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Referat: Aerosol Partikel interagieren mit solarer und terrestrischer Strahlung durch Ab-
sorption und Streuung. Zusätzlich bilden und modifizieren sie die Eigenschaften von Wol-
ken da sie das Potential besitzen als Wolkenkondensationskeim (CCN) fungieren zu kön-
nen und stellen somit eine wichtige Komponente im Klimasystem dar. Die Eigenschaften
von Partikeln und CCN müssen genaustens bekannt sein um deren Einfluss in Klima- und
Strahlungsmodellen akurat berücksichtigen zu können.
Ziel dieser Arbeit ist die Charakterisierung der Partikeleigenschaften in Regionen, wel-
che das Klima maßgeblich beeinflussen, wie die Arktis und die Antarktis. Im Rahmen
dieser Arbeit wurden 2 Datensätze aufgenommen, welche helfen das Verständnis über
Partikel und CCN im Frühjar und Sommer in der Arktis und Antarktis zu verbessern. Es
wurden jeweils die Gesamt- und CCN-Anzahlkonzentration (NCN , NCCN), die Anzahlgrö-
ßenverteilung (PNSD) und der Hygroskopizitätsparameter (κ) der Partikel bestimmt. Die
Herkunft der vermessenen Partikel wurde mit Rückwärtstrajektorien ermittelt sowie wei-
tere Analysen bezüglich der Verweilzeiten durchgeführt.
Beide Datensätze zeigen, dass eine starke Abhängigkeit der Partikel- und CCN-Eigen-
schaften vom Luftmassenursprung vorliegt. Zeigen arktische PNSDs nur eine Akkumu-
lationsmode, konnte diese auf gealtertes Aerosol mit einem eurasischen Ursprung zu-
rückgeführt werden. Kommt eine zweite Mode mit kleineren Partikeln hinzu, wurde der
Nord-Pazifische Raum als Ursprung bestimmt. In der Antarktis wurde besonders für NCN

und NCCN eine starke Abhängigkeit vom Luftmassenursprung gefunden. Dabei konnten
mit der Anwendung des Dispersionsmodells NAME Antarktische Hintergrundkonzentra-
tionen ermittelt werden. Weiterhin wurde gefunden, dass Antarktische Aerosolpartikel
mit einem κ von 1 hygroscopischer als das Arktische ist, für welches ein κ von 0,19 be-
stimmt wurde. Zusätzlich durchgeführte Flugzeugmessungen über Tuktoyaktuk (Arktis)
zeigen, dass die Messungen am Boden auch repräsentativ für die Grenzschicht sind. Die
Schichten über der Grenzschicht scheinen jedoch von dieser entkoppelt zu sein und es
wird vermutet, dass der Ursprung der Partikel in größeren Höhen in niedrigeren geogra-
phischen Breiten liegt.
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Abstract:
Atmospheric aerosol particles interact with solar and terrestrial radiation by absorption
and scattering. Further, they have the potential to act as cloud condensation nuclei (CCN)
and to form and modify the radiative properties of clouds and thus are an important com-
ponent in the Earth’s climate system. An accurate knowledge about the aerosol particle
and CCN properties is very important for accurate climate and radiation models.
The objective of this thesis is the characterization of aerosol particles in regions that are
key regulators of the Earth’s climate. The Arctic and the Antarctic are such regions.
Hence, in the framework of this doctoral thesis two data sets were recorded, that help
gaining further knowledge about the spring and summer time aerosol particles and CCN
in the Arctic and Antarctic region.
For both, the Arctic and the Antarctic aerosol population, the CCN and the total particle
number concentration (NCCN , NCN), the particle number size distribution (PNSD) and the
hygroscopicity parameter κ were determined. The history of the measured air masses was
explored using back trajectories and residence time analysis.
For both examined regions, a strong influence of the air mass origin on the aerosol parti-
cle and CCN properties was found. The PNSDs measured in the Arctic were found to be
mono-modal showing an accumulation mode which most likely contains well aged parti-
cles that have an Eurasian origin. Bi-modal PNSDs with an additional mode of smaller
particles were found to originate from the Northern Pacific. In the Antarctic the air mass
origin was found to significantly influence NCCN and NCN . With the application of the
NAME dispersion model Antarctic continental background concentrations could be de-
termined. With κ values of 1 the Antarctic aerosol was found to be much more hygro-
scopic than the Arctic aerosol, for which a κ of 0.19 was determined. Additional Arctic
aircraft measurements show that ground based measurements are representative for the
Arctic boundary layer. However particles above the boundary layer seem to be decou-
pled from lower layers and were believed to be advected from lower latitudes in different
height layers and mixed down in the lower Arctic troposphere.
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1. Introduction

An aerosol is a suspension of liquid or solid particulate matter in a gaseous medium.
Atmospheric aerosol particles have a huge impact on the Earth’s climate and its current
change by interacting with solar and terrestrial radiation, water vapor and other compo-
nents of the atmosphere (IPCC, 2013). Furthermore, aerosol particles influence human
health by causing heart diseases and allergies (IPCC, 2013). It is the diverse properties of
aerosol particles like their concentrations and sizes, their chemical composition but also
their spatial temporal distribution, that determine their influence on weather and climate
and lead to multitude of interactions within the Earth’s atmosphere as well as with human
health. Hence, their investigation is of utmost importance.
The total aerosol particle number concentration (NCN) is a simple but extremely variable
parameter and can span up to several orders of magnitudes. In remote marine or high
latitude regions NCN values as low as 10 cm−3 are possible. Over rural regions, at moun-
tain stations and near seashores NCN reaches from a few hundred to a few thousand cm−3.
In polluted air over cities or during new particle formation (NPF) events NCN values up
to 106 cm−3 can be reached (Pruppacher and Klett, 1997). NCN depends on the geo-
graphic region and is strongly affected by formation processes and anthropogenic influ-
ences. Also, aerosol particles feature many different sizes ranging from some nanometers
to some hundreds of micrometers. The combination of the particle size with the corre-
sponding number concentration is called the Particle Number Size Distribution (PNSD).
Because of typical formation, growth and loss processes of atmospheric aerosol particles,
their PNSD usually appears in form of different size modes. The smallest aerosol parti-
cles, that are indirectly emitted into the atmosphere and formed due to nucleation from the
gas-phase, build the nucleation mode, containing aerosol particles up to ≈10 nm. For their
formation process precursor gases like sulfur dioxide, nitrous oxides or volatile organic
compounds (VOCs) are necessary. Due to condensation of low vapor pressure substances
on already existing aerosol particles or due to coagulation, larger aerosol particles are
formed, which show up in the size range of the Aitken and accumulation mode (Seinfeld
and Pandis, 1998). The Aitken mode contains aerosol particles between ≈10 and ≈70 nm
and the accumulation mode between ≈70 nm and ≈1 µm. However, aerosol particles in
these size ranges can also be directly emitted into the atmosphere e.g., by mechanical pro-
cesses or combustion. Also the largest particles, that form the coarse mode with diameters
larger than ≈1 µm, are directly emitted into the atmosphere. Examples are dust, ash and
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sea spray particles, but also organic and biogenic particles like pollen, bacteria and spores
are typical for the coarse mode size range.
Under specific conditions, aerosol particles can act as cloud condensation nuclei (CCN)
and form cloud droplets. Whether a particle forms a cloud droplet depends on the chem-
ical composition and the size of the particle as well as the surrounding supersaturation
(SS). The process of the cloud droplet formation is described by the Köhler theory (Köh-
ler, 1936). Aerosol particles can influence the climate either directly, by scattering or
absorption of radiation, or indirectly due to their impact on cloud formation and cloud pro-
perties. A change in the amount of available aerosol particles can modify cloud properties
and indirectly change the energy budget. Twomey (1974) found that an increased num-
ber concentration of CCN leads to smaller but more numerous cloud droplets if the same
amount of water vapor is available for cloud formation. From this follows an increased
cloud reflectivity which changes the interaction with incoming shortwave radiation. On
the other hand a higher droplet number concentration would also lead to an increased
cloud longwave emissivity which potentially warms the Earth’s surface (Garrett et al.,
2002; Lubin and Vogelmann, 2006). Further, a shift of the droplet size distribution to
smaller sizes can also affect cloud lifetime due to a possible later onset of precipitation
(Albrecht, 1989). The direct effect of aerosol particles is well understood. In contrast to
this, the numerous indirect aerosol effects are less understood. The influence of indirect
aerosol effects on the global climate and the radiative forcing still features a low confi-
dence level and large uncertainties (IPCC, 2013).
The impact of aerosol particles on clouds, climate and global radiative forcing is mainly
determined by their physical and chemical properties. Investigations of these properties
of aerosol particles in general and of CCN in particular by means of in situ measurements
at various different sites and conditions are necessary to lower the uncertainties that are
reported by the IPCC (IPCC, 2013). A huge number of scientific projects that took place
during the last years focused on aerosol particles, the characterization of their proper-
ties and their interaction with clouds and the Earth’s climate. One of these projects was
BACCHUS (Impact of Biogenic versus Antropogenic emissions on Clouds and Climate:
towards a Holistic UnderStanding) which is a collaborative European project organized
by the ETH Zurich. One key goal of BACCHUS is to characterize aerosol particles in
regions that are key regulators of the Earth’s climate as well as regions that experience the
most intense climate changes with possible irreversible transitions. Without any doubt
the high latitude areas, the Arctic and the Antarctic, are such regions. Therefore, this
doctoral thesis, which was realized within the framework of BACCHUS, focuses on the
characterization of aerosol particles and CCN in the Arctic and Antarctic region.

The Arctic region is particularly sensitive to climate forcing and reacts with a number
of amplifying feedback mechanisms (Law and Stohl, 2007). Thereby aerosol particles
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1. Introduction

have the ability to modify these feedbacks in different ways. One example is the deposi-
tion of black carbon on ice surfaces, which can significantly change the surface albedo,
supporting the uptake of heat due to absorption (Keegan et al., 2014). This effect trig-
gers the albedo-sea ice feedback which describes that melting ice surfaces are replaced
by open water surfaces with a lower albedo which in turn increases the temperature so
that more ice surfaces melt. Further, the indirect effect of aerosol particles due to their
impact on cloud formation has a special relevance in terms of the Arctic. The generally
cooling cloud albedo effect (shortwave radiation) for example might be of limited rele-
vance in the Arctic since its surface is highly reflective due to snow and ice (Tietze et al.,
2011). However, Garrett et al. (2002) found a high sensitivity of arctic clouds to pollution
with respect to their longwave emissivity. Especially for thin stratus clouds during Arctic
winter and early spring even the addition of a low number of anthropogenic CCN seems
to substantially increase the clouds liquid water content. As these low altitude clouds
tend to be warmer than the surface, the Arctic is potentiality sensitive to this effect which
potentially warms the surface in the Arctic. Hence the resulting issues that were in the
focus of Arctic aerosol studies in the last years are the characterization of particle sources,
their chemical and physical properties as well as the direct and indirect impacts of Arctic
aerosol particles and pollutants on cloud forming properties (Jacob et al., 2010).
It is well known that the origin of Arctic air masses is dependent on the season. Con-
nected to that, there are recurring yearly cycles of both NCN and PNSD. Tunved et al.
(2013) describe these cycles based on measurements taken for the years 2000 to 2010 at
Mt. Zeppelin on Svalbard.
In winter and spring the Arctic aerosol in general is dominated by long-range transport of
mid-latitude air masses. The polar front is located further south in areas of high anthro-
pogenic pollution so that anthropogenic industrial emissions reach the Arctic atmosphere
(Iversen and Joranger, 1985). Also biomass burning in Russia contributes to the high
aerosol particle loading during winter and spring (Warneke et al., 2009). During polar
night, the Arctic atmosphere is extremely stable which prevents turbulent mixing between
vertical layers and with that also cloud formation and precipitation (Shaw, 1981). Hence
the so called Arctic haze can be trapped for 15 up to 30 days (Shaw, 1981, 1995). The
major part of the Arctic haze consists of particulate organic matter (POM) and sulfate but
also contains ammonium, nitrate, mineral dust, black carbon and heavy metals (Quinn
et al., 2002). Reported PNSDs show an accumulation mode with NCN constantly increa-
sing during the winter months from October until April from below 50 to above 200 cm−3

(Tunved et al., 2013).
During the transition from spring to summer an increased vertical mixing causes the pre-
sence of low-level clouds and the related wet removal stops the Arctic haze period (Tunved
et al., 2013), making the well aged (Heintzenberg, 1980) Arctic haze particles of the ac-
cumulation mode disappear (Engvall et al., 2008; Tunved et al., 2013). Indeed, these
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precipitation related scavenging processes, which are effective from late spring through-
out the summer, were shown to be among the drivers of the yearly cycle in Arctic PNSDs
(Browse et al., 2012; Croft et al., 2016a). Resulting low number concentrations of parti-
cles in the accumulation mode size range enable new particle formation (NPF). The latter
is also based on the presence of MSA (methane sulfonic acid), an oxidation product of
DMS (dimethyl sulfide) that is emitted due to biological activity in the oceans (Quinn
et al., 2007; Leaitch et al., 2013), with increasing emissions related to the decline of the
Arctic sea ice cover (Sharma et al., 2012). Additionally, ammonia, also a contributor
to NPF, was described to be connected to seabird colonies by Croft et al. (2016b) and
Wentworth et al. (2016) and was discussed to have a far ranging influence on the Arc-
tic aerosol. In general, during the Arctic summer locally and freshly produced aerosol
particle species are dominant, driven by an increase in both biological activity and pho-
tochemistry, (Ström et al., 2009) showing up as a pronounced Aitken mode in PNSDs in
summer month, particularly in July and August (Tunved et al., 2013).
Consequently, the Arctic aerosol particle number size distribution as well as the particle
number concentrations show a large seasonal variability (Tunved et al., 2013). Moreover
the sources and sinks for Arctic aerosol particles are subject to the fast changes in the
Arctic that currently take place. Dall’Osto et al. (2017a) for instance found a negative
correlation between the Arctic sea ice extent and NPF events, that were observed at Mt.
Zeppelin (Svalbard). From this connection follows an increased new particle production
due to the current decrease in the sea ice pack extent (Dall’Osto et al., 2017a).
Croft et al. (2016a) reported data collected in the years 2011 to 2013 from Mt. Zeppelin,
i.e., examining different years than Tunved et al. (2013), together with additional data
from Alert, Canada. Both, yearly cycles of NCN and PNSDs were similar at Alert and Mt.
Zeppelin, and also similar to those discussed in Tunved et al. (2013). Croft et al. (2016a)
suggest that the observed similarities at these two stations, which are 1000 km apart, and
between the different years examined at Mt. Zeppelin indicate the existence of an annual
cycle that spans the high Arctic. This assumption is corroborated by Nguyen et al. (2016),
reporting comparable yearly cycles of number concentrations and PNSDs from the Villum
Research Station in northern Greenland, only differing in more pronounced Aitken modes
in the summer months. The shape of the yearly cycle of NCN and the most often occurring
PNSDs observed in Tiksi, Russia, described in Asmi et al. (2016), were again similar to
those observed at Mt. Zeppelin and Alert. However, number concentrations were higher
in general in Tiksi, and NPF events occurred more readily, which is suggested to be re-
lated to regional continental sources of nucleating and condensing vapors. Generally, a
comparison of PNSDs presented in Freud et al. (2017) from Alert, Villum Research Sta-
tion, Mt. Zeppelin, Tiksi and Barrow (Alaska) shows some differences between Arctic
sites due to local effects, but indicates that on a large scale there is a pronounced annual
cycle in PNSDs with common features, with all Arctic sites sharing the Asian continent

4



1. Introduction

as the main large-scale source region of accumulation mode aerosols.
Similarly, also the Arctic CCN number concentrations vary, with values between less
than 100 cm−3 (pristine Arctic background), occasionally less than 1cm−3 (Mauritsen
et al., 2011), and up to 1000 cm−3 (in Arctic haze layers, Moore et al. (2011) and refer-
ences therein). In the previously mentioned study by Dall’Osto et al. (2017a) it is also
shown that the NPF events and the growth of these aerosol particles to larger sizes can
affect the CCN number concentration. Dall’Osto et al. (2017a) found an increase of the
CCN number concentration (measured at a supersaturation of 0.4 %) of 21 % which was
linked to NPF events. Within the NETCARE project based on summer time measure-
ments in the Canadian Arctic Archipelago, high concentrations of newly formed particles
were observed particularly in the marine boundary layer and above clouds (Burkart et al.,
2017b). One particle growth event measured during NETCARE was described in Willis
et al. (2016), showing newly formed particles growing to sizes above 50 nm, subsequently
being able to activate to cloud droplets at 0.6% supersaturation. For the same project,
Leaitch et al. (2016) examined cloud droplet number concentrations for 62 cloud samples
and reported that particles with comparably small diameters, below 50 nm, activated to
cloud droplets in 40% of all cases.
Besides the fact that aerosol particles need to have a certain size to act as CCN, also
the aerosol particle chemistry matters in terms of the activation to a cloud droplet. The
single hygroscopicity parameter κ (Petters and Kreidenweis, 2007) is commonly used to
express the affinity of aerosol particles to water and characterizes their CCN activity. The
hygroscopicity of the Arctic aerosol particulate matter (PM) was also found to show a
seasonality. κ values determined from CCN measurements done on water soluble par-
ticulate matter collected in Spitzbergen by Silvergren et al. (2014) were between 0.3 and
0.7, with a minimum from March to May and a maximum in October. The past and future
changes in the Arctic climate may cause changes of CCN number concentrations and their
properties and consequently also to the sources and sinks of Arctic CCN. Hence there is
a need for measurements in the Arctic region to quantify the CN and CCN number con-
centrations, their sources and sinks as well as the aerosol particle hygroscopicity.

The Antarctic region is particularly interesting for aerosol particle and CCN in situ stu-
dies for two reasons. Firstly, Antarctica is located far from anthropogenic activities and is
one of the most pristine areas on the globe (Hamilton et al., 2014). Thus, it is a favorable
environment for studying natural aerosol particle background conditions and processes
that prevailed in a preindustrial atmosphere. A more accurate knowledge about preindus-
trial aerosol processes, conditions and properties, including aerosol-cloud interactions, is
important for a reduction of uncertainties of model estimates concerning radiative forcing
(Hamilton et al., 2014; Carslaw et al., 2013). Secondly, similar to the Arctic, the Antarctic
region is extremely sensitive to climate change. Jacka and Budd (1998) analyzed surface
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temperature data of 16 stations on the Antarctic continent and 22 stations on Southern
Ocean islands and found warming rates of 0.9-1.2 ◦C and 0.7-1 ◦C, respectively. In par-
ticular in the West Antarctic and the Antarctic Peninsula the warming is several times
higher than in other regions (Jacka and Budd, 1998; Vaughan et al., 2003; Kravchenko
et al., 2011; IPCC, 2013). The Antarctic sea ice as well as the inland ice sheet are po-
tentially subject to change in such a changing environment. However, at the moment, the
Southern Hemisphere has not shown a decrease in sea ice extent. Cavalieri and Parkinson
(2008) and Parkinson and Cavalieri (2012) even found an increasing annual maximum
Southern Ocean sea ice extend. Both, the sea ice area and the open water area have the
potential to emit aerosol particles into the atmosphere. Sea ice is a potential source for sea
salt aerosol particles (Huang and Jaeglé, 2017; Yang et al., 2008; Wagenbach et al., 1998)
and nitrogen (Dall’Osto et al., 2017b) and open sea water may emit sea spray aerosol
and precursors for new particle formation (NPF) (Liss and Lovelock, 2008; Modini et al.,
2015). Therefore, variations in sea ice coverage will likely lead to changes in the strength
of aerosol particle sources. There are opposing trends in the ice sheet mass balance across
Antarctica. Velicogna and Wahr (2006) and Shepherd et al. (2012, 2018) found that the
ice sheets of West Antarctica and the Antarctic Peninsula had lost mass, whereas the East
Antarctic ice sheet had gained mass. The gain of ice mass in East Antarctica is also con-
firmed by Martin-Español et al. (2017), however they found it to be smaller than losses
in West Antarctica. As precipitation, which besides moisture is linked to the abundance
of CCN and ice nucleating particles, is the only source of mass gain to the Antarctic ice
sheet, it is necessary to study the properties of aerosol particles as well as their impact
on cloud formation and precipitation, their sources, sinks and pathways in the changing
environment of Antarctica.
Although Antarctica is a harsh environment where access for field work is difficult, va-
rious aerosol particle studies have been conducted at different Antarctic research stations
during the last decades. A wide range of topics has already been investigated, includ-
ing new particle formation (Koponen et al., 2003; Asmi et al., 2010; Kyrö et al., 2013;
Fiebig et al., 2014; Weller et al., 2015), seasonal cycles of number and mass concentra-
tions as well as size distributions (Koponen et al., 2003; Kim et al., 2017; Fiebig et al.,
2014), chemical composition (Wagenbach et al., 1988; Teinila et al., 2000), hygroscopi-
city (Asmi et al., 2010; Kim et al., 2017; O’Shea et al., 2017) and optical properties of
aerosol particles (Fiebig et al., 2014).
In general, there is a yearly trend in particle number concentrations, with maximum va-
lues in austral summer (Kim et al., 2017; Fiebig et al., 2014). Fiebig et al. (2014) conclude
that these cycles are common across the Antarctic Plateau (including the Troll research
station 235 km from the Antarctic coast but still 2000 km away from the South Pole), with
free tropospheric air masses contributing to air detected at ground. The highest particle
concentrations found in austral summer are frequently reported to be due to NPF events
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1. Introduction

(Asmi et al., 2010; Koponen et al., 2003; Kyrö et al., 2013; Weller et al., 2015; Kim
et al., 2017). Particles formed during NPF events are likely related to sulfate and am-
monia containing compounds that were found in the particulate phase in the submicron
size range (Teinila et al., 2000; Wagenbach et al., 1988; Schmale et al., 2013). Precursor
gases for NPF can originate from the Southern Ocean (e.g., DMS (dimethylsulfid), Weller
et al., 2015; Schmale et al., 2013) and possibly also from e.g., cyanobacteria in freshwater
melt ponds (Kyrö et al., 2013), microbiota from sea ice and the sea ice influenced ocean
(Dall’Osto et al., 2017b) or the decomposition of excreta from fur seals, seabirds and pen-
guins (Legrand et al., 1998; Schmale et al., 2013).
Newly formed particles were sometimes reported to grow to CCN size ranges at the Aboa
research station, e.g., in Kyrö et al. (2013) and Koponen et al. (2003) (for the latter only
in marine air masses), while Weller et al. (2015) report a maximum size of only 25 nm for
particles grown from new particle formation for observations at the Neumayer research
station. This difference was related to a difference in ground cover at the respective mea-
surement sites, which was ice covered around Neumayer but featured melt ponds around
Aboa (Weller et al., 2015).
Sodium chloride, supposedly from sea spray, was found in larger aerosol particle sizes
(well above 100 nm) at Aboa, while the majority of particles was smaller than 100 nm
(Teinila et al., 2000). A case of exceptionally high particle hygroscopicity, i.e., with a κ

value of 1.13, was connected to air masses originating from a region with sea ice and open
water at the coastal Antarctic research station Halley (O’Shea et al., 2017). Asmi et al.
(2010) assumed that particles and nucleating and condensing vapors from the Southern
Ocean contribute to particles observed at Aboa, and observed hygroscopic growth factors
for particles of 25, 50 and 90 nm that were similar to those they reported for ammonium
sulfate.
Furthermore, some studies have reported on Antarctic CCN properties, however the loca-
tions they cover are limited to the Antarctic Peninsula (DeFelice, 1996; DeFelice et al.,
1997; Kim et al., 2017) or the area of the Weddell Sea on the Brunt Ice Shelf (O’Shea
et al., 2017). Both locations are part of West Antarctica and especially the Antarc-
tic Peninsula is mainly influenced by marine air masses that directly originate from the
Southern Ocean. To create a more detailed picture of Antarctic CCN, further measure-
ments that can be used to characterize CCN in the eastern and especially in the central
part (inland plateau) of Antarctica, are needed.

To match the above outlined needs for CCN related measurements in the Arctic and on
Antarctica, we carried out measurements in North-West Canada and at East Antarctica.
The first data set presented in this thesis was recorded in the Arctic during the RACEPAC
(Radiation-Aerosol-Cloud Experiment in the Arctic Circle) project, which took place in
Inuvik (Canada) during April and May 2014. It was mostly an airborne campaign that
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aimed to measure all components required to describe the interaction of aerosol particles,
clouds and radiation in the Arctic. In this framework an additional ground based station
in Tuktoyaktuk (≈130 km north of Inuvik) was installed and operated by the Max Planck
Institute (MPI) for Chemistry to measure Arctic CCN and aerosol properties. The data set
contains concentrations of condensation nuclei (CN) as well as of CCN, particle number
size distributions (PNSD) measured at the station in Tuktoyaktuk and inferred particle
hygroscopicity values (κ). Further a comparison of PNSDs measured at the ground based
station and on the research airplane Polar 6, operated by the Alfred Wegener Institute for
Polar and Marine Research (AWI, Germany), is presented.
The second data set that is part of this thesis contains measurements conducted at the
Belgian Antarctic research station Princess Elisabeth (PE), in Dronning Maud Land.
For three austral summer seasons (2013-2016, always from December to February) a
Condensation Particle Counter (CPC), a Cloud Condensation Nucleus counter (CCNC)
and a Laser Aerosol Spectrometer (LAS) were used to measure simultaneously aerosol
particle and CCN properties inside the East Antarctic boundary layer. In addition, the
present study introduces meteorological data, collected by an automatic weather station,
as well as the history of the measured air masses, calculated by means of the Numerical
Atmospheric-dispersion Modelling Environment (NAME) and the NOAA HYSPLIT tra-
jectory model. This data set has enabled the study of the variability of the CN and CCN
number concentrations, to identify their sources, sinks and transport pathways and to an-
alyze the particle hygroscopicity during austral summer in East Antarctica. The special
location of the PE station in the escarpment zone with catabatic winds coming from the
Antarctic inland ice sheet, further allows an insight into the state of aerosol particle and
CCN properties of continental Antarctica.

At the end of this intruduction, I will now give a brief overview on the content of the
following sections. In Section 2, the methods to measure the total particle number con-
centration, the PNSD and the number concentration of CCN are described. Further, it
is explained how the particle hygroscopicity and the history and the origin of air masses
were determined. In section 3, the results of the Arctic RACEPAC campaign and the mea-
surements that were conducted at PE in Antarctica are presented and discussed. To end
with, the summary of the most important results as well as conclusions and an outlook is
given in chapter 4.
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2. Experimental

2.1. Measured Properties

In this thesis physical properties of Arctic and Antarctic aerosol particles were deter-
mined, i.e., the total aerosol particle number concentration (NCN), the aerosol particle
number size distribution (PNSD) and the number concentration of cloud condensation
nuclei (NCCN) at different supersaturations (SS). The instruments that were used to mea-
sure NCN, PNSD and NCCN are explained in the following sections and summarized in
Table 2.1.

aerosol particle property instrument
NCN
d50 = 10nm CPC, TSI model 3010
d50 = 3nm CPC, TSI model 3776
d50 = 3nm CPC, TSI model 3025 (used in the SMPS system)
PNSD
13.6nm < dp < 736.5nm SMPS, TSI model 3936
90nm < dp < 6.8µm LAS-X, TSI model 3340
NCCN
0.1% < SS < 1% CCNC-100, DMT

Table 2.1.: Instruments
Overview about the instruments used for the thesis. d50 is the diameter at which 50 % of the
particles are detected and dp is the diameter of dry aerosol particles.

2.1.1. Total Particle Number Concentration

The number of aerosol particles that are contained in a certain volume of air is one of
the most basic aerosol property. However, the measurement of this property is challen-
ging because aerosol particles extend over a large size range from some nanometers up to
hundreds of micrometers. To be able to optically detect aerosol particles down to sizes of
some nanometers, they are enlarged via a vapor, condensing on their surface. The Con-
densation Particle Counters (CPC) applied in the framework of this thesis use butanol as
a working fluid and are able to count single aerosol particles based on using a continuous
flow principle.
First, the sampled aerosol particles are led into a heated saturator, where butanol is added
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2.1. Measured Properties

to the aerosol flow. In the following condenser the temperature is decreased, so that su-
persaturated butanol vapor condenses on the surface of the aerosol particles and forms
droplets of several µm in diameter. A nozzle is used to focus the droplet flow, which is
introduced into an optical detector. In the optical detector the enlarged droplets pass a
laser beam, so that each single droplet creates a scattered light pulse that is detected by a
photodiode. The known aerosol flow rate and the number of detected pulses give the final
aerosol particle number concentration. This method, which was developed by Aitken in
1888, can be used to detect aerosol particles down to 3 nm in diameter. The lower detec-
tion limit is given by d50, i.e., the diameter at which 50 % of the particles are detected.
The measurements presented in this thesis were conducted using the TSI CPC model 3776
and 3025, both with a d50 of 3 nm and a TSI CPC model 3010 with a d50 of 10 nm.

2.1.2. Particle Number Size Distribution

An important physical property for the classification of aerosol particles is the aerosol
particle size. As already mentioned above, aerosol particles span up a size range between
a few nanometers and several micrometers. It is common to classify aerosol particles ac-
cording to different modes. Figure 2.1 gives an overview about the modes, the processes
and typical aerosol particle species that belong to the nucleation, Aitken, accumulation
and coarse mode. A more detailed description of these modes, especially in terms of Arc-
tic and Antarctic aerosol particles, is given in the introduction.

Figure 2.1.: Aerosol particle modes
Overview of the different aerosol particle modes including the processes and exem-
plary aerosol particle species for each mode. This picture is taken from Deutscher
Wetterdienst (DWD): "Schematische multimodale Partikel-Größenverteilung mit
typischen Transformationen beispielhaften Partikeltypen der einzelnen Moden."
reference:https://www.dwd.de/DE/ forschung/atmosphaerenbeob/zusammensetzung_
atmosphaere/aerosol/ inh_nav/groessenverteilung.html (last downloaded 21.02.2019).
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To obtain a PNSD of an ambient aerosol sample the particle number concentration N
of contiguous size bins needs to be measured. Usually the width of the size bins is not
uniform, i.e., it differs for different instruments and often it increases with increasing
diameter for measurements that are done with the same instrument. Hence, the resulting
discrete PNSD usually looks uneven. In order to achieve an interpretable and comparable
PNSD, Ni, the particle number concentration of a certain size bin i, is normalized by the
width of the size bin i.
Most of the atmospheric aerosol particles are non spherical and irregular. To be able to
categorize them in size bins, equivalent diameters are used. In the framework of this
thesis two measurement techniques with different equivalent diameters were applied, i.e.,
a Scanning Mobility Particle Sizer (SMPS) and a Laser Aerosol Spectrometer (LAS) as
well as an Ultra-High Sensitivity Aerosol Spectrometer (UHSAS), which select particles
according to their electrical mobility diameter and optical diameter, respectively. The
SMPS is described in detail in the next section followed by a section describing the similar
working principle of the two optical aerosol particle sizers, the LAS and the UHSAS.

Scanning Mobility Particle Sizer - SMPS

The working principle of a SMPS system is based on the connection between the tra-
jectory of a charged aerosol particle in an electrical field and the electrical mobility of
the aerosol particle. The electrical mobility of an aerosol particle mainly depends on the
aerosol particle size and its electrical charge. In this framework, knowing the electrical
charge of an aerosol particle allows to determine its size. A SMPS can be used to mea-
sure the electrical mobility distribution, which can be converted to a PNSD. To measure
PNSDs of ambient aerosol particles presented in this work a TSI SMPS model 3936 was
used.
Figure 2.2 shows the schematic of the TSI SMPS model 3936, which works as follows.
First, the polydisperse ambient aerosol sample is led through a neutralizer, which brings
the aerosol particles to a defined bipolar charge equilibrium. This polydisperse aerosol
enters a Differential Mobility Analyzer (DMA) together with an aerosol free sheath air
flow. The DMA basically acts as a cylindrical electrical capacitor with an inner and an
outer electrode. Different electrical charging states of the two electrodes create an electri-
cal field in the analyzer column between the rods. The charged aerosol particles enter this
analyzer column in perpendicular direction to the electrical field. The aerosol particles
experience an electrostatic force, which accelerates the aerosol particles perpendicular to
their initial trajectory. Aerosol particles that have the opposite charge of the inner wall
move towards the center. Most particles impact on the inner rod, but particles with a
selectable mobility can leave the analyzer column through a small sampling slit. At a
specific voltage only aerosol particles with a certain electrical mobility catch the slit, so
that the DMA output flow contains a quasi monodisperse aerosol sample. In the last step
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2.1. Measured Properties

Figure 2.2.: Schematic of the TSI SMPS model 3936
A neutralizer charges the polydisperse aerosol particles that enter a DMA. The DMA selects
the quasi monodisperse aerosol particles, that are counted by means of a CPC. The picture is
taken from the TSI SMPS model 3936 manual (TSI, 2001). Original title: Schematic Flow
Diagram of the Classifier with LDMA

the aerosol particle number concentration downstream of the DMA is measured by means
of a CPC. In the SMPS mode this set-up continuously scans the voltage of the DMA, so
that the electrical mobility and the aerosol particle number concentration is a function of
time. This enables a high sampling rate i.e. a few minutes to scan the size range of some
nanometers to one micrometer, which is an advantage for ambient measurements.

A further evaluation of the electrical mobility distribution has to be done by applying
an inversion algorithm. The inversion algorithm contains a function that transfers the
electrical mobility distribution to a size distribution (Knutson and Whitby, 1975), which
is then corrected for multiply charged aerosol particles (Wiedensohler, 1988).
In this work the TSI SMPS model 3936 was used for measurements in the Arctic. It was
equipped with a neutralizer model 3077A, a Long DMA model 3081 and a CPC model
3025, that was operated with a low flow rate. The aerosol and the sheath flow rate were
0.3 and 3 L/min, respectively, resulting in a flow ratio of 1 to 10. The ambient PNSD
were measured for diameters from 13.6 nm up to 736.5 nm in 112 size channels (note, the
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electrical mobility channels are log-distributed) with a time resolution of 5 minutes. Prior
to the SMPS system an impactor with a cut off diameter of 1 µm was used to minimize
the fraction of multiply charged aerosol particles in the measured size range.

Optical aerosol particle sizers

The TSI LAS model 3340 and the DMT UHSAS used in this work are optical aerosol
particle sizers with a similar working principle and set up. The main working principal
is that the amount of electromagnetic radiation which is scattered by an aerosol particle
within an active laser cavity strongly correlates with the particle size. The intensity of the
scattered light is measured by a detector and can be transferred to an optical equivalent
diameter. This optical equivalent diameter is the diameter of a sphere which would scatter
the same light intensity than the aerosol particle. In the following, the theory of opera-
tion is explained on the basis of the LAS, however differences between the LAS and the
UHSAS are mentioned.
Both instruments are composed of five subsystems: (1) a flow system, (2) an optical sys-
tem, consisting of a laser and a detection system, (3) an analog as well as (4) a digital
system and (5) a support PC. Figure 2.3 shows the schematic of the TSI LAS model 3340
flow system. The aerosol sample is introduced into a particle free sheath air flow. A
nozzle is used to focus the aerosol particle sample stream to a diameter that is smaller
than the laser beam diameter in order to avoid edge effects. The laser, that is in perpen-
dicular orientation to the sample flow, is a Helium-Neon gas laser with a wavelength of
633 nm. The UHSAS is equipped with a solid state laser that emits light with a wave-
length of 1054 nm. As aerosol particles cross the laser beam they scatter laser light pulses
into the detection system. The detection system consists of two collection optics and two
different photodiodes, an avalanche photodiode (APD) and a low gain positive intrinsic
negative (PIN) photodiode. The APD and the PIN diode detect the lower and the upper
size range of the aerosol particles, respectively. An analog and a digital electronic system
amplify and convert the photocurrent of the detector photodiodes to a voltage and analyze
the pulse height of each scattering event. The aerosol particle sizes, that are detectable
due to this configuration range from 90 nm (≥50 % detection efficiency) to 6.8 µm for the
LAS and from 60 nm (≥50 % detection efficiency) to 1 µm for the UHSAS. Differences in
the detectable size ranges between the LAS and the UHSAS are due to differences in the
amplification of the detected photocurrents. Both, the LAS and the UHSAS are equipped
with an on-board PC to control the instruments.
In this work the LAS was operated with a sample flow rate of 0.07 L/min and with a
sheath flow of 0.7 L/min. The UHSAS was operated with a sample flow rate of 0.05 L/min
and with a sheath flow of 0.6 L/min. In both cases the PNSD was measured in 99 log-
distributed channels.
The LAS was compared to a SMPS system (DMA type Medium Hauke; CPC, TSI
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model 3010) at the cloud laboratory of the Leibniz Institute for Tropospheric Research
(TROPOS). 18 selected sizes (80, 90, 100, 110, 120, 130, 140, 150, 175, 200, 250, 300,
350, 400, 500, 600, 700, 800 nm) of ammonium sulphate particles and 4 sizes (100, 500,
700, 800 nm) of polystyrene latex (PSL) particles were used to validate the counts of the
LAS. Necessary corrections with respect to the measured concentrations were high in the
two LAS channels below 100 nm (around +70 %), distinct in the two channels around 100
nm (+ 10 %) and low in the other size ranges up to 800 nm (between 1 to 5 %, negative
and positive corrections). These corrections were applied to the LAS data set used for this
work.

Figure 2.3.: Schematic of the TSI LAS-X model 3340
Schematic overview of the flow system of the TSI LAS-X model 3340. The picture is taken
from the TSI LAS-X model 3340 manual (TSI, 2015). Original title: Schematic Diagram of
Flow System
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2.1.3. Total Concentration of Cloud Condensation Nuclei

Cloud Condensation Nuclei (CCN) are aerosol particles that have the ability to form cloud
droplets. This activation process mainly depends on the size and the chemical composi-
tion of an aerosol particle as well as on the surrounding supersaturation (SS). The inter-
action of these properties is described by the Köhler theory (Köhler, 1936) and presented
in Section 2.2.1. Measurements of the CCN number concentration presented in this work
were all done with a CCN counter (CCNC) by Droplet Measurement Technologies (DMT)
model 100 (Roberts and Nenes, 2005). It is a continuous-flow thermal-gradient diffusion
chamber in which the SS can be varied to study the activation behavior of aerosol parti-
cles.

The main part of the CCNC is a 50 cm long ceramic tube in which a particle free sheath
air flow and a centered aerosol particle flow pass through. How SS in the center of the
flow tube is achieved can be explained when looking at Figure 2.4. The inner wall of the
flow tube is continuously wetted with water and thus is at 100 % relative humidity (RH)
with respect to water. Along the wall a temperature gradient is applied with an increasing
temperature along the flow direction. Heat and water vapor diffuses to the center of the
flow tube. As water molecules are smaller and lighter than air molecules (mainly O2 and
N2) water vapor diffuses faster than heat. Figure 2.4 shows how the heat and the water

Figure 2.4.: Working principle of the DMT CCNC-100
Cross-section of the CCNC flow tube. SS at the center line of the flow tube is achieved due
to the different speed of the water vapor and heat diffusion from the wetted wall to the center.
This picture is taken from the CCNC manual for single-column CCNCs (DMT, 2012). Original
title: Supersaturation Being Generated in the CCN Colum
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2.2. Determination of the CCN hygroscopicity

vapor at point C on the center line originates from point A and B at the wall, respectively.
From the fact that the temperature at point B is higher than at point A and both have a
RH of 100 % follows, that the saturation vapor pressure with respect to water es,w at point
B is larger than at point A. Hence, at point C we have es,w of point B but only the lower
temperature of point A, which leads to a supersaturated environment at the center line.
The SS at the center line can be adjusted via the temperature gradient along the wall of
the flow tube. A higher temperature gradient leads to a higher SS. In the supersaturated
environment of the center line, water vapor condenses on the surface of aerosol particles
and can activate them to droplets. Downstream of the chamber an optical particle counter
(OPC) detects all particles as CCN that are larger than 1 µm in diameter.
In this work the CCNC was operated with an inlet flow rate of 0.5 L/min, that splits into
a sample and sheath flow of 0.05 L/min and 0.45 L/min, respectively. The CCNC was
operated as recommended in Gysel and Stratmann (2013) for polydisperse CCN mea-
surements. The ambient CCN measurements presented in this work were done at a SS of
0.1 %, 0.2 %, 0.3 %, 0.5 % and 0.7 %. Measuring each SS for 12 minutes lead to one data
point per SS per hour. The data processing procedures differ for the two CCN data sets
presented in this work and are explained in the corresponding sections (3.1.1 and 3.2.1).
The SS-calibration of the CCNC was done at the home laboratory of the Leibniz Institute
for Tropospheric Research. The procedure is described in the Appendix A.1.

2.2. Determination of the CCN hygroscopicity

The formation of cloud droplets on the surface of an aerosol particle is described by
the Köhler theory (Köhler, 1936) and mainly depends on the properties of the aerosol
particle and the surrounding SS. Petters and Kreidenweis (2007) introduced a modified
version of the Köhler theory, in which the single hygroscopicity parameter κ represents
the chemical composition of the aerosol particle. Applying the κ-Köhler theory, NCCN

and PNSD measurements can be used to infer κ of ambient aerosol particles. In the
following section the Köhler theory is shortly summarized followed by a presentation of
the κ-Köhler theory and its application to infer the κ values presented in this work.

2.2.1. Köhler theory

The Köhler theory describes the equilibrium between a deliquesced aerosol particle and
its surrounding water vapor up to the point at which an aqueous solution droplet is ac-
tivated to a cloud droplet. This theory is based on two effects that are described by the
Kelvin equation and Raoult’s law and can be summarized according to Seinfeld and Pan-
dis (1998) as follows.
The saturation of air with respect to water Sw is defined by the ratio of the water vapor
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pressure ew to the saturation water vapor pressure es,w

Sw =
ew

es,w
(2.1)

SSw = RHw −100 = (Sw −1) ·100. (2.2)

If Sw is given in percent, it becomes the relative humidity RHw which subtracted by 100
gives what is termed as supersaturation (SS) throughout the whole work. The Köhler
theory expresses the saturation ratio Sw over the surface of a solution droplet with the
diameter D as follows:

lnSw =
A
D
− B

D3 (2.3)

with

A =
4Mwσs/a

RT ρw
(2.4)

and
B =

6Mwns

ρwπ
, (2.5)
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Figure 2.5.: Köhler curve of an ammonium sulphate particle
Köhler curve, Kelvin term and Raoult term calculated with the Köhler equation 2.3 for an
ammonium sulfate particle with a dry diameter of 50 nm.
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2.2. Determination of the CCN hygroscopicity

where Mw and ρw are the molar mass and density of water, while R and T are the ideal
gas constant and the absolute temperature, respectively. σs/a is the surface tension of the
solution droplet and ns the number of moles of the solute. The Köhler equation expresses
the influence of the Kelvin effect (first term in Equation 2.3) and the Raoult effect (second
term in Equation 2.3) on the vapor pressure over the surface of a solution droplet. The
Kelvin effect is a surface effect which states that the vapor pressure over a curved surface
is larger than over a flat surface, i.e., the vapor pressure decreases with increasing D.
In contrast to this, the Raoult effect is a volume effect stating that the vapor pressure
increases with increasing D as the solution droplet becomes more diluted due to water
vapor condensing on its surface. Figure 2.5 shows an example of the Köhler curve, the
Kelvin term and the Raoult term for an ammonium sulfate particle with a dry diameter of
50 nm. The combination of the competing surface and volume term results in a maximum
of the saturation ratio in the Köhler curve with a corresponding critical activation diameter
dact and a critical saturation ratio SScrit . A solution droplet that grows up to this point gets
activated and becomes a cloud droplet.
The supersaturation adjusted in the CCNC for NCCN measurements presented in this work
is equivalent to SScrit of the Köhler curve. All particles that are measured as a CCN
reached dact in the measurement column of the CCNC and got activated to cloud droplets.

2.2.2. The hygroscopicity parameter κ and the critical
diameter dcrit

The κ-Köhler theory (Petters and Kreidenweis, 2007) is a parametrization that expresses
the Raoult term of the Köhler theory with the single hygroscopicity parameter κ. The
κ value simply is an expression of the affinity of a material for water. Based on Petters
and Kreidenweis (2007) the κ values for ambient aerosol particles reported in this study
were calculated as follows, assuming the surface tension of the examined solution droplets
(σs/a) to be that of pure water:

κ =
4A3

27d3
crit ln2 Sw

(2.6)

where dcrit is the critical dry particle diameter at which a particle is just large enough to be
activated to a cloud droplet when exposed to a certain saturation ratio. Assuming that all
particles have an identical chemical composition, i.e., the aerosol particles are internally
mixed, and no aerosol particle interactions take place the κ value of these particles can be
seen as a volume fraction weighted average κ:

κ = ∑
i

εiκi (2.7)

with κi and εi representing the hygroscopicity and the volume fraction of an individual
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chemical species.
This average κ value of an ambient aerosol particle sample can be inferred by determining
dcrit from simultaneously NCCN and PNSD measurements. dcrit is the diameter at which
NCCN is equal to the value of the cumulative PNSD, with the integration being done from
the largest measured diameter of the PNSD to lower diameters. The connection between
the PNSD, a corresponding NCCN and the resulting dcrit is exemplified in Figure 2.6. The
derived dcrit can then be used, together with the corresponding Sw (i.e., the calibrated SS
at which NCCN was measured) to derive κ for the ambient particles, based on Equation 2.6.
The inferred κ values correspond to particles with sizes of roughly dcrit . The uncertainty
in κ which results from the uncertainties of the PNSD measurements and the SS of the
CCNC, was determined by applying a Monte Carlo simulation in a similar fashion as done
by Kristensen et al. (2016). A detailed description of this method is given in Appendix
A.2.

82

NCCN

dcrit

PNSD

Figure 2.6.: Determination of dcrit
The critical diameter dcrit is determined by the integration of a PNSD starting from the largest
diameter til it is equal to the value of a simultaneous measured NCCN.

For atmospheric particles, κ can range between almost 0 for insoluble (e.g. soot and
some organics) and 1.4 for very hygroscopic (e.g. sodium chloride) particles (Petters and
Kreidenweis, 2007). A generally good estimate for a continental κ of around 0.3 is given
by Andreae and Rosenfeld (2008). Wex et al. (2010) report that the hygroscopicity of
marine aerosol particles can cover a broad range from κ values below 0.1 up to above 1,
with a dominating κ value of 0.45.
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2.3. Determination of the Air Mass Origin

One major goal of this thesis was to investigate the connection between the air mass
history and NCN and NCCN properties as well as to identify regions that have the potential
to act as a source region for aerosol particles and CCN. For this purpose air mass back
trajectories were calculated by means of the LAGRANTO Lagrangian analysis tool, the
NAME atmospheric dispersion model and the NOAA HYSPLIT trajectory model. The
LAGRANTO backward trajectories were used to perform a simple analysis of the air
mass history i.e., to visualize the track of the air masses back in time for the Arctic data set
(Section 3.1.3). In contrast to this the air mass back trajectories of the NAME atmospheric
dispersion model and the NOAA HYSPLIT trajectory model were used to apply a more
advanced residence time analysis and the Potential Source Contribution Function (PSCF),
respectively. The residence time analysis based on the NAME dispersion model was
performed for the Antarctic data set, whereas the PSCF model was used for both, the
Arctic and Antarctic data set. The following two sections explain the residence time
analysis and the PSCF model in detail.

2.3.1. The NAME Dispersion Model

The atmospheric dispersion model NAME (Jones et al., 2007) is a Lagrangian particle-
trajectory model that is operated by the UK Meteorological Office. For the data presented

10-8 10-610-7 10-5

Concentration [g s/m3]

Figure 2.7.: NAME footprint
NAME dispersion model 10 day backwards footprint. The color indicates the concentration of
the released particles in the surface layer (0-100 m) in each grid box over the integrated time
of 10 days (this results in the unit gs/m3) and the cross displays the location of the Princess
Elisabeth research station in Antarctica.
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Figure 2.8.: NAME regional anaylsis
5 different regions (Antarctic inland plateau, Southern Ocean, Reactive Zone, South America
and Africa) that are used to track the percentage residence time in each region before arriving
at PE from the NAME footprints.

in this thesis 10000 abstract particles per hour were released at an altitude of 10 m above
the location of the Princess Elisabeth research station in Antarctica. On the basis of
the Meteorological Office Unified Model (UM) meteorological field data, 10-day back
trajectories for these particles were calculated. Summing up the concentration of these
particles at time steps of 15 minutes back in time (in total 960 time steps) results in
a footprint that shows the history of the air masses during the last 10 days. For this
procedure only particles that are located within the surface layer (0-100 m) are taken into
account. An example footprint of the first of December 2013 (midnight) is shown in
Figure 2.7. Footprints were derived every three hours, resulting in a total number of 2019
NAME footprints used in this study. To further analyze the impact of different surface
properties on the measured aerosol particle properties, the area around Antarctica was
divided into the following 5 different regions (see also Figure 2.8): the Antarctic inland
plateau (continental area at or above 200 m above the sea surface level), Southern Ocean,
South America, Africa and Reactive Zone. The Reactive Zone includes the following
regions that are known to have the potential to emit either primary particles or precursors
for secondarily formed particles:

• The Antarctic continental area below 200 m above the sea surface level and 8 islands
in the Southern Ocean (South Georgia, South Sandwich, Falkland, South Orkney,
Prince Edward, Crozet, Kerguelen, Heard and McDonald Island). These regions are
included because they are habitats for numerous different types of penguins. Bird
guano (Croft et al., 2016b) and in this special case penguin guano (Legrand et al.,
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1998), acts as a source of ammonia and may contribute to the formation of new
particles in coastal Antarctic areas.

• The permanent and seasonally covered sea ice areas. These are known to have
the potential to act as source of organic nitrogen that contributes to secondarily
formed aerosol particles (Dall’Osto et al., 2017b) or to emit primary sea salt parti-
cles (Huang and Jaeglé, 2017; Yang et al., 2008; Wagenbach et al., 1998).

• The marine area up to 200 km from the coasts of the islands and continents (for
Antarctic, continent plus ice shelves). These areas are included due to an enhanced
chlorophyll concentration in the coastal areas of the Southern Ocean. Chlorophyll
can be used as a proxy for dimethyl sulfide (DMS) (Vallina et al., 2006), which in
turn plays a role in new particle formation (Liss and Lovelock, 2008).

The proportional residence time that the air masses spent over the 5 different regions
during the last 10 days was determined in order to assess to what extent these regions
influence the aerosol particle and CCN properties. This type of a residence time analysis
was already used for an Antarctic site by O’Shea et al. (2017).

2.3.2. Potential Source Contribution Function

The Potential Source Contribution Function (PSCF) is a receptor modeling method that
originally was developed by Ashbaugh et al. (1985). It is one of the most used receptor
modeling methods and it was applied in several studies before that cover a wide range of
geographical scales and also include high latitude regions e.g., Dall’Osto et al. (2017b)
(Antarctic) and Yli-Tuomi et al. (2003) (Arctic). The PSCF model, that is commonly
used to identify regions that have the potential to contribute to high values of measured
concentrations at a receptor site, is based on air mass back trajectories. In the framework
of this thesis the PSCF analysis is applied to identify regions that contribute to high NCN

and NCCN values and thus can be considered as potential source regions.
To apply the PSCF analysis the NOAA HYSPLIT trajectory model (Stein et al., 2015) was
used to calculate hourly resolved 10-day back trajectories based on 1x1 ◦ GDAS (Global
Data Assimilation System) meteorological data. To account for uncertainties in back
trajectory analysis it is a common procedure to increase the number of back trajectories by
varying the initial conditions. In this work the position of the receptor location was varied
in the following way. Back trajectories were calculated at three different altitude levels,
i.e., 100 m, 200 m and 300 m above the surface level, and at 5 different plane locations,
i.e., one exactly at the location where the measurements were conducted and 4 in close
proximity around it by adding and subtracting 0.25 ◦. This results in a set of 15 back
trajectories per time step. Each back trajectory consists of trajectory segment endpoints,
which represent the central geographical position of the air parcel at a particular time. To
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2. Experimental

calculate the PSCF the whole region that is covered by these trajectory segment endpoints
is divided into an array of 5x5 degree grid cells (i,j). The approach is that aerosol particles
that are emitted in such a cell can incorporated into the air parcel and are transported to
the receptor cite. The PSCF can be calculated as follows:

PSCFi, j =
mi, j

ni, j
, (2.8)

where ni, j is the total number of trajectory segment endpoints that fall into a cell and
mi, j is the number of trajectory segment endpoints that fall into a cell and exceed a given
criterion value. In this thesis the 75 % percentile is used as threshold.
According to Hopke (2016): “Cells containing emission sources would be identified with
conditional probabilities close to 1 if trajectories that have crossed the cells effectively
transport the emitted contaminant to the receptor site. The PSCF model thus provides
a means to map the source potentials of geographical areas. It does not apportion the
contribution of the identified source area to the measured receptor data.” As it is probable
that small values of ni, j would lead to uncertain and high PSCF values it is necessary
to apply a weighting function. For this study a discrete weighting function based on
log(n+1), which is a measure of the back trajectory density, was applied (Waked et al.,
2014):

W =


1.00 for ni, j > 0.85 ·max(log(n+1))

0.725 for 0.6 ·max(log(n+1))< ni, j ≤ 0.85 ·max(log(n+1))

0.35 for 0.35 ·max(log(n+1))< ni, j ≤ 0.6 ·max(log(n+1))

0.1 for 0.35 ·max(log(n+1))> ni, j

(2.9)

The measured concentration of total particles and CCN is also affected by losses that
occur along the path of the air parcel between the source and the receptor site. As pre-
cipitation, which is known to be one of the major sinks for aerosol particles, in particular
for CCN, is an output parameter of the calculated NOAA HYSPLIT back trajectories, it
can be taken into account. Hence, the PSCF model was run with a precipitation filter.
Back trajectories were cut off, and not considered for the PSCF analysis, as soon as a
trajectory segment endpoint shows a precipitation of 0.1 mm/h and the total precipitation
(sum of precipitation of 240 segment endpoints) of this back trajectory exceeds a value of
5 mm/10d. The second criterion was added as it seemed not to be reasonable to discard
a trajectory only because of showing a low precipitation of some mm/h at some segment
endpoints. Note, the filter criteria as well as the criteria of the weighting function are
empirical.
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3. Results and Discussion

3.1. Measurements of aerosol and CCN properties
in the Mackenzie River delta (Canadian Arctic)
during Spring-Summer transition in May 2014

3.1.1. Campaign overview

The data set presented in this section was recorded during the RACEPAC (Radiation-
Aerosol-Cloud Experiment in the Arctic Circle) project, which took place in Inuvik du-
ring April and May 2014. It was mostly an airborne campaign that aimed to measure
all components required to describe the interaction of aerosol particles, clouds and radia-
tion in the Arctic. In this framework an additional ground based station in Tuktoyaktuk
(≈130 km north of Inuvik) was installed by the Max Planck Institute (MPI) for Chemistry
where measurements used in this thesis were made, aiming at providing a basic charac-
terization of the Arctic aerosol particle and CCN properties. The data set presented here
contains concentrations for condensation nuclei (CN) as well as for CCN, particle number
size distributions (PNSD) and inferred particle hygroscopicity values (κ) measured at the
station in Tuktoyaktuk. Further a comparison of PNSDs measured at the ground based
station and on the research airplane Polar 6, operated by the Alfred Wegener Institute for
Polar and Marine Research (AWI, Germany), is presented.

Measuring site and meteorology

Tuktoyaktuk is a town of less than 1000 inhabitants in the Inuvik Region of the Northwest
Territories, Canada. Figure 3.1 shows a map of Alaska and the western part of Canada
together with the Sea Ice extent layer and the Corrected Reflectance layer of MODIS
(Moderate Resolution Imaging Spectroradiometer). Tuktoyaktuk is situated north of the
Arctic circle (69 ◦ 26’ N and 133 ◦ 01’ W) on the shore of the Beaufort Sea and 5 m above
sea level. The area around Tuktoyaktuk has a low population density. The Beaufort Sea
is located directly to the north of Tuktoyaktuk, and it is typically covered with ice from
October to June. The pink color in Figure 3.1 shows the extent of the sea ice on the
15th of May 2014. The area of the frozen sea surface covers the entire Beaufort Sea and
extends to the south to the Bering strait. Hence, it can be excluded that aerosol particles of
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3.1. Measurements of aerosol and CCN properties in the Mackenzie River delta
(Canadian Arctic) during Spring-Summer transition in May 2014
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Figure 3.1.: RACEPAC - overview map
Map of Alaska and the western part of Canada showing the position of Tuktoyaktuk
and Inuvik together with two additional layers of the MODIS instrument (installed on
TERRA, NASA). The Sea Ice extent layer shows the frozen ocean surface in pink.
The Corrected Reflectance (Bands 7,2,1) layer shows liquid water in dark blue or
black. Ice on the surface or in form of ice crystals in cold clouds will appear turquoise
whereas small water droplets in warm clouds will appear white. A low pressure sys-
tem, which was relevant for the measurements in Tuktoyaktuk, and its corresponding
fronts are marked. The map was created for the 15th of May 2014 using NASA World-
view reference:https://worldview.earthdata.nasa.gov/?map=-126.907471,36.373535,-
117.415283,42.815918&products=baselayers,MODIS_Aqua_CorrectedReflectance_
TrueColor~overlays,MODIS_Fires_All,sedac_bound&time=2012-08-23&switch=geographic

marine origin are formed locally during the measuring period. The landscape surrounding
the measurement station is comprised by flat Arctic tundra with a subarctic climate. The
characteristic precipitation is less than 300 mm per year and the mean annual surface
temperature is below 0◦C.
The time series of the meteorological parameters temperature, relative humidity, pressure,
wind speed and wind direction (Figure 3.2) give an overview with respect to the ambient
weather conditions during the whole sampling period. The measured temperature shows
an increasing trend typical for the transition from Arctic spring to summer. This transition
is driven by the increase of the daily incoming solar radiation and leads to a change in sea
ice and snow cover and consequently also to a change of Arctic aerosol particle sources.
During this transition from spring to summer, the polar front is moving towards the north
resulting in a more frequent passage of low pressure systems as well as enhanced dyna-
mics and mixing in the boundary layer of subarctic areas. This can be seen in the high
variability of the measured temperature (from -10◦C up to 15◦C) and the relative humi-
dity (from 45% up to 95%). Furthermore, sharp changes in all meteorological parameters
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Figure 3.2.: RACEPAC - time series of meteorological parameters
Time series of temperature, pressure, relative humidity as well as wind speed and direction
measured directly at the aerosol inlet at an altitude of 3.5 m above ground level covering the
entire measurement period in May 2014. The passages of cold and warm fronts are marked
with blue and red arrows, respectively.

indicate the passage of local low pressure frontal systems (e.g. the pressure drop and the
wind shift at the 13th of May that correspond to a cold front. Cold and warm fronts are
marked with blue and red arrows in Figure 3.2, respectively, indicating a fast air mass
change. In Figure 3.1 a low pressure system, which was located over the Beaufort Sea,
is visible due to the Corrected Reflectance layer. The corresponding warm front is also
visible in the meteorological parameters of Figure 3.2.

Instrumentation and data processing

The experimental setup used to conduct the ground based measurements during the cam-
paign is shown in Figure 3.3. An aerosol inlet with a PM10 sampling head was installed
on top of a measurement container at a height of 3.5 meter above ground level. Along a
vertical tube (inner diameter of 2.5 cm) the aerosol was transported into the measurement
container. Downstream horizontal tubes (inner diameter of 1 cm and 0.53 cm) distributed
the aerosol to the instruments.
The total aerosol particle number concentration (NCN) was measured by a Condensa-
tion Particle Counter (CPC, TSI Model 3010) which was operated at a total flow rate of
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3.1. Measurements of aerosol and CCN properties in the Mackenzie River delta
(Canadian Arctic) during Spring-Summer transition in May 2014

1 l/min. In parallel the particle number size distribution was measured by means of a
Scanning Mobility Particle Sizer (SMPS, TSI model 3936 with CPC Model 3025). Up-
stream of the SMPS an impactor with 1 µm cutoff diameter was installed and prior to the
CPC and the SMPS the aerosol was dried using a diffusion dryer with silica gel.
Airborne PNSD measurements on board of the Polar 6 research aircraft were conducted
by means of an Ultra-High Sensitivity Aerosol Spectrometer (UHSAS) that measured in
a size range from 70 nm up to 1 µm.

Aerosol inlet with PM10 

sampling head and Vaisala

WXT520 Weather station

DMT CCNC

Aerosol 

Dryer

Impactor 

1 µm
Neutralizer

CPC 3010

DMA

CPC 3025

NCCN NCN
size 

distribution

T, RH, p, 

wind speed, 

wind direction

Figure 3.3.: RACEPAC - measuring set up
Schematic depiction of the measuring set-up implemented in the Tuktoyaktuk ground based
(container) station.

The number concentration of cloud condensation nuclei (NCCN) was measured using a
Cloud Condensation Nuclei counter (CCNC, Droplet Measurement Technologies (DMT),
Boulder, USA). By stepping the temperature gradient every 12 minutes the supersatura-
tion (SS) was varied between 0.1 %, 0.2 %, 0.3 %, 0.5 % and 0.7 %. To ensure stable
column temperatures, the first 5 min and the last 30 sec at each SS setting were excluded
from the data analysis. The remaining data points were averaged.
Ground based measurements of NCN , NCCN and PNSD were contaminated due to local
particle sources, so that a filter routine had to be applied, which will shortly be described
in the following. The filter completely removes data points at time periods during which
the pollution occurred. NCN is the parameter that is most sensitive to the pollution since
it was detected with the lowest time resolution (1 s) and pollution occurred in a size range
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3. Results and Discussion

smaller than 150 nm in diameter, which is covered by the CPC-3010. Pollution events
were identified due to a fast (some seconds) and intensive increase of NCN , which is well
visible in the NCN time series (Figure 3.4) presented in the following section. The gradient
in the NCN time series was used as a filter criterion. Peaks that occurred due to local pol-
lution events could be identified best by searching for an absolute gradient between two
NCN measuring points of at least ± 20 cm−3s−1. For further analysis, NCCN and PNSD
that were measured in a time span of 400 s before and after a pollution peak occurred were
neglected. The 400 s originated from the sampling frequency of NCCN (400 s) and PNSD
(300 s).
During the measurement period technical problems occurred with the CPC-3025 which
was a part of the SMPS system. This resulted in a non-uniform consistency between
NCN measured with the CPC-3010 and the NCN of the integrated PNSD measured with a
CPC-3025. Hence, the PNSDs were variably corrected so that the integrated total number
concentration was consistent with NCN measured with the CPC-3010.

3.1.2. Overview of NCN, NCCN and PNSD data for the entire
measurement period

The measurements of all aerosol parameters recorded during the RACEPAC-campaign
were temporarily influenced by local anthropogenic sources. Local emissions from ground
based sources such as industrial combustion, oil heating and the generator for the con-
tainer power as well as occasional air traffic led to intensive short term peaks in the mea-
sured time series of NCN , NCCN at SS above 0.1 % and the PNSDs.
The gray line in Figure 3.4 shows the time series of the measured raw total aerosol par-
ticle number concentration, where it will be referred to these data using the parameter
NCNraw. Beside a clear baseline of concentrations between less than 100 and 1000 cm−3,
peaks up to more than 10000 cm−3 occur during the whole sampling period. These peaks
had a typical temporal duration of 1 to 5 minutes. Consequently, the first step of the
data analysis was the application of a filter routine to eliminate time periods where the
measurements were affected by local pollution. The filtering procedure is described in
Section 3.1.1. The black dots in Figure 3.4 are the remaining NCN data points. Note that
especially during phases of high ambient pressure the local pollution is more intensive
and the filter eliminates most of the data during these periods. Hence, on the 2nd, 11th to
13th and on the 15th of May almost no NCN data points remain. These are time periods
that directly follow the maxima in the pressure time series of Figure 3.2. Typical for high
pressure systems are temperature inversions near the ground level that can trap local emis-
sions and cause an enhanced influence of local pollution. Furthermore, Figure 3.4 shows
NCCN measured at SS = 0.1% (NCCN,0.1) and number concentrations of particles larger
than 150nm (integrated PNSD, NCNraw>150nm) for the entire measurement period. For
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3.1. Measurements of aerosol and CCN properties in the Mackenzie River delta
(Canadian Arctic) during Spring-Summer transition in May 2014
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Figure 3.4.: RACEPAC - time series of particle number concentrations
Time series of NCNraw (gray) and NCN (i.e., the filtered data, black) as well as NCNraw>150nm
(light blue) and NCCN,0.1 (dark blue). The colored boxes mark the three periods of measure-
ments that were used for further analysis. The arrows at the top indicate the four overflight
times of the Polar 6 research aircraft.

NCNraw>150nm and NCCN,0.1 the filter procedure was not applied. Generally, NCNraw>150nm

and NCCN,0.1 show similar trends, and both do not show pronounced peaks as those seen
for NCNraw. This indicates that the observed aerosol particles that were related to pollution
occurred in the size range below 150nm. This will be elaborated on below. It is, how-
ever, also worth noting that NCNraw>150nm scatters much more than NCCN,0.1. This larger
scatter originates in the higher frequency with which NCNraw>150nm was measured. Over
the whole measurement period a mean NCN of 188 cm−3 (and a median of 199 cm−3) was
observed when excluding the pollution periods. This is in good agreement with an Arctic
long term study by Tunved et al. (2013) who report monthly mean NCN for May (observed
at Mt Zeppelin, Ny-Ålesund, Svalbard from March 2000 to March 2010) being slightly
above 200 cm−3. Generally they observed the highest concentrations between April and
July which can be traced back to aged anthropogenic Arctic haze aerosol earlier in this
time period and to new particle formation later (Tunved et al., 2013). That these two
kinds of aerosols also play a major role in context of the present study is discussed in the
following two sections by using air mass back trajectories and the PNSDs.
Figure 3.5 shows a comparison of the mean of all of those PNSDs which were detected
during time periods that were marked as clean (PNSDc, corresponding to times when NCN

is shown as black dots in Figure 3.4) with the mean of all other PNSDs. The latter are
those for which an influence of local pollution was assumed (PNSDp). Also shown in
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Figure 3.5 are error bars that indicate the range between the 25 % and 75 % percentiles.
Both, PNSDc and PNSDp are bimodal with an Aitken mode below 100 nm and an accu-
mulation mode above 100 nm. Above 150 nm, the accumulation modes of both are almost
equal, whereas the Aitken mode of PNSDp is more pronounced than that of PNSDc. Sim-
ilar influences of local emission on PNSD were found at an urban background station in
Helsinki by Wegner et al. (2012). They observed modes between 10 nm and 40 nm in
median urban PNSD caused by traffic, domestic and district heating, comparable to the
here presented result, albeit at higher concentrations. The observations by Wegner et al.
(2012) support our assumption made earlier that the observed high peaks in NCNraw ori-
ginate from local pollution. It also demonstrates the usefulness of the applied filter. As
for NCN , also PNSDc agrees well with the observations of Tunved et al. (2013). A PNSD
shown in Tunved et al. (2013), representing the monthly median PNSD for May over a
period of ten years in an Arctic environment, shows the same characteristic as PNSDc of
this study as shown in Figure 3.5. Both are bimodal with a distinct accumulation mode
and a smaller Aitken mode. The variability of PNSDc and the dependence on the air mass
origin is discussed in Section 3.1.4.
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Figure 3.5.: RACEPAC - clean and polluted PNSD
Comparison of the median PNSDs for times which were assumed to be clean (PNSDc, pur-
ple) or polluted (PNSDp, black). The thin vertical lines (same color code) indicate the range
between the 25 % and 75 % percentiles.
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3.1. Measurements of aerosol and CCN properties in the Mackenzie River delta
(Canadian Arctic) during Spring-Summer transition in May 2014

After applying the filter to NCCN and the PNSDs only three distinct periods (Period 1:
May 3 7:00 to May 5 0:00 , Period 2: May 7 00:10 to May 7 9:00, Period 3: May 16 5:00
to May 16 12:15) of evaluable data remained, as these parameters were measured with
a lower temporal resolution and were thus more prone to be effected by local pollution
than NCN . The three periods are marked with a blue, green and red square in Figure 3.4.
This color code is continuously used in the following figures. The arrows at the top of
Figure 3.4 indicate the four overflights of the Polar 6 research aircraft. For these times a
comparison of ground based and airborne PNSDs of different altitudes was done, which
is discussed in Section 3.1.6.

3.1.3. Identification of air mass origins and potential source
regions

Two approaches to investigate the history of the measured air masses were applied on the
data set measured at Tuktoyaktuk. First, the origins of the air masses for the three periods
were identified by means of LAGRANTO backward trajectories. Second, the Potential
Source Contribution Function (PSCF) is applied to identify regions that potentially act as
source regions for aerosol particles measured throughout the whole campaign.

Origin of sampled air masses of the three periods

To assess the origin of the air masses of the three periods the Lagrangian analysis tool
(Sprenger and Wernli, 2015) was used. The LAGRANTO backward trajectories were
calculated based on analysis data from the European Center of Medium-Range Weather
Forecasts (ECMWF). The data used have a horizontal grid resolution of 0.5◦ and 137
vertical hybrid sigma-pressure levels from the surface up to 0.01 hPa. Hourly 10-day
back trajectories were started in the region around Tuktoyaktuk (69.43°N, 133.00°W)
at a pressure level of 25 hPa below surface pressure. More specifically, trajectories at
13 receptor sites in the horizontal plane were initialized, accounting for the uncertainty
introduced due to the relatively coarse horizontal grid and the release at an individual
point. One receptor site was directly at the coordinates of the measurement station and 12
around the station. The upper panel of Figure 3.6 depicts the bundle of trajectories for the
three time periods.
Two main air mass origins were observed. The air masses of Period 2 originated in the
north east of Canada (in the province Nunavut). During May air masses from this area are
typically highly contaminated due to high winter and springtime aerosol particle burdens
which can be observed all over the Arctic (Shaw, 1995). In the following these air masses
are termed “accumulation-type air mass“. The air masses of Period 3 originated in the
southwest of Tuktoyaktuk (Eastern Russia, Kamchatka and the unfrozen North Pacific).
In the following, these air masses are named “Aitken-type air mass“, and the naming of
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the air masses will be explained in the next section, Section 3.1.4. Further the trajectories
indicate that Period 1 includes both, accumulation- and Aitken-type air masses. The
distribution of these two air masses during Period 1 is visible in the lower panel of Figure
3.6. The figure shows the number of trajectories per hour (for Period 1) that originated
east (Naccumulation) or west (NAitken) of Tuktoyaktuk. It can be seen that during the first
part of Period 1 (till 16:00 of 4 May 2014) the air masses in Tuktoyaktuk were a mixture
of accumulation- and Aitken-type air masses. Until the 3rd of May Tuktoyaktuk was
influenced by an anticyclone with a maximum pressure of 1035 hPa. The low pressure
gradient of this anticyclone led to a low wind velocity and a baffling wind (see lower
panel of Figure 3.2) which caused an alternation between the two air mass origins at
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Figure 3.6.: RACEPAC - backtrajectories of the three periods
a) 10 day back trajectories of the three periods started in and around Tuktoyaktuk at a pressure
level of 25 hPa above the surface pressure.
b) The total number of 13 trajectories per hour of Period 1 was split up into the number of
trajectories that came from east (Naccumulation) or west (NAitken) to illustrate the alternation of
the air mass origin.
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the beginning of Period 1. The second part of Period 1 is characterized by a decreasing
surface pressure and a constant easterly wind. With a temporal shift of less than one
day also NAitken decreased which indicates that only accumulation-type air masses were
present at Tuktoyaktuk.

PSCF analysis

The following PSCF results of NCN were calculated as described in 2.3.2 on the basis of
6129 NOAA HYSPLIT back trajectories. The spatial distribution of the PSCF of NCN is
mapped in Figure 3.7. The map shows several areas of enhanced PSCF values, that can be
linked to potential source regions. One of these spots of enhanced PSCF values is located
in Central Canada, which potentially can be linked to biomass burning. To proof this pos-
sible connection, the MODIS Active Fire Product (MCD14ML) was used, to display the
active wild fire spots that occurred between April 21th and May 17th in 2014 as magenta
dots in the map. Due to the local proximity of these enhanced PSCF values and a spot of
detected active fires south of them, it is possible, that high NCN values were measured due
to biomass burning in Central Canada.
Also active fires detected in Siberia show coincidence with a spot of enhanced PSCF
values. From a detailed analysis on a daily basis follows, that especially this region of
high PSCF values shows the occurrence of active fires throughout the whole time of
analysis. Another spot in Siberia can be explained due to its proximity to Norilsk (red
square in Figure 3.7) which is considered to be an Arctic point source for emissions due
to nickel mining and aluminum plants. Although, improvement has been achieved since
the’ 80s, Norilsk still remains one of the largest source of anthropogenic Arctic air pollu-
tion, mainly due to the emission of particulates and sulfur dioxide (AMAP, 2006).
Another point source of anthropogenic Arctic emissions is the Prudhoe Bay Oil Field in
North Alaska, marked with a red diamond in Figure 3.7. As already mentioned in the
introduction, Gunsch et al. (2017) and Kolesar et al. (2017) recently found the emissions
of Prudhoe Bay Oil Field to cause increased NCN values (13-746 nm) and have impact
on growth events of nucleation and Aitken mode aerosol particles. Our PSCF analysis
results in a spot of increased PSCF values in the vicinity of Prudhoe Bay Oil Field. This
indicates that Prudhoe Bay Oil Field emissions potentially lead to enhanced NCN values
measured in Tuktoyaktuk.
The largest area of enhanced PSCF values is the area of the North-West Pacific. This
region seems to overall cause relatively high NCN values measured at Tuktoyaktuk, most
likely due to marine emissions. A detailed discussion about the impact of marine emis-
sions on the aerosol particles measured in Tuktoyaktuk is presented in the following sec-
tion.
The above discussed PSCF results give a rough idea about the location of possible aerosol
particle sources for our measurements at Tuktoyaktuk. However, in our case, the precision
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of the PSCF method is limited due to the small amount of data.

PS
CF

Modis Active Fire 
Product (MCD14ML)

Figure 3.7.: RACEPAC - PSCF analysis
Map showing the PSCF function of NCN , calculated on the basis of concentrations exceeding
the 75 % percentile. The colorbar indicates the PSCF value and the red dot, the diamond and the
square indicate the position of Tuktoyaktuk, Prudhoe Bay (Alaska, USA) and Norilsk (Russia),
respectively. The purple dots display the location of active fire spots that occurred between
April 21th and May 17th in 2014, detected by MODIS (Active Fire Product - MCD14ML).

3.1.4. PNSD of the three periods

Figure 3.8a shows the median of the PNSDc of the three periods discussed in Section
3.1.3, together with the 25 % and 75 % percentiles. They were computed to examine their
dependence on the origin of the air mass. The PNSDc of Period 1 (PNSDc1) and Period
3 (PNSDc3) are bi-modal with an Aitken mode below 100 nm and an accumulation mode
above 100 nm whereas that of Period 2 (PNSDc2) only shows the accumulation mode.
The large variability observed in the shape of the PNSD is typical for the transition period
from Arctic spring to summer, i.e. higher variation of source regions during the Arctic
summer. As described in more detail in the introduction, although there is a pronounced
annual cycle in PNSDs in the Arctic, common features concerning PNSDs are shared
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across the Arctic (Freud et al., 2017), and PNSDs reported in Tunved et al. (2013) were
used for comparison with our data in the following, as these were the first long term data
describing the annual cycle.

PNSDc2 is similar to the PNSD that Tunved et al. (2013) observed for March and April on
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Figure 3.8.: RACEPAC - PNSDs of the three periods
a) Thick lines show the median PNSD of Period 1 (blue), Period 2 (green) and Period 3 (red).
The thin vertical lines (same color code) indicate the range between the 25 % and 75 % per-
centiles.
b) Comparison of the median PNSD of Period 2 and 3 with 10 year median PNSD of April
and June observed by Tunved et al. (2013) on Svalbard. The PNSDs observed by Tunved et al.
(2013) for April and June are comparable in shape with PNSDc2 and PNSDc3, respectively.
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Svalbard. A direct comparison of PNSDc2 and the median April PNSD of Tunved et al.
(2013) is shown in Figure 3.8b. The mono-modal accumulation mode aerosol is charac-
teristic for the Arctic haze which mainly consists of particulate organic matter (POM) and
sulfate (Quinn et al., 2002). Single particle analysis of aerosol particles samples taken
at the Zeppelin Station, Svalbard, that occurred before the transition to the Arctic sum-
mer showed a dominance of spherical organic like particles in the submicrometer range
with an Eurasian influence (Behrenfeld et al., 2008). These Arctic haze aerosol particles
typically are well aged (Heintzenberg, 1980; Quinn et al., 2002). Due to the shape of
PNSDc2, and since the air mass of Period 2 has its origin in a region where conditions in
May are still winterly, it is very likely that a typical Arctic haze air mass was observed.
In contrast, PNSDc3 is comparable to PNSDs that are reported by Tunved et al. (2013)
for June and July. PNSDc3 and the median June PNSD of Tunved et al. (2013) are de-
picted in Figure 3.8b. In addition to the accumulation mode the bi-modal summer time
Arctic PNSD shows an Aitken mode which most likely originates from particles formed
by new particle formation (Engvall et al., 2008; Wiedensohler et al., 2011). A common
precursor gas for new particle formation is dimethylsulfide (DMS) emitted from oceanic
phytoplankton. This precursor is known to be more abundant during the Arctic summer
when the marine biological activity has its maximum. An indicator for the presence of
DMS is its oxidation product methanesulfonic acid (MSA) (Quinn et al., 2007). MSA also
could be directly detected as component of the particulate matter itself in remote marine
background aerosol and in plankton bloom areas (Zorn et al., 2008). Quinn et al. (2007)
report the concentration of MSA for several Arctic measurement stations (e.g. Barrow
and Alert - Tuktoyaktuk is located between the two) during at least 7 years. The MSA
concentration starts to increase in April and has two maxima during the summer time,
where both maxima were observed in Alert as well as in Barrow (Quinn et al., 2007). The
later maximum occurs in July and August and is due to the local productivity of phyto-
plankton while the surface water is free of ice. The earlier maximum that occurs around
the time of our measurements, can be associated with long-range transport from marine
source regions from the North Pacific (Li et al., 1993). This fits well to the source region
that was found for the air mass of PNSDc3 and can explain the presence of the Aitken
mode particles. The minimum between the Aitken and the accumulation mode can be
explained by previous cloud processing during which further material was added to acti-
vated droplets via aqueous phase oxidation. After the evaporation of cloud droplets this
process creates the bi-modal PNSD with the Hoppel-minimum (Hoppel et al., 1994). In
our case the Hoppel-minimum can be found at around 90 nm. While cloud processing is
a well known process for gaining particulate matter and growing particles to larger sizes,
particles can also grow by generation of particulate matter directly from the gas phase as
described recently for Arctic conditions in e.g., Willis et al. (2016), Burkart et al. (2017a)
and Collins et al. (2017). The observed minimum in the PNSD occurs when new particle
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formation takes place, either by adding small particles to an already aged air mass or by
mixing of different air masses with one air mass containing aged and the other one newly
formed particles, where one could come from aloft. It should also be mentioned that it
was recently described in Gunsch et al. (2017) and Kolesar et al. (2017), that emissions
from Prudhoe Bay oil field, which is located at the northern shore of Alaska roughly 700
km west of our measurement location, influenced Arctic PNDSs by adding both high con-
centrations of small particles and particulate mass to larger particles. Summarizing there
is a number of reasons that can add to the observed bi-modality of the size distribution,
but small, comparably newly formed particles will make up the observed Aitken mode in
all cases. Sources of the precursor gases forming these particles will differ from spring to
summer, as mentioned above (Li et al., 1993).
In Section 3.1.3 it is described that the back trajectories for time Period 1 altered between
the two source regions. This observation is supported by the shape of PNSDc1 which
suggests that both source regions contribute to the aerosol particles observed during this
period. PNSDc1 is bi-modal (similar to PNSDc3) but with a less pronounced Hoppel-
minimum and a distinct accumulation mode (similar to PNSDc2). Due to the strongly al-
ternating air mass origins during Period 1, the attempt to separate the two cases in PNSD1

did not succeed, and the aerosol particle population reported for Period 1 in this study
comprises a mixture between accumulation- and Aitken-type air masses. However, due
to the absence of detailed information on the composition of the aerosol particles such
considerations remain speculative.

3.1.5. Critical diameter dcrit and hygroscopicity parameter κ

In Section 2.2.2 it is described how the critical diameter dcrit and the hygroscopicity pa-
rameter κ can be determined based on the measured NCCN and PNSD. dcrit and κ were
derived for (i) the whole measurement period using unfiltered NCCN,0.1 and corresponding
PNSD and (ii) the three selected periods described above, using filtered NCCN at all SS
and PNSDc. Figure 3.9 shows the time series of NCN and NCCN (mean concentration with
standard deviation as error bars) in the upper panel, dcrit in the middle panel and κ in
the lower panel. Note, data concerning all SS are only available during the three selected
periods. In Section 3.1.2 it is described that the pollution occurred in the size range below
150nm. NCCN measured at SS higher than 0.1 % are affected by local pollution due to the
lower dcrit (dcrit is discussed in detail below) and thus are not analyzed for the whole mea-
surement period except the three periods. The uncertainties for dcrit and κ as given by the
error bars were determined by the use of a Monte Carlo simulation. A detailed description
of this method is given in Appendix A.2. (The uncertainties for dcrit are typically smaller
than the symbol size.)

During the whole measurement period the unfiltered NCCN,0.1 covers a range between less
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SS [%] NCCN [ cm−3] dcrit [nm] κ

0.1 45 191 0.18
0.2 118 107 0.28
0.3 139 89 0.21
0.5 164 64 0.23
0.7 197 50 0.26

Table 3.1.: RACEPAC - CCN and hygroscopicity
Median values of NCCN , dcrit and κ for different SS. Values for SS = 0.1 % are calculated using
the unfiltered data that cover the entire measurement period, whereas the values for SS = 0.2, 0.3,
0.5 and 0.7 % are calculated using the filtered data of Period 1, 2 and 3.

than 10 and 200 cm−3 with a median of 45.2 cm−3. The median dcrit values as well as the
median concentrations for the filtered NCCN are presented in Table 3.1. The corresponding
inferred values for κ are representative for aerosol particles with sizes close to dcrit and
therefore can be assigned to the modes in the PNSD. Therefore, κ derived for SS = 0.1%
displays the hygroscopicity of the accumulation mode as dcrit for SS = 0.1% is in the
neighborhood of the maximum of this mode. κ values for SS = 0.2% and SS = 0.3%
are representative for the size range close to the Hoppel-minimum whereas κ values for
SS = 0.5% and SS = 0.7% are representative for the Aitken mode. The median κ values
for SS = 0.1, 0.2, 0.3, 0.5 and 0.7 % are 0.18, 0.28, 0.21, 0.23 and 0.26, respectively. These
values are summarized in Table 3.1. For time Period 1,2 and 3, the κ values averaged over
all SS are 0.22, 0.23 and 0.26, respectively. Following it will be discussed how these κ

values relate to the measurement uncertainty.
Figure 3.10a shows the probability density function (pdf) of all κ values that are presented
in the lower panel of Figure 3.9. The blue line displays the median of the inferred κ values
which is 0.23 and the red lines are the 5 and 95 % percentiles. The width between these
percentiles, σs,allSS, amounts to 0.23. To check whether these inferred κ values allow a
physical interpretation of the variability of κ, the Monte Carlo simulation was used, as
described in the Appendix A.2. In short, using Monte Carlo simulations, the uncertainty
for each κ value was determined separately based on uncertainties in dcrit , NCCN and Scrit .
This uncertainty was again expressed as the width between the 5 and 95 % percentiles.
The separate widths were averaged, yielding σMC,allSS, which was determined to be 0.16.
To resolve physically driven changes, σs,allSS should be significantly larger than σMC,allSS

(at least twice as large). But σs,allSS/σMC,allSS only amounts to 1.44, which indicates that
70% (= 1/1.44) of the variability in the observed κ values is related to measurement un-
certainties of the PNSD and the SS in the CCNC. For corroboration, the same analysis
was done based on a sub-set of all data. In Figure 3.10b the κ values at SS = 0.1% are
displayed as a probability density function with a median of 0.19 and a width between
the 5 and 95 % (σs,0.1) percentiles of 0.23. The width between the 5 and 95 % percentiles
of the Monte Carlo simulation (σMC,0.1, only for SS = 0.1%) is 0.14 so that the ratio be-
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tween both is 1.64. Hence 60% of the variability in the observed κ values at SS = 0.1%
is related to measurement uncertainties. Summarizing, it can be stated that our observed
κ values show no significant dependencies on the SS or the air mass origin that can be
resolved with our set up and method.
Kammermann et al. (2010) measured NCCN and inferred dcrit and κ in a subpolar environ-
ment during a ground based measurement campaign in north Sweden for SS from 0.1 to
0.7% in July 2007. They report κ values in the range of 0.07 to 0.21. Moore et al. (2011)
and Lathem et al. (2013) report κ values from airborne measurements in Alaska (April
2008) and North Canada (June to July 2008), respectively. Both observed values between
0.05 and 0.3 within a SS range of 0.1 to 0.6%. Lower κ are likely to indicate a higher
organic fraction in these environments, and particularly for Kammermann et al. (2010),
the lowest values can be explained by the local proximity to the Stordalen mire which is
known to emit biogenic precursors of organic aerosol particles. In a modeling study by
Pringle et al. (2010), the annual mean κ values at the surface in the region around Tukto-
yaktuk were approximately 0.3. Overall the κ values derived in this study are comparable
to previously published values.
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The time series of NCN and NCCN in the upper panel, dcrit in the middle panel and the inferred κ
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the error bars of dcrit and κ show uncertainties that are determined by means of a Monte-Carlo
simulation. The blue data points show the unfiltered data corresponding to SS = 0.1%. The
other colors correspond to the filtered data (SS ≥ 0.1%) of Period 1, 2 and 3, marked with the
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Figure 3.10.: RACEPAC - κ PDF
a) Probability density function of all inferred κ values (filtered values of all supersaturations)
of the lower panel of Figure 3.9.
b) Probability density function for κ values at SS = 0.1% (inferred from the unfiltered CCN
and PNSD data of Figure 3.4). The blue line displays the median and the red lines show the 5
and 95 % percentiles of the probability density function.

3.1.6. Comparison of height resolved airborne and ground
based PNSDs

During the campaign 4 overflights of the Polar 6 research aircraft were performed. Over-
flight 1 and 2 were single overflights at a constant altitude of 600 m and 200 m, respec-
tively. During Overflight 3 and 4 eight legs in altitudes between 300 m and 3000 m were
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flown. The comparison of the airborne and ground based measured PNSDs of the four
overflights is shown in Figure 3.11. Arrows in Figure 3.4 indicate the times when the
four overflights took place. For Overflight 1 and 2 simultaneous measurements of filtered
PNSDc exist. For Overflight 3 and 4 the closest filtered PNSDc measurements have a
temporal distance of 7 and 6 hours to the time of overflight, respectively. Hence, for the
comparison in case of Overflight 3 and 4 the unfiltered PNSDd measurements are used.
The airborne PNSDs measured by means of an UHSAS were recorded with a time resolu-
tion of 1s and extrapolated to standard pressure (1013.25hPa). In Figure 3.11 the UHSAS
distributions are generally displayed as the median of 100 measured distributions. Addi-
tional bars that indicate the range between the 25 and 75 % percentiles are added to the
distributions of Overflight 1 and 2. PNSDc and PNSDd , which were measured at the
ground, are shown for ambient pressure.
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Figure 3.11.: RACEPAC - comparison of ground based and airborne PNSDs
PNSDs measured at the ground based station and on the Polar 6 research aircraft during four
overflights. Overflight 1 and 2 took place in 200m and 600m, whereas Overflight 3 and 4
were profile flights at altitudes between 300 and 3000 m. Airborne measurements from 70 nm
up to 1 µ m were done using an UHSAS, while ground based PNSDcs and PNSDds of aerosol
particle diameters from 13.6 nm up to 736.5 nm were measured using a SMPS as indicated in
the setup of Figure 3.3.
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For Overflight 1 and 2, the ground based PNSDcs agree well with the airborne PNSD
in the overlapping size range of 70 nm to 736.5 nm, where airborne measurements were
carried out at 600 m and 200 m, respectively. Vertical temperature profiles observed by
radiosondes over Inuvik show temperature inversions at altitudes of 1500m and 700m for
Overflight 1 and 2, respectively (not shown here). This indicates that during these two
distinct time periods the ground based measurements of PNSDs are representative for the
atmospheric boundary layer.
For Overflights 3 and 4, the measured PNSDs varied with respect to the particle number
concentration and shape for the flights in different altitudes between 300 m and 3000 m.
The airborne PNSDs of Overflight 3 show the same shape at all eight heights with a clear
decrease of the number concentration at lower heights. The integration of the PNSD mea-
sured at 300 m (black line) gives a total particle number concentration of 24 particles per
cm3, whereas it is 512 cm−3 at an altitude of 3000 m, i.e., twenty times higher. However
the shape of the PNSDs does not change with height as all distributions are mono-modal
with a maximum at approximately 150nm. The ground based PNSDd in the size range
above 150 nm agrees best with the airborne PNSD that was measured at 1200 m. At
smaller sizes no comparison can be done, as the local pollution produces a large mode
below 150 nm. The ambient temperature recorded at the Polar 6 aircraft during Overflight
3 indicates a temperature inversion near an altitude of 2000 m. For further investigation
back trajectories at altitudes of 1000, 2000 and 3000 m were calculated to investigate the
history of air masses at different altitudes. The trajectories arriving at altitudes of 1000
and 2000 m show an air mass origin in the area of the Northern Pacific, comparable to
time Period 3 in Section 3.1.3. But the trajectory that arrived in 3000 m indicates an air
mass origin in the central Arctic and over Greenland. Hence, the origin of the air masses
and the relatively higher particle number concentration in the accumulation mode of the
PNSD may indicate that the typical aged Arctic spring aerosol, that was observed du-
ring Period 2, is present above the temperature inversion. This aerosol could be mixed
down to lower layers accompanied by a dilution process, however, aerosol observed at
the lower levels is likely mostly of a different origin. Overflight 4 shows that the air-
borne PNSDs also may differ in shape depending on the height. The PNSDs between
1750 and 3000 m are mono-modal with a maximum between 100 and 200 nm. Also a
comparably high particle number concentration was measured at an altitude of 3000 m.
The PNSDs at lower heights imply a second mode below 100 nm. This Aitken mode is
also present in the ground based PNSDd which fits the airborne PNSDs that were mea-
sured below 1200 m. The air masses above 1750 m show characteristics of the typical
aged Arctic accumulation-type aerosol (comparable to Period 2) whereas the air masses
below 1200 m seem to consist of aerosol of marine origin (comparable to Period 3). For
Overflight 4, two temperature inversions were recorded between 2500 and 3000 m. The
temperature inversions and the different shapes of the PNSDs are indicative of the pre-
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sence of different air masses during Overflight 4, although air mass back trajectories that
arrived at 1000, 2000 and 3000 m indicate an air mass origin over the Northern Pacific for
all three heights. Stone et al. (2014) explain that layering of Arctic aerosol, as it was ob-
served during Overflight 4, is a function of where the aerosol particle sources are located.
Thereby the crucial factors are the different pathways of aerosol transport in the lower
Arctic troposphere. The cold air of the lower Arctic troposphere is covered by surfaces of
constant potential temperature and forms a dome over the Arctic (Law and Stohl, 2007).
According to Stohl (2006) three transport pathways are possible: 1) low-level transport
followed by ascent along the surfaces of constant potential temperature; 2) only low-level
transport; 3) uplift outside the Arctic followed by transport in the upper troposphere and
descent in the Arctic. It is likely that the aerosol particles observed in the upper levels
of Overflights 3 and 4 were transported via pathway 1 or 3 whereas pathway 2 might be
responsible for the occurrence of the bi-modal PNSD below 1200 m during Overflight 4.
Note that the altitude resolved PNSDs presented here only represent a short snapshot in
time. Hence, our observations do not describe how the transition from Arctic spring to
summer affects the Arctic PNSD in the different lower layers of the troposphere. How-
ever, the measurements during all four overflights show that the ground based PNSD is
similar to the airborne PNSD of the lowest tropospheric layers. Therefore it can be ex-
cluded that local natural sources contribute significantly to our measurements during the
observed time period at least after removing signals from local pollution. It is more likely
that aerosol particles or their precursor gases are advected via long range transport from
lower latitudes in different height layers and mixed down in the lower Arctic troposphere.
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3.2. Measurements of aerosol and CCN properties
at the Princess Elisabeth Antarctica Research
Station during three austral summers

3.2.1. Campaign overview

Measuring site and meteorology

The measurements presented here were all performed at the Belgian Antarctic research
station Princess Elisabeth (PE, Figure 3.12a), in Dronning Maud Land, East Antarctica
(71.95° S, 23.35° E, 1390 m asl., around 200 km away from the Antarctic coast). The PE
station is located upon the granite ridge of Utsteinen Nunatak and lies north of the Sør
Rondane Mountain Range, that has peaks up to an altitude of 3300 m asl. This area is lo-
cated in the escarpment zone between the Antarctic inland plateau and the coast which can
be seen in the topographic map of Antarctica in Figure 3.12b. A more detailed description
of the measuring station and its near surrounding is given by Gorodetskaya et al. (2013).
The PE station is designed as a zero emission station with power production mainly based
on wind and solar energy (see www.antarcticstation.org). This reduces local emissions
which makes the PE station an excellent base for conducting in situ aerosol particle mea-
surements. Nevertheless, general station activities, traffic by skidoos or bulldozers, and ir-
regular diesel generator operation times cause contamination which is however discarded
in the final data (see section 3.2.1). The station is inhabited from November through the
end of February. During the other months the station and most of its scientific instruments
are operated under remote control. As the Cloud Condensation Nuclei counter used for
this study needs an operator on site, mainly data collected from December to February
during three subsequent austral summers (2013-2016) is presented. In the framework of
this thesis, aerosol measurements at PE were supplemented with a Cloud Condensation
Nucei Counter (CCNC). Similar to data collected in the Arctic, the task was a basic cha-
racterization of the aerosol, including CN and CCN, and possible sources for the observed
particles.

The basic meteorological parameters (temperature, pressure, relative humidity, wind speed
and wind direction) were measured by means of an automatic weather station (AWS,
Gorodetskaya et al., 2013) which was located 300 m east of PE. Precipitation was mea-
sured on the roof top of PE using a METEK MRR-2 radar. Details about the AWS and
the precipitation radar can be found in Gorodetskaya et al. (2013) and Gorodetskaya et al.
(2015), respectively. Generally, the meteorological situation at PE is characterized by
either synoptic regimes, which usually correspond to strong easterly winds, or a kata-
batic regime, that is mostly associated with relatively weak south-southeasterly winds
(Gorodetskaya et al., 2013). The two different meteorological situations can be identified

45



3.2. Measurements of aerosol and CCN properties at the Princess Elisabeth Antarctica
Research Station during three austral summers

1

6
7

8

2

3
4

5

 120 o
W

 

  6
0

o W
 

   0 o  

  60 o
E 

 1
20

o E 

 180 oW 

  84 oS 

  78 oS 

  72 oS 

  66 oS 

 

 

al
tit

ud
e 

[m
et

er
 a

.s
.l.

]

0

500

1000

1500

2000

2500

3000

3500

4000

Princess Elisabeth

Measurement Container

a) b)

c) N
NNE

NE

ENE

E

ESE

SE

SSE
S

SSW

SW

WSW

W

WNW

NW

NNW

0

5

10

15

20

25

0

5

10

15

20

25

 

Pe
rc

en
ta

ge
 o

f w
in

d 
di

re
ct

io
n 

[%
]

0-5 m/s 5-10 m/s >10 m/s
Wind speed:

d)

Figure 3.12.: Antarctica - overview about the Princess Elisabeth Antarctica research station
a) Picture of the Princess Elisabeth research station and the measurement container, where
the aerosol measurements were performed, both located on the Utsteinen Nunatak ridge (view
from ESE). b) Topographic map of Antarctica, the red dot shows the location of PE. This
map was done using the Matlab mapping package M_Map. c) Wind direction and wind speed
depicted as a wind rose for the third measurement period (December 18, 2015 to February 20,
2016). d) Map showing the location of the largest shelf ice regions in Antarctica: 1) Ross 2)
Ronne-Filchner 3) Larsen C 4) Riiser-Larsen 5) Fimbul 6) Amery 7) West and 8) Shackleton
shelf ice. The black line represents the coast line and the red line represents the ice edge. This
map was created using Matlab and Antarctic Mapping Tools (Schaffer et al., 2016; Greene
et al., 2017).

based on wind speed and wind direction, which are both depicted in the form of a wind
rose in Figure 3.12c (exemplarily based on measurements between December 18, 2015
to February 20, 2016 in the third season). The more frequent easterly winds clearly cor-
respond to higher wind speeds, mainly over 5 m/s, whereas the less frequently occurring
southerly winds are usually below 5 m/s. Additional meteorological parameters for each
year are shown in Figure 3.13 as a time series of hourly (gray lines) and daily averaged
(red lines) values. Respective seasonal mean values together with the standard deviation,
minimum and maximum for the period from December 1 to February 20 are shown in
Table 3.2. The mean values as well as the fluctuation in the meteorological parameters
show no large differences between the three measurement periods. Due to the shielding
effect of the Sør Rondane Mountains to the South, blocking the katabatic winds from
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the inland plateau, the climate at PE is relatively mild for the Antarctic escarpment zone
(Gorodetskaya et al., 2013).

0

2

4

6

8

10

pr
ec

ip
. [

m
m

/d
]

810

820

830

840

p 
[h

Pa
]

−20

−15

−10

−5

0

T 
[°

C]

20

40

60

80

100

RH
 [%

]

0

5

10

15

W
S 

[m
/s

]

1. Dec 13

1. Jan 14

1. Feb 14

1. Dec 14

1. Jan 15

1. Feb 15

1. Dec 15

1. Jan 16

1. Feb 16

1st season 2nd season 3rd season

Figure 3.13.: Antarctica - time series of basic weather parameters
Time series of hourly (gray) and daily (red) mean values for temperature, pressure, relative
humidity with respect to ice (RH) and wind speed (WS) measured by the AWS. Maximum
and minimum temperature values are shown as triangles. The daily precipitation measured by
the precipitation radar is shown as bars.

Instrumentation and data processing

The total particle number concentration (NCN) was measured by a Condensation Particle
Counter (CPC, TSI model 3776), which has a lower cut off at 3 nm and was operated
at a total flow rate of 1.5 l/m. The CPC was first installed for continuous operation in
November 2012. Due to several power outages in austral winter, data coverage of the
winter months was not equal between the years and the CPC was restarted in the respective
austral summers. The last data for this study was measured in May 2016. The inlet tubing
for the CPC consisted of a 1 mm long vertical 0.5 in stainless steel tubing (not heated)
installed tightly through the roof of the measurement container. Inside, 0.7 m of a 3/8 in
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2013/2014 2014/2015 2015/2016
variable Mean (std) Min Max Mean (std) Min Max Mean (std) Min Max
Air temperature [°C] -9.4 (3.1) -19.3 0.5 -9.7 (2.7) -17.6 -0.5 -10.1 (2.7) -20.5 2.3
Pressure [hPa] 833.4 (5) 817.3 844.3 829.7 (4.7) 812 843.5 828.6 (6.6) 807 845.3
RH [%] 61.9 (18.6) 13.1 100 58.9 (17.2) 14 100 64.3 (18.2) 14.7 100
Wind speed [m/s] 4.35 (2.87) 0.13 16.21 4.26 (2.89) 0.03 22.59 4.21 (2.99) 0 16.6
Precipitation [mm/d] 0.38(-) - 8.6 0.24 (-) - 8.3 0.35 (-) - 6.9

Table 3.2.: Antarctica - basic weather parameters
Basic meteorological parameters (temperature, pressure, relative humidity with respect to ice, wind speed and precipitation) measured by the AWS and the
precipitation radar. Shown are the mean, standard deviation, minimum and maximum values based on hourly mean values, in case of precipitation daily mean
values, for the three measurement periods (each from 1 December to 20 February).

Parameter Median concentration Median concentration during CEs NCN (LAS)/NCN (CPC)
(10 %, 90 % percentile) [cm−3] (10 %, 90 % percentile) [cm−3] or NCCN/NCN (CPC)

NCN (CPC) 333 (206, 893) 292 (205, 474) -
NCN>90nm (LAS) 20 (14, 29) 20 (14, 29) 0.06
NCCN,0.1% 14 (10, 23) 14 (10, 21) 0.04
NCCN,0.2% 81 (56, 110) 79 (58, 105) 0.24
NCCN,0.3% 121 (90, 168) 120 (95, 161) 0.36
NCCN,0.5% 177 (125, 260) 177 (133, 232) 0.53
NCCN,0.7% 212 (138, 326) 210 (150, 292) 0.64

Table 3.3.: Antarctica - summary of measured properties
Overview showing NCN, NCN>90nm and NCCN at different supersaturations, given as median (and 10 % and 90 % percentiles in brackets) in column 1 for all data,
in column 2 for CEs (continental events, based on the regional analysis of the NAME model output). Column 3 shows the fraction of NCN>90nm and NCCN to
NCN (based on the median values of column 1).
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(0.19 in inner diameter) conductive flexible tubing made the connection to the CPC with
only a smooth bend just before the inlet at the front of the CPC. On the roof of the con-
tainer, 0.15 m of the same flexible tubing was connected to the stainless steel tubing in
order to serve as inlet without a size cut-off. With this kind of inlet, there were never
issues with inlets clogged by snow during storms, in particular important during the non-
inhabited winter periods. Clogging of inlets caused by riming never happened due to
the extreme dryness at the measurement site. The CPC was operated with a 4 l butanol
reservoir bottle. Consumption of butanol was between 3 to 3.5 l for a complete year of
measurements. Each austral summer the CPC was checked on leaks and the butanol was
exchanged. The procedure to assure non-contaminated data is described further below.
In parallel to NCN the particle number size distribution (PNSD) was measured by means
of a Laser Aerosol Spectrometer (LAS, TSI model 3340) in the size range from 90 nm up
to 6.8 µm (99 log-distributed channels). The inlet setup and tubing for the LAS is likewise
the one for the CPC and installed directly next to that one. However, inside, first 0.5 m
of a 1/8 in (inner diameter) and then 0.2 m of a 1/16 in (inner diameter) conductive flexi-
ble tubing made the connection (no bend) to the measurement chamber of the LAS. The
LAS was maintained and re-calibrated in spring 2015 by TSI Inc. A comparison with a
SMPS system was done at the cloud laboratory of the Leibniz Institute for Tropospheric
Research.
The number concentration of cloud condensation nuclei (NCCN) was measured using a
Cloud Condensation Nuclei counter (CCNC, Droplet Measurement Technologies (DMT),
Boulder, USA). The inlet tubing for the CCNC consisted of a 2.2 m long vertical conduc-
tive flexible tubing (likewise the one used for the CPC and LAS) with only a smooth bend
just before the inlet of the CCNC. The inlet outside was directly next to the inlets of the
CPC and LAS. The CCNC was operated as recommended by Gysel and Stratmann (2013)
for polydisperse CCN measurements. The CCNC was operated at a constant total flow
rate of 0.5 l/m and at 5 different supersaturations (SS; 0.1, 0.2, 0.3, 0.5 and 0.7 %), each
for 12 minutes per hour. To ensure stable column temperatures, the data of the first 5 min
at each SS setting were excluded from the data analysis. As a further stability criterion
the temperature of the OPC was used. If the difference between the set and the read tem-
perature of the OPC was larger than 1 K the data was excluded from the analysis. The
remaining data points were averaged, so that the result is one NCCN value per SS per hour.
For consistency checks between NCN and NCCN also 1 % SS was adjusted at times (but
data at that SS were not included in the analysis presented in here). All values (NCN,
NCCN and PNSD) measured at the PE station are presented with respect to standard con-
ditions, i.e., a pressure of 1013.25 hPa and a temperature of 293.15 K.
The container for the aerosol measurements is located 60 m south of the PE main station
(Figure 3.12a). Given that the PE station is designed as a zero-emission station, the daily
activities are concentrated in the W-NW sector, and the distribution of the wind direction
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(Figure 3.12c), the container was most often exposed to non-contaminated air. The con-
tainer is well-insulated and equipped with a small heater. Heating was hardly necessary
in austral summer (due to 24 hour sun light). However, there is no air conditioning sys-
tem (due to energy demand; remote control during austral winter; necessary filter systems
and no exchange possible of them during austral winter). Therefore, in austral summer,
the temperature inside the container varied between ≈ 10 and 40 ◦C. This range exceeds
the recommended operating temperature range of the CPC and the LAS of 10 to 35 ◦C
and 10 to 30 ◦C, respectively, as well as the temperature range for which the CCNC was
calibrated, which is 20 to 30 ◦C. Therefore, NCN, NCCN and PNSDs measured during time
periods in which the temperature inside the measurement container was outside of the
operating temperature ranges were excluded from the analysis presented herein.
Further, as mentioned in section 2.1, the data still contained values caused by emissions
from the activities at the station. In order to identify hourly intervals with contamina-
tion, the following data sets were examined: i) the minute-CPC data; ii) simultaneously
measured hourly data for the mass concentration of light-absorbing aerosol (Magee Sci.
AE31, 7-wavelength aethalometer; set up in the same measurement container); iii) wind
speed and wind direction measured by the AWS. As indicators for contamination abrupt
peaks, outliers, and strong variations between higher and lower minute-CPC values and/or
distinctly higher mass concentrations of light-absorbing aerosol (>50 ng/m3) were used.
Because the PE station was designed as zero-emission station, there was no relationship
between wind speed or wind direction with elevated values for NCN or light-absorbing
aerosol. However, each hourly interval with wind speed < 3 m/s and/or wind direction
outside the sector 20° to 225° was examined again on conspicuous signals in its variation
in time.

3.2.2. Total Particle and CCN number concentrations and
regional analysis of the NAME model footprints

This section presents the measured NCN, NCCN and PNSD as well as the proportional re-
sidence time of the air masses over the regions introduced in Section 2.3.1. Time series
are given for the three austral summer seasons of 2013/2014, 2014/2015 and 2015/2016
in Figure 3.15, 3.16 and 3.17, respectively.
Measurements of NCN throughout the whole year were performed between 2012 and
2016. Figure 3.14 shows a clear seasonal cycle with the lowest monthly median values
during the austral winter and a maximum during late austral summer. The monthly 10 %
and 90 % percentiles also indicate the highest variability of NCN during February. Several
studies at different Antarctic sites found that the physical and chemical aerosol particle
properties are subject to a similar seasonality e.g., Hara et al. (2011), Weller et al. (2011),
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Virkkula et al. (2009) and Kim et al. (2017). Just like NCN, also NCCN follows a seasonal
cycle with a minimum in austral winter and a maximum in austral summer (Kim et al.,
2017). Hence, our measurements during austral summer capture the season in which the
aerosol production in Antarctica and the surrounding source regions is most active.
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Figure 3.14.: Antarctica - anual cycle of NCN
Box plot of monthly median values (red dots), interquartile range (black box) and 10 % and
90 % percentile (black bars) of NCN measured at the PE station between 2012 and 2016.

NCN (black dots in panel C Figure 3.15, 3.16 and 3.17) was found to cover a range be-
tween 40 and 6700 cm−3 (on the base of hourly averaged values) with a median value of
333 cm−3. The measured NCCN (bluish dots in panel C of Figure 3.15, 3.16 and 3.17)
cover a range between less than 10 cm−3 at SS=0.1 % to 1300 cm−3 for the highest SS
of 0.7 %. The integration of the PNSD over the whole size range (NCN>90nm, red dots
in panel C of Figure 3.15, 3.16 and 3.17) shows the aerosol particle number concen-
tration in the size range between 90 nm and 6.8 µm. NCN>90nm has a median value of
20 cm−3. The median, 10 and 90 % percentile values for NCN, NCN>90nm and NCCN at all
measured SS are summarized in the first column of Table 3.3. O’Shea et al. (2017) and
Kim et al. (2017) both also report NCCN determined during austral summer, however, at
coastal Antarctic locations. O’Shea et al. (2017) show NCCN of approximately 20 cm−3,
120 cm−3 and 250 cm−3 on average at 0.08 %, 0.2 % and 0.53 % SS, respectively, and
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just under 200 cm−3 at 0.4 % SS are given in Kim et al. (2017). These NCCN are roughly
50 % above those determined herein, across all supersaturations. This might be explained
by our measurement site’s larger distance to the Southern Ocean. As we will show be-
low, air masses often traveled over Antarctica for extended times before reaching our
measurement station, which might be connected to an increased wash out of particles by
precipitation along the way.
The third column of Table 3.3 shows the ratio of NCN>90nm and NCCN at different SS
to NCN (based on the median values of the first column in Table 3.3). The values of
NCN>90nm/NCN and NCCN,0.7%/NCN are 0.06 and 0.64, respectively. This indicates, that
the aerosol particles feature an Aitken mode dominance, as 94 % of the aerosol particles
are smaller than 90 nm. Assuming a hygroscopicity parameter κ of 0.8 for the coastal
area of East Antarctica, taken from Pringle et al. (2010), the critical diameter dcrit for
SS = 0.7% was determined by means of the κ-Köhler theory to be ≈ 35 nm. On the basis
of this assumption 36 % of the aerosol particles are smaller than roughly 35 nm. That is
indicative for a high amount of newly formed aerosol particles, which form from precur-
sor gases emitted from the Southern Ocean and the Productive Zone as e.g., ammonia and
DMS (see Section 2.3.1). The corresponding NPF events occurring during the passage of
the air masses to the measurement site likely take place in the free troposphere (Fiebig
et al., 2014; Quinn et al., 2017). Primary emitted natural aerosol particles that are known
to occur in Antarctica from e.g., mineral dust (Wegner et al., 2015) or sea salt (Huang
and Jaeglé, 2017; Yang et al., 2008; Wagenbach et al., 1998), are known to clearly ex-
ceed this size (Lamb and Verlinde, 2011). Unfortunately, we cannot examine the Aitken
mode particles in much more detail, as our PNSD data is in the size range between 90 nm
and 6.8 µm and hence only shows the accumulation and coarse mode particles. How-
ever, several other studies at coastal Antarctic sites report PNSD measurements that show
pronounced and dominant Aitken modes during austral summer (e.g., Asmi et al., 2010;
O’Shea et al., 2017; Kim et al., 2017).
Panel D of Figure 3.15, 3.16 and 3.17 shows the regional analysis of the NAME foot-
prints, as described in Section 2.3.1. It can give insights on the influence of the air mass
origin on NCN and NCCN. The regional analysis shows, that during the 10 days prior to
the measurements, air masses only have been influenced by the Antarctic continent, the
Southern Ocean and the Productive Zone region but not by South America or Africa.
Thus, it can be assumed, that mainly pristine air masses and aerosol particles of a natural
origin without much anthropogenic influence were examined.
The contributions from Antarctica, the Southern Ocean and the Productive Zone region
show a large variability. During 61 % of the measurement times, the air masses spent
≥ 90 % of the 10 days prior to their arrival at the measurement site over the continental
region. These times are called Continental Events (CEs) from now on. During CEs, only
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Figure 3.15.: Antarctica - time series of measured properties 2013/14
Time series of the first season (December 2013 to February 2014) of a) daily precipitation shown as bars (same data as in Figure 3.13), b) PNSD, depicted
between 90 nm and 1 µm, c) NCN measured by the CPC in black, NCN measured by the LAS (integrated concentration between 90 nm and 6.8 µm) in red and
NCCN measured by the CCNC at SS between 0.1 and 0.7 % in different blue colors, d) proportion of residence of the air masses over the Antarctic continent
(red area), the Reactive Zone (green area) and the Southern ocean (blue area) areas during the past ten days (based on the NAME model footprints).
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Figure 3.16.: Antarctica - time series of measured properties 2014/15

Time series of the second season (December 2014 to February 2015). For further details see caption of Figure 3.15.
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Figure 3.17.: Antarctica - time series of measured properties 2015/16

Time series of the third season (December 2015 to February 2016). For further details see caption of Figure 3.15.

55



3.2. Measurements of aerosol and CCN properties at the Princess Elisabeth Antarctica
Research Station during three austral summers

a low variability in the measured NCN and NCCN was recorded. To illustrate this, the dif-
ferent panels of Figure 3.18 show scatter plots and box and whisker plots, displaying NCN

and NCCN (the latter at the two exemplary supersaturations of 0.3 % and 0.7 %) versus the
fraction of time that the respective air masses spent over the Antarctic region (continental
fraction). All data from the three seasons are included. It can clearly be seen panel a)
and b) of Figure 3.18 that NCN scatters the least and reaches the lowest median value du-
ring CEs (note: only few data points exist for the low continental fractions, up to roughly
30 %, making their median and percentiles statistically unreliable). During CEs, NCN

rarely exceeds 475 cm−3, with maximum values of 990 cm−3, while 90 % of NCN cover
a range from 170 to 475 cm−3. The concentration ranges during CEs for NCN, NCN>90nm

and NCCN at all SS are shown in the second column of Table 3.3. These concentration
ranges can be assumed to be pristine Antarctic continental background concentrations
during austral summer.
During 39 % of the time the proportion of the Productive Zone plus the Southern Ocean
region was larger than 10 %, which from now on are called Marine Events (MEs). During
MEs an enhanced variability in NCN and NCCN was recorded. Also the precipitation, de-
picted in panel A of Figure 3.15, 3.16 and 3.17, shows a connection to MEs. Especially
strong precipitation events only occur during certain most intense MEs affecting PE, e.g.,
on December 21 in 2013, January 18 in 2015 and January 30 in 2016, in line with the
findings of Gorodetskaya et al. (2014) and Souverijns et al. (2018). These precipitation
events significantly decrease NCN and NCCN on a time scale of some hours to one day,
due to scavenging and wet deposition. The minimum values that are reported for NCN and
NCCN were measured during these strong precipitation events. As the Antarctic region
does not act as a significant source of water vapor (see katabatic meteorological regime
in Section 3.2.1) it is self-explanatory that strong precipitation events only occur during
MEs. But also the highest values for NCN and NCCN are only observed during MEs. The
Productive Zone and the Southern Ocean region potentially represent source regions for
primary and secondary formed aerosol particles. As already mentioned in Section 2.3.1
the region of the Productive Zone can contribute to the Antarctic aerosol particle loading
due to sea bird and penguin guano and microbiota occuring in open meltwater ponds and
related to sea ice, all connected to the release of ammonia that potentially contributes to
the formation of new particles (Legrand et al., 1998; Kyrö et al., 2013; Schmale et al.,
2013; Dall’Osto et al., 2017b). Maybe more importantly, the Productive Zone and the
Southern Ocean region also emit DMS, whose oxidation products sulfuric and methane
sulfonic acid similarly contribute to NPF and have the ability to form aerosol particles that
grow to CCN sizes (Liss and Lovelock, 2008). Also, these regions have the potential to
contribute to the aerosol particle loading by primary emissions of sea salt particles due to
blowing snow on sea ice surfaces (Huang and Jaeglé, 2017; Yang et al., 2008; Wagenbach
et al., 1998) or bubble bursting from wave action (Lamb and Verlinde, 2011).
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Figure 3.18.: Antarctica - Connection between NCN and the occurrence of continental air masses
Connection between NCN and NCCN (at supersaturations of 0.3 % and 0.7 %) and the occur-
rence of continental air masses. While panels a), c) and e) show the data separately, panel
b), d) and f) give a box and whisker plot with median values and the interquartile range (blue
boxes).

The time series of NCN in Figure 3.15, 3.16 and 3.17 often show a spontaneous increase
during MEs of several thousand particles per cm3. Figure 3.19 exemplarily shows such
an event, that took place on December 6 in 2014. Between 7 and 10 a.m. NCN increased
from ≈ 200 to ≈ 6000 cm−3. This was accompanied by an increase of NCCN. In total 12
comparable events with an increase of NCN up to several thousand cm−3 were detected
that all took place in a time frame between several hours and ≈1 day. In the vast majority
these events of increased NCN were followed by an increase of NCCN by a factor of roughly
two, in three cases even by an increase of more than a factor of 10. This only holds for
NCCN measured at SS between 0.2 %-0.7 %. NCCN measured at a SS of 0.1 % usually show
a different trend and seem to be decoupled from the other measurements. Other studies
at Antarctic sites report events of NPF during austral summer, e.g., Asmi et al. (2010)
and Weller et al. (2015) at the Finnish research station Aboa and the German Neumayer
station, respectively, which are both coastal sites. Järvinen et al. (2013) even reported
the observation of NPF at Dome C, a site in Central Antarctica. Median growth rates of
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particles from NPF were ≈2.5 nm/h at Dome C throughout the year, and 3.4 nm/h and 0.6
nm/h for particles up to and above 25 nm, respectively, in the austral summer. At Aboa,
variable growth rates were reported, ranging from 0.8 nm/h to 2.5 nm/h reported in Asmi
et al. (2010) and from 1.8 nm/h to 8.8 nm/h derived in Kyrö et al. (2013), while growth
rates were only ≈1 nm/h for the costal site of Neumayer (Weller et al., 2015). While it was
also described that particles rarely grew to sizes larger than ≈25 nm at Neumayer (Weller
et al., 2015), i.e., that they do not reach sizes at which they can readily act as CCN, growth
of newly formed particles into the CCN size range was reported for Aboa, likely due to
precursor emissions from local meltwater ponds (Kyrö et al., 2013) or due to precursor
gases advected to the site with marine/coastal air masses (Koponen et al., 2003). The
surprisingly high growth rates observed at Dome C may be related to air masses that had
picked up precursor gases for the formation of particulate matter over the Southern Ocean
or the region defined as Productive Zone herein, and that were subsequently transported
in the free troposphere followed by descent over Antarctica (Fiebig et al., 2014). This
likely is a process occurring widely spread in Antarctica, for which not the availability
of precursor gases but rather the photooxidative capacity regulates the connected NPF
and particulate growth (Fiebig et al., 2014). Tropospheric NPF with subsequent growth
therefore likely also explains the above described observations at the PE station.
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Figure 3.19.: Antarctica - example of new particle formation
NCN and NCCN during an event of new particle formation at the PE station.
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The measured PNSDs do not cover the size range of the nucleation and Aitken mode,
however, in combination with measurements of NCN and NCCN it can be stated that com-
parably freshly formed particles originating from new particle formation events were ob-
served during our measurements. Our measurements at the PE station show, that these
freshly formed aerosol particles seem to reach size ranges relevant for CCN activation
and thus are climatically relevant.

3.2.3. PSCF results

Figure 3.20 shows the spatial distribution of the PSCF calculated for NCN, NCN-NCCN,0.7%,
NCCN,0.7% and NCCN,0.1%. These four parameters represent concentrations of all particles
(with a lower size cut at 3 nm), particles in the size range up to ≈ 35 nm, particles with
sizes above ≈ 35 nm and the largest particles above ≈ 110 nm, respectively. The analysis
was done using the data of all three austral summer periods, which is a data set of approx-
imately 230 days and a corresponding set of 88152 back trajectories. The 75 % percentile
values of NCN, NCN-NCCN,0.7%, NCCN,0.7% and NCCN,0.1%, on the basis of which the PSCF
analysis was done, are 466, 184, 268 and 13, respectively. High values in the maps in Fig-
ure 3.20 indicate, which regions have a high potential to contribute to the 25 % of the
highest number concentrations measured at the receptor site. The PSCF of NCN shows
enhanced values over the region of the Southern Ocean, mostly between 60° S and 40°
S, but not over the Antarctic continental region. Hence, the Southern Ocean is likely to
be the dominant source region leading to an enhancement in NCN measured at PE, while
the Antarctic continent itself is not likely to act as a particle source. This is in accordance
with results discussed in Section 3.2.2, i.e., the low variability of measured number con-
centrations during CEs and the occurrence of high values of NCN observed for air masses
connected to MEs.
NCN-NCCN,0.7% and NCCN,0.7% are two complementary parameters, adding up to NCN.
The PSCF maps of NCCN,0.7% and NCN-NCCN,0.7% show clearly distinct patterns, indica-
ting that different source regions are likely to contribute to high concentrations of particles
with sizes below and above ≈ 35 nm. However, both share that their highest signals are
again in the Southern Ocean between 60° S and 40° S, however, at different longitudes.
The PSCF of NCN-NCCN,0.7% (particles with sizes below ≈ 35 nm) shows a large area of
high signals between 40° W and 60° E. When calculating transport times based on air
mass back trajectories, an average transport time of 5.1 days from this area to PE sta-
tion is obtained. The PSCF of NCCN,0.7% (particles with sizes above ≈ 35 nm) shows
the largest area of high signals in a region between 140° W and 80° W, for which the
average transport time to the PE station is 8.8 days. These air masses usually travel ei-
ther along the west wind drift through the Drake Passage and circumnavigate Antarctica
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before making landfall close to PE station, or they travel along the easterly winds over
coastal East Antarctica till they reach the PE station. This is consistent with the predo-
minance of the easterly wind component during synoptically driven MEs (Gorodetskaya
et al., 2013; Souverijns et al., 2018). As already discussed in Section 3.2.2, the aerosol
observed at the PE station features a dominant Aitken mode. This can be brought in line
with the results discussed here. The aerosol particles that originate from the marine areas
that show up dominantly in the PSCF likely are mainly secondary aerosol particles that
grow during the transport to the PE station. The size of the measured aerosol particles can
be assumed to be a function of average transport time, corresponding to source regions
for larger particles that are further away (when considering air mass traveling times).

Figure 3.20.: Antarctica - PSCF results
PSCF results that are plotted over a map of Antarctica for NCN, NCN-NCCN,0.7%, NCCN,0.7%
and NCCN,0.1%. The colorbar indicates the value of the PSCF.

The PSCF map for NCCN,0.1% differs from the others. Overall, values are lower, pointing
towards a more uniformly distributed origin of particles with sizes above ≈ 110 nm. But
it should also be stressed that values for NCCN,0.1% are generally low (see Table 3.3). The
PSCF map shows almost no areas of enhanced values over the Southern Ocean, but several
spots of comparably enhanced values show up along the coast of Antarctica, i.e., over the
Productive Zone region. The overlap between these spots and the different shelf ice areas
that are shown in Panel d of Figure 3.12 is noteworthy. The PSCF shows significantly
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increased values at the locations of the Ross, Ronne-Filchner and Amery shelf ice (1, 2
and 6 in Panel d of Figure 3.12), and slightly increased values at the location of the Fimbul,
West and Shakleton shelf ice (5, 7 and 8). Hence, the Antarctic shelf ice regions seem
to be potential source regions for enhanced values of NCCN,0.1%. This will be elaborated
further in the next section.

3.2.4. Hygroscopicity

For the data set presented here, the hygroscopicity parameter κ can only be inferred for
SS=0.1 %, for which the median dcrit was determined to be 110 nm. For higher SS, NCCN

is above NCN>90nm, i.e., dcrit is below the lower size limit of the measured PNSD. There-
fore, the hygroscopicity derived here is only valid for the low number of comparably large
particles that are activated at 0.1 % (see Table 3.3). All κ values from the three seasons
have a median value of 1 and are shown in a histogram in Figure 3.21. These are generally
high atmospheric κ values covering a broad range between 0.5 and 1.6. Separate analysis
of κ for CEs and MEs results in 0.99 ± 0.18 (to which 64% of all separate κ values con-
tribute) and 1.05 ± 0.20, respectively. There is no clear difference in hygroscopicity of
the here analyzed large particles of roughly 110 nm, independent of the time the air mass
had been over the continent. This points towards common sources of these large particles
for both, CEs and MEs, which are discussed in the following.
Large κ values as those observed here typically are only found for particles consisting
of inorganic substances (Petters and Kreidenweis, 2007). Particularly values of roughly
1 or above are only known to occur for sea salt. 0.95 was reported in Wex et al. (2010)
as the mean value for the sea spray signal in marine air masses, derived from a collec-
tion of ambient hygroscopic growth measurements. Zieger et al. (2017) give a value of
1.1 for inorganic sea salt particles at 90 % relative humidity, and Petters and Kreiden-
weis (2007) give mean values of 1.12 and 1.28 for NaCl, based on hygroscopic growth
and CCN measurements, respectively. (It may be worth noting that κ derived from hy-
groscopic growth typically is below that derived from CCN measurements, see Petters
and Kreidenweis, 2007). The lower values derived for κ are too low to originate from
pure sea salt particles. In addition to inorganic compounds, marine aerosol particles may
also contain internally mixed organic substances which reduce their hygroscopicity (Swi-
etlicki et al., 2008). Secondarily formed aerosol particles of marine origin are a result
of DMS oxidation and further reactions. They can be expected to contain sulfates, and
Petters and Kreidenweis (2007) give a κ value of 0.61 for ammonium sulfate, derived
from CCN measurements. Overall, the range of κ values derived for particles with sizes
of ≈ 110 nm indicates that they are mostly composed of inorganic substances. While the
lowest κ values determined in this study point towards a contribution of sulfate contai-
ning particles in the here examined particle size range of around 110 nm, the median κ of
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1 might even point towards a dominance of sea salt. This agrees with sea spray particles
being generally larger in size, compared to particles formed during NPF and growth, so
that they might contribute to particles in this size range. It also agrees with an observation
made at the Aboa research station, where sodium chloride was found for larger particles
with sizes above 100 nm (Teinila et al., 2000).
Before the results of this study are compared to literature, it is necessary to mention that
the uncertainty of the κ values was inferred with a method based on Monte Carlos simu-
lations as described in Herenz et al. (2018) and Kristensen et al. (2016). In this approach,
uncertainties of input parameters needed for the calculation of κ are combined, namely the
uncertainties for particle sizing and counting as well as for the supersaturation adjusted in
the CCNC. During Monte Carlo simulations, these parameters are randomly varied within
their uncertainty range during a large number of separate runs (10000 runs in this study)
to yield the uncertainty of the derived κ based on the uncertainty of the input parameters.
This analysis shows that the uncertainties in our κ values are in the same order than the
variability of the values itself, i.e., the uncertainty in the derived κ values can be explained
based on measurement uncertainties. This allows no interpretation of the variability in κ

with respect to different air mass origins.
A few other studies already examined the hygroscopicity of Antarctic aerosol particles,
as well as the impact of sea ice regions on it. During the PEGASO ship cruise that took
place in the austral summer in 2015 in the proximity of the Antarctic Peninsula and the
Filchner-Ronne ice-shelf, Dall’Osto et al. (2017b) found an increased NCN (aerosol parti-
cles larger than 3 nm) within air masses with an origin over sea ice regions in comparison
to air masses that originated over open water. Other studies further suggest, that sea ice
regions efficiently emit sea salt aerosol particles, e.g., Huang and Jaeglé (2017); Yang
et al. (2008); Wagenbach et al. (1998). O’Shea et al. (2017) measured CCN at the Hal-
ley research station, ≈ 30 km from the Weddell Sea on the Brunt Ice Shelf. They report
a median κ value of 0.66 during measurements in December for five different SS (0.08,
0.2, 0.32, 0.41, 0.53 %). Also, they had an event of a median κ value of 1.13 during two
days when back trajectories indicate that air masses had passed over sea ice regions of the
Weddell Sea. This is indicative for ice surfaces being able to emit aerosol particles with
a high hygroscopicity and is in line with our findings. Pringle et al. (2010) applied the
ECHAM-MESSy Atmospheric Chemistry (EMAC) model to simulate the global distri-
bution of κ at the surface. That study results in values between 0.6 and 0.9 for Antarctic
coastal areas and >0.9 for the Southern Ocean region. Asmi et al. (2010) measured the
hygroscopicity of Antarctic aerosol particles at the Aboa station using a Hygroscopicity-
Tandem Differential Mobility Analyser. They also found the Antarctic aerosol particles to
be very hygroscopic with an average hygroscopic growth factor of 1.63, 1.67 and 1.75 for
25, 50 and 90 nm particles, respectively, at 90 % RH, which is similar to the hygroscopic
growth factor of ammonium sulfate particles at 90 % RH (given as 1.64, 1.68 and 1.71 for
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these three different sizes in Asmi et al., 2010). Unlike these studies and our findings,
Kim et al. (2017) report a lower particle hygroscopicity. Their results are based on CCN
and PNSD measurements that were conducted at the King Sejong Station in the Antarctic
Peninsula between 2009 and 2015. For CCN measurements at a SS of 0.4 % they found an
annual mean κ value of 0.15±0.05, which, however, is the only time such low κ values
were reported for Antarctica.
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Figure 3.21.: Antarctica - κ results
Histogram showing the 2171 κ values of all three seasons.

Summarizing, it can be concluded that the few large aerosol particles that were observed
for sizes of and above ≈ 110 nm may partially originate from NPF and subsequent growth.
In this respect, it should also be explicitly mentioned that cloud processing of particles
also adds mass to those particles that are activated to cloud droplets (Ervens et al., 2018,
and references therein), potentially aiding the growth of particles formed by NPF into
the here discussed size range. However, particulate mass added during cloud processing
will not have κ values above these of sulfates. Therefore, the majority of these aerosol
particles in the size range of ≈ 110 nm likely consist of sea spray particles originating
from the open ocean or of sea salt particles emitted over sea ice regions, a statement that
is based on their comparably high κ values. This fits to the results presented for NCCN,0.1%
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in Section 3.2.3, showing the marine areas in coastal proximity and especially the shelf
ice regions as potential source regions.
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In view of the fast climatic relevant changes that currently take place in the Arctic and
Antarctic enormous scientific effort was, is and still needs to be made to capture these
changes by collecting numerous data sets of relevant parameters. Long time series co-
vering several years and full yearly cycles are extremely valuable as they can be used
to document ongoing changes. Short time data sets are desirable as they document the
situation at a specific time period during the change and allow for more detailed process
studies. The data presented and analyzed in this thesis belong to the latter kind and were
realized as a part of BACCHUS, which is a collaborative European research project. One
of the project’s primary objective is the characterization of aerosol particles in regions
that are key regulators of the Earth’s climate as well as regions that experience the most
intense climate changes with possible irreversible transitions. The Arctic and the Antarc-
tic are such regions. In the framework of this doctoral thesis two data sets were recorded,
that enable a basic characterization of the current conditions of the spring and summer
time aerosol particles and CCN in the Canadian Arctic and the East Antarctic.

Arctic CCN and aerosol particle properties were measured during the RACEPAC cam-
paign in May 2014. Due to the occurrence of local pollution, a filtering procedure had to
be applied before the data set was further evaluated to obtain estimates for the background
conditions. The local pollution caused peaks in up to more than 10000 cm−3 with a typical
temporal duration of 1 to 5 minutes in NCN . A comparison of the PNSDs of the polluted
and the unpolluted periods shows that the local pollution significantly contributed to the
measured particle number concentration below a size of 150 nm. As a consequence of
this, NCCN and κ obtained for SS = 0.1% could be analyzed for the whole measurement
period, as these were not affected by pollution events of particle sizes below 150 nm,
while NCCN and κ at all other measured SS as well as the PNSDs were analyzed for three
distinct time periods only, during which local pollution did not affect the measurements.
10 day back trajectories that were computed for the three periods showed that air masses
from two different origins were investigated. Air masses with an origin in North-East
Canada were typically dominated by Arctic haze. The corresponding mono-modal PNSD
shows an accumulation mode which most likely contains well aged particles that have an

65



Eurasian origin (Behrenfeld et al., 2008). The other origin is the region of the North Pa-
cific and Eastern Russia. The corresponding bi-modal PNSD shows an additional mode of
smaller particles that may be attributed to new particle formation and growth potentially
due to oxidation products of marine emissions of DMS (Engvall et al., 2008; Wieden-
sohler et al., 2011). This variability in the PNSD is typical for the transition from Arctic
spring to summer during April, May and June (Engvall et al., 2008). Further, the PSCF
receptor model was applied to identify possible source regions for aerosol particles mea-
sured at Tuktoyaktuk. It was found that air masses having their origin in active fire areas
in Central Canada and Siberia, in areas of industrial anthropogenic pollution (Norilsk and
Prudhoe Bay Oil Field) and in the area of the North-West Pacific cause enhanced NCN

values. Thus, these regions are considered to be potential source regions of Arctic aerosol
particles. CCN number concentrations were found to cover a range between less than 10
and 250 cm−3 for SS between 0.1 and 0.7 %, respectively.
Applying the κ-Köhler theory (Petters and Kreidenweis, 2007) the hygroscopicity para-
meter κ was inferred. The median κ of all SS and all three periods is 0.23. At SS = 0.1%,
for which the whole measurement period could be evaluated, a mean κ of 0.19 was found.
The estimated random errors typically exceed the observed variation in the observed κ

values. Consequently, it was not possible to distinguish κ values related to different air
masses or particle sizes. The here reported κ values and those reported in other Arctic
springtime studies e.g., Kammermann et al. (2010); Moore et al. (2011); Lathem et al.
(2013) fit together and do rarely exceed 0.3. But, these studies explain hygroscopicity
variations by different types of air masses (Moore et al., 2011; Lathem et al., 2013) or
special circumstance in the surrounding of the measurement station like the local proxi-
mity to the Stordalen mire in Kammermann et al. (2010). In this thesis, however, observed
variations of the κ values are explained by the uncertainties of the measurement and data
evaluation methods. Note, comparable instruments and methods were used in these stu-
dies. Due to the findings of this thesis it is highly recommended to apply a robust analysis
of the uncertainties in the κ evaluation to not over interpret results. Furthermore, with
regard to only a few existing κ-data sets the large Arctic area is temporally and locally
undersampled, so that it is highly suggested to conduct further measurements. For this
purpose a CCNC of the Cloud Group of the Leibniz Institute for Tropospheric Research
is permanently installed at Greenland, Station Nord (since 2018), recording the seasonal
cycle of NCCN at different SS. Together with simultaneous PNSD measurements, this will
allow to examine the seasonal cycle of the hygroscopicity of Arctic aerosol particles.
Simultaneous measurements at the ground based measuring station in Tuktoyaktuk and
on the research aircraft Polar 6 show a qualitatively good agreement of ground based
PNSDs with PNSDs of the lowest tropospheric layers (up to 1200 m when measurements
at this height were present) during four overflights. Hence, it can be excluded that lo-
cal natural sources contribute significantly to the ground based measurements during the
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observed time period and that the ground based measurements of PNSDcs (without influ-
ence of local pollution) are representative for the atmospheric boundary layer in the area
of Tuktoyaktuk during the measurement period. Moreover two profile flights show that
the PNSDs measured inside and above the atmospheric boundary layer can vary in shape
and integrated particle number concentration. The largest particle number concentrations
were observed in the highest layer (3000 m). It can be assumed that the aerosol is advected
via long range transport from lower latitudes in different height layers and mixed down
in the lower Arctic troposphere. This may originates in different sources for the particles
found in different altitudes. Stone et al. (2014) explained that the transport of emissions
from distant source regions to the Arctic in the spring months happens at different layers
depending on the latitude of release. The airborne PNSD measurements indicate such
different layers, that however can not be investigated in detail. On the basis of this data
it strongly is suggested to consider height resolved aerosol particle measurements in and
above the Arctic boundary layer as subject for future investigations. A better understan-
ding of how anthropogenic long range transported emissions enter the Arctic atmosphere
and change the prevailed aerosol particle conditions is a major puzzle to understand the
role of aerosol particles in Arctic climate change.

Antarctic CCN and aerosol particle properties were measured at the Belgian Antarctic
research station Princess Elisabeth (PE), in Dronning Maud Land in East Antarctica. Du-
ring three austral summer seasons (2013-2016, each from December to February) the total
aerosol particle number concentration and size distribution as well as the total CCN num-
ber concentration at 5 different supersaturations inside the East Antarctic boundary layer
were measured. An automatic weather station, that is installed in the vicinity of the PE
station, and a precipitation radar were used to gain further information about the meteo-
rological conditions. The history of the measured air masses arriving at the PE station
was modeled by using the NAME dispersion model and the PSCF model, that is based on
HYSPLIT back trajectories.
NCN was found to range between 40 and 6700 cm−3 with a median of 333 cm−3. For par-
ticles larger than 90 nm (NCN>90nm) a median concentration of 20 cm−3 was found. NCCN

covers a range between less than 10 cm−3 at SS=0.1 % and 1300 cm−3 for the highest
SS of 0.7 %. The median values of NCCN for supersaturations of 0.1, 0.2, 0.3, 0.5 and
0.7 % are 14, 81, 121, 177 and 212 cm−3, respectively. All of the previous values are
calculated on the basis of the entire measurement period of three austral summers. The
ratios of NCN>90nm/NCN and NCCN,0.7%/NCN indicate that 94 % and 36 % of the particles
are smaller than 90 nm and ≈ 35 nm, respectively. From this it can be concluded, that
an Aitken mode dominated aerosol prevailed, that likely includes a significant amount of
secondarily formed aerosol particles.
The fluctuations in NCN and NCCN can be associated with the history of the air masses and
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the precipitation measured at the PE station. Both methods, the regional analysis on the
basis of the NAME dispersion model as well as the PSCF analysis show, that high NCN

values are directly linked to the advection of marine air masses, which were called marine
events (MEs), having their origin in the region of the Southern Ocean. The occurrence of
precipitation is also directly linked to the occurrence of MEs, as marine air masses are the
only significant source of water vapor in Antarctica. Strong precipitation events caused
the lowest NCN and NCCN values presented in this study, due to particle scavenging and
wet deposition. Therefore, MEs showed the lowest but also the highest particle concen-
trations measured. In contrast, when air masses had spent more than 90 % of the 10 days
prior to arrival over the Antarctic continent, which are times that were called continen-
tal events (CEs), measured NCN and NCCN values were comparably constant, and these
were assumed to be continental background concentrations during austral summer. The
Antarctic continent itself was found to not act as a significant source of aerosol particles
and CCN measured at the PE station during these times. MEs and CEs occur 39 % and
61 % of the time, respectively.
The hygroscopicity of the CCNs could only be determined for measurements at SS=0.1 %,
as the PNSDs could only be measured in a size range between 90 nm and 6.8 µm. The me-
dian dcrit and κ of the entire measurement period were determined to be 110 nm and 1,
respectively. This high hygroscopicity, which is valid for the comparably small fraction
of particles observed in the respective size range, can be attributed to the presence of
mainly sea salt and likely, but to a minor fraction, sulfate aerosol particles. The presence
of sea salt also is in agreement with the results of the PSCF analysis, which shows that air
masses having their origin at Antarctic ice shelf areas cause elevated values for particles
with sizes above ≈ 110 nm. These particles could have been released and formed from
snow particles from surface snow layers, e.g., during periods of high wind speed when
fresh snow is available and winds are high enough to cause drifting or blowing snow
(Gossart et al., 2017) or else may originate from sea spray directly. Enhanced κ values
are also reported by O’Shea et al. (2017). They inferred a median κ of 1.13 during two
days when back trajectories indicate that air masses had passed over sea ice regions of the
Weddell Sea. As the majority of the aerosol particles with respect to number are found
to be smaller than 110 nm and are known to be formed indirectly during NPF and growth
processes, it can be assumed that the measurements at higher SS would yield to a lower
aerosol particle hygroscopicity. O’Shea et al. (2017) for instance report a median κ value
of 0.66 during measurements in December for five different SS (0.08, 0.2, 0.32, 0.41,
0.53 %). However, the mean κ value of 0.15 at 0.4 % SS reported by Kim et al. (2017) is
remarkably low and is hardly compatible with the results presented in this thesis or the
generally high hygroscopicity reported in other studies, e.g., O’Shea et al. (2017); Pringle
et al. (2010); Asmi et al. (2010). Following from these results, the Antarctic aerosol parti-
cle hygroscopicity appears to cover a wide range that likely depends on the measurement
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location (the above mentioned κ values were measured at different locations). For a more
precise characterization of the Antarctic aerosol particle hygroscopicity additional inves-
tigations are suggested.
This study and the collected data set contributes to a better understanding of aerosol par-
ticles and CCN in particular in the undersampled region of East Antarctica. Currently it
might be the most comprehensive set of CCN data in the region of East Antarctica and
beside of the data presented by Kim et al. (2017) it is the only Antarctic CCN data set
that was recorded during several years. Nonetheless, in contrast to Kim et al. (2017) it is
limited on the austral summer seasons, since the PE station is under remote control du-
ring the austral winter time. A further limitation of the data set is the PNSD measurement
starting just from 90 nm. Therefore the hygroscopicity of Aitken mode aerosol particles
and NPF events as well as growth rates could not be examined, but would be extremely
valuable for a better characterization of the East Antarctic aerosol particle properties. Be-
side this, the collection of chemical information of aerosol particles would be a further
valuable addition to similar measurements as presented in this thesis. A first attempt to
collect aerosol particles on filters using a simple set up consisting of a pump and a filter
holder were done in the austral summer of 2017/18 at the PE station. Such filter samples
can be used to determine the chemical composition and also to investigate ice nucleating
particles (INP). Further, there are plans to use the infrastructure at the German Neumayer
station, including a SMPS system which measures the Antarctic PNSD also in the size
range below 100 nm. Measurements of the full yearly cycle would be possible at this
location.
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A.1. SS calibration of the CCNC

Prior to each of the measurement campaigns a SS calibration of the CCNC was done at the
cloud laboratory of the Leibniz Institute for Tropospheric Research (TROPOS) following
a standard procedure (Gysel and Stratmann, 2013) with some modifications to account
for the lower pressure (approximately 820 hPa) at the PE station in Antarctica. These
calibrations were performed with the set up that is schematically shown in Figure A.1.

Figure A.1.: Schematic of the aerosol particle production

Synthetic ammonium sulfate aerosol particles are produced using a wet solution of ap-
proximately 0.1 g of ammonium sulfate per 0.5 l of Milli-Q water. An atomizer creates
ammonium sulfate solution droplets. The solution droplets are dried to get a polydisperse
aerosol population of pure ammonium sulfate aerosol particles. A dilution section is used
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Figure A.2.: SS calibration of a CCNC
a) AF (black dots) vs. the dry particle diameter together with a Boltzmann fit function (red
curve). Such a scan is used to determine dcrit of ammonium sulfate particles, that is used
for the SS calibration of a CCNC. dcrit is the diameter at which 50 % of the aerosol particles
activate to cloud droplets. This particular scan was done with a temperature difference inside
the CCNC column of 8.91 K.
b) Result of a SS calibration showing the effective SS over dT for the 6 standard SS values of
0.07, 0.1, 0.2, 0.3, 0.5, 0.7 and 1 % together with a linear fit for standard pressure (black) and
under pressure (red). The linear fit gives the final calibration function for the CCNC.
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to adjust the aerosol particle number concentration, so that the CCNC gets a) at least
100 cm−3 of ammonium sulfate particles to ensure a good counting statistic and b) less
than 2000 cm−3 (Gysel and Stratmann, 2013) to avoid competition for water vapor be-
tween the separate aerosol particles (there is not enough water vapor available to activate
more than 2000 cm−3 particles to cloud droplets reliably). In the next step the size selec-
tion is done by means of a Differential Mobility Particle Sizer (DMPS). The individual
components of the DMPS, are a neutralizer, a DMA and a CPC. The working principal
is comparable to the SMPS system, that was explained in Subsection 2.1.2. However, the
DMPS steps through the particle diameter range of interest, staying at a single step with
a constant aerosol particle diameter as long as necessary for counting particle number
concentrations, which typically is on the order of some seconds. This results in a good
counting statistic, which is an advantage of the DMPS if it is applied for a CCNC calibra-
tion. Stepping through the whole size range takes longer than in case of using a SMPS,
which however is not a disadvantage in case of a calibration in the laboratory.
Behind the DMA the aerosol flow is split in two parts, so that the CPC and a CCNC get
the same number concentration of the monodisperse aerosol particles as input. In case of
a CCNC calibration prior to using the instrument in Antarctica, it is set to a pressure of
≈830 hPa using vacuum and needle valves at the inlet and the outlet of the CCNC. The
ratio of NCCN to NCN gives the activated fraction (AF). The CCNC calibrations are done
at a SS of 0.07, 0.1, 0.2, 0.3, 0.5, 0.7 and 1 % (to be absolutely correct the temperature
difference between the bottom and top of the CCNC column is adjusted so that, based
on the former SS calibration, these SS values are reached). For each SS the aerosol par-
ticle size is scanned, so that the AF ranges from zero to one. Figure A.2a depicts an AF
curve (black dots) measured at a temperature difference of 8.91 K and a Boltzmann fit
(red curve). The Boltzmann fit function is used to determine dcrit , which is the argument,
i.e. the dry particle diameter, at (A2−A1)/2, where 50 % of the available ammonium
sulfate particles activate to cloud droplets. The Boltzmann fit function only works well
if the plateaus at A1 and A2 are large enough, which means, that a sufficiently large dia-
meter range has to be scanned during the calibration. Using dcrit and applying the Köhler
theory the real (also called effective) SS inside the CCNC column can be determined for
the adjusted temperature difference dT . This procedure is done for all SS, which results
in the black and red data points of Figure A.2b. A linear fit gives the final SS calibration
function for the CCNC.

A.2. Error Analysis with Monte Carlo Simulation

Measurements of PNSD and NCCN come along with device specific uncertainties. For
instance the particle diameter that is selected with a DMA can be assumed to have an
uncertainty of 3 % and the measured particle number concentration an uncertainty of 5 %
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corresponding to 1 standard deviation, respectively (Gysel and Stratmann, 2013). More-
over, the effective SS in the CCN counter has a relative uncertainty of 3.5 % for SS above
0.2 % corresponding to 1 standard deviation. These uncertainties have been inferred from
several SS calibrations that were performed at the Leibniz Institute for Tropospheric Re-
search (TROPOS). Below SS = 0.2% the same absolute uncertainty as for SS = 0.2% can
be assumed (Gysel and Stratmann, 2013). To consider the impact of these uncertainties on
dcrit and κ in a realistic way, a Monte Carlo simulation (MCS) based on random normal
distributions was used. This following general equation was applied:

sMC = s+(s∗u∗ p), (A.1)

where u is the relative uncertainty, p a random number, s is the measured signal and sMC

the resulting MCS signal. This was done for 10000 random and normally distributed
numbers p, with a mean of 0 and a standard deviation of 1, which then results in 10000
values for sMC with a variability that is characterized by u.

a) Distribution of dcrit after MCS b) Distribution of kappa after MCS

Figure A.3.: Monte Carlo simulation
a) Distribution of 10000 dcrit values after applying the MCS. The mean and the standard devi-
ation of this distribution are the final dcrit and its uncertainty due to the 5 % uncertainty in the
particle number concentration of each size bin in the PNSD, respectively.
b) Distribution of 10000 κ values after applying the MCS. As this results in a log-normal dis-
tribution of κ values it is appropriate to use the median and percentiles as the final κ value and
its uncertainty, respectively.

In a first step, the uncertainty in dcrit was obtained by a MCS based on one exemplary
PNSD, the related NCCN and a 5 % uncertainty in the particle number concentration. Equa-
tion A.1 was used to vary the particle number concentration of each size bin of the PNSD
to calculate 10000 dcrit values, of which a distribution is shown in Figure A.3a. The mean
and standard deviation of these 10000 dcrit values can be taken from this distribution, and
the overall uncertainty in dcrit was derived from those values together with the 3 % uncer-
tainty in the particle sizing due to the DMA, using error propagation. This was then done
for all PNSDs. The resulting uncertainties are shown as error bars in the middle panel of
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Figure 3.9.
κ and the corresponding error bars in the lower panel of Figure 3.9 are inferred by means
of Eq. 2.6 where dcrit and Scrit , which is the effective SS of the CCN counter, are 10000
times Monte Carlo simulated (same procedure as for dcrit). Since the connection between
κ and SS is logarithmic the resulting distribution of the 10000 κ values is a log-normal
distribution, as can be seen in Figure A.3b exemplarily for one case. Consequently, our
final inferred κ and its uncertainty are the median and the 5 and 95 % percentiles of this
distribution, respectively. The average of all widths between the 5 and 95 % percentiles is
the value we compared with the width between the 5 and 95 % percentiles of all median
κ values to make a statement about the significance of our results.
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