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Sammenfatning 

Hovedtemaet for dette PhD projekt var studiet af aerosoler i Arktis, og hvordan disse potentielt kan 

påvirke det Arktiske klima. Aerosoler påvirker jordens klima via to forskellige ruter. 1) Aerosolpartikler 

interagerer direkte med ind- og udgående stråling, ved at sprede og absorbere synligt lys, og ved at 

absorbere infrarød stråling. 2) Aerosolpartikler indgår naturligt i dannelsen af skyer i atmosfæren. 

Skyer påvirkning ligeledes klimaet. Dette sker også igennem deres interaktion med ind- og udgående 

stråling. Ændringer i koncentrationen eller den kemiske sammensætningen af aerosoler påvirker 

skydannelsen og skyernes egenskaber, således at klimaet påvirkes derigennem. Det samlede billede af 

hvordan aerosoler påvirker klimaet, både direkte via stråling og indirekte via skyer er komplekst. Viden 

om hvordan aerosoler påvirker det arktiske klima er begrænset. Modsat i de varmere regioner af jorden, 

tyder det på, at de arktiske aerosoler har en varmende effekt på klimaet her. Mere viden på dette område 

vil kunne forbedre forståelsen af aerosolers påvirkning af det arktiske klima, samt vil gøre det nemmere 

at forstå den stærke opvarmning af det arktiske klima der allerede finder sted. 

I Dette PhD projekt blev skydannelsesegenskaber, hygroskopisk vækst samt isnukleering af arktiske 

aerosoler målt på Villum Research Station i Nordøst-Grønland i foråret og sommeren 2016. Derudover 

blev en statistisk clusteranalyse anvendt på et dataset af partikelstørrelsesfordelinger optegnet i 

perioden 2012–2016. Herved kunne de ovennævnte partikelegenskaber associeres til forskellige 

resulternede clustre, samt en bedre konceptuel forståelse for den sæsonbestemte aerosoldynamik 

opnås. 

Både antropogene og naturlige aerosoler påvirker det samlede arktiske aerosol. Om vinteren og om 

foråret har antropogene aerosoler størst indflydelse og disse påvirker potentielt klimaet igennem 

dannelse af skydråber og hygroskopisk vækst. Om sommeren er den antropogene indflydelse lav, og 

naturlige aerosoler lader til afgøre skydannelsesegenskaberne. Selv om partikelnydannelse 

forekommer ofte, lader det dog til at partikler større end 60–80 nm er vigtigst for skydannelsen. Det 

betyder at kilder til partikler i denne størrelsesorden spiller en vigtig rolle. En af de få kilder til sådanne 

partikler i den arktiske sommer er primære marine geler fra havoverfladen. Biogene partikler med 

isnukleerende egenskaber kunne ikke påvises i luften, men derimod i sne, om foråret. Derimod kunne 

biogene partikler med isnukleerende egenskaber ved temperature over -15 °C påvises i luften om 

sommeren. Meget tyder på at disse isnukleerende partikler er microorganismer, som selektivt overføres 

fra luften til sneen via nedbør om foråret, men forefindes i luften om sommeren. Studierne i dette PhD 

projekt, især målingerne af skydannelsesegenskaber bidrager med vigtig viden, og viser at Villum 

Research Station er en enestående platform for at bedrive fremtidig arktisk videnskab. 
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Summary 

The main subject of this PhD project was the study of aerosols in the Arctic and how these potentially 

influence the Arctic climate. Aerosols influence Earth’s climate in two ways. 1) Aerosol particles interact 

directly with in- and outgoing radiation, by scattering and absorption of visible light and by absorbing 

infrared radiation. 2) Aerosol particles are an integral part of cloud formation, and clouds influence 

climate. This also happens through the interaction with in- and outgoing radiation. Changes in aerosol 

concentration or chemical composition impacts cloud formation, and hereby climate. The complete 

picture of how aerosols impact climate, both directly through radiation and indirectly through clouds, 

is complex. Knowledge about how aerosols impact the Arctic climate is limited. Oppositely to the 

warmer regions of Earth, aerosols seem to have a warming effect on the Arctic climate. More knowledge 

in this field would increase the understanding of how aerosols impact the Arctic climate, and would 

increase the understanding of the strong warming of the Arctic climate that is already taking place. 

In this PhD project cloud formation properties, hygroscopic growth and ice nucleation of Arctic aerosols 

were measured at Villum Research Station in northeastern Greenland in spring and summer 2016. 

Additionally, a statistical cluster analysis was conducted on a particle number size distribution dataset 

recorded in the period 2012–2016. Hereby the above mentioned particle properties could be associated 

with the different resulting clusters, and a better conceptual understanding of the seasonal aerosol 

dynamics was obtained. 

Both anthropogenic and natural aerosols impact the total Arctic aerosol. During winter and spring 

anthropogenic aerosols have their largest influence and potentially impact climate though cloud droplet 

formation and hygroscopic growth. During summer the anthropogenic influence is low, and natural 

aerosols appear to determine cloud formation. Even as new particle formation appears often, it appears 

that particles larger than 60–80 nm are the most important for cloud formation. This means that sources 

of particles in this size range have an important role. One of the few sources of these particles during 

Arctic summer are primary marine gels from the sea surface. Biogenic particles with ice nucleation 

properties could not be shown in air, but in snow, during spring. Oppositely, biogenic particles with ice 

nucleating properties at temperatures above -15 °C were found in the air during summer. This indicates 

that these ice nucleating particles are microorganisms that selectively transfer from air to snow by 

precipitation in spring, but are present in the air during summer. The studies of this Phd project, most 

notably the measurements of cloud formation properties, provide important knowledge and shows that 

Villum Research Station is a unique platform for conducting future Arctic research. 
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Aim of research 

The aim of this thesis work was to advance the understanding of the physico-chemical characteristics of 

Arctic aerosols. Most notably, water uptake at subsaturated conditions, cloud forming ability, and 

aerosol ice nucleation of different types of Arctic aerosols, and how these properties vary through the 

course of the seasons, have been studied. Additionally, the annual pattern of aerosol physical properties 

was studied. For this, particle number size distribution measurements were subjected to an analysis, 

where the data series was reduced to a number of categories that vary throughout the year. In turn, 

these categories were linked to different chemical characteristics and aerosol sources. Water uptake at 

subsaturated conditions and cloud forming ability was also assigned to each of these categories. Hereby 

a better overview and conceptual understanding of the effect of different aerosol sources on cloud 

formation was gained. This analysis sheds light on how human activities affect the potential of Arctic 

aerosols to form clouds, and under which conditions natural processes are responsible for cloud 

formation. A better understanding of cloud formation in the Arctic leads to a better understanding of 

the Arctic climate system, and how future changes in aerosol characteristics will affect the Arctic climate. 

The aim of this thesis can be formulated as an investigation of the following questions: 

- Which insights into Arctic aerosol sources and properties does the simplification of a large 

dataset of particle number size distributions into certain categories provide? 

- What is the efficiency of water uptake of Arctic aerosol particles at atmospherically relevant 

subsaturated conditions? 

- How efficiently do aerosol particles take up water and form clouds in the Arctic at 

supersaturated conditions? 

- Do the sub- and supersaturated water uptake efficiencies vary during the year? 

- Does aerosol-particle-mediated ice crystal formation affect cloud formation in the Arctic? 
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Scope 

Major subjects within this thesis are mainly related to the field of aerosol physics, and to a lesser degree 

to aerosol chemistry and biochemistry. Several datasets are analyzed to obtain insights into Arctic 

aerosol hygroscopicity, temporal patterns of size distributions and ice nucleation activity. Based hereon, 

this thesis makes qualitative estimates on sources and aerosol origin in the Arctic, explaining the 

observed hygroscopicity, size distribution behavior and ice nucleation ability. Specifically, the influence 

of biogenic marine aerosol sources and human pollution are discussed. The entirety of original data 

presented in this thesis were recorded at the Villum Research Station at Station Nord in Northeastern 

Greenland. This location is representative for a high Arctic coastal environment. Compared to more 

populated regions, or the boreal region, high Arctic aerosols have received relatively little attention, in 

part due to the inaccessible location and the difficult logistics of carrying out field studies. Other study 

sites of high Arctic aerosols exist. Of these, the sites at Zeppelin Mountain, Svalbard, and Alert in 

Northeastern Canada are of high importance for the atmospheric science community. Stations in 

Barrow, Alaska, Tiksi, Siberia, and Gruvebadet, very close to Zeppelin Mountain, exist, and a number of 

ship- and aircraft-based studies have been conducted in the past decades. The work, results and 

conclusions of this thesis are naturally to be compared with those from other Arctic research sites. On 

the other hand, even though the Arctic has a degree of homogeneity not observed in other regions of the 

earth, regional differences can often be profound. Especially influences from open sea, sea ice and long-

range transported human pollution from mid-latitudes and biomass burning aerosols from forest fires 

can influence the stations differently, complicating comparison between the stations and interpretation 

of results.  

It is outside the limits of this thesis to carry out specific quantitative estimates of the effects of Arctic 

aerosols on radiative transfer or radiative forcing of the reported water uptake and cloud formation 

properties. Specific cloud processes, such as small and large scale meteorological processes, are also not 

treated in detail, but are merely mentioned for conceptual purposes. 
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1     Introduction 

In this introduction, background and necessary explanations are provided. In the following methods 

section the methods that were utilized are described. Hereafter the main results and findings are 

presented, together with a discussion of these, along with conclusions that can be drawn from these 

findings. A detailed presentation of the results, discussions and conclusions are found in the Research 

papers appended to this thesis. 

 

1.1     Arctic aerosols 

During every single breath, we inhale tens of thousands to millions of individual particles. In principle, 

this is true also in the Artic, but the number of particles one breathes is certainly lower due to lower 

aerosol concentrations in the Arctic compared to non-polar regions. Despite this, Arctic aerosols are an 

integral part of the Artic climate system. The Artic region has experienced a very significant warming in 

the past decades, with a temperature increase up to twice that of other regions of the Earth. This thesis 

treats the potential climate effects of aerosols in the Artic, their composition and sources.  

 

1.1.1    Sources of Arctic aerosols 

The Artic environment distinguishes itself from non-polar areas, as there are nearly no local 

anthropogenic aerosol sources, and only few local natural aerosol sources whose source strength and 

seasonal variability is not well known. The following section will describe which sources do influence 

the ambient Arctic aerosol, both locally and remotely. 

 

1.1.1.1    Local natural aerosol sources 

New particle formation (NPF) frequently occurs in the Arctic. These NPF events occur in the light season, 

with vaguely detectable particle formation and growth as early as in March. High intensity NPF events 

and strong particle growth are seen in summer, with peak intensity in July and August. NPF and growth 

levels off in September and disappears in October. Based on the absence of secondary aerosol 

precursors emitted from anthropogenic sources, these NPF events must be of natural origin. Iodine, 

possibly from the snowpack [Raso et al., 2017], has been reported to contribute to particle formation 

and growth [Allan et al., 2015]. Indeed iodine appears to be one source of NPF, and HIO3 can form the 

molecular clusters necessary to initiate NPF [Sipila et al., 2016]. However, other important sources of 

Arctic NPF and secondary organic aerosol (SOA) exist [Dall´Osto et al., 2018]. Methane sulfonic acid 
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(MSA), trimethylamine and other organic compounds of proposed marine origin also appear to be an 

important source of secondary aerosol in the Arctic [Willis et al., 2016]. These organic compounds are a 

product of photochemical breakdown of phytoplankton emissions [Mungall et al., 2017]. Interestingly, 

emissions of ammonia and nitrogenated compounds from bird colonies potentially can contribute to 

particle formation and growth [Croft et al., 2016b], but this process seems not to be important at the 

Villum Research Station (VRS) site, in northeastern Greenland [Dall'Osto et al., 2017]. Another source of 

natural submicrometer aerosols are marine microgels. Exopolymer gels, saccharides and proteinaceous 

material have been found to contribute to organic aerosol mass, both in non-polar marine regions 

[Fuentes et al., 2010] and in the Arctic [Orellana et al., 2011; Fu et al., 2015]. Presently, it is thought that 

bursting of bubbles from air entrainment releases such gels from the sea surface [O'Dowd and De Leeuw, 

2007]. 

 

1.1.1.2    Long range transport 

A large part of Arctic aerosols originate from regions outside the Arctic, and is transported hereto. 

Especially in winter and early spring, non-regional anthropogenic sources dominate the Arctic aerosol 

[Stohl, 2006; Law and Stohl, 2007]. Due to the low surface temperatures, the lower troposphere of the 

Arctic is largely isolated from other atmospheric regions. This isolated region is called the polar dome, 

and its border to more southern atmospheric regions is termed the polar front. The very low surface 

temperatures during winter and early spring extend the polar dome and move the polar front 

southwards, thereby including regions with anthropogenic emissions in northern Europe, Asia, Alaska 

and Canada [Iversen and Joranger, 1985]. Due to the lack of removal mechanisms, the pollution entrained 

into the polar dome builds up during winter and early spring. These polluted air masses feature the 

highest aerosol mass concentrations found in the Arctic over a year; a phenomenon termed Arctic haze. 

The Arctic haze aerosol is strongly imprinted by anthropogenic emissions [Quinn et al., 2007]. It is 

characterized by high fractions of sulfate [Heidam et al., 1999; Heidam et al., 2004], relatively high 

concentrations of Black Carbon (BC) [Massling et al., 2015; Gogoi et al., 2016], being acidic [Barrie, 1995; 

Fisher et al., 2011] and containing highly aged organic aerosols [Fu et al., 2009a; Frossard et al., 2011]. 

Not only sources inside the polar dome contribute to Artic aerosol. Also, intensive emissions in 

southeast Asia can reach the Arctic. The pollution from here can be transported northwards at high 

altitude and reach the atmospheric layers above the polar dome. From here, the air can be entrained 

into the polar dome from above, contributing to surface Arctic aerosol concentrations [Stohl, 2006; Law 

et al., 2014]. During episodes of natural fires in summer, especially in Alaska, Canada and Siberia, plumes 

of biomass burning aerosol can be detected in the Arctic [Warneke et al., 2010; Quennehen et al., 2012; 
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Zangrando et al., 2013]. While these sources are somewhat local, the large boreal forest regions are 

located south of the Arctic.  

 

1.1.1.3    Local pollution 

The relatively few sources of anthropogenic aerosols within the Arctic are confined to flaring from oil 

and gas extraction, mining activities and shipping [Law et al., 2017]. Flaring from oil and gas extractions, 

mainly in the Russian Arctic, is the dominating source of BC in the Arctic, with a contribution from 

residential combustion as well [Stohl et al., 2013]. Flaring is also a source of aerosol precursors such as 

NO2, SO2, and O3 [Li et al., 2016]. Shipping in the Norwegian Sea locally increases ambient concentrations 

of NOx, SO2, O3, BC and PM2.5 by up to 80% [Marelle et al., 2016], while future increases in shipping 

activity in the Arctic ocean are expected to increase aerosol emissions from this sector [Browse et al., 

2013]. Similarly, an increase of oil and gas exploitation is expected in the near future based on a more 

accessible Arctic. Deposition of particulate mass from a coalmine in Svalbard has been reported to 

significantly darken the snow surface in the region downwind of the mine [Khan et al., 2017]. Future 

potential zinc mining in northern Greenland could become a considerable aerosol source 

(https://ironbark.gl/projects/greenland/citronen/). 

Despite these local anthropogenic sources, the ambient Arctic aerosol population is dominated by local 

natural sources and long-range transport as discussed above.  

 

1.1.2    Temporal development 

The characteristic meteorology of the Arctic drives an equally characteristic aerosol yearly cycle 

[Tunved et al., 2013; Nguyen et al., 2016; Freud et al., 2017]. As stated above, mainly two general sources 

of Arctic aerosols exist: Long-range transport and local natural aerosol. The interaction of these with the 

yearly meteorological cycle creates the annual ambient aerosol cycle of the Arctic. As mentioned above, 

the polar dome is largely isolated form the rest of Earth´s atmosphere due to strong temperature 

gradients and –inversions. This means that pollution emitted outside of the polar dome rarely enters it. 

However, during winter, when the polar dome expands, aerosols are released into the polar dome from 

regions with anthropogenic emissions. Because of the rare occurrence of wet deposition during this time 

of the year and the highly stratified atmosphere, aerosols accumulates during winter and early spring 

[Engvall et al., 2008; Browse et al., 2012; Croft et al., 2016a], especially in the accumulation mode. From 

November to March an accumulation mode grows in the range of 100–300 nm. On 25 February polar 

sunrise occurs, and already in April VRS experiences polar day, and thus constant sunlight. This results 

in a sudden increase of photochemical activity, which can lead to photooxidation of inorganic  
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[Raso et al., 2017; Peterson et al., 2018] and organic compounds [Kawamura et al., 1996; Fu et al., 2009a; 

Fu et al., 2009b; Taalba et al., 2013]. The appearance of fog and wet precipitation dramatically shifts the 

conditions within a few weeks in May–June, strongly impacting the accumulated aerosol population 

[Engvall et al., 2008; Croft et al., 2016a]. The accumulation mode aerosol is removed, and instead a 

situation with low particle number concentrations, interrupted by regionally induced new particle 

formation and subsequent growth [Leaitch et al., 2013; Collins et al., 2017; Dall'Osto et al., 2017;  

Dall'Osto et al., 2018], establishes. The summer period aerosol often shows a distinct Aitken mode and, 

in the case of ongoing NPF, a strong nucleation mode. When sunlight decreases, temperatures decrease 

and thereby the local aerosol sources diminish in autumn, the particle concentration in the sub-100 nm 

range also decreases. Very low particle number concentrations characterize the autumn period of 

October and November, before the build-up of accumulation mode aerosols repeats the cycle again from 

November on. This yearly cycle is illustrated with average monthly particle number size distributions 

(PNSD) in Figure 1 below.  

 

Figure 1: Average monthly particle number size distributions recorded at Villum Research Station from 2012 to 

2017. 
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1.1.3    Chemical composition 

Like the physical characteristics of the aerosol population, the aerosol chemical composition is subjected 

to temporal changes and a yearly pattern as well. The major components throughout the whole year are 

sulfates. In the 1990s, peak total suspended particulate matter (TSP) sulfate concentrations of 0.4–0.5 

µg m-3 for were determined in spring, while summer concentrations were lower (<0.1 µg m-3)  

[Heidam et al., 1999]. Due to international regulations of the sulfur content in fuels and emissions in 

general, the absolute content of sulfates in Arctic aerosols has exhibited a decrease over the past two 

decades [Heidam et al., 2004; Quinn et al., 2009]. As is shown in Research Paper VII (supporting 

Information), and indicated in Research Paper V, these sulfates are not neutralized in winter and spring, 

and the particles therefore are largely acidic. Thus, the major components should be sulfuric acid 

(H2SO4) and ammonium bisulfate (NH4HSO4). Black carbon correlates well with sulfate concentrations 

in the Arctic haze period due to their common anthropogenic origin. In winter, equivalent BC (eBC) mass 

concentrations were measured to reach 0.067±0.071 µg m-3 and 0.054±0.029 µg m-3 in spring at VRS, 

while values of only 0.011±0.009 and 0.022±0.034 µg m-3, were reported during summer and autumn, 

respectively [Massling et al., 2015]. Another large inorganic contributor to TSP mass during winter is 

sea salt [Silvergren et al., 2014], at VRS especially in January where Nguyen et al., (2014) determined 

1.63 µg m-3. However in other months the concentration was much lower (0.08–0.22 µg m-3 Oct–Dec). 

As a comparison, in the period 2012–2017 estimated submicrometer particle mass concentrations at 

VRS were about 1.1–1.5 µg m-3 in December to April, and 0.24–0.92 µg m-3 in May to November. 

Following this, at least some of the sea salt mass should be located in the supermicrometer particle size 

range. 

The fraction of the aerosol that is organic and the corresponding nature of these organic compounds 

varies over the year as well. Sulfates and organic compounds have been found to contribute with roughly 

equal mass fractions (median 0.051 and 0.055 µg m-3, respectively) to submicrometer aerosol, during a 

period from August to the beginning of September in the Arctic Ocean in 2008 [Chang et al., 2011].  

At the marginal sea ice zone (MIZ) organics dominated, while over open water sulfates were the 

dominant species. During summertime, the sulfate content of Arctic aerosols is not originated from long-

range transport, but originates from the local oxidation of dimethyl sulfide (DMS) to MSA to sulfate 

[Kerminen and Leck, 2001]. The source of DMS appears to be microbial activity at the sea surface  

[Gali and Simo, 2015]. It has been proposed that also organic compounds, e.g. organic acids, are released 

from here [Mungall et al., 2017]. The subsequent gas-phase photooxidation could be a significant source 

for new particle formation and growth [Burkart et al., 2017]. Oppositely, the high-molecular weight class 

of compounds of humic-like substances (HULIS) was characterized by Nguyen et al. (2014).  
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They found relatively small concentrations of 0.011 µgC m-3 in November to April and only 0.004  

µgC m-3 from May to October, linking this class of compounds to anthropogenic emissions.  

The component of Arctic aerosol that is water insoluble organic matter (WIOM), has recently received 

attention. Facchini et al. (2008) showed that WIOM made up 58–73% of particle mass in the range of 

125–500 nm in the north Atlantic during June–July 2006. This WIOM is a complex mixture of 

polysaccharides, lipids and proteinaceous material, arranged in a gel matrix [Karl et al., 2013;  

Fu et al., 2015]. This gel is possibly an important particle component in the Arctic summertime  

[Leck et al., 2013]. The mechanism of release is suggested to be bubble bursting at the sea surface 

microlayer, where microorganisms and the gel components are highly concentrated  

[Cunliffe et al., 2013; Kurata et al., 2016]. These marine gels are of special interest as they have shown 

to have good cloud droplet formation properties [Orellana et al., 2011; Ovadnevaite et al., 2011]. At the 

same time, marine gel particles show relatively low hygroscopic growth , a behavior probably rooted in 

surface partitioning of weakly soluble material [Ovadnevaite et al., 2017].  

Based on the annual development of the ambient number size distribution the Arctic haze mode builds 

up during winter, with a major sulfate fraction, organic compounds of anthropogenic origin, and a BC 

component. After the removal of the Arctic haze aerosol around May, the Aitken mode aerosol is 

dominated by nss-sulfate and secondary organic compounds, mostly of marine origin, while the complex 

marine gels also contribute to aerosol mass. When secondary aerosol production ceases due to lower 

temperatures and less sunlight, a significant fraction of the remaining aerosol mass is sea salt, both 

originating from open water and frost flowers [Xu et al., 2016]. 

 

1.2     Bioaerosols 

Bioaerosols comprise a subgroup of aerosols that contain organisms or fragments of organisms. In this 

specific context the term will be used for airborne microorganisms, such as fungi, bacteria, viruses, 

spores, and fragments hereof. While being a topic that receives particular attention, especially in 

relation to human health and spread of diseases [Jaenicke, 2005; Ghosh et al., 2015], bioaerosols in the 

Arctic are not widely studied. The role and lifecycle of bioaerosols in the atmosphere is not well 

understood, but bioaerosols and even cultivable cells have been identified in tropospheric aerosols 

[Jaenicke et al., 2007], rain [Huffman et al., 2013], snow [Christner et al., 2008], clouds [Delort et al., 2010] 

and even in the stratosphere [Bryan et al., 2014]. As described in the following sections, some 

bioaerosols have remarkable ice crystal forming abilities, which are relevant for ice cloud formation and 

eventually the initiation of precipitation [Morris et al., 2004; Mohler et al., 2007; Huffman et al., 2013]. 
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Additionally, bioaerosols can alter cloud droplet chemistry through the metabolic activity of living cells, 

for example by degrading acetate and succinate in cloud water [Vaitilingom et al., 2011]. 

Bioaerosols are directly released from ground-, plant- or water surfaces. The release is mainly driven by 

wind, but other emission routes exist, such as the active release mechanisms of fungal spores  

[Frohlich-Nowoisky et al., 2016] or the absorption of rain droplets in soil [Joung et al., 2017]. When 

rainwater is absorbed by porous soil material, the escaping air creates bubble bursting, and associated 

aerosol production, at the soil surface. 

 

1.3     Climate effects of aerosols 

The influence of a climate agent is quantified by its radiative forcing (RF). This is how the energy balance 

between incoming shortwave radiation (SWR), and outgoing SWR and longwave radiation (LWR), is 

perturbed from its natural state, measured in W/m2. The radiative balance of the year 1750 is used as 

reference for RF calculations. Simplified, Earth’s climate system can be regarded as consisting of the 

Earth and the atmosphere, receiving SWR energy from the sun, partially reflecting the SWR in different 

layers of the atmosphere and at the surface, and emitting thermal LWR energy. A climate agent with 

positive RF is heating the system, and one with negative RF cools the system. 

Climatic effects of aerosols are generally divided into two categories, the direct and the indirect effects, 

however, the term semi-direct effects is also used. The IPCC (2013) report on the physical basis of 

climate change adapted a terminology easing the distinctions between different types of climate effects. 

These terms are aerosol-radiation-interactions (ari) and aerosol-cloud-interactions (aci). These latter 

terms will be used throughout this thesis. 

Aerosol-radiation interaction are interactions where aerosol particles interact with radiation of 

different wavelengths directly. There are several examples hereof: Scattering of incoming sunlight by 

sulfate aerosol, absorption of incoming or reflected SWR, or absorption of outgoing LWR. The reflection 

of incoming SWR provides a negative RF, while absorption of reflected SWR or emitted LWR generally 

has positive RF. 

During aerosol-cloud interactions, aerosols interact and thus perturb clouds or fog. In turn, the radiative 

properties of the clouds are altered, changing their RF. Examples hereof are: higher cloud reflectivity 

due to more numerous and smaller cloud droplets caused by increased aerosol numbers, longer cloud 

lifetime due to smaller cloud droplets and suppression of precipitation, caused by the same mechanism, 

or increased LWR emissivity of clouds – an effect only of prominent importance in the polar regions. 
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In addition to the actual effects, a multitude of feedback mechanisms exist. Such feedbacks can be both 

positive, enhancing the original climate effect, or negative, dampening the original effect. The global 

radiative forcing of ari and aci and their respective feedback mechanisms is a topic of intensive research 

[Fan et al., 2016; Gettelman et al., 2016; Tegen and Schepanski, 2018]. 

 

1.3.1    Climate effects of Arctic aerosols 

The climate effects of aerosols in the Arctic differ from non-polar regions in two fundamental ways. First, 

the Arctic has very pronounced seasons, making sunlight completely absent during winter, while the 

sun is above the horizon 24 h a day during summer.  

Second, due to snow, ice caps and sea ice, the surface has a very high albedo. Additionally, due to the 

almost absence of anthropogenic emissions and limited natural aerosol sources as well, the ambient 

aerosol concentrations are low during summer and autumn in the high Arctic, often being below 100 

cm-3, and occasionally below 10 cm-3. 

Some of the important consequences of these fundamental differences between the Arctic and e.g. mid-

latitudes are: 1) During winter, when incoming SWR is absent, the energy balance is solely governed by 

LWR emissions from the surface, and the retention hereof by the atmosphere. Anthropogenic aerosols 

have shown to increase the longwave emissivity of high polar clouds layers, effectively trapping LWR, 

and dramatically increasing RF during winter [Garrett et al., 2004; Garrett and Zhao, 2006]. 2) Due to 

the low ambient aerosol concentrations, cloud properties are sensitive to perturbations from increased 

aerosol concentrations. Thus, a relatively small increase in particle number concentration will trigger a 

comparably large change in cloud radiative properties [Mauritsen et al., 2011]. 3) Light absorbing 

aerosols, like Black Carbon, that deposits on snow- or ice-covered surfaces, decrease the surface albedo 

and lead to increased SWR absorption [McConnell et al., 2007; Q Wang et al., 2011]. Though, this is not a 

process that takes place in the atmosphere but at the surface, it is directly related to atmospheric 

aerosols and particle deposition. Table 1 lists the most important aerosol radiative forcing mechanisms 

in the Arctic, in which season they mainly and whether they belong to the category of ari or aci. 
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Table 1: Climate effects of Arctic aerosol, sorted by whether an effect is most prominent during the dark- or light 

season, have negative- or positive RF and are ari of aci effects. 

During dark season ari aci 

- Negative RF   

- Positive RF  Increased cloud LWR emissivity 

   

During light season ari aci 

- Negative RF Incoming SWR scattering Cloud albedo increase 

  Cloud lifetime increase 

  
Absorption of incoming SWR 
followed by emission of outgoing 
LWR 

- Positive RF Incoming SWR absorption by BC Cloud evaporation by soot aerosol 

 Outgoing SWR scattering  

 Outgoing LWR absorption  

 
Heating of clouds by SWR and 
LWR absorbing aerosols 

 

 
Surface albedo decrease by 
deposited BC 

 

 

The above table is not exhaustive, but is meant to provide a conceptual understanding of which aerosol 

related processes may influence the Arctic climate, and the observed warming in this region. Especially 

the increased cloud longwave emissivity is thought to play an important role in increasing winter 

temperatures [Lubin and Vogelmann, 2006; C F Zhao and Garrett, 2015], delaying sea-ice formation, and 

thus initiating other warming processes [Curry et al., 1995; Screen and Simmonds, 2010]. 

In the following section, some of the aerosol physical processes driving the mentioned RF mechanisms 

will be explained. 
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1.4     Properties of aerosols 

1.4.1    Hygroscopic growth 

Aerosol particles are in thermodynamic equilibrium with the humidity of the surrounding air at all 

times. This means that atmospheric particles are in a different physical state at ambient conditions 

compared to the dry conditions, at which they are often measured. The parameter relative humidity 

(RH) is defined as: 

 𝑅𝐻 =
𝑝𝑤

𝑝0(𝑇)
 [eq. 1] 

 

Where pw is the actual water vapor pressure, and p0(T) is the temperature dependent saturation vapor 

pressure. In the atmosphere, outside of clouds, the air is subsaturated with water, causing RH to be 

<100%. Particles take up water from the surrounding air and thus gain mass and increase their size. 

Assuming spherical particles, the size increase can be expressed as an increase in particle diameter (Dp) 

and as the hygroscopic growth factor (HGF) defined as: 

 
𝐻𝐺𝐹(𝐷𝑝𝑑𝑟𝑦 , 𝑅𝐻) =

𝐷𝑝𝑤𝑒𝑡

𝐷𝑝𝑑𝑟𝑦
 [eq. 2] 

 

Here Dpwet is the particle diameter at a specific humidity, while Dpdry is the particle diameter at dry 

conditions, with RH close to 0%. The HGF is a function of the specific Dpdry and RH. Due to the 

measurement techniques available, real measurements of HGF result in a continuous probability density 

function of modal character. The reported HGF is then the top point of the distribution. The metric of 

HGF is dependent on the type of particle equivalent diameter used. As electrical mobility sizing 

instruments are used in this work, the electrical mobility equivalent diameters were used to determine 

HGFs. The HGF of a specific aerosol in dependence of Dpdry and RH is an important property, as particle 

hygroscopic growth changes the light scattering behavior, compared to the smaller dry particles  

[Tang, 1996]. Furthermore, as shall be illustrated below, HGF is indicative of particle composition and 

aerosol source. In principle, HGF measurements provide an indirect insight in particle chemistry as 

hygroscopic growth from many compounds is theoretically known and observed values can be 

compared to theory. The HGF of many key aerosol species are well established through laboratory 

studies. Some values of HGF are shown in table 2. 
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Table 2: Previously reported hygroscopic growth factors of aerosol substances at various conditions. 

Substance RH [%] Dpdry [nm] HGF Reference 

(NH4)2SO4 90 50 1.72 [Hameri et al., 2000] 

(NH4)2SO4 85 100 1.57 [Sjogren et al., 2007] 

(NH4)2SO4 90 100 1.73 [Sjogren et al., 2007] 

NH4NO3 90 100 1.61 [Svenningsson et al., 2006] 

NaCl 90 50 2.26 [Zieger et al., 2017] 

NaCl 90 150 2.29 [Zieger et al., 2017] 

Sea salt 90 150 2.09 [Zieger et al., 2017] 

SOA from 
monoterpenes 

85 180 & 300 1.07–1.13 [Varutbangkul et al., 2006] 

SOA from Methyl-
cycloalkenes 

85 180 & 300 1.09–1.10 [Varutbangkul et al., 2006] 

SOA from 
sesquiterpenes 

85 180 & 300 1.01–1.04 [Varutbangkul et al., 2006] 

Levoglucosan 90 100 1.33 [Svenningsson et al., 2006] 

Fulvic acid 90 100 1.07 [Svenningsson et al., 2006] 

Humic acid 90 100 1.06 [Gysel et al., 2004] 

Adipic acid 92 100 1.00 [Sjogren et al., 2007] 

 

Several field studies have measured the HGF of ambient aerosol. Ambient aerosol is chemically complex, 

hosting different inorganic species, thousands of different organic compounds as well as polymeric- and 

macromolecular components. Particle composition often varies with Dp, resulting in different HGF at 

different particle sizes. Additionally, when an aerosol population originates from multiple sources at the 

same time, it is externally mixed. This can result in different compositions of particles at a certain Dpdry. 

Measurements of HGF will then result in a multimodal HGF probability density function, yielding two or 

sometimes more HGFs [Berg et al., 1998; Bialek et al., 2012]. Despite the complexity of ambient aerosol 

compositions, individual HGF measurements can often be described quite accurately, as the combined 

contribution of sulfates, organic compounds and BC. These can be combined linearly by an additive 

volume mixing rule taking into account each of their respective HGFs. Ambient HGF measurements are 

often grouped into non-hygroscopic (NH), less- (LH), and more hygroscopic (MH)/hydrophilic 

categories. Non-hygroscopic particles are linked to combustions sources and fresh BC particles. Less-
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hygroscopic particles are linked to organic aerosol of varying aging status, that can be of both, biogenic 

or anthropogenic origin, while more-hygroscopic particles are associated with aerosols that are to a 

larger extent of inorganic composition with substantial fractions of either sulfate or sea salt. Table 3 lists 

results from a few different field studies, addressing the HGF of ambient aerosols. 

Table 3: Previously reported hygroscopic growth factors of ambient aerosols in different environments. 

Region 
Aerosol 

type 
HGF (NH) HGF (LH) 

HGF 
(MH) 

Note Reference 

Arctic Ocean Pristine  1.19–1.28 1.44–1.71 
90% RH, also HGF of 1.9–
2.1 observed for sea salt 
aerosol 

[Zhou et al., 
2001] 

Boreal forest, 
Finland 

Natural 1.12–1.17 1.22–1.46 1.32–1.59 
90% RH, frequent external 
mixture observed 

[Hameri et 
al., 2001] 

Copenhagen Urban 1.02–1.03  1.39–1.62 91% RH 
[Londahl et 
al., 2009] 

Beijing Urban 0.99–1.06 1.07–1.30 1.26–1.60 90% RH 
[Massling et 
al., 2009] 

 

Measurements of high Arctic aerosol HGF are scarce, which makes the measurements conducted and 

reported during this project highly valuable. 

 

1.4.2    Cloud condensation nuclei ability 

In the above section, the interaction of particles with water vapor at subsaturated conditions and the 

resulting hygroscopic growth was described. When atmospheric humidity becomes supersaturated 

(RH>100%), particles can function as cloud condensation nuclei (CCN). This property is critical for cloud 

formation and thus an integral part of the global climate system. 

When considering a soluble particle and its interaction with water, the equilibrium water vapor 

saturation ratio (S) above a solution droplet can be formulated with the Köhler equation [Kohler, 1936]: 

 𝑆 = 𝑎𝑤 𝑒𝑥𝑝 (
4𝜎𝑀𝑤

𝑅𝑇𝜌𝑤 𝐷𝑝𝑤𝑒𝑡
) [eq. 3] 

 

Here aw is the water activity, σ the surface tension of the droplet, Mw the molecular weight of water, R 

the gas constant, T absolute temperature, ρw the density of water. S is given by the vapor pressure of 

water above the particle surface Pw(Dp) and the bulk equilibrium vapor pressure P0: 
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 𝑆 =
𝑃𝑤(𝐷𝑝)

𝑃0(𝑇)
 [eq. 4] 

 

Ideally the Köhler equation is valid at both sub- and supersaturated conditions, but for many aerosols 

deviations are observed between the two saturation regimes [Wex et al., 2008; Hodas et al., 2016]. When 

describing supersaturated conditions, the supersaturation (SS) is defined as: 

 𝑆𝑆 = (𝑆 − 1) ⋅ 100% [eq. 5] 

  

When a particle takes up water, it becomes effectively a tiny solution droplet. Water activity is a measure 

of the effective mole fraction of water in a solution. For solutions aw is smaller than 1, and cannot validly 

be approximated as such for concentrated particle droplets. To calculate it correctly, all interactions 

between the solute and water have to be taken into account, which in most occasions is very complex 

and impractical. Several simplified methods to determine aw exist. Generally, these perform well for 

simple systems like single species particles of fully soluble material, e.g. dissociating salts. One such 

approach is the Raoult equation, which is valid for ideal solutions: 

 𝑎𝑤 =
𝑛𝑤

𝑛𝑤 + 𝑖 ⋅ 𝑛𝑠
 [eq. 6] 

 

Here nw and ns are the number of moles of water and solute in the droplet, respectively, and i is the Van’t 

Hoff factor, signifying the effective number of ions a given solute dissociates into. For a simple salt as 

NaCl, i = 2, however for (NH4)2SO4, i = 2.2, and for non-dissociating compounds, i = 1. This approach is 

valid for simple, ideal systems like highly dilute solutions. For a more accurate prediction of water 

activity and other solution parameters, a model that incorporates complex solution interactions can be 

used. In this work, results from the E-AIM model [Clegg et al., 1992; Wexler and Clegg, 2002] are 

extensively used to obtain ammonium sulfate (AS) solution properties for reference and instrument 

calibration. 

The exponential term of the Köhler equation describes the increased water vapor pressure above the 

curved surface of the particle solution droplet, the so-called Kelvin effect. As the curvature of a very 

small droplet is very large, the Kelvin effect strongly increases the supersaturation needed to activate 

such a particle into a cloud droplet. Conversely, larger particles do not exhibit as strong a Kelvin effect, 

and activate into cloud droplets at lower supersaturations compared to smaller particles with equal 

chemical composition. The product of the water activity term and the Kelvin effect term shows that 

every specific particle shows a specific RH-dependent hygroscopic growth, and has a unique 
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supersaturation at which the Kelvin effect is overcome and the particle activates into a cloud droplet. 

This specific SS, where the Kelvin effect is overcome, is called the critical CCN activation supersaturation 

(SScrit). Conversely, for constant SS the specific Dpdry at which the Kelvin effect is overcome is called the 

critical CCN activation diameter (Dpcrit). In the atmosphere, aerosol particles experience supersaturation 

in updrafting air masses. In such air masses the decrease of temperature with increasing altitude creates 

increasing relative humidity and eventually supersaturation. This correspondingly leads to cloud 

formation. Depending on initial conditions, updraft velocity and the aerosol a specific peak SS develops 

(SSpeak) [Hammer et al., 2014]. The region where SSpeak develops is usually just above the base of the 

cloud [Korolev and Mazin, 2003]. The specific SSpeak causes the fraction of the particles, whose SScrit is 

smaller than SSpeak to activate into cloud droplets, the rest of the aerosol exists within the cloud as 

unactivated interstitial aerosol [Facchini et al., 1999; Verheggen et al., 2007].  

The solution properties aw and σ are functions of solute concentration. For this work, these properties 

were obtained for AS from the E-AIM model. This serves as a basis for modelling the equilibrium water 

vapor pressure over AS particles of different sizes. This procedure is used to calibrate and verify 

measurements of aerosol HGF and CCN activation throughout this work. 

 

1.4.3    The κ-value hygroscopicity parameter 

It is not possible to determine water activity and solution properties for complex ambient aerosol 

particles. Thus, particle interaction with atmospheric humidity, hygroscopic growth and CCN activation 

cannot be accurately predicted. Instead, a simplification can be applied, where aw is modeled with a 

composition specific hygroscopicity parameter termed the κ-value. In this case σ is treated as a constant, 

with the value of that of pure water. The κ-Köhler equation then takes the form [Petters and Kreidenweis, 

2007]: 

 𝑆 =
𝐷𝑝𝑤𝑒𝑡

3 − 𝐷𝑝𝑑𝑟𝑦
3

𝐷𝑝𝑤𝑒𝑡
3 − 𝐷𝑝𝑑𝑟𝑦

3 (1 − 𝜅)
𝑒𝑥𝑝 (

4𝜎𝑀𝑤

𝑅𝑇𝜌𝑤  𝐷𝑝𝑤𝑒𝑡
) [eq. 7] 

 

For a constant particle composition, the κ-value can be determined by a fitting procedure to a series of 

measurements of either RH and hygroscopic growth, or critical supersaturation and critical CCN 

activation diameter (either SScrit or Dpcrit). For ambient measurements, particle composition might vary 

both temporally and with particle Dp. Therefore, the κ-value is approximated at single measurement 

points. This can be done either from measurements of CCN activation, or hygroscopic growth factor. The 

formula for determining κ from CCN measurements is: 
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 𝜅𝐶𝐶𝑁 =
4𝐴3

27𝐷𝑝𝑑𝑟𝑦
3 ln(𝑆𝑐𝑟𝑖𝑡)2

 [eq. 8] 

 

Here Scrit is the critical activation saturation ratio. The expression for determining κ from HTDMA 

measurements of HGF is: 

 

𝑅𝐻

exp (
𝐴

𝐷𝑝𝑑𝑟𝑦 ⋅ 𝐻𝐺𝐹
)

=
𝐺𝐹3 − 1

𝐺𝐹3 − (1 − 𝜅𝐻𝑇𝐷𝑀𝐴)
 [eq. 9] 

  

In both cases A is a constant defined as: 

 𝐴 =  
4𝜎𝑀𝑤

𝑅𝑇𝜌𝑤
 [eq. 10] 

 

The κ-value of many aerosols and classes of aerosols has been determined in the past decade, to name 

only a few examples: Very hygroscopic NaCl aerosol has a κ-value of 1.3, while AS has a κ of 0.6  

[Petters and Kreidenweis, 2007]. Less hygroscopic aerosols such as mixed biogenic and anthropogenic 

laboratory aerosols have κ-values of 0.03–0.14 [D F Zhao et al., 2016] and ambient rural mid-latitude 

aerosols can have a κ of 0.12–0.46 [Jimenez et al., 2009; Wu et al., 2013]. Urban aerosols feature wide 

ranges κ-values e.g. of 0.04–0.51 [Jimenez et al., 2009; Shinozuka et al., 2009; Chang et al., 2010]. Non-

hygroscopic aerosols such as fresh BC aerosol has κ-value of 0 [Petters and Kreidenweis, 2007]. 

The linear combination of individual component κ-values, weighted by volume fraction, is often used to 

determine the total aerosol κ-value and is described as the κ mixing rule: 

 𝜅 =  ∑ 𝜀𝑖𝜅𝑖

𝑖

 [eq. 11] 

 

Where εi  and κi are the volume fraction and κ-value of each individual compound or compound class. 

When the aerosol is not influenced by sea salt, a three-term approach is often used, incorporating 

sulfate-, organic matter-, and BC. 

By determining κ-values of ambient aerosols by either HGF or CCN measurements, the hygroscopicity 

and cloud forming potential of different aerosols can be compared. Results from selected previous 

studies addressing the CCN concentration and -activity of Arctic aerosols are shown in table 4 below. 
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Table 4: Previously reported CCN concentrations and κCCN-values of Arctic aerosols during different seasons and 

at various SS. 

Location Season SS [S] CCN [cm-3] κCCN Reference 

Arctic Ocean Aug–Sept 0.10–0.73 14–47 0.33 [Martin et al., 2011] 

Canadian Arctic June–July 0.55 247 0.32 [Lathem et al., 2013] 

Northwestern Canadian coast May 0.1–0.7 45–197 0.18–0.26 [Herenz et al., 2018] 

Zeppelin, Svalbard Winter 0.2–0.4 30–100 0.46* [Jung et al., 2018] 

Zeppelin, Svalbard Spring 0.2–0.4 87–156 0.46* [Jung et al., 2018] 

Zeppelin, Svalbard Summer 0.2–0.4 27–120 0.46* [Jung et al., 2018] 

Zeppelin, Svalbard Autumn 0.2–0.4 16–44 0.46* [Jung et al., 2018] 

*only total sample period average presented in study.  

However, in accordance with the above mentioned discrepancies between the hygroscopicity in the sub- 

and supersaturation regime for many substances (section 1.4.2), κCCN and κHTDMA for the same substance 

often differs substantially [Petters and Kreidenweis, 2007].  

 

1.4.4    Ice nucleation 

Water freezes at 0 °C. Below this temperature, the solid phase is thermodynamically favored, at 

atmospherically “reasonable” pressures. However, the molecular process that forms ice clusters and 

initiates freezing within the liquid phase is kinetically slow at temperatures close to the freezing point. 

Homogeneous freezing becomes efficient at temperatures below about -38 °C. In the intermediate range 

between 0 and -38 °C, surfaces that ease the formation of ice clusters in the liquid phase are necessary 

to initiate the freezing process. Consequently, the small volumes of water that are cloud droplets, do not 

freeze at temperatures above -38 °C unless heterogeneous surfaces are available that accelerate the 

formation of ice, upon contact with liquid- or gas phase water [Pruppacher and Klett, 1997;  

Pruppacher and Sänger, 1955]. Aerosol particles that possess such surfaces are termed ice nuclei (IN). 

In mid- and northern latitudes precipitation forms through ice nucleation within clouds  

[Mulmenstadt et al., 2015] through the Wegener-Bergeron-Findeisen process, making IN activity an 

important aerosol property. Often the concentration of actual ice particles in a cloud exceeds the 

available IN concentration by orders of magnitude [Cantrell and Heymsfield, 2005; Ladino et al., 2017], 

this and several other links between IN active aerosols and cloud microphysics, phase-state and 

precipitation is currently not well understood. 
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Several ice nucleating mechanisms are known. The mechanisms of deposition-, 

immersion/condensation- and contact freezing are today established [Hoose and Mohler, 2012], while 

immersion- and condensation freezing previously have been regarded as separate mechanisms. 

However, these mechanisms have proven to be indistinguishable. During deposition freezing, water 

vapor condenses directly into the ice phase on an IN [B Wang et al., 2012], during 

immersion/condensation freezing a liquid water droplet is first formed onto a particle that 

subsequently freezes due to IN activity of the solid particle [Niemand et al., 2012]. During contact 

freezing, a liquid water droplet freezes upon the collision with an IN active particle [Diehl et al., 2002]. 

Different IN facilitate ice formation at different temperatures between 0 and -38 °C. Materials such as 

volcanic ash and mineral aerosols are IN active at temperatures between -15 and -38 °C [Hoyle et al., 

2011; Murray et al., 2012; Hartmann et al., 2016]. Above -10 °C efficient ice formation is facilitated 

exclusively by biological particles or bioaerosols [Hoose and Mohler, 2012]. The bacterial species 

Pseudomonas sp. And the fungal species Fusarium sporotrichioides are well-known IN while additionally 

the fungi Isaria farinosa and Acremonium implicatum have been identified as IN active  

[Huffman et al., 2013]. 

 

2     Methods 

In the following section the most important methods used in this work are described. Starting with a 

description of the site where the data was collected, and the instruments and analysis methods used are 

presented. The section also includes a description of the method used to perform a k-means cluster 

analysis on a long-term aerosol PNSD dataset. This cluster analysis determines clusters into which the 

individual PNSDs fall. This section concludes with descriptions of how data quality of the key datasets 

used in this work was assured. 

 

2.1     Site 

All measurements presented in this study were recorded at the Villum Research Station (81° 36’ N, 16° 

40’ W) in the most northeastern region of Greenland. VRS is located at the Danish military station Station 

Nord. The station is located on the Prinsesse Ingeborg peninsula, about 750 m from the shoreline. The 

location is very remote, with the nearest settlement being Longyearbyen in Svalbard, 720 km away. The 

immediate waters around the peninsula are free of ice during summer, but sea ice blocks access to the 

Bay surrounding the peninsula year around. Thus, in practice the station is only accessible by aircraft. 

The actual sampling took place 2 km south-west of the main station facilities in the “air measurement 
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hut” which features controlled laboratory conditions for instrument operation and on the roof of the 

older “Flygers hut”, 300 m east of the air measurement hut. The sampling locations are upwind of the 

main station premises >95% of the time, influx of local pollution is therefore minimal. Polar sunrise 

occurs 25 Feb, polar day prevails from 5 Apr to 3 Sep and polar sunset occurs at 16. Oct. From 16 Oct to 

25 Feb the station experiences polar night. The climate at the station is marine Arctic resulting in an 

average annual temperature of -21 °C, with average daily low and high temperatures of -33 to -18 °C 

during Oct to Mar and -23 to +6 °C during Apr to Sept. Especially during spring, conditions are sunny, 

while in summer cloudiness or fog is more pronounced, however clear skies also occur in this period. 

The predominant wind directions are from SW to SSW, with an average wind speed of 4 m/s. Calm 

conditions, where the wind is less than 1.5 m s-1, are frequent (30%), while storms with wind speeds of 

20–30 m s-1 also often occur. The terrain is rocky, with vegetation limited to low flowers, mosses and 

grasses that grow quite densely from June to August. Lemmings and Arctic foxes populate the region 

around the station all year around, while gulls, geese and other migratory birds are found during 

summer. Polar bears are sighted up to a few times a year, while seals also are natural inhabitants of 

waters in the region around VRS. 

 

2.2     Instruments 

The instruments used in this work are described in this section. The instruments with which the most 

important datasets were collected (SMPS, CCN counter and HTDMA) are described in the most detail. 

Auxiliary instruments from which datasets with a less central role were collected (MAAP and SP-AMS), 

and which were operated by others, are described less thoroughly. 

 

2.2.1    SMPS 

The Scanning Mobility Particle Sizer (SMPS) has been the default instrument for measuring 

submicrometer particles for over two decades [Flagan, 2008]. It uses electrodynamic sizing of charged 

particles in a cylindrical electric field inside a Differential Mobility Analyzer (DMA), and subsequent 

condensational growth and optical counting in a Condensational Particle Counter (CPC). By scanning 

the electrical field voltage, particle number size distributions (PNSDs) can be obtained by this 

measurement technique. If the aerosol flows inside the instrument are balanced, the electrical mobility 

of selected charged particles is given by: 

 𝑍∗ =
𝑄𝑠ℎ

2𝜋𝐿𝑉
ln (

𝑅2

𝑅1
)   [eq. 12] 
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Here, Z* is the electrical mobility of the selected particles, Qsh is the volumetric sheath flow, L is the 

length of the DMA, V the voltage applied, R1 the diameter of the central inner rod and R2 the inner 

diameter of the DMA cylinder. 

The electrical mobility Z of a spherical particle relates to its diameter by: 

 𝑍 =
𝑛𝑒𝐶𝑐

3𝜋𝜂𝐷𝑝
 [eq. 13] 

 

Where n is the number of elementary charges e, 𝜂 is the viscosity of air and Cc is the Cunningham slip 

correction factor, describing how very small particles do not experience air as a continuum: 

 𝐶𝐶 = 1 +
2𝜆

𝐷𝑝
⋅ (1.257 + 0.4 ⋅ exp (

−0.55𝐷𝑝

𝜆
))   [eq. 14] 

 

Where 𝜆 is the mean free path in the gas. For air at standard conditions 𝜆 = 68 𝑛𝑚. Raw SMPS 

measurements are converted to PNSDs in a process called inversion. Besides applying the above 

mentioned conversion from electrical mobility to particle diameters, the inversion takes into account 

charging efficiency and multiple charging of particles, diffusion losses in the instrument tubing, the so 

called transfer function and its diffusional broadening, counting efficiency of the CPC that is included in 

the SMPS system and the variable electrical field strength experienced by the particles as they travel 

through the DMA. The DMA transfer function is a consequence of the dimensions of the DMA entrance 

and exit and the applied flow rates. A range of mobilities are selected at each given electric field strength. 

Additionally, the transfer function is broadened by diffusion at small particle sizes, however increasing 

sheath-to-sample flow ratio narrows the transfer function. 

The SMPS instrument used in this work is custom-built instrument and uses a Vienna type medium DMA 

column and either a TSI 3770 CPC or TSI 3010 CPC. The measurement interval is 9–900 nm and the 

temporal resolution is 5 min. Sample flow is 1 L/min and sheath flow 5 L/min. The instrument has been 

located in the air measurement hut since summer 2015, while it was in Flyger’s hut from 2010 until the 

relocation. In this work, data recorded since 2012 is utilized. Ambient aerosol is sampled through a 

heated inlet at the measurement hut and no additional aerosol drying is used. The temperature increase 

from the cold outside to the heated inside provides a decrease of RH to below 30% in all but exceptional 

situations. Instrument sheath- and sample flow, temperature and RH is monitored. Inversion of 

measurement data is carried out offline with an inversion algorithm based on the principles described 

in [Pfeifer et al., 2014]. 
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All inverted data is assessed for artefacts, local pollution or out of bound operating conditions. The limit 

for RH is 50%, although 30% is only exceeded during summer months with positive ambient 

temperatures, while the limit for sample air temperature is 30 °C. 

 

2.2.2    HTDMA 

The Humidified Tandem Differential Mobility Analyzer (HTDMA) is an instrument capable of measuring 

hygroscopic growth of particles. Simply stated, it consists of two SMPS systems connected in series. The 

first operates with dry aerosol, selecting a band of monodisperse particles, and passes it on to the second 

SMPS system, which operates at elevated RH. Hygroscopic growth at that elevated RH is then detected 

by scanning a certain particle size range. The key challenges of HTDMA operation are the maintenance 

of a stable and high RH in the second DMA, and data inversion. The HTDMA 3100 from Brechtel used in 

these studies is the first commercially available instrument of its kind. The manufacturer specifically 

termed the upstream dry operating SMPS system as Scanning Electrical Mobility Spectrometer (SEMS) 

and the downstream humid operating SMPS system as Humidified Scanning Electrical Mobility 

Spectrometer (HSEMS), each one containing a DMA column. Each unit is equipped with a Mixing 

Condensation Particle Counter (MCPC) that detects and counts particles with a lower size limit of 

detection (Dp50) of 7 nm [BRECHTEL, 2017].  

Stability of the relative humidity in the HSEMS is of great importance and the humidification unit is built 

into the HSEMS enclosure. Humidification of the dry aerosol flow is achieved by combination with a 

humidified flow, while maintaining laminar flow conditions. Flows do no mix, but water diffuses from 

the humid into the dry aerosol flow [Lopez-Yglesias et al., 2014]. By varying the proportions, different 

RHs can be achieved. The sheath flow of the HSEMS is humidified to the same RH as the sample flow and 

they are combined in its DMA. As RH is a strong function of temperature at high RH, it is of uttermost 

importance that temperatures inside the HSEMS are stable and uniform. The HTDMA instrument from 

Brechtel reaches RHs up to 93%. 

To operate the HTDMA, the SEMS is set to a specific Dpdry and the HSEMS scans a size range around that 

set Dp at constant RH. The RH is varied to obtain knowledge about the hygroscopic behavior at a given 

Dpdry. Following this, the SEMS Dpdry can be changed, and the procedure is repeated. The inversion of 

HTDMA raw data is similar in concept to the inversion of normal SMPS data, but is more complex. The 

principles used in the inversion algorithm provided by Brechtel is described in Stolzenburg and McMurry 

(2008).  



34 
 

The HTDMA was deployed in the air measurement hut during two field studies in Apr–May and Aug of 

2016. Dry particle diameters of 30, 60, 120 and 240 nm were used and HGF measurements were carried 

out at 85% and 90% RH. HSEMS scans were conducted over 10 min to ensure sufficient particle counts 

in the HGF distributions. 1 L min-1 sample flow and 5 L min-1 sheath flow was used in the SEMS, and 0.6 

L min-1 sample flow and 6 L min-1 sheath flow in the HSEMS. Voltage up and down scans were conducted, 

but these were averaged during the following data treatment. Measurements of AS aerosol HGF at both 

RHs were carried out regularly (~every 12h) to monitor the performance of the humidification system 

in the HSEMS. Later, measurements were corrected for observed deviations of RH. The inversion of data 

was done offline with a custom Igor® procedure that relies on lognormal fitting to the measured HGF 

distributions. This procedure was provided by Brechtel. 

 

2.2.3    CCN counter 

To determine the concentration of CCN active particles, ambient aerosol is subjected to a controlled 

supersaturation in the CCN counter. The instrument used in this study is the CCN-100 from Droplet 

Measurement Technologies. This instrument is today the standard instrument used for this purpose. 

The instrument splits inlet air into a smaller sample flow and a larger sheath flow. While the sample 

flow is monitored and led directly into the CCN column, the sheath air is filtered, cleaned and humidified 

before it enters the CCN column. This column is a porous wall cylinder with continuously wetted inside 

walls. A temperature gradient is established with increasing temperature in the direction of the airflow 

[Nenes et al., 2001]. The underlying principle of establishing stable supersaturations in the sample flow 

path is the different diffusion speeds of heat and water vapor [Roberts and Nenes, 2005]. This is 

illustrated schematically in Figure 2. At the column inner wall, the air is saturated with water. Transport 

of heat from the column inner walls to the centerline is slower compared to that of water. Hereby water 

vapor reaches the centerline faster, giving rise to a supersaturation with respect to the temperature at 

the centerline. The limitation of the instrument is the steepness of the temperature gradient.  The DMT 

CCN-100 is specified as being capable of reaching supersaturations in the range of 0.07–2.0%. 

An Optical Particle Counter (OPC) detects the cloud droplets that result from the CCN activation at a 

given supersaturation inside the column. This is reported as a CCN number concentration that is sized 

into 20 linearly spaced size bins between 1 and 10 µm, however the size of resulting cloud droplets is 

not utilized in this work. 
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Figure 2: Schematic of CCN counter column. Sheath- and aerosol flows move laminarly from top to bottom of the 

column. Water evaporates from the wetted inside walls being at equilibrium vapor pressure directly at the 

surface. Due to different transport speeds of heat and water vapor, the temperature at point C is that of point A, 

while the water vapor pressure at point C is that of the warmer point B. Depending on the temperature gradient, 

a defined supersaturation in the central sample flow is established.  

The CCN measurements for this study were also carried out in the air measurement hut, where the CCN 

counter was operated during two field studies in Apr–June and Aug–Sept. The CCN concentration at 10 

different SS in the range of 0.1–1.0% were determined as well as the CCN concentration at the maximum 

reachable SS (SSmax). This proved to be lower than the stated 2.0% SS, around 1.8% SS, depending on 

the overall operating conditions. For each different SS setting, a temperature stabilization time of 5 min 

was used before data was collected, except when returning from the steep temperature gradient of the 

maximum SS setting to 0.1% SS, in this case the stabilization time was 15 min. The resulting 

measurement time was 5 min in all cases. The CCN concentration at SSmax is used as a metric to compare 

against the total particle number concentration obtained from the SMPS instrument. The CCN counter 

was calibrated with AS aerosol before and after each field study between 0.1 and 0.47% SS, and after 

the conclusion of the field studies in controlled laboratory settings in the full range between 0.1 and 

1.0% SS. This procedure is described in detail in section 2.7.3. 
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2.2.4    MAAP 

In Research paper I and IV, aerosol Black Carbon concentrations are used in pair with the k-means 

cluster analysis. The cluster analysis is described in section 2.6. Equivalent Black Carbon (eBC) was 

measured from May 2011 to August 2013 [Massling et al., 2015] with a Multi Angle Absorption 

Photometer (MAAP) model 5012 by Thermo Scientific. This instrument combines measurements of 

aerosol light scattering and –absorption to yield the eBC concentration [Thermo Scientific, 2007]. 

Aerosol is collected on a specific spot on a filter tape. By moving the tape when a spot is saturated, the 

instrument can run over extended periods of time without service. Each sample is processed 

automatically by irradiation with light of a specific wavelength. Backscattered light at two different 

angles, as well as transmitted light through the sample spot, are measured. A wavelength of 670 nm was 

used in this case. As it is a cumulative continuous measurement, differences in transmission intensity 

are converted into eBC concentration by comparing the transmitted light through the saturated spot 

against an unexposed reference spot of the filter. A specific aerosol absorption coefficient is needed to 

determine the eBC concentration. This coefficient varies with aerosol age and composition  

[Petzold et al., 1997; Sharma and Jones, 2003], however a value of 6.6 m2 g-1 was used as a standard value 

for the MAAP instrument. The instrument is described in detail in Petzold and Schonlinner (2004). The 

instrument operation and data analysis was carried out by Andreas Massling and Ingeborg Elbæk 

Nielsen, Aarhus University. 

 

2.2.5    SP-AMS 

The cluster analysis, described in section 2.6, was paired with on-line measurements of submicrometer 

particle chemical composition and refractive BC concentration. These measurements were carried out 

at VRS in Feb–May 2015 with a Soot Particle - Aerosol Mass Spectrometer (SP-AMS) [Onasch et al., 2012]. 

The measurements and subsequent data analysis was performed by Ingeborg Elbæk Nielsen and Jacob 

Klenø Nøjgaard, Aarhus University. The SP-AMS samples ambient aerosol, which is passed through an 

aerodynamic lens [X Wang et al., 2005; Liu et al., 2007;]. This lens focuses the sampled aerosol stream 

into a narrow particle beam, whilst pumping away air and establishing high vacuum conditions. Then 

the particle beam enters a particle time-of-flight (PTOF) region. Here the particle beam is chopped into 

sequential pulses. When a pulse reaches the ionization stage, it hits a plate heated to 600° C. The 

refractory components of the particles evaporate and most organic molecules fragmentize. The ions and 

molecular fragments pass through a time-of-flight mass spectrometer where their mass-to-charge ratio 

is detected accurately. The determination of the black carbon content is made possible by the addition 

of a 1064 nm Nd:YAG laser that is capable of vaporizing the aerosol refractory BC content (rBC). 

Treatment and analysis of the obtained data is a complex process and involves deconvolution of the 
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recorded spectra and compensation for collection efficiency [Allan et al., 2003; Allan et al., 2004]. 

Additionally, a positive matrix factorization (PMF) analysis can be conducted. This yields factors that 

collectively, and with varying contribution, comprise the total measured signal. If this analysis is carried 

out successfully, each PMF factor corresponds to a certain aerosol type with a typical chemical 

composition and source [Ulbrich et al., 2009]. Hydrocarbon-like organic aerosol (HOA) and semivolatile 

oxygenated aerosol (SV-OOA) are examples hereof. [Jimenez et al., 2009] 

 

2.3     Determination of Dpcrit 

A common procedure to determine CCN activation points of aerosols, is to connect a SMPS system and 

a CCN counter in series. Either the Dp of the SMPS system, or SS of the CCN counter is varied, and thereby 

the specific point of CCN activation can be found. However, due to the low particle number concentration 

at our Arctic sampling environment, this approach is not feasible. Monodisperse concentrations ambient 

Arctic aerosols would be too low to detect significant concentrations with the CCN counter. Instead, a 

parallel set-up was used, where the two instruments sampled independently from one another. This 

approach has previously been used during CCN studies in the Arctic and other environments with low 

ambient particle concentrations [Lathem et al., 2013; Kristensen et al., 2016]. Specifically, a measured 

PNSD is sequentially integrated downwards from large to small Dp, until the particle number 

concentration above a certain Dp matches that of a concurrently measured CCN concentration. This can 

be stated formally, as Dpcrit being the particle diameter at which the following condition is met: 

 ∫ 𝑛𝑁(𝐷𝑝)𝑑𝐷𝑝 = 𝐶𝐶𝑁
𝐷𝑝𝑚𝑎𝑥

𝐷𝑝𝑐𝑟𝑖𝑡

 [eq. 15] 

 

Where Dpmax is the maximum Dp of the measured PNSD (about 900 nm), nN(Dp) is the particle number 

size distribution and CCN is the measured CCN concentration at the respective SS. 

To be able to determine Dpcrit from SMPS and CCN measurements, a number of challenges need to be 

overcome: 1) each CCN measurement must be paired with a respective PNSD, in cases where PNSDs 

were missing or had been discarded due to data artefacts or local pollution, the respective CCN 

measurement is discarded as well. 2) The PNSD states concentration density numbers (dN/dlog(Dp)) 

as a function of bin geometric mean diameters. Using the geometric mean diameter in the calculation 

procedure introduces a bias. The calculated concentration in each bin is assigned to a particle diameter 

that is smaller than what it actually represents, yielding too small activation diameters. Thus, the 

respective lower and upper size limit of each bin must be known. This is conceptually illustrated in 

Figure 3. 3) Particle losses inside the CCN counter need to be accounted for. As in any instrument there 
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are particle losses within the flow system of the CCN counter. The losses of the SMPS system are 

specifically accounted for in its inversion algorithm, but the CCN counter software does not implement 

any such correction. 

 

Figure 3: Conceptual illustration of stepwise integration of particle number size distributions. a) when using 

geometric mean bin diameters, the concentration represented by the shaded area is incorrectly assigned to the 

bin around dpD1. b) When using bin limits L1 and L2 the concentration represented by the shaded area is 

correctly assigned to the bin around dpD1. 

 

Pairing of PNSDs with CCN measurements is a relatively straightforward procedure. Every CCN 

measurement is paired with the PNSD recorded closest to it within a time window of 15 min. If PNSDs 

are missing within this window, the CCN measurement is discarded. This also prevents the utilization of 

polluted data as SMPS data is quality controlled for local pollution. 

Calculating the SMPS bin limits from the bin geometric mean sizes is a simple task, if the instrument uses 

logarithmic equidistantly spaced size bins. This was unfortunately not the case for our custom-built 

SMPS instrument. The bins of our instrument are spaced with increasing logarithmic distance. 

Therefore, it was necessary to estimate the bin limits with an iterative procedure. 

This procedure was initiated from an initial guess of bin limits, which is based on the geometric mean 

bin diameters. New limits were then approximated through a number of steps, where a set of 
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approximated geometric means were calculated from the guessed limits and compared randomly to the 

original geometric means. Their relative difference was then corrected partially. After every such step, 

the approximated bins were recalculated and the procedure was repeated a number of times.  

Every approximation was set to contain 5∙106 repetitions and the approximation was run 80 

separate times, each with a new set of initial guessed bin limits. The final set of bin limits was 

calculated as the average of the 80 runs. For assessing the performance of the procedure, the 

procedure was set to reproduce a set of randomly generated and loosely lognormally 

distributed control limits. This was achieved within ±0.6% accuracy. Also, the procedure was 

able to recalculate previously approximated bin limits, from their respective geometric means 

with ±0.3% accuracy.  

 

2.4     Ice nuclei analysis 

The concentration of ice nucleating particles was determined from TSP filter samples. The filters were 

mounted in a filter holder on the roof of Flyger’s hut and a pump inside the hut drew the airflow through 

the filters. To avoid contamination with microorganisms, the filter holder was autoclaved before each 

use. Nitrocellulose filters with a diameter of 4.6 cm were used for sampling. These were mounted into 

the holder inside a microbiological workbench with sterilized tools and surfaces. The filter holder 

including the filter was transported to and from the sampling site in a sealed bag. Filters were sampled 

between 24 and 36 h and stored in sterile sample tubes under freezing conditions until further analysis. 

In between the acquisition of regular samples, blind samples only exposed to handling were also 

conducted. 

The IN analysis was carried out with a bulk freezing assay. From each filter, 96 circular stamp outs of 1 

mm diameter were placed in individual wells of microtiter trays and submerged in 0.05 mL of MilliQ 

water. The trays were covered with transparent sealing tape and placed in a backlit ethanol bath, such 

that only the wells were submerged, but not the tray top. The bath was cooled at a rate of 1 °C min-1 and 

an automated camera photographed the tray directly from above every 6 seconds. Frozen wells are 

manifested by a sudden dimming, noticeable when visually analyzing the images taken by the camera. 

An example picture is shown in Figure 4 below. Non-sampled blank filters showed significant freezing 

starting at around -15 °C. Only 1/3 of the filter area was used for IN analysis, the remainder was used 

for microbiological community analysis. As an indication whether IN activity was caused by 

proteinaceous material, microtiter trays, including stamp outs, were boiled and reanalyzed after the first 

analysis. In principle, the heat should denature proteins and destroy any biological IN activity. However, 
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even though the sample trays withstood this treatment, it cannot be excluded that the boiling procedure 

initiates other processes that influence IN activity. It is hypothesized that either the nitrocellulose is 

altered or glue from the sealing tape is washed into the MilliQ water.  

The fraction of frozen wells can be converted into the cumulative IN concentration below a certain 

temperature K(T) with the formula [Vali, 1971; Conen et al., 2012;]: 

 𝐾(𝑇) =
ln(𝑓(𝑇))

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
  [eq. 16] 

 

Where f(T) is the frozen fraction at a given temperature and Vsample is the volume of air sampled through 

each specific filter stamp out. It is interesting to note, that the maximum detectable IN concentration is 

determined only by the sampled volume of air. High sample volumes increase the probability of 

detecting low concentrations of efficient ice nuclei, but decrease the maximum detectable concentration. 

This originates from the nature of the analytical procedure. Once a well freezes due to the IN activity of 

an individual particle, potential further IN activity of other particles at lower temperatures in the same 

well cannot be detected. 

 

Figure 4: Picture from the IN analysis camera. The microtiter tray is partly submerged in the backlit cooled 

ethanol bath. Every well of the microtiter tray is clearly visible. Bright wells are liquid, while the wells with 

larger dim spots are frozen. The small dark spots visible in the liquid wells are the actual filter stamp outs. 
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2.5     Datasets 

For providing a comprehensive overview, the datasets utilized for this work are listed in table 5 below. 

Table 5: Overview of datasets used in this PhD project, when they were recorded, characteristics and 

responsible persons. 

Method Period Characteristics Responsible 

SMPS 2012 – 2016 9–900 nm 
Andreas Massling, Robert Lange, 
Quynh Nguyen, Sissel Bjørn Andersen 

CCN 
20 Apr – 6 June,  
15 Aug – 2.Oct, 2016 

0.1–1.0% SS Robert Lange, Andreas Massling 

HTDMA 
22 Apr – 2 May,  
15 Aug – 28 Aug, 2016 

85 & 90% RH,  
30–240 nm 

Robert Lange, Andreas Massling 

MAAP Jan 2012 – Aug 2013 TSP 
Andreas Massling,  
Ingeborg Elbæk Nielsen 

SP-AMS 20 Feb – 23 May 2015  
Ingeborg Elbæk Nielsen,  
Jacob Klenø Nøjgaard 

IN 
19 Apr – 5 May,  
15 Aug – 30 Aug 2016 

-25–0 °C, TSP filters Robert Lange, Tina Santl-Temkiv 

 

2.6     Clustering method 

Clustering of data was extensively used in several of the publications included in this thesis. Clustering 

is the process of assigning many individual measurements into fewer categories, or clusters, based on 

common traits [Salimi et al., 2014]. Since aerosol number size distributions are two dimensional, 

clustering of these distributions is an efficient way to reduce the complexity of large datasets. The 

method used here was k-means clustering [Beddows et al., 2009; Dall'Osto et al., 2011]. The actual 

computations were done by David C. S. Beddows, Birmingham University. The method processes h 

hourly averaged SMPS size distributions with m size bins (nN(Dp)). These are normalized with their 

vector length: 

 

𝑛𝑁(𝐷𝑝)ℎ,𝑚

√∑ (𝑛𝑁(𝐷𝑝)ℎ,𝑚 )
2𝑀

𝑚=1

 
[eq. 17] 

 

Where m is a particular size bin of a size distribution, M is its largest bin. If G is the number of clusters 

and Sk the set of size distributions within a particular cluster, then the method seeks to minimize the 
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total sum-of-squares distance inside each cluster. When  𝑛𝑁(𝐷𝑝)𝑘,𝑚
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  is the average size distribution of 

the cluster k, then the sum-of-squares distance within a cluster is the following: 

 ∑ ∑ ‖𝑛𝑁(𝐷𝑝)ℎ,𝑚 − 𝑛𝑁(𝐷𝑝)𝑘,𝑚
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ‖

2

2

ℎ∈𝑆𝑘

𝐺

𝑘=1

 [eq. 18] 

Where: 

 ‖𝑛𝑁(𝐷𝑝)ℎ,𝑚 − 𝑛𝑁(𝐷𝑝)𝑘,𝑚
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ‖

2
= ∑ √(|𝑛𝑁(𝐷𝑝)ℎ,𝑚 − 𝑛𝑁(𝐷𝑝)𝑘,𝑚

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ |
2

)

𝑀

𝑚=1

 [eq. 19] 

 

The expression [eq. 19] gives the Euclidian distance of a particular size distribution to the cluster 

average distribution. 

The number of clusters G is predefined. The individual size distributions are assigned randomly to an 

initial partitioning between all G clusters, and are subsequently reassigned to minimize the sum-of-

squares distance. This process is continued until the sum-of-squares distances converges. Hereafter the 

process is repeated with increasing G. In order to determine which solution and number of individual 

clusters is optimal two metrics are used: The Dunn index (DI) and the Silhouette width (s(h)). These are 

only described conceptually here. The Dunn index expresses the separation of the different clusters, 

given as the ratio of the minimum distance between clusters to the maximum width inside clusters. The 

Silhouette width is a metric of similarity of the individual size distributions within the clusters and 

ranges between -1 and 1. Negative values state that the size distributions of a cluster are more similar 

to distributions outside the cluster compared to those within the cluster, while positive values state that 

the size distributions of a cluster are more similar to each other compared to those outside of the cluster. 

Ideally, both DI and s(h) should be as large as possible, however, there is also an element of personal 

assessment, when determining the number of clusters. The approach in this work was to look for 

solutions with five to ten cluster, in order to be able to identify different types of aerosol populations of 

the high Arctic. In this range, eight clusters gave the best solution. Hereafter the average cluster size 

distributions were inspected, whether they could be recombined. The development of DI and s(h) with 

different number of clusters can be seen in Figure 5. 
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Figure 5: Characteristics of clustering analysis as functions of number of individual clusters in solution. Red: 

Silhouette width, green: Dunn index. 

Considering a solution with eight clusters, s(h) has a local maximum, while DI is close to a local 

maximum as well. In our case, nine clusters could have been a plausible solution and four clusters could 

also have been a viable solution. It is interesting to note that Freud et al. (2017) found four clusters in 

their cluster analysis of Arctic aerosol size distributions. The entire set of eight clusters that we found is 

described in Research paper IV. 

Several aerosol properties were combined with the cluster analysis, e.g. CCN properties, HGF, BC 

concentration, chemical composition, and meteorological parameters. Some of these properties were 

measured at different occasions, but all within the 2012–2016 SMPS dataset. Calculating average 

determined values for these aerosol properties for each cluster, associating each cluster with specific 

conditions e.g. sulfate concentration, allowed the combination of these temporally separated datasets. 

As an example, a specific cluster termed the Accumulation bimodal cluster was associated with an O3 

concentration of 32.3 ppb, sulfate concentration of 0.91 µg m-3 and HGFs of 1.62–1.78. 
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2.7     Calibration and quality control 

In the following section, calibration and other measures applied to assure appropriate data quality of 

the key instruments SMPS, HTDMA and CCN counter are described. These were the instruments used 

during the field studies in 2016 and the corresponding data analysis was an integral part of this work. 

 

2.7.1    SMPS 

The SMPS system used in this work is a monitoring instrument that has been running almost 

continuously since 2010. For this reason, it is also chosen as a reference, against which other 

instruments are compared. Its performance has though been verified in several ways. During the field 

study in April to May 2016 the total particle number concentration was measured with a TSI CPC 3010 

(NCPC). A time series of the hourly averaged NCPC against the total number concentration as inferred from 

the SMPS (Ntot) is presented below in Figure 6. The two measurement series agree well, although there 

appears to be an undercounting by the CPC. The average value of the ratio NCPC/Ntot was 0.85, while the 

10% and 90% percentiles of this ratio were 0.66 and 0.96, respectively. This disagreement is acceptable, 

as the two instruments have different characteristics. First, the SMPS data inversion compensates for 

the lower counting efficiency in the low end of the size distribution, resulting in higher measured 

particle concentrations in the lower end of the measurement range. Secondly, the CPC detects a fraction 

of the particles smaller than its cut-off size, which is below the SMPS measurement size range. This 

should lead to overcounting in situations when nucleation mode particles are numerous. Third, the two 

instruments have different inlet systems. The SMPS data inversion compensates for particle losses in 

the inlet tubing system, increasing its measured concentration relative to the CPC, especially below 100 

nm Dp. 
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Figure 6: Ambient particle number concentrations for a period of the spring field study, independently 

measured by CPC and SMPS. Red: CPC and blue: SMPS. 

 

The SMPS counting accuracy was also verified against the CCN concentration at maximum 

supersaturation (~1.8% SS), termed CCNmax. At this SS, a large part of the ambient aerosol should be 

CCN active. Therefore, CCNmax is compared to the number concentration of particles larger than 25 nm 

(N25). This is more closely described in Research Paper V. The ratio CCNmax/N25 was on average 0.94 

during the spring and summer field studies showing good agreement between the two measurement 

methods. A disagreement between CCNmax and N25 was observed prior to 4. May, this disagreement is 

described in more detail in section 2.7.3 about CCN counter calibration and verification. 

The SMPS sizing was validated by comparing its measured ambient number size distributions to 

simultaneous number size distributions from the SEMS unit of the HTDMA instrument. For this 

comparison, the SEMS was periodically set to measure ambient aerosol number size distributions 

instead of HGF. Examples of simultaneous number size distributions are shown in Figure 7. Above 30 

nm the distributions from the two instruments compare well, this is further elaborated in section 2.7.2 

below. Furthermore, the sizing performance of the SEMS was verified against a TSI SMPS 3080 using 

Polystyrene Latex (PSL) spheres with diameters certified by the National Institute of Standards and 

Technology in the range of 80–270 nm in a laboratory setting on a later occasion. Over all measured 

particle sizes, the measured PSL sphere Dp agreed within 4 nm with the Dp stated by the producer. The 

successful validation of counting and sizing by multiple independent methods gives great confidence 

that the monitoring SMPS used as reference instrument at VRS is performing adequately. 
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Figure 7: Simultaneous daily average particle number size distributions measured by monitoring SMPS and 

SEMS. a) 1 May 2016 and b) 27 Aug 2016, blue: SMPS and red: SEMS. 

 

Quality control of SMPS data was carried out by assuring that instrument sample- and sheath flows, 

temperature and RH were within specifications. Time series of all measured SMPS data was visually 

inspected for faulty measurements or pollution by nearby combustion sources, in which case such 

measurements were removed. The quality control protocols is also described in Research Paper I. 

 

2.7.2    HTMDA 

The ability of the HTDMA to correctly reach the desired RH was monitored with regular measurements 

of ammonium sulfate aerosol HGF. A dilute solution (~100 mg L-1) of 99% pure ammonium sulfate 

(Sigma Aldrich) was atomized with a Brechtel atomizer and the HGF at 100 nm and 85 and 90% RH was 

measured. The procedure was automated via a switching valve and performed about every 12 h. The 

measured HGF was converted into the corresponding RH that was actually present inside the humidified 

DMA through the Köhler equation [eq. 9] and AS bulk solution properties obtained from the E–AIM 

model [Clegg et al., 1992; Wexler and Clegg, 2002]. The actual RHs determined by these AS control 

measurements during the spring field study were on average 84.2 and 90.8%, instead of 85 and 90%, 

respectively. During the summer field study actual RHs were 85.6/83.7 (two values were determined) 

and 89.6% during the summer field study. The measured HGF was corrected for these deviations of the 

actual RH from the set RH. This was done through the κ-Köhler equation for the subsaturated regime 

[eq. 9] by recalculating the expected HGF at 85 or 90% RH exactly. This procedure is described in detail 

in Research paper V (Supplementary material). It was verified that the two sizing stages of the HTDMA 
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(dry and wet DMA) agreed by measuring HGF at 10–20% RH (HGF = 1.01±0.03). The stability of HGF 

measurements was tested by repeatedly determining HGF of AS aerosol at 100 nm and 90% RH for 1 h 

(1.77±0.01). By comparing measurements obtained using the SEMS with those obtained using the 

monitoring SMPS and a TSI 3080 SMPS, it was noted that the SEMS significantly undercounts particles 

smaller than 30 nm. Correspondence with the manufacturer revealed, that the instrument is not 

optimized for the measurement of particles below 30 nm. Though it is necessary to be aware hereof, it 

is not problematic for the HTDMA measurements.  The sizing was determined to be correct by 

measurements of PSL standard spheres and HTDMA measurements were performed at, but not below 

30 nm. Data quality was assured by allowing only a maximum temperature rate of change of the HSEMS 

instrument enclosure of 1 °C h-1 and using only measurements where the particle concentration in the 

wet DMA was >1 cm-1. Moreover, data obtained simultaneously with SMPS measurements that were 

discarded due to influence by local pollution, was discarded as well. 

 

2.7.3    CCN 
The calibration of the CCN counter is thoroughly described in Research paper I. In brief, the instrument 

supersaturation was calibrated with AS aerosol. A dilute solution (~100 mg L-1) of 99% pure ammonium 

sulfate (Sigma Aldrich) was atomized with a Brechtel atomizer and classified with a Brechtel SEMS. The 

CCN counter measured the CCN concentration at a constant SS, parallel to total particle concentration 

by a Brechtel MCPC 1720, while the Dp of the monodisperse AS aerosol was slowly scanned. The Dpcrit 

was determined by fitting a single step sigmoidal function starting at the plateau of the doubly charged 

particles, if present, to the activation ratio CCN/Ntot as a function of Dp. Four field calibrations in the 

range 0.1–0.47% SS were carried out at VRS (SEMS scanning range 10–180 nm, duration 20 min). More 

rigorous calibrations (SEMS scanning range 10–200 nm, duration 1 h) were performed in a controlled 

laboratory setting at the Department of Environmental Science, Aarhus University, in the range of 0.1–

1.0% SS after the conclusion of the field studies. Data from all different calibrations was combined and 

a total calibration function relating set SS (SSset) to actual achieved SS (SSreal) in the instrument CCN 

column was obtained, through Köhler calculations and AS solution properties from the E-AIM model. 

Examples of CCN activation functions and the resulting CCN counter calibration curve are illustrated in 

Figure 8 below. 
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Figure 8: CCN counter calibration. a) Example of the determination of Dpcrit by sigmoidal fits to measurements of 

monodisperse AS aerosol. Blue dots: Measurements at 0.2% SS, black dots: measurements at 0.95% SS, red 

curves: sigmoidal fits. b) Calibration curve resulting from AS aerosol calibrations. Linear fit equation displayed in 

bottom left corner. Red dots: field calibrations, blue dots: Laboratory calibrations, black line: calibration linear 

fit. 

 

Particle losses inside the CCN counter were accounted for by a size-dependent loss function originally 

published by [Rose et al., 2010], that is 𝑓𝑐𝑜𝑟𝑟 = 1.00547 − 0.26208 ⋅ 0.98024𝐷𝑝, to the PNSDs when 

determining Dpcrit. 

CCN measurements that were obtained simultaneously with SMPS measurements that were discarded 

due to influence by local pollution were discarded as well. As stated above in section 2.7.1 there was 

good correspondence between particle concentrations inferred from SMPS measurements and CCNmax 

from 4 May and onwards. A disagreement between particle concentration, N25, and CCNmax exists during 

the first part of the spring measurement period 20–29 April. The ratio CCNmax/N25 during the earlier 

period was on average 1.61, while it was 0.94 during the later. The cause of this, either undercounting 

by the SMPS or overcounting by the CCN counter, could not clearly be determined. It was not caused by 

too low SMPS sample flow or non-isokinetic sampling by the CCN counter. Other reasons could be 

turbulences in the duct from where the CCN counter sampled, or decreased counting efficiency of the 

CPC used in the SMPS setup. The average aerosol size distribution in the period 20–29. April of 2016 

was lower than those measured in other years 2012–2017, but not significantly (t-test, 5% CI). It was 

chosen to correct for this mismatch by scaling all CCN concentrations measured during 20–29 April by 

a factor of 0.94/1.61. The mismatch appears not to be dependent on SS or particle size, but to be a 

constant factor across all SS. This independence is illustrated in Figure 9 below, where the effect of the 

scaling is shown at different SS. The diagonal line shows the 1:1 relation between CCN concentration 

and N25. AS CCN concentration cannot be higher than N25, all data points should be above or at this line. 

A similar figure, illustrating the basis of the scaling, showing N25 as a function of CCNmax is shown in the 

supplementary material of Research paper V. The applied scaling shifts the data points measured during 
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20–29 April into the range with data points measured after 4 May, where the disagreement was not 

present.  

Data was discarded when CCN column temperature gradients were not reached or were instable. Other 

criteria included in the quality control, were if correct and stable sheath- and sample flows were 

achieved and temperatures of the inlet flow, OPC and Nafion® humidification unit were within limits 

stated by the instrument manufacturer. 

 

Figure 9: Correlation of CCN concentration and N25 and correction of CCN measurements recorded from 20–29 

April. a) CCN measurements at 0.1% SS, b) CCN measurements at 0.2% SS, c) CCN measurements at 0.4% SS, and 

CCN measurements at 0.7% SS. Blue dots: CCN measurements recorded later than 29 April, red circles: 

uncorrected CCN measurements recorded from 20–29 April, black circles: corrected CCN measurements 

recorded form 20–29 April. 
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3     Results and discussion 

In this section the most prominent results of this PhD work are highlighted and discussed in a more 

condensed form, compared to in the individual Research papers. 

 

3.1     Reducing the complexity of a multi-year Arctic particle number size distribution  

           dataset 

The daily k-means cluster analysis of the 2012-2016 SMPS data series identified eight distinctive 

submicrometer PNSD clusters. Research papers I and II describe these clusters, their associated 

properties and sources in detail. The clusters could be assigned to two general categories: Ultrafine 

clusters and Accumulation mode clusters. The four ultrafine clusters were termed: Nucleation, Bursting, 

Nascent and Bimodal. The three accumulation mode clusters were termed: Haze, Accumulation (Acc.) 

Bimodal and Aged. Lastly, a Pristine cluster, characterized by low concentrations over the entire particle 

size range, was identified. The ultrafine clusters made up the majority of the ambient aerosol during the 

summer months (May–Sept), while especially the Haze cluster dominated in winter (Jan–Apr). In the 

month October the Aged and Pristine clusters showed their maximum occurrence. The yearly evolution 

of the aerosol population at VRS can, in a simplified manner, be described by the varying relative 

contribution of these eight clusters. The average PNSDs and monthly occurrence of all eight clusters are 

collectively shown in Research paper IV.  

The presentation of this large multi-year PNSD dataset as a set of clusters, that contributed with varying 

proportions throughout the year to the Arctic aerosol population, provides insights with a valuable 

intermediate level of complexity and detail. The cluster dataset is considerably more intuitive than the 

full PNSD dataset, while providing more details and information about temporal dynamics than e.g. 

monthly average distributions (Figure 1). Additionally, different aerosol properties and measurements 

can be linked to individual clusters, under the assumption that an aerosol cluster is representative for a 

certain condition e.g. the Acc. Bimodal cluster is associated with low BC concentrations and high organic 

compounds-to-sulfate mass concentration ratios. In Figure 10 the clusters that respectively dominated 

the ambient PNSDs during different characteristic periods of a year are shown. For each period the three 

(or two) most occurring clusters are shown. 
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Figure 10: Schematic of the dominant PNSD clusters during different periods of the year. Each panel shows the 

three (or two) most occurring clusters in that respective period. In all periods the presented clusters make up 

more than 59% of all cluster occurrences, while for Feb–Apr the two clusters alone represent 90% of all cluster 

occurrences. 

 

For the whole winter and early spring period (Nov–Apr) accumulation mode clusters dominated the 

ambient aerosol, especially the Haze cluster was by far the most occurring cluster from February to 

April. In May the overall picture changed, while an accumulation mode cluster occurred, ultrafine 

dominated aerosols associated with the Nucleation and Bursting clusters made up about half of all 

PNSDs observed in this month. In summer (June–Sept) the ambient aerosol was dominated by ultrafine 

clusters. The gradually increasing mode mean diameter of the Nucleation, Bursting and Nascent clusters 

can be regarded as a sequential development, describing the initial nucleation of new particles, and 

subsequent growth into the Aitken mode. The month October displayed a very dramatic change in 

overall cluster occurrence. The occurrence of ultrafine clusters decreased rapidly and the Pristine 

cluster was among the dominant aerosol clusters, illustrating that this month featured low particle 
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number concentrations with influences of accumulation mode aerosol. In October the three clusters  

Acc. Bimodal, Aged and Pristine contributed about equally to the total aerosol of that month, leaving the 

other clusters with only minor influences. 

The association of different clusters with other measured aerosol properties gives indications about the 

origin of the aerosols assigned to that cluster. The Haze cluster was associated with a high average 

concentration of eBC of 77 ng m-3 and a high average HGF of up to 1.81, likely it is strongly influenced 

by anthropogenic pollution and has a high sulfate mass fraction. Oppositely, the average organic 

compounds-to-sulfate ratio of 0.55 observed for the Acc. Bimodal cluster indicates a moderate biogenic 

influence. A strong biogenic influence on the Nucleation and Bursting clusters is indicated by very low 

eBC concentrations (<20 ng m-3). This indicates that, in the general perspective, the ambient aerosol at 

VRS was mostly of anthropogenic origin during winter (Nov–Apr) and of biogenic and natural origin 

during summer (June–Sept). The months May and October can be regarded as transition periods. In May 

the aerosol population shifts from being mainly anthropogenically influenced and dominated by 

accumulation mode aerosols, to be mainly biogenically influenced and dominated by ultrafine particles, 

and vice versa in October. The spring transition has been shown to be caused by the onset of drizzle and 

fog [Engvall et al., 2008; Browse et al., 2012; Croft et al., 2016b], removing the accumulation mode 

aerosols. Simultaneously, increased photochemical activity and availability of biogenic aerosol 

precursor volatile organic compounds facilitates new particle formation and subsequent growth. The 

autumn transition has received less research attention. It would be a valuable study to follow in detail 

how aerosol physical parameters, chemical composition, and hygroscopicity change during this period. 
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3.2     Accumulation mode aerosol is a major contributor to the Arctic ambient CCN  

           population  

It is not exactly known which supersaturations develop in the Arctic atmosphere, and thus a key 

component in the understanding of the Arctic cloud formation is missing. A study by Earle et al. (2011) 

suggested that peak supersaturations of 0.33–0.44% are realistic for an unpolluted Arctic air mass, 

while about 0.12–0.18% SSpeak are realistic for an Arctic air mass with pollution influence. In the present 

study, the CCN concentration and Dpcrit over a wide range of SS (0.1–1.0%) was measured and calculated, 

thus it is possible to estimate which CCN properties were relevant at realistic SSpeak. In Figure 11 the 

measured CCN concentration and calculated Dpcrit at realistic SSpeak are displayed. 

 

Figure 11: Weekly median CCN concentration and Dpcrit at three realistic supersaturations at VRS. Fully drawn 

lines: CCN concentration, dashed lines: Dpcrit, orange: 0.15% SS, light blue: 0.30% SS, and dark green: 0.40% SS. 

 

During spring, the Arctic atmosphere is influenced by anthropogenic pollution, hence CCN0.15 and Dpcrit 

at 0.15% SS likely has the greatest relevance, while the higher SS measurements likely are more relevant 

in the less polluted summer period. It is clearly illustrated in Figure 11 that CCN concentrations varied 

between the spring and summer season, however Dpcrit varied very little between these two seasons. In 

Research paper V the median Dpcrit is stated to be less than 5 nm larger for 0.15–0.50% SS in summer 

compared to spring, placing the Dpcrit at approximately 102 nm for 0.15% SS, and 60–75 nm for  

0.3–0.4% SS. In spring, where lower SSpeak can be expected, clearly accumulation mode particles larger 

than 100 nm in diameter are more relevant for the CCN population than smaller particles.  
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In summer, this could still be true, as the high numbers of Aitken- and nucleation mode particles often 

present were smaller than 60 nm (Figure 9). This explains why, even as total particle number 

concentration was higher, measured CCN concentration was generally lower in summer compared to 

spring. This renders sources of accumulation mode aerosol to be important for the Arctic CCN 

population. In spring, the main source of accumulation mode particles is long-range transport and Arctic 

haze, while in summer the sources of accumulation mode particles are less confined. Previous studies 

have pointed out that NPF and subsequent growth to CCN active sizes could be relevant for the CCN 

population [Willis et al., 2016; Burkart et al., 2017; Collins et al., 2017]. Given that the growth rates of 4.3 

nm h-1 [Willis et al., 2016] and 2.2–5.5 nm h-1 [Kolesar et al., 2017] observed in the Canadian and Alaskan 

Arctic are also valid at our site in Greenland, sustained particle growth should occur for 10–22 h. NPF 

events and subsequent growth into the CCN relevant sizes stated here has not been reported for VRS 

[Nguyen et al., 2016]. Growth of an already present Aitken mode, like that observed by Burkart et al. 

(2017), could however provide a source of CCN active particles. Such an already present Aitken mode 

has formed from a previous NPF event, and a second growth event would make it relevant for the CCN 

population. Another source of particles larger than 60 nm, and thus relevant for the CCN population, are 

primary marine gel particles, ejected from the sea surface microlayer. Such gel particles have on multiple 

occasions been reported in the Arctic and to be of sizes large enough to function as CCN at 0.3-0.4% SS 

[Facchini et al., 2008; Orellana et al., 2011; Karl et al., 2013; Hamacher-Barth et al., 2016]. As VRS is 

located at a coastal site, such marine gel particles could be an important source for CCN active particles 

here as well. It is very difficult to assess whether grown secondary aerosols or primary marine aerosols 

are the most important for the CCN population in summer, but the indications above suggest that 

primary marine particles very well could be among the important sources of CCN during Arctic summer.  
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3.3     The hygroscopic growth of Arctic aerosol 

The hygroscopic growth of aerosol particles is an important property, because it indicates particle 

composition and aerosol mixing state, and also determines the light scattering behavior of particles in 

the ambient atmosphere. As shown in section 1.4.1 especially inorganic salts show high HGF, while 

organic compounds  show lower HGF. The HGF tends to increase with aerosol aging and oxidation of 

organic components [Massoli et al., 2010]. The light scattering of aerosols is mainly determined by the 

Mie scattering of particles. As atmospheric aerosols are polydisperse and typically contain many 

different particle sizes, the scattering behavior of the collective aerosol is highly complex. However, it is 

generally true, that aerosol scattering intensity increases with increasing particle size. Therefore, 

hygroscopic growth of ambient aerosols potentially increases their light scattering and consequentially 

the RF exerted by ari. Figure 12 displays the average HGF measured during the two field studies at VRS, 

and the estimated HGF that accumulation mode aerosols were expected to have at the concurrent 

ambient RH. The ambient HGF was derived from calculated values of κHTDMA and simultaneous 

measurements of ambient RH. Values of κHTDMA were calculated in accordance with [Eq. 9] at 85 and 90% 

RH. Measurements of RH and other meteorological parameters are described in Research paper V.  

The HGF expected at ambient conditions was then calculated from the ambient RH and κHTDMA. If ambient 

RH was below 85%, the κHTDMA determined at 85% RH was used for the calculation. If ambient RH was 

above 90%, the κHTDMA at 90% RH was for the calculation. And if ambient RH was between 85 and 90% 

a linear interpolation of the two respective κHTDMA-values was used to calculate the ambient HGF. 
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Figure 12: Hygroscopic growth factor at VRS. a) Average measured HGF at different Dpdry during the spring and 

summer field studies, b) eight-hour averaged estimated ambient HGF during the spring field study, c) eight-hour 

averaged estimated ambient HGF during the summer field study. Vertical axes are equal on all three panels. 

 

Particle HGF was generally higher during the spring field study compared to the summer field study, 

especially at lower Dpdry of 30 and 60 nm. This indicates that Aitken mode particles contained a 

significant fraction of organic compounds during summer, while they could contain a larger fraction of 

sulfates during spring. In the accumulation mode size range the average HGF of the spring and summer 

periods was more similar. This could mean that accumulation mode particles were dominated by 

sulfates during both seasons. The estimated ambient HGF is both a function of measured HGF and 

ambient RH. The estimated ambient HGFs during the spring field study were generally in the range of 

1.3–1.6, while the most estimated ambient HGFs were in the range of 1.1–1.5 during summer.  

To calculate the scattering and eventual RF by ari of these aerosols, a model of atmospheric radiative 

transfer would need to be applied. This is not within the scope of this work, however such studies were 
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conducted by Rastak et al. (2014) at Ny-Ålesund, Svalbard, which is an Arctic environment comparable 

to northeastern Greenland. They determined the annual average ambient HGF of particles of 200 nm 

Dpdry to be 1.64±0.28. For periods comparable to the spring- and summer field studies shown here, they 

determined about 1.67 and 1.83 average ambient HGF, for late April/May and late August, respectively. 

The ambient HGF at Ny-Ålesund resulted in a clear enhancement of aerosol scattering and a RF of around 

-1.62 W m-2. The higher HGFs observed in Ny-Ålesund are probably attributable to a higher contribution 

of sea salt aerosol compared to at VRS. Based on the estimated ambient HGF of accumulation mode 

particles at VRS, the RF from ari should be smaller, but comparable to that found by Rastak et al. (2014). 

However, especially in summer the estimated ambient HGFs are lower than that found in Ny-Ålesund, 

consequentially the RF from ari is expected to be higher during spring compared to summer at VRS.  

To date, a lack of knowledge about aerosol HGF limits the studies that can be carried out about long-

term ari at VRS. As ambient RH is continuously monitored at VRS, additional HTDMA measurement 

series, nephelometer measurements of aerosol light scattering and aethalometer measurements of 

aerosol light absorption could be used to greatly increase the understanding of how ari influence the 

radiation balance at VRS. 

 

3.4     Clear patterns of IN activity at VRS 

Research paper VI presents data and findings on IN active bioaerosols sampled at VRS during spring of 

2015 and 2016, and summer of 2016. No IN activity above background level was found in the spring 

samples, while significant IN activity was found in the summer samples. Considering the 2016 data only, 

the increased summer IN concentration was moderately pronounced above -10 °C, and very pronounced 

between -10 and -15 °C. The respective cumulative IN concentrations below -10 °C (IN-10) was on 

average 13.1±8.8 m-3 while IN-15 = 66.7±40.9 m-3 on average. The uncertainties are the sample series 

standard deviations. As IN activity at temperatures above -15 °C is predominantly associated with 

bioaerosols [Christner et al., 2008], and as the IN activity was removed by heating denaturation of the 

samples, it is likely that bioaerosols were the cause of the increased IN concentration observed during 

summer. One sample distinguished itself by featuring a much higher IN concentration of over 330 m-3 at 

-10 °C. This particular filter was sampled 17–18 Aug 2016. The filter was heavily exposed to soil and 

mineral dust, as road construction work was performed in close vicinity of the sampling location. 

Interestingly, the mineral dust itself is not expected to be IN active at the high temperature of -10 °C 

[Zimmermann et al., 2008; Murray et al., 2011; Hoose and Mohler, 2012; Murray et al., 2012]. A proposed 

explanation is, that microorganisms with very good IN properties were associated, and were released 

together, with the soil and mineral dust. Upon heating, the IN activity of this sample was reduced, 

approximately so that the cumulative IN concentration was shifted with 5 °C towards lower 
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temperatures. This strengthens the assumption that this extraordinary IN activity is of proteinaceous 

origin and originated from microorganisms that were aerosolized together with the soil dust from the 

construction work. 

 

 

Figure 13: 2016 cumulative IN concentration distributions. a) Spring and summer measurement series plotted 

together with control and blank samples. b) Spring and summer measurement series plotted together with heat 

treated samples. Thick lines are mean cumulative concentrations and shaded areas denote ±standard deviation. 

Blue: spring samples, yellow: summer samples, black: control samples, red: heated treated samples (spring and 

summer combined), purple: blank filters, dashed yellow line: 17–18 August and dashed red line: 17–18 August 

heat treated sample. 
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Contrary to the IN activity at high temperatures of the summer samples, no corresponding aerosol IN 

activity was found in the spring samples. Average cumulative IN concentrations were IN-10 = 0.8±0.6  

m-3 and IN-15 = 2.5±1.8 m-3, which is not distinguishable from the sample background level. This shows 

that bioaerosols with high IN activity were not present at significant concentrations during the Arctic 

haze period in spring. However, microbiologic analysis of the filters showed that generally microbial 

cells were present in the aerosols observed during spring. At the same time, IN analysis of snow samples 

collected in spring, both in 2015 and 2016, showed that proteinaceous IN active particles were present 

at average concentrations of 1.4 mL-3 at -10 °C and at 83 mL-3 at -20 °C. No snowfall occurred during the 

summer sampling period. This could indicate that long-range transported IN active bioaerosols 

selectively precipitated as snow during cold spring months, consequently they were not found in the 

atmosphere. During summer months IN active bioaerosols were eventually released from the local soil 

or other local sources, while their removal mechanisms (e.g. wet precipitation), were slow, so that a 

measurable concentration of IN active bioaerosols was maintained in the atmosphere. 

 

4     Conclusion and outlook 
The basis of most of this PhD work were two field studies at the high Arctic Villum Research Station. 

During these two field studies, in spring and summer of 2016, extensive measurements of CCN 

concentration, hygroscopic growth, and ice forming properties were conducted. These measurements 

are key elements in the understanding of how Arctic aerosols take up humidity and influence cloud 

formation. Simultaneously, a long-term dataset of particle number size distributions recorded between 

2012 and 2016 was extensively used, and a k-means cluster analysis hereof reduced the dataset into 

eight representative aerosol clusters. 

The various questions addressed throughout this work all relate to how aerosols, natural or 

anthropogenic, affect the sensible climate of the high Arctic. For these studies, the unique location of the 

Villum Research Station has been a prerequisite. 

The simplification of the five-year particle number size distribution dataset into clusters facilitated a 

better conceptual understanding of the annual ambient aerosol pattern. Clear anthropogenic influences 

were tied to the accumulation mode aerosol clusters dominating the ambient aerosol population in 

winter and spring. The CCN measurements coupled to the Haze cluster suggested that anthropogenic 

organic compounds resulted in low CCN activity at particle diameters smaller than 100 nm for this 

cluster. Larger particles showed higher CCN activity, probably as a result of a high sulfate mass fraction. 

Clusters characterized by high concentrations of ultrafine particles, that appeared mainly in summer, 

seemed to be influenced by natural aerosol sources. These natural aerosol clusters showed remarkably 
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good CCN properties, which could originate from microbial activity at the sea surface and partially from 

the open sea ice. This illustrates how the Arctic aerosol is influenced by both anthropogenic- and 

biogenic sources, also indicating that both types of aerosols likely have an impact on Arctic climate. 

Hygroscopic growth of Arctic aerosol particles was measured at 85 and 90% RH with an HTDMA. Such 

measurements are scarce, but they can be used to infer which hygroscopic growth particles will exhibit 

at ambient RH, and further, how the light scattering of ambient aerosols changes depending on ambient 

RH. HGFs and the associated values of κHTDMA were determined for two periods in spring and summer 

2016. In spring HGFs seemed to be influenced by sulfates. Comparisons with CCN measurements 

showed that these sulfates were very likely un-neutralized, hence the aerosol should be acidic.  

This corresponds well with previous on-line measurements of aerosol chemical composition from a 

previous field study. During summer, HGFs indicated that organic compounds made up a significant 

fraction of ultrafine particles. The ambient HGFs during spring and summer were estimated, showing 

that particles very likely experienced hygroscopic growth in the ambient atmosphere. This behavior 

likely contributed to negative RF and an associated cooling. This cooling effect was probably smaller in 

summer compared to spring, and smaller at VRS compared to Ny-Ålesund, but was is probably 

significant enough to affect the radiative balance. 

The CCN dataset used in this study spanned almost one hundred days and is as such a valuable 

contribution to the available data on Arctic CCN. Arctic aerosols efficiently formed cloud droplets, but 

the concentration of CCN active particles was low, especially in summer and early autumn. In spring, 

higher concentrations of CCN active particles were provided by anthropogenically influenced aerosols. 

It was shown that even though high concentrations of nucleation- and Aitken mode particles were often 

present during summer, the critical particle diameter for CCN activation at realistic supersaturations 

was situated above the nucleation- and Aitken mode. This means that sources of accumulation mode 

particles appear to be more important for the Arctic CCN population than NPF and growth events. 

Sources of accumulation mode aerosols during summer could likely be marine gels. 

The annual cycle of Arctic aerosol physical properties and chemical composition is manifested in a 

variation of hygroscopic growth at subsaturated conditions and in CCN properties. While a difference in 

HGF was observed only for Aitken mode particle diameters, CCN concentration was generally lower 

during summer compared to spring. This was caused by the lower particle concentrations above the 

critical activation diameter that was typically situated in-between the Aitken- and accumulation mode 

range. The NPF events that frequently occurred during summer, did not seem to influence CCN 

concentration greatly. This also means, that given the sensitivity of the Arctic CCN population to 

additional inputs of CCN, this sensitivity would be highest towards sources of accumulation mode 
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particles. The CCN activity expressed as the κCCN-value proved to only be significantly different between 

the spring and summer studies for low- (0.1-0.15% SS) and high (0.7-1.0% SS) supersaturations.  

In parallel to the measurements of water uptake at sub- and supersaturated conditions, filter samples 

were obtained. These were analyzed for ice nucleation active particles. Such investigations are 

important because outside the tropics, clouds contain both liquid- and ice phase fractions, and outside 

the tropic regions precipitation forms via ice formation inside clouds. Some biological particles, 

including bacteria, are ice nucleation active above the temperatures of non-biological particles. Evidence 

of biological ice nucleation active particles in the aerosol was found at VRS during the summer field 

study. One sample in particular showed an extraordinarily high concentration of ice nucleation active 

particles at high subzero temperatures. In this case the ice nucleation active particles could be linked to 

soil- and mineral dust aerosols, and it is hypothesized that microorganisms aerosolized together with 

the dust caused the high ice nucleation activity. During spring ice nucleation active particles were not 

found, but microorganisms and proteinaceous ice nuclei were found in snow samples. This led to the 

hypothesis that long-range transported ice nucleation active bioaerosols selectively precipitated by 

snowfall during spring, while local sources of ice nucleation active bioaerosols and the absence of 

snowfall resulted in biological ice nuclei to be present as aerosols during the summer field study. 

The studies conducted in this PhD work point towards multiple areas where future studies can be 

conducted. While the CCN data series showed that VRS is a good location to conduct measurements of 

atmospheric CCN, a full annual cycle of CCN measurements would be highly valuable. Indeed, the 

development of the CCN concentration from autumn into winter, and how it builds up during winter, 

has not been investigated here and likely presents a lack in the overall knowledge about Arctic CCN. 

Moreover, such a long-term CCN measurement series should also be accompanied by measurements of 

aerosol chemical composition, optimally size-resolved. This presents a challenge, because Arctic aerosol 

mass concentrations are low, requiring long sample times, sacrificing temporal resolution. Continuous 

operation of an on-line aerosol mass spectrometer such as the AMS or ACSM over one or more years at 

a remote Arctic site such as VRS is a technical challenge yet to be overcome. Also, the influence of marine 

gel accumulation mode aerosol on CCN concentration is of high relevance. As pointed out, the 

supersaturations that lead to cloud formation in the Arctic are still largely unknown, these should be 

better constrained in order to utilize the here gained and future knowledge of the Arctic CCN population. 

In order to better constrain the climatic influence of Arctic aerosols through ari, integrated studies of 

aerosol HGF and light scattering and absorption coupled with detailed calculations of radiative transfer 

presents another potential future direction of possible and valuable studies. 
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