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Referat Die Wechselwirkung von Aerosolen mit Wolken und Strahlung hängt von
einer Reihe von Faktoren ab, wie den physikalisch-chemischen Eigenschaften, der
geographischen und zeitlichen Variabilität und der vertikalen Verteilung der atmo-
sphärischen Aerosole. Von besonderer Bedeutung sind Wolkenkondensationskeime
(CCN) und schwarze Kohlenstoffpartikel (BC) als Untergruppen der atmosphärischen
Aerosolpopulation. CCNs sind eine Voraussetzung für die Bildung von Wolkentröpf-
chen, und Variationen im CCN-Budget können die Wolkeneigenschaften verändern.
BC kann Sonnenstrahlung effizient absorbieren, lokale Erwärmung verursachen und
die Wolkenbildung hemmen. Um die Auswirkungen von CCN und BC auf Wolken
und den Energiehaushalt der Erde zu bestimmen, sind die atmosphärischen Kon-
zentrationen und ihre räumlich-zeitliche Verteilung von großer Bedeutung. Deshalb
befasst sich diese Dissertation mit der geographischen, zeitlichen und vertikalen Va-
riabilität des atmosphärischen Aerosols und den Zusammenhängen zwischen CCN
und BC und trägt dazu bei, diese anhand umfangreicher Felddaten aus flugzeug- und
bodengestützten Messungen zu verstehen. Die Datenanalyse konzentriert sich auf
anthropogene Verschmutzung, Waldbrandemissionen und vulkanische Aerosole.

Im Anthropozän hat sich sowohl die Verteilung als auch die Konzentration von Aero-
solen drastisch verändert. Die Hauptquelle anthropogener Feinstaubbelastung ist die
Verbrennung fossiler Brennstoffe und Biokraftstoffe. Die allgegenwärtige anthropo-
gene Luftverschmutzung, insbesondere über den kontinentalen Regionen der nörd-
lichen Hemisphäre, erschwert die Bewertung des anthropogenen Einflusses auf Ae-
rosole und Klima, da ungestörte Referenzmessungen fehlen. Der abrupte Rückgang
menschlicher Aktivitäten während der ersten COVID-19 Lockdowns schuf beispiel-
lose atmosphärische Bedingungen, die es uns ermöglichten, Änderungen der tropo-
sphärischen Zusammensetzung als Reaktion auf Änderungen anthropogener Emis-
sionen zu untersuchen und zu quantifizieren. Die Ergebnisse zeigen den starken und
direkten Einfluss menschlicher Aktivitäten auf die Luftqualität, die Rolle von BC als
wichtiger Luftschadstoff im Anthropozän und die enge Beziehung zwischen den at-
mosphärischen Konzentrationen von CCN und BC.

Messdaten von fünf Flugzeugmissionen zeigen charakteristische Beziehungen zwi-
schen CCN und BC in städtischem Feinstaub über Europa und Ostasien, hochgealter-
tem Biomasseverbrennungsrauch über dem tropischen Atlantik und dem Amazonas-
Regenwald und leicht gealtertem Biomasseverbrennungsrauch über Europa, Brasilien
und Asien. Über Europa und Asien ist die vertikale Verteilung von CCN in der unteren
Troposphäre bis zu einer Höhe von etwa 5 km sehr empfindlich auf regionale anthro-
pogene Emissionen. Über dem tropischen Atlantik wird die vertikale Verteilung stark
durch den Ferntransport von Mineralstaub und Rauch aus der Verbrennung von Bio-
masse beeinflusst, aber auch Vulkanausbrüche tragen zur Aerosolbelastung bei.
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Abstract Aerosol-cloud and aerosol-radiation interactions depend on several fac-
tors such as the physico-chemical properties, geographical and temporal variability,
and vertical distribution of atmospheric aerosols. Of particular importance are cloud
condensation nuclei (CCN) and black carbon (BC) particles as a subset of the atmo-
spheric aerosol population. CCN are a prerequisite for cloud droplet formation, and
variations in CCN loading can modify cloud properties. BC can efficiently absorb so-
lar radiation, induce local heating and inhibit cloud formation. In order to determine
the effects of CCN and BC on clouds, precipitation, radiation and the Earth’s energy
budget, atmospheric loading and spatio-temporal distribution of aerosols are highly
relevant. Thus this dissertation addresses and helps to elucidate the spatio-temporal
variation and co-variability of CCN and BC with extensive field measurement data
from aircraft and ground-based measurements. The data analyses focus on anthro-
pogenic pollution, wildfire emissions and volcanic aerosols.

In the Anthropocene, the distribution and abundance of atmospheric aerosols have
changed drastically. Major sources of anthropogenic particulate pollution are the
combustion of fossil fuels and biofuels as well as emissions from open biomass burn-
ing. The ubiquitous presence of anthropogenic air pollution, especially over con-
tinental regions in the Northern Hemisphere, hampers the assessment of anthro-
pogenic influence on aerosol and climate due to a lack of unperturbed reference
measurements. The abrupt reduction in human activities during the first COVID-19
lockdown created unprecedented atmospheric conditions that allowed us to investi-
gate and quantify changes in the tropospheric composition in response to changes
in anthropogenic emissions. The results reflect a strong and immediate influence of
human activities on air quality, the role of BC as a major air pollutant in the Anthro-
pocene, and close links between the atmospheric burdens of CCN and BC.

Measurement data from five aircraft missions in polluted environments reveal char-
acteristic relationships between CCN and BC in urban haze from Europe and East
Asia, highly aged biomass burning smoke over the tropical Atlantic and the Amazon
rainforest, and lightly aged biomass burning smoke over Europe, Brazil, and Asia.
Over Europe and Asia, the vertical distribution of CCN in the lower troposphere up
to altitudes about 5 km is highly sensitive to regional anthropogenic emissions. Over
the tropical Atlantic ocean, the vertical distribution is strongly influenced by the long-
range transport of mineral dust and biomass burning smoke, but volcanic eruptions
also contribute to the aerosol load.
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2 ∣ Chapter 1 – Introduction

1.1 Perturbed atmosphere in the Anthropocene

At the latest since industrialisation human actions have exerted profound and man-
ifold influences on the atmosphere and environment. The fast growth in human
population and economic activities as well as a general increasing wealth boosted
global energy, food and goods demand. To meet these immense demands, human-
ity became a major geological force on Earth (Monastersky, 2015). This includes
the rapid transformation of the biosphere for food and energy production as well
as the exploitation of fossil energy resources and natural resources. Especially the
deforestation and transformation of wetlands into cropland and the combustion of
fossil fuels caused a rapid and unprecedented increase in atmospheric greenhouse
gas concentrations in Earth’s records. The changed atmospheric composition is most
prominent in carbon dioxide, but also other trace gases as methane and nitrous oxide
increased drastically, as well as the aerosol burden. The increased greenhouse gas
and aerosol burden are associated with climate system adjustments and caused the
well recorded increasing trend in global temperatures (e.g., Szopa et al., 2021). As
these changes are dominated by human activities, the current epoch has been termed
the Anthropocene (Steffen et al., 2011).

1.2 Aerosols and their climate impact

Aerosols are a major constituent of global change. In addition to their importance for
the climate, they also play key roles in public health as a major air pollutant and are
accountable for millions of premature deaths (e.g., Lelieveld et al., 2019b). Aerosols
only remain in the atmosphere for relatively short periods. Thus, the geographical
and vertical distribution are highly variable and sensitive to emission sources, both
in the temporal and the spatial dimension. Differently, the most relevant green-
house gases have atmospheric residence times in the range of years, decades or even
centuries and are therefore termed long-lived climate forcers. The long residence
time leads to a relatively equal distribution in the atmosphere and well predicable
variability in their vertical and geographical distribution. The distinct variability in
the distribution of aerosol engenders the need for in situ measurements at different
locations around the globe covering both the vertical and spatial variability, while
long-term measurements can help to better understand the temporal variability.

Atmospheric aerosol are liquid or solid particles suspended in air (Seinfeld and Pan-
dis, 2006). They can be natural aerosols, such as sea spray, mineral dust, biological
particles and sulfates from the oxidation of carbonyl and dimethyl sulfide, or vol-
canic sulfur dioxide which dominated the pre-industrial atmospheric aerosol burden
(Andreae, 2007; Després et al., 2012; Kremser et al., 2016). However, the indus-
trialization greatly enhanced the number and strength of aerosol sources worldwide
(e.g., Andreae, 2009; Carslaw et al., 2017; Crutzen, 2006). Combustion of biomass
and fossil fuels has become an aerosol source of particular importance as it is the
basis for energy production, mobility and land clearing and management in agricul-
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ture (e.g., Bond et al., 2013; Ramanathan and Carmichael, 2008). Thereby, large
amounts of primary particulate pollutants, such as black and brown carbon are emit-
ted directly into the boundary layer. In addition, fuel combustion also emits gaseous
pollutants such as aerosol precursor gases. This anthropogenic particulate pollution
can be distributed over thousands of kilometers by large-scale atmospheric circula-
tions. Thus, there are only a few places on Earth unperturbed by human aerosols
(Andreae, 2007), while anthropogenic greenhouse gas emissions influence the atmo-
sphere globally.

Generally, aerosol concentrations within the planetary boundary layer over conti-
nents exceed concentrations over oceans. Aerosol can be emitted directly into the at-
mosphere, referred to as primary aerosol, or form as secondary aerosol by oxidation
and clustering of gaseous precursor substances. Thereby, the sizes of atmospherically
relevant aerosol span from a few nanometer up to hundreds of micrometer (e.g.,
Pöhlker et al., 2021; Seinfeld and Pandis, 2006). The size distribution of the at-
mospheric aerosol burden has typically one or several maxima at distinct size ranges.
The mono- or multimodal structure of the aerosol size distribution reflects the aerosol
source and sinks as well as aerosol dynamics and chemical processing. The most im-
portant processes in aerosol physics are nucleation, coagulation, condensation and
evaporation. Condensation and evaporation keep particle number concentrations
conserved with changing mass fluxes, particle coagulation has a conserved aerosol
mass while the number concentration reduces (e.g., Ketzel and Berkowicz, 2004).
Nucleation, however, leads to variations in both aerosol mass and number concen-
tration. The smallest mode of the aerosol size distribution is called nucleation mode
and consists of particles after they have been formed through oxidation and subse-
quent nucleation of precursor gases, such as volatile organic compounds (Hallquist
et al., 2009; Kulmala, 2003). Aerosol at diameters larger than ∼10 nm is counted
among the Aitken mode. The growth in the Aitken mode is driven by condensation
and partly by coagulation. Particles with diameters exceeding 100 nm account for
the accumulation mode. These three modes have the highest relevance for aerosol
number concentrations, whereas aerosol larger than 1 µm, also referred to as coarse
mode, tend to dominate the aerosol mass concentration (e.g., Seinfeld and Pandis,
2006).

During their atmospheric residence time, particles interact with solar radiation and
reactive atmospheric constituents. In this process, they undergo complex physical
and chemical transformations, also referred to as aerosol aging. Aerosol aging can
alter the initial size, shape, and composition, with significant impacts on their atmo-
spheric importance (Pöschl, 2005). The typical atmospheric residence times of air-
borne aerosol ranges from days to weeks in the troposphere. Stratospheric aerosol,
however, can remain airborne for months up to several years (Kremser et al., 2016).
For sub-micrometer aerosol there are two major scavenging processes: Wet depo-
sition, which can happen in-cloud, where aerosols are nucleated and subsequently
grow to large droplets and rain out or below-cloud, where precipitation can wash
out aerosol by impaction. Therefore this process is also referred to as impaction
scavenging, a major removal process for black carbon (BC) and other hydrophobic
aerosol (Ohata et al., 2016). Another atmospheric removal pathway is dry deposi-
tion, by either sedimentation of larger particles or diffusion.

Before-mentioned processes outline the removal of aerosol from the atmosphere,
however, coagulation can also decrease the number concentration of aerosol. Coa-
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Figure 1.1: Figure from Hussein, 2005 Aerosol life cycle for anthropogenic pollution with
formation and transformation processes.

lescence is especially important in decreasing the number of smaller particles with
diameters below ∼50 nm (e.g., Birmili and Hoffmann, 2006). Thereby, aerosols co-
agulate with each other, altering the number concentration whilst the aerosol mass
concentration remains conserved (e.g., Ketzel and Berkowicz, 2004). Coalescence
is also of great relevance for the formation of particle agglomerations close to the
particle sources, such as in vehicle exhausts (Ketzel and Berkowicz, 2004; Pohjola
et al., 2003; Vignati et al., 1999).

Aerosol residence times and deposition, however, are not only highly relevant for
atmospheric chemistry and physics, but they are also proven to be of crucial im-
portance in the transmission of respiratory aerosol carried pathogens and generally
for hygienic indoor air conditions (e.g., Pöhlker et al., 2021). Globally, the popula-
tion density of humans is increasing and, thus, the likelihood of disease transmission
between individuals as well. At the same time, our understanding and awareness
of efficient preventive measures increased, too (e.g., Pöhlker et al., 2021). Due to
relatively low relative humidity and stable thermodynamic conditions, for aerosol
driven pathogen transmission, dry deposition from diffusion and sedimentation are
the most relevant sinks. However, neither are of great importance for the transmis-
sion of airborne pathogens due to small aerosol size. Meanwhile, the diffusion of
smaller particles and impaction of larger aerosols can be highly efficient in the hu-
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man respiratory tract (e.g., Pöhlker et al., 2021). Therefore, to prevent human to
human infections with airborne pathogens, a good ventilation (e.g., Helleis et al.,
2023) and efficient filtration (e.g., Bagheri et al., 2021; Cheng et al., 2021) should
be the measures of choice.

In the climate system, aerosols play a fundamental role (e.g., Andreae and Crutzen,
1997; Bellouin et al., 2020; Szopa et al., 2021). They scatter and absorb solar and
terrestrial radiation and therefore alter the energy balance directly. This interplay of
aerosol with radiation is termed direct radiative effect or aerosol radiation interac-
tions (ARI) (Boucher et al., 2013). The absorption and scattering efficiency depends
on several factors. The wavelength of the radiation and the particle size determine
the way of scattering. For aerosol in a size rage comparable to the radiation wave-
length, Mie scattering is the prevailing scattering (Bohren and Huffman, 1998). For
particles much smaller than the wavelength, Rayleigh scattering dominates (Bohren
and Huffman, 1998). Also, the particles’ shape and refractive index, determined by
the aerosol source, chemical composition, atmospheric aging and mixing state influ-
ence ARI (Bohren and Huffman, 1998; Hansen and Travis, 1974). Scattering and
absorption of aerosol contribute to the extinction of radiation. Thereby, aerosols in-
duce a rapid adjustment in the vertical and spatial distribution of radiative fluxes and
heating rates with significant impacts on temperature and water vapor profiles, the
atmospheric stability, and consequently cloud formation (Koch and Del Genio, 2010;
Samset and Myhre, 2015; Stjern et al., 2017). In addition to the semi-direct effect on
clouds as described above, aerosols also provide a necessary surface area for water
vapor condensation and thereby affect clouds directly through aerosol-cloud interac-
tions (ACI), inducing an indirect forcing on the climate system (Boucher et al., 2013;
Mülmenstädt and Feingold, 2018). A subset of atmospheric aerosols act as cloud
condensation nuclei (CCN) or ice nuclei (IN) and, thus, influence the cloud droplet
number and size distribution, referred to as cloud microphysics, but also the cloud
albedo and lifetime, which is counted among the cloud macrophysics (Ackerman et
al., 2000; Andreae and Rosenfeld, 2008; Rosenfeld et al., 2014; Rosenfeld et al.,
2008a; Twomey, 1974; Twomey, 1977).

1.2.1 Aerosol-radiation interactions

As pointed out before, for ARI, a general distinction between two aerosol types is
reasonable. First, aerosol where the scattering of incoming shortwave solar radiation
dominates and second, aerosol with a dark and thus absorbing surface which absorbs
and scatters solar radiation. The different mechanisms and aerosol types will be
outlined in the following.

Dominantly scattering aerosols have manifold sources. They can be emitted either
directly into the atmosphere as primary aerosol or they are secondary formed from
precursor gases. The formation of secondary aerosol can happen in different altitudes
based on the precursor gases and atmospheric conditions. Secondary aerosol can
form in highly polluted environments, such as major metropolis and industrial hot
spots, however, also in clean and unperturbed atmospheric conditions, such as the
upper troposphere or large forests (e.g., Andreae et al., 2018; Brock et al., 1995;
Kerminen et al., 2018; Kulmala et al., 2013; Lee et al., 2019). Regions where new
particle formation is not well understood are the Amazon rain forest where ongoing
research tries to find the location of particle nucleation in order to fundamentally
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understand how the aerosol burden in a nearly pristine environment is maintained
(Andreae et al., 2018). This knowledge is essential to understanding the impact of
the ongoing deforestation on the rain forest aerosol burden and hydrological cycle
and thus to understanding the ecosystem atmospheric coupling and resilience.

Besides the overall cooling due to scattering of solar radiation back to space, aerosols
such as black and brown carbon or some mineral and industrial dusts also absorb
incoming solar radiation, leading to a sensitive heat flux from these aerosols.

Black carbon as a major constituent of the subset of absorbing aerosol receives special
attention in the scope of this thesis. It exclusively originates in processes of incom-
plete combustion by the clustering of graphene spheres (Frenklach and Mebel, 2020;
Johansson et al., 2018). However, the inception and growth from gaseous polycyclic
aromatic hydrocarbons (PAHs), formed in pyrolysis of fuel, to soot remains uncertain
(e.g., Frenklach and Mebel, 2020; Howard, 1992; Johansson et al., 2018; Thom-
son and Mitra, 2018). Albeit the formation of BC is not fully understood to date,
it is non-controversial that the accumulated graphene spheres after coagulation are
emitted as BC aerosol directly into the atmosphere as the major absorbing species
for short-wave radiation, significantly affecting Earth energy balance (Andreae and
Ramanathan, 2013; Bond et al., 2013; Ramanathan and Carmichael, 2008; Szopa et
al., 2021). A large fraction of atmospheric BC originates from anthropogenic sources
(Bond et al., 2013). Pure BC is insoluble in water and chemically inert in the at-
mosphere (Bond et al., 2013; Sedlacek et al., 2022). According to the most recent
assessment report of the Intergovernmental Panel on Climate Change (IPCC), the
best estimate of industrial-era climate forcing of BC is +0.063 W m-2, with an un-
certainty spanning from -0.28 to +0.42 W m-2 (Szopa et al., 2021; Thornhill et al.,
2021).

The distribution of BC is highly heterogeneous in space and time, inducing large un-
certainties in assessing its influence on the climate system (Laj et al., 2020). Further,
also the physicochemical properties of BC vary during atmospheric aging and thereby
influence radiative properties. Condensation of semivolatile gases on the BC surface
as well as coagulation with aerosols alter the morphology and mixing state of BC.
Both condensation and coagulation can lead to a surface coating of the BC aerosol,
resulting in an enhanced absorption of solar radiation (Cappa et al., 2012; Fuller
et al., 1999; Yuan et al., 2021). The coating and the external mixing of BC with
more hydrophilic species may also lead to a stronger interaction with water vapor
and potential activation as CCN (Liu et al., 2013; Zuberi et al., 2005).

Absorption of radiation leads to local sensitive heating and thus perturbs the temper-
ature structure of the atmosphere, with a potential influence on the cloud cover. The
effect, however, can have different directions and strongly depends on the altitude of
the absorbing aerosol relative to the cloud and the cloud type. Koch and Del Genio,
2010 summarizes the effects as following: The cloud cover decreases with absorbing
aerosol embedded in the cloud layer, whereas absorbing aerosols below clouds tend
to enhance convection and the cloud cover. Both aforementioned scenarios are typ-
ical for urban pollution which is emitted with rather low thermal energy and from
a larger spatial area. Therefore it remains within the planetary boundary layer and
in its transition zone (e.g., Hernández et al., 2022). In contrast to that, smoke from
biomass burning tends to be lifted above the boundary layer (e.g., Holanda et al.,
2020; Krüger et al., 2022; Ohneiser et al., 2020; Ohneiser et al., 2022; Zhang et al.,
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2019), and thus the absorption layer is located above cloud top and tends to stabilize
the underlying atmosphere and therefore to enhance stratocumulus and potentially
reduce cumulus clouds. Also, a potential brightening on the stratocumulus by en-
trained aerosol from biomass burning layers over the Atlantic is reported (Lu et al.,
2018). The effects of absorbing aerosol on cloud cover, however, tend to have large
regional variability. Also, the interactions of absorbing aerosol and clouds remain
uncertain to date, however, improvements in model- and observational constraints
are made (Allen et al., 2019). Overall, there is generally a net negative semi-direct
feedback from the cloud cover response (Koch and Del Genio, 2010).

1.2.2 Aerosol-cloud interactions

Besides its direct effect on radiation and semi-direct effect on cloud coverage, aerosols
are a major driver of cloud variability and a prerequisite for cloud formation at atmo-
spheric conditions. The cooling induced by ACI exceeds the direct radiative effects
(Szopa et al., 2021), however, due to the larger diameters of cloud droplets and ice
crystals there is also absorption of long-wave terrestrial radiation. The interactions
with long-wave radiation induce a warming of the atmosphere, whereas the overall
ACI induces a cooling of the atmosphere (Szopa et al., 2021). The potential impor-
tance of ACI effects on cloud radiative forcing is especially relevant in shallow marine
cloud systems where the clouds have an albedo tenfold larger than that of the ocean
surface (Stevens and Feingold, 2009).

Water vapor in the atmosphere needs a surface to condense on and form a liquid
water droplet. A subset of aerosols can provide this surface and acts as nuclei for
cloud droplets and ice crystals. Generally, homogeneous nucleation of water vapor
to cloud droplets is possible, however, the supersaturation needed would exceed
atmospheric conditions (e.g., Krüger et al., 2014) and thus is neglectable. For ice
crystals in cirrus clouds, on the other hand, homogeneous nucleation of aqueous
solution droplets is a common pathway (Kärcher and Lohmann, 2002).

The existence of aerosol is not only necessary for cloud droplet formation, it also
alters cloud micro- and macrophysics, such as the clouds latent heat release vertical
profile, dynamic evolution, and precipitation onset (e.g., Albrecht, 1989; Andreae
et al., 2004; Martins et al., 2011; Ramanathan et al., 2001; Rosenfeld et al., 2008b;
Squires, 1958). Aerosol introduced microphysical changes on clouds can be a cloud
brightening and therefore an increased cloud albedo (i.e., the fraction of solar ra-
diative energy reflected back to space relative to the incoming radiation on cloud
top Quaas et al., 2020). This cloud albedo effect, also referred to as Twomey ef-
fect, can also lead to changed cloud lifetimes due to reduced precipitation efficiency
(e.g., Albrecht, 1989; Squires, 1958; Twomey, 1977). The cloud albedo responds
to increased aerosol loads with an increase in cloud droplet number concentration
(Nd), leading to smaller droplets (Albrecht, 1989; Twomey, 1977). The combination
of smaller but more Nd in unchanged thermodynamic and atmospheric conditions
lead to more reflective clouds (Twomey, 1977). The smaller but more Nd not solely
change the cloud albedo, they also influence the onset of precipitation. The precipi-
tation efficiency is reduced for shallow clouds with increased aerosol concentrations
(e.g., Albrecht, 1989; Andreae and Rosenfeld, 2008; Penner et al., 2004; Rosenfeld,
2000), while deep convective clouds react nonlinear and highly depend on meteorol-
ogy and enhanced aerosol burdens (Campos Braga et al., 2021; Khain et al., 2008;
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Rosenfeld et al., 2008b). The later onset of precipitation increases cloud lifetimes
and tends to shift precipitation onset into higher altitudes and regions, while low-
level rainout is suppressed (Andreae et al., 2004; Feingold, 2005; Lin et al., 2006).
The changed precipitation patterns due to ACI not only affect the radiative balance,
but can also substantially affect ecosystems and the hydrosphere (Ramanathan et al.,
2001; Trenberth, 2011).

A subset of aerosol, called cloud condensation nuclei (CCN), can provide a surface
area or solutes to initiate the condensation of water vapor and thus droplet forma-
tion in the atmosphere. To initiate droplet nucleation, the solid CCN must be either
soluble in water or have sufficient size and a hydrophilic surface. Thereby the size
of the CCN tends to dominate the CCN characteristics of an aerosol (Dusek et al.,
2006). But also aqueous and thus liquid aerosol, such as aqueous sulfate aerosol,
can serve as CCN if it is large enough (Petters and Kreidenweis, 2007).

Generally, for droplet growth, condensation on the CCN needs to exceed evaporation.
The Köhler theory describes the CCN activity of an aerosol and can be separated
thereby in two opposing drivers, the curvature and solute effects (Koehler et al.,
2006; Kreidenweis et al., 2005). The curvature effect, described in the Kelvin term
(1.1), is taking into account the surface tension of water over a curved surface, which
describes the resulting equilibrium of an aqueous solution droplet with water vapor
in the surrounding air (Koehler et al., 2006; Kreidenweis et al., 2005). Therefore, a
higher supersaturation is necessary for the activation of smaller aerosols to droplets.
It is assumed that the partial molar volume of water approximates the molar volume
of pure water. Following the Kelvin term is as follows,

Ke = exp(
4σsolMw

ρwDwetTR
) (1.1)

for a spherical aqueous droplet with wet diameter Dwet. The surface tension of the
solution droplet is σsol, ρw and Mw are the molar density and mass of pure liquid wa-
ter, T is the absolute temperature of the droplet, and R is the universal gas constant.

The solute effect in the Köhler theory is based on the slower evaporation rate of water
molecules in a solution than in pure water due to the lower partial pressure as de-
scribed in the Raoult’s law. Therefore the solute effect is referred to as Raoult’s term.
In the process of droplet formation, watery solutions occur when water vapor con-
denses on CCN that fully or partly dissolve in the evolving water droplet. The solute
effect can partially compensate the higher evaporation on small particles emerging
from curvature effect and therefore allow smaller aerosol to serve as CCN.

s = aw ⋅Ke (1.2)

The water vapor saturation ratio, s, is the actual partial pressure of water to the
equilibrium pressure over a flat surface of pure water. The relative humidity (RH)
can be expressed by s in percent (RH% = (s − 1) × 100%). Typically RH is used
in water vapor sub-saturated conditions, whereas in supersaturated conditions the
relative humidity is expressed as supersaturation (S% = RH% − 100%, whenRH% >
100%). To solve equation 1.2, information about the water activity of the solution
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(aw) constituting the droplet is needed. In Koehler et al., 2006 the water activity is
described as follows,

a−1w = 1 + νΦ
ns

nw

. (1.3)

where ns is the moles of solute, nw is the moles of water, and Φ is the osmotic co-
efficient, which expresses the non-ideality of the solution. The number of ions each
solute molecule dissociates into is ν, which indicates the molecular structure for com-
plete dissociation under infinitely dilute conditions (Koehler et al., 2006). However,
aw can be approximated as (Kreidenweis et al., 2005; Petters and Kreidenweis, 2007;
Rose et al., 2008),

aw ≈ exp−
B

D3
wet

(1.4)

where B is,

B = κ ⋅D3
dry (1.5)

with the aerosol dry diameter Ddry and the hygroscopicity parameter κ, which defines
as follows,

κ = is
ρsMw

ρwMs

(1.6)

with the van’t Hoff factor, is, the solutes (s) and water (w) density and mass (ρ, M).

The Köhler activation curve can serve to study cloud droplet nucleation. Figure 1.2 il-
lustrates an example of a numerical solution for the Köhler curve of the water vapor
and an ammonium sulfate aerosol with a dry diameter of 30 nm, with the isolated
Raoult’s and Kelvin Terms. The Kelvin term curve can be understood as a Köhler
curve for pure water. It increases exponentially with decreasing droplet diameters,
therefore, homogeneous nucleation of pure water vapor becomes extremely unlikely
in the atmosphere. To nucleate a droplet, some water molecules need to cluster,
however, the diameter of this forming droplet would be too small to maintain con-
densation to dominate over evaporation. In contrast to that, for aerosols or droplets
with larger diameters, the equilibrium supersaturation for droplet growth decreases,
thus, the larger aerosols act more readily as CCN. As demonstrated by the Raoult’s
term, the presence of some solutes in the droplet can decrease the initial diameter
for droplet growth and therefore favors cloud droplet nucleation. The solute effect
also leads to hygroscopic growth at sub-saturated conditions. This effect is also of
importance in the formation of haze. After reaching a certain supersaturation (the
critical supersaturation, Sc), the nucleated aerosol can grow unhindered. As soon as
an aerosol reaches this state, the CCN is referred to as activated.

The activation of aerosol to cloud droplets is not only important for ACI, it is also
key to the major removal processes which are in-cloud and impaction scavenging
(e.g., Ohata et al., 2016). Therefore, the aerosol population in the lower troposphere
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Figure 1.2: Figure from McFiggans et al., 2006: Köhler droplet activation curve for ammo-
nium sulfate aerosol with a dry diameter of 30 nm and pure water vapor. Dashed lines are
the isolated effects of the droplet curvature (Kelvin-Term) and the solute (Raoult-Term).

is tightly linked to cloud formation. However, the appearance and distribution of
clouds are frequently patchy and also aerosols are heterogeneously distributed in the
troposphere due to their sensitivity on sources and removal processes. To understand
the aerosol life-circle in the atmosphere, knowledge about the vertical and spatial
distribution of aerosol is of particular value.

1.3 Importance of spatio–temporal variations in atmo-
spheric aerosol burden

As aerosols are a major constituent of global change, the focus of this thesis is on
their occurrence in the atmosphere with the aim to extend current knowledge about
the variability of their spatio-temporal distribution.

For both ACI and ARI, the spatio-temporal and vertical distribution of the aerosol bur-
den is of great importance (e.g., Andreae et al., 2004; Gryspeerdt and Stier, 2012;
Koch and Del Genio, 2010; Ramanathan et al., 2001; Samset et al., 2013). The ver-
tical distribution of absorbing aerosol dominates the ARI and thus the local heating
due to absorption. Especially in the upper troposphere and lower stratosphere, the
local heating of biomass burning smoke can affect atmospheric conditions and the
radiative balance (Ditas et al., 2018). Ohneiser et al., 2022 showed that the heat-
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ing of smoke layers can be sufficient for lofting across the tropopause into the lower
stratosphere, where aerosol residence times exceed the ones in the troposphere and
ozone chemistry is affected by the aerosol enhancements. Also Samset et al., 2013
highlights the sensitivity of ARI on the location of the absorbing aerosol, while Koch
and Del Genio, 2010 shows the importance of location of an absorbing aerosol layer
relative to the cloud cover. The location relative to cloud layers is also of high impor-
tance: When absorbing aerosols are covered relative to the incoming solar radiation
by clouds, their ARI turns neglectable, however, absorbing aerosol in the free tropo-
sphere, especially when enhanced in smoke layers, can even hinder cloud formation
and the radiative effect is enhanced by increasing the surface albedo. On the other
hand, clouds with embedded pollution from wildfires or urban areas, can extend to
higher altitudes, due to delayed precipitation onset and therefore efficiently work
as transport pathways of lower tropospheric pollutants into the upper troposphere
or lower stratosphere, where residence times and climatic effects tend to be larger
(e.g., Andreae et al., 2004; Ditas et al., 2018; Ohneiser et al., 2022; Samset et al.,
2013). But also the near surface effects by ARI from dense wildfire smoke can modify
boundary layer meteorology, as winds, air dryness and rainfall leading to a positive
feedback loop with severe consequences for ecosystems, health and climate (Huang
et al., 2023).

Comparably, also the spatio-temporal variations in the distributions of absorbing
aerosol play an important role. Absorbing aerosol in the atmosphere over regions
with generally dark surface albedo, as continental regions or oceans, only slightly
modify the planetary albedo and therefore absorption of shortwave radiation, whereas
over regions with low surface albedo, as the poles, absorbing aerosol accelerates
warming due to the absorption of shortwave radiation. Krüger et al., 2022 found
the atmosphere over Europe only slightly sensitive to reductions in the BC burden,
while Polar regions show a large (Flanner, 2013), however uncertain (Wendisch et
al., 2023), sensitivity to BC concentrations in the atmosphere.

Concerning the ACI, the availability of the aerosols for participation in cloud pro-
cesses is the determining factor. Aerosols are either directly available at cloud base
and thus, during cloud initiation, but also during the cloud lifetime they can al-
ter cloud micro- and macrophysics. Large quantities of aerosol can delay or even
suppress onset of precipitation due to Twomey effect (Braga et al., 2017; Twomey,
1977). This delay or suppression of precipitation increases the cloud atmospheric
lifetime and the radiative properties due to increased total surface of more small
droplets. For clouds which form in aerosol limited regimes the precipitation onset is
earlier (Braga et al., 2021) and the clouds tend to have stronger convection.

Satellites provide aerosol characteristics often as aerosol optical density (AOD), which
is a columnar value. This quantity is of great value for atmospheric science, especially
due to its nearly global coverage and long-term records. However, AOD can only
provide limited information about the location within the atmospheric column and
is often biased for continental and near-urban locations (Wang et al., 2018). Wrong
assumptions for the location of the aerosol can lead to significant uncertainties in
ARI and ACI. Further satellite measurements are not sensitive to fine aerosol which
often dominates the overall aerosol number concentration and are most relevant for
ACI.
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The satellite retrieved data are receiving a lot of attention in climate modeling, where
it can readily be implemented and provides a good measurement based constrain
for the columnar aerosol load. Meanwhile, the vertical distribution and the number
concentration, especially of fine mode aerosol, remains relatively unconstrained from
AOD data. However, these information are of great importance, especially for ACI.
Andreae, 2009 found a correlation following a power law between some ground-
based measurement of CCN and AOD, however there are large uncertainties within
the measurements for both remote marine sites and continental sites.

In situ measurements of aerosol can fill that gap arising from AOD data. Hernández
et al., 2022, demonstrated the good agreement between satellite retrieved AOD data
and the in situ measurements for a lightly aged and dense plume of biomass burning
smoke over the Mediterranean (Fig. 5.7). However, biomass burning plumes are not
the only emitter of particulate pollution and are a special case since the density of
pollution is very high in relatively fresh plumes. For urban haze, the emission source
spans over a large spatial area and emissions are rather constant, with little diurnal
and weekly variations, compared to biomass burning, which occurs only occasionally
on a relatively narrow spatial extent with high density of emissions. Therefore mea-
surements of urban haze, but also highly aged and therefore diluted biomass burning
plumes, are challenging for remote sensing and need accurate in situ measurements.
To cover a large spatial and vertical extent, measurements onboard a research aircraft
are highly beneficial.

Satellite based LIDAR (Light Imaging, Detection And Ranging) measurements as pro-
vided for example from the the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard the Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO) provide valuable data about the vertical structure of the atmo-
sphere, especially in respect to clouds and aerosol layers. Background aerosol, how-
ever, can only be measured in densely polluted regions where the resulting aerosol
vertical extinction coefficients are sufficient for the instrumental sensitivity. For the
aerosol layers detected by CALIOP, CCN retrievals agree in an order of around 1.5
with ground based observations (Choudhury and Tesche, 2022) and also retrievals of
aerosol number concentrations for Aitken mode and accumulation mode particles are
generally comparable to observations (Choudhury et al., 2022). In situ aerosol mea-
surements provide information about the vertical structure of aerosol out of dense
plumes and the aerosol chemical and physical properties.

1.4 Mapping anthropogenic air pollution in the
COVID–19 lockdown

The immense emissions of particulate air pollutants produced by civilisation led to
an atmosphere with only very few remaining unperturbed regions (Andreae, 2007).
Some of these regions are the remote southern oceans and some sites in the remote
Amazon rain-forest during the raining-season. However, on highly populated and
industrialized continents there is likely no pristine place. The COVID-19 lockdowns
in early 2020 led to an unprecedented cut in anthropogenic emissions, giving rise
to the opportunity to investigate some sign of the Anthropocene and providing an
outlook into a hopefully decarbonized and, therefore, cleaner future.
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To subdue the exponential spread of the SARS-CoV-2 (severe acute respiratory syn-
drome coronavirus type 2), most European countries responded with substantial cuts
in mobility and economic activities. This included forced and voluntary confinements
such as travel bans, home-office and relinquished travel activities (e.g., Hale et al.,
2021; Quaas et al., 2021b). Many of these behaviour modifications decreased fossil
fuel combustion, a major source of atmospheric BC (BC) (e.g., Bond et al., 2013;
Pöschl, 2005). This decrease is reflected in a roughly 30% decreased fossil fuel de-
mand in early 2020 (Fig. 3.8). That reduction is attributed to 90% less air traffic in
Europe (Schumann et al., 2021b) as well as strongly reduced road traffic (Fig. 3.8).
These changes in anthropogenic emissions created unprecedented atmospheric con-
ditions compared to the generally anthropogenic shaped continental aerosol burden
(Andreae, 2007) and gave rise to the opportunity to measure particulate pollution.

Several model studies use proxies like the strictness of the confinements or mobile
phone data on transportation to show the impact of behavior changes on emissions
(e.g., Forster et al., 2020; Le Quéré et al., 2020). Also, satellite-based observations
are used to track changes in trace gas concentrations, aerosol optical properties as
well as cloud coverage (e.g., Li and Groß, 2021; Quaas et al., 2021a; Schumann
et al., 2021a). A more accurate estimate at the cost of spatial resolution is achieved
with surface air pollution monitoring stations (e.g., Evangeliou et al., 2021; Petetin
et al., 2020; Shi et al., 2021). All these studies have contributed to understanding
the COVID-19 confinement’s influence on the atmosphere and climate. Nevertheless,
they fail to provide a precise quantification of air pollutants over a large spatial area
with profiles of the lower tropospheric distribution. In this thesis, airborne in situ
observations of BC and CCN during the first COVID-19 lockdown in early 2020 are
presented, showing a consistent data set for a large region along with the vertical
distribution of BC and CCN.

We used measurements of MBC, NBC and NCCN 0.3 in the lower troposphere in west-
ern and southern Europe (Fig. 1.3) to elucidate the changes in particulate pollution.
Therefore the data from in situ measurements during non-confinement conditions in
July 2017 (during the EMeRGe EU campaign, Hernández et al., 2022) are compared
with that affected by reduced emissions in May and June 2020 (during the BLUESKY
campaign, Voigt et al., 2022). The measurements were performed while most of the
lockdown confinements were still active, however, the strictest lockdown was from
the middle of March until the middle of May (Fig. 2.4 and section 2.6.1). Here we
estimate to what extent the BC reductions are due to lower emissions and to other
factors such as meteorological conditions and differences in flight tracks. There-
fore we modeled MBC along the flight tracks with the ECHAM/MESSy Atmospheric
Chemistry (EMAC) model and used the differences in the model results to adjust
our in-situ data for changes not related to reduced anthropogenic emissions. For the
measurement period in 2020, we show a substantial reduction in BC compared to
the measurements from 2017.

The fast response on the aerosol burden to the COVID-19 confinements is due to its
relatively short atmospheric residence time, ranging from some days to a few weeks
(Bond et al., 2013; Holanda et al., 2020; Lund et al., 2018). Owing to its relatively
short residence time, the lower tropospheric aerosol burden response is nearly imme-
diate to emissions changes. This immediacy makes BC and CCN an appropriate tracer
for the rapid changes in anthropogenic activities and thus an important quantity in
estimating the radiative effect of the 2020 confinements.
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Figure 1.3: Flight tracks of the HALO EMeRGe EU (in July 2017, Hernández et al., 2022)
and BLUESKY (in May and June 2020, Voigt et al., 2022) aircraft campaigns. Both campaigns
were conducted from the DLR airport in Oberpfaffenhofen in southern Germany. Flight seg-
ments with altitudes below 5 km, which yielded the measurement data for the quantification
of the BC reductions, are highlighted in the map. The population density is for the year 2020
(CIESIN, 2018).

Besides urban and industrial air pollution, open biomass burning of forests, savan-
nahs and agricultural used areas is another major constituent of particulate pollution
in the atmosphere. While there has been a decreasing trend for urban particulate
pollution during the last decades (e.g., Kanaya et al., 2020; Kutzner et al., 2018;
Querol et al., 2013; Singh et al., 2018), emissions from biomass burning are ex-
pected to increase further due to increasing heat and drought stress on ecosystems
on a warming planet. To date, biomass burning already contributes to around 60 %
of the global BC emissions (Andreae, 2019; Bond et al., 2013). Besides BC, large
quantities of organic and inorganic aerosol and numerous gases of different volatility
are also co-emitted by open biomass burning (Andreae, 2019; Lobert and Wamatz,
1993). Some of the organic aerosol from biomass burning can also have light ab-
sorbing properties. These aerosols are referred to as brown carbon and, unlike black
carbon, they have a large spectrum of absorbing properties and precursors. They
either form by photo-degradation of initially non absorbing aerosol, or they are al-
ready emitted with absorbing properties (Andreae and Gelencsér, 2006). Smoke
further contains a large fraction of scattering aerosol. The smoke plumes generally
have higher lifetimes in the atmosphere due to their higher emission height and den-
sity. There is an increased chance of transport and lofting of smoke plumes above
the boundary layer, where wet removal is weaker. Also, rapid adjustments of the
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thermal profile due to absorption can vary cloud patterns. There is also evidence
that smoke and fires potentially vary meteorological patterns and therefore intensify
and spread fires (Huang et al., 2023). Also, transport into the upper troposphere and
lower stratosphere is reported (Ditas et al., 2018; Ohneiser et al., 2020; Schill et al.,
2020), where the radiative effect of absorbing layers is more destructive to climate
(Samset et al., 2013). However, the overall climate impact of biomass burning smoke
in the atmosphere is complex due to the mixture of absorbing and scattering aerosol
as well as the various impacts on clouds, depending on the smoke layer composition,
altitude, location and also meteorological parameters.

1.5 Volcanic eruptions as strong natural aerosol sources

A significant aerosol cooling effect is associated to non absorbing aerosol in the up-
per troposphere and lower stratosphere (UTLS). In the UTLS aerosols play a crucial
role in Earths radiative budget by masking parts of greenhouse gas induced heat-
ing. The so called Junge layer (Junge and Manson, 1961) is a well known reservoir
of relatively large sulfate rich aerosol in the stratosphere scattering incoming short-
wave radiation back to space (e.g., Kremser et al., 2016). A strong but discontinuous
source of aerosol in the UTLS are volcanic eruptions. The aerosol size distribution
of the volcanic aerosol and the location of the aerosol layers are important parame-
ters for the direct sunlight scattering as well as for the aerosol residence time in the
atmosphere.

Sulfur rich precursor gases nucleate and condense to sulfate organics predominantly
in the tropical tropopause region, maintaining the aerosol burden of the Junge layer
(Brock et al., 1995; Junge and Manson, 1961; Kremser et al., 2016; Murphy et al.,
2021). The strongest sources for these sulfate aerosol precursors during volcanic
quiescence are natural dimethylsulfide (DMS, (CH3)2S)) and carbonyl sulfide (OCS)
emissions, but also anthropogenic sulfate dioxide (SO2) emissions contribute to the
stratospheric sulfate burden (e.g., Kremser et al., 2016). Volcanic eruptions, how-
ever, can exceed other sulfate sources by the large amounts of emitted SO2. These
precursors oxidize in the tropopause region or stratosphere to H2SO4 gases which
then condense or nucleate to watery sulfuric acid aerosol (H2SO4-H2O). Heteroge-
neous particle formation on surfaces of upper troposphere nucleation particles is also
a potential formation mechanism for these sulfate aerosols (Brock et al., 1995).

The conversion speed from sulfate rich gases into sulfate aerosol in the atmosphere
strongly depends on the available hydroxyl-radicals (OH-). Lelieveld et al., 2016
showed elevated concentrations of OH- within the tropical tropopause layer (TTL)
and tropical lower stratosphere (TLS). Besides OH- as an oxidation partner, availabil-
ity of water vapor to form watery sulfuric acid aerosol can determine the speed of the
conversion to sulfate. The e-folding time for the SO2 conversion to sulfate aerosol is
in the range of a few weeks to months (e.g., Kremser et al., 2016). Carn et al., 2016
show that the lifetime of SO2 and thus the conversion from gas- into particle-phase
is below one week within the tropopause region. For SO2 in the stratosphere, the
lifetime is around one month (Carn et al., 2016).

Volcanic eruptions with high explosive power can directly inject SO2 into the strato-
sphere, whereas some moderate eruptions have their peak injection height within
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the free troposphere up to the tropopause region. The subsequently formed aerosol
has generally only a small organic mass fraction (e.g., Schmale et al., 2010). The
SO2 and sulfate from moderate non-stratospheric eruptions, however, remain only
shortly in the troposphere and are then either removed from the atmosphere through
the hydrological circle or lofted into the lower stratosphere (e.g., Aubry et al., 2021).
After reaching the stratosphere, the volcanic aerosol enhancements have residence
times ranging from months up to several years, mainly depending on the magnitude
of emissions, the injection height and the latitude where the eruption occurred. It
can take up to half a year until significant sedimentation of volcanic aerosol from
the stratosphere into the tropopause occurs (e.g. Borrmann et al., 2010; Borrmann
et al., 1997; Keim et al., 1996). The volcanic SO2 and aerosol also induce a lo-
cal heating by absorbing radiation (e.g., Bluth et al., 1992; Lary et al., 1994; Read
et al., 1993). However, the long residence time and strong scattering properties of
the aerosol enhancements lead to an overall surface cooling by reduced incoming
shortwave radiation (Robock, 2000).

Moderate volcanic eruptions within the tropics with injection heights in the range of
the TTL are relatively frequent (e.g., Carn et al., 2016; Schmidt and Black, 2022).
Commonly, these moderate non-stratospheric eruptions do not receive attention in
climate models due to their expected short atmospheric residence times (Aubry et al.,
2021). For climate engineering considerations, however, the tropical lower strato-
sphere is meant to be the preferred injection location due to the assumed longest
residence time for the sulfate aerosols (e.g., Visioni et al., 2019). The relatively low
water vapor concentration in the TTL favors an enhanced aerosol residence time.
Also, the air-masses within the TTL have tendencies to either loft into the lower
stratosphere or to entrain into the free troposphere. Additional volcanic sulfates
and ash can have a significant impact on both the radiative properties of the sulfate
aerosol and on the residence time of these aerosols (Aubry et al., 2021; Zhu et al.,
2020).

For heterogeneous reactions in the TTL and stratosphere as well as for the radiative
budget, the aerosol size distribution is of major relevance. Smaller aerosols in the
stratosphere scatter incoming solar shortwave radiation and have minor interactions
with outgoing long wave radiation, whereas larger aerosols not only scatter solar
radiation but also absorb solar and infrared radiation. The absorption of infrared
radiation reduces the overall cooling effect of these aerosols (e.g., Stenchikov et al.,
1998). Therefore, information about the aerosol size distribution is an important
quantity for volcanic aerosol.

In this dissertation I present in situ aerosol measurements of the physio-chemical
properties of a distinct aerosol enhancement in the tropical tropopause layer (TTL)
around 14.5 km over the Atlantic Ocean. I can track the plume back to volcanic
activities around 20 days prior to the measurements at the Ambae (15○ S 165○ E) and
the Sierra Negra (1○ S 92○W) volcanoes. The mode diameter of the aerosol plume is
considerably below reported values for earlier volcanic eruptions and agrees better
with the assumed sizes for background stratospheric aerosol. The sulfate aerosol
mass is enhanced by a factor around 30, but also organic aerosol mass doubled within
the aerosol plume. Moderate volcanic eruptions are expected to be less likely to reach
the lower stratosphere in future climate projections (Aubry et al., 2021). Thus, our
results provide important information for climate modeling of the aerosol evolution
and transport of moderate tropical volcanic eruptions in the upper troposphere.
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1.6 Thesis outline

This dissertation addresses the following research objectives with a focus on the spa-
tial and temporal distribution of CCN and BC:

1. Black carbon aerosol reductions during COVID-19 confinements quantified
by aircraft measurements over Europe – chapter 3.1: The abrupt reduction
in human activities during the first lockdown of the COVID-19 pandemic cre-
ated unprecedented atmospheric conditions. This gave rise to the opportunity
to quantify the changes in lower tropospheric air pollution. Therefore, we con-
ducted the BLUESKY aircraft campaign and measured vertical profiles of BC
aerosol particles over western and southern Europe in May and June 2020.
We compared the results to similar measurements of the EMeRGe EU campaign
performed in July 2017 and found that the BC mass concentrations (MBC) were
reduced by about 48%. For BC particle number concentrations, we found com-
parable reductions. Based on EMAC chemistry-transport model simulations, we
found differences in meteorological conditions and flight patterns responsible
for about 7% of the MBC reductions. Accordingly, 41% of MBC reductions can be
attributed to reduced anthropogenic emissions. Our results reflect the strong
and immediate positive effect of changes in human activities on air quality and
the atmospheric role of BC aerosols as a major air pollutant in the Anthro-
pocene.

2. Changed cloud condensation nuclei burden during COVID-19 lockdown
over Europe – chapter 3.2: Besides the documented changes in the BC bur-
den, other aerosol species also experienced changes during the COVID-19 con-
finements. In this chapter, the changes in the aerosol population, acting as CCN
at a water vapor supersaturation of 0.3% (NCCN 0.3) are analysed. Therefore,
vertical profiles of NCCN 0.3 from measurements during the BLUESKY campaign
in 2020 and the EMeRGe EU campaign in 2017 are compared. Besides the
comparison of vertical median concentrations, the distribution in the cross sec-
tion along measurement latitude is analysed. The NCCN 0.3 is thereby found to
agree well with MBC, especially for highly polluted regions, affected by dense
urban haze or biomass burning. Also the reduction in the CCN burden agrees
well with the overall reductions of MBC during the confinements. In addition
to the comparison of in situ measurement data from HALO campaigns, vertical
profiles of NCCN 0.3 from the ECHAM-HAM climate model are also considered.
The model data are a ten-year monthly average for the measurement months
providing a long-term perspective. Generally, the vertical gradient in NCCN 0.3

in the model results is too uniform compared to the in situ data, however, in
the middle and upper troposphere, the measurements and model results agree
well. Also between the measurements in 2020 and 2017 there are only minor
differences in the middle and upper troposphere above 5 km.

3. Variations in the vertical distribution of cloud condensation nuclei burden
over Asia and the tropical Atlantic – chapter 4: In this section, the long-term
climate model results, as used for the measurements over Europe, are com-
pared to the vertical profiles from measurement data of the EMeRGe Asia and
CAFE Africa campaign. I find that the measurements over the remote tropical
Atlantic are in line with the range provided by the long-term expectations from
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the climate model, whereas in Asia, the in situ data exceed the model expec-
tations significantly. However, the general shape of the vertical distribution is
also captured well over the oceans of Southeast and East Asia. A potential ex-
planation is a strong bias due to the sampling strategy during EMeRGe Asia,
targeting on specific pollution hot-spots and therefore over-representing mea-
surements in a more polluted and aerosol enhanced regime. I find a sensitivity
of NCCN 0.3 in the lower troposphere to anthropogenic air pollution, as a com-
mon feature between the measurements in Asia and Europe. Over the remote
tropical Atlantic, NCCN 0.3 also showed a strong enhancement in a highly aged
biomass burning smoke layer.

4. Characteristic relationships between CCN and BC – chapter 5: We use the
results of the comparison of the BLUESKY and EMeRGe EU NCCN 0.3 and MBC to
find a general trend between these two quantities. For this purpose, MBC serves
as a tracer for NCCN 0.3 from urban areas. Generally the air pollution caused by
human activities in the Anthropocene is characterised by burning of biomass or
fossil fuel. The ratio of MBC to NCCN 0.3 depends on the emission source, combus-
tion conditions and atmospheric aging. These results are further extended to
measurements in other polluted regimes as highly aged biomass burning smoke
over the Atlantic and lightly aged smoke in Europe, Asia and over the Amazon
rain-forest. Between NCCN 0.3 and MBC a distinct near-linear relation is discov-
ered in the various polluted atmospheric conditions and regions. In all these
conditions, the NCCN 0.3 are exceeding the NBC, especially in continental regions
where the BC is mostly from anthropogenic sources, but also in highly aged
smoke from biomass burning. The ubiquitous presence of enhancements in the
CCN number concentrations under polluted conditions reveals the importance
of anthropogenic pollution to the CCN burden.

5. In situ measurements of a volcanic aerosol layer in the tropical tropopause
layer – chapter 6: During the CAFE Africa campaign, a roughly three weeks
aged aerosol plume from a volcanic eruption was encountered. The origin of
this plume could be traced back either to the Ambae (15○ S 165○ E) or the Sierra
Negra (1○ S 92○W) eruption. Onboard the HALO aircraft we could perform
in situ measurements of the aerosol chemical composition and NCCN 0.3. Also
measurements of the total aerosol number concentration NCN and optical mea-
surements of particles in the size range between 180 to 400 nm (NCN 180) were
taken. Further based on the information about the chemical composition and
therefore the theoretical hygroscopicity parameter, κchem, a size distribution was
retrieved from the CCN data and combined with NCN and NCN 180. In situ ob-
servations of volcanic aerosol within the TTL are rare and the data may be of
relevance for the modeling as well as for the climate engineering community.

Additional to the research presented in the course of this dissertation, I contributed
as co-author to 19 articles published in peer-review journals. Further, I am first
author of the study Krüger et al., 2022, which is also included in this dissertation in
chapter 3. The study is published in the peer-review journal Atmospheric Chemistry
and Physics and was selected by the executive editor as "highlight paper". My full
publication record is listed in ??.
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Materials and Methods
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This chapter contains detailed descriptions of the main measurements and campaigns
analysed in this thesis as well as an overview of the large set of supporting data
from different instruments and climate models. Thereby this chapter is structured
as follows: The measurement techniques and measurement campaigns and sites are
outlined in the general methods, since they are relevant for all chapters in the results
section. Additional data from models and specific measurements as well as parts of
the data analysis approaches are outlined in sub-sections corresponding to the certain
chapter in the results section.

2.1 Measurement platforms, sites and campaigns

This thesis consists of in situ measurement data from various research field cam-
paigns at different sites and platforms. These are introduced in the following section.

2.1.1 HALO, the high altitude and long range research aircraft
The aircraft measurements included in this thesis were conducted with the High Alti-
tude and LOng range (HALO) research aircraft. The HALO aircraft is a modified long-
range business jet (G550, Gulfstream, USA) with a ceiling flight altitude of 15.5 km
and therefore the capabilities to probe the lower stratosphere in nearly all latitudes.
HALO is based at the German Aerospace Center (DLR) in Oberpfaffenhofen, near Mu-
nich in Germany and is a joint research platform of several German research organi-
zations (i.e., Leibniz Institute for Tropospheric Research (TROPOS), Max Planck Soci-
ety, DLR, Karlsruhe Institute of Technology and FZ Jülich) and universities (i.e., Uni-
versity Leipzig, Frankfurt and Mainz). The data from the HALO missions presented
in this dissertation is available at the HALO database (https://halo-db.pa.op.dlr.de/).

ACRIDICON-CHUVA

Aerosol, Cloud, Precipitation, and Radiation Interactions and Dynamics of Convec-
tive Cloud Systems–Cloud Processes of the Main Precipitation Systems in Brazil: A
Contribution to Cloud Resolving Modeling and to the Global Precipitation Measure-
ment. The measurement campaign took place in Manaus in the central Amazon rain
forest in Brazil. Cloud properties (e.g., Braga et al., 2021; Braga et al., 2017; Campos
Braga et al., 2021) and aerosol characteristics (e.g., Andreae et al., 2018; Liu et al.,
2023; Schulz et al., 2018) were probed during 14 measurement flights covering the
large geographical extent of the Amazonian Basin and the Brazilian Atlantic shore in
September and October 2014, in the Amazonian dry season (Andreae et al., 2018;
Machado et al., 2017; Wendisch et al., 2016). Over the Atlantic off the Brazilian
shore, a layer of aged biomass burning smoke originated in Africa was probed in the
free troposphere (see section 5 and Holanda et al., 2020). In contrast to that aged
smoke, also lightly aged biomass burning emissions were observed over the intense
deforested region of the southern Amazon, also referred to as the ’arc of deforesta-
tion’.

EMeRGe EU

Effect of Megacities on the transport and transformation of pollutants on the Regional
and Global scales (EMeRGe EU) was investigated from 10 until 28 July 2017 in Eu-

https://halo-db.pa.op.dlr.de/
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rope (Hernández et al., 2022). Aim of the EMeRGe EU campaign was to investigate,
quantify and record the emissions and the transformation of pollution from highly
populated regions in Europe. The campaign base was in Oberpfaffenhofen, close to
Munich in Germany. Target regions were large cities and urban accumulations in
Belgium, the Netherlands and Luxembourg (Benelux), Germany, France, Italy, Spain,
and England (see section 3, Fig. 1.3 and Förster et al., 2023; Hernández et al., 2022;
Krüger et al., 2022). Besides the targeted urban emissions, also biomass burning
smoke, mineral dust and frequently a mix of pollution regimes were encountered.
The focus of EMeRGe EU determined the flight tracks to be in the lower troposphere,
where anthropogenic pollution is most abundant. The flights were performed pre-
dominantly up- and down-wind of densely populated regions.

EMeRGe Asia

Effect of Megacities on the Transport and Transformation of Pollutants on the Re-
gional to Global Scales in Asia. The campaign was the companion part to the mea-
surements of EMeRGe EU, probing south-east Asian pollution with the aircraft based
in Tainan, Taiwan (22.57○N 120.12○ E). The campaign took place in March and April
2018, probing the outflow of major cities in Taiwan, China, Korea, Japan, the Philip-
pines and Thailand at different aging and mixing states (e.g., Förster et al., 2023).
Also, smoke from open biomass burning, especially agricultural residual burning, was
probed during the campaign (see section 3.2, 5 and Lin et al., 2023).

CAFE Africa

Chemistry of the Atmosphere: Field Experiment in Africa. The CAFE Africa campaign
took place in August and September 2018 based on Sal in Cape Verde (16.75○N,
22.95○W). During the 14 scientific measurement flights over western Africa and the
Atlantic, focal points were the African outflow of biomass burning emissions in the
lower troposphere, the distribution of pollutants in the interplay with the inter tropi-
cal convergence zone (ITCZ), effects of deep convection on aerosol and gas burdens
and the oxidative capacity in this complex mixture of air-masses (e.g., Nussbaumer
et al., 2021; Schneider et al., 2021; Tadic et al., 2021). Further, during one measure-
ment flight, a volcanic aerosol layer was intensely probed (see section 6). In several
flights over the southern Atlantic, aged biomass burning smoke layers emitted from
African biomass burning were probed in the lower free troposphere (see section 5).

CAFE EU as part of BLUESKY

Chemistry of the Atmosphere: Field Experiment in Europe. The campaign took place
from May to June 2020 during the unprecedented social and economical COVID-
19 caused confinements in many European countries. The total of 8 measurement
flights were carried out in southern and western European airspace (Fig. 1.3, Krüger
et al., 2022; Reifenberg et al., 2022; Voigt et al., 2022). Several flights were con-
ducted in the region of the north Atlantic flight corridor, in the upper troposphere
and lower stratosphere, west of Ireland. The regions we focus on in this thesis are,
however, only countries where we probed the lower troposphere, namely, Germany,
France, Spain, Italy and the Benelux countries. These countries are also used for the
comparison of the results to other data sets and publications.
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2.1.2 Barbados Aerosol and Chemistry Observatory
Barbados as a base for atmospheric research is of particular interest due to its loca-
tion in the remote Atlantic, dominated by unperturbed air-mass advection from the
tropical Atlantic, influenced only by long-range transported African continental air-
masses (e.g. Archibald et al., 2015; Quinn et al., 2021; Stevens et al., 2016; Stevens
et al., 2021; Wex et al., 2016). The island’s east coast with only little recent an-
thropogenic influence (Prospero et al., 2005; Savoie et al., 2002) houses two major
research facilities: the Barbados Aerosol and Chemistry Observatory (BACO) and the
Barbados Cloud Observatory (BCO). The BACO measurement site is located at a cliff
called Ragged Point (13.16○N and 59.43○W) protrude around 30m above sea level.
It consists of an aerosol lab container connected to a 17m sampling tower with a
near iso-kinetic inlet. The BACO site is dedicated to in situ aerosol and trace gas
studies since the 1970’s (e.g. Carlson and Prospero, 1972; Prospero, 1968; Stevens
et al., 2016). The BCO however, which is operated by the Caribbean Institute for
Meteorology and Hydrology in Bridgetown, Barbados, and the Max Planck Institute
for Meteorology in Hamburg, Germany, focuses on remote sensing techniques to elu-
cidate shallow cumulus clouds (e.g., Stevens et al., 2016; Stevens et al., 2021).

EUREC4A and ATOMIC

Aerosol samples for offline analysis and size-resolved CCN measurements (Royer et
al., 2023a) were performed at BACO during the EUREC4A and ATOMIC field cam-
paigns in January and February 2020 (Quinn et al., 2021; Stevens et al., 2021). The
aim of the measurement campaigns was to advance the understanding of the inter-
play between clouds, convection and circulation and their role in climate change.
EUREC4A stands for Elucidating the Role of Clouds–Circulation Coupling in Climate
and ATOMIC for Atlantic Tradewind Ocean-Atmosphere Mesoscale Interaction Cam-
paign. The CCN measurements and size distribution data measured at BACO agree
well with the total CCN data measured with a CCNC of the same type and size distri-
butions sampled onboard the research vessel Ronald H. Brown upwind BACO (Quinn
et al., 2021).

2.2 General instrumentation

2.2.1 Hygroscopic aerosol properties
The cloud condensation nuclei (CCN) number concentration (NCCN) at different wa-
ter vapor supersaturation (S, NCCN S) and the aerosol hygroscopicity parameter (κ)
were measured onboard the HALO research aircraft and at the BACO observatory at
Barbados’ east coast.

The CCNC measurements in this thesis are performed with commercial continuous-
flow streamwise thermal-gradient CCN counter (CCNC, model CCN-200 and model
CCN-100, DMT, Longmont, CO, USA, Roberts and Nenes, 2005; Rose et al., 2008).
The core of the CCNC instrument is a cylindrical flow tube (column) with an inner
diameter of 2.3 cm and a height of 50 cm. In the column an aerosol sample flow
in the center-line is covered by a particle free sheath air. The laminar flows are
directed from top to bottom of the column, which has a nearly linear increasing
temperature gradient in flow direction. The column is made of a continuous wet
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Figure 2.1: Schematic cross section of a CCNC column with general diffusion of heat (red
line) and water vapor molecules (blue line). The near linear temperature increase in the
CCNC column is slightly larger between T1 and T2 than in the second half between T2 and
T3 to ensure early CCN activation and sufficient growth time.

semipermeable porous membrane, allowing water vapor to enter the flow system.
Heat and water vapor are transported with the laminar flow towards the center-line,
thereby the diffusion of water vapor is faster than the diffusion of heat, a water vapor
supersaturation is steadily achieved in the center-line, where the aerosol sample is
transported.

Due to the supersaturated conditions in the center-line, aerosol with a critical su-
persaturation below the prevalent conditions can activate and grow into droplets
large enough to be detected by the optical particle counter (OPC). The OPC not only
detects droplets larger than 1 µm, it also provides the droplet size distribution in the
range from 0.75 to 10 µm. To ensure sufficient time for the activated CCN to grow into
detectable droplets, the temperature gradient in the first half of the column is slightly
larger than in the second half. That restricts most of the actual CCN activation to the
first part of the column. Besides the instrumental temperature gradient, also the flow
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rate, sample pressure and the sample temperature influence the supersaturation in
the center-line; these values are monitored and considered in the evaluation of the
CCNC data (Rose et al., 2008).

Due to the constant sample flow, the error in the CCNC data are dominated by the
calibration uncertainty in a range of 10%, (Pöhlker et al., 2018). The counting error
in NCCN is based on the measured particle number and is ∼ 10% of NCCN for high con-
centrations and ∼ 20% for low concentrations (Krüger et al., 2014). The variability
in S is around ±5% following Rose et al., 2008 and Moore and Nenes, 2009.

Calibration of CCNC instruments

The water supersaturation is calibrated with size-selected ammonium sulfate aerosols
that were analysed by the CCNC set to a designated temperature gradient with con-
stant flow, at BACO and to a constant temperature gradient with designated flow
rate for the low pressure HALO setup, as well as a CPC to measure total conden-
sation nuclei (NCN) concentration, according to to (Rose et al., 2008). The ratio
between NCCN S to NCN then was used to determine the diameter at which 50 % of
the ammonium sulfate aerosol is activated as CCN at a particular S (critical activation
diameter, d50). The critical diameter known from theory was then used to determine
actual instrumental supersaturation. The relation between flow or temperatures to
supersaturation provides a linear correlation that was used to adjust the supersatu-
ration (and flow for HALO data) shown by the instrument to the actual value of the
water vapor supersaturation.

2.2.2 Black carbon aerosol mass and number concentration
The refractory black carbon (rBC) was measured with an eight-channel Single Par-
ticle Soot Photometer (SP2, Droplet Measurement Technologies, Longmont, USA).
The SP2 quantifies rBC and non-absorbing particles using laser-induced incandes-
cence and scatter signals (Schwarz et al., 2006; Stephens et al., 2003). Particles with
a rBC core absorb the laser light and evaporate. The emitted incandescence signal is
linearly proportional to the mass of the rBC cores (Laborde et al., 2013). The SP2
used for this study is sensitive to rBC cores in the size range between 70 to 500 nm
mass-equivalent diameter, assuming a density of 1.8 g cm−3.

The SP2 incandescence signal was calibrated at the beginning, during, and at the
end of each campaign with size-selected fullerene soot particles (Alfa Aesar Lot
W08A039). The scattering signal was calibrated with spherical polystyrene latex size
standards (208, 244, and 288 nm) and size selected ammonium sulfate particles us-
ing a differential mobility analyser (Grimm Aerosol Technik, Ainring, Germany). The
results of all calibrations for both campaigns agreed within their uncertainty ranges,
confirming good instrument stability throughout the comparison. The uncertainty
for SP2 measurements is 5% for NBC and 10% for MBC (Laborde et al., 2012). The
measurement data was analysed with the Paul-Scherrer Institute (PSI) SP2 toolkit
(Gysel-Beer and Corbin, 2019) and adjusted to standard temperature and pressure
(STP, T =273.15 k, p =1013.25 hPa). Throughout the analysis we use the BC data
without a correction for the lower cutoff of the SP2. Due to the large contribution
of anthropogenic BC emissions to our measurements and the high uncertainty in the
size distribution for diameters below the SP2 detection limit we do not fit the size
distribution to a log normal distribution. Furthermore, for MBC, diameters below
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Figure 2.2: Schematic sketch of SP2 (a), adapted from Schwarz et al., 2006. Schematic
working principle of SP2 for absorbing and non-absorbing aerosol (b).

100 nm do not play a significant role, regardless of their potentially dominating role
for NBC and importance for the BC surface area (Pileci et al., 2021; Reddington et al.,
2013; Schwarz et al., 2008; Seinfeld and Pandis, 2006).

The log normal size distributions from the refractory BC data are calculated by using
the following function according to Heintzenberg, 1994,

f(x) =
A

√

2πlog(σ)
exp [−

(log(x) − log(Dg))
2

2 log2(σ)
] (2.1)

with A as a free parameter, Dg as mean geometric diameters and the widths (i.e. the
standard deviations, σg) of the core size distributions.

2.3 HALO instrumentation

2.3.1 Meteorological parameters
General meteorological data were obtained from the Basic HALO Measurement and
Sensor System (BAHAMAS) on a 1Hz resolution. BAHAMAS measures meteorolog-
ical parameters like pressure, temperature, and the 3-D wind vector as well as the
aircraft position and altitude. The water vapor mixing ratio and further humidity pa-
rameters are measured by the Sophisticated Hygrometer for Atmospheric ResearCh
(SHARC, Kaufmann et al., 2018). The typical absolute accuracy of the general mete-
orological data are around 0.5K for temperature, 0.3 hPa for pressure. The hygrom-
eter measurements agree within their combined accuracy (±10% to 15%, depending
on the humidity regime) and the total mean values agree within 2.5%. For mixing
ratios below 10 ppm H2O, systematic differences on the order of 10% and up to a
maximum of 15% are found (e.g., Andreae et al., 2018; Kaufmann et al., 2018).
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All aerosol data reported in this study are corrected for standard pressure and tem-
perature (STP, T=273.15K, p=1013.25 hPa) based on the instrumental monitoring
measurements of sample temperature and pressure.

2.3.2 Aerosol sampling
The HALO sub-micrometer aerosol inlet (HASI) allows for up to 30 liters per minute
of sample air flow to be provided to aerosol instruments inside the aircraft cabin.
It samples the air at the top of the fuselage outside of the aircraft boundary layer
and regulates the sample air flow in each of the four forward-facing sample lines to
achieve near isokinetic sampling conditions according to the actual aircraft velocity.
Therefore, the air stream is aligned and decelerated by a factor around 15 at the
front shroud, followed by a two step deceleration in a main diffusor and smaller
diffusors at the tips of the sample lines as illustrated in figure 2.3 (Andreae et al.,
2018; Minikin et al., 2017). Overall, a deceleration of the air sample by a factor
around 40 is achieved (Minikin et al., 2017). All measurements in this thesis were
taken from the HASI inlet from one of the four forward heading sampling lines.

Figure 2.3: Schematic cross section of the HASI inlet system from Minikin et al., 2017.

2.3.3 Constant pressure inlet for aerosol instruments
For some aerosol measurements or the later data analysis a constant sample pres-
sure is crucial. Therefore, a custom-made constant pressure inlet (CPI) was em-
ployed at the instrument’s inlet of the CCNC and C-ToF AMS. The pressure is con-
trolled with a variable critical orifice maintained by a squeezed O-ring. With a
proportional–integral–derivative (PID) controller the squeezing rate is adjusted to
achieve the target pressure behind the critical orifice. The transmission losses for
sub-micrometer aerosol are discussed in Molleker et al., 2020 and are found to be
considerably low for particles below 600 nm and pressure differences between am-
bient and sample pressure of up to 750 hPa. During most of the measurements the
pressure difference between ambient and sample is smaller than that and particles
larger than a few hundreds of nm are only of secondary importance for the CCN bud-
get due to their low number concentrations (e.g., Seinfeld and Pandis, 2006). The
CPI is well documented and described in Molleker et al., 2020.
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2.3.4 HALO CCN measurements

We measured the number concentration of CCN at a water vapor supersaturation S
of 0.3% (NCCN 0.3) with a dual column continuous-flow streamwise thermal gradient
CCN counter (CCNC, model CCN-200, DMT, Longmont, USA, Roberts and Nenes,
2005; Rose et al., 2008). The CCNC consists of two independent columns, in which
particles with a critical S smaller than or equal to the instrumental S are activated
and form water droplets. Droplets above 1 µm diameter are detected by an optical
particle counter. The inlet flow rate of the column was 0.5 L/min with a sheath-to-
aerosol flow ratio of 10. The water supply pump was operated at “high” liquid flow.
To avoid variations in S due to pressure instabilities, we deployed a constant pressure
inlet (CPI) without significant particle losses in the relevant size range (Molleker et
al., 2020). Only data without pressure variations and thus with stable S is included
in the further analysis. The instrument was calibrated before and after the campaign
at different pressures and flow rates according to Rose et al., 2008.

The second column of the CCNC provided a spectrum of 12 different S with the
scanning flow operation mode (Moore and Nenes, 2009). Thereby the hardware
settings for temperature in the CCNC instrument are maintained constant and the
flow deviates to achieve different S between 0.09 % and 0.7 %, taking advantage
of stable and robust hardware settings (Moore and Nenes, 2009). The data for the
scanning S, however, is not further used in the context of this dissertation, since it is
of particular interest for cloud micro-physics and case studies which are not focus of
this thesis.

The CCN employed in HALO was controlled by a dedicated LabVIEW software (Na-
tional Instruments, Austin, USA), controlling the preinstalled CCN instrumental soft-
ware from the manufacturer as well as the CPI and the bypass flows to maintain
near-isokinetic sampling at the HASI inlet.

2.3.5 Aerosol size distribution and number concentration
HALO AMETYST: Total aerosol concentration NCN was measured with condensation
nuclei counters (CPC) of the type CPC 5.410 manufactured by GRIMM Aerosol Tech-
nik (Ainring, Germany). The CPC are employed in the Aerosol Measurement System
(AMETYST) and have a lower cut off diameter of 18.5 nm at pressures around 150 hPa
(Andreae et al., 2018). The NCN data are STP corrected. Further details on the CPC
measurements in Andreae et al., 2018.

2.3.6 Aerosol mass chemical composition
HALO C-ToF-AMS: With a compact time-of-flight aerosol mass spectrometer (C-ToF-
AMS) we measured in situ chemical composition of sub-micrometer aerosol particles
(e.g., Drewnick et al., 2005; Schmale et al., 2010). The C-ToF-AMS can provide
mass concentrations of particulate organics, nitrate, sulfate, chloride, and ammo-
nium. Therefore, the aerosol particles enter the instrumental cavity behind a constant
pressure inlet (Molleker et al., 2020) and an aerodynamic lens focuses the sample
flow into a narrow beam. In the vacuum chamber, the aerosols are flash vaporized
and the resulting molecules in the gas-phase are ionized by electron impact. The ions
are analysed by time-of-flight mass spectrometry, separated by their mass-to-charge
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ratio, and detected by a micro-channel plate detector. The temporal resolution of the
C-ToF-AMS is 30 s corresponding to roughly 6 km flight distance. Further details in
Schulz et al., 2018 and Andreae et al., 2018.

2.4 BACO instrumentation

2.4.1 BACO CCN measurements
The size-resolved CCN activity was determined with a one column continuous-flow
streamwise thermal gradient CCN counter (CCNC, model CCN-100, DMT, Longmont,
USA, Roberts and Nenes, 2005; Rose et al., 2008) combined with a modified differ-
ential mobility analyser (DMA, modified model M, Grimm Aerosol Technik, Ainring,
Germany, Wiedensohler, 1988) and a condensation particle counter (CPC, model
5412, Grimm Aerosol Technik, Ainring, Germany). An X-ray aerosol charger (Ad-
vanced Aerosol Neutralizer 3088, TSI Incorporate, Shoreview, USA) is used to impart
a predictable charge distribution of the aerosol sample. The air sample was dried
with a custom made continuous condensation drier to maintain a relative humidity
in the sample air between 20 and 30 %. Therefore the sheath air in the DMA was
dried in a condensation circuit. The circuit was cooling down the sheath air to 6 ○C
and the condensed water was drained. The dry sheath air dried the sample within
the DMA. In the set-up, diameter (D) between 20 and 243 nm were selected for time
periods in the range of one minute. The monodisperse aerosol sample was then split
between the CCNC and CPC. The CCNC was operated at five different S (0.08, 0.15,
0.23, 0.41, and 0.71 %), which are maintained by a defined temperature gradient
within the CCN column (Fig. 2.1). On each S a full size distribution data set was col-
lected. Including the time for flushing the column between different monodisperse
samples and to stabilize S, one size scan per S took around 30 minutes, leading to a
total time resolution of 2.5 hours for a full size resolved CCN measurement over the
set of five S.

The CCN set up at BACO is controlled by a dedicated LabVIEW software (National
Instruments, Austin, USA), controlling the commercial DMT instrumental software
as well as the DMA and the CPC.

To calculate the hygroscopicity parameter κ, particles that activate as CCN at each S
and D are counted in the CCNC as NCCN S,D, while the whole aerosol population of a
selected D is counted in the CPC to determine NCN D. The monodisperse aerosol sam-
ple of a range of D at certain S is measured. The resulting NCCN S,D and NCN D are then
used for the calculation of the critical diameter for the CCN activation (d50). These
data, along with the particle number size distribution determined by a scanning mo-
bility particle sizer (SMPS, model 5420, Grimm Aerosol Technik, Ainring, Germany)
operating independently to the CCNC setup, are then used to calculate the activation
curve and the effective hygroscopicity parameter κ using equation 2.2 according to
the κ-Köhler model Petters and Kreidenweis, 2007:

κ =
4A3

27D3
pln

2Scrit
, (2.2)
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with Dp as dry particle diameter, Scrit is the instrumental water vapor supersaturation,
and A is the Kelvin term calculated from equation 2.3:

A =
4σMW

RTρw
, (2.3)

with a surface tension (σ of 0.072 Jm−2), the universal gas constant (R), and water
molecular weight (MW) and density (ρW). Higher values of κ indicate more hygro-
scopic particles that are more efficient at water uptake and that activate as CCN at
lower S in the κ-Köhler model. Further details on the κ calculations and associated
errors can be found in Pöhlker et al., 2016.

2.4.2 Aerosol size distribution and number concentration
BACO measurements: At Barbados, the aerosol size distribution was measured with
a commercial scanning mobility particle sizer (SMPS, model 5420, Grimm Aerosol
Technik, Ainring, Germany). The SMPS sizes the aerosol mobility diameter with
a differential mobility analyser (DMA, model M, Grimm Aerosol Technik, Ainring,
Germany). The aerosol sample therefore requires an equal charge distribution, which
is achieved with a commercial X-ray aerosol charger (Advanced Aerosol Neutralizer
3088, TSI Incorporate, Shoreview, USA) to impart a predictable charge distribution
of the aerosol sample. The sample air is dried with a custom build condense drier,
where the sheath flow of the DMA is dried in a chiller loop. The dryer maintained an
RH in the range of 20 to 30 % of the sample.

2.4.3 Aerosol mass chemical composition
BACO offline analysis: During the EUREC4A campaign, aerosol particles were sam-
pled with a commercial three-stage size selective micro-analysis particle sampler
(MPS-3, California Measurements, USA). The three selected size ranges are below
0.7 µm for stage 3, 0.7 µm to 2.5 µm on stage 2 and 2.5 µm until 5.0 µm on stage
1. The aerosol was sampled on carbon-coated copper grids (Ted Pella, USA) for
computer-controlled scanning electron microscopy coupled with energy dispersive x-
ray spectroscopy (CCSEM/EDX; Quanta 3D). The CCSEM/EDX analysis determined
the elemental composition of individual particle and was performed at the Pacific
Northwest National Laboratory. Also, samples on silicon wafers (Ted Pella, USA)
were collected and analysed with CCSEM/EDX to confirm the carbon measurements
from the samples on the carbon-coated copper grids. Further details on the CC-
SEM/EDX offline analysis of the BACO samples can be found in Royer et al., 2023a.

2.5 Global climate and air-mass origin modeling

In the context of this thesis, data from two climate models are used in the analysis
and evaluation of the in situ measurement data. First, model simulations of MBC

are utilized to quantify the effects of meteorology, flight pattern and biomass burn-
ing on the MBC reductions during the first COVID-19 lockdown in Europe. Second,
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the HALO measurements are set into a broader context by comparing them to ten-
year monthly averages of model results of NCCN 0.3. Besides the climate models, also
air-mass origin models were utilized in the context of this thesis. Trajectories and
supporting information were calculated with HYSPLIT. The two climate models and
details on the HYSPLIT use will be outlined in the following sections.

2.5.1 ECHAM/MESSy model
We used the ECHAM/MESSy Atmopheric Chemistry (EMAC) model at T63 horizon-
tal spectral resolution (approx. 1.8 ○ × 1.8 ○) and with 31 hybrid terrain following
pressure levels up to 10 hPa in the lower stratosphere (Jöckel et al., 2010; Jöckel
et al., 2005; Lelieveld et al., 2019a; Pozzer et al., 2012). The core atmospheric
model employed here is the 5th generation European Centre Hamburg (ECHAM5)
general circulation model. EMAC includes multiple sub-models that represent the
tropospheric and stratospheric processes and their interaction with the biosphere. We
used the Modular Earth Submodel System (MESSy, v.2.54, Beer et al., 2020; Jöckel et
al., 2010) to link submodels that describe emission, aerosols, atmospheric chemistry,
deposition and other processes. The GMXe (Global Modal Aerosol Extension) sub-
model (Pringle et al., 2010) was employed to simulate the microphysical processes
in aerosols and the gas/aerosol portioning. The GMXe organizes the aerosols into
hydrophilic and hydrophobic modes. The hydrophilic mode encompasses aerosols
in the entire size spectrum (coarse, accumulation, Aitken and nucleation), whereas
the hydrophobic mode does not consider the nucleation mode. We updated the as-
sumption in the GMXe by emitting black and organic carbon in accumulation and
Aitken modes following a recent study (Paasonen et al., 2016). The gas phase and
heterogeneous chemistry was simulated with the MECCA submodel (Sander et al.,
2005; Sander et al., 2019). The ORACLE (Organic Aerosol Composition and Evolu-
tion) submodel (Tsimpidi et al., 2014; Tsimpidi et al., 2018) was used to simulate the
atmospheric evolution and composition of the organic aerosols. The aerosol optical
properties were calculated by the AEROPT (AERosol OPTical properties) submodel
(Dietmüller et al., 2016; Klingmüller et al., 2019; Lauer et al., 2007; Pozzer et al.,
2012), which assumes the aerosol components in each mode to be spherical, well
mixed and with volume averaged refractive indices. The radiation calculations were
done with the RAD submodel (Dietmüller et al., 2016) which is equipped with log-
ical switches for diagnostically calling the radiation schemes multiple times within
one model setup for calculation radiative forcings. The S4D (Sampling in 4 Dimen-
sions) submodel (Jöckel et al., 2010) was used to interpolate and write the model
outputs online at the spatial and temporal steps of the EMeRGe EU and BLUESKY air-
craft measurements. Apart from these submodels, the following MESSy submodels
were enabled: AIRSEA, BIOBURN, CLOUD, CLOUDOPT, CONVEC, CVTRANS, DDEP,
E5VDIFF, H2O, JVAL, LNOX, OFFEMIS, ONEMIS, ORBIT, SCAV, SEDI, SORBIT, SUR-
FACE, TNUDGE and TROPOP *.

The EMAC global simulations, nudged towards the ERA-5 meteorological re-analyses,
were performed for two time periods: from January to July 2017 and from January
to June 2020 to coincide with the EMeRGe EU and BLUESKY aircraft campaigns re-

*Explicit description of each of these submodels can be found in the MESSy submodel list https://
www.messy-interface.org/current/auto/messy_submodels.html. The EMAC model is available under
license at https://www.messy-interface.org/.

https://www.messy-interface.org/current/auto/messy_submodels.html
https://www.messy-interface.org/current/auto/messy_submodels.html
https://www.messy-interface.org/
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spectively. Over the past decade, EMAC model simulations of aerosols and trace
gases have been extensively evaluated against ground measurements and satellite
retrievals (Brühl et al., 2015; Kerkweg et al., 2006; Lelieveld et al., 2007; Lelieveld
et al., 2019a; Pozzer et al., 2015; Tsimpidi et al., 2018; Zimmermann et al., 2020).
Here, we use the monthly varying Community Emissions Data System (CEDS) an-
thropogenic emission inventory of 2014, Hoesly et al., 2018 at 0.5 ○ × 0.5 ○ resolu-
tion for the primary emitted species including CO (carbon monoxide), NO2 (oxides
of nitrogen), SO2 (sulfur dioxide), NH3 (ammonia), BC, OC (organic carbon) and
NMVOCs (non methane volatile organic compounds). Biomass burning emissions
were obtained from the Global Fire Assimilation System (GFAS) inventory Kaiser et
al., 2012. The emissions data were then pre-processed and vertically distributed in
six emission heights following Pozzer et al., 2012. Residential and commercial fuel
use was the largest emitter of BC (46934 t per year) over the region investigated
in this study (Fig. 1.3, i.e., latitude between -5 and 16 ○ and longitude between
37.5 and 54.5 ○), followed by emissions from land transportation (36023 t per year),
power generation (22161 t per year), industrial combustion and process (17737 t
per year), agricultural waste burning (1283 t per year) and air traffic (0.4067 t per
year). For comparisons with the EMeRGe EU and BLUESKY aircraft measurements,
BC concentration was diagnosed along the aircraft routes. A sensitivity model sim-
ulation was performed by reducing anthropogenic BC emissions from all sectors by
40% to compare the model results to the BLUESKY observations.

2.5.2 ECHAM6.3–HAM2.3 simulations of NCCN o.3

We extracted NCCN 0.3 data from a multi year model run with the ECHAM–HAM
model, version ECHAM6.3–HAM2.3 (Neubauer et al., 2019; Tegen et al., 2019).
The model is based on the ECHAM atmospheric general circulation model (Stevens
et al., 2013), the HAM interactive aerosol module (Stier et al., 2005; Zhang et al.,
2012).

The model output is provided in STP and only the certain months out of the ten year
data where the HALO campaigns took place were extracted from the data set for
the comparison in the vertical profiles. The original model considers the following
aerosol species with their compound-specific κ: sea salt (κSS = 1.12), mineral dust
(κDU = 0), black carbon (κBC = 0), primary organic aerosol (κPOA = 0.06), and sulfate
(κSU = 0.60) (Petters and Kreidenweis, 2007; Zhang et al., 2012; Zieger et al., 2017).
Note that the model uses sulfate as a surrogate species for all inorganic ions other
than sea salt and dust. The κ associated with secondary organic aerosol (Tegen et al.,
2019) is typically κSOA = 0.037 according to Zhang et al., 2012.

2.5.3 HYSPLIT backward trajectories and boundary layer height
To better understand the history of the measured air masses as well as to understand
some meteorological drivers for aerosol concentrations, e.g., the planetary boundary
layer height, backward trajectories were calculated and analysed.

The backward trajectories (BT) were calculated with the HYSPLIT package (version
4, revision 664, October 2014 Rolph et al., 2017; Stein et al., 2015). BT were cal-
culated every 1-min along the aircraft flight track (longitude, latitude, altitude). The
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rainfall shown in chapter 5 is the precipitation along the BTs (compare Pöhlker et al.,
2019).

To provide the planetary boundary layer height below the flight track for the BLUESKY,
EMeRGe EU, EMeRGe Asia and CAFE Africa campaigns (3.1 and 3.2), as shown in fig-
ures 2.7, 3.3, 4.3 and 4.7, we used the HYSPLIT BT results and extracted the mixed
layer height from each BT starting point (e.g., the first entry in each BT file).

To provide the arithmetic mean of planetary boundary layer below the flight track
shown in figures 2.7 and 3.3, we binned the data along the latitude in 0.2 ○ steps.
Then we calculated the arithmetic mean for each of these bins.

2.6 Methods to map air pollution in the COVID–19
lockdown (chapters 3 and 4)

2.6.1 Temporal course of response measures to COVID-19
The regional severity of the COVID-19 outbreak and thus the response by the Eu-
ropean states was not concerted. A dynamic and scattered change in restrictions
was the outcome. Nevertheless, all countries covered by our measurements experi-
enced substantial restrictions during the COVID-19 lockdown. The responses with
the largest impact on air pollution include closings of schools and workplaces, the
cancellation of public events, stay-at-home requirements and relinquished national
and international travel activities (Hale et al., 2021). All these restrictions led to a
drastic drop in both personal mobility as well as business trips. In Figure 2.4 we
show the governmental response index as an indicator of the confinement strengths
for selected countries. The data are downloaded from the Oxford Covid-19 Gov-
ernment Response Tracker * and further described in Hale et al., 2021. Besides the
patchy responses of particular states and provinces, the EU imposed a comprehen-
sive travel ban for non-EU citizens, with a drop in air-traffic as the outcome. This ban
was in effect from 18 March 2020 to 30 June 2020 and thus covered the whole mea-
surement period †. Generally, the measurement period falls into the later lockdown
period, when many confinements were still in effect and travel activities remained
low (Fig. 2.4).

We compare the results of EMeRGe EU to BLUESKY including the CAFE EU project
(Chemistry of the Atmosphere: Field Experiment in Europe), from 23 May to 09 June
2020 (Voigt et al., 2022). The central point during BLUESKY was to investigate the
effects of the COVID-19 confinements on the atmosphere. This included measure-
ments of urban pollution in the lower troposphere, but also effects of reduced air
traffic. Therefore, some measurements were performed in passenger aircraft cruis-
ing altitudes in the upper troposphere and lowermost stratosphere (Tomsche et al.,
2022; Zauner-Wieczorek et al., 2022).

*https://github.com/OxCGRT/covid-policy-tracker, last access 06.07.2021
†https://data.consilium.europa.eu/doc/document/ST-9208-2020-INIT/de/pdf
*Governmental response index data downloaded from https://github.com/OxCGRT/covid-polic

y-tracker/blob/3143b76020ef83072086853749c950ac0921ba47/data/timeseries/government_res
ponse_index.csv, last access 06.07.2021

https://github.com/OxCGRT/covid-policy-tracker
https://data.consilium.europa.eu/doc/document/ST-9208-2020-INIT/de/pdf
https://github.com/OxCGRT/covid-policy-tracker/blob/3143b76020ef83072086853749c950ac0921ba47/data/timeseries/government_response_index.csv
https://github.com/OxCGRT/covid-policy-tracker/blob/3143b76020ef83072086853749c950ac0921ba47/data/timeseries/government_response_index.csv
https://github.com/OxCGRT/covid-policy-tracker/blob/3143b76020ef83072086853749c950ac0921ba47/data/timeseries/government_response_index.csv
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Figure 2.4: Temporal evolution of response on COVID-19 for selected European countries *.
Further details on the governmental response index in Hale et al., 2021.

The two compared HALO aircraft campaigns, besides the well comparable studied
area, also have some important differences. A major difference, which is also ap-
parent in the vertical distributions of MBC (e.g., Figs. 3.1, 3.3 and 3.2), is that during
BLUESKY in 2020, low air traffic volume allowed us to perform more near surface
measurement flights. These measurements also include manoeuvres referred to as
low approaches (Voigt et al., 2022), i.e. a landing manoeuvre without ground contact
followed by a take off. This manoeuvre enabled us to perform more measurements
within the PBL during BLUESKY compared to EMeRGe EU in 2017, when high air
traffic volume inhibited these low approaches. We later account for these differences
in the flight pattern with the EMAC model simulations (sections 2.6.2 and 2.5.1).

The short lifetime of BC hinders it from getting well mixed in the free troposphere
and leads to a strong vertical gradient in its concentration. An accumulation of BC
can be found in the lower troposphere and especially in the PBL. On top of the
PBL there is some turbulent and convective mixing taking place, introducing PBL
pollutants, like BC, into the lower troposphere (Andreae et al., 2018; Schwarz et al.,
2017). Moreover, BC concentrations in the middle and upper troposphere are rather
driven by wildfires and long range transport (Ditas et al., 2018; Holanda et al., 2020)
than by anthropogenic pollution. These properties of atmospheric BC led us to focus
on the lower troposphere, up to 5000m above mean sea level.

Albeit both field campaigns have a focus on emissions from major pollution centers
(MPC) in Europe, the vertical distribution we report in this study (e.g., Figs. 3.1 and
3.2) is rather representative for MBC in European background conditions (Querol et
al., 2013). This can be explained by the fact that large fractions of the measurement
flights were performed out of the MPC outflows or in highly aged air masses which
also reach remote regions in Europe. All measurement flights were performed during
daytime, thus there is no diurnal influence expected in our data set.
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Figure 2.5: Scatter plot for ambient temperature (T) in k from HALO measurements and
EMAC model simulations. Grey line is the one to one ratio. (a) corresponds to measurements
from 2017 with R2 = 0.985. (b) are 2020 measurements with R2 = 0.998.

2.6.2 Accounting for flight pattern, seasonality and meteorology
The major difficulty in comparing atmospheric aerosol measurements is the strong
dependence on multivariate factors as e.g., meteorological, regional and seasonal in-
fluence on the distribution and concentration of aerosol. This is due to (I) removal
processes driven by the hydrological circle, dominated by cloud processing (Liu et
al., 2020; Ohata et al., 2016). (II) The extent of the PBL, determining the concentra-
tion and vertical extent of bulk BC and other aerosol species (S. Raj et al., 2021a).
(III) Seasonal variations in emission types and strengths. Besides these factors, influ-
encing the actual BC burden, also the flight tracks and the emissions transportation
pathways have an essential influence on the measurement results.

We therefore used EMAC model simulations of MBC along the flight tracks with
different emission scenarios (details on the EMAC model set up in section 2.5.1).
First, we run the model for 2017 and 2020 with unmodified 2014 emission in-
ventories (Hoesly et al., 2018). For the comparison and evaluation we use one
minute average measurement data 30 s prior and 30 s after each model output (see
2.6.6, Fig. 2.6 and 2.5). In the next step we calculate the descriptive statistics for ver-
tical bins of 500m (see section 2.6.3). The difference for each altitude bin between
the results of the EMAC runs for 2017 and 2020 is added to the 2020 measurement
results to account for differences unrelated to emission changes (e.g., flight pattern,
meteorology, and differences in emission patterns as well as emissions from wild-
fires). The adjusted vertical profile for the 2020 measurements is then compared to
the 2017 measurements to quantify the emission reductions according to equation
2.4.

BCred =
MBC2017H − (MBC2020H + (MBC2017M −MBC2020M))

MBC2017H
(2.4)

Where BCred is the unit-less reduction factor in MBC attributed to the COVID-19
confinements, MBC2017H and MBC2020H stands for HALO measurements, while the dif-
ference between the EMAC results (MBC2017M and MBC2020M) is the adjustment factor
introduced earlier.
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2.6.3 Vertical and latitudinal distribution of NCCN 0.3, NBC and MBC

The vertical profiles of MBC, NBC, NCCN 0.3 (Figs. 3.1, 3.11) and the microphysical BC
properties in Figures 3.1 d and 3.5 represent all measurement data with the model
output during the two campaigns. For the model evaluation we only used measure-
ment data from 30 seconds prior to and 30 seconds after an EMAC model output
(Figs. 2.6 and 2.5). No EMAC simulations for NBC and NCCN 0.3 were conducted. To
obtain the vertical profiles, the measurement and model data are concatenated in
500 m altitude bins. The statistical values given in the particular figure and table
are calculated for each bin with IGOR Pro (WaveMetrics Inc. version 7.08). We
calculated the arithmetic mean, also referred to as mean within this study.

Also, the log-normal size distributions, given in Figures3.1 d and 3.5, are calculated
for the concatenated data in each altitude bin. We used the function according to
(Heintzenberg, 1994), provided in equation 2.1.

The cross-section along the latitude for MBC and NCCN 0.3 in chapter 3 consists of
arithmetic averages for all measurement data falling into a grid of 0.2○ latitude and
500m altitude. The terrain height is the arithmetic average height for each certain
0.2○ latitude grid. The terrain height below the HALO flight track was computed with
the online tool GPS visualizer based on the 1 second resolution coordinates of the
HALO aircraft *. The PBL height is the arithmetic average for the certain 0.2○ latitude
grid for all data with flight altitudes below or equal to 10 km.

2.6.4 Vertically integrated MBC burden
The vertically integrated MBC burden per surface area is calculated as the integral
of the median vertical MBC concentration. We only considered vertical bins for the
comparison where, during both campaigns, measurements were performed along
with EMAC model outputs. Note that the MBC per cubic meter in the vertical profiles
is STP corrected. Thus, we scaled the altitude bins with a scaling factor (SP, Table 3.2)
based on the pressure altitude. Equation 2.5 shows the calculation of (SP) with hbin

as the altitude of the corresponding altitude bin in the vertical profile.

SP =
1

(1 − hbin
4307.69396m)

5.2553026
(2.5)

2.6.5 EMAC regional radiative impact of the changed MBC

The radiative effect due to a 40% reduction in MBC is calculated with EMAC for the
local radiative forcing (longitude between -5 and 16○ and latitude between 37.5 and
54.5○N) for the months May and June. The radiative effect is the difference between
one run with full aerosol emissions and one with 40% reduced anthropogenic MBC

emissions. The calculations are done for short wave radiation with clear sky condi-
tions.

*Online accessible at https://www.gpsvisualizer.com/elevation, last access 20.02.2022

https://www.gpsvisualizer.com/elevation
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2.6.6 EMAC model evaluation
Besides the comparison between the EMAC results for MBC (Fig. 2.6), we also com-
pare the modeled and observed ambient temperature as an independent variable
(Fig. 2.5). The R2 for the ambient temperature observation-model comparison is
close to unity, indicating a successful nudging of synoptic variables and that the me-
teorological conditions during the relevant time period are simulated adequately.
Locations of peaks in MBC due to biomass burning emissions during EMeRGe EU
(Fig. 2.7a) are captured by the model, whereas concentrations are underestimated
(Figs. 2.6, 3.2a and 2.7a). The median for the 500m bins, however, turns out to be
robust against these outliers (R2 of 0.76 with a median absolute deviation (MAD)
of 0.12 µgm−3 for 2017 and R2

= 0.90, MAD = 0.07µgm−3 for 2020), whereas the
average for the vertical profiles is more sensitive to peak concentrations, leading to
a significantly smaller R2

= 0.43 with a high standard deviation (STD) of 0.57 µgm−3

for EMeRGe EU. For BLUESKY the R2
= 0.94 with STD = 0.16µgm−3 is slightly higher,

compared to median values.

Figure 2.6: Scatter plot for median MBC values of HALO measurements and EMAC model
results. Red data shows the comparison of 1 minute averages. In blue, median concentrations
as used for the vertical profiles are shown. Error bars are one median absolute deviation
(MAD) for the vertical merged data in 500m altitude bins. Data shown is for the compared
altitude up to 5000m. (a) corresponds to measurements from 2017 with R2 = 0.76. (b) are
2020 measurements with initial emissions in the EMAC model and R2 = 0.90. (c) as (b) but
with 40% reduced anthropogenic emissions in EMAC simulation and R2 = 0.90.

2.6.7 EUROSTAT data for fossil and solid fuels
Data published by EUROSTAT is used to investigate the reductions in fossil fuel de-
mand during the confinement period in 2020 *. For figure 3.8, we use the terminol-
ogy suggested by EUROSTAT. However, to make these rather technical terms more
clear, we refer, in section 3.1.1, to motor spirits as gasoline and to kerosene as air-
craft fuel. Furthermore, the difference in solid fossil fuel (which is the compilation of
hard coal, including anthracite, coking coal and other bituminous coal; brown coal,
including sub-bituminous coal and lignite; and coal products, including patent fuel,
coke oven coke, gas coke, coal tar and brown coal briquettes †) demand between

*Data downloaded from https://ec.europa.eu/eurostat/databrowser/view/NRG_JODI__custom_
482779/default/table last access 25.01.2021

†Data described here https://ec.europa.eu/eurostat/statistics-explained/index.php?oldid
=449721, last access 19.04.2022)

https://ec.europa.eu/eurostat/databrowser/view/NRG_JODI__custom_482779/default/table
https://ec.europa.eu/eurostat/databrowser/view/NRG_JODI__custom_482779/default/table
https://ec.europa.eu/eurostat/statistics-explained/index.php?oldid=449721
https://ec.europa.eu/eurostat/statistics-explained/index.php?oldid=449721
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Figure 2.7: (a) Cross section of MBC for 2017 EMeRGe EU measurements (rectangle marker).
Arithmetic mean for all measurement data falling into a grid point of 0.2 ° latitude and 500m
altitude. The color scale ranges from 0 to 0.3 µgm−3. Means exceeding this range are shown
in red. Round marker EMAC model results are displayed without further modification. (b)
like (a) but for the 2020 BLUESKY measurements. The grey shading is the mean terrain
height below flight track and the grey solid line shows the planetary boundary layer height
below flight track (details in section 2.5.3).

2017 and 2020 is used to analyse important drivers for the BC reduction, other than
the COVID-19 confinements in 2020 *.

2.6.8 Data availability
The data set for the vertical distribution of MBC (Table 2.1), NBC (Table 3.1), the rBC
core size distribution (Table 3.3) and the vertically integrated MBC burden (Table 3.2)
is provided in the supplementary material. The original data set is available under
https://doi.org/10.17617/3.GKRXCN. Further data from the two HALO missions is
available at the HALO database (https://halo-db.pa.op.dlr.de/).

*Data downloaded from https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custo
m_1131819/default/table?lang=en last access 08.07.2021 and https://ec.europa.eu/eurostat/data
browser/view/NRG_CB_SFFM__custom_1558586/default/table?lang=en last access 12.11.2021

https://doi.org/10.17617/3.GKRXCN
https://halo-db.pa.op.dlr.de/
https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFFM__custom_1558586/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFFM__custom_1558586/default/table?lang=en
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Table 2.1: Average and median MBC from HALO observations and EMAC simulations. Values
in column altitude represent centre of corresponding 500m altitude bin.

EMeRGe EU BLUESKY
Observations EMAC Observations EMAC EMAC 40 % reduced

Altitude Avg Median Avg Median Avg Median Avg Median Avg Median
[m] [µgm−3] [µgm−3] [µgm−3] [µgm−3] [µgm−3] [µgm−3] [µgm−3] [µgm−3] [µgm−3] [µgm−3]
250 0.083 0.066 0.113 0.113 0.099 0.089 0.156 0.137 0.110 0.097
750 0.172 0.125 0.143 0.128 0.064 0.049 0.109 0.105 0.077 0.073
1250 0.132 0.097 0.119 0.112 0.072 0.056 0.079 0.078 0.056 0.055
1750 0.174 0.106 0.069 0.065 0.045 0.033 0.079 0.086 0.055 0.060
2250 0.119 0.030 0.043 0.030 0.034 0.009 0.031 0.034 0.022 0.024
2750 0.140 0.030 0.044 0.036 0.019 0.006 0.027 0.025 0.019 0.017
3250 0.103 0.047 0.028 0.021 0.012 0.004 0.015 0.010 0.011 0.008
3750 0.023 0.011 0.028 0.019 0.010 0.003 0.011 0.008 0.008 0.006
4250 0.029 0.009 0.010 0.008 0.011 0.005 0.004 0.003 0.003 0.002
4750 0.013 0.005 0.007 0.005 0.008 0.003 0.006 0.003 0.004 0.002

2.7 Methods to analyse relationships between CCN and
BC (chapter 5)

The methods for the chapter 5 and the selected flight segments with characteristic
CCN to BC signatures from the HALO aircraft campaigns are outlined below.

2.7.1 Selection of characteristic atmospheric conditions
The plumes with dominant contribution of a specific combustion source were identi-
fied according to the geographical location and season, as outlined below, in order to
define their characteristic regimes in the BC-CCN scatter plots. Here, we first present
the selected plumes where we encountered stable conditions of one single combus-
tion aerosol source (5.1). Second, we show the criteria for plume selection in more
diverse atmospheric conditions, where we either had comparably few data points or
a superposition of different pollution sources (5.2 and 5.3):

˛ Urban pollution: A focal point of the CAFE EU aircraft campaign was the in-
vestigation of urban pollution at low altitudes over a variety of European cities.
During the time the campaign took place, biomass emissions did not affect the
flights to a significant extent, according to satellite-based fire maps and asso-
ciate BTs. For our analysis, we only included the city plumes with high CCN
levels (i.e., NCCN > 1000 cm−3). In total, 62 1-min averages fulfilled these crite-
ria.

˛ Lightly aged Amazonian BB: The smoke from fires in the Amazon was in-
vestigated during ACRIDICON-CHUVA. We selected the flights AC12 and AC13
(18 and 19 September 2014) over the deforestation area and selected the pe-
riods where the rBC geometric mean diameter is smaller than 195 nm, which
corresponds mostly to measurements below 2 km altitude. In total, 70 1-min
averages fulfilled this criterion.

˛ Highly aged African BB: The westerly outflow of highly aged African BB smoke
over the Atlantic Ocean – which also reaches the Amazon eventually – was
probed during CAFE Africa. Flight segments were selected according to the
geographic area, restricted to the South Atlantic Ocean with latitude < 9.5 0

and longitude < 0 0. This area was chosen in order to avoid influences of urban
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pollution from Western Africa or mineral dust in higher latitudes (Holanda et
al., 2023). In total, 305 1-min averages fulfilled these criteria.

Also, plumes with more diverse atmospheric conditions were probed, with either
comparably few data points or a superposition of different pollution sources. These
plumes are shown in the case study section and classified based on the three prede-
fined regimes. The selection criteria for the individual cases are given in Table 2.2
and the criteria listed below:

˛ Case studies on lightly aged BB smoke over Europe and Asia: We defined BB
plumes based on the strongly increased MBC and NBC within our measurements
and on information from the corresponding flight reports. The specific data
selection criteria can be found in Table 2.2.

˛ Case study on highly aged African BB smoke over the Amazon: For African
BB emissions transported into the Amazon basin, the deconvolution method
presented in Holanda et al., 2023 (with the same parameters and constraints)
was applied to distinguish African from South American smoke. Therefore, a
bimodal fit was applied to every rBC mass size distribution. Two distinctive
flight segments of the ACRIDICON-CHUVA flight AC07 (06 September 2014)
agreed with the size distribution of African smoke. In total, 21 1-min averages
fulfilled these criteria.

˛ Case study on highly aged African BB over the Brazilian shore: For the LRT
African BB smoke encountered over the Brazilian shore we used the plumes
identified in Holanda et al., 2020. The event day of particular relevance was 30
September 2014, during ACRIDICON-CHUVA flight AC19. In total, 87 1-minute
averages fulfilled these criteria.

˛ Case studies on urban pollution over Europe and Asia: The outflow of mega
populated centers were selected according to following criteria (i) specific mea-
surement flights, (ii) geographical coordinates, (iii) elevated MrBC and (iv)
analysis of backward trajectories. The parameters for the specific case stud-
ies are summarized in Table 2.2.

Table 2.2: Selected BB and urban plumes during aircraft mission in Europe and Asia with
relevant parameters. Number of observations is the total count of 1-minute averages shown
in the respective BC-CCN scatter plot.

Case study denomination Figure Flight date Flight MrBC Latitude Longitude Altitude Observations
[µgm−3] [°] [°] [m] number

BB dominated plumes
Thailand 5.5 12 March 2018 E-A-03 < 104.0

170
Thailand 5.5 07 April 2018 E-A-14 < 104.0
Marseille pure BB 5.7A 24 July 2017 E-EU-07 > 0.23 < 43.2 13
Marseille BB and urban 5.7A 24 July 2017 E-EU-07 > 0.23 > 43.2 7
Portugal BB 5.8 28 July 2017 E-EU-09 < 44.0 < 10.0 > 2200 103
Italian and Croatian aged BB 5.9 20 July 2017 E-EU-06 < 42.0 < 12.6 > 1000 14

Urban dominated plumes
Barcelona urban 5.14 20 July 2017 E-EU-09 < 44.0 < 10.0 < 2200 74
Nagoya urban 5.15 30 March 2018 E-A-13 > 137.0 66
Rome urban mixed 1 5.16 11 July 2017 E-EU-03 42.0 < Lat < 44.5 13.0 < Lon < 16.0

105
Rome urban mixed 2 5.16 20 July 2017 E-EU-06 42.0 < Lat < 44.5 13.0 < Lon < 16.0
London urban 1 5.17A 17 July 2017 E-EU-05 < 0

135
London urban 2 5.17A 26 July 2017 E-EU-08 > 52.0
Po Valley urban mix 1 5.17B 11 July 2017 E-EU-03 44.6 < Lat < 46.0 > 9.0

134
Po Valley urban mix 2 5.17B 20 July 2017 E-EU-06 44.6 < Lat < 46.0 > 9.0
China urban 1 5.18 22 March 2018 E-A-07 25.0 < Lat < 33.0

513China urban 2 5.18 24 March 2018 E-A-08 25.0 < Lat < 33.0
China urban 3 5.18 26 March 2018 E-A-09 25.0 < Lat < 33.0
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2.7.2 Backward trajectories and MODIS data products
The backward trajectories (BT) were calculated with the HYSPLIT package (version
4, Revision 664, October 2014) (Rolph et al., 2017; Stein et al., 2015). BTs were
calculated every 1-min along the aircraft flight track (longitude, latitude, altitude).
Only BTs below 10 km altitude were included. The rainfall is the precipitation along
the BT (compare Pöhlker et al., 2019). Information retrieved from the BT analysis
are combined with the Moderate Resolution Imaging Spectroradiometer (MODIS)
"Fires and Thermal Anomalies (Day and Night)" and "Corrected Reflectance (True
Color)" product, downloaded from https://worldview.earthdata.nasa.gov/ (last ac-
cess 06 Sep 2021).

2.8 Methods for the analysis of volcanic aerosols
(chapter 6)

2.8.1 Trace gas measurements

The O3 mixing ratios are measured via UV absorption and chemiluminescence by the
FAIRO instrument (chemiluminescence data with a total uncertainty of 2.5 % Zahn
et al., 2012). Further details on the trace gas measurements in Nussbaumer et al.,
2021.

2.8.2 Aerosol size distribution retrieved from CCN measurements

We determine a theoretical critical diameter for the HALO CCN measurements at
S = 0.3%. Therefore we used the hygroscopicity parameter κchem calculated from the
measured organic (ϵorg) and inorganic mass fraction (ϵinorg) following (Pöhlker et al.,
2023).

κ = ϵorgκorg + ϵinorgκinorg (2.6)

This allows us to use κ in equation 2.7 (Köhler, 1936; Petters and Kreidenweis,
2007; Rose et al., 2008) and to iteratively solve the equation for Dcrit. It has to be
noted that this method to determine a theoretical lower cut off diameter for NCCN 0.3

and the data has large uncertainty for the following reasons. The aerosol chemical
composition has a lower-cut-off diameter not including all potential NCCN 0.3, thus the
actual chemical composition may differ from the one applied in equation 2.6. The
resulting critical diameter retrieved from CCN data, however, agrees well with what
to expect from literature values (e.g., Petters and Kreidenweis, 2007) and provides
helpful data for further studies on volcanic aerosol plumes in the TTL region.

The critical diameter of particles detected by the CCNC was calculated using a κ of
0.6 by the modified Köhler equation (Köhler, 1936) presented in Petters and Kreiden-
weis, 2007, as following:

S(Ds) =
D3

wet −D
3
s

D3
wet − (1 − κ)D

3
s

exp(
4σsMw

RTρwDwet

) (2.7)

https://worldview.earthdata.nasa.gov/
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While σs is the solution droplet’s surface tension, Mw is the molar weight of water, ρw

is the water density, R is the universal gas constant, T is the absolute temperature,
and Dwet is the droplet diameter at a given S or RH, with S = RH/100% and Ds is
the diameter of the solid particle.

2.8.3 Vertical distribution of NCCN 0.3

We compare the vertical distribution of NCCN 0.3 from the ECHAM–HAM model with
our in situ measurements conducted onboard the HALO aircraft with the HALO CCNC
(see 2.2.1). The area of comparison is indicated in figure 4.1 and comprises all HALO
measurements within 23 °N and 10 °S over the Atlantic Ocean. Both data sets are
corrected to standard conditions (STP, T=273.15K, p=1013.25 hPa). While the mea-
surements were conducted in 2018 (see 2.1.1), the ECHAM-HAM results are monthly
means for August and September in the years 2003 until 2012. This comparison fa-
cilitates a classification of the HALO measurements with snapshot character into a
bigger context.

2.8.4 HYSPLIT backward trajectory analysis
Due to longer aerosol residence times in the UTLS, 30 days backward trajectories
were calculated with the HYSPLIT package (version 4, revision 664, October 2014
Rolph et al., 2017; Stein et al., 2015). Three circles with a diameter of 1○ were
defined, one out of the volcanic plume at 30.5○W and 14.3○N. This circle corresponds
to the measurements on the plume’s altitude and on the same flight leg as the plume
was measured (Fig. 6.3 around 16:15 UTC). The other two circles correspond to
measurements within the volcanic plume at 26.5○W and 12○N and 25○W and 10○N
(in Fig. 6.3 at 17:00 and 17:50 UTC respectively). From each circle 100 single BT
were emitted from random locations within the circle. All BT are starting at 17:00
UTC at the 17. August 2018 in an altitude of 14.5 km. The BT density was then
calculated for each 1 times 1○ grid. The BT age since measurement is the average age
of each BT falling into one grid cell with a total of at least 15 BT points within the
grid.

2.8.5 Radiative transfer modeling of heating rate in aerosol plume
To test whether these changes can be explained by absorption of UV radiation by the
remaining SO2 and LW radiation by the sulfate aerosol, the heating rate is calculated
with a radiative transfer model (libRadtran, Emde et al., 2016; Mayer and Kylling,
2005) combined with the MOPSMAP tool (Gasteiger and Wiegner, 2018) to calculate
the vertical optical properties of the in situ measured aerosol data.

The vertical profiles for pressure, temperature, air density, O3, O, water vapor, CO2,
NO2, CH4, N2O, CO are from the Anderson et al., 1986 reference atmospheric model
"Tropical". The solar zenith angle in the calculations is the maximum of the particular
measurement day with 12○N 25○W at 13:44:11. The aerosol layer has a log-normal
size distribution with a count median radius of 50 nm and a σg = 2. The aerosols are
assumed to be spherical with a hygroscopicity, κ = 0.6 and a relative humidity of 20%.
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The OPAC software (Optical Properties of Aerosols and Clouds Hess et al., 1998) was
used to compute the refractive indices.





CHAPTER 3

Changed aerosol burden during
COVID-19 confinements
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3.1 Black carbon aerosol reductions during COVID-19
confinement quantified by aircraft measurements
over Europe

The focal point of this chapter is the comparison between two HALO measurement
campaigns, conducted over south and west Europe in 2017 and 2020 (Fig. 1.3 and
section 2.1.1). By using EMAC model simulations we quantify to what extent the
pandemic-related confinements in 2020, on one hand, and other factors such as me-
teorology, on the other hand, influenced the observed MBC reduction. In addition,
the atmospheric distribution of BC and its dependency on the magnitude of emis-
sions is analysed. Furthermore, we examine the regional direct radiative effect of the
BC reduction.

Determining the adjusted vertical distribution of the 2020 measurements (Fig. 3.1 d
and section 2.6.2) enables us to quantify the anthropogenic emission reductions be-
tween both campaigns. Consequently, we calculated the difference between the
two vertical distributions of MBC, retrieved from the two initial EMAC model sim-
ulations (Fig. 3.1 a and b). In the following we added this difference to the 2020
measurements (section 2.6.2), to generate an adjusted vertically integrated MBC bur-
den (section 2.6.4) of 129 µgm−2 for 2020, whereas the actual measured burdens are
113 µgm−2 for 2020 and 219 µgm−2 for 2017. Accordingly, the difference between the
adjusted MBC burden for 2020 to the actual measurements from 2017 of 90 µgm−2 is
attributable to reduced anthropogenic emissions. This value corresponds to a 41%
reduction in median MBC burden.

In accordance with the analysis described above (also, section 2.6.2), we performed
an evaluation of the regional sensitivity of the emission reductions. Therefore we
separated our data set at a latitude of 47○N due to different vertical distributions and
absolute concentrations north and south of that threshold (Fig 3.3). Beside the differ-
ences MBC the threshold also represents a rough estimate of the Alps corresponding
to the HALO flight tracks. South of 47○N the median adjusted vertically integrated
MBC burden is 37 % reduced whereas concentrations north of 47○N are 38 % lower
in 2020 compared to 2017 (Fig. 3.2). These results are in a good agreement with the
reductions of 41 % we found for all data, showing that there is only little regional
sensitivity for the reported MBC reductions.

Beside an emission reduction, also other factors influence the differences in mea-
sured MBC. Figure 3.1 shows the median vertical distribution of measured and mod-
eled MBC. For the two initial model runs (Figs. 3.1 a and 3.1 b) we used identical
emission inventories for the year 2014 (Hoesly et al., 2018). This approach enables
us to compare our measurements with an quantity independent from anthropogenic
emissions (i.e. we apply the same emissions for both campaigns) and only account
for drivers other than emission reductions for differences in MBC. While the 2017
measured mass burden is 4% overestimated by the model (Fig. 3.1 a and Table3.2),
the measurements under confinement conditions are overestimated by 47% in the
model, when considering 2014 emissions (Fig. 3.1 b). These results demonstrate that
meteorological influences, different flight patterns and differences in seasonal emis-
sions cannot explain the observed change in lower tropospheric MBC. As metric for
the direct comparison of the two measurement campaigns, we use the model results
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Figure 3.1: Vertical distributions of measured and modeled MBC (a, b, c, and d). Solid
lines represent arithmetic mean values, dashed lines represent median values shading marks
the interquartile range. (a) shows EMeRGe EU 2017 measurements and EMAC simulations
with initial 2014 emission inventories. (b) shows BLUESKY 2020 measurements and EMAC
simulations with initial 2014 emission inventories. (c) shows BLUESKY measurements and
EMAC simulations with anthropogenic BC emission reduced by 40%. (d) shows EMeRGe EU
and BLUESKY measurements (as also shown in panels (a) and (b)) for comparison between
the two campaigns. The grey solid line shows the adjusted median MBC concentration ex-
pected for BLUESKY measurements in 2020 (details see section 2.6.2). The adjusted value
is based on non-confinement influences retrieved from the difference in the EMAC simula-
tions for BLUESKY and EMeRGe EU with the 2014 emission inventories. It represents the
expected measurement value, assuming the same meteorological and seasonal conditions for
both campaigns. The difference between the medians of EMeRGe EU and adjusted BLUESKY
represents the emission reduction. (e) shows the measured NBC for EMeRGe EU in 2017 and
BLUESKY in 2020. (f) shows the geometric mean refractory BC core diameters (DrBC) for
EMeRGe EU in 2017 and BLUESKY in 2020. Further details about the vertical distributions
in 2.6.3 and 2.5.3.
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Figure 3.2: Vertical distribution of MBC north and south of 47○N. Solid lines represent arith-
metic mean values, dashed lines represent median values shading marks the interquartile
range. (a) and (b) show data for EMeRGe EU from 2017, (c) and (d) for BLUESKY from
2020. Note that the x-axis in (a) ranges between 0 to 0.4 µgm−3.

to adjust our measurements. Therefore, we calculate the difference of the model
results for 2017 and 2020 for each altitude bin. Overall, the difference in modeled
MBC between 2020 and 2017 accounts for a reduction of 7% relative to 2017. This
difference is a consequence of different flight pattern, meteorological conditions and
seasonal variations in emissions.

We find a good agreement for the the shape of the vertical BC distribution for
measured and modelled MBC profiles. Even though the concentrations in 2020 are
strongly overestimated the vertical extent is well described by the EMAC simulations
(see also 3.1 c with reduced anthropogenic emissions). The Pearson coefficient of de-
termination (R2) for the vertical profiles of the observation-model comparison is 0.76
for 2017 and 0.90 for 2020 (Fig. 2.6). Based on the good agreement for the general
vertical distribution during both campaigns, we conclude, that the shape of the verti-
cal distribution of anthropogenic BC in the lower troposphere remains unaffected by
the emission changes in 2020.

We compare the median vertical profiles in this study to simplify the heterogeneously
distributed MBC over Europe (Fig. 3.3). The vertical distribution of BC is strongly in-
fluenced by the planetary boundary layer (PBL) height, whereas its geographic pat-
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Table 3.1: Average and median NBC from HALO observations. Values in column altitude
represent centre of corresponding 500m altitude bin.

EMeRGe EU BLUESKY
Observation Observation

Altitude Avg Median Avg Median
[m] [cm-3] [cm-3] [cm-3] [cm-3]
250 41.1 40.3 47.1 48.5
750 81.8 65.4 31.8 27.0
1250 62.5 53.1 33.7 30.7
1750 75.3 52.3 22.9 19.3
2250 54.2 15.0 18.0 5.1
2750 45.0 15.6 8.6 3.5
3250 34.4 25.8 4.7 2.4
3750 10.2 6.0 4.1 2.4
4250 10.8 4.7 4.2 3.2
4750 4.6 2.9 3.2 2.6

Table 3.2: Vertically integrated MBC burden per surface area. BLUESKY adjusted is the
BLUESKY observation and the EMAC model retrieved adjustment (see section 2.6.2). Values
in column altitude represent centre of corresponding 500m altitude bin. Pressure altitude
scaling factor calculated as described in section 2.6.4. Last row provides column sum of
vertically integrated MBC burden.

Pressure altitude EMeRGe EU BLUESKY BLUESKY Adjusted
Altitude scaling factor Median Median Median
[m] [µgm−2] [µgm−2] [µgm−2]
250 1.03 31.86 43.00 31.23
750 1.09 57.14 22.40 32.87
1250 1.16 41.51 24.26 38.88
1750 1.24 42.88 13.19 4.97
2250 1.32 11.48 3.49 1.89
2750 1.40 10.71 2.01 5.84
3250 1.49 15.86 1.18 4.70
3750 1.59 3.52 1.09 4.61
4250 1.70 2.75 1.36 2.67
4750 1.81 1.31 0.88 1.28
Sum 219.04 112.86 128.95

tern is more sensitive to emission hot spots like large cities or industrial areas. Ele-
vated MBC during BLUESKY were mostly confined to the PBL in good agreements with
observations for western Europe in the course of EMeRGe EU and literature (e.g.,
Ding et al., 2019). In southern Europe, however, MBC was stronger decoupled from
the PBL and we also observed high concentrations within the lower free troposphere
in 2017 and occasionally in 2020. During both campaigns, MBC in southern Europe
exceeds values in western Europe (at latitudes North of 47○N). The measurements
in 2020 were not significantly influenced by biomass burning emissions (Fig. 3.4).
While in 2017, we also encountered mixed biomass burning smoke (Fig. 3.4 a) and
anthropogenic pollution in and above the PBL. The biomass burning influence was
prominent in southern Europe from 40○N and 42○N latitude (Figs. 3.3 a and 3.4 a).
The defined BC plume between 2000 and 3500m altitude in southern Europe is domi-
nated by biomass burning emissions. This biomass burning influence also caused the
large discrepancies between the median and mean concentrations between 2000m
and 3500m in figures 3.1 a and 3.2 a. An analogy can be drawn to previous studies,
which reported a similar pronounced stratification of biomass burning smoke above
the PBL (Holanda et al., 2020). To be less sensitive to event-like measurements, we
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Figure 3.3: (a) Cross section of MBC for 2017 EMeRGe EU measurements. Arithmetic mean
for all data falling into a grid point of 0.2○ latitude and 500m altitude. The color scale ranges
from 0 to 0.3 µgm−3. Means exceeding this range are shown in red. (b) as (a) but for the
2020 BLUESKY measurements. The grey shading is the mean terrain height below flight track
and the grey solid line shows the planetary boundary layer height below flight track (details
in section 2.5.3).

use median values for the comparison of the two aircraft campaigns (see also section
2.6.6).

The measured values for MBC in 2020 are 48% lower, when disregarding the model-
based adjustment described above. For the refractory BC particle number concentra-
tion (NBC), we also find 48% lower concentrations (Fig. 3.1 e). The good agreement
between MBC and NBC, is in accordance with the constant MBC to NBC ratios over its
vertical distributions (Fig. 3.5 a). Also, the comparable median size distribution of
the rBC particles between the two measurement campaigns, with rBC core diame-
ters (DrBC) ranging between ∼ 120 to 180 nm (Fig. 3.5) shows the good agreement.
The larger DrBC during the measurements in 2017 are likely due to influences of
biomass burning smoke which tend to have larger DrBC compared to urban emissions
(e.g., Holanda et al., 2020; Liu et al., 2014; Schwarz et al., 2008). The consis-
tent ratio between MBC and NBC (Fig. 3.5 b) indicates that differences in coagulation
growth are unlikely to play a significant role for the vertical profiles of DrBC reported

*Data downloaded from https://firms.modaps.eosdis.nasa.gov/, last access 2023.03.08.

https://firms.modaps.eosdis.nasa.gov/
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Figure 3.4: MODIS fires and thermal anomalies for the measurement periods in 2017 (a)
and 2020 (b) color coded by Fire Radiative Power (FRP) in megawatts *.

here. Coagulation tends to predominately remove smaller particles and thus has a
stronger impact on number concentrations than on the mass concentration (Ketzel
and Berkowicz, 2004). This trend is not observable in our data (Fig. 3.5 b). Also
anthropogenic BC emissions in Europe tend to get diluted before significant coagula-
tion initiates (Ketzel and Berkowicz, 2004; Pohjola et al., 2003; Vignati et al., 1999).
Beside coagulation and different sources, also size selective removal of BC cores with
larger diameters by scavenging (e.g., Liu et al., 2020; Ohata et al., 2016) could play a
role in the differences between 2017 and 2020. However there are no significant dif-
ferences in precipitation in the summer months in Europe. Furthermore the range for
DrBC agrees with literature values for urban emissions (e.g., Liu et al., 2014; Schwarz
et al., 2008).

To estimate the effect the reductions have on Earth’s radiative budget, we calcu-
lated the regional aerosol direct radiative effect in the measurement area (see sec-
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Figure 3.5: a) Vertical profiles of MBC microphysical properties, the geometric standard
deviation (σrBC) of the core size distributions. 2020 BLUESKY measurements in blue and
2017 EMeRGe EU measurements in red. Dashed lines show the median, solid lines the mean
concentration and shaded areas represent interquartile range for each altitude bin of 500m.
b) Scatter plot for data from vertical distribution of MBC and NBC. In red, data from 2017
collected during EMeRGe EU, in blue data from BLUESKY in 2020. Median absolute deviation
(MAD) is shown as whiskers. Dashed lines are linear fits for each campaign.

tion 2.6.5). Therefore we reduced anthropogenic BC emissions in our EMAC simu-
lation by 40% and found a cooling effect of 0.06Wm-2 (Fig. 3.6) at the top of the
atmosphere (TOA). This reduction due to a reduction of anthropogenic BC emissions
by 40% is as large as the global-mean BC radiative forcing, as assessed by the IPCC
AR6 (Szopa et al., 2021).

3.1.1 Implications of MBC reductions
We present the first measurement study showing the influence of the unprecedented
reduction in atmospheric pollution in 2020 on BC vertical distribution. Our measure-
ments cover a large spatial area, measured on a rather short time scale. Thus, we
deliver a representative data set, showing the changes in atmospheric BC concentra-

Table 3.3: Average and median of MBC microphysical properties, geometric mean diameters
(DrBC) and the geometric standard deviation (σrBC) of the core size distributions. Values in
column altitude represent centre of corresponding 500m altitude bin.

EMeRGe EU BLUESKY
DrBC σrBC DrBC σrBC

Altitude Avg Median Avg Median Avg Median Avg Median
[m] [nm] [nm] [nm] [nm]
250 157 155 2.083 2.047 144 152 2.180 2.063
750 167 150 2.006 1.966 134 140 2.268 2.108
1250 171 172 1.924 1.900 148 150 2.149 2.124
1750 174 157 1.872 1.858 138 138 2.027 1.972
2250 150 148 1.826 1.789 125 122 1.917 1.954
2750 155 153 1.749 1.714 151 165 1.866 1.907
3250 159 158 1.808 1.803 115 134 1.731 1.642
3750 169 174 1.701 1.735 130 134 1.642 1.634
4250 174 178 1.645 1.663 157 157 1.444 1.444
4750 170 160 1.447 1.463 157 148 1.392 1.405
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Figure 3.6: Profile for difference in aerosol radiative effect due to a reduction of 40% in MBC.
The profile is averaged for the months May and June over the region of HALO measurements
(latitude between −5 and 16○ and longitude between 37.5 and 54.5○, Fig. 1.3).

tion. We benefit in this comparison from the large spatial coverage, measured with
the same instrumentation. In addition, the vertical extent of pollutants emitted in
the PBL is observed with a high accuracy. In the discussion section we compare our
aircraft data with recent studies, quantifying the impact of the COVID-19 confine-
ments with other metrics. We find a general agreement, even though most studies
use 2019 or a multiyear average as reference for the comparison, while we compare
two rather short periods in 2017 and 2020. We also investigate potential reasons for
the reduction of atmospheric BC and other pollutants and consequently analyse data
published by EUROSTAT (details in supplementary material) on fossil and solid fuel
demand.

The 41% reduced MBC we find, exceeds the mean value for Europe (11%) reported by
Evangeliou et al., 2021. Nevertheless, our results fall within the reported range from
42% to 8% for southern and western Europe. Also studies with stronger regional fo-
cus agree well with our results. Moreda-Piñeiro et al., 2021 found for the southwest
Atlantic region of Spain, BC reductions between 29 to 51%. Beside BC, also other
atmospheric constituents were found to be reduced during the 2020 confinements.
For the Po Valley, Lonati and Riva, 2021 found benzene reduced by roughly 40% in
May 2020. Benzene is a volatile organic compound (VOC) primarily emitted by road
traffic and in good correlation with anthropogenic BC emissions (Wren et al., 2018).
Petetin et al., 2020 found NO2, as another traffic-related pollutant, decreased be-
tween 41 and 55% in Spain. By combining satellite and surface in-situ measurements
with numeric modeling, Venter et al., 2020 found fine particulate matter (PM2.5)
reduced by 31%. Apart from measurements, also proxy data are used to quantify the
effect of the confinements on the atmosphere. Forster et al., 2020 shows globally a
decrease in BC of up to 22% for the lockdown period and around 15% in May 2020.
When only considering the countries probed in our measurement flights, the reduc-
tion is 40% in May and 20% in June 2020 (Fig. 3.7*). These literature values, based
on mobility data from Google and Apple, agree well with our measurements. All of
the above-mentioned studies, analysing the reductions in traffic related pollutants
and proxies, are in a similar range as our results.

Less traffic is identified as the driving force for improved air quality in 2020 (Le
Quéré et al., 2020). This is reinforced by the drop in fossil fuel demand during the

*Data downloaded from https://github.com/Priestley-Centre/COVID19_emissions, last access
02.03.2023.

https://github.com/Priestley-Centre/COVID19_emissions
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Figure 3.7: Temporal evolution of normalized daily BC mass emissions for Germany, Italy,
France, Spain, Netherlands and Luxembourg. Data published in Forster et al., 2020.

confinements in 2020 (Fig. 3.8). For May 2020, fossil fuel demand was 30% below
the 2017 level (Fig. 3.8). We found the largest reduction in aircraft fuel demand with
75% (Fig. 3.8 e, g). For road traffic fuels, the decrease is roughly 20% (Diesel −18%,
Fig. 3.8 b, d, and gasoline −32%, Fig. 3.8 f, i). Other than gasoline, Diesel is widely
used in the transportation sector and thus the impact of the confinements in 2020
is relatively smaller. On German highways, heavy goods traffic was reduced around
25 % compared to a more than 50 % reduction in passenger cars (Goecke et al.,
2020). Studies found large differences in real-world emission factors between Diesel
and gasoline vehicles as well as passenger and heavy goods vehicles (Ban-Weiss et al.,
2009; Ban-Weiss et al., 2008; Peitzmeier et al., 2017; Wiesner et al., 2021), however,
a source apportionment and thus a quantification of the single sources impacts on the
MBC reductions in 2020 is not possible based on our measurement data. The higher
decrease in gasoline and aircraft fuels demand can be attributed to the drop in pas-
senger traffic, due to travel bans, home-office, and relinquished traveling activities.

Beside reduced emissions due to the COVID-19 confinements, other emission reduc-
tions took place between the two measurement campaigns. The total consumption
of solid fuels (i.e. all common coal products, details in supplementary material) in
2020 was around 42% below the corresponding value for 2017 (3.9). However, solid
fossil fuel, only accounts for a small fraction (3%) of the BC emissions from power
generation (McDuffie et al., 2020). Accordingly, reductions in solid fossil fuel com-
bustion for power generation have only little influence (< 1%) on the absolute MBC

burden. Due to higher emission standards there are multi-year declines of the BC
burden reported for the Northern Hemisphere (e.e., Kutzner et al., 2018; Querol et
al., 2013; Singh et al., 2018). Based on surface measurement stations Kutzner et al.,
2018 found an annual reduction between 1and 3% for German urban background
and rural sites in the period between 2005 until 2014. At traffic sites the annual
reduction was as high as 5%. For a kerbside station in London, Singh et al., 2018
found up to 8% annual reduction in BC, whereas the reduction at rural and remote
sites was as little as 0.6%. Querol et al., 2013 obtains similar results for Spain with
a high BC reduction in urban areas and little to statistically insignificant reductions

*data are downloaded for countries considered in this study from the EUROSTAT website
with last access 08.07.2021 (https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custo
m_1131819/default/table).

https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table
https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table
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Figure 3.8: EUROSTAT data for fossil fuel demand for the July 2017, April 2020, May 2020
and June 2020. Panel a) and c) combines demand for diesel, kerosene (aviation fuel) and
motor spirit (gasoline) *. Panel b) and d) provides the Diesel demand, e) and g) the Kerosene
(aviation fuel) and, f) and i) the motor spirit (gasoline) demand.

in rural regions. The BC concentrations in our study falls within the range reported
by Querol et al., 2013 for remote and rural sites in Spain. It has to be noted that
BC concentrations show both a strong vertical gradient and a geographic pattern,
highly sensitive to emission hot spots like traffic sites, domestic combustion sources
or industrial areas. Thus the median vertical profiles shall be understood as lower
tropospheric background concentrations with an anticipated annual reduction in the
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Figure 3.9: Cumulative EUROSTAT data for solid fossil fuel inland consumption for the years
2012 to 2020 *.

range of rural and urban background concentrations. Hence, around 3 to 9% of the
reduction we found should be attributed to long-term trends in emission reductions.

The local top of the atmosphere direct radiative effect of BC over continental Europe
is considerably small, due to the low surface albedo and relatively low BC concen-
trations (Heald et al., 2014). Due to BC’s ability to absorb solar radiation the re-
duced emissions show a net warming effect in the lower troposphere, by increasing
the incoming radiation. However, there is a change of sign at pressure levels below
700 hPa (∽ 3000m) resulting in an overall cooling effect at the top of the atmosphere.
Nevertheless, to get a full picture of the atmospheric response to the unprecedented
atmospheric situation during the COVID-19 pandemic, more sophisticated studies are
needed at this point. In particular the long-range transport of anthropogenic pollu-
tants to remote regions like higher latitudes, where its climate impact is amplified by
a high surface albedo and an increased ice melting due to deposition of atmospheric
BC on snow and ice will be of interest. Also, research on the long- and short-term
radiative effects in combination with other relevant species will be very valuable for
atmospheric science and policy makers. For these studies we present a good estimate
for the near immediate response of MBC in the area of southern and western Europe.
Furthermore, we show that proxy data as used by Forster et al. (2020) or EUROSTAT
data can serve well for the improvement and the definition of emission inventories
during the exceptional atmospheric circumstances during the pandemic.

*data are downloaded for countries considered in this study from the EUROSTAT website
with last access 08.07.2021 (https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custo
m_1131819/default/table).

https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table
https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table
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3.1.2 Summary of MBC reductions
We showed that lower tropospheric median MBC was decreased by 41% in southern
and western Europe in 2020 compared to 2017. This reduction is attributed to two
main reasons, the general decreasing trends of BC emissions in Europe accounting for
3 to 9% and the confinement of human movement as a result the measures taken to
minimize the spread of COVID-19 accounting for 32 to 38%. The effect of COVID-19
confinements on the atmospheric MBC found in this study generally agrees with ear-
lier studies using ground based and proxy data to estimate the confinement’s effect.
In addition to earlier studies, we present the first measurement results of airborne
BC in 2020. We provide a consistent data set for a large spatial area and the vertical
extent of MBC and NBC.

Our results confirm the near immediate atmospheric response of MBC and NBC to
anthropogenic activities. Reduced mobility drives the BC reductions in the lower
troposphere. Some of these changes in mobility, such as reduced road and air traffic
due to home-office and video conferences, should be sustained into working culture.
Model studies using our results can quantify the positive effects on public health
and the atmosphere due to reductions in air pollution. Our study extends current
knowledge about the distribution of pollutants in the atmosphere. It demonstrates
that the impact of measures, which improve air quality, also influence climate. It
thereby contributes to one of the most important challenges of this century, namely
how to mitigate climate change.
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3.2 Changed cloud condensation nuclei burden during
COVID-19 lockdown over Europe

Besides the outlined reduction in MBC and NBC, the NCCN budget was also affected
by the COVID-19 confinements in Europe. In the following, I compare the measure-
ments of NCCN 0.3 from the EMeRGe EU campaign during business as usual conditions
and the BLUESKY measurements characterized by the COVID-19 lockdown.

The sources for aerosol acting as CCN are diverse. They can originate from biogenic
emissions, as primary biogenic aerosol, or form secondarily from precursor gases
emitted from the biosphere. Aerosol from the burst of ocean waves, referred to
as sea spray, can also contribute to the CCN burden in marine environments. In
the Anthropocene, however, in most continental and even coastal regions, the CCN
burden is dominated by anthropogenic emissions of primary particulate pollution
and secondary aerosol nucleated from precursor gases (e.g., Andreae, 2007). Due
to the more diverse sources, the analysis of CCN is more complex compared to BC
which is emitted exclusively during incomplete combustion processes. Therefore, the
following section focuses on a qualitative analysis of the changes in the CCN burden
due to the COVID-19 confinements in Europe.

In 2020, the NCCN 0.3 was generally lower than in 2017, with a remarkably stronger
confinement to the PBL (Fig. 3.10). For the measurements in 2017, Hernández et al.,
2022 report a good agreement between CO and NCCN 0.3 in the lower troposphere.
CO is primarily emitted in the combustion of fossil and bio fuels and is therefore a
good general tracer for pollutants originating from combustion processes. The good
correlation with CO as well as the confinement to the PBL are good indications that
the bulk of the CCN budget over Europe is dominated by anthropogenic emissions
and combustion processes.

Besides the anthropogenic combustion of fossil- and bio-fuels for housing, industry,
traffic and agriculture, also biomass burning emissions from wildfires in south Europe
(Fig. 3.4) are apparent in NCCN 0.3. These wildfire emissions are mostly lofted into the
free troposphere due to the high thermal energy of the fires leading to convective
upward transport, whereas urban haze is more confined to the PBL since the single
emission sources have rather small thermal energy which is not sufficient to trigger
convective processes. Intrusions of urban haze into the free troposphere happen
more likely due to turbulent mixing in the interface between the PBL and the free
troposphere. The layers dominated by lightly aged biomass burning smoke feature a
high concentration of both BC and NCCN 0.3.

During EMeRGe EU, long-range transport of biomass burning emissions from North
America was probed (Förster et al., 2023; Hernández et al., 2022). Remarkable
are the enhancements in CO in these layers, however, only average or even below
average NCCN 0.3 were measured (Hernández et al., 2022). Also MBC within these
plumes is remarkably low. A possible explanation is that particulate pollution in
these layers already scavenged and got diluted by background aerosol.

The anthropogenic origin of the lower tropospheric CCN, driven by combustion pro-
cesses, allows a direct transfer of the results for the MBC reductions to correct the
CCN budget for the changed conditions in 2020. Important to note are thereby the
generally similar but different scavenging processes for BC and CCN. As outlined
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Figure 3.10: (a) Cross section of NCCN 0.3 for 2017 EMeRGe EU measurements. Arithmetic
mean for all data falling into a grid point of 0.2○ latitude and 500m altitude. The color scale
ranges from 0 to 0.3 µgm−3. Means exceeding this range are shown in red. (b) as (a) but for
the 2020 BLUESKY measurements. The grey shading is the mean terrain height below flight
track and the grey solid line shows the planetary boundary layer height below flight track
(details in section 2.5.3).

in section 1.2 BC is mostly removed by impaction scavenging, whereas for CCN,
hygroscopic growth and subsequent sedimentation, droplet activation and rainout
as well as heterogeneous chemistry dominate the atmospheric removal processes.
Nonetheless, the good agreement in the vertical and spatial distribution of CCN and
BC (Figs. 3.3 and 3.10) motivates us to use the results of the BC data for the analysis
of the CCN measurements. Figure 3.11 shows nicely that a 35 % reduction of the
CCN budget over Europe for 2017 agrees better with the CCN burden measured in
2020.

The measurement, however, had significant differences in the flight pattern and ma-
noeuvres. The most notable difference are probably the low approaches (i.e., a land-
ing manoeuvre without ground contact followed by a take off) which were possible
due to the low air traffic during the COVID-19 confinements. The low approaches
allowed more measurements within the PBL during the BLUESKY campaign. During
the EMeRGe EU campaign only few flight segments were possible within the lowest
flight altitudes. Further details on the flight pattern are outlined in chapters 2.1.1
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Figure 3.11: Vertical profiles for all NCCN 0.3 data from the EMeRGe EU (red) and BLUESKY
(grey and black). The dashed lines show the median, the solid lines the average, for BLUESKY
the grey shading represents the first and third quartile. The red solid line with round markers
is the EMeRGe EU median reduced by 35 % to match the reductions found for MBC. The solid
green line is the median ECHAM-HAM data from ten-year monthly average data in the time
from 2003 until 2012 for the months May, June and July of each year.

and 2.6. These differences likely explain the lower MBC and NCCN 0.3 in the vertical
profile for 2017 close to the surface.

The strong vertical gradient in the lower troposphere is expected for measurements
over Europe where the major sources of CCN are of anthropogenic origin (e.g.,
Hernández et al., 2022). Particle nucleation from biogenic precursors plays only
a minor role for the overall CCN budget within the lower troposphere over Europe
due to large and ubiquitous amounts of background pollution. Also aerosol cloud
interactions in the interface of boundary layer and free troposphere as well as lim-
ited transport of particulate pollution across the boundary layer engender the strong
vertical gradient in the vertical profile of NCCN 0.3.

The distinct difference between the measurements in 2017 and 2020 in the lowest
5 km of the troposphere levels out with increasing altitudes. A potential explana-
tion are smaller direct anthropogenic influences in higher altitudes. This decreased
impact of anthropogenic aerosol in higher altitudes may also explain the lower sen-
sitivity of the CCN budget to anthropogenic emissions. To better understand how
representative the HALO measurement data are against the general climatology,
the measured vertical distribution of NCCN 0.3 is compared with the average verti-
cal profile retrieved from a ten-year monthly average of ECHAM-HAM simulations
(NCCN 0.3 ECHAM). The significant drop in CCN concentrations at altitudes between 2
and 3 km observed in the HALO measurement data are not present in the model
results, which show a rather linear decrease in NCCN 0.3 ECHAM over the vertical dis-
tribution in the lower troposphere. Therefore, the model results below 3 km are
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Figure 3.12: Figure and caption from Hernández et al., 2022, Figure 12: Vertical and lati-
tudinal distribution observed during the EMeRGe IOP of (a) CO mixing ratios and (b) CCN
number concentration at a supersaturation (S) of 0.32 % (except for E-EU-04, due to in-
strumental failure). The CCN curtain plot on the bottom left is made with latitude- (0.2°)
and altitude-binned (500 m) CCN number concentrations. On the right, the median vertical
NCCN 0.32 profile is represented by a solid black line and the interquartile range by a grey-
shaded area. CCN data are standard temperature and pressure (STP) corrected.

substantially lower than the measurements. For the measurements above the lower
troposphere, however, the two HALO campaigns and the ten-year average retrieved
from model data agree well. This good agreement illustrates the lower sensitivity
of the CCN budget in the middle and upper troposphere to anthropogenic emission
pattern.

3.2.1 Summary of NCCN 0.3 changes
In the vertical profiles and the distribution in the cross section the occurrence of
NCCN 0.3 agrees well with MBC, especially in highly polluted regions, affected by dense
urban haze or biomass burning. Also the reduction in the CCN burden agrees well
with the overall reductions of MBC during the confinements. The ECHAM-HAM cli-
mate model data are a ten-year monthly average for the measurement months pro-
viding a long-term perspective. Generally, the vertical gradient in NCCN 0.3 in the
model results is too uniform compared to the in situ data, however, in the middle
and upper troposphere, the measurements and model results agree well. Also be-
tween the measurements in 2020 and 2017 there are only minor differences in the
middle and upper troposphere above 5 km.
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Based on the good correlation between CCN and BC but also CO within the lower
troposphere, the CCN burden there can be regarded as strongly influenced by an-
thropogenic emissions. In contrast, the insensitivity of NCCN 0.3 in higher altitudes
over Europe to the general pollution levels indicates that other processes than local
pollution from combustion are dominating the CCN burden in the free and upper
troposphere.



CHAPTER 4

Vertical distribution of NCCN 0.3 in
various environments
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This chapter includes data sets from the following field experiments:
EMeRGe Asia and CAFE Africa.

Contribution to this chapter by Ovid O. Krüger: I wrote and designed the pre-
sented study. For the EMeRGe Asia and CAFE Africa data sets, I conducted the CCN-
measurements onboard the HALO aircraft. I defined the grids and performed the
comparison between the ECHAM-HAM CCN data and the HALO measurements. ECHAM-
HAM data was provided by M. Salzmann and J. Quaas.



Section 4.1 – Vertical distribution of NCCN 0.3 over the tropical Atlantic ∣ 67

The tendencies of a decoupling for the CCN budget within the lower troposphere and
the free and upper troposphere as pointed out in the previous section is further ex-
amined with more HALO aircraft measurements of NCCN 0.3 and NCCN 0.3 ECHAM for the
measurement regions. The measurement regions for the median vertical profiles are
in East and Southeast Asia (Fig. 4.5) and over the tropical Atlantic Ocean (Fig. 4.1).

4.1 Vertical distribution of NCCN 0.3 over the tropical
Atlantic

Figure 4.1: Flight map with measurement flights of the CAFE Africa field campaign from
August and September 2018. Different measurement flights are color coded according to
legend. The grey polygon represents the region extracted from the global ECHAM-HAM data
set for the comparison of the vertical distribution of NCCN 0.3.

The measurement data from the tropical Atlantic are from CAFE Africa, conducted
in August and September 2018 from Sal, Cape Verde (details in section 2.1.1). Mea-
surements in the tropical northern hemisphere predominate, but the data set also
includes measurements across the intertropical convergence zone (ITCZ) down to
about 8○S (Fig. 4.2). The location of the ITCZ during the measurements was around
8 to 13○N, thus data from both tropical hemispheres over the Atlantic is well repre-
sented in the analysis.

The cross section along the latitude for MBC illustrates the impact of biomass burn-
ing emissions as a strong but local and periodical aerosol source in the lower free
troposphere (Fig. 4.3). These influences on the aerosol population are also remark-
able in the CCN burden (Fig. 4.2). In the biomass burning smoke we encountered
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the highest concentrations of NCCN 0.3 in the lower free troposphere, also exceeding
the measurements in the marine boundary layer. The influence of biomass burn-
ing over the tropical Atlantic is confined to altitudes below 5 km in the presented
data set. These findings are also reported in Holanda et al., 2023 for highly aged
biomass burning smoke measured over the Atlantic near the Brazilian coast. These
stable smoke layers are transported as compact layers of particulate pollution above
the marine boundary layer. Thermal inversion thereby inhibits these smoke layers
from mixing with surrounding air-masses (e.g., Holanda et al., 2023; Lareau and
Clements, 2015). Accordingly, we measured only low concentrations of MBC out of
the biomass burning plumes.

Another, and also discontinuous, source of CCN is the southbound transport of min-
eral dust from African deserts. The transport of dust layers was measured north
of the ITCZ during the CAFE Africa campaign and coincides with enhanced NCCN 0.3

and some intrusions of anthropogenic pollution, which increased MBC (13 to 19○N in
figures 4.3 and 4.2). The aerosol enhancements due to mineral dust transport are
in a comparable altitude range as the smoke plumes originated from biomass burn-
ing, however, the upward transport for both aerosol types is generally different (e.g.,
Royer et al., 2023a).

We observed only low MBC in the middle free troposphere, above 5 km. The long
range transport of mineral dust layers also occurred in lower altitudes during the
CAFE Africa measurements in late summer 2018. Therefore, the NCCN 0.3 budget in
the middle and upper troposphere is considered as background concentrations for
the remote tropical Atlantic.

Figure 4.2: Cross section of NCCN 0.3 for 2018 CAFE Africa measurements. Arithmetic mean
for all data falling into a grid point of 0.2○ latitude and 500m altitude. The color scale ranges
from 0 to 1000 cm−3. Means exceeding this range are shown in red. The grey solid line shows
the planetary boundary layer height below flight track retrieved from HYSPLIT backward
trajectories (details in section 2.5.3).

In general, the vertical profiles for the HALO measurement data from the CAFE Africa
campaign in 2018 over the tropical Atlantic and the ECHAM-HAM data agree well.
With the exceptions of the above discussed distinct biomass burning smoke plumes
and the transport of mineral dust, the measurement data consists of marine back-
ground conditions. The third quartile as well as the average vertical profile react
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Figure 4.3: Cross section of MBC for 2018 CAFE Africa measurements. Arithmetic mean for
all data falling into a grid point of 0.2○ latitude and 500m altitude. The color scale ranges
from 0 to 0.6 µgm−3. Means exceeding this range are shown in red. The grey solid line shows
the planetary boundary layer height below flight track retrieved from HYSPLIT backward
trajectories (details in section 2.5.3).

sensitively to these smoke and dust plumes with a comparably small spatial extent
but strong enhancements (Fig. 4.4. It is important to note that during CAFE Africa,
biomass burning smoke was one of the key research targets, therefore the frequent
occurrence in the measurement data is potentially due to a sampling bias and only
hardly representative for the general marine free troposphere. Due to the small hori-
zontal extent of the biomass burning smoke and urban haze plumes, these emissions
will not outweigh the marine background when comparing the median value.

The agreement between the ten-year median of monthly model data averages with
the in situ measurements over the tropical Atlantic supports the hypothesis of pollu-
tion driven variations in the CCN budget of the lower troposphere and only minor
sensitivity of CCN in higher altitudes to both variations in emission and meteorologi-
cal factors. The model results capture the general shape and the absolute concentra-
tion of NCCN 0.3 well over the whole vertical extent.

In the model data as well as in the measurements, a considerable increase in NCCN 0.3

appears in altitudes between 1 and 4 km, followed by a drop. The enhancement in
both the model and in situ data are associated with typical altitudes for long range
transport of biomass burning smoke and mineral dust (e.g., Holanda et al., 2023;
Royer et al., 2023a). The model tends to capture these measured enhancements
of aerosols well. Above 4 to 5 km, the NCCN 0.3 drops and remains rather linear for
in situ and model data in the middle free troposphere. In the upper troposphere
and lower stratosphere, however, the CCN burden tends to increase due to forma-
tion of secondary aerosol species from sulfuric precursor gases (e.g., Brock et al.,
1995; Williamson et al., 2019) as well as due to downward transport and mixing
of stratospheric sulfate aerosols (e.g. Kremser et al., 2016). The measurements over
the tropical Atlantic generally agree well with the climatology data retrieved from
the ECHAM-HAM model and the overall processes controlling the CCN burden in the
tropical troposphere tend to be little sensitive to anthropogenic pollution and small
scale meteorological parameters.
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Figure 4.4: Vertical profiles for NCCN 0.3 data from region defined as tropical Atlantic in this
study (grey and black). The dashed lines show the median, the solid lines the average, for
BLUESKY the grey shading represents the first and third quartile. The red solid line with
round markers is the EMeRGe EU median reduced by 35 % to match the reductions found for
MBC. The solid green line is the median ECHAM-HAM data from ten year monthly average
data in the time from 2003 until 2012 for the months May, June and July of each year.

4.2 Vertical distribution of NCCN 0.3 over Asia

EMeRGe Asia focused, like its companion campaign EMeRGe EU, on anthropogenic
pollution from major population centres. Flights were carried out in March and
April 2018 from Tainan in Central Taiwan. The targeted outflows of urban haze
originated from Beijing and Shanghai in China, Manila on the Philippines, Nagoya
in Japan, Bangkok in Thailand and several major cities in Taiwan (further details
in section 2.1.1) and had various atmospheric aging times. For the analysis of the
EMeRGe Asia data in the context of the vertical CCN burden, the overall observations
are separated into East and Southeast Asia. The separation is at a latitude of 21.5○N,
south of Taiwan (Fig. 4.5).

In Asia the pollution encountered was generally less confined to the PBL compared
to measurements in Europe. The overall concentrations also exceed the observa-
tions in Europe. Please note therefore the different color scale in figures 4.7 and
3.3. We measured high concentrations of MBC also in the middle free troposphere
(Fig. 4.7). The BC aerosol consisted of aged urban haze (see also section 5.3) occa-
sionally mixed with emissions from biomass burning in Indochina (Lin et al., 2023)
and Northeast China (see also section 5.2). The remarkably high concentrations of
MBC measured between 30 and 34○N originate from the metropolitan area of Beijing
and Shanghai and were measured after few days of ageing over the Yellow Sea. The
concentrations of pollution are often higher above the boundary layer than within,
especially over Taiwan, located in the outflow of the Yangtze River delta and in the
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Figure 4.5: Flight map with measurement flights of the EMeRGe Asia field campaign from
2018. Different measurement flights are color coded according to legend. The grey polygon
represents the region extracted from the global ECHAM-HAM data set for the comparison of
the vertical distribution of NCCN 0.3 for the vertical profiles north of Taiwan. The pink polygon
is for the comparison south of Taiwan.

transportation pattern of highly aged pollution from the Beijing region, both some
of the most polluted regions globally (e.g., Chan and Yao, 2008; Ramanathan and
Carmichael, 2008). This suggests that the vertical distribution of MBC can be assumed
as dominated by aged urban haze.

The higher aerosol burden encountered in Asia is not only apparent in MBC but also
in the measured NCCN 0.3 exceeding concentrations over Europe and the tropical At-
lantic. The ECHAM-HAM concentrations for the probed regions in Asia are higher
as well, however, they are still underestimating the measurements. Different to the
results over Europe, in the probed regions over Asia the model also diverges from
the measurements in the upper troposphere. One potential explanation for this di-
vergence could be the higher pollution in the free troposphere in Asia. Whereas
the overall measured CCN burden exceeds the model expectations, the shape of the
vertical distribution is captured well in the ECHAM-HAM results.

In the upper troposphere, however, there are some event-like measurements of high
NCCN 0.3. These measurements tend to diverge strongly from the model expectations
for the upper troposphere where no significant increase in NCCN 0.3 ECHAM is expected
up to altitudes of 14 km in the tropical regions (Fig. 4.8 a) and around 13 km in the
extratropical regions (fig. 4.8 b). To understand the origin of these high NCCN 0.3 in
the upper troposphere we will need further investigation.

The lower NCCN 0.3 ECHAM compared to the measurements can also be due to the very
heterogeneous region of measurements regarding landmass and population. As ap-
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Figure 4.6: Cross section of NCCN 0.3 for 2018 EMeRGe Asia measurements. Arithmetic mean
for all data falling into a grid point of 0.2○ latitude and 500m altitude. The color scale ranges
from 0 to 1500 cm−3. Means exceeding this range are shown in red. The grey solid line shows
the planetary boundary layer height below flight track retrieved from HYSPLIT backward
trajectories (details in section 2.5.3).

Figure 4.7: Cross section of MBC for 2018 EMeRGe Asia measurements. Arithmetic mean for
all data falling into a grid point of 0.2○ latitude and 500m altitude. The color scale ranges
from 0 to 0.6 µgm−3. Means exceeding this range are shown in red. The grey solid line shows
the planetary boundary layer height below flight track retrieved from HYSPLIT backward tra-
jectories (details in section S1) The grey solid line shows the planetary boundary layer height
below flight track retrieved from HYSPLIT backward trajectories (details in section 2.5.3).

parent in figure 4.5, large areas of the extracted polygons for the ECHAM-HAM data
are over ocean, whereas the measurements over ocean were generally in higher al-
titudes or targeting expected transport of urban haze based on satellite observations
and model forecasting. This sampling method leads to biases towards higher con-
centrations and makes a straight forward comparison with long term trends from not
nudged modeling only little robust.
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Figure 4.8: Vertical profiles for all NCCN 0.3 data from the EMeRGe Asia north of 20○N (a)
and south of 20○N (b). The dashed lines show the median, the solid lines the average and
the grey shading represents the first and third quartile. The solid green line is the median
ECHAM-HAM data from ten-year monthly average data in the time from 2003 until 2012 for
the months March and April of each year.

4.3 Sensitivity of NCCN 0.3 to anthropogenic
perturbations

Over the tropical Atlantic the measured NCCN 0.3 agrees well with the profiles retrieved
from the ECHAM-HAM data. Therefore, the measurements of the CAFE Africa field
campaign can be assumed to be representative for the more general vertical distribu-
tion of NCCN 0.3 over the remote tropical Atlantic and second, anthropogenic pollution
does not have strong impacts on the vertical distribution of NCCN 0.3 in this region.

The comparison of the two HALO campaigns in 2017 and 2020, combined with the
ECHAM-HAM model results, illustrates the high sensitivity of the CCN burden to lo-
cal anthropogenic air pollution in the lower troposphere over Europe. In Europe
NCCN 0.3 is remarkably altitude dependent and shows a distinguished drop at the in-
terface between planetary boundary layer and free troposphere. Above this drop at
altitudes around 3 km the in-situ measurement data agrees well with the median of
ten-years monthly average values from a global climate model. Further, there are
only minor differences between the measurements in 2017 and 2020 although an-
thropogenic emissions were drastically reduced. Consequently, the CCN budget in
the middle and upper troposphere over Europe can be considered as little sensitive
to local anthropogenic air pollution.

These findings can not be confirmed based on measurements in East and Southeast
Asia, where the CCN concentrations are higher over the whole vertical extent com-
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pared to Europe. Also, the ECHAM-HAM model results tend to underestimate NCCN 0.3

across its measured vertical extent. The influence of the targeted sampling strategy
during EMeRGe Asia and the heterogeneous population and landmass distribution
within the sampling region also remains uncertain.

The general sensitivity of NCCN 0.3 in the lower troposphere to anthropogenic air pollu-
tion, however, is a common feature between the measurements in Asia and Europe.
Over the remote tropical Atlantic, NCCN 0.3 also showed a strong enhancement in a
highly aged biomass burning smoke layer. For improved understanding of sources
and properties of different pollution types, the co-variability of black carbon as a
conserved tracer for combustion aerosol and cloud condensation nuclei as a highly
climate relevant quantity can be analysed.
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This chapter is based on a manuscript draft published in Holanda, 2021 and
contains figures and data sets of two further publications (Royer et al., 2023a;
S. Raj et al., 2021a). My contributions are outlined below.

Holanda, B. A.: “Atmospheric processing and relevance of biomass burning aerosols
over the amazon and the atlantic. chapter 6: co-variability of black carbon and
cloud condensation nuclei in different polluted environments”. Dissertation, Jo-
hannes Gutenberg Universität Mainz. (2021)

I designed and wrote the study in shared authorship with B. Holanda. I was re-
sponsible for the CCN measurements during EMeRGe EU and Asia,
CAFE Africa and BLUESKY and supported the BC measurements led by B. Holanda.
I calculated the HYSPLIT backward trajectories and did the satellite data analysis.
Together with B. Holanda I selected the plumes and wrote the manuscript draft.

Royer, H. M.; Pöhlker, M. L.; Krüger, O. O.; Blades, E.; Sealy, P.; Lata, N. N.; Cheng,
Z.; China, S.; Ault, A. P.; Quinn, P. K.; Zuidema, P.; Pöhlker, C.; Pöschl, U.; An-
dreae, M., and Gaston, C. J.: “African smoke particles act as cloud condensation
nuclei in the wintertime tropical north atlantic boundary layer over barbados”. At-
mospheric Chemistry and Physics, 23, 2. (2023), pp. 981–998. DOI: 10.5194/acp-2
3-981-2023

I was responsible for the size resolved CCN measurements and the aerosol size
distribution set up at BACO. I monitored the data quality and the instrumental
performance throughout the measurement period. Further, together with H. Royer
and M. L. Pöhlker, I performed the data analysis for the CCN and aerosol size
distribution set up. H. Royer wrote the final publication and prepared the figures.

S. Raj, S.; Krüger, O. O.; Sharma, A.; Panda, U.; Pöhlker, C.; Walter, D.; Förster, J.-D.;
Singh, R. P.; S., S.; Klimach, T.; Darbyshire, E.; Martin, S. T.; McFiggans, G.; Coe,
H.; Allan, J.; R., R.; Soni, V. K.; Su, H.; Andreae, M. O.; Pöschl, U.; Pöhlker, M. L.,
and Gunthe, S. S.: “Planetary boundary layer height modulates aerosol—water
vapor interactions during winter in the megacity of delhi”. Journal of Geophysical
Research: Atmospheres, 126, 24. (2021). DOI: https://doi.org/10.1029/2021JD03
5681

I supported S. Raj in the data evaluation and interpretation. Further, I commented
and edited the manuscript and discussed the data presentation.

This chapter includes data sets from the following field experiments:
ACRIDICON-CHUVA, EMeRGe EU, EMeRGe Asia, CAFE Africa and BLUESKY.

https://doi.org/10.5194/acp-23-981-2023
https://doi.org/10.5194/acp-23-981-2023
https://doi.org/https://doi.org/10.1029/2021JD035681
https://doi.org/https://doi.org/10.1029/2021JD035681
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As shown in chapter 3.2, the CCN burden in the lower troposphere can be highly
sensitive to anthropogenic emissions. During the unprecedented reductions of an-
thropogenic emissions in the first COVID-19 lockdown in Europe, the lower tropo-
spheric CCN burden dropped in a similar range as the black carbon mass and number
concentrations. While the COVID-19 confinements strongly affected the CCN burden
in the lower troposphere, the in situ measurements and model results of the free and
upper troposphere revealed only little variability.

Based on ground based measurements in Delhi, S. Raj et al., 2021a found synoptic
parameters, namely the planetary boundary layer height, to dominate the aerosol
population density (Fig. 5.1) for MBC and NCCN at different supersaturation. The
planetary boundary layer in Delhi during wintertime has periods of weak inversion,
where the PBL height does not decrease considerably during nighttime. During days
with a high nighttime PBL the aerosol burden is substantially lower. In contrast, on
days with normal inversion, the low nocturnal PBL traps the urban haze in a much
smaller volume, leading to high aerosol loads. Overall, MBC and NCCN (S) follow the
same trends for the reported measurements in Delhi.

Both above mentioned cases, for Europe and Delhi, suggest some coherence or even
linearity between the concentrations of black carbon and the overall budget of hy-
groscopic aerosol. It is worth noting that BC may also interact with water vapor and
participate in cloud formation processes, however, the considerably small number
concentration of BC compared to NCCN 0.3 (Fig. 5.3 b) illustrates that the role of BC is
only of secondary importance for the overall CCN burden in urban haze.

Apart from urban haze emitted by anthropogenic activities, open biomass burning
such as wildfires or agricultural residual burning also emits vast amounts of smoke.
Smoke plumes are typically confined layers with aerosol and gas enhancements lofted
into the free troposphere with a limited spatial extent (e.g., Holanda et al., 2023; Wu
et al., 2021; Wu et al., 2020). During observations in high latitudes, smoke plumes
from wildfires were found lofted into the upper troposphere and lower stratosphere
(Ditas et al., 2018; Ohneiser et al., 2020; Ohneiser et al., 2022). The smoke plumes
contain high fractions of black carbon aerosol, but also significant enhancements of
hygroscopic aerosol as shown in figure 4.4 for HALO measurements over the tropical
Atlantic. Likewise, Royer et al., 2023a finds long range transport of biomass burning
smoke to increase NCCN 0.16 in the remote marine boundary layer of Barbados some
thousands of kilometers downwind of the fire emissions in Africa (Fig. 5.2). The
Barbados Aerosol Cloud Observatory (BACO) experiences nearly exclusive advection
of marine air masses without recent continental or anthropogenic influences (sec-
tion 2.1.2); therefore, recent continental or anthropogenic sources of these elevated
aerosol loads rich in black carbon can be excluded. The two examples demonstrate
the importance of smoke from biomass burning, not only for absorbing black carbon
aerosol, but also for hygroscopic aerosol and therefore for aerosol-cloud interactions.

In situ measurements of NCCN in biomass burning smoke remain sparse (Andreae,
2019). Unlike BC, NCCN is subject to significant secondary formation (Ahern et al.,
2019) and since the NCCN is highly sensitive to the aerosol size distribution and
aerosol surface chemistry, the concentrations can change substantially during the
plumes’ atmospheric residence time. However, the smoke plumes tend to stabilize
in a temporal range where aircraft measurements are performed (Andreae, 2009).
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Figure 5.1: Figure and modified caption from S. Raj et al., 2021a. Evolution of meteoro-
logical and aerosol parameters shown as a function of local time. Strong radiative inver-
sion periods and weak radiative inversion periods are indicated by white and blue graph
background, respectively. The shading on top indicates the air mass observed: north-west
(green); south-east (orange) and mixed regional pollution (gray). Temporal evolution of (a)
wind speed (WS,ms−1 color-scaled by wind direction (WD, ○); (b) temperature (T, ○C) on the
left axis and relative humidity (RH, %) on the right axis; (c) mass concentration of elemental
black carbon (BCe, MBC, e, µgm−3) on the left axis and boundary layer height (HBL, m) from
the WRF model on the right axis; (d) total particle number concentration in the size range
∼10–370 nm (NCN 10 cm

−3) and CCN concentration at selected S levels (NCCN (S), cm−3); (e)
CCN efficiency (NCCN (S)/NCN 10) at selected S levels; (f) hygroscopicity Kappa (κ(S,Da)) is
plotted as color of dots against the midpoint activation diameter (Da, nm) as y-axis. Larger
Da corresponds to lower supersaturation and vice versa; (g) particle number size distribution
(dN/d log D, cm−3) shown as a heat map from 10 to 370 nm; (h) organic mass fraction of
non-refractory submicron aerosols (NR-PM1, forg).

That can be explained by the dilution of the plumes which lowers the coagulation
rate which is the driving factor for considerable shifts in the aerosol size-distribution
and number concentration (Andreae, 2019; Janhäll et al., 2010). As a result, the
HALO in situ data can be expected to be within a relatively stable state of the plume
life cycle.

Black carbon is a relatively well conserved tracer of anthropogenic pollution and
wildfires (e.g., Andreae, 2019; Sedlacek et al., 2022) and hence it can serve as a
link between the influence of pollution from combustion on the CCN budget. The BC
aerosol mass is nonvolatile and chemically inert and thus shows only minor changes
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Figure 5.2: Figure and caption from Royer et al., 2023a. Temporal evolution of hygroscop-
icity parameter κ (black dots, upper panel) and CCN number concentration (red dots, lower
panel), both measured at S = 0.16%, and smoke particle number fraction (grey bars, left
axis, lower panel). Background color shadings indicate periods of continental influence (or-
ange) and clean marine influence (blue) determined by HYSPLIT backward trajectories and
dust mass concentrations.

during atmospheric aging. Therefore, the relationship between NCCN 0.3 and MBC for
typical emission sources is characterised based on HALO measurement data. For
highly and lightly aged open biomass burning smoke and aged urban haze, a distinct
relation between BC and CCN is identified. The relationships are further compared
with some case studies from HALO in situ measurements in various environments.
For the case studies, HYSPLIT backward trajectories and MODIS satellite data are
also considered in the source apportionment. Based on the typical emission sources,
a general parametrisation of the CCN budget related to the MBC in polluted environ-
ments is retrieved.

5.1 Typical NCCN 0.3 and MBC regimes in polluted envi-
ronments

In this section, the three typical regimes for highly and lightly aged biomass burning
smoke and for urban haze are identified for HALO in situ data from measurements
in one of the three distinct pollution regimes without significant influences of other
combustion aerosol sources.

The reference case for the highly aged biomass burning smoke consists of data from
the CAFE Africa campaign where we measured highly aged smoke plumes in different
stages of aging states over the tropical Atlantic during three measurement flights. The
plumes were transported well above the marine boundary layer (Fig. 4.3) and did not
show implications of recent mixing with other air masses.

The core diameters of the refractory black carbon aerosol (DrBC) in the highly aged
biomass burning smoke are comparably large, with a mean of DrBC = 225nm and a
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Figure 5.3: Relationships between (A) NCCN 0.3 and MBC; and (B) NCCN 0.3 and NBC for the
selected pollution conditions: urban pollution (violet), lightly aged Amazonian BB (green)
and highly aged African BB (grey). The solid lines represent linear orthogonal distance re-
gression (ODR) applied to the 1-min averaged data (as markers) with shadings representing
± one standard deviation. The fit parameters of the regressions are shown in Table 5.1.

narrow distribution with σrBC = 1.5 (Fig. 5.4 A1 and B1). While highly aged biomass
burning smoke has the largest DrBC in our data set, it represents the lower end of the
NCCN 0.3 to MBC regimes (∆CCN/∆BC ≈ 0.5 ± 0.1 ⋅ 109 µg−1).

During the transatlantic transport, the smoke plumes dilute with cleaner air masses
in the free troposphere. This dilution causes a decrease in absolute concentrations,
however, the ratio of NCCN 0.3 to MBC and NBC remains nearly unaffected. The narrow
size distribution and small spread between mean, median and within the interquar-
tile range (IQR) are also remarkable for measurement data from three independent
measurement flights with different geographical locations over the tropical Atlantic.
Further, the observed size range is in good agreement with ground based measure-
ments at the ATTO site, as discussed in Holanda et al. (2023).The low variability
of the highly aged smoke plumes over large geographical areas suggests that there
is little aging of the persistent layers of smoke that form from the pyro-convective
smoke clouds.

Lightly aged biomass burning smoke over the Amazon rain forest was intensively
probed during the ACRIDICON-CHUVA campaign. In the measurement period in
September 2014, however, long-range transport of smoke emitted in Africa comprises
a large fraction of the Amazon’s aerosol burden (Holanda et al., 2023; Holanda et
al., 2020; Saturno et al., 2018). Therefore, we only selected periods when emissions
from regional fires in the Amazon were dominant. Most of the selected data were

Table 5.1: The fit parameters of the ODR fits presented in Figure 5.3: slope ± standard
deviation (SD), R2 and the number of observations (N , i.e., observations of one minute
averages of data in 1Hz temporal resolution) shown in the respective BC-CCN scatter plot.

Urban Lightly aged BB Highly aged BB
∆CCN/∆BC ± SD [ ⋅109 µg−1] 20 ± 12 2.7 ± 0.4 0.5 ± 0.1
R2 0.90 0.99 0.97
N 62 70 305
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collected within the PBL of the southern Amazon rain forest, known as ’Arc of Defor-
estation’. These data fall within NCCN 0.3 to MBC ratios with a slope of ∆CCN/∆BC ≈
2.7 ± 0.4 ⋅ 109 µg−1 (Fig. 5.3). With DrBC = 195nm and σrBC = 1.6, the size distribution
of lightly aged smoke is also well confined and the BC core diameters are below the
ones for highly aged smoke.

Figure 5.4: Properties of rBC cores during pollution conditions shown in Fig. 5.3, showing
significant differences in agreement with Holanda et al. (2023). Specifically, geometric mean
diameters, DrBC, in (A) and (B) the geometric standard deviation, σrBC, in (A) are shown,
both retrieved from lognormal fits of 1 minute averaged rBC mass size distributions for the
different pollution conditions presented in Figure 5.3. In the box-whisker plots, the horizontal
bars represent the median, circles the mean, boxes the interquartile range (IQR, i.e., 25th and
75th percentiles), and whiskers the 9th and 91th percentiles.

In the urban haze of several European cities we found the highest NCCN 0.3 per NBC

and MBC presented in this study, reaching up to ∼4600 cm−3, while NBC does not ex-
ceed ∼160 cm−3, and MBC ∼0.2 µg cm−3 leading to a ratio of ∆CCN/∆BC ≈ 20 ± 12 ⋅109

µg−1 accordingly. The measurements were taken from May to June 2020, without
significant biomass burning events in Europe and out of the domestic heating season
where domestic wood burning enriches the BC burden significantly (e.g., Kalogridis
et al., 2018). Therefore, these measurements serve as a benchmark for the typical
NCCN 0.3 to MBC signature of urban haze. The urban haze presented here is dominated
by anthropogenic combustion emissions, which include, to a significant degree, emis-
sions from traffic and energy production (Bond et al., 2013; Krüger et al., 2022, and
chapter 3). The rather broad size distribution (σrBC = 2.0) combined with relatively
small DrBC = 137nm are also typical attributes of urban pollution (Liu et al., 2014;
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Reddington et al., 2013; Schwarz et al., 2006; Schwarz et al., 2008). It is notable
that, for NBC, probably a large fraction is not detectable with the SP2 due to the lower
cut-off around 70 nm. For MBC, however, the smaller particles are only of secondary
importance.

5.2 Co-variability of NCCN 0.3 and MBC in aged biomass
burning emissions

Biomass burning smoke is an important constituent of atmospheric pollution, ac-
counting for up to 60 % of atmospheric MBC (e.g., Andreae, 2019; Bond et al., 2013;
Bowman et al., 2009). While urban emissions show an overall decreasing trend (e.g.,
Kanaya et al., 2020; Kutzner et al., 2018; Querol et al., 2013; Singh et al., 2018),
smoke from open biomass burning is globally increasing due to land use and climate
change (e.g., Guerreiro et al., 2018; Jolly et al., 2015; Senande-Rivera et al., 2022).
The smoke emitted from open biomass burning is a punctual and periodic source
of air pollution. In the global context, however, there are emissions from wildfires
throughout the year and also, BC is ubiquitous, affecting air quality and climate
(Schill et al., 2020).

Lightly aged biomass burning smoke was also measured in the lower troposphere
over Europe and Asia, besides the smoke probed over the Amazon (Fig. 5.3). The
lightly aged biomass burning plumes presented in the following are from measure-
ments over the Gulf of Thailand and originated from evergreen broad leaf forest
fires in the border area between Cambodia and Vietnam (Fig. 5.5), from the region
around Marseille (Fig. 5.7), from Portugal, measured over Spain (Fig. 5.8), and from
Italy, measured over the Tyrrhenian Sea (Fig. 5.9). Apart from the data for lightly
aged smoke, we also show data for highly aged smoke originated from Africa and
measured over the Amazon and the coast of Northeast Brazil (Fig. 5.11).

Two smoke plumes were probed over the Gulf of Thailand during the ferry flights of
the EMeRGe Asia campaign on 12 March and 07 April 2018. Both plumes match the
lower end of the NCCN 0.3 to MBC regime found for the reference case of Amazonian
smoke (Fig. 5.5A). Similar to Brazil, fire is also a widespread tool for land clearance
in the highlands of Vietnam and Cambodia (Nguyen et al., 2008; Scheidel and Work,
2016; Vadrevu et al., 2019). The MODIS fire maps in Figure 5.5B reveal some fire
clusters in the transition area of agriculturally used terrains and savannahs as well as
tropical evergreen broad leaf forest vegetation (Fig. 5.5B, 5.6A). According to the air
mass history (Figs. 5.5C and 5.6), the smoke plumes we measured over the Gulf of
Thailand are likely to have originated from these deforestation and agricultural fires.
The plumes were intercepted above the PBL (Fig 4.7) in altitudes between 1500 and
2000 m and some hundreds of kilometers away from the emission sources, and thus,
have aged for one and two days prior to the measurements (Fig. 5.5C, 5.6B). What is
remarkable here is the good agreement between the two measurements even though
in the second flight we encountered cloudy conditions and precipitation (Fig. 5.6B).
The slightly larger BC fraction in the Asian smoke compared to the reference case can
be explained by the contribution of agricultural fires and the larger distance to the
emission sources as well as the aging time and potential scavenging of hygroscopic
aerosol due to high humidity and clouds.
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Figure 5.5: (A) Relationship between NCCN 0.3 and MBC for BB emissions in Southeast Asia,
measured over the Gulf of Thailand during two measurement flights (12 March and 07 April
2018). The plumes are emitted from BB fires in Vietnam and Cambodia with evergreen
broad leaf forest vegetation, savannahs as dominant combustion fuels. (B) MODIS "Corrected
Reflectance (True Color)" image for 10 March 2018, two days prior to measurement flight.
Red dots indicate "Fires and Thermal Anomalies (Day and Night)". (C) HYSPLIT BT for
measurements of BB plume. The color code indicates time passed prior to measurement,
suggesting a plume age of one to two days. Note, BT and MODIS image for the flight on 07
April 2018 can be found in Fig. 5.6.

Figure 5.6: (A) MODIS "Corrected Reflectance (True Color)" image for 05 April 2018, two
days prior to measurement flight. Red dots indicate "Fires and Thermal Anomalies (Day and
Night)". (B) HYSPLIT BT for measurements of BB plume. The color code indicates time
passed prior to measurement, suggesting a plume age of one to two days.

A smoke plume was encountered twice, once onshore and once over the Mediter-
ranean, during the EMeRGe EU campaign on 24 July 2017. Figure 5.7B shows fire
spots close to Marseille, France that likely originated from the burn of subtropical
mixed forests. We measured the smoke plumes near their emission source, thus we
probed relatively fresh smoke conditions. Figure 5.7A reveals an excellent agreement
between the BB smoke over the Mediterranean and the lightly aged BB over the Ama-
zon (green shading). For the BB smoke measured over land, however, a higher CCN
to BC ratio is observed, falling in between the lightly aged smoke (green) and the
urban haze (violet) ratios. This may result from intrusions of urban haze from the
nearby metropolitan area of Marseille and Toulon with a population over 3 million
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and France’s largest cargo harbor *. These observations highlight the sensitivity of
the NCCN 0.3 to MBC ratio to additional air-pollution or other strong aerosol emitters.

The comparison of the HALO in situ measurements with SEVIRI satellite retrieved
aerosol optical thickness (AOT) in Figure 5.7B highlights the capabilities of satel-
lites to identify the geographical location of smoke plumes. This information can
be extended with information about the vertical plume distributions and the distinct
aerosol properties within the smoke plumes. The in situ measurements found the
plume to be located in altitudes around 2 km with peak concentrations of 7 µgm−3,
while MBC within the PBL was around 1 µgm−3 (Hernández et al., 2022).

Figure 5.7: (A) Relationship between NCCN 0.3 and MBC for BB emissions in southern Europe,
measured over France and the Mediterranean close to Marseille (24 July 2017). (B)(a - c)
Aerosol optical thickness at 0.55 µm as retrieved from SEVIRI from 05:00 to 17:00 UTC on
24 July 2017. (B)(d) E-EU-07 flight track, color coded with MBC. For better contrast, the
scale for MBC ranges from 0.1 to 1.5 µgm−3. Grey color on flight track indicates values below
0.1 µgm−3. MBC reached values up to 7 µgm−3 at the French coast. Figure adapted from
Hernández et al., 2022. (C) MODIS "Corrected Reflectance (True Color)" image for 24 July
2017, the day of measurement flight. Red dots indicate "Fires and Thermal Anomalies (Day
and Night)". The grey shading emerging from fire dots is the image of smoke plumes. The
red shading indicates "Human Built-up And Settlement Extent" showing the high density of
urban settlements at BB origin.

At relatively low concentrations a higher NCCN 0.3 to MBC ratio is observed for smoke
originated from savannah, grassland and evergreen conifer forest fires in Portugal
(Fig. 5.8A), compared to the reference case. For higher concentrations of MBC, the
ratio agrees well with lightly aged amazonian smoke. The fires had already started
five days prior to our measurement flight and persisted over several days. The higher
NCCN 0.3 observed in this roughly one day aged plume (Fig. 5.8C) may result from
intrusions of urban pollution. The BTs pass over Madrid at altitudes around 2 to 3
km (Fig. 5.8C) as a major source of anthropogenic emissions in Spain. Nevertheless,
there is a clear difference in the NCCN 0.3 to MBC ratio of the plume containing predom-
inately wildfire smoke and the outflow of urban haze from Barcelona (section 5.3) as
another major pollution region in Spain (Fig. 5.14).

Over the Tyrrhenian Sea we measured roughly two days aged biomass burning smoke
from fires in southern Italy and Croatia during EMeRGe EU (Fig. 5.9). The NCCN 0.3

*https://www.marseille-port.fr/en

https://www.marseille-port.fr/en
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Figure 5.8: (A) Relationship between NCCN 0.3 and MBC for BB emissions in Southern Eu-
rope, measured over Spain. The plumes are emitted from BB fires in Portugal, where savan-
nahs, grassland and evergreen conifer forests are the dominant combustion fuels. The day
of measurement was 28 July 2017. (B) MODIS "Corrected Reflectance (True Color)" image
for 27 July 2017, one day prior to measurement flight. Red dots indicate "Fires and Ther-
mal Anomalies (Day and Night)". The grey shading emerging from fire dots is the image of
smoke plumes. (C) HYSPLIT BT for measurements of BB plume. The color code indicates
time passed prior to measurement, suggesting a plume age of about one day.

to MBC ratio for this lightly aged smoke falls below the ratio found for Marseille
(Fig. 5.7) and the reference case (Fig. 5.3). The main combustion fuels were savan-
nahs in Italy and grasslands in Croatia. Savannahs and grasslands tend to burn more
efficiently than forests, where the water content is higher (e.g., Andreae, 2019).
It can therefore be assumed that fires in more humid regions tend to emit larger
amounts of gaseous aerosol precursors and primary aerosol in addition to BC. Thus,
a drift towards a lower CCN fraction is in good agreement with the results for highly
aged African smoke. The measurements over the Tyrrhenian Sea show nicely the
importance of the combustion fuel for the plumes’ composition. Andreae, 2019 sum-
marized different biomass burning fuels and found, for savannahs, the co-emitted
CCN to be considerably lower than for forest fires (Fig.5.10).

Holanda et al., 2020 reported in situ measurements of highly aged African smoke
probed twice in the northern Amazon Basin on the 06 September 2014 and over
the Atlantic near the Brazilian coast on 30 September 2014 during the ACRIDICON-
CHUVA campaign. The African smoke over South America was encountered mainly
in defined and stable atmospheric layers with high aerosol concentrations above the
marine boundary layer (Holanda et al., 2020) as well as after downward mixing
into the marine and continental boundary layer. As shown in Figure 5.11, many of
the data points fall within the region defined as highly aged smoke (grey shading).
These plumes, even though lower in overall concentration, agree remarkably well
with the CAFE Africa measurements. The points that fall above the grey shading
correspond to measurements in the marine or Amazonian boundary layers, where
marine and biogenic emissions from the Amazon rain forest potentially contribute
to the overall CCN burden. Nevertheless, consistent NCCN 0.3 to MBC ratios were ob-
tained between independent measurement regions and different campaigns taken
four years apart from each other. This result indicates that African smoke layers tend
not to age significantly after the pyro-convective intrusion into the free troposphere.
The potential formation of secondary formed CCN also seems to happen within the
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Figure 5.9: (A) Relationship between NCCN 0.3 and MBC for BB emissions in Southern Europe,
measured over the Tyrrhenian Sea close to Rome. The plumes are emitted from BB fires in
Italy and Croatia, where savannahs and grassland are the dominant combustion fuels. The
day of measurement was 20 July 2017. (B) MODIS "Corrected Reflectance (True Color)"
image for 18 July 2017, two days prior to measurement flight. Red dots indicate "Fires and
Thermal Anomalies (Day and Night)". The grey shading emerging from fire dots is the image
of smoke plumes. (C) HYSPLIT BT for measurements of BB plume. The color code indicates
time passed prior to measurement, suggesting a plume age between two and three days.

first days, before the transatlantic transport of the smoke plumes. However, the influ-
ence of secondary and primary aerosols on the CCN budget within the smoke layers
cannot be answered from our in situ data and will require further modelling and
measurement efforts. Since we did not find further aging and processing between
the measurements from CAFE Africa and Brazil for BC and CCN in the smoke lay-
ers, the only varying factor is the overall concentration which is subject to dilution
with surrounding comparatively clean air-masses. Any other aerosol scavenging or
processing will lead to a shift in the ratio between NCCN 0.3 and MBC. Wet scaveng-
ing processes would predominately reduce NCCN 0.3, while sedimentation deposition
is unlikely to play an important role in the NCCN 0.3 size ranges (Pöhlker et al., 2021;
Seinfeld and Pandis, 2006).

Figure 5.10: Relative emissions of NCCN 0.5 and MBC per kilogram of burnt combustion fuel.
Data taken from table 1 in Andreae, 2019. Note that due to different measurement methods
and data reporting, elemental carbon (EC) is also included in the provided MBC and EC values.



88 ∣ Chapter 5 – Characteristic relationships between CCN and BC

After mixing of the stratified layers of African smoke into the PBL in the central
Amazon, no significant aging of the BC is observed either. Figure 5.13 shows NCCN 0.3

to MBC ratios for the lightly aged regional and highly aged African smoke measured
at the ATTO site (Holanda et al., 2023) and reveals that mixing into the PBL over the
central Amazon does not significantly shift the ratios between CCN and BC into other
regimes either. The three years of ATTO data were separated with a deconvolution
method based on the differences in the BC size distributions, presented in Holanda
et al., 2023. The NCCN 0.3 was retrieved from the aerosol size distribution measured
with an SMPS, following the parametrisation by Pöhlker et al., 2018. The MBC was
directly measured with an SP2 (Holanda et al., 2023). The good agreement between
the spatial highly resolved HALO measurements and the ground based long-term
measurements covering different seasons reveals the robustness of the typical NCCN 0.3

to MBC regimes for highly aged African smoke, introduced in this study.

Figure 5.11: (A) Relationship between NCCN 0.3 and MBC for BB emissions from African fires,
measured over the Amazon rain forest on 06 September 2014 and the Brazilian coast on 30
September 2014. (B) HYSPLIT BT calculated 315 hours backward. The color code indicates
time passed prior to measurement, showing that the plume roughly travelled over Brazil for
four days prior to measurement. Note, the BT for the second plume can be found in figure
5.12.

Figure 5.12: HYSPLIT BT for measurements of African BB plumes at Brazilian coast. The
color code indicates time passed prior to measurement.
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Figure 5.13: Relationship between NCCN 0.3 and MBC for South American BB emissions
(green dots) and African BB smoke (black squares) at the ATTO site. The data separation
was performed according to Holanda et al., 2023, further details and methods can be found
therein.

5.3 Co-variability of NCCN 0.3 and MBC in urban haze

In the following, we show measurements of urban pollution from Europe and East
Asia. Based on air-mass history modeling, we could identify plumes of urban haze
from Barcelona, Spain (Fig. 5.14), Nagoya, Japan (Fig. 5.15), mixed urban and lightly
aged smoke from Rome and the Po Valley, Italy (Fig. 5.16, 5.17B) and London, Eng-
land (Fig. 5.17A). The outflow from Shanghai and Beijing, China was potentially
mixed with aged biomass burning smoke (Fig. 5.18). Ground based measurements
from Delhi (S. Raj et al., 2021a) are also included in this chapter.

The plume of urban haze originating from Barcelona was measured in summer 2017
during EMeRGe EU (Fig. 5.14A). The NCCN 0.3 to MBC ratio is in a comparable range
to the typical ratio found for urban haze (5.14A, violet shading). During the mea-
surement period, smoke from wildfires in Portugal affected the lower troposphere of
the Iberian peninsula (Fig. 5.8). It is possible that the measured urban haze is also
influenced to some extent by biomass burning smoke. However, as apparent in figure
5.14B, the probed air-mass is probably not directly affected by the smoke from Por-
tugal and a substantial fraction of the air-masses has not passed the free troposphere
over the Iberian Peninsula, where transport of biomass burning smoke preferentially
occurs (see e.g., Figs. 3.3, 5.8 and 4.3). The good agreement of the measurements
from Barcelona and the reference cases also suggests urban haze to be the dominant
aerosol source.

We measured relatively dense pollution downwind of Nagoya in the Ise Bay. The
urban haze from the Nagoya metropolitan area shows NCCN 0.3 to MBC properties
that are comparable to the ones encountered in Europe (Fig. 5.15A). The pollution
layer was measured in spring 2018 during the EMeRGe Asia campaign. The Nagoya
metropolitan area is one of Japan’s major industrial centres and, with more than 9
million inhabitants, it is one of Japan’s most densely populated areas (Japan, 2020).
The major industrial sector is the Toyota main manufacturing plant with numerous
sub-component suppliers. Similar to the observations of urban pollution influenced
by biomass burning smoke in Europe (Fig. 5.16, 5.17B), there might be some im-
pact of long-range transported smoke from cropland fires in China. The satellite
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Figure 5.14: (A) Relationship between NCCN 0.3 and MBC for urban emissions from
Barcelona. The plume was measured over the Mediterranean close to Barcelona (20 July
2017). (B) HYSPLIT BT for measurements of the Barcelona plume. The color code indicates
time passed prior to measurement, suggesting a plume age of only a few hours.

image reveals a smoke layer on the measurement day in proximity to the measure-
ments (Fig. 5.15B, C). Nevertheless, a large fraction of the observed CCN is expected
to have originated from urban emissions in Nagoya metropolitan area. Also, the
shorter distance to the source region may explain the high CCN concentration within
the Japanese plume. Furthermore, the plume in the Ise Bay was measured within
the PBL, while long-range transport of open biomass burning smoke typically occurs
above the PBL (see Fig. 3.3 and Holanda et al., 2023; Holanda et al., 2020).

Figure 5.15: (A) Relationship between NCCN 0.3 and MBC for urban emissions from
metropolitan area of Nagoya (30 March 2018). (B) MODIS "Corrected Reflectance (True
Color)" image for the day of measurement. Red dots indicate "Fires and Thermal Anoma-
lies (Day and Night)". The grey shading over the ocean is possibly BB and urban smoke
from China. (C) HYSPLIT BT for measurements of plume. The color code indicates the time
elapsed before the measurement, indicating relatively fresh emissions with a residence time
of a few hours.

The observed NCCN 0.3 to MBC ratio in the haze plumes from Rome and the Po Val-
ley probed in summer 2017 during EMeRGe EU diverges strongly from the typical
case (Figs. 5.16A and 5.17B). As shown in section 3.2, the emission reductions dur-
ing the COVID-19 confinements have a similar behaviour for black carbon and CCN.
Therefore, the NCCN 0.3 to MBC ratio should not diverge significantly either. The lower
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NCCN 0.3 per MBC can likely be explained by the widespread of biomass burning smoke
in Europe during the measurements in the summer of 2017. The wildfires con-
tributed to a local background of regional haze in the lower troposphere, affecting
some measurements taken in 2017. Nevertheless, there is a good agreement between
the results for Rome and the Po Valley with the observations of relatively fresh wild-
fire smoke mixed with urban haze from the Marseille metropolitan area (Fig. 5.7A).
These results illustrate the relevance of biomass burning smoke for the atmospheric
BC burden as well as the hygroscopic and radiative properties of pollution plumes
from some of Europe’s largest metropolitan areas.

Figure 5.16: (A) Relationship between NCCN 0.3 and MBC for mixed urban and BB emissions
in southern Europe, measured over the Adriatic Sea downwind of Rome. The data are from
two measurement flights (11 and 20 July 2017). The BB plumes are emitted from fires in
Italy, where savannahs and mixed forests are the dominant combustion fuels. (B) MODIS
"Corrected Reflectance (True Color)" image for 11.07.2017, the day of measurement flight.
Red dots indicate "Fires and Thermal Anomalies (Day and Night)". The grey shading emerg-
ing from fire dots is the image of smoke plumes. The red shading indicates "Human Built-up
And Settlement Extent" showing the high density of urban settlements at BB origin. (C) HYS-
PLIT BT, the color code indicates time passed prior to measurement, suggesting a plume age
of around one day.

The observed NCCN 0.3 to MBC ratio for the urban plumes of London probed during two
measurement flights on 17 and 26 July 2017 (Fig. 5.17A) reveals lower NCCN 0.3 per
MBC compared to the reference case of urban haze. Unlike the reference case with
2020 data, we measured the emissions from London mostly above the marine PBL.
Thus, processes in the PBL and the transition into the free troposphere may strongly
alter the NCCN 0.3 to MBC ratio for urban pollution. The good agreement between
the two independent measurements of the pollution layers from the London area
(Fig. 5.17A) just above the PBL suggests some cloud processing as a potential sink
for CCN. The data points are between the reference cases of urban haze and lightly
aged biomass burning smoke, however, there is no indication for biomass burning
emissions in the recent air-mass history (120 h before measurements). Also, the
BT analysis clearly suggests the metropolitan area of London as the source region.
Therefore, the overlay with lightly aged biomass burning smoke might be a coinci-
dence due to removal of hygroscopic aerosol at the interface between PBL and free
troposphere. Also notable is the good agreement between the slopes of the London
plume for NCCN < 1000 cm−3 and the pollution measured close to Nagoya (5.15).
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Figure 5.17: (A) Relationship between NCCN 0.3 and MBC for urban emissions from London.
The data are from two measurement flights (17 and 26 July 2017). (B) Relationship between
NCCN 0.3 and MBC for mixed urban and BB emissions in Southern Europe, measured over the
Po Valley and the Adriatic Sea. The data are from two measurement flights (11 and 20 July
2017).

For the outflow of China’s largest cities, Shanghai and Beijing, measured over the
East China Sea during EMeRGe Asia, we find a lower NCCN 0.3 to MBC ratio than
for urban haze measured in Europe and Japan. We measured the Chinese outflow
over the East China Sea during three consecutive measurement flights (22, 24 and
26 March 2018). Backward trajectory analysis suggests that the urban haze origi-
nated mostly from Shanghai, with some contribution of more aged pollution from
Beijing (Figs. 5.18C and 5.19). Besides urban pollution, aged smoke from cropland
fires may also have contributed to the measured pollution layers (Fig. 5.18B). These
fires inflamed 5 days prior to the first measurement flight and lasted over all three
flights. While the transportation time of the urban pollution was one to three days
prior to the measurements, the smoke aged around five days (Figs. 5.18C and 5.19).
The MODIS satellite image reveals a probable mixing of the two pollution types
(Fig. 5.18B). The constant aerosol conditions for this mix of urban haze and biomass
burning smoke from China over a time period of five days are remarkable and may
find application in approaches to understand aged air pollution in the proximity of
global aerosol hot spots (e.g., Ramanathan and Carmichael, 2008).

Ground based measurements within the PBL in the mega-city of Delhi compare well
to the BC to CCN ratios in biomass burning smoke (Fig. 5.20). The presented data
are from measurements during the domestic heating season in Delhi. Commonly, dry
solid biomass fuels are burnt for heating in Delhi, enhancing the PBL with biomass
burning smoke (Mondal et al., 2021). A significant enhancement in MBC in the
evening and nighttime during heating season is reported by e.g., Bhandari et al.,
2020; Reyes-Villegas et al., 2021; S. Raj et al., 2021a. Thus, the Delhi data presented
in figure 5.20 are likely dominated by pollution from solid biofuel combustion for do-
mestic heating. However, also traffic and other anthropogenic emissions may inter-
fere with the domestic heating emissions. The lower concentrations during daytime
are also associated with increasing PBL height and, thus, a dilution of the air pollu-
tion. While the daytime data and a few of the nighttime data fall well in between the
conditions for relatively fresh and highly aged biomass burning, the nighttime data
are dominated by a low NCCN 0.3 to MBC ratio in the range of highly aged biomass
burning smoke.
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Figure 5.18: (A) Relationship between NCCN 0.3 and MBC for Chinese emissions, measured
over the East China Sea downwind of Shanghai and Beijing. The data are from three mea-
surement flights (22, 24 and 26 March 2018). (B) MODIS "Corrected Reflectance (True
Color)" image for 22 March 2018. Red dots indicate "Fires and Thermal Anomalies (Day and
Night)". Croplands are the dominant combustion fuel for these fires. The grey shading shows
the urban and BB smoke mixing over the East China Sea. (C) HYSPLIT BT for the mea-
surements of the mixed plume. The color code indicates time passed prior to measurement,
suggesting a plume age of around two days for the urban pollution and five days for the BB
emissions.

Figure 5.19: HYSPLIT BT for measurements of Chinese plumes. The color code indicates
time passed prior to measurement. (A) shows the measurements conducted 22 March 2018,
with an approximate plume age of around one day for Shanghai, two days for Beijing and
four days for agricultural BB. (B) shows the measurements from 26 March 2018, with three
to four days residence time for the plume from Shanghai.
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Figure 5.20: (A) Relationship between NCCN 0.3 and MBC for urban haze, measured from
February to March 2018 in Delhi. Orange markers indicate daytime measurements and black
markers indicate nighttime measurements. Details on the data separation and the measure-
ments in S. Raj et al., 2021a.

5.4 Parametrisation of NCCN 0.3 and MBC in various pol-
luted environments

Based on the typical ratios and the case studies, we found characteristic relationships
between CCN and BC for the most relevant combustion sources in the Anthropocene.
We found typical regimes for urban haze within the planetary boundary layer in high
emission-standards countries, lightly aged smoke from open biomass burning from
evergreen broadleaf forest vegetation, savannahs and grassland as well as highly
aged long-range transported smoke from Africa. In addition to that, we show the ef-
fect on the NCCN 0.3 per MBC when pollution from different sources mixes. The results
from the HALO data are confirmed with independent long-term measurements at the
ATTO site for lightly and highly aged smoke from open biomass burning.

The radiative impact of biomass burning smoke and urban haze is discussed in sev-
eral studies (e.g., Ramanathan and Carmichael, 2008; Szopa et al., 2021). The direct
effects on cloud physics are primarily a function of NCCN, altering cloud droplet num-
ber (e.g., Twomey, 1974; Twomey, 1977) and cloud albedo. However, semi-direct
effects where the BC-rich smoke can either accelerate the evaporation of the clouds
(so-called "cloud burning") or impede cloud formation by introducing atmospheric
heating aloft can alter aerosol-cloud interactions and residence times of the smoke
but also other aerosol. The semi-direct effect of absorbing aerosol on clouds is a ma-
jor source of uncertainty in model predictions of past and future precipitation change
(Samset, 2022). A more detailed analysis of the impact of the CCN to BC ratios found
in this study on cloud physics, removal processes and thus on the atmospheric resi-
dence time is desirable.

In urban pollution within the PBL, NCCN dominates the aerosol burden in respect
to MBC and NBC. We found consistent ratios between CCN and BC for Europe in
2017 and 2020 as well as for Japan in 2018. The most significant difference for ur-
ban haze from high emission-standard countries is observed between measurements
taken within the PBL and above. Based on this observation, we assume the mixing
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from the PBL to the free troposphere to be a major force on the composition of ur-
ban haze. Apart from some transformation of the plume itself, mixing with biomass
burning smoke reduces the NCCN to MBC ratio by introducing high amounts of BC and
relatively little NCCN. Consequently, mixing of air-masses and cloud processing at the
interface of PBL and free troposphere are the main drivers in diverging the NCCN 0.3

to MBC ratio for urban haze.

Lightly aged smoke from evergreen broadleaf forest vegetation, savannahs and grass-
lands have higher MBC compared to urban pollution. Our study shows consistent
observations for the Amazon rain forest taken in 2014, Southern Europe from 2017
and Southeast Asia from 2018. Regionally, lightly aged smoke plays a crucial role in
pollution levels and for public health. This smoke type also tends to superpose with
other aerosol, especially urban haze, within the PBL and the lower troposphere. In
our analysis, we can distinguish typical NCCN to MBC regimes for plumes with atmo-
spheric residence times of up to four days. Nevertheless, we do not find evidence or
clear indications of removal processes of these smoke layers. In fact, we reveal con-
sistent data for two plumes in Southeast Asia showing no impact of cloudiness and
precipitation. Thus, the atmospheric residence time of this lightly aged biomass burn-
ing smoke may exceed previous assumptions (Lund et al., 2018). However, further
analysis considering the thermodynamic conditions and the meteorological situation
during the smoke emissions and transport is needed to understand the importance of
removal processes and the smoke layers’ residence time.

Highly aged smoke from Africa has the lowest ratio between NCCN and MBC in this
study. The relatively larger BC fraction in these plumes favors the rather unperturbed
transport of the smoke layers over long distances. Clouds and precipitation can also
initiate at low NCCN. However, the typical injection height of African smoke plumes
is in the lower free troposphere and is thus less affected by cloud processing and
wet removal of aerosol. Also, the absorbing properties of the BC particles can lead
to an atmospheric heating and, thereby, to a thermal inversion of the smoke layer,
causing self-lofting into dry and non-convection regions of the free troposphere. Also,
the large-scale subsidence in the descending arm of the Hadley cell can suppress
wet removal. These characteristics make the BC-rich layers rather inert and enable
transport over large distances with high atmospheric residence times.
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As pointed out in 3.2, the CCN budget in the upper troposphere is only slightly driven
by anthropogenic pollution and biomass burning smoke. Especially over remote trop-
ical regions like the tropical Atlantic, the CCN budget tends to be controlled by the
oxidation of carbonyl and dimethyl sulfide (e.g., Andreae et al., 1988; Andreae and
Raemdonck, 1983; Kremser et al., 2016) and local nucleation events (e.g., Brock
et al., 1995; Williamson et al., 2019). These are rather continuous sources of CCN,
however, there are also discontinuous but highly relevant sources of CCN. The most
prominent of these are aerosol layers formed after SO2 injections from volcanic erup-
tions. During the CAFE Africa campaign, a strong enhancement of CCN from volcanic
origin was measured in the tropical tropopause layer over the tropical Atlantic.

6.1 In situ measurements of volcanic aerosol

During the CAFE Africa campaign on 17 August 2018 (measurement flight CA07), we
encountered significantly elevated aerosol concentrations in the tropical tropopause
layer (TTL). Based on in situ measurements, satellite and model data, we can infer
a volcanic origin. Here we report on the physio-chemical properties of the volcanic
aerosol plume. We employed measurements of aerosol hygroscopic properties from
a dual column cloud condensation nuclei counter (CCN-200), combined with the to-
tal aerosol number concentration from a condensation particle counter (CPC) and
the aerosol size distribution in the range between 180 and 400 nm measured with a
single particle soot photometer (SP2) to provide information about the aerosol size
distribution of the volcanic plume. We also report the bulk aerosol chemical compo-
sition retrieved with an aerosol mass spectrometer (C-ToF AMS). Further, we show
the aerosol enhancements within the volcanic plume based on a model-observation
comparison for in situ measured cloud condensation nuclei number concentration at
a water vapor suppuration around 0.3 % (NCCN 0.3) with the ten-year ECHAM-HAM
monthly average for August and September over the tropical Atlantic region defined
in figure 4.1.

In June and July 2018, some moderate volcanic eruptions occurred within the trop-
ics, injecting SO2, directly into the lower stratosphere and TTL. These include the
Ambae eruption (15○ S 165○ E) at the end of July 2018 (e.g., Kloss et al., 2020; Ma-
linina et al., 2021) and the Sierra Negra eruption (1○ S 92○W) on the Galapagos
Islands (e.g., Bell et al., 2021). Apart from these two stratospheric eruptions, the
Kilauea eruption in Hawaii (19○N 155○W) peaked at the end of its active phase dur-
ing this period. The Kilauea volcano, however, did not directly penetrate the upper
troposphere (e.g., Crawford et al., 2021; Vernier et al., 2020). Bourassa et al., 2012
showed the impact of the Asian summer monsoon on the lofting of volcanic plumes
from the free troposphere into the TTL and lower stratosphere. Therefore, all these
three moderate volcanic eruptions can be considered as a potential source of the
volcanic aerosol layer.

The aerosol plume was probed at a pressure around 147 hPa and at an altitude of
approximately 14.4 km (Figs. 6.3 and 6.4). The average potential temperature (θ)
increased from 357.9 (σ = 0.39) to 360 (σ = 1.91) K, well correlated with the in-
creased aerosol concentration, whereas the altitude and flight direction remained
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Figure 6.1: Flight track of the CAFE Africa flight at 17 August 2018 (CA07). The color code
represents NCCN, 0.3 in a range from 0 to 1500 cm−3. Note that the bird-view illustration can
not provide information about the altitude and some flight passages are overlapped, where
only the highest flight level is shown.

Figure 6.2: Flight track of CA07 in three dimensional space. The color code represents
NCCN, 0.3 in a range from 0 to 1600 cm−1.



102 ∣ Chapter 6 – Volcanic aerosol in the tropical tropopause layer

Figure 6.3: Measurement data for CA07. First panel left, HALO flight altitude above sea
level. Right, 30 seconds averages of absolute humidity, note the logarithmic scale. Second
panel left, 30 seconds averages of ozone as stratospheric tracer. Right, 30 seconds averages
of water vapor mixing ratio as tropospheric tracer. Third panel left, 30 seconds averages of
NCCN, 0.3. Right, organics and sulfate mass concentration with a temporal resolution of 60
seconds.

unchanged (Figs. 6.2 and 6.3). The state variables fall into the definition of the TTL
by Fueglistaler et al., 2009.

The relative humidity within the plume was low, compared to observations outside
the plume (Fig. 6.3). This is in good agreement with Jensen et al., 2018, where a
volcanic ash layer was observed in the lower tropical stratosphere. However, there is
also a high chance that the low humidity and increased θ indicate an air-mass origin
from higher altitudes. Also, the ERA5 reanalysis for specific humidity data suggest a
larger region of relative low water vapor at 150 hPa (Fig. 6.5).

The vertical distribution of NCCN 0.3 from the ten-year monthly average ECHAM-HAM
model data agrees well with the in situ observations (Figs. 4.1 and 6.4 a). The mod-
eled and observed NCCN 0.3 deviate in lower altitudes, probably due to influences
of biomass burning pollution transported from Africa westwards across the Atlantic
(Holanda et al., 2023). For higher altitudes, however, the good agreement for the
vertical distribution of NCCN 0.3 allows us to use the ECHAM-HAM data to investigate
the assumed vertical profile of NCCN 0.3 in the lower stratosphere. This comparison
illustrates that there is no source in the lower stratosphere which is strong enough to
explain the increased aerosol concentration in the TTL. Thus, downward transport of
stratospheric air as the origin of the aerosol plume is unlikely.

Besides the high NCCN 0.3, we also find remarkably high sulfate aerosol mass (MSA)
and a moderate enhancement in organic aerosol mass (MOA) compared to the TTL
background aerosol (Fig. 6.3 and 6.6). The ratio between MSA and MOA can serve
as a tracer for volcanic aerosol (e.g., Saturno et al., 2018; Schmale et al., 2010).
We find ratios ranging from 2 to 16 exceeding the values reported in Schmale et
al., 2010 for a roughly 80 days aged volcanic plume in the UTLS over Europe. As
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Figure 6.4: (A) Vertical distribution of NCCN 0.3 over the tropical Atlantic Ocean region as in-
dicated in figure 4.1. The grey dashed line represents the median with the grey shading as the
interquartile range of all measurement flights of the CAFE Africa campaign conducted within
the comparison region. The solid green line represents the median of ten-years monthly av-
eraged ECHAM-HAM data (2003 until 2012). (B) As (A) but in logarithmic scale for NCCN 0.3
and with model data up to 24 km. The color coded markers on top of the other data are
NCCN 0.3 for measurement flight CA07 (17.08.2018). The color code shows the MSA to MOA
ratio as marker for volcanic origins in a range between 0 and 5, please note that maximum
ratios reach up to 16.
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Figure 6.5: HALO flight track (black markers, 17:00 UTC is also referred to as t2, 18:00 UTC
as t3 in further analysis) when the volcanic aerosol plume was measured overlaid with ERA5
water vapor at 150 hPa.

shown in Murphy et al., 2021, background MOA is generally lower in the Southern
Hemisphere, where the measured plume likely originated (Fig. 6.7). Apart from the
MSA to MOA ratio, the neutralization of sulfuric acid by ammonia can also be used to
trace back volcanic aerosols. The very low amount of ammonia within the observed
aerosol plume in the TTL (Fig. 6.8) reinforces the hypothesis of a volcanic origin of
the aerosol plume.

Based on the combined BT analysis with satellite retrieved SO2, we identified the
Ambae (15○ S 165○ E) and the Sierra Negra (1○ S 92○W) eruptions as the most likely
origin of the aerosol plume (Fig. 6.7). The BT density plots in figure 6.7 consist of
tree times 100 independent BT emitted from three locations on the flight path; those
indicating a westerly origin are from locations inside the aerosol plume, whereas the
measurements outside the plume at constant altitude and direction show an easterly
origin. The potential eruption dates combined with the BT results suggest a plume
aging time of around 20 days. This aging time within the relatively OH- rich TTL
(Lelieveld et al., 2016) is sufficient to convert gas phase SO2 into particulate sulfate
(e.g., Kremser et al., 2016).

The measured vertical extent of the plume reaches down to roughly 13 km (Fig. 6.2).
This lower bound for the plume’s vertical extent agrees with CALIPSO observations
from 11 August 2018 (Fig. 6.9). Yet, it has to be kept in mind that the measurements
generally show a horizontal cross section and do not cover the entire vertical extent
of the volcanic plume. Also, we can not provide measurements for the plume-top,
however, based on the CALPISO data from 11 August 2018, we assume the top of the
plume to penetrate the lower stratosphere up to an altitude of 17 km (Fig. 6.9). Since
the maxima in concentrations were measured at the highest altitudes of observation,
the layer likely extends further into the TTL and potentially the lower stratosphere.

*Data downloaded from https://geoservice.dlr.de/web/maps/s5p:tropomi:l3. Last access
14.02.2023.

https://geoservice.dlr.de/web/maps/s5p:tropomi:l3


Section 6.1 – In situ measurements of volcanic aerosol ∣ 105

Figure 6.6: Sulfate aerosol (MSA) and organic aerosol (MOA) mass concentrations within (t2
and t3) and outside (t1) the volcanic aerosol layer. The data are derived from the C-ToF AMS
measurements with a temporal resolution of 60 s.

Figure 6.7: Flight track of the CAFE Africa flight at 17 August 2018 (CA07) in grey. The
color code in the world map represents satellite retrieved SO2 from 30 July 2018 measured
by Sentinel 5 *. The pink to blue color and blue to red code present the air mass age for
a 1○ times 1○ density distribution for BT emitted at three locations of the flight track with a
runtime of 500 h back in time (details 2.8.4). The yellow line indicates the rough location of
the volcanic aerosol plume detected by CALIPSO on 11 August 2018.
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Figure 6.8: Scatter plot of MSA and MNH4 measured with a 60 s time resolution with the
C-ToF AMS. NH4 data points are color coded with flight altitude. Vertical dashed line shows
the zero NH4 concentration, angular dashed line shows the neutralized MSA by MNH4. Data
points far above this line are not neutralized, which indicates that the MSA is sulfuric acid.

This larger vertical extent is also supported by the CALIPSO overpass (Fig. 6.9) coin-
cidence with the aerosol plumes’ air-mass history (Fig. 6.7).

The aerosol enrichment due to the volcanic plume in the TTL is most dominant for
aerosol in the size range between 50 and 180 nm (Fig. 6.10). The median NCCN 0.3 in
the TTL is 83 (σ = 29) cm−3 (Figs. 6.3, 6.4 a and 6.10). Within the volcanic plume,
measured NCCN 0.3 is 935 (σ = 243) cm−3. For larger aerosol in the range between 180
to 400 nm, we observe a comparable pattern. The concentration increases from 12
(σ = 6) to 93 (σ = 36) cm−3. For NCN, we can observe a contrary behaviour. Within
the volcanic aerosol plume, NCN is lower than outside the plume. In the lowest mea-
sured size range between 18 and 50 nm, the size bin width normalized concentration
within the volcanic plume decreased nearly by half.

Volcanic emissions do not only scatter incoming solar radiation, but also absorb it. In
the first days after eruptions, this absorption is dominated by the SO2 absorption of
short wavelengths in the solar spectrum. SO2 absorbs most strongly at wavelengths
between 180 and 235 nm, less strongly between 260 to 340 nm and least strongly be-
tween 340 and 390 nm (Bekki and Pyle, 1992). For heating rates in the Earth’s atmo-
sphere, however, only absorption in wavelengths above 310 nm is of interest since the
ultra violet (UV) radiation with smaller wavelengths is already absorbed by O3 and
does not get through the upper atmosphere (e.g., Lary et al., 1994). As shown for
a model of the Mount Pinatubo plume from the 1991 eruption (Bluth et al., 1992;
Read et al., 1993), the absorption and thus heating of the volcanic plume is only
of relevance for the first 10 days after eruption due to dispersion of the plume and
transformation of SO2 into sulfate aerosol with different radiative properties (Lary
et al., 1994).

But also the sulfate aerosol absorbs radiation in the long-wave (LW) spectra, causing
an atmospheric heating around the volcanic layer (e.g., Robock, 2000). The in situ
measurements also reveal an increase in θ and static temperature. To test whether
these changes can be explained by the absorption of UV radiation by the remaining
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Figure 6.9: Images of the volcanic aerosol layer detected by CALIPSO August 11, 2018 over
Africa. (a) shows the 532 nm total attenuated backscatter. The aerosol layer is lactated within
the TTL and tip crosses the tropopause (shown as black line), the potential temperature (grey
line) is between 350 and 400K. The Aerosol classification from CALIPSO marks layer partly
as dust and volcanic ash aerosol types (b).

SO2 and LW radiation by the sulfate aerosol, the heating rate is calculated with a
radiative transfer model (libRadtran, Emde et al., 2016; Mayer and Kylling, 2005)
combined with the MOPSMAP tool (Gasteiger and Wiegner, 2018) to calculate the
vertical optical properties of the in situ measured aerosol data (see methods section
2.8.5). We used different vertical extents for the calculations since our in situ mea-
surements do not provide an upper boundary of the plume. However, the heating
rates due to the aerosol and SO2 layer can not solely explain the increased tempera-
tures measured within the volcanic plume.

In the radiative transfer calculations, ash aerosol did not find attention, however,
some fraction of the coarse mode aerosol is expected to be volcanic ash. A significant
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Figure 6.10: Aerosol number concentrations within (b = t2 and C = t3) and out (a =
t1) of the volcanic aerosol layer. Aerosol number concentrations for 18 < dp < 50 nm is
the difference between CPC measurements with NCCN, 0.3 and NSC, 50 < dp < 180 nm is the
difference between NCCN, 0.3 and NSC.

influence of ash aerosol on the heating rates of volcanic plumes is expected for the
first few days after eruption (Niemeier et al., 2009).

The calculation for the atmospheric heating due to the volcanic aerosol layer only
leads to heating rates of around 0.12Kd−1 (Fig. 6.11), which is more than an order of
magnitude below the observed increase in θ. Combined with the results regarding the
elevated O3 and low H2O, downward transport of air-masses from higher altitudes is
the more likely explanation for the temperature increase during the observations of
the volcanic aerosol layer.

6.1.1 Discussion and implications of measurements
The peak in the aerosol size range below 180 nm agrees well with the data reported
for the Ambae volcano plume roughly one year after the eruption (Kloss et al., 2020,
and published data set) and is considerably smaller than previously reported aerosol
size distributions for volcanic aerosol plumes in the UTLS region (Schmale et al.,
2010; Wilson et al., 1993). Schmale et al., 2010 discuss lower SO2 emissions from
weaker volcanic eruptions as a potential reason for smaller aerosol sizes. Also, the
premeasurement aging time in Schmale et al., 2010 and Wilson et al., 1993 is 80
days, which is longer than the 20 days in our study, but the comparable sizes mea-
sured about a year after the eruption do not support a different aging time as an
explanation, especially since the e-folding time for the SO2 to aerosol conversion is
in the range of weeks (Kremser et al., 2016).

The decrease in smaller particles along with more particles in the size range between
50 and 180 nm can have different reasons. Large amounts of free tropospheric and
boundary layer air-masses are injected into the TTL, thus the lower fraction of the
smaller particles may be due to the displacement of actual TTL air-masses. Also, con-
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Figure 6.11: Impact of the volcanic aerosol layer on the atmospheric heating rate with as-
sumed aerosol layer thickness of 5.5 km, based on the CALIPSO data. The aerosol type as-
sumed for the calculation is water soluble sulfate aerosol and the calculations are performed
for the daily peak solar zenith angle of 12○N 25○W at 13:44:11. Further details on the calcu-
lations in section 2.8.5.
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densation growth due to gaseous H2SO4 on the smaller particles into larger sizes is a
possible explanation. Besides condensation, coagulation is also an important process
in aerosol aging. There is the chance that, due to the rather high concentrations in
the volcanic plume, there is also some coagulation growth.

The vertical extent agrees with the previous reported analysis of infrared brightness
temperature in Kloss et al., 2020. While Kloss et al., 2020 chose the upper intercept
with the ERA5 temperature profile for their analysis as the injection height (18 to
19 km), our data suggest the lower intercept with the ERA5 data at 14.5 km as the
potential plume injection height.

Kloss et al., 2020 and Malinina et al., 2021 show a global effect of the Ambae vol-
canic eruption on radiative forcing. In both studies, the plume is emitted directly
into the lower stratosphere. However, we find most of the plume in the TTL about 20
days after the eruption and only small fractions in the lower stratosphere (Fig. 6.9).
Due to the long-lasting effect of the eruptions on radiative forcing, it is to expect that
the plume passed the tropopause and entered the lower stratosphere. This transport
should be of interest since volcanic eruptions not penetrating the stratosphere tend
to be neglected in climate models due to a short residence time of the sulfate aerosol
(e.g., Aubry et al., 2021). These aerosols should receive more attention, not only
to adequately address global stratospheric radiative forcing, but also to address and
evaluate their impact on aerosol size distribution and chemistry in interplay with po-
tential man-made sulfate injections in the context of geo-engineering. Laakso et al.,
2016 pointed out that for large volcanic eruptions, that penetrate the stratosphere,
the climate response is not additional during an geo-engineering scenario, but rather
the residence time of the volcanic and man-made aerosol is reduced due to larger
and fewer aerosol. The change in aerosol number size distribution also leads to a
lower surface cooling (e.g., Laakso et al., 2016; Rasch et al., 2008).

Aubry et al., 2021 estimates the impact of changing climate on the life-cycle of vol-
canic aerosol and its interaction with radiation. In a warmer climate, moderate-
magnitude volcanic eruptions tend not to reach directly into the stratosphere any-
more. Thus, the SO2 from these eruptions is often not considered in models. How-
ever, we find a volcanic plume within the TTL, a region with only little humidity,
which makes wet deposition of aerosol only slightly relevant. As the TTL is a mixing
region of tropospheric and stratospheric air masses, where air parcels with different
compositions and lifetimes are dispersed, upward transport into the lower strato-
sphere is also a possible pathway. Thus, the aerosol enhancements may remain in
the TTL for a longer period or can be transported across the TTL into the lower
stratosphere. In Kloss et al., 2020, stratospheric aerosol optical density (SAOD) in-
creases later than the maximum radiative forcing occurred shown in Malinina et al.,
2021. Thus, some direct transport of sulfate from TTL may have occurred later.

The in situ measurements of a volcanic aerosol layer in the TTL presented here may
provide a value input for validating and improving remote sensing retrievals and
climate models. Physio-chemical properties of volcanic aerosol in the TTL can also
help the geo-engineering community, with better understand the fate and develop-
ment of large sulfate injections into this region. For estimates of the radiative im-
pact of medium magnitude volcanic eruptions the reported aerosol properties are
important input parameter. Within the around three-week aged aerosol plume from
either the Ambae or Sierra Negra eruptions, measured sulfates were strongly en-
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hanced, but also the organic aerosol mass concentration doubled compared to the
TTL background. For the smallest size range measured, between 18 and 50 nm, the
concentration within the volcanic plume was reduced by almost half, for the range
between 50 and 180 nm concentrations were increased by a factor of about 12, and
particles between 180 and 400 nm were about 8 times higher than in TTL background
conditions.





CHAPTER 7

Conclusions and Outlook
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This dissertation can provide some insights into relevant questions concerning the
spatio-temporal variability of CCN and BC. Based on HALO in situ measurements of
NCCN 0.3, MBC and NBC, constraints for these aerosol parameters are provided. The
main findings of this dissertation are summarized in the following.

The in situ measurements of MBC during the first COVID-19 lockdown in Europe
revealed a confinement-related MBC reduction between 32 and 38 % compared to
2017. The total difference between the 2020 and 2017 measurements is 48 %, of
which a fraction of 7 % is due to differences in atmospheric parameters as well as
flight patterns and BC emissions from biomass burning. Another 3 to 9 % of the
reduction can be attributed to a general long-term trend of BC reductions in Europe.
The reduced BC mass is in good agreement with the results of modelling studies
using proxy data from Apple and Google on user mobility behaviour, but also with
statistical data from the European Union on fuel demand over the two periods. The
results highlight the immediate positive effect that changed human behavior has on
the atmospheric pollution and thereby on climate and public heath.

In addition to the unprecedented changes in atmospheric MBC and NBC, the CCN
burden also shows a comparable change during the confinements in Europe. The
lower tropospheric NCCN 0.3 load is highly sensitive to local anthropogenic pollution.
The result illustrates the ability of BC from anthropogenic combustion processes to
serve as a conserved tracer of the anthropogenic CCN budget. Based on the spatial
analysis of CCN and BC data in other global regions, i.e. for urban haze in East
and Southeast Asia and biomass burning smoke layers over the tropical Atlantic, a
high sensitivity of the CCN load to the level of anthropogenic and biomass burning
pollution is demonstrated within the lower troposphere. In the middle and upper
troposphere, above about 5 km, the in situ measured NCCN 0.3 shows little variability
and is in good agreement with long-term model data.

The close relationship between the CCN and BC burden is used for a correlation anal-
ysis between NCCN 0.3 and MBC of HALO measurements in different polluted environ-
ments. Typical relationships between NCCN 0.3 and MBC are identified and summarized
in Table 7.1.

Table 7.1: The fit parameters of the characteristic relationships betweenNCCN 0.3 and MBC (±
standard deviation (SD), R2 and the number of observations (N) as shown in the respective
CCN to BC scatter plots).

urban haze lightly aged BB highly aged BB
∆CCN/∆BC ± SD [ ⋅109 µg−1] 20 ± 12 2.7 ± 0.4 0.5 ± 0.1
R2 0.90 0.99 0.97
N 62 70 305

For the emissions of NCCN 0.3 and MBC from biomass burning, we find higher fractions
of BC for dryer fuels such as savannah, grassland, agricultural residues and conif-
erous forests, whereas larger amounts of hygroscopic aerosol are found for tropical
evergreen forests. Smoke emitted from fires in Africa did not undergo significant pro-
cessing during transport across the Atlantic, and we found consistent BC and CCN
properties for all measurements over the Atlantic and in northeastern Brazil.

The close and approximately linear relationship between NCCN 0.3 and MBC shows
both sides of the effect that reducing emissions can have on the atmosphere. While
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BC particles are highly light absorbing, the co-emitted scattering and hygroscopic
aerosol tend to overcompensate for this atmospheric heating through direct and
semi-direct radiative effects. However, particulate pollution also affects precipita-
tion patterns, an increasingly important issue as both droughts and heavy rainfall
events with flooding have increased dramatically in recent decades. A lower CCN
load can lead to faster droplet growth and thus earlier onset of rain.

The CCN burden in the upper troposphere and lower stratosphere is relatively insen-
sitive to local anthropogenic pollution in the presented data set. This is confirmed by
the good agreement between the HALO measurements and model results of ten-year
monthly averages from regions comparable to the measurement area. However, for
the lower stratosphere and the upper troposphere there are also some discrepancies
between model results and in situ measurements. A significant increase in aerosol
mass and number is found due to a volcanic aerosol plume in the tropical tropopause
layer from an eruption about 20 days before the measurements. The in situ measure-
ments of this plume provide insights into the physical properties of the aerosol with
high number concentrations of the accumulation mode aerosol. The chemical aerosol
properties show, apart from the dominance of sulfate aerosol, an increase of organic
aerosol by a factor of 2 compared to reference measurements outside the plume. For
the smallest size range measured between 18 and 50 nm, the concentration inside the
volcanic plume decreased by almost half, for the range between 50 and 180 nm the
plume shows the largest increase, by a factor of about 12, and the larger particles
between 180 and 400 nm were about 8 times higher than in TTL background condi-
tions. These observations demonstrate the role of moderate volcanic eruptions in the
aerosol load and should serve as input to climate models to study the transport and
fate of moderate volcanic eruptions with eruption columns that do not penetrate the
stratosphere.

The in situ measurements presented in this thesis can also be of considerable value
in validating and improving remote sensing retrievals. This is shown in the compar-
ison of EMeRGe EU measurements of biomass burning smoke near Marseilles with
satellite retrievals for aerosol optical thickness (Fig. 5.7) and in the analysis of the
volcanic aerosol plume in the tropical tropopause layer supported by CALIPSO space-
borne LIDAR measurements (Fig. 6.9). By collocating HALO in situ measurements in
a representative grid with ground-based and space-borne remote sensing profiles of
the atmosphere, the retrievals, which provide valuable long-term data on the vertical
variability of aerosol and clouds, can be validated and potentially improved, but also
the HALO data can be seen in a broader context of atmospheric variability.

In the scope of this dissertation I focused on urban pollution, biomass burning smoke
and volcanic aerosol in the upper troposphere. However, mineral dust is another par-
ticulate constituent of the atmosphere which still lacks in situ measurements within
the transported and suspended atmospheric layers. The potential participation of
mineral dust aerosol in atmospheric chemistry and cloud formation as well as exter-
nal mixing with biomass burning smoke and anthropogenic pollution also deserves
further investigations. Therefore, the presented data set combined with impaction
samples on silicon nitrate substrates for offline analysis collected during the HALO
aircraft campaigns can find application.

As illustrated in chapter 4, the vertical distribution of NCCN 0.3 in models can be im-
proved, especially in highly polluted regions like East and Southeast Asia. Therefore,



∣ 117

nudged model simulations with reanalysis meteorological data for NCCN 0.3 and other
atmospheric constituents along the actual HALO flight tracks are desirable. This anal-
ysis can provide great value in the validation and improvement of sources for differ-
ent CCN and the evaluation of the actual hygroscopicity of anthropogenic pollution.
These results may help to constrain aerosol-cloud interactions in global models and
thus, for future climate projections.
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Aerosol-Cloud Interactions ACI
Aerosol-Radiation Interactions ARI
Aerosol Optical Density AOD
ACRIDICON-CHUVA AC
Stratospheric Aerosol Optical Density SAOD
Aerosol Optical Thickness AOT
Amazon Tall Tower Observatory ATTO
Backward Trajectory BT
Barbados Aerosol and Chemistry Observatory BACO
Biomass Burning BB
Black Carbon BC
Refractory Black Carbon rBC
Equivalent Black Carbon BCe
Brown Carbon BrC
CAFE Africa CA
CAFE Europe and BLUESKY CE
Cloud Condensation Nuclei CCN
Cloud Condensation Nuclei Counter CCNC
Condensation Particle Counter CPC
Compact Time-of-Flight Aerosol Mass Spectrometer C-ToF-AMS
Coordinated Universal Time UTC
EMeRGe Asia EA
EMeRGe Europe EM
ECHAM6.3–HAM2.3 ECHAM–HAM
ECHAM/MESSy Atmopheric Chemistry EMAC
Fire Radiative Power FRP
High Altitude and Long Range HALO
Long-Range Transport LRT
Marine Boundary Layer MBL
Moderate Resolution Imaging Spectroradiometer MODIS
Optical Particle Counter OPC
Planetary Boundary Layer PBL
Polycyclic Aromatic Hydrocarbon PAH
Single Particle Soot Photometer SP2
Single Scattering Albedo SSA
Spinning Enhanced Visible and InfraRed Imager SEVIRI
Standard Temperature and Pressure STP (273.15K,1013.25 hPa)
Tropical Tropopause Layer TTL
Intergovernmental Panel on Climate Change IPCC
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