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A B S T R A C T

The Arctic climate is warming rapidly compared to other regions of the globe
with drastic implications for its environment (e.g. sea ice loss). Aerosol particles
are an important factor for the energy budget in this polar region as they
interact directly or indirectly via cloud formation and processing with solar and
terrestrial radiation. However, the interaction between aerosol and clouds in
the Arctic is still not fully understood. This study focuses on the occurrence of
different aerosol species and their influence on cloud processes in the summertime
Arctic. Airborne in-situ measurements of particle composition were conducted
in the European Arctic using the single particle mass spectrometer ALABAMA.
Ambient aerosol particles and cloud particle residues in the diameter range
between 250 nm and 1.6 µm were chemically analyzed. More than 240000 single
particle mass spectra were obtained in total during the flights, almost 45000
of them from cloud residuals sampled in clouds. Different particle types were
identified by detection of characteristic ion signal markers. This chemical
particle analysis was complemented by further measurements of aerosol and
cloud properties, trace gases as well as air mass history simulations.

This study has found that Arctic cloud residual composition was dominated
by triethyl- and/or diethylamine, which were observed for the first time in
Arctic aerosol particles. In addition to amines, also sea spray, dicarboxylic acids,
nitrate, iodine and elemental carbon were enriched inside the cloud residuals.
In contrast, particles in ambient air contained mainly trimethylamine and sea
spray inside the boundary layer and ammonium sulfate in the free troposphere.
Only little contribution of triethyl- and/or diethylamine to particle composition
in ambient air was observed, suggesting these amines were taken up by the
cloud droplets from the gas-phase. This hypothesis was further supported by
the observed correlation between the ethylated amine fraction and cloud liquid
water content indicating their high solubility. Outside the Arctic, a significant
contribution of these amines was found in clouds at mid-latitudes as well,
suggesting a general importance of amines for cloud processes. Moreover, the
cloud residual composition of clouds, which were thermodynamically decoupled
from the surface, showed similarities to above-cloud particle composition. Thus,
the thermodynamic structure of the clouds seems to play a critical role for the
contribution of surface-related aerosol species to Arctic clouds.
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Z U S A M M E N FA S S U N G

Das arktische Klima zeigt eine rapide Erwärmung im Vergleich zu anderen
Regionen der Erde, mit drastischen Folgen für ihre Umgebung (z.B. Verlust
der Meereisbedeckung). Aerosolpartikel stellen einen wichtigen Faktor für die
Energiebilanz dieser polaren Region dar, da sie sowohl direkt als auch indirekt
über die Bildung und Beeinflussung von Wolken mit solarer und terrestrischer
Strahlung wechselwirken. Die Wechselwirkung zwischen Aerosolpartikel und
Wolken in der Arktis ist jedoch noch immer nicht vollständig verstanden. Der
Schwerpunkt dieser Arbeit liegt auf dem Vorkommen verschiedener Aerosol-
spezies und ihren Einfluss auf Wolkenprozesse im arktischen Sommer. Dazu
wurden flugzeuggetragene in-situ Messungen der chemischen Zusammenset-
zung von Aerosolpartikeln in der europäischen Arktis unter Verwendung des
Einzelpartikel-Massenspektrometers ALABAMA durchgeführt. Umgebungsae-
rosol und Wolkenpartikel-Residuen mit Durchmessern zwischen 250 nm und
1.6 µm wurden chemisch analysiert. Insgesamt wurden dabei über 240000 Mas-
senspektren aufgezeichnet, fast 45000 davon innerhalb von Wolken als Residuen
von Wolkenpartikeln. Verschiedene Partikeltypen wurden über das Vorhan-
densein charakteristischer Ionen-Markersignale identifiziert. Diese chemische
Partikelanalyse wurde unterstützt durch Messungen der Eigenschaften von
Aerosol- und Wolkenpartikel, Spurengasmessungen sowie Simulationen der
Luftmassenhistorie.

Diese Arbeit konnte zeigen, dass die Zusammensetzung arktischer Wolkenresi-
duen von Triethyl- und/oder Diethylamin dominiert wurden, die erstmals in
arktischen Aerosolpartikel beobachtet werden konnten. Neben Aminen wurden
auch Seesalz, Dicarboxylsäuren, Nitrat, iodhaltige Verbindungen und elemen-
tarer Kohlenstoff verstärkt in Wolkenresiduen gefunden. Im Gegensatz dazu
bestanden die Partikel außerhalb von Wolken innerhalb der atmosphärischen
Grenzschicht hauptsächlich aus Trimethylamin und Seesalz, oberhalb der Grenz-
schicht aus Ammoniumsulfat. Der Beitrag von Triethyl- bzw. Diethylamin
außerhalb von Wolken war allerdings gering, sodass der Eintrag zu Wolken
vermutlich über die Gasphase abläuft. Diese Hypothese wurde durch eine be-
obachtete Korrelation zwischen dem Anteil des ethylartigen Amins und dem
Wolken-Flüssigwassergehalt unterstützt, was für die gute Löslichkeit dieser
Substanz spricht. Ein signifikanter Beitrag dieser Amine konnte auch außerhalb
der Arktis in Wolken in mittleren Breiten gefunden werden, was die allgemeine
Bedeutung der Amine für Wolkenprozesse hervorhebt. Des Weiteren zeigte
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die Zusammensetzung der Residualpartikel aus Wolken, die thermodynamisch
entkoppelt vom Boden waren, Ähnlichkeiten zur Aerosolzusammensetzung ober-
halb der Wolke aufwiesen. Daher spielt die thermodynamische Struktur der
Wolken vermutlich eine wichtige Rolle für den Beitrag von Partikeln aus bo-
dennahen Quellen für die Entstehung und die Eigenschaften von arktischen
Wolken.
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1
I N T R O D U C T I O N

1.1 motivation

The Arctic region experiences drastic changes owing to global warming in recent
decades (Jeffries et al., 2013). In fact, surface temperatures increased up to
three times faster compared to the rest of the globe (Bindoff et al., 2014). This
enhanced warming is known as Arctic Amplification (Serreze and Barry, 2011)
and is associated with consequences also for other regions in mid-latitudes
(Francis and Vavrus, 2012). A major driver for this regional enhanced trend is
the so-called ice/snow-albedo feedback (Curry et al., 1995; Serreze and Barry,
2011). In more detail, the warming of the polar environment reduces the sea ice
extent (Chapman and Walsh, 1993; Stroeve et al., 2012), which further lowers
the reflectivity and, thus, more energy is absorbed by the surface and emitted
to the surroundings (Curry et al., 1995; Serreze and Barry, 2011). On the other
hand, also further feedback processes are involved in this amplified warming,
including aerosol particles and clouds (Wendisch et al., 2017).

Globally, the net radiative effect of clouds is cooling (Raschke et al., 2016).
In contrast, as the polar environment is characterized by highly reflective ice
surfaces and low amounts of solar radiation, clouds mainly contribute to Arctic
warming, in particular during the dark winter months (Intrieri et al., 2002;
Shupe and Intrieri, 2004). However, model inter-comparison studies showed
significant discrepancies in the calculated Arctic cloud feedback (Zelinka et al.,
2013; Pithan and Mauritsen, 2014). One important reason for these uncertainties
is the incomplete understanding of aerosol-cloud interaction (ACI) processes
around the North Pole (Pithan and Mauritsen, 2014; Wendisch et al., 2017;
Wendisch et al., 2019; Schmale et al., 2021).

In terms of Arctic aerosol particles, the research interest began with observations
of long-range transported pollution to the polar region in the last century which
was characterized as the chronic Arctic haze phenomenon occurring in spring (e.g.
Megaw and Flyger, 1973; Radke and Hobbs, 1984; Rahn et al., 1977; Shaw, 1984;
Schnell and Raatz, 1984). Therefore, mostly anthropogenic aerosol particles
and their cloud effect were reviewed in the context of Arctic Amplification in
early studies (Garrett et al., 2002).
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2 introduction

In recent years, the research focus shifted towards local natural aerosol particles
and precursors in the Arctic and their interaction with clouds (Willis et al.,
2018; Schmale et al., 2021). During summer, when aerosol concentrations are
generally low in the Arctic, the contribution of marine biogenic sources to
atmospheric particulate matter becomes more important (Willis et al., 2017).
Simultaneously, the occurrence of clouds in the Arctic environment is highest in
summer (Mioche et al., 2015; Shupe et al., 2011). Under these conditions, small
changes in the amount of cloud-active particles can have a significant impact on
the cloud radiative effect (Mauritsen et al., 2011). With the ongoing decline in
Arctic sea ice, precursor gases and particles with local marine origin will become
even more relevant in the near future (Browse et al., 2014). However, the role of
local marine particles for Arctic cloud processes is still highly uncertain (Willis
et al., 2018).

One reason for these uncertainties is the sparsity of in-situ data of aerosol-
cloud interaction in the Arctic (Schmale et al., 2021). Most of the previous
field studies derived the effect of aerosol particles only indirectly using an
instrumentation which is based on artificial activation of cloud particles (e.g.
Bigg and Leck, 2001; Lance et al., 2011; Martin et al., 2011; Leck and Svensson,
2015; Burkart et al., 2017b). On the other hand, sampling of cloud residual
particles after evaporation/sublimation of the water content allows for direct
characterization of cloud-active aerosol. Nevertheless, very little in-situ data
of cloud residuals exists in the Arctic to date (Zelenyuk et al., 2010; Karlsson
et al., 2021). Therefore, the focus of the current thesis was the characterization
of ambient aerosol and cloud residual particles in the summertime Arctic in
order to improve the representation of aerosol-cloud interaction processes in
climate models.

1.2 current knowledge of arctic aerosol particles and
clouds

Aerosol particles are an important factor for the Arctic Amplification phe-
nomenon since they influence the Arctic surface radiative budgets directly and
indirectly via ACI (Law and Stohl, 2007; Quinn et al., 2008; Shindell and
Faluvegi, 2009; Najafi et al., 2015; Acosta Navarro et al., 2016). The net direct
effect of Arctic aerosol has previously been regarded as cooling due to their
scattering and absorption of incoming solar (shortwave) radiation (Quinn et al.,
2008; Gagné et al., 2017). However, there are three direct aerosol-radiation
processes which might contributed to recent Arctic warming. First, aerosol
concentrations from pollution sources have decreased in the Arctic since the
1980s due to the reduction of primary particles and particle precursors emissions
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(e.g. sulfur dioxide) in mid-latitudes (Gong et al., 2010; Breider et al., 2017).
Thus, more solar energy reaches the Arctic surface due to a decreased aerosol
optical depth. Second, the atmospheric warming effect of light-absorbing aerosol
species, most notably black carbon (BC), is enhanced over highly reflective sea
ice and snow surfaces (Law and Stohl, 2007; Quinn et al., 2008). Third, the
deposition of absorbing particles on snow and ice lowers the surface albedo and
thereby warms the lower troposphere (Flanner et al., 2007; Doherty et al., 2010;
Hegg et al., 2010; Flanner, 2013). Considering the indirect effect of aerosol
through cloud formation and altering, the net radiative impact is rather complex
(Willis et al., 2018). However, measurements and modeling results indicate an
overall warming effect of Arctic clouds throughout the year with the exception
of the summer period (Intrieri et al., 2002; Shupe and Intrieri, 2004; Alterskjær
et al., 2010; Döscher et al., 2014). Clearly, the presence of aerosol particles has
a significant impact on the radiative balance and must be considered in the
context of Arctic Amplification.

This section provides an overview of the current understanding of the physics,
composition and origin of aerosol particles in the Arctic. Moreover, the pecu-
liarity of Arctic mixed-phase clouds, the knowledge about cloud-interacting
aerosols as well as the role of the thermodynamic structure on ACI are described
within this section. Since the measurements in this study took place in May
and June, the special focus of this section lies on aerosol characteristics during
summer. The main processes controlling Arctic aerosol characteristics in the
summertime marine lower troposphere are summarized in Fig. 1.1 and further
explained in the following.

1.2.1 Seasonality of Arctic aerosol properties

Arctic aerosol particles are characterized by a strong seasonal cycle in their
properties such as concentration, size and chemical composition (e.g. Shaw,
1995; Quinn et al., 2007; Engvall et al., 2008; Shaw et al., 2010; Sharma et al.,
2013; Tunved et al., 2013; Breider et al., 2014; Asmi et al., 2016; Croft et al.,
2016b; Nguyen et al., 2016; Freud et al., 2017; Lange et al., 2018; Leaitch et al.,
2018). During late winter and early spring, aerosol mass concentrations reach
their maximum and the particle sizes are dominated by the accumulation mode
(Quinn et al., 2007; Freud et al., 2017). This phenomenon is often referred to
as Arctic Haze (e.g. Clarke et al., 1984; Law and Stohl, 2007). Species like
BC and sulfate, which are associated with long-range transport, dominate the
composition of Arctic Haze (e.g. Barrie, 1986; Law and Stohl, 2007). In contrast,
the summertime Arctic is characterized by low particle concentrations with
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Figure 1.1: Schematic overview of the main processes controlling aerosol and
cloud properties in the Arctic marine lower troposphere during summer. (1) Aerosol
particles and precursor gases emitted by sources at lower latitudes are transported
along isentropic surfaces (in the absence of diabatic processes) into the Arctic free
troposphere. (2) The transported particles are aged due to different chemical and
cloud processes occurring along this pathway (grey arrow). (3) Primary particles
(red) and precursor gases (green) are emitted by open ocean surfaces as well as by
melt ponds, leads and blowing snow. Secondary organic aerosol particles (orange)
are formed via oxidation and heterogeneous reactions. (4) Once in the atmosphere,
particles can further (photo-) oxidize, interact with each other via heterogeneous
chemistry, coagulation and condensation, act as cloud condensation nuclei (CCN) or
ice-nucleating particle (INP) to form clouds, or they can be altered through cloud
processing.

main contributions from nucleation and Aitken mode particles (e.g. Croft et al.,
2016b).

1.2.2 Isentropic perspective and long-range transport

One major driver of this seasonality is the transport of air masses from lower
latitudes to the polar region (Klonecki et al., 2003). This northward transport
can be described by applying the isentropic perspective (Carlson, 1981; Iversen,
1984). Due to surface cooling, the Arctic lower troposphere exhibits lower
potential temperatures θ compared to the surrounding troposphere (Klonecki
et al., 2003; Stohl, 2006). Thus, isolines of θ, the isentropes, form a dome-like
structure over the Arctic which often is referred to as Polar Dome (Klonecki
et al., 2003). In the absence of diabatic processes, air masses preferentially travel
along isentropes (Iversen, 1984; Klonecki et al., 2003). Consequently, air parcels
departing from regions with warmer potential temperatures θ compared to the
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Arctic (e.g. from southern territories) will ascend along the sloping isentropes
of the Polar Dome and will end up at higher vertical level in the polar region,
whereas air of the Arctic boundary layer (BL) remains isolated inside this dome
(see no. 1 in Fig. 1.1; Klonecki et al., 2003; Stohl, 2006; Law and Stohl, 2007;
Bozem et al., 2019).

Following this isentropic concept, the seasonal variation of the Polar Dome
provides an explanation for the seasonality in the properties of Arctic aerosol.
In winter, parts of northern Eurasia are snow-covered and the polar front can
extend much further south (as far as 40 °N; Barrie, 1986; Shaw, 1995; Law and
Stohl, 2007). Therefore, pollution from these regions is emitted at low values
of θ and is much more likely to reach the BL at northern latitudes (Carlson,
1981; Iversen, 1984). However, the summertime Arctic BL is much less affected
by pollution transport from mid-latitudes for four reasons. First, the mean
circulation patterns change with a transpolar route from Eurasia towards North
America in winter to a circulation from the North Atlantic sector towards the
Pacific Ocean in summer (Law and Stohl, 2007). Second, the Arctic front is
located further north which excludes pollution sources from outside the Arctic
for the Polar Dome (Klonecki et al., 2003; Stohl, 2006). Third, the reduced
diabatic cooling and increased radiative heating in summer enhance the isolation
of the Arctic lower troposphere (Klonecki et al., 2003; Stohl, 2006). Fourth,
the transport efficiency of pollution particles is reduced due to significant wet
removal of aerosol particles along the transport path (Browse et al., 2012; Croft
et al., 2016b). As a consequence of these four mechanisms, the influence of
long-range transport in summertime Arctic is restricted to the middle and
upper troposphere, whereas the lower tropospheric Arctic air is more isolated
from above compared to winter (Stohl, 2006; Schmale et al., 2011). Accordingly,
the aerosol mass concentrations are low in the Arctic BL and local sources
become more important in summer compared to winter because of the increased
residence time inside the Polar Dome (Stohl, 2006; Schmale et al., 2011).

1.2.3 Properties of particles from long-range transport

The physicochemical properties of aerosol particles from long-range transport
are characterized by chemical aging, cloud processing and wet removal along
their pathway towards the Arctic (see no. 2 in Fig. 1.1). Aging of particles
takes place due to oxidation of gas phase species resulting in lower-volatility
products which either form secondary aerosol particles via new particle formation
or condense on pre-existing particles (Kroll and Seinfeld, 2008; Croft et al.,
2016b). Consequently, the particle size increases and the particle composition
changes (Schmale et al., 2011; Croft et al., 2016b). Another aging process is
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coagulation of particles which leads to larger particle sizes (Quennehen et al.,
2012). In-cloud processing occurs via oxidation of dissolved gases like SO2,
organic species, ammonia or nitric acid. As a result, the released particle after
droplet evaporation has grown and chemically changed due to the collection
of non-volatile compounds compared to the pre-cloud particle (Croft et al.,
2016b; Lange et al., 2018). In addition, interstitial coagulation with aerosol
activated into cloud droplets increases particle sizes and, simultaneously, reduces
the concentration of particles below ∼200 nm (Pierce et al., 2015; Croft et al.,
2016b). Finally, wet scavenging of particles due to precipitation along their
pathway towards the Arctic reduces the particle transport efficiency (Matsui
et al., 2011a; Matsui et al., 2011b).

The chemical composition of aerosol particles transported to the Arctic is
affected by three main types of sources: anthropogenic sources, vegetation
fires and natural origin. Particles associated with anthropogenic emissions
are mainly composed of sulfate, BC and organic matter (Willis et al., 2018).
Sulfate particles are formed via oxidation of gas phase SO2 (Rahn et al., 1980;
Rahn and McCaffrey, 1980; Shindell et al., 2008; Breider et al., 2014) which
is largely emitted by industrial sources (Smith et al., 2001). Aqueous phase
oxidation and non-photochemical oxidation processes, e.g. via transition metals,
contribute to sulfate transported to the Arctic as well (McCabe et al., 2006).
A decreasing trend in Arctic sulfate concentrations has been observed since
the 1980s due to decreasing anthropogenic sulfur emissions in Europe, North
America and the former Soviet Union (Quinn et al., 2007; Breider et al., 2017).
Simultaneously, the emissions in China increased by a factor of 3 between 1980
and 2006, illustrating the increasing importance of southeast Asian sources
for the abundance of Arctic sulfate (Breider et al., 2017). Besides industrial
sources, sulfate aerosol is also produced from natural sources, e.g. via oxidation
of marine dimethyl sulfide (DMS) emissions (see Sect. 1.2.4). BC is generated
from incomplete combustion processes (Bond et al., 2013) with vegetation fires
as a major source, in particular for the Arctic summer. However, anthropogenic
BC sources in northern Eurasia impact the lower Arctic troposphere (Köllner
et al., 2021) whereas south Asian BC sources play a role for the middle and
upper troposphere (Hirdman et al., 2010b; Backman et al., 2021). Similar to
sulfate, BC shows a decreasing trend in the Arctic lower troposphere because of
reduced emissions in most industrial regions, however, the importance of south
Asian emissions (China and India) significantly increased for the middle and
upper troposphere (Backman et al., 2021). Another important anthropogenic
particle species is organic carbon (OC). OC summarizes a heterogeneity of
different chemical compounds which are either primarily emitted or formed
from gas-phase low-volatile organic compounds via photooxidation (Hallquist
et al., 2009; Seinfeld and Pandis, 2016). The molecular composition of organic
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matter varies significantly across Arctic sites depending on the proximity to
specific sources and different chemical processing (Frossard et al., 2014; Hansen
et al., 2014). Previous studies showed the contribution of alkanes, acids (e.g.
phthalic acid and dicarbonylic acids), alcohols and organosulfates which have
been associated with combustion processes, including fossil fuel and biomass
burning (BB; Fu et al., 2009a; Brock et al., 2011; Schmale et al., 2011; Fu et al.,
2013; Frossard et al., 2014; Hansen et al., 2014; Leaitch et al., 2018).

During spring and summer, vegetation fires can be an important source of
transported particulate matter from mid-latitudes. Several studies reported
a significant contribution of BB emissions in North America and Siberia to
Arctic aerosol in the free troposphere during these seasons (e.g. Paris et al.,
2009; Schmale et al., 2011; Bian et al., 2013; Thomas et al., 2013; Xu et al.,
2017). Episodical events of BB can also impact the Arctic near surface (Stohl
et al., 2007). The composition of aerosol particles from BB is dominated by
organic compounds (Kondo et al., 2011; Köllner et al., 2021). These particles
result from emissions of primary organic particles or organic precursor gases
at the fire source and subsequent secondary organic aerosol (SOA) formation.
However, the contribution of SOA to vegetation fire aerosol in the Arctic remains
poorly constraint (Hecobian et al., 2011; Quennehen et al., 2012). Furthermore,
processes during transport (e.g. oxidation) affect the BB particles and they
become less volatile and more water soluble (Jimenez et al., 2009; Schmale et al.,
2011; Lathem et al., 2013). The molecular composition of OC from natural fires
is therefore mainly determined by water-soluble organics, like acids, carbonyls
and carbohydrates such as levoglucosan which is often used as an important
organic tracer for BB (Fu et al., 2013; Hansen et al., 2014; Leaitch et al., 2018).
Furthermore, particles from BB are often potassium-rich since potassium is a
common constituent of plant material (Silva et al., 1999; Schill et al., 2020). In
addition to OC, vegetation fires are also a major source of BC particles in Arctic
summer (Stohl, 2006; Bian et al., 2013; Breider et al., 2014; Evangeliou et al.,
2016; Xu et al., 2017). Measurements of fire particles often show BC which is
thickly coated with organics, indicating enhanced aging and processing during
transport (Kondo et al., 2011; Lathem et al., 2013). Finally, vegetation fires
are also associated with the formation of secondary aerosol particles, including
inorganic material, such as ammonium, nitrate and sulfate (Fisher et al., 2011;
Breider et al., 2014). During transport to the Arctic, ammonium nitrate or
sulfate particles are formed via reactions of the oxidation products of SO2 or
NOx with ammonia, mainly in the aqueous phase (Fisher et al., 2011; Seinfeld
and Pandis, 2016).

Particles that are of natural origin and are transported into the Arctic can
be classified in three types. First, sea spray aerosol from regions with open



8 introduction

ocean contributes significantly to the Arctic particle concentration and sizes of
the particles (Huang and Jaeglé, 2017). Especially during winter, when wind
speeds over the northern oceans are high and the local production of sea spray
as well as biological activity is low within the Arctic, transport of sea spray
particles can play an important role (Huang and Jaeglé, 2017; Leaitch et al.,
2018). During summer, the local emissions of sea spray becomes more important
(see Sect. 1.2.4). Second, mineral dust originating from the Gobi and Sahara
deserts has been observed in the Arctic (Rahn et al., 1977; VanCuren et al.,
2012; Huang et al., 2015). Dust particles are largely important for ice nucleation
(see Sect. 1.2.6; Irish et al., 2018) and can significantly influence the radiative
properties of high albedo surfaces (Stone et al., 2007; Groot Zwaaftink et al.,
2016). However, little is known on the quantitative contribution of mineral
dust from global deserts to Arctic aerosol (Willis et al., 2018). Third, sulfur
emissions from volcanoes can be an important source for sulfate transported to
the Arctic. Patris et al. (2002) studied sulfur isotopes in Greenland ice cores
and found that volcanic sulfate contributes significantly to deposited sulfate
in pre-industrial periods. Only few observations exist in order to quantify the
volcanic impact (Norman et al., 1999; Leaitch et al., 2018) but it is suggested
that volcanic events influence the amount of Arctic sulfate aerosol episodically
(Willis et al., 2018).

In summary, long-range transport controls the abundance of Aitken and accu-
mulation mode particles in the Arctic, especially during summer, when aerosol
concentrations in the Arctic are low. As described in this section, a variety of
different source emissions and aging processes during transport lead to complex
features in particle size distribution and chemical composition.

1.2.4 Predominance of natural particles during Arctic summer

The Arctic region is mostly a marine and coastal environment, in particular
during summer, when more open water surfaces are present due to the seasonal
sea ice retreat. In addition, anthropogenic pollution sources are scarce with
only some local emissions from shipping, oil and gas extractions as well as
domestic activities (Aliabadi et al., 2015). Therefore, local sources of aerosol
particles are mostly given by ocean, soils and vegetation surfaces. Together,
these sources emit a range of primary particles and precursor gases for secondary
aerosol formation (see no. 3 in Fig. 1.1). The resulting aerosol particles are
mainly composed of a mixture of sea spray, sulfate, methanesulfonic acid (MSA),
ammonium, amines, iodine and organic matter.
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Sea spray is one of the major primary particle types that is emitted locally.
Similar to transport, a complex mixture of inorganic salts and organic matter is
mostly emitted by open water surfaces (e.g. open ocean, polyneas, leads; Prather
et al., 2013). The main mechanism behind sea spray emissions is wind-driven
wave breaking (Blanchard, 1989). Hence, air is trapped beneath the water
surface and rises up as bubbles towards the surface again. There, the bubbles
generate film and jet drops of ocean water which are released to the atmosphere
(Blanchard and Woodcock, 1957; Blanchard, 1989). Once the droplets evaporate,
aerosol particles of non-volatile species remain in the atmosphere (Blanchard
and Woodcock, 1980; Bigg and Leck, 2008; Karl et al., 2013; Prather et al.,
2013). Another possibility for sea salt production in the Arctic is the emission
from snow and ice surfaces which is either related to frost flowers (Seguin et al.,
2014; Xu et al., 2016) or to blowing snow (Yang et al., 2008; Huang and Jaeglé,
2017). However, both mechanisms are difficult to distinguish (Hara et al., 2017;
Willis et al., 2018) and, thus, their individual contribution is still an open
question (Willis et al., 2018). Since each of those formation processes depend
on wind speed, the seasonal maximum sea salt concentration is reached during
winter and spring when wind speeds are high (Deshpande and Kamra, 2014;
May et al., 2016; Kirpes et al., 2018).

The composition of primary marine aerosol is mostly determined by inorganic
salts (e.g. sodium chloride) and is often accompanied by different organic
matter, in particular during summer (Bigg and Leck, 2008; Prather et al., 2013).
Among these organic species, MSA, protein-like substances, organosulfates,
polysaccharides, alcohol functional groups and insoluble microgels exist (Fu
et al., 2013; Frossard et al., 2014; Fu et al., 2015; Zeppenfeld et al., 2019). In
addition, aging of sea salt occurs due to reactions with organic, sulfuric and
nitric acids forming internal mixtures of salt with secondary organics, sulfate
and nitrate (Prather et al., 2013; Sierau et al., 2014; Chi et al., 2015; Kirpes
et al., 2018). Both, organic matter and aged sea salt, can be important for cloud
formation by serving as cloud condensation nuclei (CCN) or ice nucleating
particles (INP; Leck and Svensson, 2015; Wilson et al., 2015).

During summer, when sea salt concentrations are low and the influence of
long-range transport to the Arctic BL is weak, secondary aerosol particles
become more relevant. These secondary particles from gas-phase precursors are
induced by new particle formation (NPF) events which are characterized by
high concentrations of nucleation-mode particles (Kulmala et al., 2004; Zhang
et al., 2012). Such NPF events were frequently observed in the summertime
Arctic BL in association with marine precursor gases (e.g. Leaitch et al., 2013;
Asmi et al., 2016; Nguyen et al., 2016; Dall’Osto et al., 2017; Freud et al., 2017).
The main drivers for NPF remain still unclear, however, the presence of clouds
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might play an important role (Willis et al., 2018). More specifically, particle
removal via cloud scavenging establishes favorable conditions for NPF due to
low condensation sinks (Collins et al., 2017). In addition, photochemistry by
the available sunlight during summer has a strong impact on the occurrence of
NPF events (Ström et al., 2009; Freud et al., 2017).

A prominent marine precursor for secondary particles is DMS which is an
important contributor to Arctic sulfate production (e.g. Levasseur, 2013; Park
et al., 2013; Becagli et al., 2016; Mungall et al., 2016; Park et al., 2017; Jarníková
et al., 2018; Ghahremaninezhad et al., 2019). DMS is produced via bacterial
breakdown of dimethylsulfoniopropionate which is generated by marine micro-
algae and phytoplankton (Carpenter et al., 2012; Becagli et al., 2016). Once
emitted to the atmosphere, DMS further reacts to form sulfuric acid or MSA
(Hoffmann et al., 2016). Both oxidation products can play a role in secondary
aerosol formation by forming stable sulfate clusters (Kulmala et al., 2000; Bzdek
et al., 2011; Dawson et al., 2012), MSA, however, may contribute more to the
growth of existing particles by condensation due to its higher vapor pressure
(Leaitch et al., 2013; Seinfeld and Pandis, 2016; Willis et al., 2016). Accordingly,
DMS emissions lead to the formation of sulfate particles in the Arctic BL.

Basic precursor gases, like ammonia and amines, play an important role in the
formation of secondary aerosol with sulfuric acid in the Arctic. The abundance
and their individual contribution to secondary particle formation is still highly
uncertain (Willis et al., 2018). Ammonia is emitted locally from seabird guano
as several studies found elevated ammonia levels associated with nearby seabird
colonies (Blackall et al., 2007; Croft et al., 2016a; Wentworth et al., 2016).
Boreal fires can also contribute episodically to Arctic ammonia concentrations,
however, their influence is limited by the short atmospheric lifetime of ammonia
(1-2 days; Lutsch et al., 2016; Lutsch et al., 2019a). Marine open water (e.g.
ocean, melt ponds, leads), on the other hand, act as a sink for gas phase
ammonia (Johnson et al., 2008; Wentworth et al., 2016). The knowledge of
sources and abundance of amines in the Arctic region is very limited. Dall’Osto
et al. (2012) found particles containing amines at Mace Head, Ireland, in air
masses from polar marine regions. Another study showed the abundance of
amino acids in Arctic aerosol with marine background (Scalabrin et al., 2012).
In addition, trimethylamine (TMA) have been found as component of organic
aerosol particles at a coastal site in Alaska during summer (Gunsch et al., 2017).
Recently, single particle aerosol measurements in the Canadian high Arctic
demonstrated the abundance of TMA in particulate matter which could be
related to inner-Arctic marine biogenic sources (Köllner et al., 2017; Köllner,
2020). In other regions of the globe, emissions of gas phase amines from marine
biota to the atmosphere were observed which play an important role for aerosol
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chemistry (Gibb et al., 1999; Facchini et al., 2008; Ge et al., 2011a; Dall’Osto
et al., 2019; van Pinxteren et al., 2019b). Together with ammonia, gas phase
amines act as stabilizers for sulfuric acid clusters and, thus, are important
contributors to NPF processes (Facchini et al., 2008; Ge et al., 2011a; Almeida
et al., 2013; Kürten et al., 2016). The aerosol acidity, Henry’s law coefficient and
the amount of both species determine their individual role in acid neutralization
(Pratt et al., 2009; Ge et al., 2011b).

For amines, two additional pathways may exist for secondary aerosol formation:
First, amines are highly water-soluble in terms of Henry’s law coefficient (Ge
et al., 2011b; Leng et al., 2015b; Leng et al., 2015a). Therefore, they may
dissolve in available cloud water droplets where the acid-base reactions and
other cloud processing can occur (Ge et al., 2011b; Rehbein et al., 2011). Second,
gas phase amines can oxidize and form species with lower volatility, like amides,
nitramines and imines which promote secondary aerosol formation (Angelino
et al., 2001; Murphy et al., 2007; Ge et al., 2011b).

Iodine oxides are another species associated with NPF and growth processes
in coastal environments (e.g. Carpenter, 2003; O’Dowd and De Leeuw, 2007;
Sipilä et al., 2016). Measurements in the Arctic marginal ice zone revealed
a connection between increased iodic acid concentrations and the formation
of ultrafine particles in spring and the summer-to-autumn transition (Allan
et al., 2015; Sipilä et al., 2016; Baccarini et al., 2020). Baccarini et al. (2020)
observed an increase in iodic acid concentrations over the Arctic pack ice region
during autumn, possibly related to freezing onset and a seasonal ozone rise.
This abundance of iodic acid triggered NPF events contributed to particle
growth and, thus, potentially influence cloud properties (Baccarini et al., 2020).
Gas-phase iodine can be produced by micro-algae below the sea ice and is
transported via brine channels or cracks to the atmosphere (Hill and Manley,
2009; Saiz-Lopez et al., 2015). Another pathway can be the release of iodine from
the snowpack and frozen saline surfaces via photochemical reactions (Abbatt
et al., 2012; Raso et al., 2017; Halfacre et al., 2019).

Finally, other condensible organic species can also contribute to particle nucle-
ation and subsequent growth. The current knowledge of sources and involved
species, however, is still very limited in the Arctic (Willis et al., 2018). Several
studies reported volatile organic compounds (VOC), like fatty acids, monoter-
penes and isoprene, which are known as aerosol precursors (Fu et al., 2009b;
Schollert et al., 2014; Kramshøj et al., 2016; Kim et al., 2017; Mungall et al.,
2017). Among several SOA tracers, a variety of dicarboxylic acids (DCA) have
been measured at different Arctic sites (e.g. Kerminen et al., 1999; Fu et al.,
2009b; Kawamura et al., 2012; Fu et al., 2013; Hansen et al., 2014). However, the
abundance of DCA in summer is lower compared to spring because of the weak
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influence of long-range transport from lower latitudes. For example, Köllner
et al. (2021) observed particles containing DCA in the Canadian Arctic only
when air masses arrived from outside the Arctic. On the other hand, natural
sources in the Arctic become more important by retreating sea ice and increased
biological activity (Kawamura et al., 1996; Kerminen et al., 1999; Kawamura
et al., 2010; Kawamura et al., 2012). In addition to marine production, also
terrestrial sources for VOC and nitrogen-containing species may contribute to
Arctic SOA (Schollert et al., 2014; Kramshøj et al., 2016; Kramshøj et al., 2018).
In short, the origin and involved species of organic aerosol in the Arctic are
poorly constrained and further studies are needed with the focus on organic
species.

1.2.5 Peculiarity of Arctic clouds

Clouds are a crucial compound for the Arctic surface energy balance and,
therefore, important to understand the Arctic Amplification (Serreze and Barry,
2011; Wendisch et al., 2019). However, their quantitative impact on the ac-
celerated warming is still associated with large uncertainties (Schmale et al.,
2021). As mentioned earlier, the net radiative effect of clouds to the Arctic
surface is warming, except for midsummer when the incoming solar radiation
is at its maximum and surface albedo is low (Intrieri et al., 2002; Shupe and
Intrieri, 2004; Alterskjær et al., 2010; Döscher et al., 2014). Specifically, the
sign and strength of these cloud effects depend on latitude (amount of solar
radiation), surface albedo, aerosol properties and cloud properties, like liquid
water content and temperature (Shupe and Intrieri, 2004; Sedlar et al., 2011;
Döscher et al., 2014). The interaction of aerosol with clouds is a key mechanism
which contributes significantly to the existing uncertainties (Wendisch et al.,
2017; Wendisch et al., 2019; Schmale et al., 2021).

The Arctic region is characterized by high cloud frequencies throughout the year
with a significant fraction of liquid and mixed-phase clouds (Shupe, 2011). These
cloud types contribute substantially to the energy fluxes as longwave cloud
radiative forcing is very sensitive to the liquid water path (Shupe and Intrieri,
2004). Several measurements at different Arctic sites as well as spaceborne
observations revealed an annual cycle in the cloud occurrence and phase (Shupe,
2011; Mioche et al., 2015). In summer and autumn, the fraction of liquid phase
clouds is largest, whereas mixed-phase clouds are a frequent feature in winter
and spring (Shupe and Intrieri, 2004; Cesana et al., 2012; Morrison et al.,
2012).
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Another special characteristic of Arctic clouds is the longevity of mixed-phase
clouds (Morrison et al., 2012). Usually, the lifetime of this cloud type is limited
due to the fast growth of ice-crystals at the expense of liquid cloud droplets
which is known as the Wegener-Bergeron-Findeisen (WBF) process. In the
Arctic region, however, they can persist for multiple days (Shupe et al., 2006;
Morrison et al., 2012). Morrison et al. (2012) summarized several factors for
the observed persistence of Arctic mixed-phase clouds. First, the longevity
is largely driven by a feedback pathway in which liquid water, radiation and
turbulence is involved. In particular, supercooled liquid water in the upper
part of the cloud leads to strong radiative cooling causing a decrease in static
stability. Consequently, upward motions and turbulence are triggered which
promote condensational growth of cloud droplets. Furthermore, advection of
humid air from lower latitudes often results in strong moisture inversions above
the cloud which provides enough water vapor for sustaining the liquid phase
inside the cloud via entrainment from above (Morrison et al., 2012; Sedlar
et al., 2012). Surface energy and moisture from open water sources (e.g. open
ocean, leads) feed the cloud with water vapor as well if the cloud is dynamically
coupled to the surface (Zuidema et al., 2005). An additional factor in sustaining
the liquid phase are aerosol particles available for cloud formation. Since the
concentrations of INP can be very low in the Arctic, their availability is critical
for the WBF mechanism (Morrison et al., 2012; Wex et al., 2019). As a further
consequence of the limited INP amount, cloud ice often only forms if liquid
droplets are present. Thus, an intensive depletion of liquid water at the expense
of ice formation and growth, as would occur for the WBF process, might not
be possible since the liquid would be missing for further ice formation (Lance
et al., 2011; Morrison et al., 2012). In summary, the combination of these
processes leads to the persistence of Arctic mixed-phase clouds, their individual
contribution, however, is still an open question (Wendisch et al., 2019).

Besides the INP concentration as critical factor for cloud ice formation, the
abundance and properties of available CCN play also an important role for the
cloud radiative effect. In particular, when the CCN concentrations are very
low (< 10 cm−3), small increases in the amount of CCN can have a significant
impact on the cloud LWP and, thus, enhance the warming longwave emissions of
the cloud (Mauritsen et al., 2011). This critical range of lacking CCN abundance
for cloud formation is referred to as tenuous cloud regime (Mauritsen et al.,
2011). In conclusion, the interaction of aerosol particles with clouds are a critical
component for Arctic radiative fluxes.
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1.2.6 Cloud-interacting particles in the Arctic

Aerosol particles and precursors can interact with clouds by acting as CCN or
INP for cloud formation or by being mixed into the clouds where they can alter
their properties due to cloud processing (see process no. 4 in Fig. 1.1; Seinfeld
and Pandis, 2016). The concentration of CCN shows in general a seasonal cycle
similar to the total particle concentration in the Arctic (Karlsson et al., 2021).
Winter- and springtime CCN abundance can reach values of up to 1000 cm−3

because of the dominance of accumulation mode particles (Moore et al., 2011).
During summer, the CCN concentration is often very low but can increase
episodically (Bigg and Leck, 2001; Wylie and Hudson, 2002; Burkart et al.,
2017b). For instance, measurements in the central Arctic Ocean from July
to September showed concentrations varying over three orders of magnitude
ranging from 1 up to 1000 cm−3 (Bigg and Leck, 2001). The general low
CCN concentrations in summer are largely driven by the lack of accumulation
mode particles which are commonly activated to cloud droplets. Under these
conditions, supersaturations can become high enough that a significant fraction
of particles below 100 nm can be activated (Korhonen et al., 2008; Croft et al.,
2019). Indeed, several studies reported the activation of particles in the Aitken
mode which can take place down to particle sizes of ∼ 20 nm (Korhonen et al.,
2008; Leaitch et al., 2016). In short, the size effect is hypothesized to be the
dominant factor for CCN concentrations (Dusek et al., 2006; Zelenyuk et al.,
2010; Moore et al., 2011). However, particle composition and mixing state might
also be important, especially during summer when the availability of cloud
active particles is limited.

Under these conditions, when long-range transport can be neglected, aerosol
species from marine biogenic sources represent an important class of CCN-active
particles. Previous studies in the Arctic highlighted the CCN-contribution of
sulfur-containing secondary aerosol which is formed via DMS oxidation (Leaitch
et al., 2013; Willis et al., 2016). Furthermore, marine secondary organic aerosol
(MSOA), which is mostly internally mixed with sulfate, contributes significantly
to formation of cloud droplets (Willis et al., 2016). Another important aerosol
type for cloud droplet activation are primary particles from the ocean, like
marine microgels (Orellana et al., 2011). However, a study using κ-Köhler
theory hypothesized a large fraction of organic aerosol being insoluble (Martin
et al., 2011). As a result, an increase in organic fraction might decrease the
CCN-activity of tropospheric particles in the Arctic summer (Martin et al.,
2011; Leck and Svensson, 2015). On the other hand, MSOA might contribute to
cloud droplet formation via particle growth to CCN-active size (Burkart et al.,
2017a; Willis et al., 2017; Willis et al., 2018).
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When particles from long-range transport reach the Arctic atmosphere, species
from anthropogenic, biomass burning and natural sources play an important
role for the CCN burden. The transported aerosol material is often dominated
by oxygenated organic compounds leading to high O:C-ratios (Fu et al., 2009a;
Moore et al., 2011). Among these species, DCA is a prominant agent in the
Arctic (e.g. Fu et al., 2009a; Köllner et al., 2021). Because of the hygroscopicity
of oxygenated species (Jimenez et al., 2009), the CCN-activity significantly
increases if the Arctic atmosphere is influenced by sources from mid-latitudes,
in particular during winter and spring (Moore et al., 2011).

In comparison to CCN active particles, less is known on the number and
composition of Arctic INP (Willis et al., 2018). Concentrations of INP are in
general lower than 1 L−1 but can increase to higher values episodically (e.g.
Fountain and Ohtake, 1985; Bigg, 1996; Prenni et al., 2009; McFarquhar et al.,
2011; Mason et al., 2016; Creamean et al., 2018; Irish et al., 2019; Wex et al.,
2019; Hartmann et al., 2020). Mineral dust from local sources and regions at
lower latitudes is known as efficient ice nucleus and contributes significantly
to Arctic INP (Mason et al., 2016; Groot Zwaaftink et al., 2016; Creamean
et al., 2018; Irish et al., 2019; Si et al., 2019). Another important INP source
could be the Arctic Ocean. Global measurements of seawater samples illustrated
elevated INP concentrations and high freezing temperatures at the sea surface
microlayer (SML; Wilson et al., 2015; DeMott et al., 2016; Chance et al., 2018).
Accordingly, primary marine aerosol from the Arctic Ocean have been identified
as potential INP source (Creamean et al., 2019; Zeppenfeld et al., 2019). In
addition, Hartmann et al. (2020) found effective INP in the Arctic troposphere
in combination with marine local air masses. However, many uncertainties
remain regarding the role of marine Arctic aerosol for ice nucleation (Schmale
et al., 2021).

1.2.7 Thermodynamic structure of Arctic clouds

The contribution of particles originating from Arctic surfaces depends strongly
on the thermodynamic structure of the cloud (Morrison et al., 2008; Shupe
et al., 2013; Li et al., 2017). In particular, the position of thermodynamically
stable inversion layers, i.e. temperature and moisture inversions, determine the
vertical pathway for aerosol particles and moisture into the cloud (Sedlar and
Tjernström, 2009; Sedlar et al., 2012; Shupe et al., 2013; Li et al., 2017). In the
Arctic, different scenarios for the thermodynamic profile have been observed in
the past (Sedlar and Tjernström, 2009; Shupe et al., 2013; Sotiropoulou et al.,
2014; Creamean et al., 2021).
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(a) coupled cloud (b) decoupled cloud

Figure 1.2: Schematic vertical profile of potential temperature θ for a surface-
coupled cloud (a) and a decoupled cloud (b). Arrows indicate the mixing pathways
of aerosol particles into the cloud. An increase of θ with altitude corresponds to a
stable stratification.

One discrimination can be made for the thermodynamic structure below-cloud.
If the cloud mixed-layer extends down to the surface, the cloud is referred
to as surface-coupled cloud (see Fig. 1.2a). Consequently, aerosol particles
and precursor gases from the surface can directly be mixed into the cloud via
upward motion and turbulence (Shupe et al., 2013). In contrast, the presence of
a near-surface stable stratification prohibits the upward mixing of aerosol into
the cloud above (see Fig. 1.2b). In this case, the cloud is thermodynamically
decoupled from the surface, thus, horizontal advection and mixing from above
the cloud are the dominant drivers for aerosol and moisture transport to the
cloud (Shupe et al., 2013; Sotiropoulou et al., 2014).

For the cloud top structure, another two regimes can be defined. First, the
inversion base can be collocated with the cloud top height (see Fig. 1.3a) which
is classified as a cloud capped by inversion (CCI; Sedlar and Tjernström, 2009;
Sedlar et al., 2012). On the other hand, the cloud top can extend up to a few
hundred meters into the inversion layer, resulting in a cloud inside the inversion
(CII; Sedlar and Tjernström, 2009; Sedlar et al., 2012; see Fig. 1.3b). This CII
case is considered to occur with strong temperature and moisture inversions
at cloud top (Sedlar et al., 2012). The location of inversion base below cloud
top promotes the moisture transport into the clouds from above. On the other
hand, aerosol particles aloft can be mixed into the cloud via entrainment in the
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(a) cloud capped by inversion (CCI) (b) cloud inside inversion (CII)

Figure 1.3: Schematic vertical profile of potential temperature θ similar to Fig. 1.2
but for the cloud capped by inversion (CCI; a) and the cloud inside inversion (CII)
case (b).

upper part of the cloud (Sedlar et al., 2012; Tjernström et al., 2014). Clearly,
the vertical location of stable inversion layers can be decisive for the aerosol
contribution from below or above the cloud. However, their quantitative input
to cloud formation and processes is still unknown (Schmale et al., 2021).

1.3 objectives and structure of the thesis

As described in the previous sections, the current understanding of aerosol
particles in the Arctic is already robust, however, some questions remain open,
especially for aerosol-cloud interaction processes. Schmale et al. (2021) outlined
current deficits in aerosol-related processes in the Arctic some of which were
already pointed out in the previous sections. In short, the main knowledge gaps
exists in the properties of cloud forming particles (CCN and INP), their origin
and the processing of particles and precursors in clouds. For instance, the effect
of aerosol chemical composition on cloud processes is still highly debated.

A large part of the incomplete knowledge of aerosol-cloud interaction processes
is due to a lack of in-situ observations. Most of the knowledge is based on
comparison of particle measurements with observed CCN or INP concentrations,
however, these quantities are only inferred from artificial particle activation
inside the instruments. Only a few studies exists with measurements of particles



18 introduction

directly involved in Arctic clouds (e.g. Zelenyuk et al., 2010; Baccarini et al.,
2020; Karlsson et al., 2021). Directly involved means that cloud particle residues
were analyzed remaining after evaporating the cloud particles (droplet or ice
crystal). The information about chemical composition of cloud residuals is
further restricted. To the author’s knowledge, only one previous aircraft-based
measurements took place in Alaska where a single particle mass spectrometer
was connected with a counterflow virtual impactor (CVI) inlet to analyze the
cloud particle residues’ composition (McFarquhar et al., 2011).

For this reason, the following research questions were addressed in this thesis:

• Which particle types can be found in summertime Arctic clouds and how
does their composition differ from ambient air?

• How does the thermodynamic structure of clouds vary between different
meteorological and surface conditions and does this effect the chemical
composition of cloud particle residues?

• Does the chemical composition of Arctic cloud residues differ from mid-
latitudinal clouds?

• Which role plays long-range transport for the clouds during Arctic sum-
mer?

In this thesis, the combination of a single particle mass spectrometer with a
CVI inlet system is used to characterize the chemical composition of cloud
residual particles. Here, the focus will lie especially in the contribution and
mixing state of MSOA.

The structure of the current thesis is the following: In Chapter 1, the current
understanding of aerosol particles and aerosol-cloud interaction processes is
introduced and the existing knowledge gaps are emphasized. In the following
Chapter 2, the instruments and methods for this study are described. In partic-
ular, the main instrument of this thesis, the single particle mass spectrometer
ALABAMA, is introduced and characterized. Furthermore, complementary
instruments and the resulting data sets for this study are presented briefly. In
Chapter 3, the airborne campaign of this study, the “Arctic CLoud Observa-
tions Using airborne measurements during polar Day” (ACLOUD; Wendisch
et al., 2019), is presented together with an overview of the meteorological
conditions during the airborne experiments. Chapter 4 contains the results
from the airborne measurements of ambient aerosol and cloud particle residue
composition. In the final Chapter 5, the results are summarized and combined
with an outlook for further measurements on aerosol-cloud interaction in the
Arctic region.



2
M E T H O D S

The main focus of the thesis is the chemical characterization of Arctic aerosol
particles and cloud particle residuals. To analyze the chemical composition
of atmospheric particles, the Aircraft-based Laser ABlation Aerosol MAss
spectrometer (ALABAMA) was deployed on the Polar 6 aircraft. In the following
sections, the main working principle, measurement efficiencies and the particle
classification of the ALABAMA are described. Furthermore, complementary
measurements of different trace gases, additional aerosol instrumentation and
cloud properties are introduced. In addition, the Lagrangian models for air
mass history calculation are described.

2.1 laser ablation/ionization aerosol mass spectrometer
alabama

2.1.1 Working principle of ALABAMA

The main instrument used in the thesis is the single particle mass spectrometer
ALABAMA (Brands et al., 2011; Clemen et al., 2020). Figure 2.1 shows a
schematic view of the ALABAMA setup. It consists in principle of three different
sections.

In the first section, particles enter the instrument and are focused into a narrow
particle beam. This is achieved by a constant pressure inlet (CPI; Molleker et al.,
2020) and an aerodynamic lens. The CPI consists of an in-house manufactured
O-ring which is either squeezed or relaxed by a bottom and top metal plate,
depending on the upstream pressure. As a result, the O-ring acts as a critical
orifice by changing its inner diameter which determines the volumetric flow rate
into the ALABAMA. For airborne sampling with changing ambient pressure
conditions, this flexibility is important to maintain a constant mass flow into
the instrument. A detailed description of the CPI similar to the one used in
the ALABAMA is given by Molleker et al. (2020). After the CPI, the particles
pass a Liu-type aerodynamic lens containing a series of orifices with different
diameters (Liu et al., 1995a; Liu et al., 1995b; Liu et al., 2007) which focuses
the particles into a narrow beam. At the exit of the first section, a skimmer
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Figure 2.1: Schematic overview of the ALABAMA (modified according to Brands
et al., 2011 and Clemen et al., 2020). Acronyms are defined as follows: CPI = constant
pressure inlet; PMT = photomultiplier tube; TMP = turbo molecular pump. The
view of the scheme changes from the upper part to the mass spectrometer part
indicated by the two coordinate systems on the right-hand side. Pressure regimes for
the individual sections are given as numbers on the left hand side as well.

with a diameter of 350 nm is installed to reduce the amount of air reaching the
following sections. The combination of CPI, aerodynamic lens and skimmer
ensures an efficient transmission of particles in the size range of 100 nm up to
∼ 2 µm.

The second part of the instrument is the detection unit. There, the particles pass
through two orthogonal laser beams from InGaN laser diodes (wavelength λ =

405 nm). The scattered light is guided by elliptical mirrors towards photomulti-
plier tubes (PMTs) where the light signals are detected at both laser stages.
Signal amplifiers support the detection of very small particles down to 100 nm.
Via the elapsed time of the particles between the two detection stages, the
particle velocity can be determined (DeCarlo et al., 2004). Using a calibration
with particles of known size, density and shape (in this case: polystyrene latex
(PSL) particles), the vacuum-aerodynamic diameter (dva) can be derived (see
section 2.1.2). In addition, the particle velocity is used to trigger the ablation
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laser (pulsed frequency-quadrupled Nd:YAG laser, wavelength λ = 266 nm,
max. repetition rate 20 Hz, pulse length ∼ 6 ns; Quantel, 2008).

Finally, the particles arrive in the actual mass spectrometer section where the
ablation laser pulse takes place. A successfully detected and sized particle is hit
by the high-energy laser pulse so that the particle evaporates and simultaneously
ionizes. Following this ablation/ionization process, the generated positive and
negative ions are guided into a mass spectrometer (Z-shaped bipolar ToF-MS;
TOFWERK AG, Thun, Switzerland). The ions reach the multi-channel detector
plates at the end of the Z-shaped extraction paths with a certain flight time
depending on their mass-to-charge ratios (m/z). Thus, a bipolar mass spectrum
up to m/z 250 is recorded for each particle hit.

The main limitation of this laser-induced ablation/ionization method is the
difficulty of quantifying aerosol mass concentrations due to highly variable
ion signals (Sullivan and Prather, 2005; Murphy, 2007; Köllner, 2020). This
variability occurs due to several factors. First, the particles can experience
different laser intensities when they are hit by the ablation laser. This is due
to a combination of the particle beam divergence, the Gaussian shape of the
laser beam profile and inhomogeneities within the spatial laser beam profile
(Wenzel and Prather, 2004; Brands, 2009; Clemen et al., 2020). Second, the
ionization efficiency changes with the chemical composition of the particles
(e.g. Bhave et al., 2002). Third, the fragmentation of particles varies due to
different laser intensities as well as differences in particle size, structure and
composition (e.g. Bhave et al., 2002; Cai et al., 2006; Sultana et al., 2017). Fourth,
matrix effects can lead to suppression of ion signals from major compounds by
minor constituents (Gross et al., 2000; Reilly et al., 2000; Hatch et al., 2014).
In addition, the diversity of organic compounds can challenge the molecular
identification of specific organic particle species (Sullivan and Prather, 2005;
Murphy, 2007). In short, the combination of these effects is still not fully
understood (Murphy, 2007). As a consequence, a quantification of certain
particulate compounds via the ablation/ionization process is almost impossible.
Despite these limitations, this method provides an important advantage for the
analysis of aerosol processes. In fact, it allows the investigation of mixtures
of different chemical compounds, the so-called internal mixing state (Sullivan
and Prather, 2005; Köllner, 2020). In addition, the quantification of certain
particle compounds can be approximated by using aerosol concentrations from
complementary measurements or from the concentration of detected particles
by the ALABAMA (see Sect. 2.2.4; Froyd et al., 2019; Köllner, 2020).
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2.1.2 Calculation of particle size

When passing through the aerodynamic lens, the particles accelerate depending
on their particle size. Thus, particles travel through the evacuated part of the
ALABAMA with a certain velocity vp depending on their size (Klimach, 2012).
Consequently, the information on vp can be used to derive the size of individual
particles. Therefore, the flight time of the particles between the two detection
lasers is measured via an internal clock system with a processor frequency of
25 MHz and the time counter value upcount, so one upcount corresponds to
40 ns. Using the known distance between the two detection lasers of 0.07 m, the
particle velocity vp is determined by:

vp =
0.07 m · 25 MHz

upcount
. (2.1)

The resulting velocity is not only a function of particle size, but also depends on
shape and density. As both properties are highly variable among atmospheric
particles, a specific size parameter is introduced which refers to particles of a
certain shape and density. The diameter of a spherical particle with a density
of 1 g cm−3 that has the same velocity vp as the particle of interest is called
the aerodynamic diameter da. For the free-molecular regime, like the evacuated
part of the ALABAMA, the equivalent diameter is called vacuum-aerodynamic
diameter dva (DeCarlo et al., 2004).

To obtain particle sizes from the determined velocities vp, calibration measure-
ments with particles of known shape and size are necessary. For this study, two
sets of calibration measurements were conducted: one set during the ACLOUD
field experiments (11 June 2017) and one after ACLOUD (17 July 2017). As
calibration particles, monodisperse PSL particles of different sizes in the range
between 210 nm and 1.68 µm were dispersed in purified water and sequentially
passed through the experimental setup which is described in the following. First,
the PSL-water mixtures were nebulized using an atomizer. After nebulization,
the small droplets passed through a diffusion drier with silica gel where all the
liquid evaporated. Finally, the remaining PSL particles reached the ALABAMA
where vp values were measured and the number of successfully detected particles
Ccoinc was counted. More specifically, Ccoinc gives the number of particles which
were detected by both detection stages in a pre-defined time interval. In Fig. A.1
and A.2 in the appendix, the resulting Ccoinc-histograms of measured vp for each
PSL size can be found for the first and second set of calibration measurements,
respectively. Using the median upcount values, the particle velocity vp was
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Figure 2.2: Vacuum-aerodynamic diameter (dva) as a function of particle velocity
(vp) calculated from a PSL size calibration during the ACLOUD campaign (LYR
cal.; orange) and after the campaign (lab cal.; green). The fit function (red line) is
calculated based on Eq. 2.2, the fit coefficients are shown in the text box. Uncertainty
analyses are given in Sect. A.5.

calculated for each PSL particle size via Eq. 2.1. In Fig. 2.2, the PSL median
size, given as dva, are visualized as a function of the corresponding vp values.

From a differential equation describing the particle’s acceleration at the exit of
the aerodynamic lens, Klimach (2012) derived a mathematical equation which
relates the diameter dva to the velocity vp as follows:

dva =
k

ln( vg−v0
vg−vp

)
(2.2)

with the particle velocity before the gas expansion v0, the gas velocity after the
expansion vg and the size calibration factor k. The fit coefficients k, vg and v0
can be determined by fitting the measured particle velocities to the particle
diameters using Eq. 2.2. With this calibration curve, the dva from unknown
particles can be calculated from the measured velocities (vp). The resulting fit
curve is shown in Fig. 2.2, including the fit coefficient results in a text box.

The selected sizes of PSL particles covers almost the complete size range
of particles analyzed during ACLOUD. In total, 99 % of all ablated/ionized
particles during the conducted flights were in the range between 250 nm and
1.6 µm. Further information on the used PSL particles can be found in Tab.
A.1 in the appendix.
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2.1.3 ALABAMA performance during ACLOUD

The collection efficiency CE of the ALABAMA, i.e. the number of successfully
ablated/ionized particles in relation to the number of particles reaching the inlet
of the instrument, is determined by the transmission and detection efficiencies
at the different stages of ALABAMA. It is defined as follows:

CE = DE · HR, (2.3)

where HR is the particle hit rate of the ablation laser. The detection effi-
ciency DE describes the number concentration of successfully detected particles
(Ncoinc) by the ALABAMA, divided by the number concentration measured by
a reference instrument (Nref ):

DE =
Ncoinc

Nref
. (2.4)

Considering the detection of particles, losses can occur in the inlet and the
focusing section of the instrument. In a laboratory characterization by Köllner
(2020), the transmission efficiency of the Liu-type aerodynamic lens combined
with the CPI orifice was measured for different particle sizes at a lens pressure
plens of 2.5 hPa which is close to the plens settings of 2.4 hPa during ACLOUD.
It was shown that the fraction of particles successfully entering the ALABAMA
varied between 60 % for 840 nm (in dva) particles up to more than 80 % for
a particle diameter of 315 nm (Köllner, 2020). Moreover, these transmission
efficiency values were stable for different upstream pressure conditions in the
range of the observed ambient pressures during ACLOUD (500 hPa - 1000 hPa;
Köllner, 2020). In contrast to these laboratory experiments, a new type of
O-ring was used inside the CPI for the current thesis. It provides a smaller inner
diameter (0.5 mm) compared to the former version (0.8 mm). This reduction
in diameter improves the shape of the inner hole when the O-ring is pinched
(Molleker et al., 2020). Thus, the transmission efficiency of the CPI should be
increased compared to the earlier study of Köllner (2020).

As the detection section of the instrument is downstream of the CPI and the
aerodynamic lens, DE comprises the efficiency of the optical detection as well
as the previous discussed transmission efficiency of the inlet section. Therefore,
DE depends on the upstream pressure (which corresponds to ambient pressure
during in-flight operation), the lens pressure plens as well as particle size and
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shape (e.g. Brands, 2009; Brands et al., 2011; Clemen et al., 2020; Köllner,
2020). These dependencies were characterized for the ALABAMA by previous
laboratory experiments (Brands et al., 2011; Clemen et al., 2020; Köllner, 2020).
Köllner (2020) measured the DE characteristics with the same setup of the
ALABAMA compared to the current study. For a lens pressure of 2.5 hPa close
to the value in this study, DE varied between 0.1 and 0.25 for different particle
diameters with the most efficient detection between 400 nm and 600 nm (Köllner,
2020).

However, the obtained DE values by Köllner (2020) were in general lower
compared to Brands et al. (2011) with a similar setup of the instrument. It was
suggested that the additional particle losses occurred due to a partly clogged O-
ring (Köllner, 2020). Furthermore, differences in the lens alignments might have
contributed to the deviations (Köllner, 2020). Another reason for the reduced
efficiency might have been the different wavelength of the detection lasers (λ =

532 nm) in the study by Brands et al. (2011) (Köllner, 2020). Clemen et al.
(2020) analyzed the dependencies of DE using a new aerodynamic lens system.
They found a detection efficiency close to unity in the size range between 200 nm
and 2 µm, although the same detection laser devices as in Köllner (2020) and
in the current study was used. Thus, the effect of the laser modifications might
be negligible.

To characterize the detection efficiency DE for the ACLOUD field experiments,
the number concentration Ncoinc of the ALABAMA was compared with the
number concentration obtained by complementary aerosol measurements Nref .
For this purpose, the raw particle counts signal of coinciding detections at
both laser stages (Ccoinc) was converted to Ncoinc by using the volumetric flow
through the ALABAMA (fALA). Based on measurements by Köllner (2020),
fALA was estimated as (2.36 ± 0.05) cm3 s−1. The concentration Ncoinc was
calculated as follows:

Ncoinc =
Ccoinc

fALA
. (2.5)

For the reference concentration Nref , measurements from the UHSAS and OPC
instruments (see Sect. 2.3.2) were combined to yield the particle concentration
N250−1600 in the ALABAMA size range between 250 nm and 1.6 µm. Further
details on the definition and calculation of N250−1600 are given in Sect. 2.2.4.
Note that the particle diameters measured by the ALABAMA are defined as
vacuum-aerodynamic diameter (dva), whereas the UHSAS and the OPC provide
optical diameter (dopt). As a result, the comparison of both size ranges can only
be considered as approximation (Köllner, 2020).
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Besides the detection efficiency, also the instrumental hit rate HR is an impor-
tant parameter in the overall collection efficiency. It is defined as the particle
number hit by the ablation laser and successfully ionized (Chits) divided by the
number of successfully detected particles (Ccoinc) which trigger the ablation
laser (Brands et al., 2011; Clemen et al., 2020; Köllner, 2020):

HR =
Chits

Ccoinc
. (2.6)

Using Eq. 2.6, the HR for ACLOUD was determined for different particle sizes
by dividing the ALABAMA size range in 20 logarithmic size bins. As shown in
Fig. 2.3, a maximum HR of approx. 0.4 was reached for particle sizes of 1 µm
(given as dva) with a significant decrease below 150 nm to about less than 0.1
for 100 nm diameter. A similar decline of HR is observed for large particles.
At 400 nm, an additional minimum occurs where HR drops to the half of the
maximum plateau. A possible explanation for this minimum might be the high
detection frequency, indicated by a maximum in the number of detected particles
(Ccoinc, also shown in Fig. 2.3), due to the highest detection efficiency of the
ALABAMA in this size range. In more detail, the maximum shot repetition
rate of the ablation laser was set to 8 Hz during ACLOUD. Thus, if occasionally
more than eight particles per second were detected by the ALABAMA, HR

must be smaller than one. Indeed, the detection frequency νCoinc was often
larger than 8 s−1 for particles of ∼ 400 nm (see Fig. A.3) owing to the maximum
DE in this size range. Consequently, a large portion of particles at this size
were missed by the ablation laser, leading to a reduction of HR.

Similar to the detection efficiency DE, HR depends on the beam width and
divergence of the particle beam in the evacuated part of the ALABAMA and,
thus, is a function of particle size and shape (Brands et al., 2011; Clemen et al.,
2020; Köllner, 2020). In addition, chemical composition, particle charge and
the laser intensity play a role for the hit rate HR (Brands et al., 2011; Clemen
et al., 2020; Köllner, 2020).

For the determination of the laser intensity, the laser energy was measured
using an energy meter (EnergyMax-USB J-25MUV-193, Coherent, Wilsonville,
OR, USA). During the ACLOUD measurement flights, the laser energy varied
between 2.41 and 9.04 mJ with a mean value of 3.66 mJ. With a beam width
of (200 ± 50) µm (Roth, 2014) and a pulse length of 6 ns for the ablation laser,
the energy can be converted to a laser intensity. Hence, for the measurements
in this thesis, the laser intensity ranged from 1.01 to 3.77 ·109 W cm−2 with a
mean value of 1.52 ·109 W cm−2. However, Clemen et al. (2020) showed that the
effective beam width diameter depends on the particle size and varies between
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Figure 2.3: Number of successfully detected particles Ccoinc and particle hit rate
HR of the ALABAMA ablation laser as a function of particle size (dva) for the
ACLOUD field experiments. The given values were calculated for 20 logarithmic size
bins between 80 nm and 2 µm. Uncertainty analyses are given in Sect. A.5.

200 and 600 µm for particle sizes between 200 nm and 1.8 µm. Thus, the laser
intensity might be significantly lower for large particles with the minimum
being in the order of 1·108 W cm−2. As the true value of laser intensity lies
somewhere in between the mentioned range of 1·108 W cm−2 and 3.77 ·109 W
cm−2, the ionization energy in this study was in the order of magnitude of
other single particle mass spectrometer (SPMS) studies (see Table A.2 in the
appendix). Moreover, the laser intensity is small enough (< 1010 W cm−2) to
avoid fragmentation of the particles to atomic ions (Murphy, 2007).

In Fig. 2.4, the vertical profiles for the detection efficiency (DE), hit rate (HR)
and collection efficiency (CE) measured during the ACLOUD campaign are
displayed which were calculated according to Eqs. 2.4, 2.6 and 2.3, respectively.
DE increased with altitude from 0.6 near the surface to values close to unity
in the highest flight levels. Similarly, the hit rate HR improved slightly towards
higher altitudes, varying between 0.2 and 0.4 , as for its size dependency.
Consequently, CE also showed a positive trend with increasing height with 10 %
of particles collected by the ALABAMA in the lowest flight levels and almost
half of the particles in the upper part. These values were higher compared to
the previous airborne measurements with the ALABAMA by Köllner (2020),
where both, DE and HR, were approx. 50 % smaller. Thus, maximum CE

values were smaller than 0.1 in the previous measurements.
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Figure 2.4: Vertical profiles of detection efficiency (DE), hit rate (HR) and collection
efficiency (CE) for flights no. 7 - no. 18 (27 May - 16 June 2017) of the ACLOUD
field campaign. The dashed line indicates the optimal efficiency of unity. Values are
given as median within altitude intervals of 100 m, uncertainties correspond to the
interquartile range within these intervals. The efficiencies for the remaining ACLOUD
flights is shown in Fig. A.4 in the appendix. Uncertainty analyses are given in Sect.
A.5.

The observed vertical gradient in the particle collection performance of the
ALABAMA can be explained by two reasons. First, it was shown by Köllner
(2020) that the transmission efficiency of the CPI depends on the upstream
pressure, with decreasing transmission for increasing atmospheric pressure.
However, as mentioned earlier, a different type of O-ring was used during
ACLOUD compared to the Arctic measurements in Köllner (2020). Since
Molleker et al. (2020) showed a transmission close to unity for upstream pressure
of 1000 hPa up to a particle size of ∼ 2 µm, the CPI transmission was expected
to be stable for varying ambient pressure conditions in the current study. Second,
the changing particle size with preferentially small particles at lower altitudes
might have contributed to a worse detection efficiency at the laser stages
compared to the upper flight levels (Köllner, 2020). Besides these effects, the
selected particle size range of the reference instruments for the DE calculation
has to be regarded with caution. As mentioned earlier, the optical diameters
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dopt obtained by the UHSAS and OPC are not necessarily equal to the vacuum-
aerodynamic diameters dva of the ALABAMA measurements. Furthermore, the
reference concentration is very sensitive to the selection of cut-off diameters, in
particular for lower sizes. As a consequence, the given DE has to be considered
as an approximation.

Considering the hit rate, this study revealed higher values compared to previous
ALABAMA measurements in the Arctic by Köllner (2020). These differences
correspond to modifications of the instrument. More specifically, an improved
electrical shielding as well as a delayed ion extraction were implemented to the
mass spectrometer section of the ALABAMA (Clemen et al., 2020). Laboratory
experiments by Clemen et al. (2020) showed, that these modifications resulted
in higher HR compared to previous ALABAMA studies.

To note, the last seven flights of ACLOUD (no. 19 - no. 25; 17 June - 26
June 2017) were excluded from the efficiency profiles in Fig. 2.4 as DE was
significantly lower and more variable compared to the other flights (see Fig.
A.4 in the appendix). An overview of the flight numbers and dates is given in
Table B.1 in the appendix. During flight no. 18 (16 June 2017), the heating
of the CVI inlet system broke, resulting in occasionally freeze-up of the inlet
during the subsequent flights (see Sect. 2.3.1). Although these freeze-up periods
were removed from the data sets, a potential influence on the ALABAMA
measurements cannot be ruled out. Another possible explanation might be
the different UHSAS reference instruments, as the reference UHSAS broke
during flight no. 19 (17 June). Therefore, another UHSAS instrument was used
as reference instrument for the remaining flights (see Sect. 2.3.2). However,
a direct comparison of both UHSAS revealed only small differences in the
measured aerosol concentrations (Ehrlich et al., 2019). Thus, the influence of
the reference instrument exchange on the calculated DE is expected to be
small. The majority of analyzed clouds were observed before this period of low
DE. In addition, the analysis was focused on the qualitative differences of the
particle composition between inside the clouds and cloud-free air rather than a
quantitative perspective. Therefore, the lower DE should not impact the results
of this study to a large extent.

2.2 particle classification via ion markers

The postprocessing of raw mass spectra towards individual particles to a
categorization into various particle types requires complex data analysis. This
section guides through the different steps which were necessary for the resulting
particle classification.



30 methods

In a first step, the ion flight time (tT oF ) dependend voltage signals detected by
the multi-channel plates in the mass spectrometer part needs to be converted
to mass to charge ratios m/z. For this purpose, the software package Concise
Retrieval of Information from Single Particles (CRISP) was used to perform
a m/z-calibration. The software makes use of the proportionality of tT oF and√

m/z given by Klimach (2012):

tT oF = a + b ·
√

m/z, (2.7)

with the calibration coefficients a and b. Here, the coefficient a describes the
shot-to-shot variability and b includes the properties of the electric field, like
mass spectrometer high voltage and ion flight path distance (Klimach, 2012;
Köllner, 2020). By integrating the raw voltage signal over time, the area below
the voltage signal is calculated which results in the so-called particle stick
spectra given as ion peak area in the unit mV · sample (Klimach, 2012; Köllner,
2020). The unit ‘sample’ refers to the sampling interval of the oscilloscope which
was set to 2 ns. Thus, individual stick spectra of positive and negative ions were
determined for all particles hit by the ablation laser.

In a second step, the individual spectra were classified into different categories
of particle types. This classification, however, is rather complex due to the
variety of different aerosol types and internal mixtures of various particle species
as well as the described effects from the ablation/ionization process (see Sect.
2.1.1). In the past, different methods have been used to sort the individual
spectra into certain particle classes.

One of these methods is the automated classification of spectra into different
clusters using a clustering algorithm. In short, the clustering algorithm sorts
individual stick spectra to the cluster which mean spectrum is nearest to the
one considered. As a distance parameter, different function-based parameters,
e.g. Pearson correlation or Euclidean metric, can be taken. As a result, the
particles are assigned to different clusters depending on their dominant ion
peaks which not necessarily means a chemical based connection between the
members of a certain cluster. For the ALABAMA, clustering based on the fuzzy
c-means and k-means algorithm have been applied in past studies (e.g. Roth
et al., 2016; Schmidt et al., 2017; Schneider et al., 2017; Hünig, 2021). However,
this clustering method shows issues with particle assignment in some cases.For
instance, dominant ion peaks are decisive for the grouping into a given cluster. As
a consequence, spectra with only weak ion peaks are neglected by the algorithm
and may lead to incorrect classifications. This problem can be reduced by
pre-scaling of ion peaks, for example by taken the square root, which decreases
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relative differences of the signal intensities (Roth et al., 2016; Schmidt et al.,
2017). Furthermore, the previous described variations in ionization efficiencies
and matrix effects (see Sect. 2.1.1) can impact the automated classification
using clustering procedures. In brief, these effects can cause misclassifications
of certain spectra and, thus, lead to over- or underestimation of specific species’
presence.

Another method is the usage of machine learning techniques for automated
classification. This approach was used, for example, in a study by Christopoulos
et al. (2018) who applied a random forest approach to classify different aerosol
types. However, similar to the clustering method, chemical species with weak ion
signal peaks and scarce occurrences can potentially be misclassified. Furthermore,
machine learning algorithms require an extensive set of training data based on
laboratory measurements of various particle types. Therefore, the application of
this method is associated with high experimental and computational efforts.

As automated techniques show difficulties in estimating the total occurrences
of certain chemical species in the analyzed particles, the particle spectra are
grouped by using the so-called Marker method for this thesis. In contrast to the
clustering method, which focuses on the mean intensities of individual ion peak
intensities, the Marker method only considers the presence of characteristic ion
peaks with signals above a background threshold value. In previous studies, this
approach was used to target the existence of a certain particle type. For example,
Tolocka et al. (2004) showed an improved identification of metal species with low
signal intensities by using characteristic metal marker peaks. Another example
is given in Roth (2014) who used characteristic marker ions to validate the
resulting categories obtained by clustering. In a further study by Köllner (2020),
the marker method was successfully applied for ALABAMA measurements in
the Arctic region to identify different particle types, in particular, the amount
of trimethylamine-containing particles.

Similar to Köllner (2020), the application of the Marker method in this study
can be divided in four separate analyzing steps. First, important chemical
species were identified via clustering using the fuzzy c-means algorithm to get
an overview of occurring ions for all analyzed particles (not shown). In addition,
knowledge about species found by previous measurements with SPMS in the
Arctic was used to identify target species. Second, based on this knowledge, a
list of characteristic marker ion signal peaks was selected for different chemical
constituents (see Sect. 2.2.1). Third, a signal threshold was determined to
differentiate background noise from true ion signals (see Sect. 2.2.2). Finally, the
stick spectra of all analyzed particles were scanned by a self-written algorithm
to identify the selected chemical species by the occurrence of their marker ions.
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In this step, the internal mixing of some species was also classified as distinct
particle type.

2.2.1 Characteristic ion marker peaks

In order to identify different chemical species, the ALABAMA mass spectra
were scanned for the presence of characteristic ion marker signals. As the
fragmentation of single particles with a common chemical composition is similar
under similar ionization conditions (e.g. laser intensity, wavelength of the
ablation laser), certain ion signals can be regarded as representative for the
existence of respective chemical species. Based on previous laboratory and field
measurements using SPMS, different characteristic ion markers were found for
selected species which are listed in Table 2.1.

Table 2.1: Overview of different chemical species identified by given ion marker
signals including the references (given as numbers, detailed references explained below
the table).

Marker species
(abbreviation)

Ion markers Referen-
ces

Comments

Ammonium
(amm.)

m/z +18 (NH4
+) 3, 10, 18,

19
Dicarboxylic at least two of the following ions: 13, 21, 22
acids (DCA) m/z -89 (C2HO4

– ), -103 (C3H3O4
– ),

-117 (C4H5O4
– )

Elemental car- at least six of the following ions: 2, 3, 10, Except m/z

bon (EC) m/z +n· 12 (Cn
+) for n = 3, 4, . . . , 12 11, 15, 18, -96 due to iso-

and/or 19 baric interfer-
m/z -n· 12 (Cn

– ) for n = 3, 4, . . . , 12 ence with
SO4

–

Iodine (iod.) m/z -175 (IO3
– ) 12

Non-sea-spray at least one of the following ions: 3, 18, 19, without any
(nss) nitrate m/z -46 (NO2

– ), -62 (NO3
– ) 21 NaCl ion sig-

nals
Potassium (pot) m/z +39/+41 (K+) 3, 8, 11,

18, 19
isobaric inter-
ference with
C3H+ at m/z

+39 possible
Silicate (sil.) m/z -60 (SiO2

– ), -76 (SiO3
– ) 9, 19

Table continued on next page
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Continued.

Marker species
(abbreviation)

Ion markers Referen-
ces

Comments

Sodium chloride
(NaCl)

m/z +23 (Na+), +81/+83 (Na2Cl+),
-35/-37 (Cl– ), -93/-95 (NaCl2 – )

2, 15, 16,
18, 19, 20

isobaric inter-
ference with
CH3O3S– at
m/z -95 pos-
sible

Sulfate (sulf.) m/z -96 (SO4
– ), -97 (HSO4

– ) 3, 10, 11,
18, 19

Triethyl-
/Diethylamine
(TEA/DEA)

m/z +86 (C5H12N+) 1, 7, 14,
18, 21

with
DEA/TEA
ion signals
larger than
TMA signals

Trimethylamine
(TMA)

m/z +58 (C3H8N+), +59 ((CH3)3N+) 1, 7, 10,
17, 18

with TMA
ion signals
larger than
DEA/TEA
signals

Vanadium (van.) m/z +51 (V+), +67 (VO+) 6, 19, 23

Given reference numbers are defined as follows: 1Angelino et al. (2001), 2Brands (2009),
3Brands et al. (2011), 4Dall’Osto and Harrison (2006), 5de Foy et al. (2012), 6Gaston
et al. (2010), 7Healy et al. (2015), 8Hudson et al. (2004), 9Kamphus et al. (2010),
10Köllner et al. (2017), 11Köllner et al. (2021), 12Kürten et al. (2016), 13Lee (2003),
14Liu et al. (2020), 15Pratt and Prather (2010), 16Prather et al. (2013), 17Rehbein et al.
(2011), 18Roth et al. (2016), 19Schmidt et al. (2017), 20Sierau et al. (2014), 21Silva and
Prather (2000), 22Sullivan and Prather (2007), 23Zanatta et al. (2020)

Additional to the marker species and the ion markers, the table contains the
references for several studies where the respective ion markers were identified.
Mainly measurements with ablation laser wavelengths of 266 nm were selected
as reference to ensure comparable operating conditions to the ALABAMA
measurements in this thesis. Besides the wavelength, further differences in the
experimental conditions for the ionization process can occur due to different
laser intensities. More specifically, variations in the laser intensity can result in
different fragmentation of individual particles and, consequently, would require a
different choice of marker ions. As described in Sect. 2.1.3, the laser intensity of
the ALABAMA ranges roughly from 1 ·108 and 4 ·109 W cm−2. In comparison
with the studies listed in Table 2.1, these values are similar to laser intensities
for the other SPMS studies (see Table A.2 in the appendix).
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Figure 2.5: Cumulative probability distribution Fp for positive (cation; red) and
negative (anion; blue) ion peak area of m/z values between 2 − 11 (except m/z +7
which represents Li+) and 245 − 250 (assumed as non-occupied m/z values). Thick
vertical lines indicate the selected threshold values. The red and blue shaded areas
represent the uncertainty range of the defined background thresholds for cations and
anions, respectively.

2.2.2 Ion peak area thresholds

In order to decide whether an ion signal peak is present or not, the background
noise of the laser ablation/ionization must be determined. In other words, a
certain threshold is needed above which a signal peak is defined as present. For
this purpose, the ion signal peak intensities for mass-to-charge (m/z) ratios
assumed as non-occupied were considered. In more detail, values of m/z 2-11
and m/z 245-250 were treated as background signals for both polarities. In
addition, m/z +7 was excluded from positive background peaks because this
peak corresponds to the Li+ ion which can be a constituent of mineral dust (e.g.
Gallavardin et al., 2008). The threshold value was then selected by counting the
occurrence of these background signal peaks. Finally, the threshold was defined
by the cumulative probability higher than 99 % for all non-occupied m/z values
(Fig. 2.5). Consequently, the background thresholds for cation and anion spectra
are 15 mV · sample and 25 mV · sample, respectively. In the literature, different
threshold definitions were applied (e.g.Tolocka et al., 2004; Roth et al., 2016;
Köllner et al., 2017). To account for the variability of the background signals,
an interval of ±5 mV · sample was selected around the defined threshold values
(see Sect. A.5).
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Another possibility to determine the background noise is to run the ablation laser
at a fixed shot frequency (Köllner, 2020). As the laser does not trigger particles
in this case, the recorded mass spectra only provide background signals from the
evacuated mass spectrometer chamber. Following this approach, ‘background’
mass spectra were measured before and after each research flight. The maximum
ion signals of these spectra revealed values mostly within the defined variability
range from the non-occupied m/z signals (not shown). Therefore, the threshold
definitions indicated in Fig. 2.5 were used in this study to provide unique
background thresholds for all analyzed single particle mass spectra.

2.2.3 Determination of particle fractions

When the characteristic ion signal peaks of a chemical species are known and a
signal threshold has been determined, its abundance can be measured. This is
done by counting the presence of the ion marker signals, i.e. signal intensities
larger than the defined threshold, and relate this number to the total number
of recorded spectra within a certain reference interval. In other words, the
particle fraction (PF ) containing the target species is determined for a binned
reference variable. For instance, PF can be calculated for particular altitude
bins, time bins or bins of individual meteorological parameters. To reduce the
uncertainties of the identified fraction, the number of collected (i.e. detected
and ablated/ionized) particles must be sufficient to achieve a good statistical
representation. For this reason, only bins with more than 20 recorded spectra
were included in this study.

2.2.4 Scaling of particle fractions

The obtained particle fraction (PF ) by the ALABAMA only provides qualitative
information about the presence of a species content. In order to achieve a more
quantitative view, PF can be combined with the particle concentration measured
by a reference instrument (Köllner, 2020). As the number of detected particles
(Ccoinc) can be converted to a number concentration (Ncoinc; see Sect. 2.1.3),
this can be used as reference concentration. For this purpose, the binned PF

was multiplied by the mean of Ncoinc for the respective bin:

PFscaled = PF · Ncoinc. (2.8)

Instead of Ncoinc from the ALABAMA detection, also the concentration mea-
surements by other aerosol instruments onboard of the aircraft (UHSAS and
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OPC, see Sect. 2.3.2) can be used as reference. For instance, the number con-
centration N250−1600 of particles in the size range between 250 and 1600 nm
was chosen as benchmark for the detection efficiency (DE; see Sect. 2.1.3) of
the ALABAMA. To note, the methods of size determination differ from each
other, as discussed earlier. However, a comparison between N250−1600 and Ncoinc

revealed only small differences between both approaches. In conclusion, the
ALABAMA derived concentration Ncoinc was selected as scaling reference for
the particle fractions PF .

2.3 complementary methods

The analysis of the ALABAMA measurements during the airborne field exper-
iment was complemented by other measurement data collected onboard the
aircraft, such as different aerosol and cloud properties, air mass parameters as
well as trace gases. This section provides a brief introduction of the research
aircraft and the additional instrumentation installed onboard the aircraft. Table
2.2 gives an overview of these complementary data sets used in this study and
the corresponding instrumentation. Furthermore, the different modeling tools
and included data sets for the air mass history analysis are described in this
section.

Table 2.2: Overview of complementary data sets from different instruments used in
this study, including parameters used in this study, measurement ranges, uncertainties
and time resolution. The given information is partly adapted from Ehrlich et al.,
2019.

Instrument Parameters used in
this study

R: Range, A: accuracy, P:
precision

time res-
olution

Instrument Parameters used in
this study

R: Range, A: accuracy, P:
precision

time res-
olution

CPC N>10 R: 10 nm–3 µm 3 s
OPC N250−1600 R: 250 nm–5 µm, A: 3 % 6 s
UHSAS-1 N100−1000 R: 100 nm–1 µm 3 s

dN/d log(dp) R: 60 nm–1 µm, A: 10 % 3 s
UHSAS-2 dN/d log(dp) R: 80 nm–1 µm, A: 10 % 3 s
CDP Ndrop R: 2 –50 µm

LWC A: 10 % 1 s
CIP Nice R: 75 –1550 µm 1 s
Nevzorov probe LWC - 1 s
SID-3 Ndrop R: 5 –50 µm 1 s

Table continued on next page
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Continued.

Instrument Parameters used in
this study

R: Range, A: accuracy, P:
precision

time res-
olution

nose boom sensors p - 1 s
T A: 0.1 K 1 s
RH A: 0.4 % 1 s
u, v A: 0.2 m s−1 1 s

Aerolaser ultrafast CO
monitor

χCO P: 1.5 ppbv, A: 1.8 ppbv 1 s

LI-7200 χCO2 P: 0.05 ppmv, A: 1.09 ppmv 1 s
χH2O P: 4 ppmv, A: 18 ppmv 1 s

Ozone Monitor 205 χO3 P: 1.21 ppbv 2 s

2.3.1 Measurement platform and inlet systems

The in-situ measurements of trace gases, aerosol and cloud properties as well
as meteorological parameters took place on board of the Polar 6 aircraft of
the Alfred Wegener Institute (AWI, Bremerhaven, Germany). Polar 6 is a
DC-3 aircraft modified to a Basler BT-67 for flight operations in cold polar
environmental conditions (Fig. 2.6; Herber et al., 2008). The cabin of the Polar 6
is non-pressurized, thus, flight time at elevated levels of more than 4 km is limited
due to the need of oxygen for pilots and operators of the installed instruments.
Nevertheless, the maximum flight altitude during the ACLOUD campaign
was approximately (approx.) 4.1 km. The flight speed during ACLOUD varied
between 50 and 110 m s−1 with two modes at 65 and 100 m s−1 for intense
in-situ sampling and ferry period to the measurement region, respectively. To
achieve appropriate vertical resolutions during profile flights, ascent and descend
rates of 100 to 300 m min−1 were chosen.

For the aerosol sampling, the Polar 6 was equipped with two different inlet
systems: a standard aerosol inlet and a CVI inlet (Fig. 2.7) operated by the
Leibniz institute for tropospheric research (TROPOS, Leipzig, Germany). The
standard aerosol inlet is a forward facing stainless steel inlet mounted on the
front top of the aircraft ahead of the engines to avoid any impact of turbulence
from the aircraft (Leaitch et al., 2016; Burkart et al., 2017a). The inlet tip
consists of a shrouded diffusor (0.35 cm diameter at intake point). Inside the
cabin, the aerosol inlet was connected to a 1.9 cm stainless steel manifold from
which further sampling lines branches to the individual aerosol instruments. As
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Figure 2.6: Picture of Polar 6 aircraft (DC-3 modified to a Basler BT-67) from
AWI.

Figure 2.7: Picture of both aerosol inlets (standard aerosol inlet and CVI) mounted
on top of the Polar 6.

the aerosol inlet is driven passively, the total air flow inside the inlet varies with
the true air speed of the aircraft. By measuring the exhaust flow into the cabin
(42 L min−1) and using the instrument and bypass flow (13 L min−1; Ehrlich
et al., 2019), the inlet flow sums up to approx. 55 L min−1 for a flight speed of
90 m s−1. Thus, considering the cross section at the intake point, the inlet was
sampling under approx. isokinetic conditions (∼ 86 m s−1 at the intake point).
The particle transmission was near unity for particles in the size range between
20 nm and 1 µm and decreased to 80 % for 5 µm and down to 30 % for 10 µm
(Ehrlich et al., 2019). Note that these transmission values are only valid for
the inlet system. The particle size limitations for the individual instruments
further depend on the corresponding sampling lines and the particle range of
the instruments (see Sect. 2.1.3 and 2.3.2 for further details).
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Figure 2.8: Illustration of the cloud particle residues (CPR) sampling with the
counterflow virtual impactor (CVI) inlet. Only large particles (e.g. cloud droplets)
overcome the stagnation plane generated by the counteracting flow inside the inlet.
On their way towards the connected aerosol instruments, the water content evaporates
leaving the remaining CPR.

Besides ambient aerosol particles, the analysis of cloud particle residues (CPR)
was in focus of the in-situ measurements during ACLOUD. CPR are the residual
particles after evaporation or sublimation of cloud droplets or ice crystals,
respectively. In addition to the original CCN or INP of the cloud particle, the
CPR can also contain scavenged particles or dissolved gaseous compounds.
Therefore, the microphysical and chemical properties of CPR can provide
important details on the aerosol properties, sources and aerosol-cloud interaction
processes. To sample CPR particles, the CVI inlet was used to collect the non-
precipitating cloud particles (droplets and ice crystals) and evaporates the
water content (Ogren et al., 1985). As shown in Fig. 2.8, a counterflow is
blowing out of the CVI inlet tip forming a stagnation plane inside the inlet.
As a consequence, only particles larger than a certain size depending on the
flow settings for this counterflow were collected. Smaller interstitial particles
and gases are either completely deflected or decelerated inside the inlet and
blown out of the CVI inlet (Ogren et al., 1985). Besides CPR, the CVI inlet
was also applied to sample ambient aerosol particles by setting the counterflow
to zero.

To determine particle concentrations for instruments connected to the CVI inlet,
several effects must be considered and corrected. First, the enrichment factor
(EF ) of the CVI must be divided from the measured CPR concentrations for
in-cloud measurements. EF is specified as the velocity ratio of the air volume
flows in front to the flow inside the inlet tip (Ehrlich et al., 2019). For ambient
sampling periods (with a counterflow of zero), EF was equal to one, whereas
for sampling of CPR, EF increases to values of about 4.5 for most of the
in-cloud periods. Second, the aspiration efficiency (AE) accounts for the effect
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of a significant sideslip angle, i.e. a wind blowing sidewards with respect to the
flight direction. This effect reduces the efficiency of cloud droplet collection for
larger hydrometeors. During the ACLOUD experiments, AE varied between
0.2 and 0.8 (Ehrlich et al., 2019). Third, the overall sampling efficiency (SE)
is determined by the ratio of cloud droplet number concentrations in the CVI
sampling size range to the CPR concentration. As the mean cloud droplet size
increases with height inside most of the sampled clouds, SE is often largest at
cloud top and lowest at cloud base. For this study, only EF was included in
the calculation of CPR concentrations. For this reason, the obtained in-cloud
concentrations for CPR are lower than the expected CPR concentrations with
regard to cloud droplet concentrations for droplets above the CVI cut-off size.

The ALABAMA and most of the other aerosol instruments (see Sect. 2.3.2)
were connected to both inlet systems. To switch between the inlets, a three-way-
valve was mounted upstream of the individual instruments. For CPR sampling,
the valve was switched to the CVI inlet line. In case of ambient particle
sampling, either the standard aerosol inlet or the CVI inlet in the ambient
mode (counterflow switched off) was connected to the aerosol instruments. As
the de-icing system of the standard aerosol inlet did not always work properly
during ACLOUD and the inlet occasionally froze up, the CVI was permanently
used as inlet system for the majority of flights. In this case, only the counterflow
of the CVI was switched on while crossing a cloud. Otherwise, the instruments
had to change inlet systems additionally when they were connected to the
standard aerosol inlet before and after the cloud. In Sect. A.4 in the appendix,
an intercomparison of ambient aerosol measurements for both inlet systems
under similar atmospheric conditions is added. Furthermore, Table A.3 in the
appendix provides an overview of the inlet configurations for the individual
flights during ACLOUD. Further details on the inlets used in this thesis can be
found in Ehrlich et al. (2019).

2.3.2 Aerosol particle concentrations

The Polar 6 aircraft was equipped with further instrumentation to measure
microphysical properties of atmospheric particles. A Condensation Particle
Counter (CPC; model TSI-3010; Mertes et al., 1995) operated by TROPOS
was deployed to measure concentrations of particles with diameters ranging
from 10 nm up to 3 µm.

Two Ultra-High Sensitivity Aerosol Spectrometers (UHSAS; Cai et al., 2008)
were installed in the aircraft to measure concentration and size distribution
of particles. UHSAS-1 was operated by TROPOS, whereas UHSAS-2 was
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supervised by AWI. Both UHSAS measured particles in the size range between
60 nm and 1 µm. However, the evaluation of the airborne measurements revealed
that UHSAS-1 and UHSAS-2 could detect only particles larger than 60 nm and
80 nm, respectively (Ehrlich et al., 2019). In addition, UHSAS-1 broke during
ACLOUD flight no. 19 (17 June, around 12 UTC). For this reason, the UHSAS
dataset used in this thesis consists of UHSAS-1 data for flights no. 7 to 19 (27
May - 17 June) and UHSAS-2 data for flights no. 20 to 24 (18 June - 26 June).
For the last flight of ACLOUD (no. 25; 26 June) and the ferry flights, no UHSAS
data are available. The in-flight-comparison of both UHSAS showed a good
agreement in the particle size distribution. Regarding the total concentration,
UHSAS-1 indicated slightly higher values (up to 8 %) compared to UHSAS-2
for some flights (Ehrlich et al., 2019).

To measure the concentration and size of particles larger than 250 nm, an
Optical Particle Counter (OPC, Grimm, model: 1.129) was operated in the
ALABAMA rack. Due to sampling losses for very large particles, the upper
size limit for the in-flight measurements was approx. 5 µm. While both, CPC
and UHSAS data sets, offer a time resolution of 3 s, the measurements of
the OPC took place in a time interval of 6 s. CPC and UHSAS-1 data are
published as merged data set (Mertes et al., 2019, https://doi.org/10.1594/
PANGAEA.900403), UHSAS-2 data (Zanatta and Herber, 2019, https://doi
.org/10.1594/PANGAEA.900341) and OPC data (Eppers and Schneider, 2019,
https://doi.org/10.1594/PANGAEA.901149) are published separately.

In comparison with the UHSAS, the OPC indicates an underestimation of
aerosol number concentration (Fig. 2.9) in the overlapping size range. For this
comparison, only particles between 300 and 700 nm optical diameter (dopt) were
included as both instruments can differ from each other in their lower and upper
size range boundaries (Moore et al., 2021). Using the slope of the OPC-UHSAS
correlation, a correction factor m = (2.451 ± 0.007 ) was found for the OPC
(Fig. 2.9).

CPC, UHSAS and OPC, together, cover a broad size range for aerosol parti-
cles from 10 nm up to 5 µm. Therefore, the concentrations for individual size
intervals within this broad range can be derived. For this study, three different
concentrations were taken. First, the number concentration N>10 measured
by the CPC was used to cover the complete available size range. Second, the
number concentration of accumulation mode particles N100−1000 was derived
as the sum of the UHSAS-1 size bins in the range between 100 nm and 1 µm.
Finally, the reference concentration for the ALABAMA measurement N250−1600
was calculated by combining the UHSAS size bins between 250 nm and 650 nm
with the OPC size bins between 650 nm and 1.6 µm. Accordingly, N250−1600
covers the complete size range of collected particles by the ALABAMA. To

https: //doi.org/10.1594/PANGAEA.900403
https: //doi.org/10.1594/PANGAEA.900403
https://doi.org/10.1594/PANGAEA.900341
https://doi.org/10.1594/PANGAEA.900341
https://doi.org/10.1594/PANGAEA.901149
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Figure 2.9: UHSAS vs. OPC aerosol number concentration in the size range between
300 and 700 nm (black dots) for the entire ACLOUD campaign and linear fit using
orthogonal distance regression (ODR; red line). Fit coefficient and r2 value are given
in the description box.

note, the calculation of N250−1600 is based on detection of optical particle size
(dopt), whereas the ALABAMA measures the vacuum aerodynamic diameter
(dva). Therefore, the reference diameters can be only regarded as approximation
(see Sect. 2.1.3).

2.3.3 Meteorological and trace gas data

A set of atmospheric state parameters were measured onboard of the Polar 6
by different sensors installed in a nose boom (Ehrlich et al., 2019). For this
thesis, the 1 Hz merged data sets for air pressure (p), temperature (T ), relative
humidity (RH) and horizontal wind vectors (u and v) were used (Hartmann
et al., 2019, https://doi.org/10.1594/PANGAEA.902849) A detailed description
of the meteorological instruments can be found in Ehrlich et al., 2019.

A set of four different trace gases was measured during the ACLOUD field
experiment: carbon monoxide (CO), carbon dioxide (CO2), water vapor (H2O)
and ozone (O3). Mixing ratios of these tracers were used as indicator for
different air mass regimes. For example, enhancements in CO and CO2 signals
are characteristic for the influence of polluted air masses, like biomass burning

https://doi.org/10.1594/PANGAEA.902849
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plumes or industrial emissions. In addition, the height of the planetary boundary
layer (BL) can be estimated by gradients in trace gas mixing ratios.

CO was measured using the Aerolaser ultrafast CO monitor (Aerolaser, model
AL5002; Gerbig et al., 1999; Scharffe et al., 2012). It makes use of the fluorescence
emerging from the excitation of CO in the ultraviolet (UV) radiation range. In
detail, UV radiation is produced by a resonance lamp excited by radio frequency
discharge. An optical filter consisting of two CaF2 lenses narrows the wavelength
band of the emitted radiation to a wavelength λ of 150 nm which corresponds to
the excitation value of CO. The fluorescence of the CO molecules is captured at
a right angle by means of a PMT. Specific modifications of the instrument allow
in-situ calibration during in-flight operations. During ACLOUD, calibrations
were performed every 15 to 30 min using a National Institute of Standards and
Technology (NIST) traceable calibration gas with a known CO concentration at
atmospheric levels. Each calibration was followed by a zero measurement. Taken
together, a complete calibration cycle (calibration plus zero measurement) took
110 s.

CO2 and H2O were measured simultaneously by the LI-7200 closed CO2/H2O
analyzer from LI-COR Biosciences GmbH (Burba et al., 2010; Lampert et al.,
2018). Specifically, the individual mixing ratios were obtained by using the
absorption ratio of both species in the sample path. For this purpose, infrared
light emitted by an optical source enters the sample path after passing a chopper
filter wheel. Behind this sample path, the attenuated light intensity is measured
by a temperature-controlled lead selenide detector. According to the attenuation
law of Lambert–Beer, the light intensity reduces depending on the molecular
absorption and, thus, on the density of CO2 and H2O. Using this relationship,
the volume mixing ratios of both (χCO2 and χH2O) can be derived. For the
in-flight operations, the LI-7200 instrument was equipped with additional flow
components for flow control as well as in situ calibrations. As for CO, a NIST
traceable calibration standard with known CO2 mixing ratio and H2O close to
zero was used. The calibration interval for the flight experiments was between
15 to 30 min for both gas phase species.

O3 was measured by the 2B Technologies Dual Beam Ozone Monitor 205.
Similar to the LI-7200, this instrument is based on the attenuation of light due
to absorption of O3. As ozone absorbs at a wavelength λ of 254 nm, UV light is
used as radiation source. The light is guided through two separate measurement
cells, one flushed with ozone and the other with ozone-filtered air. By detecting
the respective intensity, the O3 mixing ratio (χO3) was derived. For flight no. 14
(8 June 2017), ozone data are only available from take-off to 12:58:36 UTC due
to a failure of data acquisition. The trace gas data are published as a combined
data set (Eppers et al., 2019; https://doi.org/10.1594/PANGAEA.901209).

https://doi.org/10.1594/PANGAEA.901209
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2.3.4 Cloud data

A major goal of this study is the chemical characterization of residues from
cloud particles, cloud droplets and ice crystals. For this reason, information
about the microphysical properties of cloud residual particles, like number
concentration and size, is required. To measure these properties, different cloud
probing instruments were attached to the wings of the Polar 6 aircraft.

In this thesis, the cloud droplet number concentration (Ndrop) and size distribu-
tion from the Cloud Droplet Probe (CDP-2, hereafter abbreviated as CDP), op-
erated by the Laboratoire de Météorologie Physique (LaMP, Clermont-Ferrand,
France) are used (Dupuy et al., 2019, https://doi.org/10.1594/PANGAEA.
899074). Since the CDP data are only available for ACLOUD flights no. 16 - 24,
the size distribution data of liquid cloud particles from the the Small Ice Detec-
tor Mark 3 (SID-3), operated by the Karlsruhe Institute of Technology (KIT,
Karlsruhe, Germany) were selected for the remaining flights (Schnaiter and
Järvinen, 2019, https://doi.org/10.1594/PANGAEA.900261). To note, droplets
were sampled in the size range of 2 - 50 µm and 5 - 45 µm using CDP and
SID-3, respectively. For flights no. 8, 10, 15 and 23, no size and concentration
data for cloud droplets are available.

Number concentration (Nice) and size distribution of ice crystals were taken
from the Cloud Imaging Probe (CIP; Dupuy et al., 2019, https://doi.org/10.
1594/PANGAEA.899074), operated by KIT as well. Herein, the presence of
ice crystals is defined by the availability of non-spherical particles. CIP size
distribution for non-spherical particles are given in the size range between 75 µm
and 3.2 mm.

Besides concentration and size, the liquid water content (LWC) derived from
CDP is used for the analysis (Chechin, 2019, https://doi.org/10.1594/PANGAEA.
906658). For flights without CDP data, LWC from the Nevzorov heated wire
probe operated by the AWI was used instead. For flights no. 7, 8 and 23, no
LWC data are available. Further information on the cloud probes installed on
the Polar 6 can be accessed in Ehrlich et al., 2019.

2.3.5 Definition of aerosol sampling periods

The ALABAMA was connected to both inlet systems onboard the Polar 6,
the standard aerosol inlet and CVI inlet. The latter was used to sample CPR,
whereas the standard aerosol inlet was only connected to our instruments for
cloud-free measurements (see Sect. 2.3.1). To distinguish the CPR sampling
periods from ambient particle measurements, a set of different parameters was

https://doi.org/10.1594/ PANGAEA.899074
https://doi.org/10.1594/ PANGAEA.899074
https://doi.org/10.1594/PANGAEA.900261
https://doi.org/10.1594/ PANGAEA.899074
https://doi.org/10.1594/ PANGAEA.899074
https://doi.org/10.1594/PANGAEA.906658
https://doi.org/10.1594/PANGAEA.906658
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Figure 2.10: Exemplary time series of a cloud profile from ACLOUD flight no. 12
(4 June 2017), including flight altitude (h; a), cloud droplet number concentration
(Ndrop) and ice crystal number concentration (Nice; b), cut-off size (dcut−off ) of the
CVI inlet (c) and number concentration of detected particles by the ALABAMA
(Ncoinc; d). Periods of ambient aerosol and cloud particle residual (CPR) sampling
are shaded in red and blue, respectively.

considered, as shown in an exemplary time series of a cloud transect during
ACLOUD flight no. 12 (4 June; Fig. 2.10). In this example, the aircraft passed
a cloud layer, starting below the cloud and ending up above the cloud, as
indicated by the flight altitude (Fig. 2.10a).

The sampling periods were found via the following three steps: First, the
presence of clouds was defined by the occurrence of cloud droplets (Ndrop >

0.5 cm−3) since the probed clouds were either pure liquid or mixed-phase
clouds. As shown in the example (Fig. 2.10b), Nice was not useful for cloud
identification due to observations of precipitating ice crystals below cloud base
as well as lacking ice-phase particles for some cloud cases. Second, the lower
cut-off diameter dcut−off for the CVI inlet transmission indicated periods when
the CVI was in CPR sampling mode. More precisely, CPR from cloud droplets
larger than the given cut-off size were collected when dcut−off > 0 µm (Fig.
2.10c). In contrast, if dcut−off was equal to zero, the counteracting air flow
inside the CVI was switched off, thus, ambient aerosol particles were sampled
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by the CVI inlet. Third, a concentration of detected particles by ALABAMA
(Ncoinc) greater than zero reveals if particles entered the instrument and could
potentially be ablated/ionized (Fig. 2.10d). In some cases, the presence of
clouds could not be directly measured due to missing data of cloud parameters
(see Sect. 2.3.4). Instead, the cloud sampling period was estimated manually
using the combination of the second (dcut−off > 0 µm) and third step (Ncoinc >

0 cm−3).

Based on these indicators, two different flags were introduced for the ALABAMA
measurements: an ambient flag and a CPR flag (color shaded periods in Fig.
2.10a-d). If both flags were zero, it means that either the counteracting CVI
flow was running outside the cloud or the ALABAMA inlet was closed due to
zero measurements or in-flight adjustments (see white shaded period in Fig.
2.10a-d).

In summary, the ALABAMA sampling periods for ambient particles and CPR
were distinguished based on cloud presence, CVI inlet flow and number concen-
trations of detected particles.

2.3.6 Air mass history modeling

To infer the origin of aerosol particles, analysis of the air mass history using
dynamical modeling tools is essential. In this study, two different Lagrangian
tools were applied: the FLEXible PARTicle dispersion model (FLEXPART) and
the LAGRangian ANalysis TOol (LAGRANTO) trajectory model. Both models
were run with operational data from the European Centre for Medium-Range
Weather Forecast (ECMWF) with 0.125 ° horizontal resolution and 137 vertical
hybrid sigma-pressure levels. The temporal resolution of the meteorological
data was 6 hours. In the following, both air mass history models are described
in more detail.

Dispersion model FLEXPART

The dispersion model FLEXPART was developed for simulations of long-range
and mesoscale transport, diffusion, dry and wet deposition as well as radioactive
decay of tracers released from a certain source (Stohl et al., 2005). In this
thesis, FLEXPART, version 10, was used. In principle, the model calculates
trajectories of a multitude of infinitesimal small air parcels, so-called particles,
by applying the following advection equation:
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X(t + ∆t) = X(t) + v(X, t) · ∆t, (2.9)

with the position vector of the particle X, wind vector v, time t and time incre-
ment ∆t (Stohl et al., 2005). Additionally, the calculation includes parametriza-
tions for turbulent diffusion and convection (Stohl et al., 2005). As input data,
the grid scale wind from the earlier described meteorological data set is used
together with sub-grid scale turbulent and convective transport (Stohl et al.,
2005).

For this air mass analysis, hypothetical particles were released from a receptor
location and calculated 16 days backward in time. As release location, a certain
volume was created around the airborne sampling location. For this purpose,
the flights were divided in 2-min intervals. Within these intervals, the maximum
and minimum position in terms of longitude, latitude and altitude mark the
edges of each release volume. In this way, the dispersion simulation was executed
for every 2-min interval, resulting in 40 to 175 releases for each flight, depending
on the flight duration (78 to 355 min).

The output of the dispersion runs is the so-called potential emission sensitivity
(PES) function. It refers to the sensitivity of an inert tracer, i.e. without
deposition and chemical processes, sampled at the receptor related to the
emission at a source of unit strength (Seibert and Frank, 2004; Stohl et al.,
2005; Hirdman et al., 2010a; Köllner, 2020). As a consequence, the PES is
proportional to the residence time of the air particles within these grid cells
(Seibert and Frank, 2004; Hirdman et al., 2010a). The PES values are calculated
for every six hours on a three-dimensional field, with horizontal grids of 0.25 °
spacing and eight vertical levels (0.2 , 0.4 , 1 , 2 , 3 , 4.5 , 8 and 15 km). Thus,
the FLEXPART runs provide a four-dimensional PES map as output for every
2-min sampling interval.

To unveil potential ground sources for the observed aerosol particles, the four-
dimensional FLEXPART PES maps were combined with a potential source
inventory (PSI) map. For this purpose, the Northern hemisphere was manually
divided into different geographical sectors similar to the study by Köllner (2020).
The following regions were defined for the PSI map: Arctic, Alaska, northern
Canada, southern North America, Pacific, Atlantic, Europe, Africa, Siberia and
East Asia (see Fig. 2.11). To note, the Atlantic sector comprises the southern
part of Greenland which is mainly covered by glacial ice. The southern boundary
of the Arctic sector (73.5 °N) was selected based on the position of the Polar
Dome in a previous Arctic aerosol study (Bozem et al., 2019). Apart from that,
the Polar Dome location varies between different seasons and depends largely
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Figure 2.11: Map with defined geographical sectors for the potential source inventory
(PSI). Abbreviations are defined as: n. Canada = northern Canada, s. N. America =
southern North America.

on the meteorological situation (see Sect. 1.2.2; Bozem et al., 2019). Therefore,
the sensitivity of the Arctic sector location was tested by shifting the bounding
latitude 1.5 ° northwards and southwards, respectively, as further discussed in
Sect. 3.2 as well as in Sect. B.2 in the appendix.

The combination of the PES maps and the PSI included the following steps. First,
the PES grid data were summed up for the 16 days backward in time and the two
lowest levels (0 - 400 m), resulting in a two-dimensional horizontal map of PES.
The vertical levels (< 400 m) were selected to assure a high sensitivity to ground
sources (Stohl et al., 2013). Second, PSI maps were generated specifying the
geographical location of different source regions (Köllner, 2020). More precisely,
the PSI maps consist of a two-dimensional flag which indicates the location of
a specific source region on the same horizontal grid as the FLEXPART output.
Third, the two-dimensional PES map is folded with the respective PSI map for
a certain source type. Finally, the sum of PES within the matching grid cells
with the source location is calculated and related to the total PES arriving at
the receptor location.

Trajectory model LAGRANTO

The model LAGRANTO (Wernli and Davies, 1997; Sprenger and Wernli, 2015)
was used to determine trajectories of the sampled air masses. It calculates
trajectories of air parcels based on the meteorological wind fields as well. In
comparison to other trajectory tools, LAGRANTO differs mainly in terms of
spatial interpolation, the number of iterations used for one time step and the
boundary layer implementation (Sprenger and Wernli, 2015).
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In this study, LAGRANTO trajectories were initialized every 10 s at the location
of airborne sampling and calculated for ten days backward in time. Together
with the location of the calculated air parcels, also different state parameters
(temperature, potential temperature, equivalent potential temperature, potential
vorticity, specific humidity, cloud liquid and ice water content, Richardson
number) were determined along the trajectories. The output of the simulated
trajectories is returned for every hour. In summary, LAGRANTO provides
some additional information on different properties along the trajectories, like
the occurrence of clouds, which was used here to study the pathway of aerosol
particles into the clouds.

2.3.7 Data sets for potential particle sources

Sea ice concentration

Considering sources for marine precursors and particles, the location of ice-free
open ocean can be important. Therefore, satellite-based sea ice concentration
data on daily basis from the University of Bremen were used (Spreen et al.,
2008, https://seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2/). To
compare the PES calculated by a FLEXPART simulation with the sea ice
situation, the ice concentration was averaged for the respective time period of
the corresponding simulations. In addition to the air mass history analysis, the
sea ice concentration was used in this study to specify the surface conditions for
the probed Arctic clouds. In particular, the surface conditions were classified as
sea ice for concentrations > 85 % and open water for concentrations < 15 %.

Fire maps

To study potential fire-related aerosol sources, satellite-based data sets of
active fires obtained by the Visible Infrared Imaging Radiometer Suite (VIIRS)
instrument were used. This instrument is installed onboard the Suomi National
Polar-orbiting Partnership and NOAA-20 satellites (Schroeder and Giglio, 2021)
which is jointly operated by the National Aeronautics and Space Administration
(NASA) and the National Oceanic and Atmospheric Administration (NOAA).
The VIIRS can detect active fires by thermal anomalies in the mid- and thermal
infrared spectral range (Schroeder et al., 2014; Schroeder and Giglio, 2021).

In terms of the air mass history analysis, we are interested in the occurrence
of fires within the time intervals of specific FLEXPART simulations. For this
purpose, the fire observations are projected into a PSI map with the same

https://seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2/
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Figure 2.12: Maps with thermal anomalies within the FLEXPART output grid cells
identified as industrial (a), gas flaring (b) and vegetation fires (c).
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horizontal grid as the FLEXPART PES maps (0.25 ° resolution; see Sect. 2.3.6).
Fires were identified by one or more observations of thermal anomalies per grid
cell within the time period of the respective FLEXPART simulation.

In general, thermal anomalies include both natural vegetation fires and industrial
fires (e.g. fossil-fuel combustion). To distinguish between the different fire types,
a combination of data products from the VIIRS instrument was applied. First,
the near real-time VIIRS 375 m Active Fire product was used to identify fire
spots in a certain time period before the measurements (Schroeder and Giglio,
2021). The data were downloaded from NASA (2021). Second, the VIIRS
Nightfire product provides estimates of the source emission temperatures by
using the absence of solar reflectance in short-wave infrared spectral range
(Elvidge et al., 2013; Elvidge et al., 2016). Using this emission temperature,
industrial fire sources can be further sub-classified into gas flaring sources and
other industrial fire sources. The emission of gas flares can be identified by
fire spots in the VIIRS Nightfire data with emission temperatures between
1600 and 2000 K (Elvidge et al., 2016). For other industrial fires, an emission
temperature above 840 K was considered (Liu et al., 2018; Köllner, 2020). The
VIIRS Nightfire data were downloaded from EOG (2021).

As vegetation fires are scarce during winter in contrast to the summer period
in middle and high northern latitudes, this seasonality was used as well to
separate these natural fires from industrial combustion processes. Therefore,
both VIIRS data sets were downloaded for two time periods: the winter period
before the ACLOUD campaign (1 November 2016 until 31 January 2017) and
the fire period relevant for the campaign (11 May 2017 until 26 June 2017).

Using the two VIIRS data sets and the seasonality, the fire types were classified
based on three possible scenarios for a specific grid cell. First, if one or more
fires occurred in the grid cell within the respective time period of the specific
FLEXPART run and the same grid cell indicated an industrial fire event at least
once during the winter period, this fire grid cell was assigned to an ‘industrial’
fire. Second, if the grid cell indicated a flaring fire in the VIIRS Nightfire data
and occurred in the FLEXPART period as well, the cell was assigned to a
‘flaring’ fire. Finally, if no fire was detected within the grid cell in winter but
a fire was detected within the FLEXPART period, the cell was assigned to
a ‘vegetation’ fire. In Fig. 2.12a-c, the locations of the three fire types are
exemplary shown for the time period between 20 May and 4 June 2017. This
period was used for the FLEXPART simulations of a pollution case study in
Sect. 4.2.2.
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3.1 campaign overview and scientific goals

The aerosol and cloud observations presented in this thesis were conducted
during the aircraft field campaign ACLOUD which took place in the surround-
ings of Svalbard (Norway) with the base airport situated at Longyearbyen,
Svalbard (Wendisch et al., 2019). The period of aircraft operations was in late
spring/early summer from 23 May to 26 June 2017. With the main goal of
studying Arctic mixed-phase clouds and their role in the amplified warming
of the polar environment, measurements were conducted using two research
aircrafts from AWI: Polar 5 and Polar 6. The Polar 5 was mainly equipped
with remote sensing instruments to observe the clouds from above (Ehrlich
et al., 2019; Wendisch et al., 2019). Additionally, instruments for trace gas,
aerosol and cloud sampling were installed onboard of the Polar 6 to obtain
in-situ information about the air mass as well as aerosol and cloud parameters
(see Sect. 2.3.1). Thus, the flight patterns of the Polar 6 mostly contain vertical
profiles as well as cloud transects.

In total, 19 research flights were conducted for both airplanes, 16 of them as
co-located flights, summing up to 165 flight hours. As shown by the overview
of the Polar 6 flights in Fig. 3.1, the majority of flight hours were spend in the
transition zone between open ocean and closed sea ice surfaces in the northwest
of Svalbard. Remarkably, clouds were sampled during each of the 19 flights of
the Polar 6, as indicated by the blue-colored sections in Fig. 3.1. The flight
altitude for the Polar 6 varied between 70 m above sea level for below-cloud
measurements up to 4 km, whereas the Polar 5 spent most of the time above
3 km. The scientific goals and conducted flights of ACLOUD are summarized in
more detail by Wendisch et al. (2019). In short, the main goals of the campaign
were the characterization of boundary layer clouds with remote sensing and
microphysical measurements, vertical mapping of aerosol particles, satellite
validation, comparison with ground-based observations and measurements of
turbulent and radiative fluxes. Table B.1 in the appendix gives an overview of
all 19 flights of Polar 6. Furthermore, a summary of the complete data set from
ACLOUD can be found in Ehrlich et al. (2019).
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Figure 3.1: Map of all 19 flights during ACLOUD, including flight track (grey),
periods of measurements inside clouds (blue) and mean sea ice concentration as
15 % contour (red solid line) and 85 % contour (red dashed line) from satellite data
(see Sect. 2.3.7). The black asterisk indicates the location of the base airport in
Longyearbyen (LYR).

In parallel to the ACLOUD airborne activities, a ship-based field campaign
called “Physical feedbacks of Arctic planetary boundary level Sea ice, Cloud and
AerosoL” (PASCAL) was conducted using the German icebreaker Polarstern in
the vicinity of Svalbard. The first leg of PASCAL (PS 106/1) which took place in
the drift ice northwest of Svalbard (reaching up to 82 °N) was coordinated with
the ACLOUD flight activities. Together with different instruments onboard of
the Polarstern, an ice-floe camp was established nearby the ship between 5 and
14 June with various measurement activities. Both, ACLOUD and PASCAL,
were performed in the framework of the “ArctiC Amplification: Climate Relevant
Atmospheric and SurfaCe Processes, and Feedback Mechanisms” (AC)3 project
(https://www.ac3-tr.de/).

3.2 atmospheric conditions during acloud

During the ACLOUD campaign, the measurement region was affected by dif-
ferent synoptical conditions. A detailed overview on the meteorological con-

https://www.ac3-tr.de/
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ditions during ACLOUD can be found in Knudsen et al. (2018). In general,
the ACLOUD experiments can be divided in three key periods: a cold period
(CP; 23 - 29 May 2017), a warm period (WP; 30 May - 12 June) and a neutral
period (NP; 13 - 26 June). The three periods differ in the characteristics of the
air masses with respect to composition and thermodynamic structure as well as
cloud occurrence as described in the following.

3.2.1 Cold air mass period

The first period was characterized by cold and dry air masses, with surface
temperatures in Svalbard mostly below 0 °C. This cold air outbreak (CAO) was
driven by a low pressure system north of Svalbard which created a northerly
wind flow in the Fram Strait and at the Svalbard archipelago (Knudsen et al.,
2018).

The cold and dry character of the CP is further confirmed by the atmospheric
conditions during both Polar 6 flights (27 and 29 May), especially inside the
BL below 600 m above sea level. There, the potential temperature (θ) was below
270 K with relative humidity (RH) of about 50 % close to the surface (see
Fig. 3.2a). Above 100 m, RH is closer to saturation which reflects the presence
of clouds inside the BL as well as up to 2 km. This cloud layer was topped
by a second stable inversion layer, marked by a strong increase in θ and O3
mixing ratios (see Fig. 3.2a, c). Furthermore, particle number concentrations
of accumulation mode particles (N100−1000) indicate an increase above 2 km,
together with slightly enhanced mixing ratios of CO and CO2 (see Fig. 3.2b,
d). Hence, the air mass above 2 km might be affected by pollution sources. It
should be pointed out, that an additional layer of dry air mass stands out in the
vertical profile (Fig. 3.2a-d) at roughly 1 km with reduced CO and CO2 as well
as increased O3. This feature is produced by calculating the median for both
flights during the CP. As shown by the individual data points of θ in Fig. B.4
in the appendix, the location of the stable inversion layer clearly differs between
both flights. In addition, the statistical coverage inside individual 100 m-bins
varies in the altitude range between 1 and 1.5 km. Therefore, a sudden shift in
the individual air mass properties (see Fig. 3.2a-d) occurred when the impact of
the individual flight on the median value weakened/strengthened due to these
statistical features.

In order to characterize the air mass origin, the PES from the FLEXPART
simulations were used in combination with the PSI maps of different geographical
regions (see Sect. 2.3.6). Considering the PES fraction for the CP, the air in
the lowest 2 km originated mainly from the inner Arctic with a contribution of
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Figure 3.2: Vertical profiles of median (solid lines) and interquartile range (shaded)
during the three different synoptical periods during ACLOUD: the cold period (CP;
a-d), the warm period (WP; e-h) and the neutral period (NP; i-l) for potential
temperature (θ; black) and relative humidity (RH; blue; a, e, i), trace gas volume
mixing ratios for carbon monoxide (CO; black) and carbon dioxide (CO2; red; b, f,
j), the ozone (O3) volume mixing ratio (c, g, k) and particle number concentrations
for particles larger than 10 nm (N>10; black) as well as particles in the size range
between 100 nm and 1 µm (N100−1000; green; d, h, l). To avoid any cloud-related
effects, in-cloud periods were excluded for the shown particle concentrations (d, h, l).
The effect of in-cloud measurements on the aerosol concentrations is shown in Fig.
B.3 in the appendix.
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Figure 3.3: Vertically-binned cumulative contribution of source regions to sampling
altitude for the three different synoptical periods during ACLOUD: the cold period (a),
the warm period (b) and the neutral period (c). The contribution is given as fraction
of the potential emission sensitivity (PESF ) which is predicted by the FLEXPART
model. Abbreviations are defined as: n. Canada = northern Canada, s. N. America
= southern North America. Further details on the FLEXPART simulations and the
source region definitions are described in Sect. 2.3.6.

about 75 % (Fig. 3.3a). In contrast, the fraction of Siberian influence increases
above this level with only minor Arctic PES fraction. These differences in air
mass history might explain the second inversion layer observed at the same
altitude (Fig. 3.2a, c). Additionally, small contributions from mid-latitudinal
regions like Europe and North America were calculated as well which might
explain the increase of pollution tracers and accumulation mode particles.

Wendisch et al. (2019) summarized the cloud occurrence and phases for the
ACLOUD campaign, based on the cloud time series which is adapted in Fig.
3.4. As shown by this time series, the CP was influenced by clouds inside the
BL and in the free troposphere above, as already indicated by RH (Fig. 3.2a).
This observation is further supported by the satellite-derived cloud-top heights
ranging from 0.5 km to 1.5 km (Fig. 3.4a). As a consequence, the clouds were
partly decoupled from the surface due to their high extent. Furthermore, the
clouds contained a significant fraction of ice which can be explained by the cold
temperatures just below freezing point during the CP.

In summary, the cold period was characterized by cold and dry air masses arriv-
ing mostly from the inner Arctic without significant contribution of pollution
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Figure 3.4: Time series of daily means for cloud top height of low-level clouds (
(a; boxes show median and the interquartile range, whiskers indicate the standard
deviation added to or subtracted from the mean cloud-top height), and cloud fraction
of different cloud types (b) as derived from the MODIS cloud product (Collection 6.1).
All values were derived for the area of airborne observations (77.5 -80 °N, 0 -10.5 °E
and 80 -82.5 °N, 0 -20 °E), excluding the Svalbard archipelago. Additionally, cloud-top
heights from the Airborne Mobile Aerosol Lidar (AMALi) onboard of the Polar 5
are included as open diamonds in (a) and daily mean cloud fractions derived from
the Sentinel-3 Sea and Land Surface Temperature Radiometer (SLSTR) are shown
by triangles in (b). The figure is by courtesy of Wendisch et al. (2019).

sources at lower latitudes. From the climatological perspective, this CAO was
extraordinary strong for this time of the year (Knudsen et al., 2018).

3.2.2 Warm air mass period

After 29 May, a sharp increase in surface temperature was observed in Ny
Alesund (Svalbard) with a temperature increase to 17 °C until the 31 May
(Knudsen et al., 2018). This temperature increase marked the transition to the
next distinct period. In the following two weeks, the environment of Svalbard
was affected by advection of warm and moist air masses with dominating
southwesterly winds. This warm air intrusion was mainly induced by a high
pressure system located south of Svalbard (Knudsen et al., 2018). In detail, two
distinct warm air advection events were observed during this WP (Knudsen
et al., 2018). During the first warm air event (30 May - 5 June), air was advected
from the eastern Arctic Ocean to the measurement region. Thereby, the warming
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occurred either due to Foehn effect from crossing the Svalbard islands or due to
thermodynamic heating above the open ocean south of the islands (Knudsen et
al., 2018). During the second sub-event, additional moistening of the atmosphere
occurred, related to an atmospheric river event reaching Svalbard from the east
(Knudsen et al., 2018).

The vertically-resolved tracer profiles yield several findings. First, warm air
intruding to the Arctic free troposphere is indicated by higher values of θ

compared to the CP (Fig. 3.2e). Second, the BL top height decreased significantly
towards the WP with θ and O3 values starting to rise already below 500 m
above sea level (Fig. 3.2e, g). Third, a sharp inversion layer separated the
moist BL with partially high particle concentrations from the warm and dry air
masses aloft (Fig. 3.2e, h). It should be noted that the actual inversion layer
was stronger than shown in Fig. 3.2e-h. By calculating the median profile for
all WP flights, the inversion is smoothed due to the flight-to-flight variations in
the BL height. Finally, a peak in particle concentrations (N>10 and N100−1000)
occurred together with a maximum in CO mixing ratios at about 3 km which
might reveal the presence of a pollution layer. This pollution signal is further
analyzed in Sect. 4.2.

Regarding the origin, the influence of southerly air masses is evident, in partic-
ular for the free troposphere. Indeed, the PES fraction from the European and
Atlantic sector is significantly enhanced above 1 km (Fig. 3.3b). This might also
explain the presence of elevated pollution layers in the tracer profiles mentioned
above. In contrast, the BL is largely influenced by inner-Arctic air and might
reach further up in the ECMWF model compared to the observed BL height. A
closer look to the trajectories displayed that the approaching air from northern
Eurasia and the Nordic Seas crossed open ocean surfaces before reaching the
region of interest. As a result, the air in the lowest levels was moistened by the
water surfaces which is depicted by RH close to 100 %.

The moistening of the BL is also illustrated by the occurrence of low-level
clouds with cloud-top heights of approx. 500 m (Fig. 3.4a). As the temperatures
increased compared to the previous period, the vast majority of clouds were
classified as liquid-only clouds (Fig. 3.4b). Throughout the WP, the sharp
inversion layer covered the moist BL. Consequently, most of the observed clouds
were coupled with the surface which is further analyzed in Sect. 4.3.3.

In short, the WP was influenced by warm air advection from mid-latitudinal
regions which arrived in the Arctic free troposphere. Due to the cold Arctic
surfaces, the air mass inside the BL was separated from the warmer air above
by pronounced temperature inversions. Furthermore, the air passed open ocean
surfaces while approaching the measurement region which led to additional
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moistening of the BL. As a consequence, surface coupled clouds were frequently
found inside the BL. In contrast to the CAO, this warm air advection period
can be classified as usual for late spring in terms of the climatology (Knudsen
et al., 2018).

3.2.3 Neutral air mass period

During the last phase of ACLOUD, a mixture of air masses showing character-
istics of both, CP and WP, influenced the measurement region which led to the
classification as neutral period (NP). Indeed, the air temperature was between
the levels of the cold and warm phases, with values close to 0 °C and winds
from different directions (Knudsen et al., 2018). Compared to the other periods,
moist air masses with high RH were occasionally observed at different vertical
levels (Fig. 3.2i). Similarly, the cloud-top height was more variable and reached
up to 2 km in the satellite data (Fig. 3.4a). By the aircraft, cloud layers at even
higher levels (> 3.5 km) were observed (not shown). Moreover, the FLEXPART
PES fractions show contribution of inner Arctic air masses up to approx. 1.5 km
for the NP. Above, the Siberian sector contributes the most, but also European
and North American influence was noticed (Fig. 3.3c). Finally, more variable
conditions were observed regarding the particle and trace gas concentrations
with occasionally higher values above 1 km. In particular, the median profile of
accumulation mode particles peaked in the altitude range between 2.5 and 3 km
(Fig. 3.2l). This feature was accompanied by a small maximum in the ozone
profile (Fig. 3.2j) as well as higher fractions of European and Atlantic air masses
(Fig. 3.3c). However, individual flight profiles revealed rather high variability in
accumulation mode particles (N100−1000) above 1.5 km than a distinct maximum
at certain levels (not shown). This is further supported by fluctuating median
CO mixing ratios in (Fig. 3.2j). Indeed, both pollution tracers (CO and CO2)
obtained lower mixing ratios compared to the other air mass periods without
sharp maxima, suggesting minor contribution of combustion-related sources
during the NP.

Overall, the NP can be characterized as a combination of both, cold and warm
period, with inner-Arctic air masses dominating up to 1.5 km. Above, the
impact of more distant sources increased significantly leading to a sporadically
high abundance of accumulation mode particles. However, the contribution
of industrial or fire sources was low in contrast to the WP where a distinct
maximum in CO was observed. To note, there was no significant influence of
strong low pressure systems during the five weeks of flight operations.
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In the following, the results from the ALABAMA measurements from the
ACLOUD campaign are presented. To address the central questions of this
thesis (see Sect. 1.3), the vertical distribution of particle types will be presented.
Furthermore, a pollution layer event during the WP will be characterized in
terms of its aerosol properties and origin. Finally, the chemical characterization
of analyzed CPR is described. The Arctic CPR composition is discussed in
comparison to out-of-cloud particles, the influence of cloud thermodynamic
structure, the particle origin, and their differences to mid-latitudinal cloud
composition.

4.1 particle composition in the arctic lower troposphere

In order to discuss the composition of CPR, the information about ambient
particle chemical properties is important. Therefore, this section provides an
overview of the particle types which were found in the summertime Arctic
lower troposphere during ACLOUD. For this purpose, the overall statistics of
collected particle spectra and identified particle classes are presented. Moreover,
the vertical distribution for the individual particle types is demonstrated and
related to the air mass periods of the ACLOUD campaign.

4.1.1 Statistics of observed particles

During ACLOUD, a total of 242065 particles were successfully ablated/ionized
by the ALABAMA. Among these particles, 20 % were sampled inside clouds
as CPR (Table C.1). For 96 % of all analyzed particles, the particle size could
be determined. More than 80 % of the collected mass spectra contained signals
for both polarities. For 3344 particles, no significant ion signals were found
above the background threshold. In the remaining spectra, primarily signals at
positive ions (cations) were present, whereas the fraction of spectra with single
negative ion signals (0.02 %) was negligible.

Based on the marker method described in Sect. 2.2.1, the recorded particle
spectra were scanned for the presence of ion signals that are characteristic for
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Table 4.1: Overview of the absolute and relative abundance of different chemical
species in the particles analyzed by the ALABAMA during the ACLOUD campaign,
including potential sources (summarized from literature in Sect. 1.2).

Species No. of particles
(relative contribu-
tion in %)

Potential sources (from
Sect. 1.2)

Ammonium
(amm.)

198 631 (82.06 %) secondary formation, long-
range transport, local seabird
colonies

Sulfate (sulf.) 184 025 (76.02 %) secondary formation, DMS as
Arctic presursor, long-range
transport

Amine 139 962 (57.82 %) secondary formation, marine
biogenic precursor gases, long-
range transport

* with trimethy-
lamine (TMA)

100 562 (41.54 %)

* with tri-
/diethylamine
(TEA/DEA)

39 400 (16.28 %)

Potassium (pot) 122 935 (50.79 %) local sources, inorganic salts,
long-range transport

Sea spray (NaCl) 41 864 (17.29 %) open water surfaces, sea ice, also
transported sea spray material

Dicarboxylic acids
(DCA)

14 988 (6.19 %) local and remote VOC as pre-
cursors

Vanadium (van.) 10 911 (4.50 %) heavy oil fuel combustion
Elemental carbon
(EC)

3 416 (1.41 %) combustion, vegetation fires

Non-sea-spray ni-
trate (nss nit.)

2 423 (1.00 %) long-range transport

Iodine (iod.) 2 276 (0.94 %) open ocean surfaces
Silicate (sil.) 1 704 (0.70 %) mineral dust, soil-related
other signals 15 108 (6.24 %)
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the individual species. Table 4.1 provides an overview of the frequencies of
particles containing a certain species. It is apparent from this table that parti-
cles containing ammonium (82 %), sulfate (76 %) and amines (58 %; including
both, trimethylamine- (TMA) and tri-/diethylamine- (TEA/DEA) containing
particles) were most abundant in this study. As all of these species are as-
sociated with secondary particle formation via acid-base reactions (see Sect.
1.2.4), the internal mixing of these species is of particular interest. For this
reason, hierarchical markering was used to determine the abundance of particles
including mixtures of amines, ammonium and/or sulfate. In Fig. 4.1, the hier-
archical order is demonstrated. In more detail, the particles were first checked
for amine-content, followed by sulfate- and finally ammonium-signatures. Since
most of the identified amine spectra also included the characteristic ion signal for
ammonium (m/z +18; NH4

+), the specification of ammonium-amine-mixtures
was skipped for this classification. In addition, potassium-containing particles
were excluded from this particle classification although they occurred for half
of the analyzed particles. Potassium is one of the most abundant species in
the Earth’s crust and often related to aerosol from biomass burning (Silva
et al., 1999; Sullivan and Prather, 2005; Schill et al., 2020). However, since the
ionization energy of potassium is low, distinct m/z signals of K+ ions appear
in the mean mass spectra of all analyzed species (see Fig. C.17-C.20 in the
appendix).

As described in Sect. 2.2.1, two types of amines were distinguished in this study
based on the marker method: trimethylamine (TMA) and tri-/diethylamine
(TEA/DEA). TMA was already observed in the summertime Arctic associated
with marine biogenic sources (see Sect. 1.2.4; Köllner et al., 2017; Köllner, 2020).
The other particulate amine type (TEA/DEA) with an ethyl-structure was
analyzed for the first time in the Arctic environment. Regarding their fractional
occurrence, the majority of amine-containing particles was identified as TMA
(see Table 4.1). However, TEA/DEA-containing particles still accounted for
almost 30 % of the analyzed amine particles which mostly appeared inside
clouds (see Sect. 4.3).

In Fig. 4.2, the mean mass spectra of both amine species are displayed. For
TMA, the mean spectrum shows significant ion signal peaks at the characteristic
markers m/z +58 (C3H8N+) and m/z +59 (C3H9N+; see Fig. 4.2a). However,
the TMA-spectra are dominated by sulfate and potassium peaks on average,
with smaller contributions of sea spray (NaCl), nitrate and further organic
signals. In contrast, the spectra for TEA/DEA show a clear signal at m/z +86
(C5H12N+) in addition to m/z +58 and +59 (Fig. 4.2b). Furthermore, a small
signal peak at +101 (C6H15N+) is present which corresponds to the molecular
peak of TEA. Therefore, the identified TEA/DEA type might represent TEA
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Figure 4.1: Schematic overview of the decision tree for the hierarchical markering.
All analyzed particles were checked for amine, sulfate (sulf.) and ammonium (amm.)
marker ion signals in the given order from left to right. Numbers represent the fraction
of particles containing the individual mixing state based on the 242065 collected
particle spectra during ACLOUD. The colored boxes indicate the obtained particle
types used in this study. It must be noted, that the internal mixing of amines with
ammonium was not considered since most of the amines contained an ammonium-
signal as well which might also appear due to amine-fragmentation (Angelino et al.,
2001).

rather than DEA in this study. This idea is further supported by the correlation
of all m/z positions to the characteristic ion markers m/z +58 for TMA
and m/z +86 for TEA/DEA (see Fig. C.16 in the appendix). Indeed, the
correlation of the molecular signal m/z +101 and the protonated ion m/z

+100 for TEA to the marker signal m/z +86 is high. Thus, it is likely that
the mass spectra denoted here as TEA/DEA represent TEA. Nevertheless, the
notation as ‘TEA/DEA’ is kept for this thesis since the identification of TEA
by the ALABAMA needs to be confirmed by laboratory measurements.

Besides the species discussed above, the following species were also identified
in the analyzed spectra: sea spray (NaCl), DCA, vanadium (van.), EC, non-
sea-spray nitrate (nss nit.), iodine (iod.) and silicate (sil.). As shown in Table
4.1, their abundance was much lower compared to ammonium, sulfate and
amines, with percentages mostly below 10 %. Therefore, these particles were
only checked for the occurrence of the respective species, instead of considering
internal mixtures with other species. NaCl-containing particles, referred to as
sea spray, still account for a fifth of the sampled particles. However, since they
were primarily externally mixed with the three dominating species (ammonium,
sulfate and amines), internal mixtures of sea spray containing particles with
those substances were neglected as well. An overview of the average mass
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Figure 4.2: Mean positive mass spectrum of all analyzed particles for (a)
trimethylamine- (TMA) containing and (b) tri-/diethylamine- (TEA/DEA) con-
taining particles. Characteristic peaks are denoted.

spectra for particles containing the individual species is given in Sect. C.4 in
the appendix.

4.1.2 Vertical distribution of particle types

In this section, the vertical structure of the previously defined particle types will
be described based on the three air mass periods during ACLOUD (CP, WP
and NP; see Sect. 3.2). For this purpose, the particle fractions (PF ) and the
scaled particle fraction (PFscaled) were determined for the individual particle
types within certain altitude bins (bin width of 100 m) for each period. In
general, the chemical composition exhibits a different composition between the
lowest vertical levels corresponding to the Arctic BL and the free troposphere
above, in particular for the WP which was characterized by strong temperature
inversions topping the BL (see Sect. 3.2.2).

For the three most abundant particle species, the following relationships were
observed from the vertically-resolved composition (see Fig. 4.3). First, the frac-
tion of amine-containing particles decreased with altitude. Second, amines and
ammonium, both, were internally mixed with sulfate with only a few percent of
both substances not containing sulfate. Third, with decreasing amine-content,
the ammonium sulfate fraction increased towards higher altitudes. Forth, consid-
ering the amine sub-classification, almost all ambient amine particles contained
TMA but only a few of them contained TEA/DEA which mostly occurred in
the NP (Fig. 4.4). Finally, the scaled fractions confirm the trends for these
particle types. However, the increase of scaled TMA fraction towards lower
altitudes was only noticed during the WP. For the other two periods, the total
aerosol number concentrations were significantly lower close to the surface (see
Fig. 3.2d, l). As a result, all particle types dropped at the lowest levels. In
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Figure 4.3: Vertically-resolved amine-, ammonium- and sulfate-containing particles
as well as their internal mixtures analyzed by the ALABAMA during the cold (CP;
a, d), the warm (WP; b, e) and the neutral (NP; c, f) air mass period. The particle
fractions (PF ) are displayed in (a), (b) and (c), the scaled particle fraction (PFscaled)
in (d), (e) and (f), respectively. The acronyms are defined as follows: amine sulfate
(amine sulf.), ammonium sulfate (amm. sulf.), ammonium (amm.) and sulfate (sulf.).
Altitude bins with less than 20 recorded particle spectra are excluded. Bins with less
than 20 analyzed particles were removed from this overview. Further details about
the determination of PF , PFscaled and the corresponding uncertainties are provided
in Sect. 2.2.3, 2.2.4 and A.5, respectively.

short, the vertical distribution of aerosol composition indicates a potential
surface-based Arctic source for TMA.
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Figure 4.4: Vertically-resolved distribution of particles containing trimethylamine
(TMA) and tri-/diethylamine (TEA/DEA) analyzed by the ALABAMA during the
cold (CP; a, d), the warm (WP; b, e) and the neutral (NP; c, f) air mass period. The
particle fractions (PF ) are displayed in (a), (b) and (c), the scaled particle fraction
(PFscaled) in (d), (e) and (f), respectively. Altitude bins with less than 20 recorded
particle spectra are excluded. Bins with less than 20 analyzed particles were removed
from this overview. Further details about the determination of PF , PFscaled and the
corresponding uncertainties are provided in Sect. 2.2.3, 2.2.4 and A.5, respectively.

The vertical profiles of particles containing the other investigated particle
species for the three periods are displayed in Fig. 4.5. As shown in this figure,
NaCl particles revealed a similar trend to particulate amines with decreasing
abundance with altitude, even though the reduction is smaller compared to TMA.
Interestingly, sea spray fractions remained high when air masses originated
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Figure 4.5: Vertically-resolved distribution of particles containing further species
analyzed by the ALABAMA during the cold (CP; a, d), the warm (WP; b, e) and the
neutral (NP; c, f) air mass period. The particle fractions (PF ) are displayed in (a),
(b) and (c), the scaled particle fraction (PF · N) in (d), (e) and (f), respectively. The
acronyms are defined as follows: sea spray (NaCl), silicium (sil.), dicarboxylic acids
(DCA), vanadium (van.), nss nitrate (nss nit.), elemental carbon (EC) and iodine
(iod.). Bins with less than 20 analyzed particles were removed from this overview.
Further details about the determination of PF , PFscaled and the corresponding
uncertainties are provided in Sect. 2.2.3, 2.2.4 and A.5, respectively.

from closed sea ice areas as observed during the cold period. This suggests
a sea ice-related source for NaCl-containing particles in addition to the open
ocean. Similarly to sea spray, the fraction of iodine-containing particles slightly
dropped with height but the significance is very low because of low statistics
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Figure 4.6: Size distribution with particle fraction (PF ) of ambient particles
containing different chemical species analyzed by the ALABAMA for substances from
hierarchical markering (a) and for further identified species (b). To note, accumulated
PF of the latter exceeds 100 % since internal mixing of these species is not considered.
Therefore, accumulated PF beyond 100 % describes the degree of internal mixing
among these substances. Bins with less than 20 analyzed particles were removed from
this overview. Further details about the determination of PF and the corresponding
uncertainties are provided in Sect. 2.2.3 and A.5, respectively.

for this particle type (see Table 4.1). The appearance of EC and nss nitrate
particles did not change vertically and between the periods. For vanadium- and
DCA-containing aerosol particles, at least a weak rise in the scaled fractions was
obtained during the NP. Fig. 4.5 also shows a noticeable peak for most of the
substances at 3 km during the WP. Indeed, this layer containing a large variety
of substances marks the presence of polluted air masses from mid-latitudes, as
will be further detailed in Sect. 4.2.

Besides the vertical distribution, also the size-resolved chemical composition
of ambient particles suggests the occurrence of several species in aged air
masses. From the size distribution in Fig. 4.6b, substances such as EC, DCA,
vanadium, iodate, silicate and sea spray (NaCl) were enriched for large particles.
Furthermore, an overlap among the PF of those species in the upper size
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range indicated a high degree of internal mixing for these large particles. In
addition, the increasing fraction of sea spray-containing particles was internally
mixed with either sulfate, corresponding to the ‘sulfate only’ particles in Fig.
4.6a, or with nitrate. For these reasons, the composition of particulate matter
with diameters of ∼ 1 µm might relate these particles to chemical aging. In
contrast, amine and ammonium sulfate-containing particles dominated the
particle composition for small particles (Fig. 4.6a) with around 25 % of the
other species at 400 nm. Thus, particles in this size range might represent more
freshly formed atmospheric particles.

4.1.3 Summary and discussion with literature

The presented ALABAMA results of ambient aerosol composition will now be
discussed in the context of the current knowledge about Arctic aerosol particles
during summer. In previous field experiments, the chemical composition of
single particles was mainly limited to ground- and ship-based experiments
(e.g. Sierau et al., 2014; Gunsch et al., 2017). So far, only two studies of
aircraft-based measurements of the single particle composition were reported
in the Arctic, one located in Alaska (Zelenyuk et al., 2010) and the second
conducted in the Canadian Arctic (Köllner et al., 2017; Köllner et al., 2021).
Therefore, the results presented in this study add valuable information on
the vertically-resolved particle composition to the current knowledge of Arctic
aerosol.

One interesting finding is that ambient particles during ACLOUD often con-
tained a mixture of sulfate and amines, represented by TMA. Particles contain-
ing this internal mixture showed a decreasing tendency with increasing altitude,
in particular for meteorological situations with a clearly defined separation
of BL air and the free troposphere. This result reflects those of Köllner et al.
(2017) who also found frequently internal mixing of TMA and sulfate in the
Canadian Arctic with a maximum in the BL. Furthermore, Dall’Osto et al.
(2019) related the presence of low-molecular weight amines, including TMA,
to micro-biota of sea ice and sea ice-influenced ocean in the Southern Ocean.
Prior laboratory and chamber studies demonstrated acid-base reactions (for
example with sulfuric acid) as important pathway for aminium salt formation
(e.g. Angelino et al., 2001; Murphy et al., 2007). Therefore, the high degree of
internal mixing with sulfate indicated the neutralization of sulfuric acid and
MSA as important pathway for the formation of TMA-containing particles.
Overall, the high abundance of TMA inside the BL further supports previous
findings of a marine biogenic origin for these secondary amine particles. In Sect.
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4.3.5, the observation of amine particles will be further discussed in the context
of Arctic clouds.

As evident from the literature, ammonia competes with amines in neutraliz-
ing available acids (e.g sulfuric acid; Murphy et al., 2007; Pratt et al., 2009;
Ge et al., 2011b). More specifically, amines are stronger bases compared to
ammonia (Ge et al., 2011b; Liu et al., 2018). In the presented measurements,
ammonium-containing particles were internally mixed with sulfate to a large ex-
tent, suggesting their secondary nature formed by acid-base reactions. Especially
in the Arctic free troposphere where the TMA-content in the particles declined
ammonium sulfate particles were dominant. Simultaneously, air mass history
revealed an important contribution of long-range transport to the abundance
of particles containing ammonium-sulfate mixtures. This result is in agree-
ment with previous studies reporting significant contribution of ammonium and
gas-phase ammonia from outside the Arctic (Fisher et al., 2011; Lutsch et al.,
2019b; Köllner et al., 2021). However, inner-Arctic ammonia sources, such as
seabird guano emissions (Croft et al., 2016a; Wentworth et al., 2016), might
have contributed as well. Indeed, the internal mixture of TMA sulfate particles
with ammonium inside the BL corroborates these earlier studies.

An substantial contribution to marine secondary aerosol is expected to originate
from distinct NPF events (e.g. Burkart et al., 2017b; Dall’Osto et al., 2017).
Aerosol concentrations onboard of Polarstern showed two NPF events occurring
above the sea ice northwest of Svalbard: the first NPF on 1 June and the
second on 18 June (Kecorius et al., 2019). One day after the first event, a high
concentration of accumulation mode particles was observed by the airborne
instruments above the sea ice. These particles might have resulted from the
previous NPF event after subsequent growth. During the flight on 18 June,
indeed, high concentrations of small particles between 10 and 60 nm were
measured inside the BL onboard of the Polar 6. However, these particles could
not be analyzed by the ALABAMA as they were too small.

Another interesting finding of the current study was the observation of sea salt
particles in inner-Arctic air masses originating from the sea ice. In accordance
with the presented results, previous work have demonstrated the production
of sea salt aerosol from sea ice surfaces from frost flowers and blowing snow
(Yang et al., 2008; Seguin et al., 2014; Xu et al., 2016; Huang and Jaeglé,
2017). These observations were associated with high wind speeds during winter
and spring (e.g. Leaitch et al., 2013; Huang and Jaeglé, 2017). However, the
current study suggests that NaCl-containing particles from sea ice surfaces can
contribute significantly to Arctic aerosol during cold air outbreak events in
early summer.
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Besides NaCl, also particle types associated with natural origin were observed
during ACLOUD. Several studies reported a contribution of iodic acid (HIO3) to
NPF and particle growth in the Arctic, especially during the spring-to-summer
and the summer-to-autumn transition periods (Allan et al., 2015; Sipilä et al.,
2016; Baccarini et al., 2020; He et al., 2021). However, the findings of the
current study demonstrated only a minor contribution of iodine to the observed
particles. Baccarini et al. (2020) observed iodine-related NPF events linked
with high ozone values and freezing onset in the Arctic Ocean. As the ozone
levels were relatively low inside the BL during ACLOUD and the campaign was
affected by melting rather than re-freezing of the ice, the influence of iodine on
NPF might be low in summer compared to spring and late summer/autumn.
Nevertheless, it can not be excluded that iodine was present in particles smaller
than the ALABAMA size range.

Considering mineral dust, a potential contribution of transported material
from mid-latitudes was reported in previous literature, in particular during
spring (e.g. Rahn et al., 1977; VanCuren et al., 2012; Huang et al., 2015; Groot
Zwaaftink et al., 2016). The results of the current study, however, cannot
confirm a large contribution of dust-containing particles in early summer. It is
important to note, that here only silicium-content was considered as reference
for dust. There are more potential signatures for mineral dust in single particle
mass spectrometry, such as potassium, calcium, iron and magnesium ion signal
peaks (Gallavardin et al., 2008).

To conclude, the Arctic lower troposphere was characterized by a high abundance
of sulfate-, ammonium- and TMA-containing particles. During the WP, in
particular, substances associated with marine origin, like sea spray- and TMA-
containing particles were enriched inside the BL. In the upper flight levels, where
the amine content was reduced, ammonium sulfate particles were dominating
the particle composition analyzed by the ALABAMA. The observed particle
fractions of typical combustion species were very low, except for an elevated
pollution layer during the WP, which will be further characterized in the
following section. Together with the low mixing ratios of pollution tracers (see
Sect. 3.2), it can be concluded that the influence of polluted air masses was
weak throughout the ACLOUD campaign.

4.2 characterization of a distinct pollution event

During the WP, a distinct layer of polluted air masses was identified in the
average vertical profiles at almost 3 km. In this section, the chemical and physical
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Figure 4.7: Vertical profiles recorded during ACLOUD flight no. 12 (4 June 2017) for
trace gas measurements of CO (a) and CO2 (b), as well as the number concentrations
of parcticles between 100 nm and 1 µm (N100−1000) measured by UHSAS-1.

properties are presented. In addition, the potential origin of particles within
this layer is discussed.

4.2.1 Chemical and physical aerosol properties

From the results of individual ACLOUD flights, the occurrence of this elevated
pollution layer could be dated to flight no. 12 on 4 June. In the beginning and
at the end of this flight, vertical profiles up to 3.6 km were flown. The vertical
profile of air mass tracers for the 4 June showed several peaks in CO and CO2
mixing ratios between 2.8 and 3.5 km above sea level (4.7a, b). Similarly, the
particle concentrations also revealed a higher variation in this altitude range,
with a pronounced maximum at 2.9 km (4.7c). These enhanced signals were
observed during the second profile segment at the end of this flight, but not
in the segment after take-off. Therefore, only the last two hours of ACLOUD
flight no. 12 (11:30 - 13:39 UTC) were used for the following analysis.

Based on a histogram of measured CO mixing ratios in the altitude range above
2.5 km, a threshold was determined to distinguish the polluted air from the
background state. For CO below 105 ppbv, the sampled air was defined as ‘clean’
background, whereas CO greater than 105 ppbv indicated ‘polluted’ air (Fig.
4.8).

By applying this threshold, the following differences in the aerosol properties
were observed between the polluted and clean air case. First, the polluted layer
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Figure 4.8: Histogram of measured CO mixing ratios during the last two hours
(11:30 - 13:39 UTC) of ACLOUD flight no. 12 (4 June). The dashed line indicates the
threshold at 105 ppbv defined for differentiation between background and polluted
air mass.

Figure 4.9: Comparison of ambient particle properties between background air
mass and the pollution layer including (a) the average particle size distribution
(dN/dlog(dp)) obtained by UHSAS-1 and (b) the particle fraction (PF ) of different
chemical substances contained in the particles analyzed by the ALABAMA. The
shaded area in (a) corresponds to the standard deviation. Uncertainty analyses are
given in Sect. A.5.

revealed significantly higher concentrations on average with larger particle sizes
(Fig. 4.9a). Moreover, the fraction of several chemical species inside the particles
increased significantly towards the polluted air (Fig. 4.9b) as already shown
in the previous section. Among these species, typical combustion and biomass
burning tracers, such as potassium sulfate, vanadium and DCA, but also nitrate,
sea spray and TMA were found. The latter demonstrates that TMA is not only
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associated with a marine origin but can also be related to polluted air masses.
Another combustion-related species, EC, was also slightly more abundant in the
polluted air mass. However, due to the low statistics of this particle type, this
trend was not significant. In contrast to these combustion-related particle types,
TEA/DEA was rare in both cases with a decreasing tendency towards the
polluted aerosol. Furthermore, the fraction of ammonium-containing particles
declined moderately for the polluted case but remaining at a high fraction
of more than 85 %. Overall, the particle fraction of most considered chemical
species increased from background to polluted air (Fig. 4.9b), indicating a high
degree of internal mixing among the particles associated with pollution.

4.2.2 Potential origin of polluted air mass

The general overview of air mass history during the WP already yielded a
contribution of mid-latitudinal air to the Arctic free troposphere (see Sect. 3.2).
In fact, the atmosphere above 1 km was influenced by the North American,
European and Siberian sectors (Fig. 3.3b). To further investigate the sources
of this particular layer on 4 June, more detailed air mass history analysis was
applied. For this purpose, the FLEXPART PES was calculated for the last 16
days before the flight for the polluted and unpolluted case (see Sect. 2.3.6). As
fire plumes are injected to the atmosphere in higher altitudes depending on the
fire type, the fuel consumption and the prevailing meteorological conditions (e.g.
Stohl, 2006; Kondo et al., 2011; Val Martin et al., 2018; Köllner, 2020), emissions
between 1 and 4.5 km were considered for the PES maps. Additionally, the fire
locations were identified using the satellite data described in Sect. 2.3.7.

From the resulting PES maps, a clear distinction in air mass origin could be
inferred for background and polluted air above 2.5 km. For the background
state, the model results revealed contribution from mainly two regions (Fig.
4.10a). First, high PES values were observed at western Siberia. Additional
calculation of trajectories using LAGRANTO showed that air parcels ascended
in the northern part of Russia into the middle troposphere and circulated
around a high pressure system northeast of Svalbard, before descending towards
the measurement region to the pressure level of the aircraft (∼ 700 hPa; Fig.
4.11a). A second region indicating significant contribution was the northern
part of Canada (Fig. 4.10a). The Canadian air moved across the Arctic Ocean
in the middle and upper troposphere and joined the other branch of Russian air
masses northeast of Svalbard (Fig. 4.11a). In contrast, the Siberian contribution
weakened for the polluted air, whereas the region in Canada and the Pacific
Ocean broadened (Fig. 4.10b). Both, the Siberian and North American PES
coincided mostly with vegetation fire signals (Fig. 4.10). However, the Canadian
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Figure 4.10: Air mass history map of normalized FLEXPART potential source
emissivity (PES) for the background air mass (a) and the polluted layers (b). The
PES was calculated for the last 16 days before the measurements in the model altitude
range between 1 and 4.5 km (see Sect. 2.3.6) and normalized with respect to the
number of FLEXPART particle releases. Additionally, satellite-derived locations of
active fires during this 16-days-period for different fire types for different fire types
are included (see Sect. 2.3.7).

Figure 4.11: Map of calculated LAGRANTO trajectories for the background air
mass (a) and the polluted layers (b). The trajectories were calculated for the last 10
days before the measurements (see Sect. 2.3.6). The color represents the atmospheric
pressure (p) along the trajectories. Additionally, satellite-derived locations of active
fires during this 16-days-period for different fire types for different fire types are
included (see Sect. 2.3.7).

contribution to the modeled air mass origin remained high for the polluted
case. In addition, the trajectories from Russian fire locations remained close
to the surface while passing remote areas in northern Russia. Therefore, these
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air masses were potentially mixed with clean air reducing the influence of fire
pollution. In conclusion, the fire locations at central northern Canada might
be responsible for the elevated pollution layer occurring in the Arctic free
troposphere.

4.2.3 Summary and discussion with literature

As shown in the previous sections, an event of polluted air masses transported
from lower latitudes was found in the Arctic free troposphere during summer.
The impact of this event on aerosol microphysical and chemical properties
was significant since the fire-related features were also noticeable in their
average vertical profiles of the entire ACLOUD campaign. In the literature,
the importance of episodical fire events on the atmospheric aerosol burden in
the Arctic, particularly during spring and summer, has been discussed (e.g.
Shindell et al., 2008; Brock et al., 2011; Schmale et al., 2011; Bian et al., 2013;
Thomas et al., 2013; Breider et al., 2014; Evangeliou et al., 2016; Xu et al.,
2017). Accordingly, the results from the current study further support the
previous finding of episodic transport of wildfire emissions to Arctic regions.
Such distinct pollution events are clearly separated from chronic Arctic haze
events (Brock et al., 2011) which usually occur earlier in the year.

Regarding the geographical origin, the air mass history analysis indicated
that polluted air mass originated from Canadian fire sources, whereas the
background air arrived from northern Eurasia. In general, emissions from the
North American and Eurasian sector dominated the origin of free tropospheric
air during ACLOUD. These results are consistent with previous modeling
studies showing contributions from Europe, Russia and North America to the
lower and middle Arctic troposphere during summer (Stohl, 2006; Shindell
et al., 2008). In contrast, the influence of southeast Asian sources which are
associated with high BC emissions, are constrained to altitudes aloft (Stohl,
2006; Backman et al., 2021). Thus, the small contribution of southeast Asian
air masses might be explained by the low maximum flight altitude of 4.2 km.

The chemical composition of particles within the pollution layer indicated an
enrichment of wildfire-related species such as potassium, sulfate and nss nitrate.
These results match those of earlier studies reporting significant contributions
of biomass burning to the Arctic sulfate and nitrate burden (e.g. Kuhn et al.,
2010; Fisher et al., 2011; Breider et al., 2014; Köllner et al., 2021). In addition
to these compounds, the abundance of vanadium in Arctic aerosol increased
with increasing influence of polluted air masses. Accordingly, this suggests an
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additional input of heavy-oil fuel combustion to the observed pollution layer
(Ault et al., 2010; Gaston et al., 2010).

Interestingly, the abundance of detected EC particles by the ALABAMA was
very low within the observed pollution layer. This finding is consistent with
results from Köllner et al. (2021) who reported no significant contribution of
vegetation fires to the EC abundance obtained by the ALABAMA. However,
these results are contrary to findings from previous studies (e.g. Hirdman et
al., 2010b; Bond et al., 2013; Breider et al., 2014). This discrepancy of the
ALABAMA EC might be explained by the following reasons. First, aged BC
particles resulting from biomass burning sources are often thickly coated with
organic material (Paris et al., 2009; Brock et al., 2011; Kondo et al., 2011). Thus,
the laser energy maybe was not sufficiently high to reach the BC core inside
the particles. Second, a large fraction of vegetation fire particles are known
to contain potassium which is also confirmed by the results in the previous
sections. Since the potassium-content is associated with high signal peaks for
the K+ ion (m/z +39) owing to its high ionization efficiency, a suppression of
other signal peaks by matrix-effects is possible. Furthermore, the presence of
sulfate and nitrate in aged soot might have contributed to the suppression of
EC ion signals. Taken together, the combination of these effects might have
suppressed the carbon cluster ion signals which are characteristic for soot.

Another important finding of this case study was the enhancement of TMA in
biomass burning-related air compared to the background air. Hence, besides
the marine contribution to TMA abundance in Arctic aerosol discussed in
Sect. 4.1.3, vegetation fires might play an important role for the presence of
particulate amines in the Arctic summer as well. Results from previous field
measurements also observed amines inside combustion-related particles in the
Arctic. Gunsch et al. (2019) measured TMA and other alkylamine ion signals in
plumes from oil and gas extraction activities in the Alaskan Arctic. In addition,
Köllner et al. (2017) reported increased fractions of TMA-containing particles
in air masses from mid-latitudinal vegetation fires. However, a large variety of
possible sources for TMA (Ge et al., 2011a) are known and further potential
pathways into the particle phase via oxidation and condensation exists (Murphy
et al., 2007; Seinfeld and Pandis, 2016). Therefore, a clear statement on their
origin in air masses associated with long-range transport is difficult.

In summary, the maximum aerosol concentration observed at 3 km during
the WP corresponded to a distinct pollution event observed during the flight
on 4 June. The aerosol chemical composition and elevated CO levels further
indicated the presence of combustion-related air at this altitude. Furthermore,
the air mass history calculation showed evidence of vegetation fire origin with
air parcels departing from Canada. Interestingly, the particle composition
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also demonstrated increased abundance of TMA for the polluted case. Thus,
long-range transport of fire-related air represents another relevant source for
TMA-containing particles in the summertime Arctic.

4.3 cloud particle residual composition of summertime
arctic clouds

So far, the chemical characterization of aerosol particles in ambient air was
described. The following sections will focus on the chemical composition of
CPR. The first part of this section will give an overview of all sampled CPR
during ACLOUD and will discuss their chemical composition in the context
of ambient composition. In particular, the role of amine-containing particles
will be examined. Furthermore, the influence of cloud thermodynamic structure
and the Arctic surfaces on properties of CPR will be demonstrated based on
case studies. Finally, the cloud residual composition of Arctic clouds will be
directly compared to clouds at southern latitudes.

4.3.1 General cloud residual composition during ACLOUD

In order to relate the chemical properties of CPR to ambient particle compo-
sition, the cloud flight sections were divided in three categories: above-cloud,
inside-cloud and below-cloud. As ‘below’ and ‘above’ cloud, sampling periods
of ambient aerosol were selected in the proximity to the corresponding cloud
layer. More specifically, these periods were chosen to be at a similar horizontal
location as the clouds (within a few kilometers) and mostly less than 500 m
away from the cloud layer in the vertical to allow for comparibility. The vertical
distance of below-cloud measurements to the cloud base was often closer than
500 m as the majority of probed clouds were located at low altitudes. Above the
cloud, the selected vertical distance was extended for cases where the statistics
of analyzed particles was not sufficient for the analysis. However, in the absence
of polluted air masses, the vertical differences in the Arctic free-tropospheric
particle properties were often low. The ‘inside-cloud’ measurements refer to
the sampled CPR. Based on the three cloud-relative categories, the particle
fraction (PF ) was derived for each case by adding up all cloud transects during
ACLOUD analyzed by the ALABAMA. It must be noted that the results for the
scaled particle fraction (PFscaled) is not shown because of missing corrections
of CPR concentration measurements with regard to sampling efficiency (see
Sect. 2.3.1).
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Figure 4.12: Overview of vertical profiles including CPR and ambient aerosol
composition for all ACLOUD flights for species from hierarchical markering, the
amine types (b) and further species (c). The ‘inside-cloud’ results corresponds to the
chemical composition of CPR, whereas below-/above-cloud sampling periods refer to
ambient particle composition in vertical proximity to the clouds (mostly within 500 m
away from the respective cloud). The acronyms are defined as follows: amine sulfate
(amine sulf.), ammonium sulfate (amm. sulf.), ammonium (amm.) and sulfate (sulf.),
trimethylamine (TMA), tri-/diethylamine (TEA/DEA), sea spray (NaCl), silicium
(sil.), dicarboxylic acids (DCA), vanadium (van.), nss nitrate (nss nit.), elemental
carbon (EC) and iodine (iod.).

As shown in Fig. 4.12, several differences in the chemical composition between
clouds and ambient particles were evident. The most striking result from this
figure is the high abundance of amine particles inside the clouds with more
than 80 % of all sampled CPR containing amines (Fig. 4.12a). More specifically,
the majority of amines found inside the clouds were TEA/DEA particles (Fig.
4.12b). In contrast, the out-of-cloud measurements revealed only a small fraction
of particles being composed of this type of amines (see Sect. 4.1.2). Instead,
TMA particles were present, especially below the clouds which corroborates the
vertical distribution of TMA in ambient air (see Fig. 4.4). Both observed amine
types were to a large degree internally mixed with sulfate. In short, the different
occurrences of TEA/DEA between in-cloud and out-of-cloud measurements
suggests an important role of this amine type in cloud processes.

Besides the increased amine content, also the other chemical compounds indi-
cated differences in their abundance between cloud residuals and particles in
ambient air (Fig. 4.12c). The fraction of sea spray particles (NaCl) were similar
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to below-cloud measurements with slightly higher values inside the clouds, but
their abundance significantly decreased above the clouds. This corresponds to
the expected role of sea spray particles in cloud formation. Furthermore, other
chemical species, such as EC, DCA, nss nitrate and iodine, were slightly more
frequent in CPR compared to outside of clouds. This might be explained either
by wet deposition or by cloud activation of particles containing these substances.
For vanadium-containing particles, no significant difference could be discovered
between the three categories.

In the following, the chemical characteristics of Arctic cloud residuals will be
further discussed for selected examples. The special focus for this discussion
lies on amine-containing particles. Since the statistics of particles containing
DCA, EC, iodine and silicate was low for individual cloud cases, these species
will be omitted for the further discussion.

4.3.2 Importance of amine-containing particles in cloud processes

Due to lacking TEA/DEA particles in ambient air, it is hypothesized that this
amine species observed in CPR originated from the gas phase. This suggestion
is further supported by laboratory measurements of the Henry’s law coefficient
describing the solubility of substances in liquid aerosol and cloud particles
for TMA and TEA (Leng et al., 2015b; Leng et al., 2015a). In Fig. 4.13, a
comparison of the solubility for both substances is shown. From this figure,
it is apparent that TEA preferentially dissolves to available aerosol particles
compared to TMA. More specifically, the fraction of TEA in aqueous phase
reaches 100 % for a liqiud water content (LWC) of 0.1 g m−3 which is comparable
to the values obtained for the observed clouds in this study (see Fig. 4.14b for
example). In contrast, 20 % of TMA still remain in the gas phase under these
LWC conditions.

In order to investigate the solubility effect as possible reason for the enriched
TEA/DEA content in cloud particles, their vertical distribution inside the
clouds was investigated in more detail. For this purpose, those cloud cases
were selected where several horizontal legs had been flown inside the clouds at
different vertical levels. As a consequence, the the number of particles collected
by the ALABAMA on these legs was sufficient (Ccoinc > 100) to derive the
chemical composition for each vertical level. To account for changing CPR
concentrations between the legs, the particle fraction (PF ) was scaled with
the mean concentration of successfully detected particles for each leg. Since
the selected clouds were located at slightly different altitudes, the resulting
PFscaled was analyzed relative to the height inside the clouds by introducing
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Figure 4.13: Solubility with respect to liquid water content for different amines for
a pH of 5.6 and a temperature T of 278 K. The calculations of fraction in aqueous
phase are based on Leng et al. (2015b) for trimethylamine (TMA) and Leng et al.
(2015a) for triethylamine (TEA).

Figure 4.14: In-situ vertical profiles of median (solid) and interquartile range (shaded)
for cloud droplet number concentration (Ndrop; a), cloud liquid water content (LWC;
b) and potential temperature (θ; c) for extensively probed clouds above sea ice.
Different colors correspond to the different flight days during the warm period, with
2 June flight (blue), 4 June flight (green) and 5 June flight (red). In addition to the
aircraft-based θ, measurements from radiosondes released from the nearby research
vessel Polarstern were included (dashed lines in (c)).

the cloud-relative height (hcr), i.e. hcr = 0 for the cloud base height and hcr = 1
for the cloud top level. The cloud levels were defined based on the presence of
liquid water drops (Ndrop > 0 cm3 in Fig. 4.14a).
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Figure 4.15: Cloud vertical profiles (given in cloud relative height hcr) of scaled
particle fractions (PFscaled) for TEA/DEA-containing particles for the selected cloud
cases (a) and PFscaled of TEA/DEA-containing particles in dependency of the mea-
sured liquid water content (LWC) by the Nevzorov probe (see Sect. 2.3.4) inside
the clouds above sea ice (b). The colors represents the flight day given in the legend.
Uncertainty analyses are given in Sect. A.5.

To ensure the comparability of these cloud profiles, the cloud cases were further
pre-selected for similar atmospheric conditions. In the end, three cloud profiles
qualified for this comparison (F11C8 on 2 June, F12C7 on 4 June, F13C4 on 5
June), all of them located above sea ice surface during the WP. As shown in Fig.
4.14c, the thermodynamic profile was very similar for these clouds, representing
surface-coupled clouds with a distinct temperature inversion close to the cloud
top. The phase of cloud particles was primarily liquid showing a growth of
droplet sizes with altitude. As a consequence, the cloud liquid water content
(CLWC) increased towards cloud top. Accordingly, there should be in theory
more uptake of dissolved species inside the CPR further up in the clouds.

If we now consider the CPR composition measured on the different cloud legs,
the TEA/DEA-containing residuals revealed a vertical gradient as well. In terms
of their scaled particle fraction (PFscaled), CPR with TEA/DEA ion signals
were more abundant for the upper part of the clouds (Fig. 4.15a). Similarly,
their PF in CPR increased with height as well, except for the cloud on 2
June (see Fig. C.2 in the appendix) where the concentrations of cloud droplets
increased towards cloud top. Furthermore, by directly comparing PFscaled of
TEA/DEA with the measured LWC, a correlation between both variables was
observed (Fig. 4.15b). In short, this relationship supports the suggestion of gas
phase TEA/DEA condensing on available cloud droplets as well.
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Figure 4.16: Size distribution of particle fraction (PF ) of cloud residuals containing
both amine types analyzed by ALABAMA (a) and size distribution of scaled CPR-
fraction (PFscaled) with TEA-/DEA-content for different vertical levels inside the
clouds (b). Uncertainty analyses are given in Sect. A.5. Bins with less than 20 analyzed
particles were removed from this overview.

In addition to the vertical trend, the TEA/DEA-containing particles revealed
a specific feature regarding the size of CPR as well. More specifically, the
fraction containing this amine type showed a maximum at small sizes for all
analyzed cloud residuals (Fig. 4.16a). In contrast, TMA-containing particles
dominated the larger CPR. Furthermore, vertically-resolved size distribution of
CPR composition indicated an increasing contribution of TEA-/DEA-content
at larger particle sizes further up in the clouds (Fig. 4.16b).

As the TEA/DEA particles appeared in cloud residuals, this rises the question
about the fate of these particles after evaporation of the droplets. In this context,
an interesting observation was made during the flight on 13 June. In the last
flight hour of this flight, several cloud transects were flown through a cloud layer
located above open water surface between 0.2 and 1 km altitude (Fig. 4.17a). In
between, two 180 ° turns were conducted at 16:32 and 16:48 UTC, respectively.
Thus, the examined cloud area was passed three times with one ascent and
descent through the cloud for each leg. For the individual ascents and descents,
changing cloud conditions were observed within this region. From the timeseries
in Fig. 4.17b, it can be seen that the temperature profile indicated an inversion
layer at 650 m. In most cases, the cloud extended above the inversion layer,
occasionally as separated cloud layer (Fig. 4.17d). However, during the final
climb through the cloud, the droplets above the temperature inversion layer
disappeared. Instead, high particle concentrations were observed above the
cloud (between 17:01 and 17:08 UTC) compared to the above-cloud segment
before the cloud profiling (Fig. 4.17c). Furthermore, the relative humidity was
still relatively high just above the cloud (Fig. 4.17b). Regarding the particle
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Figure 4.17: Timeseries of flight altitude (h; a), air temperature (T ) and relative
humidity (RH; b), cloud droplet number concentration (Ndrop; c), aerosol particle
number concentrations (N60−1000) for particles between 60 nm and 1 µm (d) and
particle fractions (PF ) for trimethylamine- (TMA) and triethylamine-/diethylamine-
(TEA/DEA) containing particles (e) during the final hour of ACLOUD flight no. 16
(13 June). The blue shaded time periods indicate CPR sampling mode inside clouds
with CVI counterflow greater than zero. Ndrop and N60−1000 were obtained by SID-3
cloud probe and UHSAS-1, respectively. Uncertainty analyses are given in Sect. A.5.

composition, the TEA-/DEA-containing particles were not only found in CPR,
but also in cloud-free air after leaving the cloud layer (Fig. 4.17e). Compared
to the CPR composition inside the cloud, the particle fraction of TEA-/DEA-
containing particles was very similar with values of roughly 70 %. In combination
with the dissolving cloud above the inversion, this observation indicates the
presence of cloud-processed particles after evaporation of the cloud elements.

Taken together, the correlation between TEA/DEA-content in CPR and LWC

as well as its rarity in ambient air suggest the uptake of this species from the
gas phase into Arctic cloud droplets. Furthermore, their presence in the aerosol
phase nearby the clouds shown in the previous example supports hypothesis
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that TEA/DEA-containing particles are formed inside the clouds. Therefore,
this amine type might play an important role for the growth of existing cloud
particles and for aqueous secondary aerosol formation. However, one important
piece of evidence is still missing as no information about the abundance of
gas-phase TEA/DEA was available during the ACLOUD campaign.

4.3.3 Interplay between Arctic surfaces, cloud thermodynamic structure and
the origin of CPR

As shown in the previous sections, the CPR composition revealed differences
compared to the chemical characteristics of ambient aerosol. Recent Arctic
field studies discussed the critical role of the thermodynamic conditions on
the origin regime (below-/above- cloud) of cloud-active aerosol particles and
precursors (e.g. Shupe et al., 2013; Sotiropoulou et al., 2014; Tjernström et al.,
2014). In particular, local sources from the Arctic surfaces are expected to be
the dominating origin for thermodynamically surface-coupled clouds (see Sect.
1.2.7). Moreover, the surface conditions (sea ice/open water) is of particular
importance for marine aerosol sources and can influence the thermodynamic
structure of the clouds. Therefore, this section will focus on the impact of
surface types and thermodynamic states on the chemical composition of CPR
based on exemplary case studies.

The results presented here are mainly based on cloud flights during the WP.
As described in Sect. 3.2.2, this air mass period was characterized by strong
temperature inversions and the presence of low-level clouds. During the indi-
vidual flights, the Polar 6 aircraft often crossed these cloud layers above open
water as well as above closed sea ice. Therefore, the cloud profiles with regard
to the different surface conditions could be directly compared for these flights.
In the following, two exemplary case studies with comparison of open water vs.
sea ice cloud layers are presented. In addition, an example of a mid-level cloud
(∼ 3 km) is given for the NP. Besides elevated clouds, this air mass period was
characterized by low-level clouds and multiple cloud layers. However, aerosol
concentrations were often very low for the low-level clouds, as already indicated
in the period overview profile (see Fig. 3.2l), especially above sea ice. Therefore,
the number of analyzed particles by the ALABAMA was mostly too low for
significant results of a certain cloud profile. During the CP, the interpretation of
cloud thermodynamics was challenging because of long horizontal flight sections
within the cloud layer across the sea ice boundary (ACLOUD flight no. 7, 27
May). Furthermore, no information about cloud liquid water content is available
on the second flight during the CP (ACLOUD flight no. 8, 29 May).
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Figure 4.18: Comparison of vertical profiles of cloud properties including cloud
liquid water content (LWC) and droplet number concentration (Ndrop; a, c) as well
as potential temperature (θ; b, d) for a cloud transect above open water (a, b) and
above sea ice (c, d) during ACLOUD flight no. 11 (2 June), given as median (solid
lines) and the interquartile range (shaded area). Additionally, a θ derived from a
dropsonde released by the Polar 5 (dashed line) and the vertical position of the
clouds (light shaded areas) are included.

4.3.3.1 Case study 1: Surface-coupled cloud layer above different surfaces

In the first case on 2 June (ACLOUD flight no. 11), a low-level cloud layer was
present which moved with the southwesterly flow from the open ocean across
the sea ice. On this day, the Polar 6 aircraft performed several cloud profiles
by crossing the clouds from below to above and vice versa (see Fig. C.3 and
C.4 in the appendix). In the following, two of these profiles are discussed: one
above open water and one above sea ice surface.

As shown in Fig. 4.18, the thermodynamic profiles obtained by the aircraft
revealed a sharp inversion layer at cloud top for both cloud transects. Below
this layer, constant potential temperatures indicated a well-mixed BL. This
is further supported by data from dropsondes which were released from the
Polar 5 aircraft in the proximity of the respective cloud transect location. As
a result, both clouds, above open water and above sea ice, can be classified
as surface-coupled clouds. However, the altitude of the cloud layer decreased
towards sea ice (extending from 520 -900 m above open water; (160 -400 m above
sea ice) due to colder surface temperatures above the ice (see Fig. C.5 in the
appendix). In summary, it is expected that the cloud particles are influenced
by surface sources, whereas the free tropospheric air is clearly separated from
the cloud.
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Figure 4.19: Comparison of particle size distributions for cloud profiles above
open water (a) and above sea ice (b) during ACLOUD flight no. 11 (2 June). The
binned number concentrations of particles in the size range between 60 nm and
1 µm were obtained by UHSAS-1 and averaged for below-, inside- and above-cloud
flight segments, respectively. The shaded area corresponds to the standard deviation.
Inside-cloud measurements correspond to size distributions of CPR. The right axes
(in blue color) refer to the in-cloud measurements.

The resulting microphysical and chemical properties clearly confirm the ex-
pected influence of the surface regime for both coupled clouds. Dividing the
measurements in the three cloud-relative categories (as described in Sect. 4.3.2),
the particle sizes from below-cloud sampling overlapped with the cloud residual
sizes, whereas the above-cloud aerosol was significantly smaller (Fig. 4.19). The
ALABAMA composition analysis also indicated a similar abundance of different
chemical species (PF ) inside the CPR compared to below (Fig. 4.20). Above the
cloud, particle fractions (PF ) of amines and sea spray aerosol (NaCl) decreased
significantly. However, regarding the particles inside the BL, their properties
changed for the two surface conditions. More specifically, the particles above
the ice-free surface were smaller and contained more NaCl and less amines
compared to those above sea ice.

To further investigate the observed differences between open water and sea ice
for this flight, the air mass history was compared for both cases applying the
PES by FLEXPART. More specifically, the PES of the last 3 days before the
measurements within the lowest 400 m was calculated. A comparison with the
liquid water content of the LAGRANTO trajectories showed that the clouds
appeared about 24 hours before the measurements in the model (see Fig. C.9-
C.12 in the appendix). Therefore, the selected duration of the FLEXPART
simulations seems reasonable. As shown in Fig. 4.21, the PES maps indicate
small differences in the air mass origin. For the cloud above open ocean, the air
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Figure 4.20: Comparison of particle chemical composition for cloud profile above
open water (a, c) and above sea ice (b, d) during ACLOUD flight no. 11 (2 June).
The profile is shown for particle types from hierarchical markering (a, b) as well as
amine- and sea spray-containing particles (b, d). The acronyms are defined as follows:
amine sulfate (amine sulf.), ammonium sulfate (amm. sulf.), ammonium (amm.) and
sulfate (sulf.), trimethylamine (TMA), tri-/diethylamine (TEA/DEA) and sea spray
(NaCl). The given numbers represents the total number of analyzed particles for the
specific case. Uncertainty analyses are given in Sect. A.5.

passed the ocean surface west of Svalbard the day before reaching the aircraft
position. In contrast, the air moved along the sea ice edge in the last hours
before arriving at the sampling location. Thus, the enhanced amine fraction
obtained above the sea ice might be associated with gas-phase amines released
by the open water leads in the marginal ice zone.

To conclude the first case study, a clear influence of surface-related particles
to the cloud residual physical and chemical properties was obtained for the
coupled clouds above open ocean and sea ice. However, the particle composition
inside the BL differed between both surface types in terms of amine- and
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Figure 4.21: Air mass history for clouds (a, c, e) above open water and (b, d, f)
above sea ice during ACLOUD flight no. 11 (2 June). The FLEXPART PES maps
are shown for below-cloud (a, b), inside-cloud (c, d) and above-cloud (e, f) periods
and normalized by the individual period duration. The cyan asterisks marks the
location of the probed clouds. Additionally, the blue line indicates the 15-%-contour
of the sea ice concentration (see Sect. 2.3.7). The PES was calculated for 3 days
backwards in time (see Sect. 2.3.6).

sea spray-containing particles. The calculated air mass history suggests the
amine particles originating from the marginal ice zone, whereas higher sea spray
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Figure 4.22: Comparison of vertical profiles of cloud properties including cloud
liquid water content (LWC) and droplet number concentration (Ndrop; a, c) as well
as potential temperature (θ; b, d) for a cloud transect above open water (a, b) and
above sea ice (c, d) during ACLOUD flight no. 14 (8 June), given as median (solid
lines) and the interquartile range (shaded area). Additionally, a θ derived from a
dropsonde released by the Polar 5 (dashed line) and the vertical position of the
clouds (light shaded areas) are included.

fractions were connected to longer residence time above the open ocean in the
Fram Strait.

4.3.3.2 Case study 2: Changing coupling states above different surfaces

As a second example, clouds above open water and sea ice were contrasted for
the flight on 8 June (ACLOUD flight no. 14). Similar to the first case, clouds
were pushed towards the sea ice by a southwesterly wind. However, this time,
the clouds above the open water were thermodynamically decoupled from the
surface (Fig. 4.22). Indeed, the potential temperature (θ) illustrated an inversion
at 200 m located below the cloud base height of 510 m. In addition, the air
was very humid at this occasion, even above the cloud layer where the relative
humidity was still above 50 % (see Fig. C.8 in the appendix). Above sea ice,
the cloud is located below the inversion, demonstrating a surface-coupling.

Regarding particle properties, the decoupled cloud above the open ocean shows
similarities between in-cloud particle composition and the aerosol chemical com-
position aloft. In particular, the amine content in terms of PF was comparable
for both, CPR and above-cloud particulate matter, whereas sea spray-containing
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Figure 4.23: Comparison of particle size distributions for cloud profile (a) above
open water and (b) above sea ice during ACLOUD flight no. 14 (8 June). The
binned number concentrations of particles in the size range between 60 nm and
1 µm were obtained by UHSAS-1 and averaged for below-, inside- and above-cloud
flight segments, respectively. The shaded area corresponds to the standard deviation.
Inside-cloud measurements correspond to size distributions of CPR. The right axes
(in blue color) refers to the in-cloud measurements.

particles mainly occurred below the cloud (Fig. 4.24). Interestingly, a signifi-
cant contribution of nitrate was observed for the CPR as well. However, the
attributions to below- or above-cloud influence was less clear considering the
particle size distributions with similar concentrations below and above cloud in
the size range of the sampled CPR (∼ 200 nm; Fig. 4.23).

For the coupled sea ice cloud, the particle sizes suggest that the below-cloud
regime was feeding the cloud. Indeed, the below-cloud size distribution showed
a minimum at ∼ 120 nm coinciding with the peak in CPR particle sizes (Fig.
4.23). This coincidence might illustrate the cloud activation of particles from
below according to Hoppel et al. (1994). Compared to previously discussed
clouds, this cloud revealed smaller cloud residual sizes which could be due to
the low particle concentrations in the BL leading to a higher supersaturation
(Mauritsen et al., 2011; Croft et al., 2019). In contrast to the particle sizes, the
chemical composition below and above the cloud was rather similar, thus, an
attribution to cloud-influencing regimes was not possible based on the chemical
information.

The FLEXPART air mass history calculations further support the suggested
origin regimes from the in-situ measurements (Fig. 4.25). For the decoupled
cloud, the PES maps attributed the sampled air masses below, inside and above
the cloud to the northern European sector, moving across the Norwegian Sea
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Figure 4.24: Comparison of particle chemical composition for cloud profile above
open water (a) and above sea ice (b) during ACLOUD flight no. 14 (8 June). The
profile is shown for particle types from hierarchical markering (a, b) as well as amine-,
sea spray- and nitrate containing particles (b, d). The acronyms are defined as follows:
amine sulfate (amine sulf.), ammonium sulfate (amm. sulf.), ammonium (amm.)
and sulfate (sulf.), trimethylamine (TMA), tri-/diethylamine (TEA/DEA), sea spray
(NaCl) and nss nitrate (nss nit.). The given numbers represents the total number of
analyzed particles for the specific case. Uncertainty analyses are given in Sect. A.5.

towards Svalbard. Below the cloud, air masses approached the measurement
location predominantly from the ice-covered Arctic Ocean between Svalbard
and Franz-Josef-Land which might also explain the low amine content in the
BL. These two source regions were also obtained for the cloud located above the
ice. However, the contribution from northern Europe to this cloud was lower,
especially below and inside the cloud.

In summary, the second case study was characterized by a different coupling
state between the underlying surface conditions. For sea ice, the cloud was
surface-coupled, similar to the previous example, which was also confirmed by
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Figure 4.25: Air mass history for clouds above open water (a, c, e) and above sea
ice (b, d, f) during ACLOUD flight no. 14 (8 June). The FLEXPART PES maps are
shown for below-cloud (a, b), inside-cloud (c, d) and above-cloud (e, f) periods and
normalized by the individual period duration. The cyan asterisks marks the location
of the probed clouds. Additionally, the blue line indicates the 15-%-contour of the
sea ice concentration (see Sect. 2.3.7). The PES was calculated for 3 days backwards
in time (see Sect. 2.3.6).

the size distribution showing activation from the BL. On the other hand, the
cloud thermodynamics above the open water indicated a separation between
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Figure 4.26: Vertical profiles of cloud properties including cloud liquid water content
(LWC) and droplet number concentration (Ndrop; a) and potential temperature (θ; b)
for a cloud transect of a mid-level cloud layer during ACLOUD flight no. 19 (17 June),
given as median (solid lines) and the interquartile range (shaded area). Additionally,
the vertical position of the cloud (light shaded area) is included.

cloud and surface. Moreover, the chemical composition of CPR matched well
with the aerosol composition above. The increased humidity for this cloud case
suggests an important contribution of moisture transport to the decoupling of
the cloud layer. Finally, the model-based air mass history analysis offered two
distinct source regions, with European influence above the BL and inner-Arctic
air masses inside the BL.

4.3.3.3 Case study 3: Mid-level cloud layer

Besides the low-level clouds in both previous examples, a few clouds at higher
flight levels were crossed with the Polar 6 aircraft during ACLOUD. Because of
their vertical distance to the surface, these cloud layers were located within the
free troposphere decoupled from the surface. As an example, a cloud transect
on 17 June (ACLOUD flight no. 19) is presented in the following. From Fig.
4.26, it can be seen that θ was rising below the cloud base height (3.2 km).
Near the cloud top, the profile marked a distinct stable inversion layer with
a tendency of a CII. However, no nearby dropsonde or radiosonde profile was
available to confirm the aircraft-derived inversion layer position.
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Figure 4.27: Particle size distributions for a cloud profile of a mid-level cloud
during ACLOUD flight no. 19 (17 June). The binned number concentrations of
particles in the size range between 60 nm and 1 µm were obtained by UHSAS-1 and
averaged for below-, inside- and above-cloud flight segments, respectively. The shaded
area corresponds to the standard deviation. Inside-cloud measurements correspond
to size distributions of CPR. The right axes (in blue color) refers to the in-cloud
measurements.

In contrast to the low-level cloud examples, the CPR characteristics were
similar to the ambient background below and above the cloud layer. The
size distributions for ambient particulate matter illustrated the dominance of
Aitken mode particles with higher concentrations above the cloud (Fig. 4.27).
Likewise, the mode diameter of cloud residuals was 100 nm. This smaller CPR
sizes compared to the low-level clouds can be explained by low abundance
of accumulation mode particles. As a consequence, a significant amount of
particles smaller than 100 nm could be activated. Apart from the particle
sizes, the chemical composition of CPR showed only small differences to both,
below- and above- cloud properties. The most striking differences regarding
the contained chemical composition were the increase of TEA/DEA as well
as nss nitrate in the cloud residuals (Fig. 4.28). The latter might be formed
in the clouds via gas-phase nitrogen oxide in the environmental air due to
the lack of nitrate in ambient air. All in all, the analogy in size and chemical
composition for below, inside and above the cloud suggests similar contribution
of both ambient regimes to the cloud development. Indeed, the modeled air
mass history indicated advection from northern Canada for all three categories
(not shown).

Taken together, favored origin regimes from below or aloft could not be identified
for the mid-level clouds based on particle size and composition despite the
observed inversion in the upper part of the cloud. This suggests the cloud layer
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Figure 4.28: Comparison of particle chemical composition for cloud profile of a
mid-level cloud during ACLOUD flight no. 19 (17 June). The profile is shown for
particle types from hierarchical markering (a) as well as amine-, sea spray- and
nitrate containing particles (b). The acronyms are defined as follows: amine sulfate
(amine sulf.), ammonium sulfate (amm. sulf.), ammonium (amm.) and sulfate (sulf.),
trimethylamine (TMA), tri-/diethylamine (TEA/DEA), sea spray (NaCl) and nss
nitrate (nss nit.). The given numbers represents the total number of analyzed particles
for the specific case. Uncertainty analyses are given in Sect. A.5.

being formed in homogeneous air masses with similar origin. Due to the elevated
altitude, the cloud was significantly influenced by long-range transport which
was illustrated by the presence of nitrate inside the CPR.

To conclude, this section illustrated that the thermodynamic structure sig-
nificantly impacts the properties of particles involved in cloud processes. In
particular for the WP, where strong temperature inversions separated the BL
from the free troposphere, the differences between the air mass regimes feeding
the clouds were significant. In contrast, almost no changes in particle properties
between the below- and above-cloud regime could be identified for the mid-level
clouds. It can be assumed that this is often the case for mid-level clouds in the
Arctic as they are embedded in relative homogeneous air masses of the free
troposphere.

4.3.4 Chemical differences between Arctic and mid-latitudinal clouds

In connection with the ACLOUD field experiments, ferry flights were conducted
between Svalbard and Bremen (Germany) where the home base for the Polar
aircrafts is located. The way from Svalbard back to Germany consisted of two
ferry flights (Longyearbyen (Svalbard) to Trondheim (Norway) and Trondheim
to Bremen (Germany)), both taking place on 29 June 2017. During these two
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flights, the ALABAMA instrument and the CVI inlet system were operated.
This provided the unique opportunity to directly compare the Arctic CPR
composition with mid-latitude CPR composition under similar instrumental
conditions.

As the main flight direction was southward in a flight altitude of ∼ 3 km, the
air mass transition from the Arctic to mid-latitudes can be examined in a
meridional perspective. As shown in Fig. 4.29, several changes were observed for
the air mass characteristics towards the south. First, the air temperature was
monotonically increasing from the polar region to mid-latitudes (Fig. 4.29b).
Second, relative humidity was declining towards Norway. South of 61 °N, the
very dry conditions changed to high relative humidity close to saturation (Fig.
4.29b). Simultaneously, clouds were crossed by the aircraft marking the passage
of a convective system above Denmark and northern Germany. Third, carbon
monoxide mixing ratios dropped at 61 °N along with the appearance of the
humid air mass. Within the convective system, CO values increased again which
might be explained by the presence of updrafts advecting more polluted air
masses from the BL. Taken together, these findings suggests a distinct air mass
transition at 61 °N.

Regarding the ALABAMA measurements, 23 645 spectra were recorded during
the two ferry flights. An overview of the detailed statistics regarding the
data quality is provided in Table C.2 in the appendix. To facilitate a direct
comparison with the Arctic aerosol composition, the particle type classification
is kept identical to the previous section. As Fig. 4.29d,e illustrate, the air mass
transition at 61 °N was observed in ambient particle composition as well. Indeed,
the fraction of TMA and sulfate significantly decreased, whereas TEA- and nss
nitrate-containing particles became more abundant further south.

During the passage of the convective clouds, a statistical significant amount of
CPR were analyzed by the ALABAMA, indicated by the shaded regions in Fig.
4.29. In contrast to the Arctic cloud measurements, the ferry flights provided
only horizontal flight sections through the clouds instead of a vertical flight
pattern. Therefore, the results were divided into measurements inside-clouds
(CPR) and outside-clouds (ambient aerosol). Specifically, for the out-of-cloud
category, only particles for the last 5 min before the corresponding in-cloud
segment were selected to directly contrast their composition to the particle
types found inside the CPR.

Several differences were identified between the cloud residual composition and
the particle types identified in cloud-free air (Fig. 4.30). First, the particle
fraction of amine-containing particles is enhanced inside the clouds with respect
to the content in ambient aerosol (Fig. 4.30a). Second, like in the Arctic
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Figure 4.29: Meridional-resolved results of flight altitude (h, a), air temperature
(T ) and relative humidity (RH; b), (c) carbon monoxide (CO) mixing ratio (c) and
the particle fraction (PF ) of particle types from hierarchical markering (d) as well
as amine-, sodium chloride- (NaCl) and non-sea-spray nitrate- (nss nit.) containing
particles (e) measured during the two ferry flights (Longyearbyen to Trondheim;
Trondheim to Bremen) on 29 June. Amines were distinguished between trimetyhlamine
(TMA) and triethylamine/diethylamine (TEA/DEA). The blue shaded locations
indicate measurements inside clouds. The shown PF refers to the occurrence of the
individual chemical species in ambient particles, cloud residuals were excluded for
this meridional overview. For CO, T and RH, median (solid lines) and interquartile
range (shaded) were calculated for intervals of 0.1 °, the PF is determined for 0.5 °
bins. Bins with less than 20 analyzed particles were removed from this overview.

environment, a high abundance of TEA/DEA was observed inside the CPR
(Fig. 4.30b). Third, there is a mixture of various species inside the CPR with
particularly high contributions of nitrate and NaCl (Fig. 4.30c). In contrast,
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Figure 4.30: Overview of the CPR and ambient aerosol composition for the ferry
flight from Trondheim (Norway) to Bremen (Germany) on 29 June. Particle fractions
(PF ) are presented for particle types from hierarchical maerkering (a), amine types
(b) and further species (c). The acronyms are defined as follows: amine sulfate
(amine sulf.), ammonium sulfate (amm. sulf.), ammonium (amm.) and sulfate (sulf.),
trimethylamine (TMA), tri-/diethylamine (TEA/DEA), sea spray (NaCl), silicium
(sil.), dicarboxylic acids (DCA), vanadium (van.), nss nitrate (nss nit.), elemental
carbon (EC) and iodine (iod.).

these species were on average significantly less abundant in ambient air. However,
as illustrated in Fig. 4.29, the fraction of TEA-/DEA- and nss nitrate-containing
particles was elevated in the direct environment of the clouds where the relative
humidity in ambient air was still high. Thus, this composition feature suggests
the influence of evaporated cloud droplets, similar to the case in the Arctic in
Sect. 4.3.2.
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In comparison to the overall CPR composition in the Arctic (Fig. 4.12), the
mid-latitudinal CPR indicated differences in the involved particle types. The
most striking discrepancy is the abundance of nitrate-containing particles at
mid-latitudes with a PF of almost 40 %. In the Arctic, nss nitrate was observed
only in clouds which were associated with southerly air masses (e.g. Fig. 4.28
in Sect. 4.3.3.3). In addition to nitrate, further species, such as sea spray, DCA,
vanadium and EC, were enriched inside the central European CPR. Interestingly,
amines were identified to a large extent in mid-latitudinal cloud residuals as
well, showing particularly high fractions of TEA/DEA. Hence, this amine type
might be relevant for cloud processes beyond the Arctic.

Taken together, the probed clouds above northern Germany and Denmark
revealed a similar domination of TEA/DEA in cloud residuals compared to
Arctic CPR illustrating the importance of amine species for cloud processes.
However, there were significant differences for other species, in particular for
nitrate-containing particles. At mid-latitudes, their contribution to cloud resid-
uals is significantly higher than in the polar environment, suggesting a lack of
nitrate precursors, like nitrogen oxide, in the Arctic. It should be pointed out
that the probed Arctic clouds were mainly low-level stratiform clouds, whereas
the considered clouds at mid-latitudes were convective clouds associated with
thunderstorms.

4.3.5 Comparison with literature

The current knowledge about aerosol species involved in Arctic cloud processes is
very limited, in particular due to lacking in-situ observations of the cloud particle
composition. In the past, only one airborne field campaign was conducted
using a CVI inlet system combined with aerosol instruments in the polar
regions (McFarquhar et al., 2011). On this occasion, also a single particle
mass spectrometer similar to the ALABAMA was deployed, but only results
of one cloud transect flight were reported in the literature (Zelenyuk et al.,
2010). Furthermore, Leaitch et al. (2016) performed extensive aircraft-based
measurements of aerosol concentrations in the direct surroundings of Arctic
clouds during the NETCARE 2014 campaign. However, the cloud activation
size of particles was estimated by ambient particles in this study instead of
direct sampling of cloud residuals. For these reasons, the airborne measurements
of CPR composition presented in the previous sections provide an important
insight in Arctic cloud processes.

The most interesting finding in this study was the high abundance of TEA/DEA-
containing particles inside cloud residuals, whereas they were rarely found in
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ambient air. Prior studies have already shown a contribution of amines to cloud
processing of aerosol particles. Rehbein et al. (2011), for instance, found a
contribution of TMA to cloud and fog particles by SPMS measurements in
Canada. Besides TMA, they reported ion signals at m/z +86 which might
correspond to TEA, DEA or other amine compounds. In another study, it
was observed that amines with characteristic ion signal peak for TEA/DEA
occurred in mid-latitudinal cloud residuals (Roth et al., 2016). This observation
is further supported by the presented results from the ferry flight to Germany
in the current study. In the Arctic, neither TEA nor DEA have been noted in
aerosol particles previously. Nevertheless, Dall’Osto et al. (2019) measured ion
signals at m/z +86 in ambient particles in the sea ice-related Southern Ocean
close to Antarctica.

The rarity of particulate TEA/DEA in ambient air compared to their abundance
inside clouds suggests the condensation of these amine types takes place onto
existing cloud droplets from the gas-phase. This hypothesis is further supported
by previous findings from laboratory characterization measurements of different
amines. More specifically, the Henry’s law coefficients of both, TEA and DEA,
are larger than for TMA under similar conditions (see Fig. 4.13; Ge et al.,
2011b; Leng et al., 2015b; Leng et al., 2015a). Thus, TEA and DEA should
preferentially dissolve in available cloud droplets compared to TMA. However,
these findings raise the question regarding the fate of TEA/DEA-containing
CPR after evaporation of the clouds. The ambient measurements in this study
have, at least, indicated the presence of particulate TEA/DEA in the direct
surrounding of clouds even though in low abundance. This observation sug-
gests the alteration of particle properties due to the cloud processes involving
TEA/DEA.

The previous airborne study of cloud residual composition in the Arctic did not
directly report on a contribution of amines to clouds (Zelenyuk et al., 2010).
Nevertheless, they measured enhanced fractions of a specific organic sulfate
cluster (labeled as ‘OrgSulf3’). As the involved species to this cluster were not
further specified, it might correspond to the TEA-/DEA-containing particles
from the current study. Moreover, Zelenyuk et al. (2010) concluded that the
particle size was the controlling factor for cloud activation because most of the
interstitial particles were smaller than 100 nm but chemically not very different
from the cloud residuals. This cannot be directly confirmed by the current study
since interstitial aerosol particles were not sampled. However, as TEA/DEA
is hypothesized to condense on available cloud droplets from the gas phase,
this study suggests that amine species play an important role to the growth of
droplets and, thus, to precipitation.
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TMA, DEA and TEA were the only alkylamine types that were identified
in the recorded mass spectra of the ALABAMA. As discussed in Sect. 4.1.3,
the observation of TMA in ambient air corroborates the findings of previous
airborne measurements with the ALABAMA in the Canadian Arctic (Köllner
et al., 2017). The prominent occurrence of the ion signal peak at m/z +86
(C5H12N+), in particular for CPR, was analyzed in the Arctic for the first time.
In comparison with literature, this ion signal is characteristic for both DEA and
TEA (Angelino et al., 2001; Liu et al., 2020). The frequent combination with
other typical ion signals for alkylamines, such as m/z +30 and +42, further
suggests that these analyzed particles contain amines (Angelino et al., 2001). In
addition to both ethylated amines, m/z +86 is associated with dipropylamine
(DPA) as well (Angelino et al., 2001). Due to the lack of other characteristic
signals for DPA at m/z +72 (C4H10N+) and m/z +114 (C7H16N+) in the
recorded spectra (Angelino et al., 2001), this amine type was excluded for the
presented analysis. Moreover, since the molecular ion signal of TEA at m/z

+101 (C6H15N+) was present in the majority of the m/z +86-containing spectra,
these particles represented most probably TEA rather than DEA. Nevertheless,
this hypothesis needs to be confirmed by laboratory studies of ethylated amines
with the ALABAMA. Therefore, the notation as ‘TEA/DEA’ was kept for this
study.

There are also other alkylamines which are linked to marine biogenic origin in
literature, for instance monomethylamine and dimethylamine (e.g. Gibb et al.,
1999; Ge et al., 2011a; van Pinxteren et al., 2019a). However, their presence in
Arctic particulate matter could not be confirmed in the current study. As further
discussed in Sect. C.3, the characteristic ion signals for other alkylamines could
not be identified due to isobaric interference with other substances and/or were
often lower than the background noise threshold of the ALABAMA.

Regarding the origin of cloud-interacting aerosol, the air mass history indicated
the marine locations as dominant source. In particular for low-level clouds
during the WP, the results from the dispersion model illustrated that the air
parcels passed either above open or ice-covered ocean within the last few days
before measurement. High sulfate and amine content further supports previous
findings of the importance of marine precursors for cloud processes (e.g Leaitch
et al., 2013; Willis et al., 2016). TMA and DEA, for instance, were previously
observed in the marine BL associated with biogenic production in the ocean
(e.g. Ge et al., 2011a; Köllner et al., 2017; van Pinxteren et al., 2019b). The
occurrence of TEA was mostly reported in the context of engine emissions in
past studies (Ge et al., 2011a; Gunsch et al., 2019). However, the findings from
this study together with reports of TEA found in fish food processing (e.g.
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Romero-González et al., 2012) suggest the Arctic ocean also representing a
potential source for TEA.

It is known from literature, that the thermodynamic structure of Arctic clouds
plays an important role for the origin of cloud residuals (Sedlar and Tjernström,
2009; Shupe et al., 2013; Tjernström et al., 2014). For example, Shupe et al.
(2013) previously observed similarities of particle number concentration between
in-cloud and above-cloud aerosol properties for decoupled clouds above the
central Arctic ocean, whereas surface-coupled clouds showed a link of in-cloud
aerosol from the local surface regime. As presented in Sect. 4.3.3, the results
of the current study confirm this decisive role of the stable inversion layer
location for the cloud particle chemical composition. In fact, if an inversion
layer was separating the surface from the cloud layer, the CPR composition
clearly indicated mixing of aerosol species from above into the clouds. In
addition, the presence of decoupled clouds was linked to advection of moist
air masses aloft, similar to what was observed by Shupe et al. (2013). Several
studies suggested differences in the aerosol entrainment from above the cloud
depending on the vertical location of the inversion in the upper part of the cloud
(Sedlar et al., 2012; Sotiropoulou et al., 2014; Tjernström et al., 2014). However,
the only example of a CII case presented in the current study was located at
mid-levels where the differences in aersol composition were marginal between
below and above the cloud. Therefore, this study could not demonstrate an
entrainment from above-cloud for this CII-case. There might be more cases
during ACLOUD with an extension of the cloud top inversion into the clouds.
Nevertheless, since the Polar 6 was moving relative to the cloud and the
locations of the dropsonde releases did not match exactly the flight tracks of
Polar 6, the accurate determination of the inversion position relative to the
cloud top was difficult.

In the context of local marine aerosol, iodine was previously suggested to be
involved in Arctic cloud formation owing to its contribution to NPF and particle
growth (Baccarini et al., 2020). Indeed, the results in the previous sections
indicated slightly higher occurrences of iodine in CPR compared to ambient air.
However, the fraction of iodine-containing particles analyzed by the ALABAMA
was generally low (< 1 %), thus, the statistical significance of this increase inside
clouds is weak.

Concerning the impact of mineral dust on cloud processes, this study did not
show an important contribution of such particles on Arctic clouds based on
silicium-containing particles. As already discussed in Sect. 4.1.3, dust particles
can be composed of other species as well. Thus, the markered silicium might not
be fully representative. Furthermore, mineral dust is known as good INP. How-
ever, the vast majority of cloud particles sampled via the CVI inlet were liquid
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cloud droplets rather than ice crystals. For this reason, its contribution to clouds
might be further underestimated in the presented ACLOUD measurements.

Another finding of this study was a clear enhancement of nss nitrate in the
measured CPR composition above northern central Europe compared to Arctic
clouds. This result is consistent with prior studies of mid-latitudinal cloud
composition showing high contribution of nitrate to clouds as well (e.g. Roth
et al., 2016; Schneider et al., 2017) which could be explained by the uptake of
gaseous nitric acid (Tilgner et al., 2005; Schneider et al., 2017). According to
these data, we could infer that the role of nitric acid for Arctic clouds is limited
by the low concentrations of nitric acid in polar environments.

In conclusion, the results from the Arctic CPR composition measurements
showed a dominance of TEA/DEA inside the clouds. This particle type was
reported for the first time in the Arctic environment. Interestingly, these ethy-
lated amines were observed inside CPR at southern latitudes as well. Owing to
the high solubility of DEA and TEA, indicated by their correlation with cloud
liquid water content and the rarity of this amine type in ambient particulate
matter, it is suggested that they dissolve in available cloud droplets from the
gas phase. Thus, they might play an important role for the lifetime of Arctic
clouds by supporting the growth of cloud droplets. In addition to amines, other
species like sulfate, sea spray and oxygenated organics were also involved in
cloud processes as they were found in CPR as well. Furthermore, the study
illustrated the impact of the cloud thermodynamic structure on the origin of
entrained particles, suggesting long-range transported particles to be important
for decoupled clouds. Overall, this study revealed a closer look on aerosol-cloud
interaction processes in the summertime Arctic adding crucial knowledge to
the understanding of Arctic clouds.





5
C O N C L U S I O N S A N D O U T L O O K

In order to improve the current understanding of aerosol-cloud interactions in the
polar environment, this work focused on the chemical characterization of ambient
aerosol particles and cloud particle residues (CPR) in the summertime Arctic.
For this purpose, aircraft-based measurements were conducted in the region
of Svalbard (Norway) using the single particle mass spectrometer ALABAMA.
The number of previous airborne studies on aerosol chemical composition is
very limited in the Arctic, in particular for cloud residuals with only one flight
through Arctic clouds reported in the literature (Zelenyuk et al., 2010). In the
following, the main findings of this study will be summarized with respect to
the questions in Sect. 1.3. Furthermore, an outlook will be given towards ideas
for future studies on Arctic aerosol-cloud interaction.

Particle types observed in summertime Arctic clouds

This study has found that the chemical composition of Arctic cloud residuals
differs significantly from ambient particle composition in terms of amines. For
ambient aerosol, trimethylamine- (TMA) containing particles were abundant,
especially inside the marine boundary layer which supports previous findings
from Köllner et al. (2017). In contrast, the CPR composition was dominated by
triethyl-/diethylamine (TEA/DEA). This amine type was observed for the first
time in the Arctic environment. The high abundance of TEA/DEA in cloud
residuals suggests an important role of TEA and/or DEA in cloud processes.

Several indications for gas-to-particle conversion of these ethylated amines inside
the clouds were found. First, only a small fraction of the collected particles
in ambient air contained TEA/DEA which occurred particularly in proximity
to clouds. Second, the abundance of TEA/DEA inside the CPR increased
with cloud liquid water content for the examined cloud cases. Finally, the
size distribution of CPR revealed that TEA/DEA was mostly found for small
residuals with increasing tendency towards the upper part of the clouds. Taken
together, these ethylated amines might contribute significantly to the growth of
cloud droplets which would have further implications for the lifetime of Arctic
clouds.
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In addition to amines, also other substances were enriched inside the clouds, in
particular sea spray aerosol. This suggests an important contribution to cloud
particle activation by primary marine aerosol particles. Furthermore, species
such as dicarboxylic acids (DCA), nitrate, iodine and elemental carbon (EC)
were slightly more abundant inside CPR than in out-of-cloud aerosol, indicating
a contribution either to formation or to processing of cloud particles. Overall,
due to cloud processing, the analyzed cloud residuals often contained mixtures
of several chemical species.

Comparison of Arctic clouds with mid-latitudinal clouds

The study has further shown that TEA/DEA might play a role for cloud
processes beyond the Arctic environment. Measurements of CPR in convective
clouds above northern central Europe indicated large fractions of cloud residuals
containing the TEA/DEA particle type as well. Contrary to Arctic clouds, the
contribution of nitrate and combustion-related species, such as DCA, vanadium
and EC, to cloud particles was significantly larger at mid-latitudes owing to
the proximity to industrial and agricultural sources.

Effect of the cloud thermodynamic structure

The results further illustrate that the chemical composition of Arctic CPR was
significantly influenced by the thermodynamic structure of individual clouds.
Case studies of thermodynamically surface-coupled clouds indicated a strong
relationship of particle species found inside the cloud with the below-cloud
regime. This coupling state was frequently observed during a warm air intrusion
period above cold sea ice surfaces. Therefore, such meteorological conditions
might favor the surface-based cloud activation and moistening. In contrast,
thermodynamically decoupled clouds, which occurred predominantly above
open water surfaces, showed similarities of CPR composition to the above-cloud
regime indicating the importance of long-range transport to decoupled clouds
in the Arctic. Similarly, clouds embedded in the Arctic free troposphere were
more sensitive to aerosol species from mid-latitudes.

Influence of long-range transport on Arctic clouds

The contribution of transported pollution from mid-latitudes to the Arctic was
generally low during the ACLOUD campaign, indicated by low mixing ratios
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of carbonaceous pollution tracers and moderate concentrations of accumulation
mode particles. Accordingly, the frequency of typical particle species associated
with long-range transport, such as nitrate, EC and ammonium sulfate, was
low as well and was restricted to vertical levels above the Arctic boundary
layer. However, the observation of an elevated pollution layer demonstrated
the episodical influence of biomass burning aerosol to the middle troposphere
during the Arctic summer.

In conclusion, this study revealed new insights into the chemical composition
of Arctic clouds which add valuable information to the current knowledge of
aerosol-cloud interaction processes in the polar environment. In particular, the
importance of amines to the formation and growth of cloud droplets has been
shown. However, the detection of amines was limited to the particle phase in this
study. To investigate their origin and the formation process of particulate amines
in the Arctic, future field experiments in the polar region with complementary
measurements of gas-phase amines in addition to particle composition analysis
are needed. Furthermore, additional laboratory measurements of different amine
species using the ALABAMA are required to improve the differentiation of TEA,
DEA and other amine types. One limitation of the presented measurements
is the lower size limit of the ALABAMA which inhibits sampling of cloud
residuals in the Aitken mode. Therefore, the exploration of ambient aerosol and
CPR in the Arctic should be complemented by instrumentation for chemical
analysis of Aitken mode particles behind the CVI inlet. Moreover, a Lagrangian
in-situ sampling strategy for aircraft measurements of Arctic clouds might
provide more insights into the fate of evaporated cloud droplets. Additionally,
coupling of the airborne measurements to the analysis of seawater samples
could provide a further insight on the contribution of marine biogenic sources
to atmospheric particles and clouds. Finally, airborne measurements are always
restricted by a certain temporal and spatial coverage. For this reason, further
airborne campaigns with the focus on aerosol-cloud interaction are needed
in different Arctic locations and seasons, particularly during the dark winter
season, where the cloud residual composition is still unknown.
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a.1 histograms of alabama size calibration measurements

For the size calibration of the ALABAMA, two sets of calibration measurements
were conducted (see Sect. 2.1.2). The first calibration measurement took place
during the ACLOUD field campaign (11 June 2017), the second after the
campaign (17 July 2017). For both sets of measurements, monodisperse PSL
particles of different sizes were sequentially passed through the calibration setup
(see Sect. 2.1.2). For each detected particle, the upcount value was measured by
the ALABAMA, thus, the corresponding particle velocity vp inside the vacuum
was calculated with Eq. 2.1. In Fig. A.1 and A.2, the histogram of resulting
vp values are shown for the measurements during and after the campaign,
respectively. In Table A.1, the manufacturer and particle sizes of the PSL
standards used for these measurements are listed.

Table A.1: Overview of the PSL particle standards used for the ALABAMA size
calibrations.

PSL manufacturer Catalog no. (dva± uncertainty) nm
Polyscience, Inc. 64013-15 (210 ± 11) nm
Polyscience, Inc. 64017-15 (420 ± 21) nm
Sigma Aldrich 95585 (525 ± 53) nm
Polyscience, Inc. 64021-15 (630 ± 21) nm
Polyscience, Inc. 64025-15 (840 ± 21) nm
Thermo Scientific 4013A (1365 ± 16) nm
Thermo Scientific 4016A (1680 ± 19) nm
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Figure A.1: Histogram of particle velocity (vp) with number of particle dectections
(Ccoinc) by the ALABAMA for four different sizes (dva) of PSL particles from a
calibration measurement during the ACLOUD field campaign (11 June 2017).

Figure A.2: Histogram of particle velocity (vp) with number of particle dectections
(Ccoinc) by the ALABAMA for seven different sizes (dva) of PSL particles from a
calibration measurement after the ACLOUD field campaign (27 July 2017).

a.2 hit rate and detection efficiency

As described in Sect. 2.1.3, the hit rate (HR) of the ALABAMA ablation/ion-
ization laser was limited by the maximum shot repetition rate of the laser (8 Hz).
To analyze the effect of this limitation on the observed HR, the frequency of
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Figure A.3: Number of successfully detected particles Ccoinc for different detection
frequencies (νCoinc), i.e. Ccoinc per second, as a function of particle size (dva) for the
ACLOUD field experiments. The given values were calculated for 20 logarithmic size
bins between 80 nm and 2 µm.

detected particles (νCoinc) was considered. νCoinc is defined by the number
of detected particles (Ccoinc) per time interval. To compare νCoinc with the
size-dependent HR (see Fig. 2.3), Ccoinc of the corresponding νCoinc values
were calculated for different particle sizes (Fig. A.3). For νCoinc values higher
than the laser shot repetition rate, a large fraction of particles in the size range
between 300 nm and 1 µm were detected by the ALABAMA. Since the laser
could only shoot at eight particles per second, the remaining particles were
missed at these frequencies. Therefore, HR must be smaller than one for νCoinc

larger than 8 s−1.

In Sect. 2.1.3, the vertical profile of the ALABAMA performance parameters,
such as the detection efficiency (DE) and the hit rate (HR), was only shown
for ACLOUD flights no. 7 - 18 (see Fig. 2.4. For the remaining flights no. 19 -
25, DE was significantly lower and more variable compared to the first set of
flights (Fig. A.4).
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Figure A.4: Vertical profiles of detection efficiency (DE), hit rate (HR) and
collection efficiency (CE) for flights no. 19 - no. 25 (17 June - 26 June 2017) of
the ACLOUD field campaign. The dashed line indicates the optimal efficiency of
unity. Values are given as median within altitude intervals of 100 m, uncertainties
correspond to the interquartile range within these intervals. Uncertainty analyses are
given in Sect. A.5.

a.3 overview of laser intensities

The laser intensity of the ablation/ionization laser was estimated in the range
between 1·108 W cm−2 and 3.77 ·109 W cm−2 for the current study. In Table
A.2, this range is compared to laser intensities used in other SPMS studies.

a.4 comparison of inlet system

During ACLOUD flight no. 8 (29 May 2017), the sampling of aerosol particles
was compared between the two aerosol inlet systems (standard aerosol inlet
and CVI inlet; see Sect. 2.3.1) in terms of particle concentrations and chemical
composition. As shown in Fig. A.5a, a flight section in the free troposphere
at about 1 km was selected during which the ALABAMA and the UHSAS-2
instruments switched from the CVI inlet to the standard aerosol inlet at 06:03:30
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Table A.2: Overview of laser intensity or energy per pulse for different SPMS studies
that were used as ion marker references (see Table 2.1) and for the experiments in
the thesis. The given information is partly adapted from Köllner, 2020.

Studies Laser intensity or energy
per pulse

Angelino et al. (2001) -
Prather et al. (2013) 1.2 - 1.5 mJ per pulse
Schmidt et al. (2017) -
Brands et al. (2011) 2.6 · 109 W cm−2

Silva and Prather (2000) 108 - 109 W cm−2

Brands (2009) 3.8 · 108 - 2.6 · 109 W cm−2

Arctic experiment ACLOUD 2017 (current
study)

1 · 108 - 4 · 109 W cm−2

UTC. Since the UHSAS-1 which was continuously connected to the CVI inlet,
the concentrations obtained by the UHSAS-1 were used as a reference. During
the considered time period of approx. 7 min, the particle concentrations were
constant at ∼ 200 cm−3 apart from minor fluctuations (Fig. A.5b).

Under these similar atmospheric conditions, the measurements of both, the
UHSAS-2 and the ALABAMA, did not indicate apparent changes. In particular,
the measured concentrations and particle sizes by the UHSAS-2 remained at a
constant level before and after switching the inlet system (Fig. A.5b). Moreover,
the chemical composition analysis by the ALABAMA revealed only small
changes between both inlet systems (Fig. A.6). In summary, the measurements
of the various aerosol properties seems to be not affected by the usage of different
aerosol inlet systems.

Table A.3: Configuration of aerosol instruments and the inlet systems. Flight numbers
indicate whether the instrument was switching during a flight between aerosol and
CVI inlet or whether it remained connected to the CVI measuring ambient aerosol
by switching off the counterflow of the CVI. This table is adapted from Ehrlich et al.
(2019).

Instrument Aerosol and CVI inlet CVI inlet only
UHSAS-1, CPC - flight nos. 7-25
UHSAS-2,
ALABAMA

flight nos. 7-10, 12, 15,19, 20,
22, 23

flight nos. 11, 13, 14, 16-18,
21, 24, 25
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Figure A.5: Timeseries of fligt altitude (h; a), particle number concentrations ob-
tained by both UHSAS instruments (NUHSAS) and by the ALABAMA (NALABAMA;
b) as well as the particle size distribution (dN/d log(dp)) obtained by UHSAS-2
while switching the aerosol inlet system during ACLOUD flight no. 8 (29 May 2017).
NALABAMA corresponds to the number concentration of successfully detected parti-
cles Ncoinc. The color-shaded periods define the sampling periods connected to either
the standard aerosol inlet (AI, orange) or the counterflow virtual impactor (CVI)
inlet (green).
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Figure A.6: Comparison of analyzed chemical composition obtained by the
ALABAMA for the switching test between the two aerosol inlet systems: the standard
aerosol inlet (AI) and the counterflow virtual impactor (CVI) inlet. The particle
fraction (PF ) is shown for the particle types from hierarchical markering (a), the
amine types (b) and further markered species (c). The acronyms are defined as
follows: amine sulfate (amine sulf.), ammonium sulfate (amm. sulf.), ammonium
(amm.) and sulfate (sulf.), trimethylamine (TMA), tri-/diethylamine (TEA/DEA),
sea spray (NaCl), silicium (sil.), dicarboxylic acids (DCA), vanadium (van.), nss
nitrate (nss nit.), elemental carbon (EC) and iodine (iod.). Further details about the
determination of PF and the corresponding uncertainties are provided in Sect. 2.2.3
and A.5, respectively.
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a.5 uncertainty analysis

PSL particle size

The modal diameter (dp) of PSL particles is provided by the manufacturers.
The vacuum-aerodynamic diameter dva is defined as follows:

dva =
ρp

ρ0χ
· dve, (A.1)

where ρp is the particle density, ρ0 is the standard density of 1 g m−2 and χ

represents the shape factor (DeCarlo et al., 2004). Using Eq. A.1 with the
density for PSL (ρP SL = 1.05 g m−2) and a shape factor (χ) of 1 for spherical
particles, the dva for the PSL particles used in this thesis were obtained (Table
A.1). Accordingly, the uncertainty for dp provided by the manufacturer was
converted to the uncertainty of dva using Eq. A.1 (Table A.1).

Particle velocity

The absolute uncertainty of the particle velocity σabs
vp

is determined by the lower
and upper quartile of measured particle velocities vp for a given PSL particle
size (see histograms in Fig. A.1 and A.2).

Vertically-resolved detection efficiency and hit rate

The absolute uncertainty of the vertically-resolved detection efficiency (σvert
DE ;

see Fig. 2.4 and A.4) is determined by the lower and upper quartile of the
measured detection efficiencies (DE) within a certain altitude bin. Likewise,
the absolute uncertainty of the vertically-resolved hit rate (σvert

HR ; see Fig. 2.4
and A.4) is determined by the lower and upper quartile of the hit rate (HR)
distribution within a certain altitude bin.
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Hit rate

The absolute uncertainty of the hit rate (σabs
HR) is calculated using binomial

statistics (Clemen et al., 2020; Köllner, 2020):

σabs
HR =

√
Chits(1 − HR)

Ccoinc
, (A.2)

with the particle number hit by the ablation laser and successfully ionized
(Chits), the number of successfully detected particles (Ccoinc) which trigger the
ablation laser and the hit rate (HR).

Collection efficiency

The absolute uncertainty of the vertically-resolved collection efficiency (σvert
CE ; see

Fig. 2.4 and A.4) is calculated using Gaussian propagation of uncertainties:

σvert
CE =

√
(HR · σvert

DE )2 + (DE · σvert
HR )2 (A.3)

Particle fraction

The absolute uncertainty of the ALABAMA particle fraction (σabs
P F ) includes

the uncertainty related to binomial statistics (σbin
P F ) and the uncertainty related

to the background signal definition (σbg
P F ). It is defined as follows:

σabs
P F =

√
(σbin

P F )
2 + (σbg

P F )
2. (A.4)

Since the successfull ablation/ionization of an individual particle by the ablation
laser is well described as a Bernoulli process (Köllner, 2020), the uncertainty of
PF partially result from binomial statistics. Thus, σbin

P F is defined as follows
(Clemen et al., 2020; Köllner, 2020):

σbin
P F =

√
Chits · PF · (1 − PF )

Chits
, (A.5)
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with the number of successfully ionized particles by the ablation laser (Chits)
and the fraction of a specific particle type (PF ).

σbg
P F is determined by adding/substracting the obtained PF using a 5 mV · sam-

ple lower/higher background threshold from PF with the original background
signal threshold (see Sect. 2.2.2).

Scaled particle fraction

The absolute uncertainty of the scaled ALABAMA particle fraction (σabs
P Fsclaed

)
is calculated using Gaussian propagation of uncertainties:

σabs
P Fscaled

=
√
(Ncoinc · σabs

P F )
2 + (PF · σabs

Ncoinc
)2, (A.6)

with the absolute uncertainty of number concentration of detected particles
by the ALABAMA (σabs

Ncoinc
). σabs

Ncoinc
is determined as the standard deviation

of the number concentration of detected particles by the ALABAMA Ncoinc

within a specific bin of the corresponding PF .
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b.1 acloud flights of polar 6

Table B.1 gives an overview of the flight times of all Polar 6 flights considered
for the analysis in this study. The analysis covers all 19 conducted scientific
flights with Polar 6 during ACLOUD as well as the two ferry flights after the
campaign. To note, the ACLOUD flight numbering for Polar 6 starts with no.
7. Flights no. 1 - 3 were the ferry flights of both aircrafts (Polar 5 & 6 ) and no.
4 - 6 were the scientific flights of Polar 5 only.

Table B.1: Overview of Polar 6 flights considered in this study, including 19 scientific
flights during the ACLOUD campaign and two ferry flights after the campaign. Flights
no. 7 - 25 were conducted around Svalbard (Norway) with the base airport located
in Longyearbyen. The first ferry flight (no. 26) was conducted from Longyearbyen
(Norway) to Trondheim (Norway), the second ferry flight (no. 27) from Trondheim to
Bremen (Germany).

Flight no. Date in 2017 Take-off–landing (UTC)

7 27 May 13:02–16:27
8 29 May 05:11–09:17
9 30 May 09:18–13:30
10 31 May 14:59–19:03
11 2 June 08:27–14:09
12 4 June 10:06–15:39
13 5 June 10:43–14:44
14 8 June 07:30–13:20
15 9 June 07:56–09:18
16 13 June 14:57–17:16
17 14 June 12:54–17:37
18 16 June 04:40–10:31
19 17 June 10:10–15:55
20 18 June 12:25–17:50
21 20 June 07:37–13:27

Table continued on next page
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Continued.

Flight no. Date in 2017 Take-off–landing (UTC)
22 23 June 10:37–14:52
23 25 June 11:03–16:56
24 26 June 08:33–10:39
25 26 June 12:32–14:48
26 29 June 06:35–11:39
27 29 June 12:48–16:30

b.2 sensitivity to the arctic boundary definition

In Sect. 3.2, the contribution of different geographical origin regions to the
measured air masses was presented. However, there is no clear geographical
boundary for the definition of the Arctic region as it depends on the location
of the Polar Dome (see Sect. 2.3.6). In this study, the value of the bounding
latitude (73.5 °N) was selected from a previous study in the summertime Arctic
(Bozem et al., 2019). This value might be different in the current study due
to the variability of the Polar Dome. To test the sensitivity to the Arctic
boundary definition, the bounding latitude was shifted by 1.5 ° northwards and
southwards, respectively. In Fig. B.1 and B.2, the resulting vertical profiles of
the source contribution are shown for a boundary latitude of 71 °N and 75 °N,
respectively. In comparison to the original value in Fig. 3.3, the picture does
not change qualitatively. Thus, the influence of the Arctic boundary definition
on the analysis of air mass origin is expected to be small.
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Figure B.1: Vertically-binned cumulative contribution of source regions as in Fig.
3.3, but with a southward shift of the Arctic boundary with a bounding latitude of
71 °N. The vertical profiles are shown for the three different synoptical periods during
ACLOUD: the cold period (a), the warm period (b) and the neutral period (c). The
contribution is given as fraction of the potential emission sensitivity (PESF ) which
is predicted by the FLEXPART model. Abbreviations are defined as: n. Canada =
northern Canada, s. N. America = southern North America. Further details on the
FLEXPART simulations and the source region definitions are described in Sect. 2.3.6.

Figure B.2: Vertically-binned cumulative contribution of source regions as in Fig.
3.3, but with the Arctic region defined by a bounding latitude of 75 °N. The vertical
profiles are shown for the three different synoptical periods during ACLOUD: the
cold period (a), the warm period (b) and the neutral period (c). The contribution
is given as fraction of the potential emission sensitivity (PESF ) which is predicted
by the FLEXPART model. Abbreviations are defined as: n. Canada = northern
Canada, s. N. America = southern North America. Further details on the FLEXPART
simulations and the source region definitions are described in Sect. 2.3.6.
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b.3 additional figures for the air mass characteriza-
tion

Figure B.3: Vertical profiles of median (solid lines) and interquartile range (shaded)
during the three different synoptical periods during ACLOUD: the cold period (CP; a,
b), the warm period (WP; c, d) and the neutral period (NP; e, f) for particle number
concentrations for particles larger than 10 nm (N>10; a, c, e) as well as particles
in the size range between 100 nm and 1 µm (N100−1000; b, d, f). The values were
calculated for cloud-free air only (black) and for all data points (including in-cloud
measurements).
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Figure B.4: Vertical profiles of individual data points for potential temperature (θ;
a), relative humidity (RH; b), trace gas volume mixing ratios for carbon monoxide
(CO; c) and ozone(O3; d) for the two research flights during the CP on 27 May (red)
and 29 May (blue).
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c.1 statistics of analyzed mass spectra during acloud

Tables C.1 and C.2 summarize the statistics of analyzed particle spectra for the
research flights during ACLOUD and the two ferry flights after the ACLOUD
campaign, respectively.

Table C.1: Overview of mass spectra obtained by the ALABAMA during the
ACLOUD campaign.

Selection no. of spectra (relative
contribution in %)

Analyzed particles 242 065 (100.00 %)
Analyzed CPR (inside clouds) 47 004 (19.42 %)
Particles with size information 232 379 (96.00 %)
Particles with dual polarity 198 058 (81.82 %)
Particles with single positive polarity 40 610 (16.78 %)
Particles with single negative polarity 53 (0.02 %)
Particles without any signal above threshold 3 344 (1.38 %)
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Table C.2: Overview of mass spectra obtained by the ALABAMA during the ferry
flights after the ACLOUD campaign.

Selection no. of spectra (relative
contribution in %)

Analyzed particles 23 645 (100.00 %)
Analyzed CPR (inside clouds) 3 749 (15.86 %)
Particles with size information 22 905 (96.87 %)
Particles with dual polarity 15 600 (65.98 %)
Particles with single positive polarity 7 450 (31.51 %)
Particles with single negative polarity 1 (<0.01 %)
Particles without any signal above threshold 7 449 (31.50 %)

Figure C.1: Mean bipolar mass spectra of particles analyzed by the ALABAMA
that showed only a single polarity.
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c.2 additional figures of the cloud composition analy-
sis

Figure C.2: Cloud vertical profiles (given in cloud relative height hcr) of particle
fractions (PF ) for TEA/DEA-containing particles for the selected cloud cases (a)
and PF of TEA/DEA-containing particles in dependency of the measured liquid
water content (LWC) by the Nevzorov probe (see Sect. 2.3.4) inside the clouds above
sea ice (b). The colors represents the flight day given in the legend. Uncertainty
analyses are given in Sect. A.5.
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Figure C.3: Timeseries of flight altitude (h) during ACLOUD flight no. 11 (2
June 2017). The blue-shaded boxes indicate periods of in-cloud flight segments with
estimated cloud height. In addition, the considered cloud events for the analysis above
open water (yellow box) and above sea ice (green box) are highlighted.

Figure C.4: Map of flight path (grey) and in-cloud flight segments (red) during
ACLOUD flight no. 11 (2 June 2017). The colorbar indicates the sea ice concentration
from satellite data (see Sect. 2.3.7). In addition, the considered cloud events for the
analysis above open water (yellow box) and above sea ice (green box) are highlighted.
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Figure C.5: Comparison of vertical profiles of cloud properties including temperature
(T ) and relative humidity (RH; a, e), CO and CO2 volume mixing ratios (b, f), O3
volume mixing ratio (c, g) as well as horizontal wind speed and direction (barbs;
d, h) for a cloud transect above open water (a-d) and above sea ice (e-h) during
ACLOUD flight no. 11 (2 June), given as median (solid lines) and the interquartile
range (shaded area). Additionally, a θ derived from a dropsonde released by the
Polar 5 (dashed line) and the vertical position of the clouds (light shaded areas) are
included.
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Figure C.6: Timeseries of flight altitude (h) during ACLOUD flight no. 14 (8
June 2017). The blue-shaded boxes indicate periods of in-cloud flight segments with
estimated cloud height. In addition, the considered cloud events for the analysis above
open water (yellow box) and above sea ice (green box) are highlighted.

Figure C.7: Map of flight path (grey) and in-cloud flight segments (red) during
ACLOUD flight no. 14 (8 June 2017). The colorbar indicates the sea ice concentration
from satellite data (see Sect. 2.3.7). In addition, the considered cloud events for the
analysis above open water (yellow box) and above sea ice (green box) are highlighted.
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Figure C.8: Comparison of vertical profiles of cloud properties including temperature
(T ) and relative humidity (RH; a, e), CO and CO2 volume mixing ratios (b, f), O3
volume mixing ratio (c, g) as well as horizontal wind speed and direction (barbs;
d, h) for a cloud transect above open water (a-d) and above sea ice (e-h) during
ACLOUD flight no. 14 (8 June), given as median (solid lines) and the interquartile
range (shaded area). Additionally, a θ derived from a dropsonde released by the
Polar 5 (dashed line) and the vertical position of the clouds (light shaded areas) are
included.



134 supplementary information for chapter 4

Figure C.9: Timeseries of vertically-resolved LAGRANTO trajectories colored by
cloud liquid water content (LWC) for the open water case during ACLOUD flight
no. 11 (2 June 2017).

Figure C.10: Timeseries of vertically-resolved LAGRANTO trajectories colored by
cloud liquid water content (LWC) for the sea ice case during ACLOUD flight no. 11
(2 June 2017).
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Figure C.11: Timeseries of vertically-resolved LAGRANTO trajectories colored by
cloud liquid water content (LWC) for the open water case during ACLOUD flight
no. 14 (8 June 2017).

Figure C.12: Timeseries of vertically-resolved LAGRANTO trajectories colored by
cloud liquid water content (LWC) for the sea ice case during ACLOUD flight no. 14
(8 June 2017).
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c.3 ion signals of different alkylamines and amino acids

In this study, three types of alkylamines were analyzed in the recorded mass
spectra of the ALABAMA: DEA, TEA and TMA. Table C.3 gives an overview
of the ion marker signals associated with these amine species. As shown in
Fig. C.13, a significant fraction of these signals occurred above the background
threshold. For the ion signal at m/z +74, only less than 10 % were higher than
the background noise, suggesting the signal at m/z +86 representing rather
TEA than DEA for the majority of its occurrence.

Table C.3: Overview of ion markers associated with the alkylamine species analyzed
in this study, including isobaric interferences of other amine species and references.
This table is partly adapted from Köllner (2020).

Ion markers Marker species Reference
m/z +58 diethylamine (DEA) and/or

trimethylamine (TMA)
Angelino et al. (2001);
Köllner et al. (2017)

m/z +59 TMA Angelino et al. (2001);
Köllner et al. (2017)

m/z +74 DEA Angelino et al. (2001)
m/z +86 DEA, triethylamine (TEA)

and/or dipropylamine (DPA)
Angelino et al. (2001)

m/z +101 TEA Angelino et al. (2001)

Figure C.13: Cumulative probability distributions of ion peak area values from ion
signal peaks of alkylamines analyzed in this thesis (Table C.3).
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Besides these amines, also other alkylamines have been identified by SPMS
measurements in previous laboratory and field studies. Table C.4 summarizes
the ion markers for different amine species reported by a laboratory study
(Angelino et al., 2001) and a field study at five European sites (Healy et al.,
2015). Primary amines, such as monomethylamine, were excluded from the
discussion, as they are expected to produce ion signals at lower m/z values
than the amine species focused in this study.

For most of the ion markers in Table C.4, the ion peak area was below the
background noise for more than 90 % (Fig. C.14). Only for the ion signal at
m/z +46, a larger contribution to identified ion signals above the background
threshold was observed (Fig. C.14). However, dimethylamine and Na2

+ have an
isobaric interference at m/z +46 (Köllner et al., 2017). Since the signal at m/z

+46 often occurred in combination with a signal at m/z +23 (for example in
the bipolar mean spectrum for NaCl-containing particles; see Fig. C.18b), this
ion signal represents more likely Na2

+ than dimethylamine.

A small fraction of analyzed particles indicated ion signals at m/z +72 and
+102 as well (Fig. C.14). These ion signals occurred in combination of ion
markers associated with DEA/TEA (for example in the bipolar mean spectrum
for TEA/DEA-containing particles; see Fig. C.17d). However, since the ion
signal at m/z +114 was mostly absent in these particles, it is unlikely that this
identified amine type corresponds to DPA.

Table C.4: Overview of different alkylamines (other than the three amine species in
this study) as well as ion markers and references. This table is partly adapted from
Köllner (2020).

Ion markers Marker species Reference
m/z +46 dimethylamine Healy et al. (2015)
m/z +74 diethylamine (DEA) and/or

dipropylamine (DPA)
Angelino et al. (2001)

m/z +102 DPA Angelino et al. (2001)
m/z +114 DPA and/or tripropylamine

(TPA)
Angelino et al. (2001)

m/z +143 TPA Angelino et al. (2001)

The recorded mass spectra were also checked for the presence of ion signals
corresponding to amino acids. In Table C.5, ion markers of different amino
acids known from literature are listed. Indeed, a significant fraction of analyzed
particles indicated ion signals at m/z +40, +56, +63 and +86 (Fig. C.15). The



138 supplementary information for chapter 4

Figure C.14: Cumulative probability distributions of ion peak area values from
ion signal peaks of different alkylamines (other than the three amine species in this
study; Table C.4).

latter signal, however, is associated with the presence of amine particles due
to its combination with other typical amine signals. Moreover, the ion signals
at m/z +40, +56 and +63 have an isobaric interference with Ca+ (m/z +40),
CaO+/Fe+ (m/z +56) and Na2OH+ (m/z +63; Köllner et al., 2017). Thus,
the assignment of these signals to amino acids is hindered.

Table C.5: Overview of different amino acids as well as ion markers and references.
This table is partly adapted from Köllner (2020).

Ion markers Marker species Reference
m/z +40 Alanine, cysteine, glutamic acid,

leucine, and/or proline
Schmidt et al. (2017)

m/z +56 Alanine, cysteine, glutamic acid,
leucine, and/or proline

Schmidt et al. (2017)

m/z +63 Alanine, cysteine, glutamic acid,
leucine, and/or proline

Schmidt et al. (2017)

m/z +76 Glycine Silva and Prather
(2000)

m/z +86 Leucine Schmidt et al. (2017)
m/z +111 Proline Schmidt et al. (2017)
m/z +130 Tryptophan Schmidt et al. (2017)
m/z +132 Leucine Schmidt et al. (2017)
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Figure C.15: Cumulative probability distributions of ion peak area values from ion
signal peaks of different amino acids (Table C.5).

Figure C.16: Correlation of individual cation signals to the chracteristic ion signal
of trimethylamine (TMA; m/z +58; a) and of tri-/dietyhlamine (TEA/DEA; m/z

+86; a) of all analyzed particles.
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c.4 additional mean mass spectra

Figure C.17: Mean bipolar mass spectra of ammonium- (amm., a), sulfate- (sulf.,
b), trimethylamine- (TMA, c) and triethyl-/diethylamine- (TEA/DEA, d) containing
particles analyzed by the ALABAMA.
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Figure C.18: Mean bipolar mass spectra of potassium- (pot., a), sea spray- (NaCl,
b), dicarboxylic acids- (DCA, c) and vanadium- (van., d) containing particles analyzed
by the ALABAMA.
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Figure C.19: Mean bipolar mass spectra of elemental carbon- (EC, a), non-sea-
spray nitrate- (nss nit., b), iodine- (iod., c) and silicate- (sil., d) containing particles
analyzed by the ALABAMA.
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Figure C.20: Mean bipolar mass spectra of particles analyzed by the ALABAMA
that could not be classified into one of the particle types. These particles are therefore
summarized as ‘others’.
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size range between 100 nm and 1 µm

N250−1600 cm−3 number concentration of particles in the
size range between 250 and 1600 nm

Ncoinc cm−3 number concentration of particles detected
by both detection laser stages of the
ALABAMA

Ndrop cm−3 cloud droplet number concentration
Nice cm−3 cloud ice particle number concentration
Nref cm−3 number concentration of particles obtained

by a reference instrument
p hPa air pressure
PF - fraction of the specific particle type
PFscaled cm−3 particle fraction (PF ) of the specific

species scaled by the particle number con-
centration detected by the ALABAMA
(Ncoinc)

plens hPa lens pressure
RH % relative humidity
SE - sampling efficiency
T °C temperature
tT oF s ion flight time
u m s−1 west-east component of the horizontal

wind vector
upcount - time counter value between the two detec-

tion events
v m s−1 south-north component of the horizontal

wind vector
v0 m s−1 gas expansion velocity
vg m s−1 gas velocity after the expansion into the

evacuated part of the ALABAMA
vp m s−1 particle velocity
θ K potential temperature
λ nm (laser) wave length
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νCoinc s−1 frequency of particle detections by both
detection laser stages

ρ0 1 g m−2 standard particle density
ρP SL 1.05 g m−2 PSL density
σvert

CE - absolute uncertainty of the vertically-
resolved collection efficiency (CE)

σvert
DE - absolute uncertainty of the vertically-

resolved detection efficiency (DE)
σabs

HR - absolute uncertainty of the hit rate (HR)
σvert

HR - absolute uncertainty of the vertically-
resolved hit rate (HR)

σabs
P F - absolute uncertainty of the particle frac-

tion (PF ) of the specific particle type
σbg

P F - absolute uncertainty of the particle frac-
tion (PF ) of the specific particle type re-
lated to the background signal definition

σbin
P F - absolute uncertainty of the particle frac-

tion (PF ) of the specific particle type re-
lated to binomial statistics

σabs
P Fsclaed

cm−3 absolute uncertainty of the scaled particle
fraction (PFscaled) of the specific particle
type

σabs
vp

m s−1 absolute uncertainty of the particle velocity
(vp)

σabs
upcount - absolute uncertainty of time counter value

(upcount)
χ - shape factor
χCO ppbv volume mixing ratio of CO
χCO2 ppmv volume mixing ratio of CO2

χH2O ppmv volume mixing ratio of H2O
χO3 ppbv volume mixing ratio of O3
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