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ABSTRACT

In the face of drastic climate changes in the Arctic (e.g., increasing near-surface
air temperatures and sea ice loss), it is important to understand both key pro-
cesses driving these changes and related future implications. The coupling of
aerosol, clouds, and radiation plays an important role in the Arctic climate
system. However, our knowledge of summertime Arctic aerosol and related
processes is limited, in part owing to a lack of airborne observations in the Arc-
tic summer. This study focuses on natural and anthropogenic sources as well as
formation processes controlling particle chemical composition in the summer-
time Arctic lower troposphere. Airborne in-situ measurements of aerosol parti-
cle chemical composition with diameters between 300 nm and 900 nm were per-
formed in the Arctic summer using the single particle aerosol mass spectrometer
ALABAMA. The ALABAMA particle composition analysis is complemented
by trace gas measurements, satellite data, and air mass history modeling.

Several pieces of evidence suggest the importance of both primary emissions
and secondary processes in controlling the abundance of organic particulate
matter in the summertime marine Arctic boundary layer. Single particle anal-
ysis shows that primary sea spray particles, including sodium, chloride, mag-
nesium, and calcium, were internally mixed with organic matter. Alongside
with these primary sea-to-air emissions, marine-biogenic sources contributed to
secondary aerosol formation by trimethylamine, methanesulfonic acid, and/or
sulfate. These particles were externally mixed from sea spray aerosol and their
abundance correlated with time spent over Arctic open waters prior to sam-
pling. In contrast, chemically aged particles, containing elemental carbon, ni-
trate, and/or dicarboxylic acids, dominated single particle composition above
the Arctic boundary layer. The presence of these particle types was driven by
transport of aerosol and precursor gases from mid-latitudes to Arctic regions.
Based on air mass history analysis, mid-latitude sources included anthropogenic
emissions in Europe, North America, and East Asia as well as vegetation fires
in northern Canada. Together, these findings improve our knowledge of mid-
latitude and regional sources that influence the vertical structure of aerosol
properties in the Arctic summer. This work further provides new insights into
the marine-biogenic control of composition and growth of summertime Arctic
aerosol that is likely to change in future as sea ice retreats.
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ZUSAMMENFASSUNG

Im Hinblick auf die drastischen Klimaverdnderungen in der Arktis, wie die
Erwédrmung der bodennahen Atmosphére und der Riickgang des Meereises,
ist es unerlasslich die zugrundeliegenden Ursachen und zukiinftigen Folgen
besser zu verstehen. Eine wichtige Rolle spielt hierbei das Zusammenwirken
von Aerosolen, Wolken und Strahlung. Unser Wissen iiber Aerosole im ark-
tischen Sommer und damit verbundene Prozesse ist allerdings begrenzt, was
sich zum Teil darauf zurtickfithren lésst, dass bisher nur wenige flugzeugge-
tragene Beobachtungen wahrend des Sommers in der Arktis stattgefunden
haben. Im Rahmen dieser Arbeit wurden deshalb flugzeuggetragene Messung-
en mit dem Einzelpartikel-Aerosolmassenspektrometer ALABAMA durchge-
fithrt, welches die chemische Zusammensetzung von Aerosolpartikeln in einem
GroBlenbereich zwischen 300 nm und 900 nm analysiert. Weitere Analysemetho-
den basieren auf Messungen von Spurengasen, Satellitendaten und der Model-
lierung der Luftmassenherkunft. In der vorliegenden Arbeit wurden somit der
Einfluss von natiirlichen und anthropogenen Quellen auf die chemische Zusam-
mensetzung der Aerosolpartikel in der arktischen unteren Troposphére sowie
deren Bildung untersucht.

Die Messungen zeigen, dass Aerosolpartikel aus organischem Material sowohl
durch primére Emissionen als auch durch sekundére Prozesse in der marinen
arktischen Grenzschicht gebildet wurden. Basierend auf den Einzelpartikelana-
lysen stellte sich heraus, dass primére Seesalzpartikel, bestehend aus Natrium,
Chlorid, Magnesium und Calcium, zusatzlich intern mit organischen Substanzen
gemischt waren. Marine biogene Quellen haben auflerdem zur sekundéaren Bil-
dung von Aerosolpartikeln, bestehend aus Trimethlyamin, Methansulfonsaure
und/oder Sulfat, beigetragen. Die sekundéiren Aerosolpartikel waren extern
gemischt mit Seesalzpartikeln und ihr Auftreten korrelierte mit der vergangenen
Aufenthaltszeit der Luftmasse iiber arktischen marinen Quellen. In Gegen-
satz dazu dominierten chemisch gealterte Aerosolpartikel, bestehend aus ele-
mentarem Kohlenstoff, Nitrat und /oder Dicarboxylsauren, die chemische Zusam-
mensetzung der Einzelpartikel in Hohen oberhalb der Grenzschicht. Das Auftre-
ten dieser Partikeltypen kann auf den Transport von Aerosolen und Vorléufer-
gasen aus den mittleren Breiten in die Arktis zurtickgefiihrt werden. Die Ana-
lyse der Luftmassenherkunft hat auflerdem gezeigt, dass die Quellen in den
mittleren Breiten vor allem durch anthropogene Emissionen in Europa, Nord-
amerika und Ostasien sowie durch Biomasseverbrennung im nordlichen Kanada



bestimmt waren. Zusammenfassend wurden im Rahmen dieser Arbeit weiter-
fithrende Erkenntnisse iiber regionale und weiter entfernte Quellen des ark-
tischen Aerosols und deren chemische Zusammensetzung gewonnen. Es wurden
auflerdem neue Einblicke in marine biogene Quellen und deren Einfluss auf die
sekundére Bildung von Aerosolpartikeln im arktischen Sommer ermdoglicht.
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INTRODUCTION

1.1 MOTIVATION

Despite the remoteness and the small fraction of the globe, the Arctic plays an
important role in our climate system, yet climate relevant processes within the
Arctic are poorly understood (e.g., Serreze and Barry, 2011). One characteris-
tic feature of Arctic climate is the haze phenomenon in late winter and early
spring. Following early descriptions of visibility-reducing haze (Nordenskiold,
1883; Greenaway, 1950), comprehensive analysis of Arctic haze began in the
1970s (Shaw, 1975; Rahn et al., 1977; Rahn and McCaffrey, 1980; Heintzenberg,
1980; Barrie, 1986; Dreiling and Friederich, 1997). These early studies suggested
that Arctic air pollution is associated with anthropogenic mid-latitude emis-
sions. Further research activities have been devoted to characterize Arctic haze,
however, its radiative forcing impact is still not well quantified (Shaw, 1995;
Quinn et al., 2007). Nowadays, in the face of rapid climate changes in the Arc-
tic (IPCC, 2014), polar research has attracted renewed interests with regard
to the key processes driving these changes (Chapman and Walsh, 1993; Ser-
reze and Francis, 2006; Serreze et al., 2007; Serreze et al., 2009; Serreze and
Barry, 2011). The observed amplified Arctic warming in recent decades and the
coupled rapid sea ice retreat have been attributed to various causes, including
increases in greenhouse gases and local feedback mechanisms, such as the the
snow /ice-albedo feedback (Curry et al., 1995; Holland and Bitz, 2003; Serreze
et al., 2007; Serreze and Barry, 2011; Flanner et al., 2011; Stroeve et al., 2012).

Understanding the Arctic climate system further requires studying the cou-
pling between aerosol, clouds, and radiation. Modeling studies for example
could show the control of anthropogenic aerosol on temperature changes in
the Arctic in recent decades (Shindell and Faluvegi, 2009; Serreze and Barry,
2011; Fyfe et al., 2013; Flanner, 2013; Najafi et al., 2015; Acosta Navarro et al.,
2016; Breider et al., 2017). However, interactions between aerosol, clouds, and
radiation are complex by a combination of unique features in the Arctic at-
mosphere, such as shallow stable boundary layer, high surface albedo, frequent
appearance of low level clouds (Curry et al., 1995; Lubin and Vogelmann, 2006;
Garrett and Zhao, 2006; Quinn et al., 2008; Kay and Gettelman, 2009; Boucher
et al., 2013), and seasonality in aerosol chemical and physical properties (Sirois
and Barrie, 1999; Strom et al., 2003; Engvall et al., 2008; Sharma et al., 2012;
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Breider et al., 2014; Leaitch et al., 2013; Tunved et al., 2013). Exemplary,
in the summertime pristine Arctic environment, new particle formation and
subsequent growth can strongly impact low-level clouds and thus the surface
radiation budget (Mauritsen et al., 2011; Moore et al., 2013; Leaitch et al.,
2016; Croft et al., 2016b).

Arctic warming in turn can have significant implications on Arctic aerosol.
Several studies suggested that prospective changes in biosphere-atmosphere in-
teractions will alter aerosol and cloud properties (Struthers et al., 2011; Liu
et al., 2012; Paasonen et al., 2013; Browse et al., 2014). Along these natural
changes, emerging anthropogenic activities in Arctic regions, owing to socioeco-
nomic interests, likely influence atmospheric composition. Rapid sea ice retreat
for example leads to an easier exploration of undiscovered oil and gas reservoirs
(Gautier et al., 2009; Peters et al., 2011; Roiger et al., 2015) and to an easier
accessibility of efficient high-latitude shipping routes (e.g., Granier et al., 2006;
Paxian et al., 2010; Khon and Mokhov, 2010; Corbett et al., 2010; Peters et al.,
2011).

Together, causes and implications of Arctic warming and sea ice retreat are
complex and poorly constrained (Chapin et al., 2005; Serreze et al., 2007; Bhatt
et al., 2010; Overland et al., 2016; Gilgen et al., 2018; Wendisch et al., 2019).
Despite the importance to understand the Arctic climate system, our detailed
chemical and physical knowledge of summertime Arctic aerosol is incomplete, in
part owing to a paucity of observations in summer Arctic regions. In particular,
airborne observations that provide crucial in-situ data on aerosol vertical and
spatial distributions are sparse (Paris et al., 2009; Schmale et al., 2011; Quen-
nehen et al., 2011; Kupiszewski et al., 2013; Lathem et al., 2013; Creamean
et al., 2018). The current thesis focuses on processes and sources controlling
summer Arctic aerosol by using vertically resolved measurements of aerosol
properties and trace gases, together with modeling of air mass history, to ad-
dress a portion of this challenging puzzle.

1.2 CURRENT KNOWLEDGE OF SUMMERTIME ARCTIC AEROSOL

This section summarizes our current understanding of sources, formation pro-
cesses, and transport mechanisms of summertime Arctic aerosol. Remaining
knowledge gaps are identified with emphasis on those that are relevant for
this study. A further detailed review on Arctic aerosol is given by Willis et al.
(2018). The following questions are addressed in this section:

o What characterizes summer Arctic aerosol properties?
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o Which processes and sources control these properties?
o Which gaps exist in our understanding of summer Arctic aerosol?

Arctic aerosol in the lower troposphere is characterized by a strong annual cycle
in aerosol mass concentrations, size distribution!, and composition (e.g., Rahn
and McCaffrey, 1980; Quinn et al., 2002, 2007; Engvall et al., 2008; Tunved
et al., 2013; Leaitch et al., 2013; Freud et al., 2017). In summer, nucleation
and Aitken mode particles dominate the size distribution, whereas in winter
and spring accumulation mode particles are prevalent, often referred to as
Arctic haze. In addition, winter and springtime aerosol is characterized by
higher concentrations of black carbon, organic carbon, and sulfate compared
to summer, whereas methanesulfonic acid (MSA) from northern marine sources
is more important in summer months (e.g., Quinn et al., 2002; Leaitch et al.,
2013). This seasonality is partly controlled by a combination of transport and
removal mechanisms, as explained in the following sections.

1.2.1 Characteristics of long-range transport

Early studies suggested that tropospheric transport to Arctic regions is largely
realized by applying an isentropic perspective (e.g., Carlson, 1981; Iversen,
1984). Thus, air parcels when transported to Arctic regions preferentially fol-
low isolines of potential temperature (), i.e. isentropic surfaces (e.g., Carlson,
1981; Iversen, 1984). These low-level isentropes slope upwards towards polar
regions leading to the conclusion that the Arctic boundary layer (BL) resides
under a dome-like structure, which later became known as the polar dome (Klo-
necki et al., 2003; Law and Stohl, 2007). Following this concept, only surface
emissions within the dome could affect the Arctic BL composition. Emissions
outside the dome with rather high values of potential temperature could not
penetrate into the Arctic BL due to the absence of diabatic processes (Carlson,
1981; Iversen, 1984; Barrie, 1986). The polar dome associated transport barrier
is often characterized by the location of the Arctic front (Klonecki et al., 2003;
Law and Stohl, 2007). In addition, a recent study applied measurements of
trace gas gradients for identification (Bozem et al., 2019).

In recent years modeling studies suggested a stronger role of diabatic processes,
opening pathways from the mid-latitudes to Arctic regions (e.g., Klonecki et al.,

Aerosol sizes span several orders of magnitude. Nucleation and Aitken mode are defined as
particles below 0.01 pm and between 0.01 and 0.1 pm in diameter, respectively. In parallel,
particles below 0.1 pm are summarized as ultrafine particles. Accumulation mode is comprised
of particles with diameters between 0.1 and 1pm. Coarse mode includes particles beyond
1pm in diameter (Boucher, 2015).
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2003; Stohl, 2006). In particular, this further helped to understand the season-
ality of Arctic aerosol properties with Arctic haze pollution being evident in
winter /spring. In summer, the input of aerosol from lower latitudes exhibits a
minimum that is mainly related to three factors. First, the Arctic front retreats
northward with the beginning of summer, thus, the polar dome surface area
is smaller compared to winter, excluding northern latitude pollution sources
(Klonecki et al., 2003; Stohl, 2006; Jiao and Flanner, 2016). Second, northern
latitude surfaces act as net source of heat, thus, diabatic cooling is nearly ab-
sent (Klonecki et al., 2003; Stohl, 2006). As a result, the northward transport
of air is associated with a lifting either at the Arctic front (dark red arrow in
Fig. 1.1) or near source regions (light red arrow in Fig. 1.1), followed by high-
level transport and eventually mixing of air into the polar dome by radiative
cooling (Stohl, 2006). Third, both summertime routes include uplift of moist
air that is likely associated with cloud formation and thus latent heat release
(Fig. 1.1). Therefore, summertime transport of pollutants to Arctic regions is
related to efficient aerosol wet removal within and outside the polar dome (blue
arrows in Fig. 1.1; Garrett et al., 2010; Browse et al., 2012; Croft et al., 2016b).

Consequently, summertime Arctic near-surface regions (6 < 290 K, see Fig. 1.1)
are largely isolated from the rest of the atmosphere by a combination of a far
northern location of the Arctic front and absence of diabatic surface-cooling. In
contrast, regions aloft (6 > 290 K, see Fig. 1.1) can be episodically influenced by
air originating in mid-latitudes. However, wet scavenging is a dominant process
along summertime transport routes leading to efficient aerosol removal.

1.2.2  Transport related aerosol processes

Arctic aerosol particles affected by long-range transport reside in the atmo-
sphere for several days up to weeks (Klonecki et al., 2003; Stohl, 2006; Shindell
et al., 2008; Hirdman et al., 2010). During this time, aerosol and precursor gases
can undergo several processes that alter physicochemical aerosol properties (red
arrow in Fig. 1.2), thereby lifetime and aerosol climate impacts (e.g., Boucher,
2015; Willis et al., 2018). One main process is the formation of secondary
aerosol by oxidation of gas phase species forming lower-volatility products and
subsequent new particle formation or condensation on pre-existing particles
(e.g., Kroll and Seinfeld, 2008; Boucher, 2015; Seinfeld and Pandis, 2016). As
a result, an overall increase in particle size and mass as well as changes in
particle composition are observed (e.g., Schmale et al., 2011; Quennehen et al.,
2012). Likewise, particle coagulation (e.g., Hinds, 1999) shifts particle size dis-
tribution to larger sizes and increases particle mixing state (e.g., Fiebig et al.,
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Figure 1.1: Schematic overview of major summertime transport pathways to Arctic
regions indicated by red arrows in a latitude-altitude system. Clouds and blue arrows
indicate the presence of aerosol removal processes by liquid- and mixed-phase precip-
itation scavenging. Grey lines present zonal mean averaged summertime isentropes,
whereby numbers show associated potential temperatures (0) in K. This figure is
partly adapted from Browse et al. (2012).

2003; Petzold et al., 2007; Quennehen et al., 2012). Few modeling studies that
focused on Arctic aerosol processes demonstrated a strong impact on parti-
cle losses in the Aitken mode by coagulation of interstitial aerosol with liquid
cloud droplets (Pierce et al., 2015; Croft et al., 2016b). Furthermore, aqueous
phase oxidation of dissolved gases, such as sulfur dioxide (SOz2), water-soluble
organics, ammonia, and nitric acid (e.g., Sorooshian et al., 2006; Ervens et al.,
2011; Seinfeld and Pandis, 2016), alter aerosol properties (Kupiszewski et al.,
2013; Croft et al., 2016b) as droplets evaporate and release the pre-existing
cloud condensation nuclei with all non-volatile material collected during cloud
lifetime (e.g., Hoppel et al., 1994; Boucher, 2015; Schneider et al., 2017). More-
over, plume dilution by mixing with surrounding air leads to a reduction of
aerosol number and mass (e.g. DeCarlo et al., 2010), which have been directly
observed with increasing plume age during Arctic pollution studies (Paris et
al., 2009; Brock et al., 2011; Quennehen et al., 2012). Finally, scavenging by
liquid- and mixed-phase precipitation at lower latitudes and along transport

5
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Figure 1.2: Main processes controlling aerosol properties in the summertime marine

Arctic lower troposphere. Grey arrows represent emissions of primary aerosol and
precursor gases. Green arrows indicate physical and chemical processing of aerosol
and precursor gases. Red arrow represents aerosol long-range transport (see Fig.
1.1) and related photochemical processes. Blue arrow represents the main aerosol
removal processes by liquid- and mixed-phase precipitation scavenging (see Fig. 1.1).
Acronyms are defined as follows: DMS = dimethylsulfide; VOCs = volatile organic
compounds; MSA = methanesulfonic acid; LVOC = low-volatile organic compounds;
PMA = primary marine aerosol.

constitute the main aerosol removal processes in summer (e.g., Garrett et al.,
2010; Browse et al., 2012; Croft et al., 2016b; Mahmood et al., 2016).

Taken together, size distribution and composition of aerosol transported to
Arctic regions are complex due to a combination of source emissions, particle
processing as well as raining and non-raining cloud effects. However, northward
transport and related processes control the abundance of accumulation and
Aitken mode particles in pristine summertime Arctic regions (e.g., Croft et al.,
2016b). The current understanding of Arctic aerosol composition affected by
transport and thus by pollution in lower latitudes is described in the following
sections.
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1.2.3  Anthropogenic aerosol

Anthropogenic pollution sources include energy production (fossil and biofuel
combustion), industrial production (e.g., sinter, steel), and waste treatment.
Those sources emit a variety of primary aerosol and precursor gases that can be
transported to Arctic regions and thus contribute to Arctic pollution. Anthro-
pogenic aerosol in Arctic regions is mainly given by sulfate, black carbon (BC),
and organic matter (OM)? (Fig. 1.2; e.g., Schmale et al., 2011; Breider et al.,
2014).

Sulfate concentrations in the summertime Arctic free troposphere are largely
influenced by anthropogenic sources in northern Eurasia, North America, and
East Asia (Shindell et al., 2008; Hirdman et al., 2010; Kuhn et al., 2010; Bour-
geois and Bey, 2011; Schmale et al., 2011; Yang et al., 2018; Sobhani et al.,
2018). Sulfate is formed by gas or aqueous phase oxidation of the precursor gas
SO3 (e.g., Seinfeld and Pandis, 2016) that in turn is primarily emitted by an-
thropogenic sources (e.g., Smith et al., 2001). Depending on the availability of
ammonia, sulfate exists in acidic, partially or completely neutralized form (see
Sect. 1.2.4; Fisher et al., 2011; Brock et al., 2011; Seinfeld and Pandis, 2016).
However, studies of aerosol acidity in the Arctic are sparse and, if available,
focused on spring (Barrie and Barrie, 1990; Quinn et al., 2009; Fisher et al.,
2011; Brock et al., 2011), on the Arctic BL (see Sect. 1.2.6), or on the influence
of vegetation fires (see Sect. 1.2.4).

In Arctic summer, organic aerosol significantly contributes to submicron aerosol
mass (e.g., Schmale et al., 2011; Chang et al., 2011; Lathem et al., 2013; Brei-
der et al., 2014; Leaitch et al., 2018; Lange et al., 2018). Boreal fires and to a
lesser extent anthropogenic activities in North America and northern Eurasia,
can strongly influence the organic aerosol burden in the summer Arctic free
troposphere (Hirdman et al., 2010; Schmale et al., 2011; Lathem et al., 2013;
Breider et al., 2014). Organic particulate matter summarizes a tremendous
variety of chemical compounds® that are either directly emitted by sources
(primary organic aerosol (POA)) or can be formed in the atmosphere by con-
densation of lower-volatility products resulting from hydrocarbon photooxida-
tion (secondary organic aerosol (SOA))* (e.g., Hoffmann and Warnke, 2007;

Organic carbon refers to only a fraction of organic matter. The rest is hydrogen, oxygen,
nitrogen ete. (Seinfeld and Pandis, 2016).

Compounds identified in ambient aerosol include alkanes, alkenes, alcohols, aromatic com-
pounds, carbonylated compounds, organic acids, amines etc. (e.g., Boucher, 2015; Seinfeld
and Pandis, 2016).

Secondary aerosol formation further include heterogeneous reactions on particle surfaces and
in-cloud processing (e.g., Hoffmann and Warnke, 2007).
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Hallquist et al., 2009; Seinfeld and Pandis, 2016). Organic molecular compo-
sition of aerosol varies significantly with Arctic sites, related to differences in
sources and chemical processing (e.g., Fu et al., 2013a; Hansen et al., 2014;
Leaitch et al., 2018). However, alkanes, acids, alcohols, and organic sulfates in
summertime Arctic aerosol can be associated with combustion-related sources,
including fossil fuel and biomass (see Sect. 1.2.4; e.g., Kawamura et al., 2012;
Fu et al., 2013a; Hansen et al., 2014; Leaitch et al., 2018). Exemplary, phthalic
acid from aromatic hydrocarbon oxidation has been used as an anthropogenic
tracer for Arctic aerosol (Kawamura et al., 1996; Kawamura et al., 2012; Fu
et al., 2013a; Hansen et al., 2014).

Black carbon® is formed during the incomplete combustion of carbon-based
fuel (e.g., Bond et al., 2013; Boucher, 2015). The summertime Arctic BC bur-
den is largely influenced by vegetation fires (see Sect. 1.2.4), whereas anthro-
pogenic sources contribute less to the overall transport of BC to Arctic regions
(Bourgeois and Bey, 2011; Breider et al., 2014). Nevertheless, anthropogenic
BC sources in northern Eurasia can have important contributions to Arctic
near surface concentrations, whereby South Asian BC layers are present in the
Arctic middle and upper troposphere (Singh et al., 2010; Huang et al., 2010;
Bourgeois and Bey, 2011; Sobhani et al., 2018). Regarding high-latitude an-
thropogenic sources, recent studies demonstrated gas flaring and shipping to
significantly impact the lower tropospheric BC, organic, and sulfate aerosol
burdens (e.g., AMAP, 2010; Chang et al., 2011; Stohl et al., 2013; Eckhardt
et al., 2013; Breider et al., 2014; Sand et al., 2016; Ferrero et al., 2016; Winiger
et al., 2017; Xu et al., 2017; Gunsch et al., 2017; Leaitch et al., 2018; Creamean
et al., 2018; Kirpes et al., 2018).

1.2.4  Aerosol from vegetation fires

Emissions from boreal fires in North America and Siberia can efficiently be
transported to Arctic regions (Fig. 1.2) and thus influence Arctic aerosol back-
ground concentrations below and above approximately 2 km, respectively (e.g.,
Singh et al., 2010; Breider et al., 2014; Xu et al., 2017). Organic matter dom-
inates vegetation fire aerosol (Kondo et al., 2011; Schmale et al., 2011; Quen-
nehen et al., 2011; Hecobian et al., 2011) caused by large emissions of primary
aerosol and organic precursors at the source (e.g., Andreae and Merlet, 2001).
The latter leading to the formation of SOA during transport, although the con-
tribution of SOA remains poorly constrained (Hecobian et al., 2011; Cubison

Terminology of this aerosol type is complex by a combination of various measurement meth-
ods and aerosol properties (Petzold et al., 2013). However, unless otherwise is noted, the
term black carbon is used.
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et al., 2011; Quennehen et al., 2012; Lathem et al., 2013). Along with transport,
organic aerosol particles become more water soluble (e.g., Jimenez et al., 2009;
Lathem et al., 2013) and less volatile as a result of intense oxidative aging
(Jimenez et al., 2009; Schmale et al., 2011; Cubison et al., 2011; Chang et al.,
2011; Lathem et al., 2013).

Organic molecular composition of Arctic aerosol particles is thus largely char-
acterized by water-soluble organics, including acids (see Sect. 1.2.6), carbonyls,
and carbohydrates like levoglucosan (e.g., Fu et al., 2013a; Hansen et al., 2014;
Nguyen et al., 2014; Leaitch et al., 2018). Levoglucosan, a thermal decom-
position product of cellulose, is a key organic tracer for biomass combustion
(Simoneit et al., 1999). Despite the potential for oxidation of levoglucosan dur-
ing transport (Hoffmann et al., 2010; Hennigan et al., 2010), several studies
show levoglucosan from biomass burning in Arctic aerosol (Fu et al., 2009a,b;
Hu et al., 2013; Fu et al., 2013a; Yttri et al., 2014; Nguyen et al., 2014). Potas-
sium is considered as another commonly used tracer for vegetation fires (e.g.,
Andreae, 1983; Silva et al., 1999), but can be also measured, albeit to a smaller
extent, in emissions from fossil fuel combustion (e.g., Guazzotti et al., 2003),
potash mining (e.g., Orris et al., 2014), and oceans (e.g., Hawkins and Russell,
2010). Potassium has been previously reported to be associated with aerosol
from biomass and fossil fuel combustion in Arctic regions (e.g., Iziomon et al.,
2006; Brock et al., 2011; Quennehen et al., 2012; Sierau et al., 2014; Leaitch
et al., 2018).

Vegetation fires are a major source of black carbon in Arctic summer (e.g.,
Stohl, 2006; Iziomon et al., 2006; Paris et al., 2009; Stohl et al., 2013; Breider
et al., 2014; Mahmood et al., 2016; Xu et al., 2017; Creamean et al., 2018),
often even dominate the atmospheric burden (e.g., Hirdman et al., 2010; Singh
et al., 2010; Bourgeois and Bey, 2011; Sobhani et al., 2018). Several observa-
tional studies show that BC particles from vegetation fires are thickly coated
with organics and inorganics, again indicative for intense aerosol processing
during transport (e.g., Singh et al., 2010; Kondo et al., 2011; Lathem et al.,
2013).

Further, vegetation fires also contribute to the presence of Arctic secondary
inorganic aerosol, namely nitrate, ammonium, and sulfate, that develop while
transported over long distances (see Fig. 1.2; e.g., Fisher et al., 2011; Breider
et al., 2014). Ammonium nitrate and sulfate are formed by initial oxidation of
precursor gases nitrogen oxides (NOy) and SOg, respectively, and subsequent
reactions with ammonia, predominantly in aqueous phase (e.g., Seinfeld and
Pandis, 2016). The abundance of ammonium nitrate strongly depends on the
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excess ammonia, since it will only form after acidic sulfate/sulfuric acid has
been completely neutralized (e.g., Fisher et al., 2011; Seinfeld and Pandis, 2016).
Notably, nitrate and sulfate can further exist in the form of organic nitrates
(e.g., Hao et al., 2014; Kiendler-Scharr et al., 2016; Zare et al., 2018) and or-
ganic sulfates (e.g., Hallquist et al., 2009; Froyd et al., 2010), which both have
been observed in Arctic aerosol (e.g., Kuhn et al., 2010; Hansen et al., 2014). In
summer Arctic regions, background concentrations of ammonium and nitrate
are low compared to sulfate (Quinn et al., 2002; Kuhn et al., 2010; Chang
et al., 2011; Schmale et al., 2011; Quennehen et al., 2011; Hamacher-Barth
et al., 2016; Lange et al., 2018). However, episodic and localized transport of
vegetation fire emissions, including ammonia and nitrogen oxides (Andreae and
Merlet, 2001; Seinfeld and Pandis, 2016; Lutsch et al., 2016), to Arctic regions
can perturb background concentrations and thus contribute to more neutral-
ized aerosol in summer Arctic free troposphere (Nance et al., 1993; Hecobian et
al., 2011; Brock et al., 2011; Fisher et al., 2011; Lathem et al., 2013; Breider et
al., 2014). In contrast, ammonium concentrations in the summertime Arctic BL
are dominated by natural sources (see Sect. 1.2.6; e.g., Wentworth et al., 2016).

To summarize, the vertical structure of Arctic summertime aerosol from long-
range transport is impacted by a combination of lower latitude sources, trans-
port and removal mechanisms as well as photochemical aging processes. How-
ever, our understanding of the aerosol vertical structure remains incomplete,
largely owing to a lack of detailed airborne measurements that attribute aerosol
physical and chemical properties to sources (e.g., Willis et al., 2018).

1.2.5  Regional Arctic aerosol processes

Summertime Arctic regions are largely a coastal marine and pristine environ-
ment, with limited anthropogenic contributions from high-latitude oil/gas ex-
tractions, shipping, and domestic activities (e.g., Aliabadi et al., 2015). Addi-
tionally, the boundary layer composition is largely unperturbed by mid-latitude
pollution (see Sect. 1.2.1). As a result, natural regional sources strongly con-
tribute to summertime Arctic aerosol (see Sect. 1.2.6), by cloud processing,
primary emissions, and secondary chemical processes, including new particle
formation (NPF)% and subsequent condensational growth (see Fig. 1.2; e.g.,
Browse et al., 2014; Croft et al., 2016a,b; Burkart et al., 2017; Croft et al.,
2019).

New particle formation and subsequent growth events show a strong seasonal-
ity at Arctic long-term monitoring sites, with high frequency during summer

6 New particle formation is also termed as nucleation in common literature.



1.2 CURRENT KNOWLEDGE OF SUMMERTIME ARCTIC AEROSOL

and nearly absence in winter (e.g., Leaitch et al., 2013; Nguyen et al., 2016;
Dall’Osto et al., 2017; Freud et al., 2017; Heintzenberg et al., 2017), reflect-
ing the necessity of photochemistry and low aerosol surface area (e.g., Engvall
et al., 2008; Collins et al., 2017). Recent studies show the complex interplay
of several factors driving NPF and growth, beside the above mentioned, e.g.,
biological activity, cloud cover, sea ice extent, vicinity of anthropogenic emis-
sions, and temperature, (e.g., Asmi et al., 2016; Burkart et al., 2017; Dall’Osto
et al., 2017; Collins et al., 2017; Kolesar et al., 2017). Thus, particle formation
and growth rates show large variations. Median values (0.5 cm™3s~! and 2.5 nm
h~!, respectively) are, however, comparable to those observed in boreal forest
environments (Kerminen et al., 2018). In addition to NPF taking place in the
Arctic BL, sources of sub-100 nm particles might also be entrainment from the
free troposphere (Tunved et al., 2013; Croft et al., 2016b; Igel et al., 2017) and
primary marine emissions (e.g., Leck and Bigg, 2005; Karl et al., 2013).

Taken together, the dominant Aitken mode in summertime Arctic size dis-
tribution is driven by northward transport (see Sect. 1.2.2), primary emissions,
NPF and subsequent growth as well as wet removal processes (e.g., Leaitch
et al., 2016). By a further condensational growth of this sub-100nm particles,
accumulation mode particles can form (e.g., Croft et al., 2016b). When sub-100
nm particles are activated as cloud condensation nuclei, particles can further
grow by cloud processing (see Sect. 1.2.2 and Fig. 1.2; e.g., Tunved et al., 2013;
Leaitch et al., 2016; Croft et al., 2016b). However, summertime Arctic size
distributions show a suppressed accumulation mode compared to other sea-
sons caused by both efficient wet removal processes in Arctic low-level clouds
(e.g., Browse et al., 2014) and less efficient transport of mid-latitude aerosol
(see Sect. 1.2.1). Primary emissions are the dominant source process for Arc-
tic coarse mode particles. The following section discusses a range of chemical
species from natural, mainly regional, sources that have been linked to NPF
and growth as well as to primary aerosol production.

1.2.6 Natural aerosol

Natural sources include oceans, soils, vegetation, sea birds, and volcanoes.
Those sources provide a variety of primary aerosol species and precursor gases.
Natural aerosol particles in summertime Arctic regions are thus characterized
by a mixture of sea salt, organic matter, MSA, ammonium, sulfate, and min-
eral dust (Fig. 1.2), as explained in detail below.

Sea spray aerosol is a complex mixture of organic matter and inorganic salts,
originating from primary sea-to-air emissions and atmospheric aging. Initially,
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wind-driven breaking waves at the water surface trap air that subsequently rises
as bubbles. Rising air bubbles scavenge organic matter and inorganic salts from
the surrounding sea water. At the sea surface, these bubbles burst and generate
film and jet droplets. Once released to the atmosphere, these droplets evapo-
rate and get enriched in substances that are non-volatile (e.g., Blanchard and
Woodcock, 1980; O’Dowd and de Leeuw, 2007; Boucher, 2015). Thus, sodium,
chloride, magnesium, and calcium are commonly used as tracers for inorganic
sea salt (e.g., Prather et al., 2013; Sierau et al., 2014; Chi et al., 2015; Gunsch
et al., 2017; Kirpes et al., 2018).

Arctic long-term records from ground-based monitoring stations illustrate min-
imum sea salt concentrations in summer when wind speeds are generally lower
compared to winter/spring (e.g., Quinn et al., 2002; Lana et al., 2011; May
et al., 2016; Leaitch et al., 2018). In contrast, organic matter have been ob-
served to be enriched in sea spray aerosol with the coming of summer (e.g., Fu
et al., 2013a; Fu et al., 2015; Leaitch et al., 2018), partly owing to a higher
ocean productivity in summer compared to winter (e.g., Behrenfeld et al., 2016).
Summertime Arctic studies show carbohydrate- and protein-like organics to in-
corporate in primary marine aerosol (see Fig. 1.2; e.g., Leck and Bigg, 2005;
Karl et al., 2013; Fu et al., 2013a; Fu et al., 2015). Aged sea spray aerosol
is characterized by an internal mixing with secondary organics, nitrate, and
sulfate (e.g., Laskin et al., 2012; Sierau et al., 2014; Chi et al., 2015; Kirpes et
al., 2018), due to reactions with organic, nitric, and sulfuric acids, respectively
(Gard et al., 1998; O’Dowd et al., 1999; Sorensen et al., 2005; Laskin et al.,
2012).

Organic matter in the summertime Arctic BL is not only of primary origin,
but rather a result of both primary emissions and secondary chemical processes
(see Fig. 1.2; e.g., Croft et al., 2019). Sources and identities of SOA are poorly
characterized (Willis et al., 2018), nevertheless, recent studies show volatile or-
ganic precursor compounds, including isoprene, monoterpenes, and fatty acids,
to originate from marine and terrestrial sources (see Fig. 1.2; e.g., Fu et al.,
2009b; Schollert et al., 2014; Kramshgj et al., 2016; Kim et al., 2017; Mungall et
al., 2017). Tracers of SOA, including a variety of dicarboxylic acids (DCA), had
been detected at several Arctic sites (e.g., Kawamura et al., 1996; Kerminen
et al., 1999; Fu et al., 2009b; Kawamura et al., 2012; Fu et al., 2013a; Hansen
et al., 2014). Year-around Arctic measurements illustrate the strong control of
solar irradiance on the abundance and composition of those DCA. Formation
processes and abundance in the Arctic are complex by a variety of biogenic
and anthropogenic organic precursor gases, intermediate oxidation products,
and also primary sources (e.g., Kawamura et al., 1996; Kawamura et al., 2012;
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Kawamura and Bikkina, 2016). However, several studies demonstrated that
DCA are less abundant in summer than in spring, driven by diminished long-
range transport of precursors and efficient aerosol wet removal. In parallel,
natural regional sources become more important by sea ice melt and biological
productivity (e.g., Kawamura et al., 1996; Kerminen et al., 1999; Kawamura
et al., 2010; Kawamura et al., 2012). Notably, previous studies on Arctic DCA
made use of ground-based and shipborne measurements. Due to the largely
isolated nature of the Arctic BL compared to the rest of the atmosphere, this
raises the question of the representativeness of these near-surface studies of
Arctic aerosol composition. For this reason, vertically resolved measurements
of DCA are necessary for characterizing sources and abundances in Arctic sum-
mer.

Dimethylsulfide (DMS) released by marine biota controls concentrations of sul-
fate and MSA in the summertime Arctic BL (see Fig. 1.2; e.g., Breider et al.,
2014; Yang et al., 2018; Lange et al., 2018). Vegetation fires and lake sources
can further contribute, albeit to a localized extent, to DMS abundance in the
Arctic (e.g., Sharma et al., 1999; Akagi et al., 2011). Once in the atmosphere,
DMS is oxidized by various reaction pathways to MSA and sulfate /sulfuric acid
(see Fig. 1.2; e.g., Seinfeld and Pandis, 2016). Both oxidation products can con-
tribute to NPF in Arctic regions (e.g., Leaitch et al., 2013; Park et al., 2017;
Dall’Osto et al., 2017), however, the ability of MSA is much lower by its higher
saturation vapor pressure (e.g., Seinfeld and Pandis, 2016). Thus, the impor-
tance of MSA to aerosol formation may restricted to particle condensational
growth (see Fig. 1.2; e.g., Leaitch et al., 2013; Willis et al., 2016). Long-term
monitoring stations in the Arctic demonstrated MSA concentrations to increase
in spring and decrease in autumn, related to the annual cycle in solar irradi-
ance (e.g., Quinn et al., 2002; Sharma et al., 2012; Leaitch et al., 2013). The
acidity of Arctic BL aerosol from DMS is discussed in a few observational and
modeling studies (Quinn et al., 2002; Breider et al., 2014; Wentworth et al.,
2016; Giamarelou et al., 2016). Results showed a range from partial to full neu-
tralization. Differences are partly caused by an incomplete understanding of
gas phase neutralizing agents, mainly ammonia and amines, in Arctic regions.

Few summer Arctic measurements illustrated the importance of natural sources,
such as sea bird colonies and vegetation fires on ammonia concentrations, while
marine waters in Arctic regions can act as a net sink (e.g., Johnson and Bell,
2008; Wentworth et al., 2016; Lutsch et al., 2016). Regarding amines, very lit-
tle is known about sources and abundance in Arctic regions. Measurements at
Mace Head, Irleand, showed amines from polar marine air masses (Dall‘Osto
et al., 2012). Scalabrin et al. (2012) reported marine influences on amino acids
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in Arctic aerosol. Recently, Gunsch et al. (2017, Supplement) briefly mentioned
the detection of particulate amines at a coastal Alaskan site in summer. Lower
latitude observations showed marine biota to release gas phase amines to the at-
mosphere, which subsequently may contribute to aerosol chemistry (e.g., Van
Neste et al., 1987; Gibb et al., 1999; Facchini et al., 2008; Ge et al., 2011a;
Healy et al., 2015). In addition, ammonia and amines play a crucial role in
NPF by stabilizing sulfuric acid clusters, as evident from numerous chamber
studies and lower latitude observations (e.g., Almeida et al., 2013; Kiirten et
al., 2016). However, only a few Arctic studies exists that show the importance
of ammonia to NPF in the Arctic (Giamarelou et al., 2016; Wentworth et al.,
2016; Croft et al., 2016a).

Along with NPF, amines may further contribute to secondary aerosol forma-
tion in several ways. First, amines can be oxidized, leading to the formation of
species such as amides, nitramines, and imines’. The resulting lower-volatility
products can form secondary organic aerosol (SOA) (e.g., Angelino et al., 2001;
Murphy et al., 2007; Ge et al., 2011b). Second, amines may dissolve in cloud
water, owing to their high water-solubility, where subsequent aqueous phase
acid-base reactions can occur (e.g., Rehbein et al., 2011; Erupe et al., 2011; Ge
et al., 2011b; Dawson et al., 2012; Yu et al., 2012; Jen et al., 2014; Glasoe et al.,
2015; Youn et al., 2015; Pankow, 2015; Jen et al., 2016). Amines compete with
ammonia in neutralizing acidic aerosol. The base that is favoured by these re-
actions depends on several parameters, such as acidity of the aerosol, Henry’s
law coefficient, and concentrations of both substances in the atmosphere (e.g.,
Pratt et al., 2009b; Barsanti et al., 2009).

Natural sulfate from volcanic sulfur emissions may contribute episodically to
Arctic middle and upper tropospheric burden (Fisher et al., 2011; Breider et
al., 2014; Yang et al., 2018), related to high injection heights and transport
pathways (Yang et al., 2018). However, few observations at long-term moni-
toring stations showed volcanic influences also on surface concentrations (e.g.,
Breider et al., 2014; Leaitch et al., 2018). Natural sulfur emissions from the
Smoking Hills in northern Canada may further impact Arctic sulfate concen-
trations (Radke and Hobbs, 1989; Hirdman et al., 2010; Leaitch et al., 2018).

Mineral dust aerosol originates from wind-blown bulk-to-particle conversion
in arid and semi-arid regions (e.g., Boucher, 2015). It thus consists of an inter-
nal mixture of crustal material, such as Si, Al, Mg, Fe, K, and organic material
(e.g., Hoffmann and Warnke, 2007). Mean tropospheric dust concentrations are

7 Amides, nitramines, and imines are characterized by functional groups of -R=0, -NOg, and

-N=R, respectively.
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minimum in Arctic summer (VanCuren et al., 2012; Fan, 2013), related to a
less efficient transport from distant sources (mainly Gobi and Sahara deserts)
compared to spring (Quinn et al., 2007; Huang et al., 2015). Nevertheless,
high-latitude dust sources, primarily in northern North America, become more
important in summer (Bullard et al., 2016), particularly impacting Arctic sur-
face concentrations (Breider et al., 2014; Groot Zwaaftink et al., 2016; Sobhani
et al., 2018).

Taken together, the pronounced seasonal cycle in Arctic aerosol properties is
driven by a combination of processes occurring along transport and within Arc-
tic regions. As a result, understanding both anthropogenic sources as well as
natural aerosol processes are crucial for Arctic climate studies. Although con-
siderable advances have been achieved in recent years (e.g., Willis et al., 2018),
knowledge gaps about the natural influence on Arctic aerosol particles as well
as related primary and secondary processes remain.

1.3 OBJECTIVES AND STRUCTURE OF THE THESIS

This study focuses on the understanding of sources and formation processes
contributing to summertime Arctic aerosol abundance. Previous findings show
that our picture of Arctic aerosol properties and related processes is incomplete,
partly owing to a lack of summertime airborne observations (e.g., Willis et al.,
2018). In Chapter 1, remaining gaps relevant to this study in our current un-
derstanding of summertime Arctic aerosol were presented. To summarize, first,
the relative importance of lower latitude sources and regions to Arctic aerosol
composition are not well characterized. Second, our knowledge of the natural
and related primary as well as secondary processes influencing aerosol proper-
ties in the pristine Arctic summer is incomplete. However, a detailed chemical
and physical understanding of processes controlling summertime Arctic aerosol
is crucial for a predictive understanding of the Arctic climate system. Thus, the
following questions are addressed in this study:

o Which compounds characterize the vertically resolved single particle chem-
ical composition?

o Which processes control the vertical abundance of aerosol compounds?

o Which compounds are related to anthropogenic, natural, and/or vegeta-
tion fire sources?

To the author’s knowledge, this is the first study to conduct in-situ airborne sin-
gle particle composition measurements in the summertime Arctic and thus to
investigate the vertical structure of aerosol particle mixing state. Information
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on particle mixing state are of particular interest for a detailed understand-
ing of secondary and primary aerosol formation processes. This study further
provides new insights into the vertical abundance of organic functional groups,
such as carboxylic acids and amines. In addition, a combination of aerosol and
trace gas measurements as well as air mass history modeling allows a compre-
hensive analysis of Arctic aerosol source attribution.

The thesis is organized as follows: In Chapter 2, measurement and model-
ing methods used in this work are presented. This part includes laboratory
studies to characterize the main instrument, the Aircraft-based single particle
aerosol mass spectrometer (ALABAMA), for airborne measurements. Comple-
mentary measurement techniques are briefly described. Further, descriptions
of air mass history modeling and potential aerosol source inventories are given.
In Chapter 3, a new approach to infer the mixing state of aerosol particles
from single particle mass spectrometer data is introduced. This part further
includes laboratory measurements aimed to identify ion markers of particles
that are relevant for this study. In Chapter 4, findings of the Arctic airborne
measurements conducted in summer 2014 are presented with focus on aerosol
composition, sources, and formation processes. The key results of this research
and an outlook on potential future research activities in Arctic regions are sum-
marized in Chapter 5.



EXPERIMENTAL AND MODELING METHODS

This chapter introduces the main instrument used in this study to measure the
particle chemical composition in the summertime Arctic: the Aircraft-based
single particle aerosol mass spectrometer (ALABAMA). The performance of
the instrument during the Arctic field experiment in July 2014 and during
laboratory measurements in September/October 2017 is characterized in this
chapter. The ALABAMA particle composition analysis is complemented by gas
and additional aerosol instrumentation, air mass history modeling, and aerosol
source inventories.

2.1 LASER ABLATION/IONIZATION AEROSOL MASS SPECTROMETER
ALABAMA

2.1.1  Working principle

The ALABAMA (Brands et al., 2011) was deployed on the Polar 6 aircraft dur-
ing the Arctic field experiment, to provide in-situ airborne measurements of
single particle chemical composition. Figure 2.1 shows schematically the work-
ing principle of the ALABAMA. Particles enter the system through a critical
orifice (here, constant pressure inlet (CPI)). The following Liu-type aerody-
namic lens focuses particles into a narrow beam (Liu et al., 1995a,b; Liu et
al., 2007). Further, particles are optically detected by scattering light when
passing through two orthogonal detection laser beams (InGaN laser diodes,
A=405nm). The scattered light is focused by elliptical mirrors and further de-
tected by photomultiplier tubes. This setup allows to determine the particle’s
time of flight and thus its velocity. The particle vacuum-aerodynamic diam-
eter (dyy) in turn can be derived from the velocity, using a calibration with
particles of known size, density, and shape (e.g., monodisperse polystyrene
latex (PSL) particles). The ALABAMA analyzes particles in a size range!
between approximately 270 nm and 1900 nm (dy, ). Further, the successfully de-
tected and sized particles are ablated and ionized in the high-vacuum region by
a single triggered laser shot (frequency-quadrupled Nd:YAG laser, A\ =266 nm,

The size range is defined by the 50 % collection efficiency of PSL particles at 2.5 hPa lens
pressure, as described in detail in Sect. 2.1.4. However, during the Arctic field experiment
(see Ch. 4), the ALABAMA size range was between approximately 300 nm and 900 nm, owing
to several instrumental modifications (see details in Sect. 2.1.4).
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Figure 2.1: Schematic overview of the ALABAMA (adapted from Brands et al.
(2011)). Acronyms are defined as follows: CPI= constant pressure inlet (see Sect.
2.1.2); TMP = turbo molecular pump. The view of the scheme changes from the
upper to the lower part, indicated by the two coordinate systems on the right-hand
side. Pressure regimes for the aerodynamic lens as well as for the first and second
pumping stage are given from top to bottom, respectively.

pulse length ~ 6 ns, maximum repetition rate =20 Hz; Quantel, 2008). Finally,
generated ions are guided into a Z-shaped Time of Flight mass spectrometer
that provides bipolar mass spectra of individual particles, up to ion mass to
charge ratio (m/z) 250. Together, the ALABAMA instrumental setup obtains
on-line size and chemical composition of each particle being analyzed.

In practice, the laser-induced ablation/ionization process shows both techni-
cal advantages and disadvantages, compared to other aerosol mass spectrom-
eter techniques (see Sect. 2.2.3). For example, the molecular identification of
compounds, in particular organics, can be challenging due to fragmentation
of molecules and ions (e.g., Sullivan and Prather, 2005; Murphy et al., 2007).
Further, quantification of aerosol mass concentration is complex (e.g., Suess
and Prather, 1999; Pratt and Prather, 2012) and practically not possible by
highly variable ion signals (e.g., Sullivan and Prather, 2005; Roth, 2009, 2014),
owing to the following reasons. First, particles in the ablation and ionization
region can pass different laser intensities, by a combination of particle beam
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divergence and Gaussian laser beam profile as well as inhomogeneities within
the spatial profile of the laser beam (e.g., Wenzel and Prather, 2004; Brands,
2009). Second, the fraction of an individual particle that is ablated by the laser
can vary, depending on particle size, composition, and structural heterogene-
ity as well as laser intensity (e.g., Weiss et al., 1997; Bhave et al., 2002; Cai
et al., 2006; Zhou et al., 2006; Sultana et al., 2017b). Third, the ionization
efficiency is composition-dependent (e.g., Bhave et al., 2002). Fourth, matrix
effects, mainly related to charge exchange reactions in the ablation plume, can
cause suppressions of ion signals from major compounds by less concentrated
compounds (e.g., Reilly et al., 2000; Gross et al., 2000; Zhou et al., 2006). In
general, the ablation/ionization mechanism of those small particles in vacuum
is complex and not fully understood (e.g., Suess and Prather, 1999; Drewnick,
2000; Murphy et al., 2007). Nonetheless, single-particle technique provides the
unique opportunity to directly analyze the distribution of aerosol chemical
components within an aerosol population, the so-called mixing state (e.g., Sul-
livan and Prather, 2005). In parallel, a wide range of organic and inorganic
species, including refractory material such as minerals, metals, and elemental
carbon, can be studied, in contrast to other aerosol mass spectrometer tech-
niques. Finally, number concentrations of the ALABAMA particle types can
be estimated by scaling the measured particle fraction with concurrent quanti-
tative measurements (see Sect. 3.2; Sullivan and Prather, 2005).

2.1.2  Characterizing the inlet transmission efficiency

The ALABAMA inlet for airborne sampling requires a special design due to
varying atmospheric pressure and temperature. For stationary ground-based
measurements, aerosol mass spectrometers typically use a fixed critical orifice
with approximately 100 pm diameter. The fixed critical orifice ensures constant
volumetric flow rate into the instrument, while mass flow rate varies with air
density during airborne sampling. This in turn leads to a variable pressure in-
side the aerodynamic lens (piens) and, thus, to variable particle velocity and
particle transmission efficiency of the aerodynamic lens (Liu et al., 1995a,b;
Liu et al., 2007), both of which are not convenient too handle. The Instrumen-
tal development and Electronics Department of the Max Planck Institute for
Chemistry (MPIC) developed a new device (Fig. 2.2), the so-called constant
pressure inlet (CPI) for airborne measurements. A flexible orifice (O-ring) is
either pinched or relaxed, depending on upstream pressure (pupstream), by &
bottom and top plate that are connected to a rotor. Thus, the CPI maintains a
constant lens pressure by adjusting the orifice diameter, thereby changing the
volumetric flow into the instrument. The new device was successfully applied
for several airborne experiments (Molleker et al., 2019).
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Figure 2.2: (a) Schematic (adapted from Molleker et al., 2019) and (b) technical
drawing of the constant pressure inlet (CPI; designed by the Instrumental devel-
opment and Electronics Department of the MPIC). Regimes of upstream pressure
(Pupstream) and lens pressure (pens) are indicated.

Laboratory measurements with the ALABAMA were conducted to character-
ize the inlet particle transmission efficiency as a function of upstream pressure.
The experimental setup to characterize the inlet transmission efficiency is as
follows. Monodisperse PSL particles of various sizes mixed with purified wa-
ter were nebulized with an aerosol generation system, forming tiny droplets.
The droplets passed through a diffusion dryer filled with silica gel to remove
water. Further, the dried particles passed through a differential mobility ana-
lyzer (DMA) with the classifier set at the appropriate voltage to extract the
nominal particle size. This setup allowed to check if the PSL geometric diam-
eter, specified by the manufacturer, altered due to aging of the sample. The
particle vacuum-aerodynamic diameter (dy,) of PSL is then calculated as fol-
lows:

dya = PPSL - SPSL * dumob, (1)

Po

with the PSL particle density (ppsr,) of 1.05gcm™3, the standard particle den-
sity (po) of 1.0gem ™3, the dimensionless Jayne shape factor (Spst,) of 1, and
the particle mobility diameter (dy,1,) given by the DMA? (Jayne et al., 2000;
DeCarlo et al., 2004). Section 2.1.5 provides further detailed information on

For PSL particles larger than 1 pm, the DMA was used as a filter, removing a second particle
mode appearing at smaller sizes, rather than selecting the nominal PSL size. Thus, the
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dys. Further, the particles were guided into the ALABAMA and the additional
reference instrument. In this section, the optical particle counter (OPC) model
1.129 was used as reference instrument due to its ability to operate down to
150 hPa upstream pressure (GRIMM Aerosol Technik, 2008; Bundke et al.,
2015). Briefly, the OPC measures particle number concentrations based on
particle’s scattering light signals. The experimental setup included also in-line
orifices? upstream of both instruments were used to provide pypstream between
700 hPa and 170 hPa (Fig. 2.3). As a result, the experimental setup in this sec-
tion imitated the performance of the ALABAMA down to 170 hPa operational
pressure level.

The inlet transmission efficiency (T Eryet) is defined as follows:

N,
T Epylet = ~———, (2)

N, reference

with the particle number concentration monitored by the reference instrument
(Nieference) and particle number concentration detected by the ALABAMA first
optical detection stage (Np). The position of the aerodynamic lens was aligned
to ensure maximum Ny for particles present in ambient air. By the experi-
mental setup together with the definition in Eq. 2, the inlet transmission effi-
ciency refers only to the CPI transmission efficiency and the lens transmission
efficiency. The lens transmission efficiency in turn is constant for varying up-
stream pressure, owing to the CPI ability to maintain a constant lens pressure.

The CPI particle transmission efficiency is dependent on upstream atmospheric
pressure caused by particle impaction losses within the CPI (Fig. 2.3). In the-
ory, the air flow converges in front of the CPI causing particles to perform
a curvelinear motion. Curvelinear motions are typically characterized by the
dimensionless Stokes number (Stk) (Hinds, 1999):

TV

th =
S I

(3)

with the characteristic length (L.), the gas velocity (V;), and the relaxation
time (7) that is defined as follows:

T:Bp‘d%‘cc

18- (4)

geometric diameter, provided by the manufacturer, instead of d,.p, was used to calculated
PSL dys,.

Orifice diameters ranged between 0.5 mm and 0.25mm in 4 steps that are equivalent to
Pupstream Of 700hPa to 170 hPa.
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Figure 2.3: Inlet transmission efficiency (T Empet) as a function of both upstream
pressure (Pupstream) and particle size (dy,) at 2.5 hPa lens pressure. Upstream pressure
of approximately 1013 hPa to 170 hPa is equivalent to a CPI orifice diameter (dcpr)
of 150 pm to 340 pm, respectively (see Sect. A.1). The detection efficiency is given in
STP, as defined in Sect. A.1. Uncertainty analyses are given in Sect. A.2.

with the particle density (pp), the particle diameter (d,), the coefficient of
dynamic viscosity (n), and the Cunningham slip correction factor (C.) that
can be parametrized as:

C.=14 2.52- Ag (5)

dp

with gas mean free path ()\g) of 0.066 pm at 293 K and 1013 hPa (Hinds, 1999).
The relaxation time characterizes the time a particle requires to adjust its ve-
locity to the new conditions of forces. The Stokes number can be understood
as the ratio of particle relaxation time to the transit time available for the
adjustment. When the Stokes number <1, particles perfectly follow the gas
streamlines; when the Stokes number > 1, particles resist changing their direc-
tions and further move in a straight line. Thus, the Stokes number characterizes
impaction of particles onto surfaces based on particle inertia when flow direc-
tion is changed, so-called inertial impaction (Hinds, 1999).

Exemplary, considering the movement of a PSL particle with 0.8 pm diame-
ter (d,) and 1.05gcm ™3 density (p,) in upstream conditions of approximately
1000 hPa (pupstream ), the relaxation time of the particle is approximately 2.4 pis.
Particle Stokes number is further determined by the characteristic length (L)
(Liu et al., 1995a; Bahreini et al., 2008) that is here given by the equivalent CPI
orifice diameter (dcpr) of 150 pm (see Sect. A.1). The equivalent CPI orifice
diameter is introduced as the pinching of the O-ring leads to an irregular and



2.1 LASER ABLATION/IONIZATION AEROSOL MASS SPECTROMETER ALABAMA

non-reproducible O-ring shape, indicated by pictures from a microscopic view
in Schulz (2019) and Molleker et al. (2019). Thus, the equivalent CPI orifice
diameter can be thought of as an orifice diameter of a circular shaped O-ring
that provides the same orifice area as the orifice of interest. The upstream
gas velocity (V) is 14.7 cm s~1, determined by using upstream volumetric flow
rate (fupstream) of 2.9 cm®s~! in a tube of 5mm inner diameter (see Sect. A.1).
As a result, the particle Stokes number is 2.3-1073. The Stokes number is even
smaller than 2.3-1073, when considering particles smaller than 0.8 pm in up-
stream pressure below 1000 hPa. Thus, impaction losses for particles up to
0.8 pm upstream of the CPI are unlikely.

However, compared to an inlet with a fixed orifice diameter, O-rings have a
larger dimension in flow direction, which is described hereafter as a channel.
Particle motion through the CPI channel is likely along a curved path by the
irregular shape of the O-ring while pinching. In contrast to upstream conditions
described above, Vj increases by passing the CPI channel?. Assuming that the
particle relaxation time (7) and the characteristic length (L.) remain constant
(2.4ps and 150 um, respectively), the Stokes number of a particle passing the
CPI channel is approximately 2.6. Thus, it is likely that the available time for
the particle to adjust to the new conditions is less than their relaxation time,
leading to impaction losses within the CPI curved channel. The assumption
of keeping 7 constant does not consider that the gas mean free path ()\g) in
the CPI channel is larger compared to upstream conditions, since the pressure
in the CPI channel is smaller than upstream pressure. However, an increasing
Ag will cause an increasing 7 that in turn lead to even larger particle Stokes
numbers.

Taken together, upstream pressure determines the strength of the O-ring pinch
and thereby the CPI orifice diameter and shape of the CPI channel. The O-
ring pinch in turn can lead to particle impaction losses within the CPI channel.
This theoretical approach is confirmed by measurements illustrated in Fig. 2.3:
when pupstream decreases, depr increases, thus, the O-ring is less pinched such
that the CPI particle transmission increases. This effect is less pronounced for
larger particles (Fig. 2.3), which is somewhat counterintuitive. Reasons for this
remain unclear. The inlet transmission efficiency above 1 for particles smaller
than 420 nm might caused by two reasons. First, systematic uncertainties, for
example given by the instrument’s flow accuracy, are not considered in the de-
picted uncertainty bars (see Sect. A.2). Second, the particle counting efficiency
of the OPC compared to the ALABAMA might be lower for this size range.

Vy is approximately 164 ms~ !, corresponding to fupstream of approximately 2.9 cm3 s~ with
the 150 pm CPI equivalent diameter.
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Particle losses by the CPI likely influence airborne particle measurements. How-
ever, the inlet transmission efficiency obtained in this study cannot be applied
to correct particle concentrations measured by instruments using the CPI, ow-
ing to several factors. Material fatigue, non-reproducible O-ring shape (see Sect.
A.2), and different CPI designs make it difficult to compare measurements of
different instruments using this device and measurements of the same instru-
ment using the CPI at different times and temperatures. The CPI O-ring design
was improved meanwhile (see Table 6 in Sect. A.3 and Molleker et al., 2019).
The new custom made O-ring with a smaller inner diameter of 0.5 mm requires
less pinching to conduct measurements in high upstream pressure conditions.
Still, the new O-ring with smaller inner diameter can maintain the instrument
operational pressure level down to 150 hPa (Molleker et al., 2019).

2.1.3 Characterizing the particle detection efficiency

Measurements of single particle chemical composition require the prior success-
ful particle detection. The instrument performance thus depends largely on the
particle detection efficiency (DE). The ALABAMA particle detection efficiency
was characterized by both laboratory and atmospheric measurements after and
during the Arctic field experiment, respectively. The particle DFE is here de-
fined as the fraction of the particle number concentration detected by both
optical detection stages within a pre-defined time interval (Neoine) to the par-
ticle number concentration monitored by the reference instrument (Nyeference ):

DE — Ncoinc ' (6)

Nreference

Defined in this manner, the efficiency depends on the performance of several
instrumental parts: the CPI transmission efficiency, the aerodynamic lens trans-
mission efficiency, and the optical detection. These parts are in turn dependent
on several parameters, such as pupstream (see Sect. 2.1.2), pressure inside the
aerodynamic lens (prens), particle size, and particle shape (e.g., Jayne et al.,
2000; Zhang et al., 2002, 2004; Huffman et al., 2005; Liu et al., 2007; Kamphus
et al., 2008; Brands, 2009; Brands et al., 2011; Klimach, 2012). Brands et al.
(2011) reported the ALABAMA detection efficiency as a function of particle
size and shape. Meanwhile, several instrumental parts were modified and im-
proved, e.g., the optical detection setup (Roth, 2014; Schmidt, 2015) and the
inlet setup (see Sect. 2.1.2) such that further laboratory measurements focus-
ing on the ALABAMA DF as a function of particle size and lens pressure (see
Sect. A.3) had to be conducted. This section presents the measurements of DE
as a function of particle size.
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The laboratory setup is described in Sect. 2.1.2. The condensation particle
counter (CPC) model 5.403 and the OPC model 1.129 (GRIMM Aerosol Tech-
nik, 2003, 2008, respectively) were used as reference instruments, measuring
particles smaller and larger than 1pm, respectively. Similar to the OPC, the
CPC measures particle number concentrations based on particle’s scattering
light signals. In contrast to the OPC, the CPC detects particles smaller than
250 nm by prior enlarging particles to a detectable size by butanol condensa-
tion (GRIMM Aerosol Technik, 2003). The position of aerodynamic lens was
adjusted prior to measurements to achieve maximum N¢gine for 400nm PSL
particles. The lens position was not readjusted for each particle size, to create
realistic atmospheric measurement conditions.

Figure 2.4 presents the particle size-dependent detection efficiency at 3.5 hPa
lens pressure and approximately 1013 hPa upstream pressure. The ALABAMA
DFE curve results primarily from a combination of two effects: the aerodynamic
lens transmission efficiency (e.g., Zhang et al., 2002) and the so-called effective
detection laser beam width (Klimach, 2012). Briefly, the Liu-type aerodynamic
aerosol focusing lens consists of a series of apertures of different orifice sizes
(3mm to 5mm) providing an alternating converging-diverging flow field. Based
on particle inertia when flow direction is changed, either a displacement towards
the symmetry axis or inertial impaction onto the orifice front surface occurs
(see Sect. 2.1.2). The first of the two effects leads to a highly collimated particle
beam close to the centerline. Impaction in turn affects particle losses in the lens
(e.g., Liu et al., 1995a,b; Zhang et al., 2002; Liu et al., 2007; Zhang et al., 2004).
Taken together, the decreasing detection efficiency with increasing particle size
can be explained by impaction losses in the aerodynamic lens, associated with
an excess of particle inertia, and thus a lower lens transmission efficiency (Liu
et al., 2007).

In parallel, the decreasing DFE for particles smaller than 400 nm can be ex-
plained with the concept of the effective detection laser beam width (Klimach,
2012). The effective detection laser beam width describes the maximum dis-
tance between the particle and the center of the laser beam (approximately
Gaussian intensity profile) that the particle can still be detected by its scat-
tered light signals (Klimach, 2012). Considering an optical detection geometry
similar to the ALABAMA?®, Klimach (2012) reported that the total intensity
of the scattered light signal decreases with decreasing particle size. As a re-
sult, the effective laser beam width strongly depends on particle size. Smaller
particles need to be closer to the center of the laser beam to produce enough
scattered light signal to be detected. For particles below approximately 100 nm,

5 The solid angle of the elliptical mirror is 3° to 177°.
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Figure 2.4: Detection efficiency (DFE) as a function of particle size (dy,) at 3.5hPa
lens pressure (piens) compared to results in Brands et al. (2011) at 3.8hPa lens
pressure. Uncertainty analyses are given in Sect. A.2.

the effective laser beam width decreases strongly towards 0 mm.

By comparing results in Fig. 2.4 with measurements conducted in Brands et al.
(2011), three differences are obvious. First, the maximum DF is about half of
the value measured in Brands et al. (2011) for 400 nm particles. This might
be caused by several modifications of the ALABAMA and differences in the
general experimental setup. In detail, the constant pressure inlet (CPI) cannot
explain the discrepancy, as the new custom made O-ring that was used for this
measurement shows a particle transmission efficiency close to 1 (Molleker et al.,
2019). Nevertheless, it might be that the CPI orifice was partly clogged, which
could lead to additional particle losses. Further, Brands et al. (2011) used a
Nd:YAG continuous wave laser diode (A =532nm) for particle detection. Addi-
tionally, the detection efficiency largely depends on lens alignment, as indicated
by comparing Figs. 2.3 and 2.4 (lens aligned to obtain maximum N¢uin and
lens aligned to obtain maximum Ny, respectively). However, lens alignments
for experiments conducted in this study and in Brands et al. (2011) cannot be
reproduced. Micrometer screws that provide the exact lens position were not
implemented in the ALABAMA. Together, reasons for the discrepancy remain
unclear.

Second, the DFE decline towards smaller particles is less pronounced in this
study. This is likely caused by improving both the optical detection setup and
the alignment of the elliptical mirrors (Roth, 2014; Schmidt, 2015). Third, the
decline towards larger particles is less pronounced in this study. Brands et al.
(2011) used a 90° bent tubing behind the 100 pm inlet orifice, which likely
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Figure 2.5: Hit rate (red line), detection efficiency (black dashed line), and collection
efficiency (black solid line) as a function of particle size (dvs) at 2.5 hPa lens pressure
(obtained in September/October 2017). Uncertainty analyses are given in Sect. A.2.

caused a significant fraction of particles larger than 600 nm to impact onto the
tube wall in the bend. The inlet setup was modified, by removing the bend and
using the CPI (see Sect. 2.1.2).

2.1.4  Particle collection efficiency

The overall performance of the ALABAMA is described here as the collection
efficiency (CE):
CE=DFE-HR, (7)

accounting for both the detection efficiency (DFE) and the efficiency of the laser
ablation /ionization process, the so-called hit rate (H R)%. The instrument hit
rate is defined as the number of particles that are successfully ionized by the
ablation laser and that create a mass spectrum (/Nyjs) relative to the number

of laser shots (Nghots):
N hits

N, shots. (8)
The triggered shot requires that the particle velocity was prior successfully
determined and that the laser was ready to shoot” (Brands et al., 2011). The
particle hit rate is dependent on several factors, such as particle size (e.g., Kane
et al., 2001; Brands et al., 2011), shape (e.g., Moffet and Prather, 2009), chem-

HR =

6 Section A.4 presents a side topic on hit rate variability.
7 The maximum shot repetition rate of the Nd:YAG laser was set to 12 Hz.
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ical composition (e.g., Thomson et al., 1997; Kane et al., 2001; Brands et al.,
2011), and charge (Su et al., 2004) as well as the laser intensity (e.g., Thomson
et al., 1997; Kane et al., 2001; Brands et al., 2011). Detailed characterization
of the ALABAMA particle hit rate will be part of the PhD thesis of H.-C.
Clemen (Clemen, 2020) and was earlier discussed in Brands et al. (2011). Hit
rate measurements were simultaneously conducted with measurements in Sect.
2.1.3. The ablation laser was prior aligned to achieve maximum hit rate for
400 nm PSL particles and the position was kept constant for each particle size.
The ablation laser intensity was approximately 3.7-107 W em ™2 (see Table 7 in
Sect. B.1).

The size-dependent collection efficiency provides the particle size range that
the ALABAMA can efficiently analyze. The size range is derived by the up-
per and lower 50 % values of the collection efficiency averaged between 420 nm
and 1155 nm. Further, the C'E was linearly interpolated between 233 nm and
420 nm to obtain the 50 % lower size cut-off. As a result, the size range that the
ALABAMA can efficiently analyze is between 267 nm and 1890 nm, respectively,
given for PSL particles and at 2.5 hPa lens pressure. 2.5 hPa is maximum oper-
ating lens pressure, limited by the maximum pressure in the mass spectrometer
of 51076 hPa to operate high voltages. To note, the Arctic field experiment in
July 2014 was conducted at 3.2 hPa lens pressure, owing to a smaller skimmer
orifice diameter (Fig. 2.1) built in the ALABAMA at this time (see Table 6 in
Sect. A.3).

The measurement performance of the ALABAMA during the Arctic field ex-
periment in July 2014 was additionally investigated (Fig. 2.6), as several in-
strumental parts were modified between July 2014 and the September/October
2017 laboratory measurements presented in Fig. 2.5 (see Table 6 in Sect. A.3
and Clemen, 2020). Detection efficiency, hit rate, and collection efficiency are
calculated according to Egs. 6, 8, and 7, respectively. Nyeference 1S provided by
the UHSAS number concentration in the size range between 320 nm and 870 nm,
simultaneously measured onboard the airborne platform (for instrumental de-
tails see Sect. 2.2.2). The selected UHSAS lower and upper size cut-offs refer to
the ALABAMA size range that include 98 %® of all particles collected during
the Arctic field experiment (see Fig. A.8). To note, the different measurement
principals of the ALABAMA and the UHSAS result in different definitions
for the particle equivalent diameter: the particle vacuum-aerodynamic diame-
ter (dy,) and the particle optical diameter (dopt), respectively. Thus, the com-

The 1% and 99 % percentiles define the lower and upper size cut-offs, respectively. The value
98 % is chosen, as almost the overall sample is included and at the same time outliers are
excluded.
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Figure 2.6: Detection efficiency (black dashed line), hit rate (red line), and collection
efficiency (black line) as a function of altitude at 3.2hPa lens pressure during the
Arctic field experiment in July 2014 (NETCARE 2014). The bottom x-axis presents
the detection and collection efficiencies. Uncertainty analyses are given in Sect. A.2

parison between the ALABAMA and the UHSAS size ranges should solely be
considered as an approximation.

Figure 2.6 presents the vertically resolved detection efficiency, hit rate, and
collection efficiency of the ALABAMA during the Arctic field experiment. The
detection efficiency increased with altitude, which can likely be explained by
two possibilities. First, the CPI particle transmission efficiency was found to in-
crease with decreasing atmospheric pressure (see Sect. 2.1.2). Second, it might
be that particles present below 500 m altitude were predominantly smaller than
400 nm, thus, were less efficiently detected by the ALABAMA optical detection
stages compared to larger particles (see Sect. 2.1.3). Two additional points
should also be considered when discussing the ALABAMA DF during the
Arctic field experiment. First, the UHSAS number concentration and in turn
the resulting ALABAMA detection efficiency are largely dependent on the cho-
sen UHSAS lower size cut-off (here, 320 nm dypi). The dopy and dy, measured
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by the UHSAS and the ALABAMA, respectively, are here assumed to be ap-
proximately equal (see discussion above). Second, the aerodynamic lens was
held in a bipod (see Fig. A.3), which was susceptible to vibrations. This may
caused a varying DE during airborne operations. Nevertheless, the particle de-
tection efficiencies in July 2014 and September/October 2017 were comparable
by values between 10 % and 40 % (compare Figs. 2.4 and 2.6).

In parallel, the hit rate increased by a factor of 2 to 3 with altitude (Fig.
2.6), which can be likely explained by varying particle properties with altitude
(see above). The hit rate was on average 10 %, which is approximately a fac-
tor of 9 smaller than the hit rate obtained during the laboratory experiment
(compare Figs. 2.5 and 2.6). This can be explained by several instrumental mod-
ifications that were conducted by H.-C. Clemen after July 2014 to improve the
ALABAMA hit rate (Clemen, 2020). Together, the particle collection efficiency
by the ALABAMA during the Arctic field experiment varied between 1% and
6% (Fig. 2.6)

2.1.5 Particle sizing

Particles of different sizes acquire different velocities while exiting the aerody-
namic lens (e.g., Jayne et al., 2000; Brands et al., 2011). The particle veloc-
ity (V}) is determined by the time-resolved optical detection of the particle in
the vacuum chamber, using the time counter value between the two detection
events (upcount), together with the known flight distance of 0.07m and the
25 MHz processor clock (Klimach, 2012; Roth, 2014):

~ 0.07m-25 MHz

Vi
upcount

(9)
Thus, one upcount step corresponds to 40ns. The size-dependent velocity is
further a function of particle shape and density (e.g., Wang and McMurry,
2006). Since most atmospheric particles are non-spherical and have a non-
standardized density, the equivalent vacuum-aerodynamic diameter (dy,) is
introduced to characterize the particle size. The aerodynamic diameter is de-
fined as the diameter of a spherical particle with a density of 1gcem™ that
travels at the same V), as the particle of interest (e.g., Hinds, 1999; DeCarlo
et al., 2004). The aerodynamic diameter in the free-molecular regime is called
the vacuum-aerodynamic diameter (DeCarlo et al., 2004).

The diameter of atmospheric particles is calibrated by measuring the veloc-
ity of monodisperse, spherical PSL particles of various sizes. The experimental
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Figure 2.7: Vacuum-aerodynamic diameter (d,) as a function of particle velocity
(Vp) derived from the PSL size calibration conducted during the Arctic field experi-
ment (NETCARE 2014) at 3.2hPa lens pressure. Uncertainty analyses are given in
Sect. A.2. The fit function (dashed line), based on Eq. 10, considers only the uncer-
tainty of dy, and not that of V, by negligible small values. The text box presents the
associated fit coefficients. Fit residuals can be found in Fig. A.14.

setup for calibration is described in Sect. 2.1.2. Klimach (2012) derived a math-
ematical relation between dy, and V), as follows:

k

Vgl ) )
In (7Vg1—vp

dya = (10)

with the particle velocity before the gas expansion (Vp)?, the gas velocity after
the gas expansion (Vj1), and the size calibration factor (k). Vy and V1 specify
the lower and upper limit of V), respectively. Together, the ALABAMA size
calibration, which is used to calculate dy, from the measured V), is described
by three fit coefficients: %, V1, and V4.

For this study, the size calibration was conducted during the Arctic field ex-
periment in July 2014. The particle velocity is calculated using Eq. 9 together
with the modal upcount value derived from the histograms in Fig. A.9. Finally,
the application of Eq. 10 provides fit coefficients k, V;1, and V) (Fig. 2.7). More
information on the fitting method are given in Sect. A.6.

Gas expansion occurs when the air exists the last orifice of the aerodynamic lens and enters
the vacuum (see Fig. 2.1).
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2.2 COMPLEMENTARY METHODS

Single particle chemical composition by the ALABAMA is complemented by
aerosol number and mass concentrations as well as by trace gases, meteorolog-
ical parameters, and air mass history modeling, to provide a comprehensive
analysis on summertime Arctic aerosol composition and sources. This section
briefly describes the basic working principles of the additional instrumentation.
Table 1 summarizes the complementary data and associated instrumentation.
This section further introduces the modeling tool FLEXPART together with
aerosol source inventories to study the air mass history.

2.2.1  Measurement platform and inlets

Airborne measurements of aerosol physical and chemical properties, trace gases
as well as meteorological parameters were performed onboard the Alfred We-
gener Institute (AWI) Polar 6 aircraft, a DC-3 aircraft modified to a Basler
BT-67 for operation in cold and harsh environments (Fig. 2.8; Herber et al.,
2008). Flight altitude was limited to 6 km due to the non-pressurized aircraft
cabin. The ALABAMA was switched off at altitudes above 3.5 km to avoid dam-
ages in such low pressure conditions. The aircraft survey speed was maintained
at approximately 75 ms™!, with ascent and descent rates of 150 to 300 m min "

for vertical profiling (Willis et al., 2016).

Aerosol particles were sampled through a shrouded forward-facing inlet dif-
fuser with a diameter of 0.35cm at intake point (Fig. 2.8). Inside the cabin,
the inlet was connected to a 2.3 cm inner diameter stainless steel manifold, of
which stainless steel sample lines were directed to the various particle instru-
ments employing angled branches (<90°). The manifold exhaust flowed freely
into the cabin back to keep the aerosol main inlet from being over-pressured. As
a result, the inlet total flow varied with true air speed. With the survey speed
noted above, the particle transmission efficiency by the intake is near unity for
particles from 20nm to <1pm (Leaitch et al., 2016). Further, based on the
total flow drawn by the particle instruments (~35Imin~!) and the measured
manifold exhaust flow (~201min~!), the total flow through the shrouded in-
take was nearly isokinetic with 551min~—! (Leaitch et al., 2016).

Trace gases were sampled through a separate inlet line, consisting of a forward-
facing 0.40 cm outer diameter (OD) Teflon tube. Using the aircraft forward
motion, ambient air was pushed into the line in combination with a rear-facing
0.95cm OD exhaust tube that reduced the pressure in the sampling line (Fig.

1

2.8). An inlet flow of approximately 121min™" was maintained.



2.2 COMPLEMENTARY METHODS

aerosol inlet

trace gas inlet

Figure 2.8: Polar 6 aircraft from AWI. The inset shows an expanded image of the
inlets located at the top front of the aircraft. The images are courtesy of H. Bozem
and J. Schneider.

2.2.2  Aerosol number concentrations

Number concentrations of particles between 85 nm and 1000 nm were measured
with the Ultra-High Sensitivity Aerosol Spectrometer (UHSAS), manufactured
by Droplet Measurement Technologies (DMT). The instrument is based on
particle light scattering technique. Particles that cross the beam of a laser
(A=1054nm) are detected and counted by their scattering signals. The inten-
sity of the scattered light provides information on the dgp; (e.g., Cai et al.,
2008; Schulz et al., 2019). Hereafter, only number concentration of particles
greater than 100 nm in diameter (N-100) and number concentrations of parti-
cles greater than 320 nm in diameter (N-320) are used, as discussed in detail
in Sect. 2.1.4.

Number concentrations of particles larger than 5nm in diameter (Nx5) were
measured by the TSI water-based ultrafine condensation particle counter (UCPC)
model 3787, sampling at a flow rate of 0.61min~! (TSI Incorporated, 2013).
Particles are detected and counted by their scattering light signals. To also
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detect Aitken and nucleation mode, particles are prior enlarged by water con-
densation.

2.2.3 Aerosol mass concentrations

Sub-micron ensemble aerosol composition was measured by an Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS), comple-
mentary to the ALABAMA single particle analysis. The HR-ToF-AMS is based
on particle thermal vaporization by contact with a heated surface (~ 650 °C)
followed by electron impact ionization (e.g., DeCarlo et al., 2006), in contrast to
the ALABAMA laser-induced ablation/ionization process. The HR-ToF-AMS
allows quantitative mass concentration measurements of non-refractory aerosol
particle components. In practice, organic matter (OM), nitrate, sulfate, ammo-
nium, and MSA are detected (Willis et al., 2016; Willis et al., 2017).

Concentration of particles containing refractory black carbon (rBC) were ac-
quired with a Single Particle Soot Photometer (SP2) manufactured by DMT
(Schwarz et al., 2006; Gao et al., 2007). The instrument includes a continuous
intra-cavity Nd:YAG laser (A=1064nm) to classify particles as incandescent.
The peak incandescence signal is linearly related to rBC mass.

2.2.4  Trace gas data

Carbon monoxide (CO) mixing ratios were measured by an Aero-Laser ultra-
fast CO monitor (model AL 5002), based on the fluorescence of CO in the
vacuum ultraviolet (VUV) at 150 nm (Scharffe et al., 2012; Aero-Laser GmbH,
2013; Wandel, 2015; Bozem et al., 2019). Here, CO is used as an indicator of
air mass influenced by combustion sources, including fossil fuel and biomass
burning combustion (Andreae and Merlet, 2001).

Water vapor (H20) and carbon dioxide (CO2) measurements were conducted
using a LI-7200 closed CO2/H20 analyzer, manufactured by LI-COR Bio-
sciences GmbH, based on HoO and COs infrared absorption (Kluschat, 2016;
Bozem et al., 2019). The HyO mixing ratio by volume (VMRp20) together
with the temperature (7") and the atmospheric pressure (pair), measured by
the AIMMS-20 instrument were used to calculate the relative humidity (RH)
and the pseudoequivalent potential temperature (6.) (see Sect. C.2).
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2.2.5 Atmospheric state parameters and wind data

The Aircraft Integrated Meteorological Measurement System (AIMMS)-20 by
Aventech Research Inc., integrated on the Polar 6 aircraft, delivered meteo-
rological and state parameters. The module Air-Data Probe provides T', pair,
RH, wind direction, wind speed, and the three-dimensional aircraft-relative
flow vector (true air speed, angle of attack, and side slip). The second module,
a Global Positioning System (GPS), processes satellite navigation signals and
determines aircraft three-dimensional position and altitude (Aventech, 2018).

2.2.6  Air mass history modeling

Air mass history analysis is crucial for understanding aerosol sources and
transport processes, both of which controlling aerosol properties in Arctic
regions. In this study, the Lagrangian FLEXible PARTicle dispersion model
(FLEXPART), version 10.0, is used. FLEXPART is a comprehensive tool for
modeling atmospheric transport (e.g., Stohl, 1998; Stohl et al., 2003, 2005) and
is widely used in Arctic studies (e.g., Stohl, 2006; Paris et al., 2009; Hirdman et
al., 2010; Kuhn et al., 2010; Schmale et al., 2011; Quennehen et al., 2011). The
model calculates trajectories of a multitude of hypothetical particles'” based
on the following equation:

X(t+At) = X(t) +v(X,t) - At, (11)

with particle position vector (X), time (¢), time increment (At), and wind
vector (v) (Stohl et al., 2005). Trajectory calculations treat advection and in-
clude parametrizations for turbulent diffusion and convection (Stohl et al., 2003,
2005). Grid scale winds from meteorological data sets are used and superim-

posed by sub-grid scale turbulent as well as convective transport (Stohl et al.,
2003, 2005).

In this study, FLEXPART was operated backward in time with operational
data from the European Centre for Medium-Range Weather Forecast (ECMWF)
with 0.125° horizontal and 3 hours temporal resolution as well as with 137 ver-
tical hybrid sigma-pressure levels. Tracer particles are released from a certain
receptor location and followed for 15 days backward in time (Stohl et al., 2003;
Seibert and Frank, 2004; Stohl et al., 2005). The receptor location depends
on airborne sampling location. In detail, releases were repeatedly initialized
each 10-min sampling interval along flight track. By this approach, between
16 and 29 releases were created at each flight, depending on flight duration.

10 Particles need not necessarily to be real particles, but rather infinitesimal small air parcels

(Stohl et al., 2005).

35



EXPERIMENTAL AND MODELING METHODS

36

Table 1: Complementary data and associated instrumentation used in this study along with additional information.

Instrument Data used Particle size range® Time T: total uncertainty Ref. Operator
in this study [unit] resolution R: reproducibility
A: accuracy
CE: collection efficiency
UHSAS N-320 [em™ (STP)*] 320 nm- 870 nm ls CE: 95% ¢ AWI
N-100 [em™3(STP)®]  100nm-1pm
UCPC N-s5 [em™2 (stdP)?  5nm-<3pm Is A:10% ¢ UofT
HR-ToF-AMS ammonium, sulfate,  70-900 nm 20-30s T: 33-37T% f UofT
nitrate, OM, MSA
[ngm=? (stdP)’]
SP2 rBC 85-700 nm 1s R: 10% g AWI
[ngm=? (STP)"]
CO analyzer CO [ppby] 1s T: 4.7 ppb,, h IPA
Hy0/CO32 analyzer VMRyo0 [ppmy] s T: 18.5 ppm, ‘ IPA
AIMMS-20 T [°C], pair [Pa), ls A: 0.3 °C, A: 100Pa+0.05%, AW,
wind speed [ms™!] A:0.5ms™! ECCC

a The upper particle size cut-off is approximately 1pm owing to the particle transmission efficiency of the main aerosol inlet (Sect. 2.2.1), although some

instruments might have a higher upper cut-off.

b Data by the UHSAS and SP2 are presented at standard temperature and pressure (STP) 273.15K and 1013.25hPa (Schulz et al., 2019)

¢ Cai et al. (2008) and Schulz et al. (2019)

d Data by the CPC and HR-ToF-AMS are presented at standard pressure (stdP) 1013.25 hPa, since no temperature measurements inside the inlet line

are available.
e TSI Incorporated (2013) and Leaitch et al. (2016)

f DeCarlo et al. (2006), Bahreini et al. (2008), Willis et al. (2016), and Willis et al. (2017)
g Schwarz et al. (2006), Gao et al. (2007), Laborde et al. (2012), Dahlkotter et al. (2014), and Schulz et al. (2019)
h Scharffe et al. (2012), Aero-Laser GmbH (2013), Wandel (2015), and Bozem et al. (2019)

i Kluschat (2016) and Bozem et al. (2019)
j Aventech (2018)
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Maximum/minimum latitude, longitude, and altitude within the 10-min sam-
pling interval specify the boundaries of the release volume (blue boxes in Fig.
2.9a). In backward mode, FLEXPART calculates the sensitivity of substances,
sampled at the receptor, to source emissions (Seibert and Frank, 2004; Stohl
et al., 2005; Hirdman et al., 2010). This so-called potential emission sensi-
tivity (PES) function (Fig. 2.9a) is provided every six hours, with uniform
horizontal grid spacing of 0.25°, and with five vertical levels (400, 1000, 2000,
5000, and 15000 m; Fig. 2.10). Essentially, the PES value in a particular output
grid cell is proportional to the particle’s residence time in this cell (Seibert and
Frank, 2004; Hirdman et al., 2010) and given in unit of seconds (Fig. 2.10) by
assuming contribution of a source with unit strength in this cell and transport
of an inert tracer'! (Stohl et al., 2003; Hirdman et al., 2010).

FLEXPART output combined with source emission inventories may provide
a more detailed analysis on the relationship between Arctic aerosol composi-
tion and sources. This analysis requires the following data processing steps
(Fig. 2.9b). FLEXPART provides three-dimensional (latitude, longitude, and
altitude) PES maps each six hours backward in time. First, the total resi-
dence time within the 15 days prior to sampling and within a certain vertical
layer for each grid cell is obtained by adding up all PES maps backward in
time. It is assumed that within this vertical layer, the so-called footprint layer,
source emissions occur and mix instantaneously. Therefore, the lowest vertical
level (0-400m) is applied for most ground sources (e.g., Stohl et al., 2013),
except for vegetation fires related to buoyant effects (e.g., Kondo et al., 2011),
as discussed in Sect. 2.2.7.2. Figures 2.10a and b present typical examples of
FLEXPART footprint partial column and total column PES maps, respectively.
Second, so-called potential source inventories (PSIs) are generated, specifying
geolocations of source sectors and source regions (see Sect. 2.2.7). Third, the
prior obtained two-dimensional (latitude and longitude) PES map is folded
with the two-dimensional PSI map. Finally, the total residence time of sam-
pled air mass spent over a specific source within the 15 days prior to sampling
and within the vertical footprint layer is obtained by adding up each grid cell
of the PES-PSI-product.

2.2.7 Potential source inventories

Source contributions to Arctic aerosol composition are analyzed by combin-
ing FLEXPART air mass history with various footprint sources (see above).
The potential source inventories (PSIs) are two-dimensional maps with hori-
zontal grid spacing of 0.25°, specifying geolocation of source regions (see Sect.

11 Inert tracer implies that no chemical and removal processes occur along transport.
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Figure 2.9: Scheme summarizing data processing steps to obtain source contri-
butions to Arctic aerosol composition. (a) FLEXPART backward simulations. The
vertical dimension is not presented. The black arrow represents the flight track. Black
circles indicate 10-min sampling intervals (each indicated by index i) along the flight
track. Blue boxes show particle release volumes. Red arrows and gridded potential
emissions sensitivity (PES) maps represent the trace of particles backward in time
(each indicated by index t). (b) Convolution of FLEXPART PES maps with potential
emission inventories (PSIs) as an example for i =0. FLEXPART PES maps (in unit
of seconds) are added up backward in time (here, 15 days), indicated by the lower
sigma sign with index t. The resulting PES map is folded with the PSI map (see
Sect. 2.2.7). The obtained PES-PSI-products are added up with latitude and longi-
tude, indicated by the two sigma signs. The final sum provides the source-specified
contribution (in unit of seconds) to measurements at the release location.

2.2.7.1) and sectors (see Sects. 2.2.7.2 - 2.2.7.4). PSI maps classify (dimen-
sionless) whether the specific source is present in the grid cell, or not, rather
than providing quantitative source-specified emission data. This approach is
convenient to assess the relation between sources and non-quantitative aerosol
composition data by the ALABAMA. The following sections briefly describe
the setup of various PSI maps by using data sets from satellite observations
among others. The Arctic airborne measurements were conducted from 4 until
21 July 2014, whereas air mass history analysis presented here was done for 15
days prior to sampling.
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Figure 2.10: Example of FLEXPART 15-days integrated (a) total column and (b)
partial column (0-400m) potential emission sensitivity (PES) in unit of seconds,
plotted on a polar stereographic map.

2.2.7.1 Geographical source regions

Geographical regions that contribute to Arctic aerosol in summer comprise pri-
marily northern Eurasia, North America, East Asia, and the Arctic itself (see
Sect. 1.2). Based on several Arctic studies (Stohl, 2006; Shindell et al., 2008;
Bourgeois and Bey, 2011; Liu et al., 2015; Yang et al., 2018), main source re-
gions are shown in Fig. 2.11. This study considers Europe and Siberia, likewise,
Alaska, northern Canada (nCa), and southern North America (sNA) separately
due to differences in vegetation fire occurrence (Fig. 2.12a), industrial sources
(Fig. 2.12b), flaring spots (Fig. 2.12¢), and population density (Fig. 2.12d).
Large marine areas of the Pacific and Atlantic Oceans are included due to
their vicinity to Arctic regions. Arctic regions are specified as located north of
73.5° N, based on the determination of the July 2014 polar dome location by
Bozem et al. (2019).

2.2.7.2  Vegetation fires

The Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi
National Polar-Orbiting Partnership spacecraft can detect sub-pixel thermal
anomalies by signals in mid- and thermal infrared spectral range (Schroeder
et al., 2014; Schroeder and Giglio, 2018). Thermal anomalies typically include
both active vegetation fires and industrial heat sources by fossil-fuel combustion
etc. Data of the so-called near real-time VIIRS 375 m Active Fire product were
downloaded online for 19 June until 21 July 2014 (NASA, 2018) and projected
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Figure 2.11: Map showing potential source inventories of geographical regions: Arc-
tic, Alaska, northern Canada, southern North America, Pacific, Greenland & At-
lantic, Europe, Siberia, and East Asia, referenced in FLEXPART air mass history
analysis (see Sects. 4.2 and 4.4).

on potential source inventory (PSI) gridded maps by adding up observations in
each grid cell. Thermal anomalies were identified by one or more observations
per grid cell within the respective time.

The presence of vegetation fires can be distinguished from other thermal anoma-
lies by the following approach. Anthropogenic heat sources, such as industry,
flaring, and densely populated regions, are separately mapped (see Sect. 2.2.7.3)
and subsequently excluded from the thermal anomaly PSI map. Residual heat
sources in Fig. 2.12a thus present vegetation fires, accumulated for 19 June
until 21 July 2014. This approach looks reasonable in comparison with Arndt
et al. (2015), at least for boreal fires in northern Canada and Siberia. North
American and north Asian biomass burning budgets were anomalously high in
2014 compared to 2001-2013 (Fig. 2.57 and Table 2.8 in Arndt et al., 2015).
Particularly in summer 2014, large fires in the Great Slave Lake region and
Siberia were evident (Fig. 2.40 in Arndt et al., 2015), confirming results in
Fig. 2.12a. However, the main weakness of this approach is given by temporal
variabilities of the data sets, as described in Sect. 2.2.7.3.

Vegetation fire injection heights are highly variable owing to a combination
of fire type, fuel consumption, and prevailing meteorological conditions (e.g.,
Lavoué et al., 2000; Andreae and Merlet, 2001; Leung et al., 2007; Kondo et al.,
2011; Val Martin et al., 2018). Several studies show injection heights for bo-
real fires in North America and Siberia primary between 1km and 5km (e.g.,
Lavoué et al., 2000; Stohl, 2006; Turquety et al., 2007; Leung et al., 2007; Val
Martin et al., 2018). In view of having no better information, the footprint
layer for vegetation fires is here defined between 1km and 5 km.
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Figure 2.12: Map showing potential source inventories (PSIs) of sectors: (a) vegeta-
tion fires, (b) industry (including flaring), (c) flaring, and (d) population, referenced
in FLEXPART air mass history analyses (see Sects. 4.2 and 4.5). Sub-figure (a) shows
accumulated fires for 19 June until 21 July 2014; PSI vegetation fire maps that refer
to each flight are given in Figs. A.16 and A.17. Red pixels indicate the presence of
the respective source in the grid cell.

2.2.7.3 Anthropogenic sources
Industrial sources and flaring

The Nightfire product from VIIRS offers quantitative estimates of infrared
source emission temperatures by taking advantage of absent solar reflectance
in short-wave infrared spectral range during night (Elvidge et al., 2013, 2016).
Emission temperatures typically exhibit bimodal distributions by a combina-
tion of gas flares dominating the upper mode (peaking in the 1600-2000 K
range) and other industrial heat sources as well as vegetation fires dominating
the lower mode (peaking in the 800-1200 K range; Elvidge et al., 2016; Liu
et al., 2018). Thus, temperature distributions of vegetation fires and industrial
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Figure 2.13: Map showing the mean infrared emission temperatures of industrial
heat sources for November 2013 until January 2014.

sources can overlap, depending on the industry sector and the vegetation type.
However, vegetation fires at mid- to northern latitudes exhibit a clear season-
ality with minimum occurrence between November and January (e.g., Giglio
et al., 2013). Consequently, this analysis took advantage of both emission tem-
peratures and seasonality to differentiate between the presence of industrial
hot spots and vegetation fires (Elvidge et al., 2013; Liu et al., 2018). VIIRS
Nightfire data were thus downloaded for November 2013 until January 2014
and for latitudes north of 25°N (NOAA, 2018a). Data points were projected
on the PSI gridded map by averaging temperatures in each grid cell (Fig. 2.13).
Industrial hot spots were identified by both pixel mean temperature larger than
840 K' as well as one or more observations per grid cell within the respective
time, owing to source persistence (Fig. 2.12b).

Gas flares can be clearly detected by VIIRS Nightfire emission temperatures
between 1600 K and 2000 K (Fig. 2.13) independent on season (Elvidge et al.,
2016). Based on this temperature definition, VIIRS Nightfire provide the so-
called Flares only product (NOAA, 2018b). Data between 30 March and 13
May 2014'3, were projected on PSI gridded map by adding up observations in
each grid cell. Flares were identified by more than one observation per grid cell
within the respective time, owing to source persistence (Fig. 2.12c¢).

Both approaches look reasonable by comparing Figs. 2.12b and ¢ with Fig. 8 in
Elvidge et al. (2016) and Fig. 8 in Liu et al. (2018). Oil/gas- and coal-related
plants in northwestern Siberia (near Norilsk and Novy Urengoy), northern Eu-

840 K presents the lowest mean temperature for industrial sites, indicative for nonmetal-
mineral producing plants (Liu et al., 2018).

Data earlier in 2014 are not available and high latitude data later than May are not valuable
due to 24 h solar irradiance.
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Figure 2.14: Polar stereographic map showing the July 2014 mean sea ice concen-
tration from the National Snow and Ice Data Center (Cavalieri et al., 1996, updated

yearly).

rope (North Sea, Norwegian Sea, and Nenets region) and Alaska (Prudhoe Bay)
can be clearly identified (Figs. 2.12b and ¢). However, uncertainties remain by
non-continuously operating industrial sources.

Population

Populated areas provide anthropogenic emissions from residential heating, trans-
portation, cooking etc. The criteria for the PSI grid cell to be classified as

populated is given by more than 1000 people live in a 0.25°x0.25° area. Ge-
olocational data on population are provided online (MaxMind, 2018). Densely

populated regions in central Europe and coastal North American can be clearly

identified, whereas Northern Canada, Alaska, and Siberia present sparsely pop-
ulated regions (Fig. 2.12d).

2.2.7.4 Arctic natural marine sources

Arctic open water sources might have a large impact on aerosol properties in
summertime Arctic regions (see Sect. 1.2.6). Sea ice coverage in July 2014 is
thus assessed to obtain areas of open water in the Arctic. The Special Sensor
Microwave Imager/Sounder (SSMIS) onboard the Defense Meteorological Satel-
lite Program (DMSP) provides data on sea ice coverage, based on brightness
temperature (Cavalieri et al., 1996, updated yearly). Data represent the frac-
tional amount of sea ice covering a 25x 25 km grid cell in a polar stereographic
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Figure 2.15: Map showing the potential source inventory (PSI) of July 2014 mean
Arctic open water areas derived from Fig. 2.14.

projection. Figure 2.14 shows the mean July 2014 sea ice concentration. Polar
stereographic coordinates were converted to geodetic latitude and longitude for
polar regions (Snyder, 1982)'4. The obtained data grid was synchronized with
PSI gridded map by averaging concentrations in each grid cell. Arctic open
water is defined by both sea ice concentrations less than 30 % and latitudes
north of 73.5°N (see Sect. 2.2.7.1 and Fig. 2.15).

14 Source code was taken from ftp://sidads.colorado.edu/pub/DATASETS /seaice /polar-stereo/
tools/mapxy.for.
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SINGLE PARTICLE CHEMICAL COMPOSITION-DATA
ANALYSIS

The ALABAMA provides a multitude of single particle spectra during field and
laboratory experiments. This section introduces the step-by-step data analysis,
conducted in this study to obtain results on aerosol particle composition mea-
sured by the ALABAMA during the Arctic field experiment (see Ch. 4). The
content of this chapter is partly adapted from Kollner et al. (2017).

3.1 PARTICLE CLASSIFICATION-ION MARKER METHOD

The software package Concise Retrieval of Information from Single Particles
(CRISP)! is a comprehensive tool to process and analyze single particle mass
spectra (Klimach, 2012). Raw spectra that provide signal intensities in mV as
a function of ion flight time ({1,r) are processed using CRISP by the follow-
ing steps. First, by using CRISP-integrated wavelet transformation, CRISP
performs the ion mass to charge ratio (m/z) calibration based on the propor-
tionality of tor to v/m/z (Klimach, 2012):

tToF:CH-b'\/%, (12)

with calibration coefficients a and b, with b is being defined as follows:

b (13)

S Y ——
m \/U(STOF)

with ion flight path (s.r), elementary charge (e), and mass spectrometer high
voltages (U). The calibration coefficient a considers the shot-to-shot variability
of ion formation starting conditions (Brands et al., 2011; Klimach, 2012). Sec-
ond, the area below the ion signal is determined by integrating the raw signal
in mV over time, providing the so-called particle stick spectra with the ion
peak area in mV-sample? (Klimach, 2012). Followed by this initial processing
of raw spectra, single particle stick spectra are classified into various particle

types.

Particle classification describes the assignment of each analyzed particle to

1 CRISP was programmed in Igor Pro. (version 6.37; WaveMetrics, 2015).
2 The oscilloscope sampling interval is set to 2 ns.
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one out of a set particle types or groups. Typically tens to hundreds of thou-
sands of single particle spectra are analyzed by the ALABAMA during field
experiments. In turn, each particle spectrum can contain up to several dozen
peaks of both negative and positive ions. To analyze and interpret this mul-
tidimensional data set, it is thus necessary to find an appropriate method to
classify particles into a relatively small number of groups.

Several methods had been introduced in recent years to classify single particle
mass spectra (e.g., Song et al., 1999; Hinz et al., 1999; Murphy et al., 2003;
Gross et al., 2010; Klimach, 2012; Reitz et al., 2016; Sultana et al., 2017a;
Christopoulos et al., 2018). However, automated clustering, based on fuzzy c-
means algorithm (Bezdek et al., 1984; Hinz et al., 1999), has been primarily
used for the ALABAMA data analysis (e.g., Roth et al., 2016; Schmidt et al.,
2017) and is briefly described as follows. Single particle mass spectra are as-
signed to the nearest/similar cluster, using so-called distance functions based
on, for example, Euclidean metric or Pearson correlation. The ion peak area
values of the particle stick spectrum are then used to calculate the distance.
Thus, the assignment of single particle spectra to particle clusters is influenced
by dominant ion peaks, even though they do not necessarily reflect atmospheric
composition, due to matrix effects and composition-dependent ionization effi-
ciencies (see Sect. 2.1.1). Particles containing also smaller peaks are sorted into
clusters that are derived from dominant ion peaks. Pre-scaling of the ion peak
area by taking the square root can reduce relative differences (Rebotier and
Prather, 2007), however, not to the extent that differences by ionization effi-
ciencies etc. are fully compensated. Therefore, the so-called ion marker method
is used in this study.

The ion marker method classifies particles based on the presence of pre-selected
species that are of interest. This approach is not dependent on the absolute
value of the ion peak areas within one spectrum, but only on the presence of a
certain ion peak area above a defined threshold value. To the author’s knowl-
edge, the ion marker method was first introduced by Tolocka et al. (2004), later
implemented in CRISP (Klimach, 2012), and partly applied for the ALABAMA
particle classification in Roth et al. (2016). In principal, four analysis steps are
required. First, a pre-selection of chemical compounds that are of interest for
the study is necessary. In this study, prior fuzzy c-means clustering provided
a brief overview of ions that were detected on average in Arctic summertime
aerosol particles (not shown). In parallel, literature was reviewed based on the
current knowledge and gaps of summertime Arctic aerosol (see Sect. 1.2). Sec-
ond, ion markers of laboratory-generated particles of known composition are
compared to ions from ambient particles analyzed during the field experiment
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Table 2: Particle classification by marker species and associated ion markers applied

in this study. References from SPMS laboratory and field studies are indicated by

numbers that are defined below. The semicolon can be understood as the logical

“and”. This table is partly adapted from Kollner et al. (2017).

Marker species Ton markers References Comments
(abbreviation) (lab/field)
Trimethylamine m/z+59 ((CHz)3NT); +58 (C3HgN ™) 1,2/3,4,5
(TMA)
Sodium m/z+23 (Nat); 6,7,8/9,3 Isobaric
and/or chloride (at least two of the following ions) interference
and/or nitrate +46 (Naj ), +62 (NapO™), +63 (NagOHT); with MSA
(Na/Cl/Nitrate)  (at least one of the following at m/z-95
isotopic patterns/ions)
+81/83 (NapClH),-35/37 (C17),
-93/95 (NaCly ),-46 (NO3 ), -62 (NO3 )
Elemental carbon  (at least six of the following ions) 7,8/3,10 Except
(EC) m/z+36,+48, ..., +144 (C3_,) m/z-96 due
and/or to isobaric
(at least six of the following ions) interference
m/z-36,-48, ...,-144 (C5_,,) with SO}
Ammonium (NHy) m/z+18 (NH)) 10/3,7
Sulfate (SO4) (at least one of the following ions) 10,2/3,7

m/z-97 (HSOy ),-96 (SO} )

Continued on next page.

(see Sect. 3.1.1). Third, a threshold for the ion peak area needs to be determined
to distinguish the ion signal from background noise (see Sect. 3.1.2). Finally,

internal and external mixtures of several chemical compounds are identified by

presenting particle types in the so-called decision tree (see Fig. 3.1.3).

3.1.1  Ion markers

Ambient particle mass spectra are interpreted based on comparison with spec-
tra of laboratory-generated particles of known composition that have been
accomplished under similar experimental conditions. In detail, mass spectra
characteristics (i.e., ion markers) depend on operating condition of the abla-
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Table 2: Continued.

Marker species Ton markers References Comments
(abbreviation) (lab/field)
Potassium (K) m/z+39/41 (KT) 7,2/3,10,11,12 isobaric inter-

ference with
C3H§r at m/z
439 possible

Methanesulfonic ~ m/z-95(CH30357) 13/14 isobaric
acid (MSA) interference
with PO,
excluded by
absent PO3
at m/z-79
Low-molecular (at least one of the following ions) 13/15,16,17 representative:
weight m/z-89 (CoHO, ), oxalic acid
dicarboxylic acids m/z-103 (C3H30; ), malonic acid
(DCA) m/z-117 (C4H50, ) succinic acid
Nitrate (NO3) (at least one of the following ions) 10,13/3,7

m/z-46 (NOy ),-62 (NO3)

Given reference numbers are defined as follows: (1) Angelino et al. (2001),(Pthis study in Sects.
3.1.1.1 and 3.1.1.2,®Roth et al. (2016),(Y Healy et al. (2015),(®)Rehbein et al. (2011),(5)Prather et al.
(2013),(M Schmidt et al. (2017),(8) Brands (2009),(9)Sierau et al. (2014),(19)Brands et al. (2011),(!1)Hudson
et al. (2004),12)Pratt et al. (2011),(13)Silva and Prather (2000),(¥)Gaston et al. (2010),(15)Lee et al.
(2003),(18)Sullivan and Prather (2007),(17) Yang et al. (2009).

tion laser in the ionization region (i.e., wavelength, intensity, and beam ho-
mogeneity), in particular for organic compounds (e.g., Thomson et al., 1997;
Suess and Prather, 1999; Silva and Prather, 2000; Angelino et al., 2001; Roth,
2009; Brands, 2009). For this study, ion markers were chosen based on labo-
ratory studies by both the ALABAMA and other single particle mass spec-
trometers (SPMSs) using 266 nm laser wavelength (Table 2). Averaged laser
intensities vary with studies between 108 W cm ™2 and 3-109 W cm ™2 (see Table
7 in Sect. B.1). However, the actual intensity that the particle is exposed to
can still vary shot-by-shot, due to particle beam divergence combined with the
Gaussian laser beam profile as well as laser beam inhomogeneities (e.g., Silva
and Prather, 2000; Wenzel and Prather, 2004; Brands et al., 2011). Thus, un-
certainties for mass spectral interpretation remain by varying laser intensities.
At least, none of the studies operated the laser at intensities > 101 W em ™2,
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at which molecules likely fragment to atomic ions (Reents and Schabel, 2001;
Murphy et al., 2007).

The label of marker species is given by the known particle composition from
laboratory-generated samples, rather than by the associated particle source
(Table 2). Particle spectra showing carbon cluster ions are labeled as elemental
carbon (EC). Essentially, the term EC refers to high-temperature residue, as
measured by thermographic methods (e.g., Prather, 2012; Seinfeld and Pandis,
2016). Nonetheless, the term EC is widely used in the SPMS community for par-
ticles containing carbon cluster ions by linking the chemical structure to mass
spectra analysis technique (e.g., Spencer et al., 2008; Prather, 2012; Corbin
et al., 2012). In some cases, other terminology such as BC and soot can be
found (e.g., Moffet and Prather, 2009; Roth et al., 2016; Schmidt et al., 2017).
However, EC is preferred in this study by the following reasons. First, particle
measurements by laser ablation/ionization do not provide optical properties of
the particle, as it used to measure BC (Petzold et al., 2013; Bond et al., 2013).
Second, soot is considered as being an internal mixture of elemental carbon,
organic matter, and small amounts of other elements (e.g., Seinfeld and Pandis,
2016).

Particle spectra showing oxalic acid, malonic acid, and/or succinic acid are
labeled as dicarboxylic acids (DCA). Silva and Prather (2000) reported the
presence of deprotonated negative parent ions in mass spectra of organic acids
(here, m/z-89,-103, and -117). Other organic acids of interest for Arctic aerosol
composition, such as maleic acid, fumaric acid, or phthalic acid (Kawamura and
Bikkina, 2016), were not significantly abundant in ambient particle spectra de-
tected during the Arctic field experiment.

The following sections provide laboratory-generated particle mass spectra of
trimethylamine, levoglucosan, and potassium sulfate by the ALABAMA to
verify ion markers by other SPMS studies using 266 nm laser wavelength.

3.1.1.1  Trimethylamine

Particulate amines are of interest for this study due to the sparse knowledge
of their sources and atmospheric abundance in Arctic regions (see Sect. 1.2.6).
Prior fuzzy c-means clustering of the Arctic data set (not shown) indicated the
presence of trimethylamine (TMA) by ion peaks at m/z+59 and +58 (An-
gelino et al., 2001). Besides TMA, other alkylamines and amino acids were not
significantly abundant in Arctic ambient single particle spectra and/or could
not be identified by isobaric interferences with other substances (see Sect. B.2).
Potential reasons for this are discussed in Sect. 4.7. However, ion markers of
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Figure 3.1: Trimethylamine (TMA) mean cation spectrum of 88 single particle
spectra analyzed by the ALABAMA.

TMA measured by Angelino et al. (2001) were verified by ALABAMA labora-
tory measurements as follows.

A mixture of TMA dissolved in water and sulfuric acid was nebulized with
an aerosol generation system. The resulting droplets passed through a diffu-
sion dryer filled with silica gel to remove water. The particles further passed
through a differential mobility analyzer (DMA) with the classifier set at the
appropriate voltage to extract 300 nm particle size and were then guided into
the ALABAMA. The ablation laser intensity was smaller for the TMA labora-
tory measurements (~ 5-10° W em™2) than for the Arctic field measurements
(~2-10° W cm™2) by degeneration of the laser optics (see Sect. B.1).

The mean mass spectrum in Fig. 3.1 is characterized by ion peaks at m/z 459
((CH3)3N*; molecular ion of TMA) and m/z +58 (C3HgN™). This result con-
firms laboratory measurements by Angelino et al. (2001). Ion peaks at m/z +60
((CH3)sNH™) and m/z+76 ((CH3)sNOHT) can be explained by protonation
and oxidation of TMA, respectively (Angelino et al., 2001). The characteris-
tic ion peaks of TMA (m/z+59 and m/z-58) were present in Arctic single
particle mass spectra, despite the higher laser intensity during the Arctic field
experiments compared to the TMA laboratory study.

3.1.1.2  Levoglucosan and Potassium Sulfate

Levoglucosan (or 1,6-anhydro-beta-glucopyranose; CgHj0O5) is a key organic
tracer for vegetation fires (see Sect. 1.2.4). However, there is no consensus in
SPMS literature about ion markers of levoglucosan. The averaged laboratory
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Figure 3.2: Potassium sulfate (KSO4) mean bipolar spectrum of 69 single particle
spectra analyzed by the ALABAMA. The isotopic ratio of potassium at m/z +41
and m/z+39 is too high, likely caused by saturation effects of the MCP.

mass spectrum by Silva et al. (1999) shows ion peaks at m/z-45,-59 and-71,
while others also used m/ z-73 to identify levoglucosan in ambient mass spectra
(Moffet et al., 2008; Corbin et al., 2012). Consequently, ALABAMA laboratory
measurements were conducted to identify mass spectra characteristics of lev-
oglucosan.

Levoglucosan is poorly absorbing at 266 nm laser wavelength as found in this
laboratory study. Therefore, the better absorbing material KSO4 was mixed
with levoglucosan. Both substances were suspended in purified water and neb-
ulized with an aerosol generation system. Diffusion dryers filled with silica gel
removed water from the particles and the resulting particles were introduced
into the ALABAMA. Analogous to levoglucosan mixed with KSO4, KSO4 was
separately analyzed to differentiate ion peaks originating from levoglucosan
and KSOy.

The mean mass spectrum of KSO, is characterized by molecular ion peaks
at m/z-135/137 (Fig. 3.2). It further shows potassium peaks at m/z+39/41
as well as several fragments that contain sulfur and/or oxygen (m/z -96/98, -
80,-64,-48,-21, and -16). In parallel, the mean mass spectrum of levoglucosan is
obtained by subtracting the mean spectrum of KSO4 from levoglucosan mixed
with KSOy4 (Fig. 3.3). As a result, levoglucosan is characterized by fragments
at m/z-71,-59,-45, confirming laboratory measurements by Silva et al. (1999).
Additional fragments at m/z-58,-41, and -25 have been also reported by Silva
et al. (1999), albeit not dominant in their study. However, in contrast to what
was previously assumed (Kollner et al., 2017), these mass spectral characteris-
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Figure 3.3: Mean anion spectrum of levoglucosan, obtained as the difference be-
tween the mean spectrum of levoglucosan with KSO4 (average of 754 single particle
spectra analyzed by the ALABAMA) and the pure KSO4 mean spectrum (see Fig.
3.2).

tics are not unique for levoglucosan, by isobaric interferences with fragments
of other oxygen-containing organic compounds (Table 3). It is thus difficult to
clearly identify levoglucosan in ambient particle mass spectra. Due to those dif-
ficulties, levoglucosan is separately discussed in Ch. 4 and not added in Table
2.

3.1.2  Ion peak area thresholds

The ion peak area threshold is assessed to distinguish ion signals from back-
ground noise. The following criteria were used to determine this value. All am-
bient single mass spectra collected by the ALABAMA during the Arctic field
experiment were used (Table 10 in Sect. C.3). Further, it was assumed that
certain m/z values are not occupied by ions from ambient particles by laser
ablation /ionization, such as m/z2-11 and m/z245-250 for both polarities.
Finally, the threshold is defined at the 99 %-100 % cumulative probability of
ion peak areas of the non-occupied m/z values (Fig. 3.4). Together, the thresh-
olds for positive and negative polarity are 10 mV-sample and 25 mV-sample,
respectively.

Definitions of the threshold vary with literature (e.g., Tolocka et al., 2004;
Moffet et al., 2008; Yao et al., 2011; Furutani et al., 2011; Roth et al., 2016).
Exemplary, Tolocka et al. (2004) defined the threshold as having a signal-to-
noise ratio of 4 above the average baseline level. Similar, Moffet et al. (2008)
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Table 3: Organic compounds showing isobaric interferences with fragments of lev-

oglucosan.
Compounds Ion References
markers
Acetic acid m/z-59  Brands et al. (2011)
Methylglyoxal m/z-71, Zauscher et al. (2013)*
m/z-59  Zauscher et al. (2013)*
Acrylate m/z-71  Zauscher et al. (2013)*

Polycyclic aromatic hydrocarbons m/z-25  Silva and Prather (2000)
Polycyclic aromatic hydrocarbons m/z-41  Silva and Prather (2000)
-cont. alkohol functional groups m/z-41  Silva and Prather (2000)

*Zauscher et al. (2013, Supplement) further reported that most oxygen-containing organic standards show
small ion peaks at m/z-45 and m/z-59.

set the threshold as being two times the detection threshold. Both studies did
not report on the determination of the baseline and detection threshold. From
the author’s point of view, it is possible to derive a baseline by recording so-
called empty mass spectra, provided when the ablation laser shoots with a
fixed frequency and thus, does not trigger on particles. However, those empty
mass spectra were not recorded during the Arctic field experiment?. Therefore,
in this study, the non-occupied m/z values were used to determine the thresh-
old. For comparison reasons, the thresholds 10 mV-sample and 25 mV-sample
correspond to five to six times the standard deviation above the averaged ion
peak areas of the non-occupied m/z values.

3.1.3 Aerosol internal and external mizing state

Particle classification proceeds further by creating decision tree(s) to identify
internal and external aerosol particle mixtures. Chemical composition of a sin-
gle aerosol particle is typically a complex interplay of signatures from both
the particle source and atmospheric aging to the time of detection (see Sect.
1.2.2). Figure 3.5a schematically illustrates the internal and external mixing of
substances, whereby Fig. 3.5b provides the associated decision tree.

The decision tree is structured as follows: upper/lower branches refer to pos-

3 The author took note on this procedure for subsequent ALABAMA field measurements.
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Figure 3.4: Cumulative probability distributions of the positive (red lines) and
negative (black lines) ion peak areas at m/z2-11 and m/z245-250 (assumed non-
occupied m/z values). The vertical lines depict the 99 %-100 % thresholds.

itive /negative response for whether ion markers of the respective substance
(here, indicated by colors and letters A to D) are above/below the ion peak
area threshold. The label of the internally-mixed particle types is intentionally
chosen according to ion markers that are present in the particle spectra (Fig.
3.5b). The absence of marker species in single particle spectra does not neces-
sarily reflect particle composition, owing to composition-dependent ionization
efficiencies, particle structural heterogeneity etc. (see Sect. 2.1.1). Exemplary
for the labeling, substance A is partly internally mixed with substances B and C
(Fig. 3.5a), providing the “A,B,C”-containing particle type (Fig. 3.5b). Further,
substance D is externally mixed from other substances (Fig. 3.5a), providing
the “D”-containing particle type (Fig. 3.5b).

3.2 SCALING THE ALABAMA PARTICLE FRACTION

Followed by the particle classification, the fraction of the ALABAMA particle
types is calculated (Fig. 3.6a). Conceptually for the particle fraction, the counts
of both all collected particles and particles of the specific type are binned into
bins of simultaneously measured variables, such as altitude or CO mixing ratio
(see horizontal axis in Fig. 3.6). Bin widths are chosen to guarantee an accept-
able level of both statistical significance and resolution. For each bin, these
counts are summed and divided by each other, providing the number fraction
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Figure 3.5: Schemes illustrating the external and internal particle mixing of differ-
ent substances (A to D). (a) Diagram representing the relationship between different
substances in individual particles. Different colors and associated letters present dif-
ferent substances. Circle areas are proportional to the number of particles including
the substances. Overlapping of circles indicates internal mixing. The overall area is
scaled to the overall number of particles (100 %). (b) Decision tree quantitatively
(in percentage) presenting the associated diagram in (a). Upper/lower branches refer
to the presence/absence of substances in particle mass spectra. The labels of the
internally-mixed particle types are given on the right.

of the specific particle type (PF’; see Fig. 3.6a). In some instances, there were
not enough spectra in one bin. Thus, bins containing less than 20 spectra in
total were excluded from the analysis. Together, the ALABAMA particle frac-
tion (PF') refers to the relative contribution of the particle type with respect
to all collected particles in comparison with simultaneously measured variables.

Further, the particle fraction is scaled to number concentrations, using measure-
ments of a co-located quantitative reference instrument, hereafter the UHSAS
onboard the Polar 6 (see Sect. 2.2.2). The UHSAS number concentration in a
size range between 320 nm and 870 nm (/N~320; Fig. 3.6b) is used. Conceptually,
scaled number concentrations of ALABAMA particle types are determined by
multiplying the particle fraction with the averaged UHSAS number concentra-
tion in each bin (PF - Nx320; Fig. 3.6¢). The conversion of unscaled ALABAMA
measurements into quantitative particle number concentrations allows to assign
particle types to different sources (Sullivan and Prather, 2005). To note, quan-
titative number concentrations cannot be provided by the ALABAMA alone,
mainly caused by the pressure-dependent CPI transmission efficiency (see Sect.
2.1.2) and lens alignment issues. The latter issue was caused by the bipod lens
holding that was susceptible to vibrations (see Table 6 in Sect. A.3 and Sect.
2.1.4).
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Figure 3.6: Example for the three-step scaling procedure. Variables that are simul-
taneously measured (such as altitude or CO mixing ratio) are binned and compared
with (a) the ALABAMA number fraction of the specific particle type (PF), (b) the
averaged UHSAS number concentration in a size range between 320 nm and 870 nm
(N=320), and (c) the scaled ALABAMA number concentration (PF - Nx39).

This scaling procedure is similarly used in numerous SPMS field studies (e.g.,
Allen et al., 2000; Wenzel et al., 2003; Sodeman et al., 2005; Qin et al., 2006;
Ault et al., 2009; Qin et al., 2012; Healy et al., 2012, 2013; Gunsch et al., 2018).
Taking this number-based scaling method, some studies further calculated par-
ticle mass concentrations by assuming sphericity as well as by using averaged
particle density and the measured particle size (e.g., Allen et al., 2000; Ault
et al., 2009; Qin et al., 2012; Healy et al., 2012, 2013; Gunsch et al., 2018).
The conversion determines the mass concentration of specific particle types,
rather than of chemical species. There are several further mass quantification
approaches for SPMS analyses introduced in recent years (e.g., Bhave et al.,
2002; Qin et al., 2006; Shen et al., 2019). However, this study will not convert
number to mass concentrations by reasons introduced in Sect. 2.1.1, such as
matrix effects and incomplete particle ablation/ionization.
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The scaling method assumes that the ALABAMA transmits, detects, and ab-
lates/ionizes all particles with the same efficiency, namely the collection effi-
ciency (C'E). This assumption may introduce errors in the scaled number con-
centrations, as the detection efficiency (DFE) and hit rate (HR) are observed
to be dependent on several factors. The DFE is size-dependent as explained in
Sect. 2.1.3. However, a size-dependent scaling factor was not used in this study,
owing to the low particle counting statistics per bin. As a result, the scaling
method may lead to errors when determining the concentration of particles
smaller than approximately 400 nm. Likewise, the H R is dependent on various
particle characteristics, such as size, composition, and shape (see Sect. 2.1.4;
Thomson et al., 1997; Kane et al., 2001; Moffet and Prather, 2009; Brands et
al., 2011), caused by the laser ablation/ionization technique itself (i.e., actual
laser intensity, particle beam divergence, ionization efficiencies etc.). The hit
rate can thus vary during ambient measurements, which may cause a problem
when interpreting the fraction of particle types as a function of simultaneously
measured variables. Further details on the hit rate variability during the Arctic
field experiment in July 2014 are given in Sect. B.3.
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AEROSOL PARTICLE COMPOSITION IN THE
SUMMERTIME ARCTIC

Parts of this chapter are based on the following publication: Kollner et al.
(2017).

4.1 AIRBORNE ARCTIC FIELD EXPERIMENT NETCARE 2014

Motivated by the limited knowledge of summertime Arctic aerosol processes,
an aircraft campaign took place from Resolute Bay, Nunavut (Canada) from
4-21 July 2014. The aircraft campaign named NETCARE 2014 was part of
the “Network on Climate and Aerosols: Addressing Key Uncertainties in Re-
mote Canadian Environments” (NETCARE) project. Resolute Bay is located
at 74.71° N and 94.97° W, thus, within the influence region of the July 2014 po-
lar dome, according to Bozem et al. (2019). Resolute Bay faces the Northwest
Passage with the Lancaster Sound near Baffin Bay and Nares Strait (Fig. 4.1).
The community includes approximately 200 residents as well as a number of
researchers facilitated by the Polar Continental Shelf Program.

Eleven flights were conducted from Resolute Bay with the Polar6 aircraft be-
tween 4 and 21 July 2014 (Fig. 4.2). As a result, the total sampling time was
about 44 hours of which roughly half of the time has been spent each in the
boundary layer (BL) and the free troposphere (FT). The analysis on boundary
layer height is provided in Sect. 4.2. Flight tracks covered altitudes typically up
to 3.5 km, while the flight on 8 July reached altitudes up to 6 km. The earliest
and latest take-off and landing time was 15 UTC and 23 UTC!, respectively,
with the consequence that flights were performed only during daytime.

The measurements took place largely over remote areas characterized by open
water (Lancaster Sound and polynyas north of Resolute Bay), sea ice, and Arc-
tic vegetation (Fig. 4.2). The sharp transition between open water and sea ice
was situated approximately 150 km south-east of Resolute Bay. The ice/water
coverage in Fig. 4.2 was representative for the area from 4 to 12 July. The ice
edge became less sharp with more fractured ice, along with higher wind speeds
after 12 July.

1 UTC minus 5 hours corresponds to local time.
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Figure 4.1: Satellite image (visible range from MODIS) from 4 July 2014 show-
ing sea ice and open water conditions around Resolute Bay, in Lancaster Sound,
Nares Strait, and Baffin Bay. The red box indicates the region expanded with
flight tracks in Fig. 4.2. The satellite image is courtesy of NASA Worldview:
https://worldview.earthdata.nasa.gov. The figure is adapted from Kollner et al.
(2017).

Local anthropogenic pollution might have effected the measurements, but is pri-
marily related to the sparse Arctic settlements with domestic activities, traffic,
landfill and waste burning as well as local airports, and electric power gener-
ators (Aliabadi et al., 2015). The nearest neighboring communities are Arctic
Bay and Grise Fjord with approximately 360 km distance to Resolute Bay. Fur-
ther, the Canadian research vessel Amundsen reached the measurement region
on 17 July. This was part of a coordinated ship-based measurement campaign
within the NETCARE project (e.g., Abbatt et al., 2019). Parts of the flights
from 19 to 21 July aimed to measure those shipping emissions (Aliabadi et al.,
2016a). However, the ALABAMA was not successfully measuring the compo-
sition of particles emitted by the ship for two reasons. First, freshly emitted
ship particles are typically smaller than the ALABAMA detectable size range.
Second, sampling times within the fresh ship emissions were too short (some
seconds) to obtain an acceptable level of particle counting statistics with the
ALABAMA. Summarizing, the remoteness of the Resolute Bay region ideally
allowed to study the pristine summertime Arctic atmosphere with access to
open water regions.



4.2 METEOROLOGICAL OVERVIEW AND AIR MASS HISTORY

— July 17
— July 19
— July 20

Latitude (deg)

Longitude (deg)

Figure 4.2: Satellite image (visible range from MODIS) from 4 July 2014 with a
compilation of flight tracks conducted during 4 - 21 July 2014 (indicated with different
colors). On July 21, two flights were performed indicated by a and b. The figure is
adapted from Kollner et al. (2017).

This chapter will discuss the ALABAMA single particle composition measure-
ments obtained during NETCARE 2014, to address the questions stated in
Sect. 1.3. To note, the NETCARE program includes a suite of extensive Arctic
field operations (i.e., ground-based, airborne, and ship-based) as well as Arctic
aerosol and climate modeling activities. A detailed summary of the NETCARE
results is given in Abbatt et al. (2019) and available online in the joint special
issue of the journals Atmospheric Chemistry and Physics (ACP), Atmospheric
Measurement Techniques (AMT), and Biogeoscience (BG): http://www.atmos-
chem-phys.net /special__issue835.html.

4.2 METEOROLOGICAL OVERVIEW AND AIR MASS HISTORY

Meteorological conditions combined with air mass history play a major role
when understanding Arctic aerosol composition influenced by local as well as
distant sources and transport. The conditions changed over the course of the
NETCARE 2014 campaign (compare Figs. 4.3a and b). As a result, the mea-
surements were separated into two distinct regimes, according to the prevailing
weather conditions and hence air mass history: the Arctic air mass period and
the southern air mass period (Burkart et al., 2017).

In the following sections, meteorological conditions combined with particle
and trace gas properties are illustrated with median and percentile values as
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Figure 4.3: Mean geopotential height at 850 hPa indicated by colors in geopotential
dekameter (gpdm) and sea level pressure represented by the white contour lines
during (a) the Arctic and (b) the southern air mass periods, plotted on a polar
stereographic map. The figure is courtesy of Bozem et al. (2019).

a function of sampling altitude (Figs. 4.4 and 4.9). These figures include all
data measured during the respective time frame. Air mass history predicted
by FLEXPART is summarized in Figs. 4.5, 4.7, 4.10, and 4.11 as a function of
sampling altitude. In general for this chapter, contributions of different source
regions and sectors are given as a fraction of the potential emission sensitivity
within the lowest vertical level (0-400m) of the model domain over a 15-days
integrated backward simulation (so-called PES fraction), except for vegetation
fires. For fires, the vertical layer between 1km and 5km was taken (see Sect.
2.2.7.2). Contributions of the different vertical model levels to sampling altitude
are discussed in Sect. C.1.

4.2.1 Arctic air mass period

The measurement region was under the influence of a prevailing high-pressure
system, leading to fairly constant meteorological conditions during 4-12 July
(Fig. 4.3a). The period is referred to as Arctic air mass period as air mass
history 15 days prior to sampling showed a dominant influence of air masses
from within Arctic regions (Burkart et al., 2017).

Meteorological conditions were characterized by generally clear skies with a
few low-level stratocumulus clouds (Leaitch et al., 2016), low wind speeds (Fig.
4.4c), and a stable stratified shallow boundary layer (Fig. 4.4a). Inferred from



4.2 METEOROLOGICAL OVERVIEW AND AIR MASS HISTORY 63

— @ ,
3500[ 4

3000+ B

2500 - B

E2000F 4 N - 4
[
°
2

< 1500} 4 4 = N

1000} . 4 - .

500} . 4 - .

Ok n 1 n 1 n H 1 - = 1 f 1 n 1 n 1 =

280 290 300 310 20 40 60 80 100 4 8 12, 16
G (K) RH (%) Wind speed (ms™)
(d) (e) ®

T P T T T T T T T T T T T T T T T T T T

3500 - l F ] r T

3000} . L 4 L i

2500 . = 4 L i

E 2000} . L 4 i
(4]
k=)
2

< 1500} 4 L 4 i

1000} . L 4 i

500 . L 4 i

[} 8 ) L 1 L 4 [y | N | N | N Lo 1 1 4

0 400 4800 1200 40 80 120 160 75 80 85 90

Nss (cm ) N0 (€M) CO (ppb,)

Figure 4.4: Vertically resolved median (black line) and interquartile range (gray shaded
area) of pseudoequivalent potential temperature (6e), relative humidity (RH), wind speed,
number concentrations of particles larger than 5nm (N~5) and larger than 100 nm (Ns100),
and CO mixing ratio during the first period (see Table 1 for uncertainties).

the vertical profile of pseudoequivalent potential temperature (6,)? in Fig. 4.4a,
the local upper boundary layer (BL) height was on average between 250 m and
450 m, including a surface-based temperature inversion (not shown; see Burkart
et al., 2017). To note, the free troposphere (FT) is referred to as the portion
of the troposphere located above the BL. Aliabadi et al. (2016b) determined
similar BL heights using the bulk Richardson number with the goal to analyze
mixing and stability within the BL. The strong increase of 6, with altitude in
the BL reveals a stable stratification, which in turn should limit the potential

The pseudoequivalent potential temperature is conserved in both dry and saturated pseudo-
adiabatic processes, and as such important when studying thermodynamic processes in the
boundary layer if clouds and thus latent heat release are present (Wallace and Hobbs, 2006).
For further details see Sect. C.2.



AEROSOL PARTICLE COMPOSITION IN THE SUMMERTIME ARCTIC

3500

3000

2500 f
Arctic
Pacific
Alaska

nCa

sNA

Gr & Atlantic
Europe
Siberia

East Asia

2000 p

1500 fy

Altitude (m)

ECEEEER §

1000

500

0
00 02 04 06 08 1.0

Source region PES fraction

Figure 4.5: Vertically resolved cumulative contribution of source regions to sam-
pling altitude during the Arctic air mass period. Further details on definitions of
source regions are given in Sect. 2.2.7. The FLEXPART predicted contribution is
expressed as a fraction of the potential emission sensitivity (PES) in the model do-
main lowest vertical level (0-400m) over a 15-days backward simulation. Acronyms
are defined as follows: nCa =northern Canada; sNA =southern North America;
Gr = Greenland.

for turbulent mixing and vertical motion (Fig. 4.4a; e.g., Stull, 1997). Along
with the stable stratification, the near-surface levels are largely isolated from
aloft or at least show a different atmospheric composition (Fig. 4.4b and d-f).
In detail, the conditions within the BL. were very moist with RH larger than
70 % (Fig. 4.4b), reflecting the vicinity of open water areas and low-level clouds
(Fig. 4.1). Within the BL compared to aloft, the total particle number concen-
tration (N=5) showed a larger variability with values up to 1100cm ™3 (Fig.
4.4d). In contrast, accumulation mode particles (N=1gp) were less abundant in
the BL compared to the FT (Fig. 4.4e). These results suggest an enhanced
number of ultrafine particles in near-surface levels than aloft. Thus, new par-
ticle formation and subsequent growth of particles was promoted by a lowered
condensation sink in the the pristine and clean Arctic BL. during the Arctic air
mass period (Burkart et al., 2017).

Air mass history during the first period reflects the concept of isentropic trans-
port to Arctic regions (see Sect. 1.2.1), by both near-surface regions that are
largely isolated from the rest of the atmosphere and regions aloft that are
episodically influenced by air originating from southern latitudes (Fig. 4.5).
Based on atmospheric distributions of CO and COg, Bozem et al. (2019) re-
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Figure 4.6: Schematic overview of polar dome vertical and spatial structure (on av-
erage) during the NETCARE 2014 campaign, according to Bozem et al. (2019). Gray
lines represent isentropes and numbers show the associated potential temperatures
(#) in K. The term Arctic or Arctic regions used for FLEXPART air mass history
analysis is based on the polar dome latitudinal boundary (see Sect. 2.2.7.1) and
indicated with the curly blue bracket. The yellow box represents the measurement

region around Resolute Bay.

ported the July 2014 polar dome to be located north of 73.5° N (see Sect. 2.2.7.1)
with a twofold vertical structure. Potential temperatures (6) below 285K re-
ferred to as regions inside the isolated polar dome, while potential temperatures
greater than approximately 299 K describe regions outside of the dome, the so-
called extra-dome (Fig. 4.6). In addition, regions between 285K and 299 K
(0) are characterized by a transition zone that potentially allows for mixing be-
tween dome and extra-dome air (Fig. 4.6). Potential temperatures of 285 K and
299 K correspond to 650-850m and 2950 m altitude at the measurement site,
respectively, inferred from 6 vertical profiles in Fig. C.2. Thus, measurements
within the local BL took place in the polar dome region, whereby measurements
in the lower F'T' were performed primarily in the mixing region and outside the
isolated dome (Fig. 4.6).

Air masses that had resided in the Arctic dominated regions inside the iso-
lated polar dome (up to 90 % in Fig. 4.5). Particularly inside the polar dome
region, a pronounced influence of air masses that had resided above Arctic
open water is obvious in Fig. 4.7 (up to 20%). Thus, air masses inside the
polar dome region originated to a large degree from pristine Arctic regions
with mainly natural aerosol sources affecting composition. This is also obvious
when comparing measurements of N~5 and N~1g9 with potential temperature
as the vertical coordinate (see Figs. C.3a and b, respectively). Regions within
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Figure 4.7: Vertically resolved cumulative contribution of source sectors to sampling
altitude during the Arctic air mass period. Further details on source sectors are given
in Sect. 2.2.7. The FLEXPART predicted contribution is expressed as a fraction of
the potential emission sensitivity (PES) in the model domain lowest vertical level
(0-400m) over a 15-days backward simulation. The PES above vegetation fires refers
to the 1-5km vertical range. Bottom and top axes represent PES fractions of Arctic
open water and other source sectors, respectively.

the isolated polar dome (6 < 285 K) were characterized by an enhanced number
of ultrafine particles (Burkart et al., 2017).

In the mixing region, influences of Arctic air masses were still pronounced
(Fig. 4.5). However, contributions from southern latitude regions, i.e. Europe,
Siberia, northern Canada, Greenland, and the Atlantic Ocean, were increas-
ing with altitude (Fig. 4.5), as expected from the isentropic transport point
of view (e.g., Klonecki et al., 2003). Figure 4.8 shows exemplary the transport
pathway of air masses from Europe to the measurement region. Air masses that
had resided over Europe in altitudes below 400 m ascended as they approached
Arctic regions. The subsequent transport within the Arctic took place at levels
above 400 m. Along with the increasing contribution of mid-latitude regions to
air mass history, the influence of anthropogenic pollution, i.e. flaring, industry,
and population was increasing with altitude (Fig. 4.7). Particularly, anthro-
pogenic influences up to 3 km were accompanied with transport of air masses
from Europe (compare Figs. 4.5 and 4.7). Consistent with enhanced influences
of southern latitude aerosol sources, accumulation mode particles showed ele-
vated concentrations in this mixing region, compared to below (see Fig. C.3b).
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Figure 4.8: FLEXPART 15-days integrated (a) partial column 1-15km and (b)
partial column 0-400 m potential emission sensitivity (PES; for measurements on 12
July from 18:40 until 18:50 UTC) as an example of transport from European sources
to the measurement region. Note that air mass transport into the Arctic took place
mainly above 400 m.

Air mass history above the polar dome (>3km) illustrates a sharp transi-
tion to a dominating influence of mid-latitude air masses (Fig. 4.5). Consistent
with several modeling studies, contributions of regions south of 50-60°N (i.e.,
East Asia, Pacific, and southern North America) became significantly impor-
tant only above 3km, whereas sources in Europe and northern Canada fre-
quently influenced measurements in lower altitudes (e.g., Bourgeois and Bey,
2011; Sobhani et al., 2018; Yang et al., 2018). Thus, anthropogenic pollution
in altitudes above 3 km can be attributed to sources in East Asia and southern
North America (compare Figs. 4.5 and 4.7). Consistent with this, CO mixing
ratios were enhanced at altitudes above 3 km compared to below (Fig. 4.4f). In
general during the Arctic air mass period, the contribution of vegetation fires
was negligible small (Fig. 4.7).

4.2.2  Southern air mass period

Meteorological conditions changed after 12 July due to a low-pressure system
that was initially centered to the west above the Beaufort Sea and finally
passed through Resolute Bay on 15 July (not shown). Until 17 July, flying
was impeded by the local weather situation with low visibility, fog, and pre-
cipitation along with the low-pressure system (Burkart et al., 2017). However,
the measurement region came under the influence of an intense low-pressure
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Figure 4.9: Vertically resolved median (black line) and interquartile range (gray shaded
area) of pseudoequivalent potential temperature (6e), relative humidity (RH), wind speed,
number concentrations of particles larger than 5nm (Ns5) and larger than 100nm (Ns100),
and CO mixing ratio during the second period (see Table 1 for uncertainties).

system? located south of Resolute Bay (Fig. 4.3b) that led to fairly constant
meteorological conditions during the period from 17-21 July. This period is
referred to as southern air mass period, since air mass history shows the preva-
lence of air masses originating from southern latitudes.

Meteorological conditions were characterized by overcast sky, occasional pre-
cipitation, moist air throughout the lower troposphere (Fig. 4.9b), higher wind
speeds (Fig. 4.9¢), and warmer temperatures (Fig. 4.9a) compared to the Arc-
tic air mass period. The BL was more difficult to identify compared to the
prior period due to a less well defined temperature inversion. According to the

3 Central pressure of the low-pressure system south of Resolute Bay was less than 990 hPa.



4.2 METEOROLOGICAL OVERVIEW AND AIR MASS HISTORY

3500

3000

2500
Arctic
Pacific
Alaska

nCa

sNA

Gr & Atlantic
Europe
Siberia

East Asia

2000

1500

Altitude (m)
ECEENEDR B

1000

500

0
00 02 04 06 08 10

Source region PES fraction

Figure 4.10: Vertically resolved cumulative contribution of source regions to sam-
pling altitude during the the southern air mass period. Further details on defini-
tions of source regions are given in Sect. 2.2.7. The FLEXPART predicted contri-
bution is expressed as a fraction of the potential emission sensitivity (PES) in the
model domain lowest vertical level (0-400m) over a 15-days backward simulation.
Acronyms are defined as follows: nCa=northern Canada; sNA =southern North
America; Gr = Greenland.

detailed BL study by Aliabadi et al. (2016b), the BL height reached altitudes
between approximately 200 m and 400 m. However, vertical mixing between the
BL and FT was likely promoted caused by a combination of less intense tem-
perature inversions, higher wind speeds, warmer temperatures, and a higher
abundance of clouds compared to the first period (e.g., Stull, 1997; Fuelberg
et al., 2010; Tjernstrom et al., 2012).

Air mass history suggests pronounced influences of southern latitude sources
on Arctic composition (Figs. 4.10 and 4.11). First, the cumulative contribution
of all regions outside the Arctic dominated air mass history within the lower
troposphere with up to 97% (Fig. 4.10). Along with this, northern Canada
and Alaska exerted the largest influences, whereby the European influence was
smaller than during the first period, consistent with the prevailing cyclonic
activity south of Resolute Bay. Transport of air masses from northern Canada
was accompanied with emissions from vegetation fires in the Great Slave Lake
region (compare Figs. 4.12 and 2.12a).

Arctic atmospheric composition reflected the prevalence of southern latitude
air masses that were influenced by vegetation fires and anthropogenic pollution.
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Figure 4.11: Vertically resolved cumulative contribution of source sectors to sam-
pling altitude during the southern air mass period. Further details on source sectors
are given in Sect. 2.2.7. The FLEXPART predicted contribution is expressed as a
fraction of the potential emission sensitivity (PES) in the model domain lowest verti-
cal level (0-400m) over a 15-days backward simulation. The PES above vegetation
fires refers to the 1 -5 km vertical range. Bottom and top axes represent PES fractions
of Arctic open water and other source sectors, respectively.

CO mixing ratios were generally higher than during the Arctic air mass period
(Fig. 4.9f). Highest CO mixing ratios were measured at approximately 3km
when the vegetation fire influence was largest. In addition, distinct plumes? of
enhanced CO mixing ratios and accumulation mode particles at approximately
1km and 1.5km (Figs. 4.9¢ and f) coincided with influences from populated ar-
eas in Europe (compare Figs. 4.10 and 4.11). Contributions from industrial and
flaring activities were accompanied with transport of air masses from Alaska,
Siberia, southern North America, and Europe (Figs. 4.10 and 4.11). Along
with transport of accumulation mode particles, bursts of ultrafine particles
from local new particle formation and subsequent growth were less abundant
(compare Figs. 4.9d and e; see Burkart et al. (2017)). Finally, the contribution
of air masses that had resided above Arctic open water was significantly lower
during the southern air mass period (Fig. 4.11), compared to the Arctic air
mass period.

Taken together, the NETCARE 2014 Arctic measurements took place in two
distinct meteorological regimes. The first measurement period is referred to
as the Arctic air mass period by a dominant influence of pristine Arctic air

4 Frequent and distinct pollution episodes are referred to as plumes.
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Figure 4.12: FLEXPART 15-days integrated (a) partial column 1-5km and (b)
partial column 0-400m potential emission sensitivity (PES; for measurements on
19 July from 15:30 until 15:40 UTC) as an example of transport of emissions from
vegetation fires in northern Canada (compare to Fig. 2.12a) to the measurement
region.

masses within the stable stratified shallow Arctic boundary layer. The second,
so-called southern air mass period, was characterized by a pronounced influ-
ence of outside Arctic regions on the summertime Arctic lower troposphere.
This study thus allows to contrast the chemical composition of aerosol parti-
cles under primarily pristine and clean Arctic background conditions as well
as under polluted conditions with signatures from vegetation fires and anthro-
pogenic sources.

4.2.3 Representativeness of the July 2014 measurement periods

It is of relevance to assess the representativeness of both NETCARE 2014 pe-
riods with respect to climatological conditions, i.e. mean conditions between
1981-2010. Climatic anomalies were obtained by using re-analysis data pre-
pared by NCEP/NCAR (Kalnay et al., 1996). Images in Fig. 4.13 were provided
by the NOAA/ESRL Physical Sciences Division, Boulder Colorado, from their
web site at http://www.esrl.noaa.gov/psd/data/composites/day/ (Kalnay et
al., 1996).

The meteorological conditions with the high pressure influence during the
Arctic air mass period were generally consistent with the climatology. First,
850 hPa geopotential heights were within +20m of the climatology in the mea-
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surement region (Fig. 4.13a). Second, air temperatures at 850 hPa were maxi-
mum 1 K lower than normal (Fig. 4.13c). Third, the precipitation anomaly was
negligible small (Fig. 4.13e). Finally, local meteorological conditions, such as
the shallow stable stratified BL and low wind speeds (see Sect. 4.2.1), repre-
sented typical features in the summertime Arctic atmosphere (e.g., Fuelberg
et al., 2010; Tjernstrom et al., 2012).

In contrast to this, the southern air mass period with influences of the low-
pressure system centered south of Resolute Bay were significantly anomalous
compared to climatological mean. Geopotential height at 850 hPa shows a cli-
matological departure down to -120m close to the center of the low-pressure
system (Fig. 4.13b). Further, warmer air than normal was advected into and
more precipitation than normal fell in the measurement region (Figs. 4.13d and
4.13f). Air temperatures at 850 hPa deviated up to +6 K from the climatology
in the region north-east of the Hudson Bay (Fig. 4.13d). Additionally, the veg-
etation fire activity in North America was anomalously high in summer 2014
compared to 2001-2013 (Arndt et al., 2015). Together, influences of vegetation
fires on Arctic atmospheric composition were larger than on climatological av-
erage caused by a combination of anomalous meteorological conditions and
intensive fires in northern Canada.

4.3 SINGLE PARTICLE CHEMICAL COMPOSITION - RESULTS

The ALABAMA chemically analyzed 10137 particles during the NETCARE
2014 study when sampling outside clouds (see details in Sect. C.3); 94 % of the
spectra include size information; 78 % of the spectra have dual polarity (Fig.
4.14). Spectra with single negative polarity are not further analyzed in this
study owing to their low counting statistics (<300 spectra; see Table 10 in
Sect. C.3). However, spectra with single positive polarity (19 %) are further an-
alyzed (Fig. 4.14). Potential reasons for the lack of negative ions are discussed
in Sect. C.4. Briefly, it might be that single-polarity spectra are produced in
high relative humidity environments (Neubauer et al., 1998; Spencer et al.,
2008), in particular in marine environments (Guasco et al., 2014).

Particle classification by the ion marker method introduced in Sect. 3.1 is illus-
trated with a decision tree in Fig. 4.14. Particle types are classified based on
the presence of the following substances: elemental carbon (EC), sodium (Na),
chloride (Cl), nitrate (NO3), trimethylamine (TMA), dicarboxylic acids (DCA),
potassium (K), ammonium (NHy), methanesulfonic acid (MSA), and sulfate
(SO4) (see Table 2). Particle types that include less than 300 particles (~3 %)
are not further sub-classified by the low counting statistics (gray numbers in
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Figure 4.14: Classification of 10137 single particle spectra based on the ion marker method
(see Sect. 3.1) and illustrated with the decision tree (see Sect. 3.1.3). Numbers are given
as relative abundances in % normalized to 10137 particles. Classification includes the ini-
tial request on the existence of dual-polarity spectra. Selected main particle types indi-
cated by colors contain: Na/Cl/Nitrate (dark blue), EC (black), non-sea-spray-(nss)-NO3
(light blue), trimethylamine (TMA) (yellow), and dicarboxylic acids (DCA) (brown). Se-
lected sub-types indicated by colors contain: “TMA,DCA,K,NH4,MSA,SO4” (light brown),
“TMA K,NH4,S04” (orange), “DCA,K,NH4,MSA,SO4” (dark brown), “DCAK,MSA,;SO,”
(red-brown), “K,NH4,S04” (green), and “Single-TMA?” (light yellow). Particle sub-types with
gray-shaded numbers were not further sub-classified. Particle types “Others” could not be
classified into one of the particle types.

Fig. 4.14). For clarity reasons, the following analysis will only focus on five
main particle types containing:

« Na/Cl/Nitrate
« EC
» Nitrate
« TMA
o DCA.
These types comprise an environmentally reasonable selection, as their charac-

teristics contribute to a better understanding of aerosol processes in the sum-
mertime Arctic. Hence, the selection is based on the author’s experience with
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Figure 4.15: Bipolar mean spectra of the identified particle types: (a)
Na/Cl/Nitrate-containing (195 particles=2%), (b) EC-containing (188 parti-
cles=2%), (c) nss-nitrate-containing (688 particles=7%). Continued on next
page.

the data set and the instrument. To note, EC- and Na/Cl/Nitrate-containing
particles are excluded from other main types due to their low particle counting
statistics. However, particle types other than EC and Na/Cl/Nitrate are not
based on this hierarchical markering, which means that one particle can be
assigned to several types if it includes several marker substances.

TMA- and DCA-containing particles are the most prominent types with rela-
tive contributions of 23 % and 31 % to the total number of analyzed particles,
respectively (indicated by yellow and brown filling in Fig. 4.14). In contrast,
particles containing Na/Cl/Nitrate, EC, and nitrate (externally mixed from Na
and Cl) account for 2%, 2%, and 7%, respectively. 15% of all mass spectra
analyzed by the ALABAMA could not be assigned to one of the ion marker
species (“Others” in Fig. 4.14). The mean spectrum “Others” in Fig. C.6 pri-
marily shows carbon cluster ions and fragments of hydrocarbons, both of which
cannot be attributed to specific organic compounds. Generally, mean spectra
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Figure 4.16: Continued: (d) TMA-containing (2325 particles=23%) and (e)
DCA-containing (3150 particles =31 %).

of the main particle types (Figs. 4.15 and 4.16) combined with additional ion
signals (Table 4) provide an overview of the averaged chemical composition.

The internal mixing of particles that contain sodium, chloride, and/or nitrate
(Na/Cl/Nitrate) suggests the presence of chemically aged sea spray particles
(Figs. 4.15a and C.7; Table 4). First, substances such as sodium, chloride, mag-
nesium, and calcium in particle mass spectra had been earlier related to the
presence of inorganic sea salt (e.g., Prather et al., 2013). Second, MSA from
DMS oxidation might also be internally mixed with sea spray particles. How-
ever, NaCl, and MSA have an isobaric interference at m/z-95 (Table 2). It
is more likely that ion signals at m/z-95 are produced by NaCl; due to the
presence of NaCl, isotopic pattern (m/z-93/95). Third, the internal mixing
with sulfate and nitrate indicates that some particles have been exposed to
chemical aging by reactions with nitric and sulfuric acids, respectively (e.g.,
Gard et al., 1998; Sierau et al., 2014; Gunsch et al., 2017). To note, nitrate was
also present as an external mixture from sea spray particles, hereafter referred
to as non-sea-spray (nss)-nitrate. Consistent with the chemical aging of sea
spray particles, the internal mixing with DCA (~60 % of all sea spray parti-
cles), particularly oxalic acid (Table 4 and Fig. C.7), suggests the formation of
SOA by aqueous-phase chemistry (see below; Kerminen et al., 1999; Sullivan
and Prather, 2007; Laskin et al., 2012; Chi et al., 2015; Kawamura and Bikkina,
2016). To conclude, measurements of inorganic salts together with organics, ni-
trate, and sulfate infer the presence of sea spray particles that were exposed to
chemical aging.
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Table 4: Main particle types and their internal mixing with other substances de-
rived from the mean spectra in Figs. 4.15 and 4.16. Additional ion signals of sulfate
(m/z-97/99 (HSOy ),-96 (SO )) and potassium (m/z +39/41 (K™)) were present in
every mean spectrum and have therefore not been listed here. References from SPMS
laboratory and field studies are indicated by numbers that are defined below. These
references are used for the assignment of the additional ion signals to the correspond-

ing substances.
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Particle type  Ion markers Additional ion signals Corresponding
denotation in mean spectrum substances
Na/Cl/ m/z+23 (Nat), +46 (NaJ), m/z+24/25/26 (Mg™"), magnesium?!-2
Nitrate +62 (NagO™), +63 (NagOHT) 440 (Ca™),+56 (CaO™) calcium?
-containing +81/83 (NazCI™) m/z-26 (CN7),-42(CNO~),  nitrogen-cont. OM12:3
m/z-35/37(C17), -45 (CHO; ),-59 (C2H305), oxygen-cont. OM345
-46 (NO3 ),-62(NO3 ), -71(C3H305 ),-73 (C3H505 )
-93/95 (NaCl; ') -89 (C2HOy ) oxalic acid?
EC m/z+12,424,...,4+84(C{_,)  m/z-26(CN7),-42(CNO~),  nitrogen-cont. OM®
-containing m/z-12,-24,...,-96 (C]_g) -45 (CHO, ),-59 (C2H30;)), oxygen-cont. OM8
-73(C3H50; ),
-89 (C2HOy), oxalic acid?
-95 (CH30387), MSA?®
-46 (NO; ),-62(NO3) nitrate?

m/z-26 (CN7),-42 (CNO™),
45 (CHO} ),-59 (C2H505 ),
73 (C3H505),

-89 (C2HOY)

nitrogen-cont. OM®

nss-nitrate m/z-46 (NO; ),-62(NO3’)

-containing oxygen-cont. OM®

oxalic acid®

Continued on next page.

However, several pieces of evidence suggest the incorporation of organic mat-
ter (OM) from primary emissions with sea spray particles in the Arctic summer
(Fig. C.7 and Table 4). Arctic and mid-latitude field studies reported the contri-
bution of the sea surface carbon pool to organic matter that is enriched in sea
spray particles (Blanchard and Woodcock, 1980; Russell et al., 2010; Hawkins
and Russell, 2010; Quinn et al., 2014; Frossard et al., 2014; Wilson et al., 2015).
It is further known from SPMS laboratory studies that organic nitrogen frag-
ments (CN~ and CNO™; Table 4 and Fig. C.7) present in inorganic salts to
be linked with biologically active waters (e.g., Prather et al., 2013; Guasco et
al., 2014). Consistent with this, nitrogen- and oxygen-containing OM together
with calcium, sodium, and phosphate can be associated with biological species
measured by SPMSs (Pratt et al., 2009a; Schmidt et al., 2017). Together, both
primary and secondary organic matter were likely internally mixed with sea
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Table 4: Continued.

IN THE SUMMERTIME ARCTIC

Particle type  Ion markers Additional ion signals Corresponding
denotation in mean spectrum substances
TMA m/z+59 ((CH3)sN*t), m/z+18(NH]), ammonium?
-containing +58 (C3HgN ™) +12,...,436 (CT_,), carbon cluster ions®
+27 (CoHF /CHNT) | hydrocarbons”
+37(CsH™),
+43 (CsHI /CH3CO™/ oxidized organics”
CHNO™)
m/z-95(CH30357) MSA?
DCA m/z-89(C2HO, ), m/z 427 (CoHy /CHNY), hydrocarbons”
-containing -103 (C3H30, ), m/z-26 (CN7),-42(CNO~), nitrogen-cont. OM®

-117 (C4H507) -45 (CHO;),-59 (C2H305),

-73(C3H505)

oxygen-cont. OM8

Given reference numbers are defined as follows: (1) Prather et al. (2013),(2) Guasco et al. (2014),(3) Pratt et al.
(2009a),(") Schmidt et al. (2017),(®) Trimborn et al. (2002),(®)Silva et al. (1999),(7) Schmidt (2015), (8)Zauscher
et al. (2013),(9see Table 2.

spray particles measured during the NETCARE 2014 campaign.

The averaged chemical composition of EC- and nss-nitrate-containing types
provide evidence for the internal mixing with secondary substances such as sul-
fate, MSA, and oxygen-containing OM (Figs. 4.15b-c and Table 4). In addition,
20 % of the EC particles are internally mixed with nitrate. More than 50 % of
the nss-nitrate- and EC-containing particle spectra include ion signals of dicar-
boxylic acids, particularly oxalic acid at m/z-89 (for nss-nitrate see Fig. 4.14).
Further, oxygen-containing OM can likely be assigned to fragments of glyoxylic
acid (m/z-73), methylglyoxal (m/z-71), and acetic acid (m/z-59) (Table 3;
Silva and Prather, 2000; Zauscher et al., 2013). However, it cannot be excluded
that negative ion signals at m/z-71,-59, and-45 are produced by fragments
of levoglucosan due to isobaric interferences (see Sect. 3.1.1.2). Interestingly,
nss-nitrate was more abundant (12 %) during the second measurement period
than during the Arctic air mass period (5 %), consistent with the pronounced
influence of southern latitude sources. A detailed discussion on sources of EC
and nss-nitrate in the summertime Arctic is given in the following sections.

TMA, DCA, and other marker species provide a complex interplay of parti-
cle internal and external mixtures as shown in Fig. 4.14. The mixing state is
therefore considered by the following six sub-types that contain (Fig. 4.14):

« TMA,DCA,K,NH4,MSA,SO4
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Figure 4.17: Mean Spectra of the “Single-TMA” particle sub-type (a) from single-
polarity mass spectrum (3 %, light yellow in Fig. 4.14) and (b) from its analogous
particle type with dual polarity (2%, not colored in Fig. 4.14).

o TMA K,NH4,S04

« DCA K,NH4,MSA,SOy
o DCA K,MSA SOy

o K,NH4,504

« Single-TMA.

The selection is based on the following criteria. Sub-groups need to have mini-
mum fractional abundance of 3 %. Similar to the main types, these sub-groups
comprise an environmentally reasonable selection. The mean spectra of the
sub-types can be found in Figs. C.8 and 4.17.

Particulate TMA was largely externally mixed from EC, sea spray, and nss-
nitrate (Fig. 4.14). In parallel, TMA-containing particles showed an internal
mixture with DCA, potassium, ammonium, and other organics (Figs. 4.14 and
4.16d). In detail for organics, 90 % of the TMA spectra contained at least one
of the following positive ion signals: m/z +12, ..., 436, m/z 427, and m/z +43,
indicative for fragments of hydrocarbons and oxidized organics (Fig. 4.16d and
Table 4). Furthermore, the mean spectrum of TMA illustrates the internal mix-
ing with sulfate and MSA, suggesting the presence of aminium salts (Murphy
et al., 2007; Barsanti et al., 2009; Smith et al., 2010). The formation of par-
ticulate TMA was thus likely accompanied by acid-base reactions including
TMA, sulfuric acid, and/or methanesulfonic acid (Facchini et al., 2008). This
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result demonstrates that amines, beside ammonia, may take part in the neu-
tralization of acidic aerosol particles. Importantly, 23 % of the TMA-containing
spectra lacked negative ions (Fig. 4.14). Consequently, it is not possible to in-
fer whether “Single-TMA” particles were internally mixed with sulfate and/or
MSA (Fig. 4.17a). Nevertheless, the analogous particle type with dual polarity
(Fig. 4.17b; not colored in Fig. 4.14) indicates the concurrent presence of sul-
fate and/or MSA and thus the existence of aminium salts.

Particulate DCA summarizes the presence of oxalic, malonic, and/or succin-
inc acid (see Table 2), with oxalic acid as most abundant (86 %), followed by
succinic acid with 41 % and malonic acid with 38 % (not shown). In addition,
67 % of the DCA spectra show the concurrent presence of methylglyoxal and
glyoxylic acid at m/z-71 and -73, respectively (Fig. 4.16e and Table 4). In con-
trast to what was previously assumed (Kollner et al., 2017), these ion markers
are not unique for levoglucosan (see Sect. 3.1.1.2). The internal mixture of DCA
with methylglyoxal and glyoxylic acid suggests the formation of aqueous-phase
SOA. Briefly, methylglyoxal and glyoxylic acid are produced by the oxidation
of biogenic and anthropogenic organic precursor gases, such as isoprene and
toulene (e.g., Lim et al., 2005; Seinfeld and Pandis, 2016). Laboratory and
modeling studies further reported that both intermediate oxidation products
can subsequently participate in heterogeneous aqueous-phase photochemical
reactions to form oxalic acid (e.g., Warneck, 2003; Lim et al., 2005; Carlton et
al., 2006; Sorooshian et al., 2006; Ervens et al., 2011). In parallel to oxalic acid,
higher homologues such as succinic and malonic acid can be similarly formed
by aqueous-phase oxidation (e.g., Altieri et al., 2008; Tan et al., 2010; Ervens
et al., 2011). It is also possible that succinic, malonic acid, and finally oxalic
acid were formed via photochemical oxidation of precursor fatty acids from
marine-biogenic sources (e.g., oleic acid; Bikkina et al., 2014; Kawamura and
Bikkina, 2016). Taken together, the formation pathways of DCA in the atmo-
sphere are complex owing to numerous precursor gases, intermediate oxidation
products, and also primary sources (Kawamura and Bikkina, 2016). However,
the internal mixing of dicarboxylic acids with glyoxylic acid and methylglyoxal
provides evidence for the formation of aqueous-phase SOA, rather than for
DCA from primary sources.

First conclusions on aging and formation of the different particle types were
drawn based on their averaged chemical composition and mixing. The follow-
ing sections provide a detailed discussion on aerosol sources and formation
processes.
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Figure 4.18: Vertically resolved aerosol composition of the identified main particle
types by the ALABAMA during the Arctic (a) and southern (b) air mass periods.
Figures (a) and (b) represent each: (left) the cumulative particle fraction (PF') and
(right) the scaled number concentration (PF - Ns329) with top axis referring to EC-
containing (black) and Na/Cl/Nitrate-containing (dark blue) particles and bottom
axis referring to nss-nitrate-containing (light blue), DCA-containing (brown), and
TMA-containing (yellow) particles. Uncertainty analyses are given in Sect. C.7.

4.4 ARCTIC REGIONAL AND TRANSPORT INFLUENCES ON AEROSOL
PARTICLE COMPOSITION

This section addresses influences of long-range transport and Arctic regional
processes on the vertical structure of summertime Arctic single particle compo-
sition. The ALABAMA analysis showed different particle composition between
the Arctic BL and the lower FT (Fig. 4.18), reflecting the stable stratification
in the lowest 400m (see Sect. 4.2). TMA- and Na/Cl/Nitrate-containing par-
ticles were largely abundant in the BL, whereas DCA-, EC-, and nss-nitrate-
containing particles were enhanced in the lower FT (Fig. 4.18). These results
suggest that both aerosol processes within the Arctic and during transport
from southern latitude sources exerted influences on the vertical structure of
summertime Arctic aerosol composition. The ALABAMA particle types are
thus discussed in relationship to geographical source regions. Further, data on
particle size and degree of oxidative aging are used to identify aerosol processes.
To note, the following figures are based on the method introduced in Sect. 3.2
and are structured as given in Fig. 3.6. For clarity reasons, the averaged N~390
is presented separately in Sect. C.6.
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Several observations indicate a surface source of TMA within the polar dome
region. The fraction and number concentration of TMA-containing particles in-
creased with decreasing altitude, having the highest abundance within the BL
(Fig. 4.18). Further, the comparison between HR-ToF-AMS estimated oxygen-
to-carbon (O/C) and hydrogen-to-carbon (H/C) ratios and particle composi-
tion by the ALABAMA allows to analyze the degree of particle oxidative aging
(Jimenez et al., 2009; Heald et al., 2010; Ng et al., 2011; Willis et al., 2017).
This analysis had only been done for the first period due to the low count-
ing statistics of the ALABAMA data distributed over O/C and H/C values
during the second period. Figures 4.19a and b demonstrate that particulate
TMA was largely present when less oxygenated organics were measured by the
HR-ToF-AMS (up to 75 % in the upper left corner). This result suggests that a
dominant fraction of TMA particles had not been subject to extensive oxidative
aging. Consistent with this observation, the size distribution of TMA particles
was shifted towards smaller diameters compared to other particle types (Fig.
4.20a).

To gain further insights into source regions of TMA, FLEXPART predicted
air mass history in relationship with ALABAMA particle composition was an-
alyzed. Particularly during the Arctic air mass period, the presence of particu-
late TMA was highest when time spent within the polar dome 15 days prior to
sampling was highest (Fig. 4.21a). In parallel, the presence of TMA-containing
particles was anti-correlated with the residence time in regions outside the po-
lar dome, i.e. northern Canada (Fig. 4.21c), Europe (Fig. 4.21e), and East Asia
(Fig. 4.21g). Thus, particulate TMA dominated the ALABAMA particle com-
position when the summertime Arctic atmosphere was largely isolated from
distant sources. Together, air mass history combined with particle properties
and a stable stratified BL suggests that a large fraction of TMA-containing
particles originated from surface sources within the polar dome.

Those indications were less pronounced during the southern air mass period.
TMA-containing particles were more evenly distributed across the size distri-
bution (Fig. 4.20b), compared to the Arctic air mass period. Likewise, air mass
history shows no significant trend if TMA particles were influenced by Arctic
regional or transport processes (Figs. 4.21b, d, and f). Given that contributions
of southern latitude regions dominated air mass history throughout the lower
troposphere (Fig. 4.10), conclusions on the influence of regional Arctic pro-
cesses are difficult to draw. However, the fraction and number concentration of
particulate TMA peaked in the BL even during the second period (Fig. 4.18b).
The following section will provide further details on source sector attributions
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the particle fraction and (right panel) the scaled number concentration (PF - Nx320).

Uncertainty analyses are given in Sect. C.7.
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Figure 4.20: Size-resolved aerosol composition of the identified main particle types
by the ALABAMA during the Arctic (a) and southern (b) air mass periods. Both fig-
ures represent the cumulative particle fraction of: EC-containing (black), nss-nitrate-
containing (light blue), DCA-containing (brown), Na/Cl/Nitrate-containing (dark
blue), and TMA-containing (yellow) particles. Uncertainty analysis is given in Sect.
C.7.

during both periods.

In contrast to Arctic regional sources of TMA when present in the BL, the abun-
dance in the lower F'T might be related to transport processes. The fraction of
TMA particles in the FT was dominated by the sub-type “TMA K ,NH4,SO4”
(Fig. 4.22). Those particles were larger compared to the “Single-TMA” sub-type
(Fig. 4.23), indicating that “TMA,K,NH4,SO4”-containing particles were longer
exposed to chemical aging. In addition, the presence of “TMA,K,NH4,SO,”-
containing particles was not correlating with the residence time over Arctic
regions (Fig. 4.24). It is thus likely that this small fraction of TMA-containing
particles was related to aerosol transport into Arctic regions. Taken together,
the abundance of particulate TMA in the summertime Arctic was driven by
both regional Arctic and transport-related processes, whereby the former pro-
cess dominated the abundance of TMA particles in the summertime Arctic.

Along with aerosol processes within Arctic regions, Na/Cl/Nitrate-containing
particles can be attributed to primary sea-to-air emissions within the Arctic.
This particle type primarily existed at lowest altitudes (Fig. 4.18). Furthermore,
air mass history during the Arctic air mass period shows that they were largely
abundant when the residence time over Arctic regions prior to sampling was
high (Fig. 4.21a). Similar to TMA-containing particles, air mass history during
the southern air mass period presents no significant trend regarding the origin
of Na/Cl/Nitrate-containing particles. However, the size distribution in Fig.
4.20 strengthens the hypothesis that particles resulted from primary marine
emissions (see Sect. 4.3), since Na/Cl/Nitrate-containing particles were mainly
larger than 600 nm.
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Figure 4.21: Comparison between aerosol composition of the identified main parti-
cle types by the ALABAMA and FLEXPART predicted air mass residence time over
the Arctic (a-b), northern Canada (c-d), Europe (e), southern North America (f),
and East Asia (g) during the Arctic (left panel) and southern (right panel) air mass
periods. Figures represent each: (top) the cumulative particle fraction (PF) and
(bottom) the scaled number concentration (PF - Nx390) with right axis referring to
EC-containing (black) and Na/Cl/Nitrate-containing (dark blue) particles and left
axis referring to nss-nitrate-containing (light blue), DCA-containing (brown), and
TMA-containing (yellow) particles. Uncertainty analyses are given in Sect. C.7.
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Figure 4.22: Vertically resolved aerosol composition of the identified particle sub-
types by the ALABAMA during the Arctic (a) and southern (b) air mass periods.
Figures (a) and (b) represent each: (left) the cumulative particle fraction (PF') and
(right) the scaled number concentration (PF - Ns390). Uncertainty analyses are given
in Sect. C.7.

DCA-containing particles likely originated from both Arctic regional sources
and transport of lower latitude emissions, depending on the internal mix-
ing state. In detail, when DCA particles were internally mixed with TMA
(“TMA,DCA,K,NH4,MSA SO,4”-containing sub-type), their fraction and num-
ber concentration increased with decreasing altitude (Fig. 4.22). In parallel, the
presence of this particle type was coincident with a larger residence time over
the Arctic during the first period (Fig. 4.24a). The vertical structure together
with air mass history thus suggests the importance of regional sources on the
abundance of dicarboxylic acids in the Arctic summer.

In contrast to Arctic regional sources, particulate DCA that was internally
mixed with sulfate, MSA, ammonium, and potassium (“DCA K,NH4,MSA SO4”-
and “DCA K,MSA,SO,”"-containing sub-types) can likely be attributed to aerosol
that was transported to Arctic regions. Both particle sub-types were largely
present in the F'T and had a negligible small abundance in the stable strati-
fied BL (Fig. 4.22). Further, the fraction and number concentration of DCA-
containing particles coincided with air masses that were more oxidative aged
compared to TMA (compare Figs. 4.19¢-d with 4.19a-b). Consistent with this
result, the size of “DCA,K,NH4,MSA ,SO,”- and “DCA,K,MSA ,SO,”-containing
particles was larger compared to other types (Fig. 4.23). Finally, air mass his-
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Figure 4.23: Size-resolved aerosol composition of the identified particle sub-types
by the ALABAMA during the Arctic (a) and southern (b) air mass periods. Figures
(a) and (b) represent the cumulative particle fraction. Uncertainty analysis is given
in Sect. C.7.
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Figure 4.24: Comparison between FLEXPART predicted air mass residence time
over the Arctic and aerosol composition of the identified particle sub-types by the
ALABAMA during the Arctic (a) and southern (b) air mass periods. Figures (a)
and (b) represent each: (top) the cumulative particle fraction (PF) and (bottom)
the scaled number concentration (PF - Nx390). Uncertainty analyses are given in
Sect. C.7.

tory shows that the abundance of these particles correlated with time spent
outside Arctic regions (Fig. 4.24). However, no significant trend with a distinct
source region outside the Arctic was found (not shown), as expected from the
variety of biogenic and anthropogenic precursor gases (see Sect. 4.3).

Besides the presence of DCA in the Arctic FT, aerosol transport from lower
latitudes further influenced Arctic particle composition by particles that con-
tained nss-nitrate and EC. Both particle types were more pronounced in the
FT compared to the BL (Fig. 4.18). Comparing both periods, the fraction and
number concentration of nss-nitrate-containing particles were larger during the
southern air mass period, reflecting the pronounced influence of vegetation fires
during this time (see Sect. 4.5). Consistently, particles containing nss-nitrate
were predominantly present when the residence time over northern Canada was
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Figure 4.25: FLEXPART 15-days integrated (a) partial column 0-400m and (b)
partial column 1-15km potential emission sensitivity (PES; for measurements on 5
July from 19:00 until 19:10 UTC) as an example of transport from sources in East
Asia (particularly Japan) to the measurement region.

high (Fig. 4.21d). However, also during the Arctic air mass period, the abun-
dance of nss-nitrate-containing particles can be assigned to aerosol transport
from lower latitudes. Contributions from Europe and East Asia were signifi-
cant during this time (Figs. 4.21e and g, respectively). Figure 4.25a presents
an example of the FLEXPART predicted transport pathway from East Asia
(particularly Japan) to the Arctic. The subsequent advection to Arctic regions
took place mainly in altitudes above 1km (Fig. 4.25b), as expected from the
isentropic point of view (e.g., Klonecki et al., 2003). Aerosol transport from
sources in northern Canada, Europe, and southern North America, however,
contributed to the presence of EC (Figs. 4.21c, e, and f, respectively). Finally,
nss-nitrate- and EC-containing particles were larger in diameter compared to
TMA-containing particles (Fig. 4.20), consistent with pronounced influences of
aerosol processing during long-range transport (see Sect. 1.2.2).

Particles containing only potassium, ammonium, and sulfate (“K,NH4,SO4”-
containing sub-type) can also be associated with chemically aged aerosol that
was transported to Arctic regions. The particle sub-type was largely present
in the FT (Fig. 4.22) and the abundance correlated with time spent outside
the Arctic (Fig. 4.24). Although the size distribution shows no clear trend
(Fig. 4.23), the presence of “K,NH4,SO4”-containing particles coincided with
air masses that were largely oxidative aged (Figs. 4.19e-f).



4.5 MARINE, ANTHROPOGENIC, AND VEGETATION FIRE INFLUENCES

Taken together, aerosol particle composition measured by the ALABAMA in
the summertime Arctic lower troposphere was driven by combination of pro-
cesses occurring along transport and within Arctic regions. The typical compo-
sition during NETCARE 2014 in the stable stratified shallow BL was character-
ized by particulate TMA, sodium, and chloride from regional Arctic sources. In
contrast, chemically aged particles containing EC, nss-nitrate, and DCA dom-
inated air masses aloft, along with long-transport from mid-latitude sources.
However, it was further shown that DCA particles when present in the Arctic
BL and internally mixed with TMA originated from sources within Arctic re-
gions. Likewise, particulate TMA when present in the F'T can be attributed
to long-range transport of aerosol from sources outside the Arctic. The follow-
ing section presents a detailed analysis of the influences from specific aerosol
sources within and outside the Arctic on aerosol particle composition.

4.5 MARINE, ANTHROPOGENIC, AND VEGETATION FIRE INFLUENCES

ON AEROSOL PARTICLE COMPOSITION

This section contributes to our understanding of aerosol sources affecting parti-
cle composition in the Arctic summer. FLEXPART predicted air mass history,
together with potential source inventories (PSIs; see Sect. 2.2.7), is used to
provide a comprehensive source apportionment analysis of Arctic aerosol. To
note, further details on contributions from certain source sectors are given in

Sect. C.8.

Several pieces of evidence suggest the existence of marine-biogenic sources of
particulate TMA within the Arctic summer. The MSA-to-sulfate ratio mea-
sured by the HR-ToF-AMS is generally used to asses the relative contributions
of marine-biogenic and anthropogenic sources to total particulate sulfate (Ker-
minen et al., 1999). Important for this study is the earlier finding that the higher
the ratio is, the stronger is the marine influence on particle composition (Ker-
minen et al., 1999; Willis et al., 2017). During both measurement periods, the
fraction and number concentration of TMA-containing particles increased with
increasing MSA-to-sulfate ratio (Figs. 4.26a-b). Consistent with this, the pres-
ence of particle sub-types that include an internal mixing of TMA with MSA,
sulfate, and/or DCA (“TMA,DCA,K,NH4,MSA,SO4” and “Single-TMA”; see
Fig. 4.17b) coincided with high MSA-to-sulfate ratios (Figs. 4.27a-b). Like-
wise, particulate TMA was predominantly abundant when the residence time
over Arctic open water regions was high (Fig. 4.28a-b). Regarding the TMA
sub-types, the presence of particles containing TMA, MSA, sulfate, and/or
DCA coincided with time spent over Arctic open water regions (Fig. 4.29).
Particularly during the Arctic air mass period, TMA particles were predomi-
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Figure 4.26: Comparison between aerosol composition of the identified main par-
ticle types by the ALABAMA and MSA-to-sulfate ratio measured by the HR-ToF-
AMS (a-b) as well as CO mixing ratios (c-d) during the Arctic (left panel) and south-
ern (right panel) air mass periods. Figures represent each: (top) the cumulative parti-
cle fraction (PF) and (bottom) the scaled number concentration (PF - Nx320) with
right axis referring to EC-containing (black) and Na/Cl/Nitrate-containing (dark
blue) particles and left axis referring to nss-nitrate-containing (light blue), DCA-
containing (brown), and TMA-containing (yellow) particles. Uncertainty analyses

are given in Sect. C.7.

nantly abundant when the air resided for more than 8 days prior to sampling
over Arctic open water areas and was as such largely isolated from distant an-
thropogenic sources (Fig. 4.28a). Together, regional marine-biogenic emissions
contributed the abundance of particulate TMA internally mixed with MSA,
sulfate, and/or DCA in the summertime marine Arctic BL. Along with ma-
rine influences, Na/Cl/Nitrate-containing particles were also largely abundant
when the residence time over Arctic open water regions was high (Figs. 4.28a-
b). As a result, air mass history together with findings in Sects. 4.3 and 4.4
demonstrates that Na/Cl/Nitrate-containing particles in the summertime Arc-
tic BL were related to locally emitted sea spray particles.

Besides the marine-biogenic source of TMA, it is evident that the abundance of
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Figure 4.27: Comparison between aerosol composition of the identified particle
sub-types by the ALABAMA and MSA-to-sulfate ratio measured by the HR-ToF-
AMS (a-b) as well as CO mixing ratios (c-d) during the Arctic (left panel) and
southern (right panel) air mass periods. Figures represent each: (top) the cumulative
particle fraction (PF') and (bottom) the scaled number concentration (PF - Nx390).
Uncertainty analyses are given in Sect. C.7.

TMA in the Arctic FT might be associated with combustion processes. CO is
here used as a conservative tracer of combustion-related emissions. The TMA
particle sub-type “TMA K ,NHy,SO4” in the FT was linked to transport of
aerosol to Arctic regions (see Sect. 4.4). Consistent with this, the comparison
with CO mixing ratios demonstrates that this particle sub-type was largely
present in higher CO environments (Figs. 4.27c-d). However, by comparing
this particle type with air mass history, neither anthropogenic sources nor veg-
etation fires can clearly be assigned to “TMA,K,NH,4,SO4”-containing parti-
cles (see Fig. C.17). Taken together, several observations provide evidence that
two sources contributed to the presence of particulate TMA in the summer-
time Arctic: inner-Arctic marine-biogenic sources and long-transport of chem-
ically aged aerosol in the Arctic FT from combustion-related sources. Similar
to “TMA,K,NH4,50,”-containing particles, the particle sub-type “K,NH4,SO,”
cannot be attributed to a distinct source sector (Figs. 4.29 and C.17). Interest-
ingly, the presence of this particle sub-type increased with CO mixing ratios
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Figure 4.28: Comparison between aerosol composition of the identified main parti-
cle types by the ALABAMA and FLEXPART predicted air mass residence time over
Arctic open water areas (a-b), populated areas (c-d), industrial areas (e-f), vegetation
fires (g), and over areas associated with flaring emissions (h) during the Arctic (a, c,
and e) and southern (b, d, and f-h) air mass periods. Figures represent each: (top)
the cumulative particle fraction (PF') and (bottom) the scaled number concentration
(PF - Ns390) with right axis referring to EC-containing (black) and Na/Cl/Nitrate-
containing (dark blue) particles and left axis referring to nss-nitrate-containing (light
blue), DCA-containing (brown), and TMA-containing (yellow) particles. Uncertainty

analyses are given in Sect. C.7.
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Figure 4.29: Comparison between FLEXPART predicted air mass residence time
over Arctic open water areas and aerosol composition of the identified particle sub-
types by the ALABAMA during the Arctic (a) and southern (b) air mass periods.
Figures (a) and (b) represent each: (top) the cumulative particle fraction (PF') and
(bottom) the scaled number concentration (PF - Nx399). Uncertainty analyses are
given in Sect. C.7.

(Figs. 4.27c-d). Thus, particles containing potassium, ammonium, and sulfate
might be associated with combustion-related emissions, followed by chemical
aging along transport to Arctic regions.

Along with DCA-containing particles in the summertime Arctic, the vertical
abundance was influenced by both marine inner-Arctic sources (see above) as
well as sources from lower latitudes, depending on the internal mixing state. By
comparing the DCA sub-types that were externally mixed from TMA (“DCA K,
NH4,MSA,SO4”- and “DCA K,MSA,SO,”-containing sub-types) with air mass
history, no significant trends were found (see Fig. C.17). In addition, both
sub-types show no significant correlation with CO mixing ratio (Figs. 4.27c-
d). This is consistent with the variety of DCA precursor gases from terrestrial
vegetation, oceans, and anthropogenic activity (e.g., Kawamura and Bikkina,
2016). To summarize, particulate DCA that was externally mixed from TMA
can be related to chemically aged aerosol particles that were transported to
Arctic regions. However, the occurrence cannot finally be associated with dis-
tinct sources.

Anthropogenic and/or vegetation fire emissions contributed largely to the abun-
dance of EC- and nss-nitrate-containing particles in the summertime Arctic F'T.
The fraction and number concentration of nss-nitrate particles increased with
increasing CO mixing ratios (Figs. 4.26¢-d). Likewise, air mass history shows
that nss-nitrate was largely abundant when time spent over populated areas
as well as over vegetation fires was high, particularly during the second period
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Figure 4.30: Median (blue line) and interquartile ranges (blue shaded area) of
the nitrate mass concentrations measured by the HR-ToF-AMS compared to the
FLEXPART predicted air mass residence time over populated areas during the Arctic
(a) and southern (b) air mass periods as well as over vegetation fires during the
southern air mass period (c). Uncertainties are given in Table 1.

(Figs. 4.28d and g, respectively). Thus, the advection of vegetation fire emis-
sions from northern Canada to Arctic regions was accompanied with elevated
concentrations of nss-nitrate. Consistent with these results, nitrate mass con-
centrations measured by the HR-ToF-AMS also increased with influences from
vegetation fires and population (Fig. 4.30). Similar to nitrate, enhanced sulfate
and ammonium concentrations measured by the HR-ToF-AMS coincided with
time spent over vegetation fires in southern latitudes (Fig. C.18).

In parallel, air mass history illustrates that elevated concentrations of EC
particles occurred when the residence time over populated and/or industrial
areas in Europe and southern North America was high (compare Figs. 4.28c-
f with Figs. 4.21e-f). Complementary, the quantitative analysis of refractory
black carbon (rBC) by the SP2 shows qualitatively similar trends for the Arc-
tic air mass period (Fig. 4.31). However, the rBC mass concentrations were
generally low during the NETCARE 2014 campaign (Schulz et al., 2019), re-
flecting the largely isolated nature of the summertime Arctic from the rest of
the atmosphere. SP2 data from the second period were not considered, as the
instrument measured only during three out of the five flights. However, the
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Figure 4.31: Median (black line) and interquartile ranges (black shaded area) of the
refractory black carbon (rBC) mass concentration measured by the SP2 compared
to the FLEXPART predicted air mass residence time over industrial areas (a) and
populated areas (b) during the Arctic air mass period. Uncertainties are given in
Table 1.

ALABAMA shows that during the second period the presence of EC particles
in the Arctic can partly be associated with flaring emissions in southern North
America (compare Figs. 4.28h and 4.21f). Interestingly, Fig. 4.32 illustrates
that long-range transport from southern North America to Arctic regions was
accompanied with emissions from oil production industry in Alberta, Canada
(compare with Fig. 2.12¢).

Along with vegetation fires, levoglucosan is a key organic tracer of biomass
combustion (Simoneit et al., 1999). However, the identification of levoglucosan
by SPMS technique is challenging due to isobaric interferences with several
other oxidized organics (see Sect. 3.1.1.2 and Zauscher et al., 2013). During
the NETCARE 2014 campaign, 17 % of all analyzed particle mass spectra show
ion markers, indicative for the presence of levoglucosan, namely m/z-45,-59,
and/or-71 (see Fig. 3.3 and Kollner et al., 2017). However, the presented par-
ticle type shows no clear trend with the residence time over vegetation fires,
as evident by comparing the particle fraction with FLEXPART predicted air
mass history (Fig. C.19). Thus, in contrast to what was previously assumed
(Kollner et al., 2017), particle mass spectra with ion signals at m/z-45,-59,
and/or-71 cannot be clearly assigned to biomass burning origin.

Taken together, aerosol particle composition in the summertime Arctic lower
troposphere was driven by a combination of anthropogenic, vegetation fire, and
marine emissions. Regional marine-biogenic emissions influenced the particle
composition in the Arctic BL, given by the presence of particles containing
TMA, MSA, sulfate, and/or DCA. In contrast, long-range transport of an-
thropogenic emissions from East Asia, Europe, and southern North America
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Figure 4.32: FLEXPART 15-days integrated (a) partial column 0-400m and (b)
partial column 1-15km potential emission sensitivity (PES; for measurements on 21
July from 18:30 until 18:40 UTC) as an example of transport from oil field emissions
in Alberta (Canada) to the measurement region.

provided an enhancement of nss-nitrate and EC particles in the summertime
Arctic FT. In addition, intensive vegetation fires combined with the prevailing
cyclonic activity largely contributed to the abundance of nss-nitrate-containing
particles during the southern air mass period.

4.6 SECONDARY MARINE INFLUENCES ON ORGANIC AEROSO