for different temperatures. The light blue shaded 

area corresponds to the bandwidth of the broadband incandescence detector in the SP2. The 

narrowband detector is restricted approximately to the bandwidth marked by vertical violet lines. 

In the real world, bodies of matter are rarely perfect blackbodies, not even if they consist of strongly 

light absorbing black carbon. The deviation of the real emission from the ideal blackbody emission is 

described by the emissivity Ů. The emissivity often depends on wavelength and, as Moteki and Kondo 

(2007) pointed out, can also depend on particle size.  

To heat a particle to its boiling point and evaporate it, the energy uptake must be larger than the energy 

loss, mainly due to heat conduction to the surrounding air and thermal emission. The processes in the 

heating particle are described by equation (2-13) in e.g. Melton (1984) and Stephens et al. (2003).  
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I II III IV V  

The absorbed energy (term I) is used to heat up the particle (term V) and eventually evaporate it (term 

III). As soon as the particleôs temperature T is larger than the temperature T0 of the surroundings, it will 

lose energy due to conduction of heat (term II) and thermal emission (term IV, see also equation (2-12)). 

The terms that are critical for determining whether a particle will reach incandescence, are the energy 

gain due to absorption (term I) and the energy loss due to heat conduction (term II). As the absorption 

efficiency Qabs is related linearly to the particle radius a as shown in equation (2-10) (Bohren and 
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Huffman, 1998; Stephens et al., 2003), the absorbed energy is proportional to the volume of the particle. 

The ratio between term I and term II therefore is proportional to the ratio between volume and surface 

of the particle. The larger the particle, the larger is the volume-to-surface ratio. Therefore, for small 

particles, the heat loss due to conduction is dominant, while the absorption dominates for larger particles. 

The particle size threshold above which absorption dominates determines therefore the minimum 

possible lower detection limit of particle sizing by laser-induced incandescence.  

Term IV is the difference between thermal emission and absorption due to the particleôs temperature 

being warmer than the surroundingsô, T0 (see also equation (2-12)). The thermal radiation, is detected 

by the incandescence detectors if the temperature is high enough for sufficient radiation to be emitted 

within the detectorsô bandwidth. Assuming that the thermal emissions are independent of direction, the 

detected signal in the incandescence detectors is proportional to the detectorôs solid angle of view, ȹɋ, 

the wavelength-integrated emitted thermal radiation, weighted by emissivity and wavelength-dependent 

detector sensitivity R(ɚ), and the particleôs surface, 4aĮ ́.  
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However, experiments indicate that the detected signal is related linearly to the particleôs mass rather 

than the surface. This might be an effect of the emissivity which depends not only on wavelength but 

also on particle size, as Moteki and Kondo (2007) show for small graphite particles. While equation 

(2-14) assumes that the emissions are spatially uniform, Moteki et al. (2009) showed that incandescence 

of particles with very irregular shapes, like graphite and Aquadag, do have a directional dependence.  

A characteristic of Planckôs law (equation (2-11)) is that the color ratio, the relationship between two 

integrals over two different wavelength bands depends on temperature only, not on the wavelength bands 

the function is integrated over.  
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This is valid for ideal particles only, with an emissivity that is independent of wavelength. For a non-

ideal particles with a wavelength-dependent emissivity, the color ratio will also depend on the choice of 

the narrowband and the broadband wavelength bands. To reduce the effects of a wavelength-dependent 

emissivity, overlapping wavelength bands can be chosen, as indicated in Figure 7 with blue shading for 

the broadband detector bandwidth and violet lines for the borders of the narrowband detector bandwidth.  

The color ratio can be used as an indicator for particle temperature at incandescence. Different color 

ratios indicate different incandescence temperatures. As the incandescence temperature is specific for 

the material, the color ratio differs between materials, as shown for several types of metal (Stephens et 

al., 2003; Schwarz et al., 2006) and for iron oxides (Moteki et al., 2017). The difference in color ratio 
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between black carbon and mineral dust or volcanic ash can, to some extent, be used to distinguish the 

different materials due to the lower incandescence temperature of the latter (Heimerl, 2011). However, 

the efficiency of incandescence is very low for both volcanic ash and hematite, the strongest absorbing 

component of mineral dust.  

2.2 Vertical Transport in the  Atmosphere  

The previous sections described the physical properties of particles, size distributions and optical 

properties, which do not only depend on particle type, but also the processes that a population of aerosol 

particles has experienced in the atmosphere. Transport processes are also responsible for the horizontal 

and vertical distribution of aerosol in the atmosphere. With the exception of air traffic, black carbon 

aerosol sources are located at the surface of the Earth, within the planetary boundary layer (PBL). Black 

carbon found above that level, in the middle and upper troposphere, must have undergone vertical 

transport to reach this altitude. Several types of vertical transport mechanisms are described in this 

section following explanations found in Holton and Hakim (2013), Stull (1988) and Emanuel (1994).  

2.2.1 Stability of the Atmosphere 

The atmospheric stability is an indicator of the type of vertical motion that is possible in the atmosphere. 

For the calculations here, is considered to be in hydrostatic equilibrium, e.g. the gravity force per unit 

mass, -ɟg, acting on an air parcel is balanced by the vertical gradient of the pressure p.  

‬ὴ

‬ᾀ
  ”Ὣ (2-16) 

According to the first law of thermodynamics, the change of internal energy of an air parcel is equal to 

the difference between heat added to the system and work done by the system (Holton and Hakim, 

2013). In adiabatic processes, no heat is exchanged between the parcel and the surroundings. The energy 

changes due to changes in temperature T and pressure p will then cancel each other and the first law of 

thermodynamics can be written in this form:  

ὧ
ὈÌÎὝ

Ὀὸ
Ὑ
Ὀ ὰὲ ὴ

Ὀὸ

Ὀὧ ÌÎὝ ὙÌÎὴ

Ὀὸ
 π (2-17) 

Here, cp is the specific heat of dry air at constant pressure and R is the gas constant for dry air. Integration 

of equation (2-17) leads to the definition of the potential temperature, ɗ. The reference pressure p0 is 

usually 1000 hPa.  

The potential temperature ɗ, the temperature an air parcel would have if it was brought adiabatically to 

the reference pressure level p0, is conserved in all adiabatic processes and is a measure for the parcelôs 

  Ὕz ὴ ὴϳ  (2-18) 
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internal energy. If an air parcel is displaced adiabatically from its original position, the vertical profile 

of potential temperature determines whether it is more or less buoyant than the surrounding air and 

whether it will continue its way or return to the initial position. The vertical gradient of the potential 

temperature is therefore a good description of the static stability of the atmosphere (Table 1).  

Table 1: Criteria for stability of atmospheric stratification (adopted from Holton and Hakim, 2013).  

‬—

‬ᾀ
π statically stable 

‬—

‬ᾀ
π statically neutral 

‬—

‬ᾀ
π statically instable 

In a statically stable atmosphere, vertical motion cannot happen on its own account. Topography, like 

mountains, can force the air to rise, when it flows over the obstacle. A statically stable atmosphere can 

be dynamically instable, e.g. due to vertical wind shear. In this case, vertical motion is triggered by the 

dynamics in the atmosphere. An example for rapid vertical motion in a dynamically instable atmosphere 

is the warm conveyor belt (WCB), described in the next section, 2.2.2. Section 2.2.3 describes 

convection, the vertical motion in an instable atmosphere, focusing on thunderstorms.  

2.2.2 Vertical Motion in Low Pressure Systems and the Warm Conveyor Belt  

In the midlatiudes, dynamic instabilities in a statically stable atmosphere lead to the development of 

extratropical cyclones (Holton and Hakim, 2013). These low pressure systems consist of sectors of warm 

and cold air, separated by fronts. Warm, moist air rises ahead of the cold front from the boundary layer 

to the upper troposphere (e.g. Harrold, 1973; Schemm et al., 2013). Figure 8 shows an example of an 

extratropical cyclone with the major pathways of air stream indicated (Schultz, 2001). Thick arrows 

mark the three main quasi-Lagrangian streams of air, two upward moving, the warm (WCB) and the 

cold conveyor belt (CCB) and the downward intrusion of cold air (dry airstream). The strength of WCBs 

is correlated with the strength of the cyclone (Binder et al., 2016). Strong WCBs move boundary layer 

air upward relatively fast as they can reach the altitude of the tropopause within two days (e.g. Stohl, 

2001).  
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Figure 8: Schematics of air pathways in an extratropical cyclone (from Schultz, 2001; Republished with 

permission of American Meteorological Society, from Monthly weather review; permission conveyed 

through Copyright Clearance Center, Inc.).  

The WCBôs ascent is associated with cloud formation and precipitating cloud bands (Houze, 2014), 

causing wet deposition of particles. Matsui et al. (2011) show for the transport of Asian pollution to the 

North American Arctic that most black carbon, up to 99%, was removed from the air masses found in 

the upper troposphere due to cloud processing. WCB hotspots in the northern hemisphere are at the 

western sides of the Atlantic and Pacific oceans. They occur more frequently in the winter months 

(Eckhardt et al., 2004). In the summer months, thunderstorms, associated with convection, are more 

frequent.  

2.2.3 Convection 

The term convection describes the vertical motion due to buoyancy differences in the atmosphere. This 

section gives a short overview of the topic on the basis of Emanuel (1994) and Houze (2014), which 

give both a more detailed and in-depth descriptions of atmospheric convection.  
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In an instable atmosphere, an air parcel that is displaced out of its balanced state will continue its path. 

Over land, destabilization of the atmosphere is often caused by radiative heating at the ground. A parcel 

of air with temperature T will rise as long as it is warmer than the surrounding air (Ὕ). The lowest layer 

of air warms up and then ascends adiabatically as thermals. If the top of the thermal reaches the lifting 

condensation level, the level where the thermalôs temperature reaches its dew point, cloud formation 

starts. The released latent heat from the condensing water vapor can support further ascent. The 

maximum altitude, to which these thermals can rise, depends on the vertical structure of the atmosphere. 

In the case of shallow convection, the thermals reach only altitudes smaller than the height of the 

troposphere, e.g. the top of the boundary layer. The typical clouds that form in this case are fair weather 

cumuli or stratocumulus decks. Deep convection reaches throughout the whole troposphere, from the 

boundary layer to the tropopause (e.g. Ogura and Phillips, 1962). Whether convection is enhanced or 

suppressed in the atmosphere is determined by the stratification and the convective available potential 

energy (CAPE). The CAPE is the energy gained by a parcel of air by rising from the level of free 

convection (LFC), the altitude where the parcel becomes buoyant, to the level of zero buoyancy (LZB), 

where it has the same temperature as the surroundings (Houze, 2014).  

High values of CAPE indicate an unstable atmosphere, which makes the occurrence of strong convection 

more likely. Before the air parcel reaches the LFC, it sometimes has to overcome an inversion layer (e.g. 

Carlson et al., 1983). The energy needed to rise to the LFC is called the convective inhibition (CIN). 

High values of CIN can prevent convection, even in case of high CAPE. In the midlatitudes, CAPE can 

be stored and then released in very strong convective storms (Doswell, 2001). These severe convective 

storms can produce strong gusts, large hail and occasionally tornadoes. Strong updrafts in large 

thunderstorms can even penetrate the tropopause. These overshooting tops contribute to the troposphere-

stratosphere exchange (e.g. Frey et al., 2015). In the tropics, the atmospheric destabilization by the large-

scale flow is in quasi-equilibrium with the local convection that stabilizes the atmosphere (Arakawa and 

Schubert, 1974). About 1% of tropical thunderstorms reach above the tropopause with the stronger ones 

located over land (Liu and Zipser, 2005; Liu et al., 2007).  

The development of a convective cell can be described in three phases, illustrated in Figure 9. In the 

first stage, a towering cloud evolves and grows in height with a strong updraft in the center. The towering 

cloud can continue to grow until it reaches the level of neutral buoyancy. For deep convection, this is 

often at the level of the tropopause where thunderstorms spread and form an anvil, in cases of very 

strong updrafts with an overshooting top. Inside the cloud, the condensing water vapor forms droplets 

and ice crystals, which results in rain and hail in the mature stage (Figure 9, center). The cooling due to 

precipitation forms a gust front on the ground. The downdrafts associated with precipitation counteract 

ὅὃὖὉ Ὣ
Ὕᾀ Ὕᾀ

Ὕᾀ
Ὠᾀ (2-19) 
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the updrafts inside the cloud and lead to a weakening and dissipation of the thunderstorm (third stage in 

Figure 9).  

   

Figure 9: Stages of thunderstorm development (from: National Weather Service, 

http://www.weather.gov/jetstream/life).  

This describes roughly the evolution of a single convective cell with a lifetime of about 1 hour. In an 

environment with low shear, this is the typical thunderstorm with a horizontal extent in the order of ten 

kilometers. In favorable meteorological conditions with high CAPE and very strong wind shear, this 

convection cell can develop into a supercell. Supercell storms often produce strong gust fronts, large 

hail and can develop tornadoes, all possibly resulting in high damage. The development of supercells is 

driven by vorticity dynamics and do not always produce heavy precipitation. Updrafts in supercells are 

so strong that newly-forming ice particles are lifted up before they grow large enough to be detected by 

cloud radars, causing a ñvaultò, seen in the radar echo as a hole in the cloud. Rotation in supercells can 

lead to tornado formation at the base of the main updraft. Supercell storms occur often in the US 

Midwest, where the hot, dry air from the desert is situated over colder, moist air from the Gulf of Mexico. 

This stratification favors the formation of strong thunderstorms. In an environment with strong CAPE 

and moderate shear, the gust front can initiate further convection so that a new cell forms next to the 

original one. Convective cells developing next to each other can form organized Mesoscale Convective 

Systems (MCS). An MCS is characterized by cold cloud top covering more than 100.000 kmĮ and large 

areas of convective and stratiform precipitation (Maddox, 1980). A specific type of these systems is the 

squall line, where the convective cells form a curved band.  

While squall lines form under a variety of atmospheric conditions, a more circular shaped mesoscale 

convective complex forms preferably in the ascent regions of midlatitudinal troughs or in the intertropical 

convergence zone and occurs more frequently downwind of mountain ranges. The mesoscale convective 

http://www.weather.gov/jetstream/life
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complex forms in the afternoon and can last until the morning hours, with the maximum extent at some 

time in the early morning hours. Typical parameters for the three different types of thunderstorms shortly 

described here are listed in Table 2.  

Table 2: Types of thunderstorms with typical scale, duration and updraft speed. The vertical extent of 

all three thunderstorm types is from boundary layer to the tropopause region, with the stronger ones 

producing overshooting tops into the lower stratosphere. (Data from Emanuel, 1994; Houze, 2014)  

 Horizontal Scale Duration Updraft Speed 

Isolated Thunderstorm ~ 10 km ~ 1 h ~ 10-15 m/s 

Supercell ~ 10-50 km ~ 1-15 h ~ 10-40 m/s 

Mesoscale Convective 

System 

~ 100-1000 km ~ 6-15 h ~ 1-20 m/s 

A specific case of convection associated with biomass burning is pyroconvection. In this case, the energy 

source for the rise of an air parcel is the heat of the fire (Fromm et al., 2010). Pyroconvection plays a 

role in vertical transport of pollutants and has been identified as a source for stratospheric aerosol (e.g. 

Fromm et al., 2005; 2008).  

Biomass burning aerosol can also be lifted into the upper troposphere by thunderstorms, as several 

studies of tropical thunderstorms in regions with strong biomass burning showed (Andreae et al., 2001; 

Huntrieser et al., 2011; Reid et al., 2015). Hotspots for thunderstorm development are the tropics and 

the summertime northern hemisphere (Liu and Liu, 2016). In the northern hemisphere, the Great Plains 

in the US are an area which favor the development of strong thunderstorms, frequently with 

overshooting tops, due to the geographic and meteorological conditions. This was the motivation to 

conduct a measurement campaign there to study processes associated with deep convection. Details on 

this measurement campaign that provided most data for this study are described in the next chapter.  
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3 Methods 

This chapter gives an overview of the data and measurement methods used in this study. The first part 

of this chapter, section 3.1, introduces the aircraft measurement campaign during which the data shown 

in this work were acquired. As the aim of this work is investigating refractory black carbon, the 

instrument used to measure it, the Single Particle Soot Photometer (SP2), is described in detail in the 

following part, section 3.2, giving details on calibration procedures and data quality assurance methods. 

The last part of this chapter, section 3.3, describes the data analysis methods used here.  

3.1 Deep Convective Clouds and Chemistry (DC3): Campaign Overview  

The Deep Convective Clouds and Chemistry Campaign (DC3) was a field experiment conducted in May 

and June 2012 in the U.S. Midwest with three aircraft and a wide range of ground-based measurements 

to study deep convection (http://www.eol.ucar.edu/field_projects/dc3). The main objective of this field 

campaign was to investigate dynamical, physical, chemical and electrical processes in deep convection 

in the midlatitudes to improve the scientific understanding of the influence of deep convection on the 

upper troposphere (UT). The focus was on the quantification of transport of water and trace species to 

the UT and the chemical reactions in the fresh and aged thunderstorm outflow. The three aircraft that 

participated in the campaign, the NASA DC-8 (https://www.nasa.gov/centers/armstrong/aircraft/DC-

8/index.html), the NSF GV and the DLR Falcon 20E were equipped with a range of in-situ and remote 

sensing instruments for the detection of trace gases and particles and probed thunderstorm inflow and 

both fresh and aged outflow. Ground-based measurements like radiosondes, mobile radars and lightning 

detection networks provided valuable input for the flight planning during the field campaign. A wide 

range of models and operational satellite observations, available in the DC3 field catalog 

(http://catalog.eol.ucar.edu/dc3_2012/), supported both flight planning and post-campaign analysis. The 

main DC3 campaign lasted from May 18 to June 30 2012. Both the NASA DC-8 and the NSF GV were 

present at the flight operation base in Salina in Kansas (KS) during this whole period. For three weeks, 

the DLR Falcon (Figure 10) joined the field campaign, conducting 13 research flights between May 29 

and June 14. A summary of the whole campaign period can also be found in Barth et al. (2015) and 

Huntrieser et al. (2016b).  

http://www.eol.ucar.edu/field_projects/dc3
https://www.nasa.gov/centers/armstrong/aircraft/DC-8/index.html
https://www.nasa.gov/centers/armstrong/aircraft/DC-8/index.html
http://catalog.eol.ucar.edu/dc3_2012/
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Figure 10: Picture of the DLR Falcon in front of the hangar in Salina/KS with spectrometer probes 

under the wings and inlets on the roof. The large nose boom is used for meteorological measurements 

outside of the aircraftôs own boundary layer.  

The focus of this study is on black carbon data acquired on board of the Falcon aircraft (Figure 10). 

Altogether, the Falcon conducted 26 flights between May 25 and June 19, 2012, all listed in Table 3 and 

illustrated in Figure 11 and Figure 12. Due to the limited flight duration of the aircraft of three to four 

flight hours, half of the flights (13) were needed for the transfer from Oberpfaffenhofen to the campaign 

base in Salina and back. During the campaign, the Falcon performed 13 research flights starting from 

the operation base in Salina. Due to the distance between the operation areas and the base in Salina, the 

Falcon had to refuel at a different airport between two flights on most of the days. All flights conducted 

by the Falcon during the DC3 campaign are listed in Table 3 with their flight number and scientific 

objective The Falcon flights are all named by a six-digit number consisting of the flight date with year, 

month and day, followed by a letter enumerating the flights of one day. For flights measuring in air 

masses influenced by biomass burning, the third column gives the names of the corresponding active 

fires.  
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Table 3: List of Falcon flights during the DC3 campaign with their scientific targets and major fires that 

influenced the measurements on these flights. The last column indicates availability of the rBC data 

measured with the SP2 and data gaps due to laser overheating and power failures.  

Flight 

Number 

Flight Objective  Biomass Burning plumes from 

fires 

SP2 Data 

Availability 

120525a Transfer flight  full flight 

120525b Transfer flight  full flight 

120525c Transfer flight  full flight 

120526a Transfer flight  full flight 

120526b Transfer flight  full flight 

120527a Transfer flight Fires at Great Lakes full flight 

120527b Transfer flight  full flight 

120529a Whitewater-Baldy fire plume Whitewater-Baldy Fire full flight 

120529b OK/TX thunderstorm  no data 

(overheating) 

120530a Whitewater-Baldy fire plume Whitewater-Baldy Fire full flight 

120530b OK/TX thunderstorm  major data gaps 

(overheating) 

120605a convection over OK/TX  major data gaps 

(power failure) 

120605b convection over OK/TX  major data gaps 

(power failure) 

120606a convection over CO Fires in Canada, Cheyenne Fires 

in WY 

full flight 

120608a Aged thunderstorm outflow 

from CO 

Fires in CO full flight 

120608b Aged thunderstorm outflow 

from CO 

Fires in CO full flight 

120611a convection over AR/MO Little Bear and High Park Fire full flight 

120611b convection over AR/MO Little Bear and High Park Fire full flight 

120612a convection over CO Little Bear Fire and Colorado 

Fires 

full flight 

120614a Aged thunderstorm outflow 

from CO/KS 

Little Bear Fire and Colorado 

Fires 

full flight 

120617a Transfer flight High Park Fire full flight 

120617b Transfer flight  full flight 

120618a Transfer flight High Park Fire and Canadian 

Fires 

full flight 

120618b Transfer flight  full flight 

120619a Transfer flight  full flight 

120619b Transfer flight  full flight 

Since the main target of this campaign was studying thunderstorms, most flights were conducted in and 

around the anvil region of thunderstorms. The targeted thunderstorms are also listed in Table 3 and 

described in more detail in Huntrieser et al. (2016a). This study focuses on the biomass burning plumes 

that were measured during the DC3 campaign. For all flights during which plumes were encountered, 

the major fires from which the plumes originated are also listed. The map in Figure 11 shows all the 
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flight tracks corresponding to all flights listed in Table 3. A close-up of the local flights performed from 

the Salina/KS operation base is shown in Figure 12.  

 

Figure 11: Map of all flights during the DC3 campaign. Shown are also the refuel stop airports of the 

transfer flights. The local flights are shown in more detail in Figure 12.  

 

Figure 12: Map of local flights of the DC3 campaign. The operation base in Salina/Kansas is marked.  
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As a research aircraft, the Falcon has a range of sensors built in to measure meteorological data like 

wind speed and direction, pressure, temperature, and relative humidity, and position data like GPS 

(Global Positioning System) coordinates and the angle of the plane in the air. The Falcon was also 

equipped with a range of in-situ measurement instruments for particle and trace gas detection, listed in 

Table 4 and also described in the campaign overview paper (Huntrieser et al., 2016b). For the detection 

of larger particles, four Knollenberg mounts, situated under the wings, housed optical probes for particle 

detection; namely an FSSP-100 (Forward Scattering Spectrometer Probe, Particle Measuring Systems, 

Boulder/Colorado, USA), an FSSP-300 (Forward Scattering Spectrometer Probe, Droplet Measurement 

Technologies, Boulder/Colorado, USA), a PCASP-100X (Passive Cavity Aerosol Spectrometer Probe, 

formerly manufactured by Particle Measuring Systems, Boulder/Colorado, USA, now maintained by 

Droplet Measurement Technologies, Boulder/Colorado, USA), and an airborne UHSAS (Ultra-High 

Sensitivity Aerosol Spectrometer, Droplet Measurement Technologies, Boulder/Colorado, USA).  

To provide air samples for the cabin instrument, air was drawn into the cabin via an isokinetic aerosol 

inlet on the Falcon rooftop (large black inlet on roof top over the first side window in Figure 10). This 

inlet is designed to decelerate the air flow when drawing it into the aircraft without changing the particle 

size distribution by enhancing or decreasing the amount of particles in a certain size range. The upper 

cut-off of the aerosol inlet lies at roughly 1.5-2 Õm, depending on altitude (Fiebig, 2001). The aerosol 

instrumentation inside the cabin included two CPCs (Condensation Particle Counter, TSI), three CPSAs 

(Condensation Particle Size Analyzer), a PSAP (Particle Soot Absorption Photometer), two OPCs 

(Optical Particle Counter, Grimm, Germany), and an SP2 (Single Particle Soot Photometer, Droplet 

Measurement Technologies, Boulder/Colorado, USA). Data taken with the latter will be the focus of this 

study. Two CPCs and two CPSAs were set to different lower cut-offs to study Aitken-mode aerosol. A 

thermal denuder, set to 250 ÁC was integrated into the inlet of one of the CPSAs and one of the OPCs to 

study non-volatile aerosol.  

The optical instruments, the OPCs and the wing probes, measure scattered light from particles passing 

through a laser beam. Though these instruments all use different sensors and lasers at different 

wavelength, the measurement principle is always based on the dependence of backscattered light on 

particle size for known detector geometry and assumptions about the particleôs refractive index. The 

SP2 also uses this technique for measuring non-refractory particles, but its main purpose is the 

measurement of rBC particle mass by detecting the emitted light from incandescing rBC particles. In 

the condensation particle counters (CPC and CPSA), the aerosol is led over a heated working fluid with 

a low boiling point, here 1-Butanol and subsequently cooled so the Butanol condenses on the particles. 

Particles with only a few nanometers in size grow through the condensation so they are large enough to 

be counted by an optical detector.  
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Table 4: Selected Instrumentation of the DLR Falcon during DC3 for the Data shown in this work (for 

more details, see Huntrieser et al., 2016b). If no upper detection limit is given for cabin instruments, the 

aerosol inlet cutoff applies. In addition to the listed instruments, position and meteorological data were 

provided by the Falcon measurement system.  

Instrument Measured Species Nominal Size Range 

or Detection Limits 

Wing Station 

Forward Scattering Spectrometer 

Probe (FSSP100) 

Size-resolved Particle Concentration 2-32 Õm 

Cabin Instruments behind Aerosol Inlet (Upper Cut-Off 1.5-2 Õm) 

Condensation Particle Counter 

(CPC) 

Condensation Particle Size 

Analyzer (CPSA) 

Total Non-Volatile Particle 

Concentration  

> 5 nm 

> 10 nm 

Condensation Particle Size 

Analyzer (CPSA) with 

Thermodenuder 

Total Non-Volatile Particle 

Concentration  

> 10 nm 

Single Particle Soot Photometer 

(SP2) 

Black Carbon Mass Concentration 

and Mixing State 

80-485 nm 

Cabin Instruments behind Rosemount Trace Gas inlet 

CO Analysator AL 5001 CO 2-105 ppb 

UV-Ozone-photometer TE49 O3 1-700 ppb 

CLD Ecophysics 790 SR with 

modifications 

NO, NOx, NOy 20-50000 ppt 

Rosemount inlets provided sample air for trace gas measurement instruments inside the Falconôs cabin 

(small orange inlets on the aircraftôs rooftop in Figure 10). The measured trace gas species were CO, 

O3, CO2, CH4, SO2 and the nitrous oxides NO, NOx and NOy (see Table 4). The DC-8 was equipped with 

a wide range of different in-situ and remote sensing instruments. Here, data from the DIAL (Differential 

Absorption Lidar) and from an SP2 are used. The DC-8 SP2 was part of a system consisting of two 

SP2s, one measuring dried air, the other humidified air, to study humidity effects on rBC particles 

(Schwarz et al., 2015). In this study, only data from the dry SP2 are shown. The DIAL is a high spectral 

resolution lidar, which measures aerosol backscatter and depolarization at 532, 1064 and 355 nm and 
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aerosol extinction at 532 nm (Hair et al., 2008; Burton et al., 2015). 

 

Figure 13: MODIS fire map for May 20 to June 18. The blue circles mark the three largest fires during 

DC3, the High Park (north), the Whitewater-Baldy (west), and the Little Bear (east) fire. 

(http://rapidfire.sci.gsfc.nasa.gov/cgi-bin/imagery/firemaps.cgi) 

As the 2012 fire season was more intense than usual (Jolly et al., 2015), the DC3 campaign was 

influenced by many large wildfires. Figure 13, showing fire data from MODIS (Moderate Resolution 

Imaging Spectroradiometer on the Terra and Aqua satellites) for the whole campaign period, gives an 

impression of the ubiquity of fires during DC3. The unusually dry conditions of 2012 (Hoerling et al., 

2014) may be a reason for the increased wildfire activity of that year. The three largest fires that 

influenced the DC3 measurements are marked with blue circles in the MODIS fire map in Figure 13. 

Huntrieser et al. (2016b) give some details on the three largest fires occurring during the campaign 

period. The Whitewater-Baldy wildfire, the Little Bear wildfire in New Mexico and the High Park 

wildfire in Colorado are all counted among the largest and most destructive wildfires in the respective 

stateôs history.  

http://rapidfire.sci.gsfc.nasa.gov/cgi-bin/imagery/firemaps.cgi
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Table 5: List of the three largest wildfires burning during DC3 (adapted from Huntrieser et al., 2016b). 

Fire Area Burned Time Burning Comments 

Whitewater-

Baldy Fire 

~121Ŀ10į ha  Started on May 9, 2012 

by lightning 

95% contained on 

July 23, 2012 

merged from Whitewater and Baldy 

fire on May 23, largest wildfire in New 

Mexico state history 

Little Bear 

Fire 

~18Ŀ10į ha  Started by lightning on 

June 4, 201 

90% contained on 

June 26, 2012 

most destructive wildfire in New 

Mexico state history 

High Park Fire ~35Ŀ10į ha  Started by lightning on 

June 9, 2012  

100% contained on 

July 1, 2012 

second largest wildfire in Colorado 

state history at that time 

The plume from the Whitewater-Baldy wildfire was probed intensively on May 29 and 30, 2012. On 

both days, the conditions were similar with the plume between 3 and 5 km altitude. In Figure 14, the 

Whitewater-Baldy wildfire in the Gila Wilderness, marked by red dots, can be spotted easily as it was 

the only larger fire in this area at the beginning of the campaign. The smoke plume from this fire, visible 

in the satellite image as a greyish cloud, extends far downwind and spreads from New Mexico to Texas 

and Oklahoma over a distance of about 1000 km.  
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Figure 14: MODIS images of May 29, 2012 showing the Whitewater-Baldy wildfire in the Gila 

Wilderness in western New Mexico. The thick smoke plume is clearly visible downwind of the fire. 

Falcon measurements on that day were performed in the thick smoke layer in eastern New Mexico and 

northern Texas. (NASA EOSDIS World view screenshot with Terra/Aqua temperature anomalies overlay; 

https://worldview.earthdata.nasa.gov/)  

Later during the campaign, after June 10, wildfires were more frequent. Fires in Colorado and New 

Mexico produced plumes that were measured during every flight of the second part of the campaign. 

Plumes from several smaller fires also influenced the measdurements, since many fires burned all over 

North and Middle America , especially during the second part of the campaign (see Figure 13).  

3.2 Measuring Black Carbon Particles  with a  Single Particle Soot 

Photometer  (SP2) 

Quantifying the impact of black carbon from wildfires like these on atmosphere and climate requires 

reliable measurements of black carbon particles. A variety of measurement techniques have been 

developed and improved over the years (Moosm¿ller et al., 2009), The first measurements of black 

carbon were made by collecting particles on filters (e.g. Hill, 1936) and observing the change in optical 

properties when particles are deposited from air containing particles is sucked through it. Filter-based 

measurements of the optical properties of black carbon particles are still widely used today, employing 

instruments like the Aethalometer (Hansen et al., 1984) or the Particle Soot Absorption Photometer 

(Bond et al., 1999). They measure the change in light transmission of a filter when particles are collected 

onto it and compare it to a clean filter. The Multi-Angle Absorption Photometer (Petzold et al., 2005) is 

https://worldview.earthdata.nasa.gov/
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based on the same technique, but uses several detectors to avoid high biased measurements from 

scattering particles and coatings (e.g. Lack et al., 2009). Off-line filter-based measurements rely on post-

sampling analysis of the particle-loaded filter by heating it to high temperatures to evaporate volatile 

particles (e.g. Birch and Cary, 1996) in order to distinguish organic and black carbon. .  

Another way to deal with the issue of bias due to mixing of black carbon with other substances is to use 

a heated inlet which removes volatile particles (e.g. Burtscher et al., 2001) as black carbon has a very 

high melting point and measuring the number concentration of the remaining sample. However, this also 

applies to dust and sea salt which can make up a large fraction of aerosol, especially in the coarse mode 

(e.g. Weinzierl et al., 2009).  

The optical properties of aerosol are also used in remote sensing techniques both from ground and from 

space. Active remote sensing techniques, like lidar instruments, provide their own light source, usually 

with a laser. The lidar uses a laser pulse as light source and measure the backscattered light. High 

resolution of time, frequency and polarization make it possible to study aerosol properties at different 

altitudes (e.g. GroÇ et al., 2013). They are used widely as ground-based or airborne instruments 

(Schumann, 2012) and from space with the CALIOP (Cloud-Aerosol Lidar with Orthogonal 

Polarization) on the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) 

satellite (https://www-calipso.larc.nasa.gov/).  

Passive remote sensing techniques, for example the MODIS instrument (Remer et al., 2005), use the 

sunlight as light source to measure aerosol properties like the aerosol optical thickness. The drawback 

of passive remote sensing techniques is that they are limited to column-integrated values and cannot 

detect black carbon mass or number concentrations alone without making many assumptions like the 

refractive index or the size distribution. 

Other in-situ techniques rely on the heating of black carbon particles due to strong light absorption to 

measure black carbon independent of other substances. Photoacoustic instruments  measures the 

pressure wave induced by a heated particle with a very sensitive microphone (Arnott et al., 1999). Laser-

induced incandescence uses strong light absorption of particles to heat them to evaporation. At 

evaporation temperature, refractory particles emit thermal radiation at the wavelength of visible light. 

This has been used for many years with pulsed lasers to study particle formation and combustion 

processes in flames (e.g. Eckbreth, 1977; Melton, 1984). While the pulsed laser technique is used to 

quantify particle ensembles at high concentrations, the commercially available Single Particle Soot 

Photometer (SP2) uses a continuous laser for measuring the mass of single black carbon particles at low 

concentrations (Stephens et al., 2003). It detects mainly particles in the accumulation mode, which 

makes it a suitable instrument to study black carbon from wildfires and ageing effects. Due to its 

capability of measuring small quantities of rBC mass, the SP2 is also widely used for measuring the rBC 

content in ice cores (e.g Kaspari et al., 2011) and snow samples (e.g. Bisiaux et al., 2012). Studies by 

Slowik et al. (2007) and Cross et al. (2010) show that the SP2 measures black carbon mass 

https://www-calipso.larc.nasa.gov/
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concentrations very well without being biased by the particlesô mixing state by comparing nascent soot 

with a fractal shape to more compact particles which were coated and subsequently thermally denuded, 

so their fractal shape collapsed in the process. Moteki and Kondo (2010) and Laborde et al. (2012a) 

show that SP2 detects well most types of ambient and commercially available black carbon types. The 

only black carbon type not detected efficiently are particles generated with the PALAS soot generator, 

as Gysel et al. (2012) found out, probably due to a low effective density. As the SP2 combines 

incandescence technique with optical particle detection, it is a favorable instrument to study also the 

mixing state of rBC particles (Gao et al., 2007). From an intercomparison between six SP2s with 

different setups, Laborde et al. (2012b) concluded that detailed knowledge of the varying detection limits 

and detection efficiency is crucial for comparable results. The following chapter gives details on the 

setup of the specific SP2 used to obtain the data shown in this work. Alignment and calibration of the 

instrument and their influence on detection limits and detection efficiency are shown as well.  

3.2.1 Instrument Setup and Alignment of the SP2 

The SP2 contains two PMTs (Photomultiplier tubes) with different optical filters for the detection of the 

thermal radiation emitted by the incandescing particles and two detectors measuring scattered laser light 

for optical particle sizing. The components of the SP2 can be seen in Figure 15, which shows the open 

SP2 instrument. The core of the instrument is the black optical block, containing laser crystal and mirrors 

in the left and right housings. The laser consists of an 808 nm pump laser (not visible here behind the 

black optical block) and a Nd:YAG crystal providing the 1064 nm wavelength. Highly reflecting 

surfaces on the laser crystal and the output coupler increase the laser intensity inside the cavity to values 

in the order of 107 W/cmĮ (Schwarz et al., 2010a). The measurement chamber with the four detectors is 

mounted movable in the middle of the optical block. The SP2 housing also contains a computer for data 

acquisition, visible behind the detector block. Not included in the housing is a pump for sucking the 

sample air through and pushing the sheath airflow into the instrument.  
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Figure 15: Image of the SP2 with open housing. The black optical block is seen in the front with the 

measurement chamber in the middle and the YAG crystal in the opened right part of the block.  

The sampled air is introduced into the measurement chamber from the top (Figure 15). It is surrounded 

by a sheath flow and focused into a thin stream in the measurement chamber where it crosses the center 

of the Gaussian shaped laser beam at its maximum intensity. Particles in the laser beam scatter light 

which is detected by the scattering detector, an avalanche photodiode (APD) with a filter (RG850) to 

exclude most of the visible light emitted from incandescing particles. The four detectors are mounted 

into the measurement chamber as shown in Figure 15.  

High gain channel signals from all four detectors are shown in Figure 16 for two example particles, on 

the left an rBC particle with coating, on the right a purely scattering, non-absorbing particle. The 

scattering (dark green) and the split detectorsô (black) signals start to rise as soon as the particle enters 

the laser beam, following the Gaussian shape of the laser intensity profile. When the absorbing particle 

starts to heat up, the coating evaporates and the scattering signal decreases with decreasing particle size. 

The rBC core of the particle keeps absorbing laser light and heats up even further until it reaches 

incandescence, seen as a rise in the broadband (blue) and narrowband (red) incandescence signals. 

Subsequently, the incandescing particle evaporates and the signals in all four channels decrease to the 

baseline. The purely scattering particle passes the laser beam unaltered and the signal shape of the 

scattering signal represents the Gaussian shape of the laser beam intensity profile.  
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Figure 16: Signals from all four detectors of the SP2 for two different particles of roughly the same 

scattering cross section, an incandescing particle which evaporates in the laser beam (left) and a purely 

scattering particle that passes the laser beam unchanged (right). Shown are the high gain channels of 

the 8-channel SP2, the low gain channel signals show the same signal shape, but with different values. 

The signals are the scattering signal (green, see text for different line types in left figure), the 

incandescence signals (blue: broadband, red: narrowband) and the split detector signal (black). The 

split detector signal is enhanced to properly detect the evaporating rBC particles, which has the side 

effect that the detector is saturated even for particles well within the scattering detectorôs detection 

limit.  

As the evaporation temperature of the rBC particles typically measured with the SP2 lies around 4000 K 

(Schwarz et al., 2006; Moteki and Kondo, 2007; Moteki and Kondo, 2010), the particles emit thermal 

radiation at wavelengths in the visible range. This visible light is detected by two PMTs with optical 

filters (KG5) excluding the detection of scattered laser light. One detector, the broadband incandescence 

detector, samples light in the range of 300-800 nm (shown in blue in Figure 16). The second detector, 

the narrowband incandescence detector, has an additional optical filter (RG630) to restrict the detected 

wavelengths to a range of 630-800 nm (shown in red in Figure 16). Using two incandescence detectors 

that are sensitive on two slightly different wavelength bands makes it possible to determine the color 

ratio, which can be used as an indicator of the temperature at which the particle evaporates (see also 

chapter 2.1.2).  
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The scattering signal of the incandescing particle also follows the Gaussian shape of the laser beam 

intensity profile, however, only until evaporation starts. Identifying the optical size of the coated rBC 

particle is not as straight forward as the rBC core mass because the peak of scattering signal is masked 

by the decrease in signal due to the particleôs evaporation. For reconstructing the scattering signalôs peak 

height from the undisturbed signal of the whole particle before the onset of evaporation, Gao et al. (2007) 

have introduced a method called the Leading Edge Only fit (LEO-fit). It uses the Gaussian shape of the 

laser beam intensity profile, which is also the scattering signal shape for a non-evaporating particle, to 

fit a Gaussian function to the undisturbed leading edge of the signal (marked by a thick green line in the 

left panel of Figure 16). The fitted Gaussian represents the theoretical scattering signal of the whole 

particle if it would not evaporate in the laser beam. Since a Gaussian function is determined by the four 

parameters baseline, peak position, width and peak height, the peak height can be determined from, in 

theory, only one point of the signal if the other three parameters are known. Of these four parameters of 

the Gaussian function, only the peak height depends on the particleôs scattering cross section. The 

baseline can be determined from the recorded signal before and after the particle is inside the laser beam. 

The width depends on the laser beam and the particle speed and can be assumed as constant for a particle 

ensemble containing both evaporating and non-evaporating particles measured at constant pressure 

within short time. The position of the peak is identified with the help of the position-sensitive split 

detector (Gao et al., 2007), a four element APD with only two active elements that also detects scattered 

laser light. The position of the particle in the laser beam has to be measured independently as the 

recorded 150 points every 0.2 or 0.4 Õs (shown on the horizontal axis in Figure 16) are relative to the 

size-dependent trigger point, where the signal gets larger than the baseline, rather than the particle 

position relative to the laser beam. The traces shown in Figure 16 were recorded with 50 pre-trigger 

points.  

The scattering signal at the center of the laser beam, directly derived from the signal trace or calculated 

with the LEO-fit, is converted with a look-up table calculated with the Bohren-Huffman Mie code 

(Bohren and Huffman, 1998) by assuming homogeneous spheres for non-incandescing particles. For 

incandescing particles, the conversion table for optical size assumes that particles are coated spheres. 

The coating thickness is then derived from the LEO-fit peak height and the core size, which is the mass 

equivalent diameter, calculated from the measured incandescence mass assuming a spherical particle 

with a bulk density of 1800 kg/mį.  

While in the first SP2 versions, one signal was tapped from each of the four detectors, the newer versions 

tap two signals from each detector with one of the two signals amplified by a factor of 10. Table 6 lists 

the names of the channels and their corresponding abbreviations that are used in text and figures here. 

The amplified signal is referred to as high gain signal in contrast to the low gain signal, which has no 

extra amplification. The signals are tapped in turns, reducing the time resolution for each individual 

channel from 0.2 Õs to 0.4 Õs. The SP2, as it was used during the DC3 campaign, was the 4-channels 
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version, i.e. one signal was taken from each detector. In January 2014, the DLR SP2 instrument, 

originally designed as 4-channel SP2, was upgraded to an 8-channel version. A summary of all the 

detector signals and the derived parameters is also shown in Table 7.  

Table 6: Detection wavelength bands and channel names corresponding to the four detectors in the SP2. 

Low gain channels are only recorded in the 8-channel SP2.  

Detector Wavelength Channel (Abbreviation) Additional Low Gain Channel 

in 8-Channel SP2 

Scattering 

Detector 

> 850 nm Scattering High Gain 

Channel (SCHG) 

Scattering Low Gain Channel 

(SCLG) 

Broadband 

Incandescence 

Detector 

300 ï 800 nm Broadband High Gain 

Incandescence Channel 

(BBHG) 

Broadband Low Gain 

Incandescence Channel 

(BBLG) 

Narrowband 

Incandescence 

Detector 

630 ï 800 nm Narrowband High Gain 

Incandescence Channel 

(NBHG) 

Narrowband Low Gain 

Incandescence Channel 

(NBLG) 

Split Detector > 850 nm Split High Gain Channel 

(SPHG) 

Split Low Gain Channel 

(SPLG) 
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Table 7: Detector signal of the SP2 and derived particle properties (from Heimerl, 2011).  
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The method for fitting the leading edge can be extended to other parts of the signal trace, as described 

by Laborde et al. (2012a), for example to get the optical size of the incandescing core just before the 

onset of incandescence. Dahlkºtter et al. (2014) describe a similar method to derive particle morphology 

from the scattering trace of coated particles. If in a mixed particle, the rBC core is much smaller than 

the whole particle and located close to the rim of the coating material, the non-absorbing coating material 

does not always evaporate before the incandescence of the rBC core, but still scatters light after the rBC 

core is completely evaporated due to incandescence.  

Several studies have been performed to test the performance of the SP2 and the necessary calibration 

procedures as well as the reproducibility of measurements with different SP2 instruments. Especially 

the intercomparison of six SP2s which all had a slightly different setup (Laborde et al., 2012b) stresses 

the need for a good calibration and alignment of the instrument to achieve reliable and comparable 

results. Laborde et al. (2012b) also show that different SP2s can have slightly different detection 

efficiencies at the lower end of the detection range, which have to be known in order to compare 

concentrations measured by different SP2s. The lower limit of the detection range can differ up to 40 nm 

and even more for instruments that are not aligned well.  

Schwarz et al. (2010a) discuss in their study several ways to characterize and optimize the detection 

efficiency of the SP2. They show that the incandescence channel peak height of an rBC particle is 

independent of laser intensity as long as the intensity lies above a threshold required for sufficient 

heating and incandescence. A similar evaluation of sufficient laser intensity is done regularly for the 

DLR SP2, which will be addressed in section 3.2.2. The recommended steps for calibration are listed in 

Table 8.  

While the data from the DC3 campaign are the main focus of this work, the following sections on 

calibration include also data from other campaigns and laboratory tests to illustrate the stability and drift 

of calibrations over time and between different instrument setups. A list of all the calibration data sets 

can be found in the appendix (Table A 1, page 178). Calibrations before January 2014 were performed 

with the 4-channel SP2, those after this point with the upgraded 8-channel version.  
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Table 8: Recommended steps for SP2 calibration, which measurement parameter they influence and 

where they are described in detail here.  

Calibration Step Influenced Measurement 

Parameter 

Chapter 

Laser Alignment Detection Efficiency;  

Coating Thickness 

3.2.1.1 Alignment of Laser and 

Sample Flow Jet 

Laser Intensity Detection Efficiency;  

Detection Limits 

3.2.2 Calibration and Detection 

Limits of the Incandescence 

Channels 

Laminar Flow Element  Particle Concentration 3.2.1.2 Calibration of the Linear 

Flow Element 

Sample Flow Jet Alignment Detection Efficiency;  

Optical Size;  

Coating Thickness 

3.2.1.1 Alignment of Laser and 

Sample Flow Jet 

Split Detector Alignment Optical Size;  

Coating Thickness 

3.2.1.3 Split Detector Alignment  

Incandescence Channels rBC Mass Concentration;  

rBC Mass Size Distribution 

3.2.2 Calibration and Detection 

Limits of the Incandescence 

Channels 

Counting Efficiency Detection Limits 3.2.2 Calibration and Detection 

Limits of the Incandescence 

Channels 

Scattering Channels Optical Size 3.2.3 Calibration and Detection 

Limits of the Scattering Channels 

For the alignment procedures and calibrations described in the following sections, standard particles 

were used as reference. For optical particle detection, polystyrene latex spheres (PSL) of different 

standard sizes were used. PSL are commercially available as suspensions of monodisperse particles with 

a very narrow size distribution and well-known optical properties. The most commonly used PSL 

standard here, 200 nm, has a standard deviation in size of 2 nm, according to the NIST (National Institute 

of Standards and Technology) certificate supplied with the bottled particles. Incandescence detection 

calibration was performed with fullerene soot particles. Fullerene soot is a black carbon material with 
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known density and the recommended calibration material for the SP2 (Moteki and Kondo, 2010). The 

standard particle sample was dissolved in distilled water and nebulized. As the fullerene soot sample is 

polydisperse, it has to be size-selected for calibration. Details and the specific setup for each type of 

alignment or calibration listed in Table 8 are shortly described in the corresponding section.  

3.2.1.1 Alignment of Laser and Sample Flow Jet 

The laser beam is reflected on both sides of the measurement chamber, on the surface of the Nd:YAG 

crystal and on the output coupler on the opposing side of measurement chamber (Figure 15). To ensure 

that the laser beam is in a Gaussian shape, as it is needed for the SP2 measurements, the output coupler 

can be adjusted. The adjustment is monitored with an infrared camera, called beam camera, which 

replaces the laser power monitor (left of output coupler in Figure 15) during the alignment procedure. A 

well aligned laser shows as a circular shape with symmetrical Gaussian intensity distribution in the beam 

camera. Example images are shown in Figure 17 (left). The Gaussian shape of the laser beam is a crucial 

parameter for determining the optical size of incandescing particles. 

   

Figure 17: Images of the SP2ôs laser, taken with the beam camera, as examples for a good (left, June 

21, 2012) and a bad (right, April 28, 2014) alignment. 

To ensure that the sample flow passes the laser beam exactly in the middle, where the highest laser 

intensity is found, the sample flow jet has to be aligned properly. The sample flow nozzle is fixed to the 

top of the measurement chamber, which is mounted movable on rails (Figure 15, middle). For alignment, 

the measurement chamber is moved forward and backward while sampling PSL particles of known size 

so that the sample flow crosses the fixed laser in different positions. The signals of these PSL particles 

are recorded and the optimum chamber position is determined by finding the chamber position with the 

maximum signal, which is the position where the sample flow jet crosses the laser beam at its maximum.  
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Figure 18: Measurements of 200 nm PSL particles at different position in the laser beam. Top: peak 

height of 200 nm PSL particles, the vertical grey lines refer to Figure 19; Middle: equivalent laser 

intensity calculated from PSL measurements at different laser current settings, the grey horizontal 

dashed line marks the actual laser current value; Bottom: absolute and relative difference between the 

nominal 200 nm PSL particle size and the optical diameter calculated from the scattering signal peak 

height.  

The top part of Figure 18 shows the results of four different alignment procedures that were necessary 

after adjusting the output coupler to get a circular laser shape. For the four dates shown, the optimal 

chamber positions were 0.180ò (07.02.2014), 0.181ò (23.04.2014 and 20.08.2014) and 0.182ò 

(09.09.2014), indicating a slight drift in laser position. If this drift was not be compensated for by 

adjusting the chamber position accordingly, in September 2015, the laser intensity at the 0.180ò position 

(February 2014 alignment) would be about 2% lower than at the actual center, the 0.182ò position. This 

also applies to the optical size, if the drift is not accounted for by regular calibration.  
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The PSL sizes at the different positions in the laser beam were calculated by applying the calibration 

factor derived for the center position for each date. Details on the calculation of the scattering channel 

calibration factor can be found in section 3.2.3.  

The middle panel of Figure 18 shows the equivalent laser power, a proxy for the laser intensity at the 

corresponding position of the sample flow jet in the laser beam, To obtain the equivalent laser power, 

the linear relationship between scattering signal peak heights of 200 nm PSL particles and laser power 

settings was calculated from an independent measurement. The equivalent laser power at different 

positions in the laser beam is then the laser power setting that would result in the same scattering peak 

height in the center of the laser beam for 200 nm particles as the laser power setting of 2800 mV at the 

corresponding chamber position.  

Another important point to note is the increase in variability of measured peak heights with increasing 

distance from the beam center. Figure 19 shows number size distributions, normalized by the total 

concentration, for 200 nm PSL particles at three different positions in the laser beam, marked by dashed 

vertical lines in the top panel of Figure 18. The measurements were made during the alignment on 

August 20, 2014 with the beam center being at 0.181ò. The measurements made with the sample flow 

jet positioned at the center of the laser beam are marked by ñCenterò and drawn as a continuous line in 

Figure 19. For comparison, two PSL number size distributions measured at positions more distant from 

the beam center are added. Long dashes refer to a position close to the center of the laser beam (0.177ò); 

short dashes indicate a position on the flank (0.170ò) of the laser intensity profile in Figure 18.  
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Figure 19: Normalized number size distributions for samples of 200 nm PSL particles measured during 

chamber alignment on August 20, 2014. The different positions of the sample flow with respect to the 

laser beam shape are listed in the legend and are marked in the top panel of Figure 18 by vertical grey 

bars with the same dash type. The number size distributions were normalized by the total number 

concentration.  

The width of the size distribution increases rapidly if the position of the sample flow jet is not exactly 

in the middle of the laser beam, as Figure 19 shows. This leads to a higher uncertainty of the optical 

particle size. As the intensity decreases, the peak height and so the calculated optical size of particles 

decrease with increasing distance from the middle. Due to the lower laser intensity at the edge of the 

laser, a misalignment of the sample flow jet can also compromise the counting efficiency of the SP2 (see 

also section 3.2.2).  

As the position of the laser beam center relative to the measurement chamber can change slightly when 

the output coupler is readjusted or, even more, when the whole laser is realigned, it is important to also 

realign the measurement chamber with the sample flow jet to reduce the possible measurement 

uncertainties and errors resulting from a misaligned sample flow jet.  

3.2.1.2 Calibration of the Linear Flow Element 

The linear flow element is situated in the SP2ôs inlet to measure the sample flow before it enters the 

measurement chamber. The measured flow is directly used to derive the particle number and mass 
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concentration. Therefore, the calibration of the laminar flow element is crucial for a reliable calculation 

of the measured concentrations. To check the calibration, it is usually sufficient to measure the sample 

flow at several settings with a flow meter.  

The recorded flow is calculated from the measured voltage as a linear relation with the parameters set 

in the SP2 softwareôs configuration file. Figure 20 shows the measurement points from two calibrations 

(markers) with their linear fits (line) and lists the calibration parameters for each linear fit in the legend.  

 

Figure 20: Calibration curves for the linear flow element for two calibrations on May 20 2013 (blue) 

and February 14 2014 (red) with the measured calibration points and the parameters of the linear fit.  

The calibration of the linear flow element is similar for the calibrations on May 20, 2013 (blue) and 

February 14, 2014 (red), with a deviation of less than 1% at a flow setting of 120 cmį/min, the flow set 

point mainly used for this SP2.  

The sample flow is kept stable by adjusting a valve controlling the exhaust flow. In the laboratory at 

stable conditions, the variations of the sample flow are below 0.8 % for a measurement interval of 

5 minutes at a sample flow settings above 80 cmį/min, decreasing with increasing sample flow. This 

deviation is larger when measuring in the plane as sudden changes in pressure, like starting, landing or 

changing from ascent or descent into a constant altitude flight level, induce flow variations. These flow 

variations are in the range of 10% of the total flow while variations on constant flight levels are about 

1% of total flow. For the calculation of number and mass concentrations, the measured flow in the 

instrument is used to reduce biases from flow variations. For time series, data are shown as 10 s values 
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to smooth out most of the fluctuations. This is also the averaging time interval used for time series stored 

in the DC3 data base.  

3.2.1.3 Split Detector Alignment  

The position-sensitive split detector measures scattered light to provide a reference point relative to the 

particleôs position in the laser beam. When a particle enters the laser beam from the top, the scattered 

light is projected through a lens onto the lower sector (see Figure 21). As the particle moves through the 

laser beam, the signal moves from the lower to the upper segment. When the particle signal is projected 

onto the part of the detector, which is not assigned to one of the segments, the detector sees less light, 

visible as a dip in the signal shown as second from right in the lower part of Figure 21. To identify this 

point more clearly, the signal from the lower segment is inverted electronically before adding the signals 

from the single segments, so the split point can be identified as the zero crossing point in the split 

detector signal (see the split detector signal traces in Figure 16 and Figure 21).  

The quality and detection limit of the split point is determined by the relative position of the split point 

in the laser beam. To capture incandescing particles that evaporate very early, the split point must be 

very early in the laser beam, but close enough to the center so that the first part, the negative signal peak, 

is large enough even for small particles to rise above the baseline noise. Since the split point is an 

essential parameter in deriving the optical size of incandescing particles, the alignment of the split 

detector is crucial for the SP2ôs potential to measure rBC particle coating thickness.  
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Figure 21: Sketch of a non-incandescing particle crossing the SP2ôs laser beam (left) and producing the 

scattering (top, A) and the split detector (bottom, B) signal (adopted from Gao et al., 2007; reprinted by 

permission of The American Association for Aerosol Research, www.aaar.org). The two-element APD 

mentioned in the description corresponds to the four-element APD with only two active sectors.  

According to the schematic drawing in Figure 21, the split detector signal should have one positive and 

one negative peak, with one zero crossing in between. This was the case for the original split detector in 

the 4-channel instrument, which failed in September 2011. It was then replaced by a different version of 

the 4-element APD. The new detector, however, has an ñovershootingò effect. It gives an output signal 

even after the particle has evaporated or left the laser beam. Depending on the positioning of the split 

detector, the signal exhibits then two or three peaks. The example trace for a non-evaporating particle at 

the beginning of this chapter (Figure 16, right) and the beam shape example here (Figure 22, bottom 

panels) illustrate this behavior. The split detector signal does not return to the baseline together with the 

scattering signal, but remains negative for a longer time. If the split point falls together with the decline 
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in the scattering signal due to evaporation of incandescing particles, the overshooting signal will produce 

an artificial split point at this position instead of the correct one slightly later.  

 

Figure 22: Beam shape (red) with beam center (black line) and split point (blue line) for the DC3 setup 

(left) and the setup in August 2014 (right). Corresponding split detector signals are shown in green. 

Both example particles are non-incandescing.  

The location of the split point relative to the beam center can be changed by moving the detector in its 

fitting vertically. The fitting is equipped with two screws to adjust the detectorôs position. As it was not 

possible to get the detector in the desired position by adjusting these screws only, the split detector 

mounted in this specific SP2 has additional tape at the bottom since August 2014. Trying to align the 

new split detector in the same way as the original one, so that the signal shows only one zero crossing 

with one negative and one positive peak, gives a split position very close to the center of the laser beam 

(Figure 22, left). This alignment was done during the preparation for the DC3 campaign, when the new 

detector was aligned with the same procedures as the original one. The post-campaign data analysis then 

showed that the positioning of the new split detectorôs split point had to be done differently than for the 

old one. The new split detector produced a third, artificial peak that was not present in the old version, 

which led to a second, erroneous split point. This chapter compares the split detector alignment as it was 

during the DC3 campaign according to the alignment procedures for the old 4-channel split detector 

(pre-campaign alignment on March 30, 2012), with a later alignment (August 28, 2014). The shown 
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ambient air samples were in both cases measured in a laboratory facing a parking lot close to the 

Oberpfaffenhofen airport, so they contain mainly small rBC particles with little coating.  

The signal traces from the March 30, 2012 alignment (Figure 22, left) show that the split detector signal 

has the two-peak structure as it was desired to minimize problems of the data evaluation software to 

correctly identify the split point. The right part of Figure 22 shows the three-peak structure of the split 

detector signal. Due to the very small first peak, the split point is often not determined correctly for 

smaller incandescing particles.  

To aid with the alignment procedure, DMT provides a software, the split detector alignment tool (SPAT). 

The SPAT software derives four check plots correlating parameters of single particle signal traces for 

non-incandescing particles immediately from raw data on the SP2ôs data acquisition computer. Two of 

the SPAT plots focus on the correct determination of the fixed parameters for the LEO-fit, the width of 

the Gaussian and the center position. The correlation plot and the frequency distribution histogram are 

here combined into one plot for each of the alignments (Figure 23 for the May 2012 alignment and 

Figure 24 for the August 2014 alignment). As both parameters are assumed to be constant for all particles 

when applying the LEO-fit, both parameters, the full width at half maximum (FWHM) of the scattering 

signal (top, green) and the distance between center and split point (right, black) should vary as little as 

possible, and show very narrow distributions. The correlation between the two parameters (center, blue) 

varies around the average (red dot), which is used for the fit. Both signal width and split-to-center-

distance depend actually on the residence time of the particle in the laser beam, and are affected by slight 

variations in the sample flow (see previous subchapter 3.2.1.2). The FWHM is also influenced by how 

close to the center the particle actually passes the beam, which also varies due to the non-zero diameter 

of the sample flow air stream.  
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Figure 23: Comparison of the full width at half maximum of the scattering signal trace and the distance 

between split point and beam center for non-incandescing particles for the DC3 setup. The histograms 

at the top and at the left correspond to the distributions of the two correlated parameters.  

 

Figure 24: Same as Figure 23, but for the August 2014 setup and alignment. LG indicates parameters 

derived from the low gain channels of the 8-channel SP2.  

The two other SPAT plots are correlations between the split signal peak heights and the scattering peak 

height for non-incandescing particles to verify the stability and reliability of the split detector signal. 
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The correlation between the scattering signal peak height and the peak height of the first, negative, peak 

of the split detector signal is shown in the appendix (Figure A 1, page 180) for both alignment cases. 

The SPAT software also compares the first and second peak of the split detector signal of non-

incandescing particles, which is not shown here. If these signal peak correlation scatterplots do not show 

a clear correlation, the split detector alignment should be redone.  

 

Figure 25: Identification of the lower incandescence size limit for valid split point determination. Top: 

Ambient air sample measured during DC3 preparation. Bottom: Ambient air sample measured with the 

August 2014 alignment. Light blue lines mark the upper limit for particle size (vertical line) and distance 

between split peaks for reasonable split detector signals (horizontal line).  

Besides the SPAT plots, some more tests can be useful when evaluating the split detector performance. 

To identify the lower threshold for rBC particles, for which the LEO-fit is possible, the distance between 

the first positive and the first negative peak of the split detector signal is shown for the mass equivalent 
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diameter that is derived from the incandescence channels (Figure 25). The distance between split peaks 

is used here as a proxy for how reliable the data evaluation software can distinguish the peaks in the 

split detector signal from signal baseline noise. For particles larger than 120 nm mass equivalent 

diameter, this time distance is in a narrow range below 10 Õs. Smaller particles do not scatter enough 

light to produce a signal that can be distinguished reliably from noise by the data evaluation software.  

 

Figure 26: Comparison of incandescing size and optical size to evaluate the reliability of the LEO-fit 

and the calculation of the optical size of the rBC core. Left: Ambient air sample during DC3 preparation. 

Right: Ambient air sample during ACRIDICON preparation (high gain channels only). 

Figure 26 shows a direct comparison of the sizes for individual incandescing particles of the ambient 

samples derived from the incandescence detector and the LEO-fit. In addition to the LEO-fitted size of 

the complete particles (blue), the optical size of the incandescing core (red) is shown. While the particles 

larger than about 120 nm group along the 1:1 line (black) in case of the August 2014 alignment (right), 

in case of the May 2012 alignment (left) the optical size of the particles is systematically underestimated. 

The LEO-fitted scattering peak height was converted into an optical diameter (Dopt) by assuming a 

refractive index of 1.9 + 0.8i in both cases. Using a refractive index with a lower real part would result 

in larger optical diameters for the same LEO-fitted peak height, and mask the underestimation of optical 

particle size for the May 2012 alignment. The optical particle size of the core shows a smaller spread 

while the LEO-fitted particle size shows a large spread towards bigger sizes since this size includes 

coatings on the particles. The effect of the coating is small in this case as both samples contain mainly 

fresh black carbon particles with little coating. The spread would be larger for samples of aged and 

heavily coated black carbon particles.  
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Figure 27: Number size distribution of fullerene soot samples with 1.35 fg or 150 nm mobility diameter 

for the May 2012 (top) and the August 2014 alignment (bottom) derived from the incandescence channel 

(black) and the LEO-fit (red). The number size distribution derived from the incandescence channel for 

the particles with LEO-fit only is drawn in blue.  

To evaluate whether the refractive index was chosen appropriately, resulting number size distribution 

for samples of size-selected fullerene soot are shown in Figure 27 for the DC3 alignment (left) and the 

ACRIDICON alignment (right). The number size distribution derived from the broadband 

incandescence channel measurements (black) shows the typical peaks representing particles with one, 

two or three charges after size-selecting particles with a DMA. Note that the peaks of the size distribution 

do not appear at the mobility diameter of 150 nm, since the DMA size-selects it, but at the slightly lower 
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mass equivalent diameter (MED) of 113 nm, calculated from the measured particle mass, 1.35 fg. For 

all particles for which a LEO-fit was made, the number size distribution from the broadband 

incandescence channel is shown in blue. The increasing difference between the blue and the black size 

distribution towards smaller sizes represents the decreasing detection efficiency of the scattering and the 

split detector for smaller particles.  

The rBC number size distribution derived from the incandescence channel measurements are shown in 

black in Figure 27 for the May 2012 (top) and the August 2014 (bottom) alignment. The number size 

distribution plotted in red is derived from the particle sizes acquired from the LEO-fit. The LEO-fit 

number size distribution (red) for the 150 nm particles for the DC3 alignment (top) peaks at 150 nm, but 

it has no similarities with the number size distribution derived from the same particlesô mass equivalent 

diameter, shown in blue. For the August 2014 alignment in the bottom panel, the lower detection limit 

for the scattering and split detector is at smaller sizes, as already shown in , so the difference between 

the number size distributions derived from the incandescence channels for all particles (black) and for 

particles with LEO-fit (blue) is smaller. The shape of the LEO-fit number size distribution follows 

roughly the shape of the incandescence channel number size distribution for particles above about 

150 nm.  

This underestimation of particle size of the May 2012 sample is an effect of a misalignment of the split 

detector due to the artificial third peak in the split detector signal. While this poses no problem for non-

evaporating particles that show a signal throughout the whole laser beam, incandescing particles 

evaporate and their real optical signal fades away with them. If the particle evaporates very close to or 

past the split point, the second peak is not produced by laser light scattered onto the detector by the 

particle but by the electronical overshooting of the signal. The resulting split point in this case is at an 

earlier point in the laser beam than the real split point would be. The leading edge of the scattering signal 

and the center of the laser beam, both derived from non-incandescing particles, are then placed too early 

in time. Instead of the actual leading edge, the LEO-fit is fitted on an earlier part of the signal which is 

smaller than the actual leading edge, resulting in the underestimation of the fitted signal peak and 

therewith the optical particle size.  

3.2.2 Calibration and Detection Limits of the Incandescence Channels 

As described before, the mass of an individual black carbon particle is related to the emitted light of the 

incandescing particle. This emitted light is gathered onto the PMTs and converted into an electrical 

signal. The approximately linear relationship between a particleôs mass and the detector signal is 

determined by calibration. For calibrating the SP2ôs incandescence channels, a size-selected refractory 

black carbon material standard is fed into the instrument. For several different particle sizes, signal peaks 

are recorded and related to the particle mass to obtain the final calibration curve.  



64 

 __________________________________________________________________________________  

A variety of materials has been discussed as standard material for calibration, mainly Aquadag, which 

was originally recommended by the manufacturer DMT, and fullerene soot. Several studies investigated 

the SP2ôs sensitivity to different calibration standard particles and ambient, thermally denuded aerosol 

(Moteki and Kondo, 2010; Laborde et al., 2012a; Laborde et al., 2012b).  

Laborde et al. (2012a) have found that the most representative calibration material is thermally denuded 

diesel exhaust which is then mass-selected by an aerosol particle mass analyzer. Since the latter is not 

often available for calibration, a differential mobility analyzer (DMA) is used instead to select particles 

by mobility diameter (Reischl, 1991). In that case, fullerene soot is the standard material that resembles 

ambient rBC best (e.g. Baumgardner et al., 2012). Fullerene soot contains fractal aggregates of black 

carbon spherules, similar to fractal aggregates of combustion-produced rBC found in the atmosphere. 

Following these recommendation, fullerene soot is used as calibration material here. The dry fullerene 

soot powder is mixed with distilled water and nebulized in a nebulizer (DMT AG-100) to produce the 

air sample, which is then size-selected. Due to the limited solubility of fullerene soot in water, the 

mixture of fullerene soot and distilled water was treated in an ultrasonic bath prior to being nebulized. 

To reduce artefacts from water coating on the particles, the sample was dried before size selection.  

The two mainly used instruments for size selecting the fullerene soot particles for SP2 calibration are a 

particle mass analyzer to size-select particles by mass, and a differential mobility analyzer (DMA), to 

size-select particles by aerodynamic diameter. Since a particle mass analyzer is not available at the DLR, 

particles were size-selected by a DMA, which makes it necessary to know the relationship between 

particle mass and aerodynamic diameter. This relationship is not constant, but a size-dependent effective 

density which also varies slightly between different production lots of the fullerene soot (Gysel et al., 

2011). Gysel et al. (2011) describe in detail the decrease of effective density with particle size for both 

Aquadag and fullerene soot, of which only the latter is used here. The size-dependent effective density 

of the fullerene soot sample used at DLR for SP2 calibration is slightly different from the one reported 

by Gysel et al. (2011). This curve was measured in 2011 and is described in detail in Heimerl (2011). 

The calibrations reported here were all performed with the DLR fullerene soot standard with the 

exception of the calibration done on June 5, 2012, during the DC3 campaign. For this calibration, 

NOAAôs fullerene soot standard was used and its specific density was applied for evaluating the 

calibration curve (Markovic, 2012, pers. comm.). Due to the varying density of black carbon, and since 

the SP2 measures single particle mass, the particle size is given here as the mass equivalent diameter 

unless stated otherwise. The mass equivalent diameter is derived from the measured particle mass by 

assuming spherical particles with a density of 1.8 g/cmį, a value which is also used in other studies as it 

represents well the density of different black carbon types (Moteki and Kondo, 2010; Laborde et al., 

2012b). This represents the bulk density of the calibration material, fullerene soot, which is 
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1.718 Ñ 0.004 g/cmį (Kondo et al., 2011b). It does not account for the fractal structure some rBC 

particles in the atmosphere have, but it gives an impression of particle size.  

For each calibration point, data from one size-selected fullerene soot sample are recorded to get the 

peaks of the incandescence channels for all particles. The measured signal peaks are binned into 

histograms. Since the DMA sorts by the mobility diameter to charge ratio, the incandescence peak 

heights histogram exhibits several peaks as heavier multiply charged particles are recorded as well. An 

example histogram is shown in Figure 28.  

 

Figure 28: Example histogram for the BBHG peak height distribution of a fullerene soot sample size-

selected by a DMA set to 200 nm. 

The single charged mass histogram peaks are correlated with the particle mass as shown in Figure 29 

for the broadband channel for the calibration curve used to evaluate the DC3 data set. The corresponding 

calibration curve for the narrowband channel is shown in Figure 30.  
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Figure 29: Calibration points for all calibrations in 2012 after the change of the gain stage setting to 

0.512V and the calibration curve used for the evaluation of the DC3 data. The inset graph is an enlarged 

picture of the calibration points for the small sizes part of the calibration curve, marked in black in the 

bottom left corner.  

The slope of the calibration curve can be changed by adjusting the detector gain. This was done before 

the start of the DC3 campaign when the broadband channel was decreased from 0.574 V to 0.512 V to 

decrease the signal and thereby increase the upper detection limit. As Figure 29 shows, the calibration 

points taken directly after the change in gain setting differ from all other calibration points that were 

taken before adjusting the gain stage potentiometer again in spring 2013. When measuring the detector 

gain again after the DC3 campaign on June 28, 2012, the reading had increased to 0.513V. The 

narrowband detector gain was changed to 0.848 V on April 2, 2012. At the test measurement after the 

campaign, it had changed to 0.849 V. This slight change in gain setting could be a reason for the slight 

difference between the calibrations in April 2012 and the calibrations performed during and after the 

DC3 campaign. Considering that the calibrations during and after DC3 agree very well while the pre-
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campaign calibration differs, this could mean that the gain setting was not stable directly after changing 

it, but remained stable afterwards.  

 

Figure 30: Same as Figure 29, but for the narrowband channel. The calibration data from March 30 

2012 are not included since the gain settings of the narrowband channel were changed on April 4, 2012.  

The DC3 calibration curve was acquired by linearly fitting the calibration points measured during and 

directly after DC3, while the ACCESS2012 calibration points served as validation. The calibration 

coefficients are given in Table 9. After showing how the calibration curve is derived from calibration 

data, the following paragraphs contain an evaluation of the accuracy and stability of the calibration.  
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Table 9: Incandescence channel calibration coefficients used for the DC3 data evaluation. The numbers 

correspond to the linear fits shown in Figure 29 for the broadband channel and Figure 30 for the 

narrowband channel.  

Channel Offset Slope Detector Saturation 

Broadband Channel 0.21 0.0298 485 nm or 107 fg 

Narrowband Channel 0.34 0.0293 480 nm or 104 fg 

There are several potential error sources which lead to an uncertainty of the calibration curve and thereby 

an uncertainty of the derived particle mass, which influences the uncertainty of the total mass 

concentration. The error sources addressed here are the size-dependent density curve, the accuracy of 

the histogram peak determination, and detector noise.  

The size-dependent density of the fullerene soot samples was evaluated in my Diploma Thesis (Heimerl, 

2011). The error of the density from these measurements was estimated to be smaller than 10%. 

Comparing calibration results performed with different fullerene soot samples (e.g. the calibrations on 

June 5, 2012 with the NOAA sample and the calibration on June 21, 2012 with the DLR sample) suggests 

that this uncertainty is lower than 10%. For the following estimates and calculations, an error of 10% in 

calibration material mass is assumed as a maximum deviation.  

In addition to the size-dependent density, Gysel et al. (2011) also address different techniques to 

mobilize the black carbon calibration aerosol as a potential source for errors. They found a systematic 

deviation between different mobilization techniques of up to 6%, while the variations were small for 

different measurements of particles mobilized with the same technique. Here, all samples of fullerene 

soot were mobilized in the same way, by nebulizing an aqueous suspension, both for the determination 

of the sampleôs individual density curve as well as for all the incandescence channel calibration. The 

nebulization technique is therefore not regarded specifically as an additional error source here.  

Peak height might also be influenced by detector noise, as this can obscure the baseline and might bias 

the peak height. Detector noise is very low in the broadband channel (about Ñ2 digital detector counts). 

The narrowband channel tends to be more noisy and occasionally shows random spikes unconnected to 

particles (up to +40 digital detector counts) which makes it impossible to distinguish between noise and 

signal for small particles. These large spikes increase the uncertainty in narrowband channel peak height 

determination, making it nearly impossible to determine reliable peak heights for particles below 

150 nm.  
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Figure 31: Calibration curve for DC3 (black unbroken line) and calibration points (red). Green and 

blue dots represent the upper and lower limit due to all possible error sources listed in the text. The 

corresponding upper and lower calibration curves are shown as lines with short and long dashes. 

To assess an approximate uncertainty of the incandescence measurements, all potential error sources 

listed in the previous paragraphs were added up to get a maximum error estimate. The maximum error 

estimate includes the uncertainty of the mass to diameter conversion by considering the density 

measurement inaccuracy (as in Heimerl, 2011), as well as the uncertainty in deriving the peak height. 

Here this is shown for the broadband channel only. Figure 31 shows again the same broadband channel 

calibration points and curve as Figure 29 (red dots and solid line). By summing all positive errors or 

subtracting all negative errors, respectively, the upper (green) and lower (blue) limit of the errors in the 

calibration points are calculated. The broken lines are the corresponding calibration curves fitted to the 

upper and lower limit of the calibration points, the same method as applied for the ñrealò calibration 

curve. To assess the error in rBC mass concentration, the upper and lower estimate of the calibration 

curve are applied to a sample of ambient air with varying concentrations.  








































































































































































































































































