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1 Introduction 

Aerosol particles are particular or liquid matter suspended in air that con-
stitute an important part of the Earth’s climate system. They scatter and ab-
sorb incoming solar radiation (direct aerosol effect) and influence the radia-
tive and dynamical properties of clouds (indirect aerosol effect) through their 
potential role as cloud condensation nuclei (CCN). In the fifth assessment 
report of the IPCC (2013) aerosols were identified as one of the main 
sources of uncertainty in radiative forcing since preindustrial times (Myhre 
et al., 2013).  

Fig. 1: Average global radiative forcing (RF) estimates in 2011 relative to 1750 
and uncertainties for the main drivers of climate change. The best estimates of 
the net radiative forcing are shown as black diamonds with corresponding uncer-
tainty intervals; the numerical values are provided on the right of the figure, to-
gether with the confidence level in the net forcing (VH-very high, H-high, M-
medium, L-low, VL-very low). Total anthropogenic radiative forcing is provided 
for three different years relative to 1750 (Stocker et al., 2013). 



 2 

The IPCC report concludes that there is high confidence that aerosols and 
their interaction with clouds have masked a substantial portion of the global 
mean forcing from well-mixed greenhouse gases. The radiative forcing of 
the total aerosol effect was calculated to -1.9 to -0.1 Wm-2 and thus occurs in 
the same order of magnitude as the forcing of greenhouse gases (2.83 W m-2, 
Fig. 1). The role of aerosol particles in climate change, however, is still not 
fully understood and quantification of the aerosol effect on clouds is fraught 
with large uncertainties. The confidence level in the net forcing through 
cloud adjustments due to aerosols is stated as low; the calculated values 
range between -1.33 and -0.06 Wm-2 (Fig. 1). 

The Arctic plays an exceptional role for the Earth’s climate since many 
aspects of climate change are amplified with respect to global conditions, a 
phenomenon usually referred to as Arctic amplification. The reasons for the 
amplified warming are likely not attributable to a single process. Observa-
tions and modelling studies suggest a linkage between processes at lower 
latitudes and the Arctic (Overland, 2011; Walsh, 2014) but due to the com-
plexity of the climate system and the interacting processes the Arctic’s role 
is still not sufficiently understood and subject to large quantitative uncertain-
ties (Francis and Vavrus, 2012; Cohen et al., 2014).  

Large progress has been made during the last years in improving the rep-
resentation of aerosol micro- and macrophysical processes into global cli-
mate models. The microphysics models simulate the evolution of the particle 
size distributions and use this to determine aerosol optical properties and 
CCN concentrations. However, especially for the high Arctic, models still 
show a poor performance and strongly underpredict particle size and number 
concentrations (Mann	et	al.,	2014;	Makkonen	et	al.,	2014;	Pan et al., 1998; 
Spracklen et al., 2005) mainly due (1) to a lack of observations to compare 
the models with, (2) an insufficiency in understanding the chemical and 
morphological nature of the high Arctic aerosol (Mann et al., 2014) and (3) 
an insufficient characterization of the temporal variations of aerosol compo-
sition and size (Kuhn et al., 2010; Spracklen et al., 2010).  

The short wave reflectivity of clouds (albedo) is a function of the number 
of CCN available, and proportional to the optical thickness of clouds 
(Twomey, 1974). This effect is largest in optically thin clouds with fewer 
water droplets, like Arctic low-level clouds (Walsh et al., 2002; Tjernström 
et al., 2008). Since Arctic low-level clouds are controlling the surface radia-
tion balance, they have a pronounced influence on the melting and the freez-
ing of the sea ice (Intieri, 2002; Kay and Gettelman, 2009; Mauritsen et al., 
2011; Sedlar et al., 2011). During the peak melt season these low-level 
clouds tend to cool the surface and by this have an impact on the timing of 
the autumn freeze up and the thickness of the sea ice. A detailed understand-
ing of the processes that maintain the aerosol in the Arctic marine boundary 
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layer (MBL) and especially the CCN concentrations is therefore necessary in 
order to obtain a better understanding of the responses of the Arctic system 
to climate change.  

The identification of the sources that contribute to CCN concentrations in 
the MBL and the elucidation of aerosol properties that have an impact on the 
microphysical characteristics of the Arctic low level clouds requires the 
analysis of individual aerosol particles in the submicrometer size range. In 
this thesis electron microscopy in combination with energy dispersive X-ray 
spectroscopy was applied to airborne aerosol particles collected over the 
Arctic pack ice, north of 80° N, in the course of the Arctic Summer Cloud 
and Ocean Study (ASCOS) during the summer of 2008. Further, size re-
solved bulk aerosol chemical composition measurements were utilized to 
investigate the inorganic composition of laboratory generated nascent sea 
spray aerosol particles and ambient aerosol samples collected during AS-
COS. 

Specific objectives of this thesis were: 

• Development of a method to objectively image aerosol particles with 
scanning electron microscopy and further evaluate the digital images with 
respect to particle size and morphology (Paper I). 

• Imaging of a statistically significant number of aerosol particles with 
scanning electron microscopy in order to size the particles and categorize 
them into groups of similar morphological properties. Subsequent inves-
tigation with transmission electron microscopy to obtain insight into par-
ticle morphology at a higher resolution, and to elucidate the elemental 
composition of the aerosol particles with energy dispersive X-ray spec-
troscopy with special emphasis on alkali (Na+, K+) and earth alkali (Ca2+, 
Mg2+) metals (Paper II). 

• Investigation of the size dependence of ion enrichment in sea spray aero-
sol particles from a laboratory sea spray chamber and ambient aerosol 
particles collected over the pack ice in the high Arctic (Paper III) 

• Investigation of selected aerosol samples with respect to size and mor-
phology, calculation of number size distributions for various morphologi-
cal groups and relating the particle morphology to the history of the air 
mass before being sampled (Paper IV). 
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2 The remote marine aerosol 

Since the number of cloud droplets increases steeply with CCN (Carslaw et 
al., 2013), aerosol-cloud forcing is most pronounced when CCN concentra-
tions are low (Koren et al., 2008; Mauritsen et al., 2011). This is usually the 
case in pristine environments where aerosol only originates from natural 
sources. Remote marine areas and in particular the central Arctic Ocean are 
representatives of pristine locations. The study of unperturbed natural aero-
sol is especially important due to the high contribution of natural aerosol to 
climate forcing uncertainty (Carslaw et al., 2013). In addition, a further in-
crease in global temperatures may also cause changes in natural emissions 
(Carslaw et al., 2010) and result in a natural aerosol radiation feedback on 
climate (Mahowald, 2011; Leck et al., 2004). A quantification of aerosol-
cloud forcing on climate thus requires observations from pristine locations 
relatively free from anthropogenic contributions where aerosol concentra-
tions are very low (Koren et al., 2014; Hamilton et al., 2014).  

Ocean derived aerosol particles are produced from direct injection into the 
atmosphere (primary aerosol). Once airborne, the size and chemical compo-
sition of aerosol particles can be subject to changes through condensation of 
low volatile chemical compounds or aqueous phase oxidation (so called het-
erogeneous condensation). Chemical reactions within the cloud droplet can 
modify the adsorbed gases and add soluble mass to the cloud droplet. Subse-
quent detrainment and evaporation leave behind residual aerosol particles 
that are larger than the original particles that formed the cloud droplets. The 
resulting increase in diameter and mass leads to a number size distribution 
with two submicrometer modes, the Aitken mode and the accumulation 
mode (Fig. 2). Most CCN are found in the Aitken mode and the smaller sizes 
of the accumulation mode, the critical dry diameter for droplet activation is 
usually 50 – 120 nm at a supersaturation of 0.2 – 0.6% (Pringle et al., 2010). 

The processes described above eventually define the physical and chemi-
cal properties of the aerosol particles and hence their impact on the micro-
sphysical properties of clouds. The spatial distribution of aerosol particles is 
affected by advection and deposition processes resulting in residence times 
in the troposphere of usually less than seven days (Textor et al., 2006). 
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Fig. 2: A schematic number size distribution of marine aerosol (with permission 
from J. Davies). 

2.1 Production mechanisms of ocean-derived primary 
aerosol 

The particle production from bubbles bursting at the surface of the ocean 
waters is one of the largest global sources of primary aerosol (Petrenchuk, 
1980; Andreae, 1995; Peterson and Junge,1971). As such marine aerosol has 
a significant impact on the Earth’s radiation balance by scattering light and 
acting as condensation nuclei for CCN and ice crystals (IN). Knowledge 
about the chemical composition, hygroscopicity and CCN activity of marine 
aerosol is thus critical to predict their radiative effects on a global scale 
through climate modelling (de Leeuw et al., 2011; Carslaw et al., 2010; 
Long et al., 2011; O'Dowd and de Leeuw, 2007). 

At moderate wind speeds (> 5 ms-1) breaking waves are formed on the 
ocean surface. As the waves break, air bubbles are entrained into the ocean 
surface waters (Fig. 3). The air bubbles raise within the water column and 
burst at the water surface with each bubble producing several hundreds of 
film droplets and a smaller number of jet droplets (Blanchard, 1963; Foulk, 
1932). Film drop sizes range from a few nanometers up to 1 µm whereas jet 
drops are larger and occur in sizes from 1 to 25 µm (Quinn et al., 2015). The 
lifetime for film and jet droplets ranges from hours to days. Larger drops that 
are directly torn from the crests of waves at high wind speeds (> 10 ms-1) can 
have diameters in the millimeter size range and reside in the atmosphere for 
only few seconds before they fall back to the sea surface.  
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Fig. 3: Sea spray aerosol particles enriched in organic matter are generated when 
bubbles burst at the air-sea interface (with permission, Wilson et al., 2015). 

On their way to the ocean surface rising bubbles scavenge surface active 
organic material, either dissolved or in particulate form, from the sea water 
(Blanchard, 1975; Brown et al., 1992; Hoffman and Duce, 2012; Tseng et 
al., 1992; Skop et al., 1994; Stefan and Szeri, 1975; Cochran et al., 2016).  

2.2 The composition of ocean-derived primary aerosol  
Previous field and laboratory studies suggest that sea spray aerosol (SSA) 

is a complex mixture of sea salt and an array of organic components with 
differing physico-chemical properties (Ault et al., 2013; Prather et al, 2013; 
Cochran et al., 2016). Several field, laboratory and model studies reported 
scavenging of organic matter on the surface of bubbles rising within the wa-
ter column (Elliott et al., 2014; Tseng et al., 1992; Brown et al., 1992; Bigg 
and Leck, 2008). The enrichment of organic matter has been found to be size 
dependent with higher enrichment relative to the surface water concentration 
to smaller diameters (Quinn et al., 2014; Ault et al., 2013). The results of the 
mesocosm experiment reported by Prather et al. (2013) revealed an organic 
fraction between 25% and 90% for the size range most relevant for cloud 
formation, 60nm to 180 nm in diameter, depending on the biological condi-
tions in the wave tank. Quinn et al. (2014) reported a consistent mass frac-
tion of organic carbon of > 50% in the sub-180 nm size range for high chlo-
rophyll, productive ocean water and low chlorophyll, oligotrophic ocean 
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waters in the West Atlantic Ocean. The organic volume fraction of the SSA 
was estimated to about 80% for 40 nm SSA particles and decreased by a 
factor of 2 to 40% for 100 nm particles.  
  



 9 

3 The high Arctic summer aerosol 

The high Arctic, north of 80° N, is to a large extent covered by sea ice that 
achieves a maximum in extension in March. During summer the sea ice re-
treats and reaches its minimum extent in September. The synoptic weather 
situation during winter enables extensive transport of anthropogenic emis-
sions from Eurasia and North Amerika into the Arctic causing periods of 
Arctic haze with a high aerosol loading in the boundary layer (Heintzenberg 
et al., 1989; Quinn et al., 2007). During summer time, however, the air 
masses originate from areas over the oceans surrounding the Arctic where 
levels of anthropogenic pollution are relatively low. The transport into the 
Arctic is slow compared to winter times (Stohl, 2006) enabling efficient 
deposition processes so that the conditions in summer are much more pris-
tine. Aerosol concentrations typically are < 150 cm-3 but occasionally < 1 
cm-3 (e.g., Lannefors et al, 1983; Leck et al., 2002; Mauritsen et al., 2011). 
The low aerosol concentrations probably contribute to the frequent occur-
rence of optically thin clouds with relatively few but large cloud droplets 
that are very sensitive to changes in aerosol concentrations. Since the an-
thropogenic impact is limited during summer time, aerosol production from 
biological sources in the marginal ice zone (MIZ) and the open leads be-
tween the ice floes becomes an important source of CCN to the Arctic MBL 
with potential implications for cloud formation and thus the surface energy 
balance and the formation of sea ice (Leck and Bigg, 2005a, b; Lohmann and 
Leck, 2005; Leck et al., 2002; Orellana et al., 2011).  

A statistical analysis of aerosol data from four summer expeditions 
onboard the Swedish icebreaker Oden to the Arctic, in 1991, 1996, 2001 and 
2008 provided evidence that the high Arctic pack ice can be a source of new-
ly formed submicrometer particles to the MBL. A simultaneous occurrence 
of high particle numbers < 10 nm and between 20-50 nm was observed when 
air mass travel times over contiguous ice were at least 10 days, and over 
more open water the last 4 days before air mass arrival (Heintzenberg et al., 
2015). A second type of aerosol, aged aerosol, was frequently observed in 
cases where the air mass had travelled over contiguous pack ice for around 
10 days but without contact with open water the last 4 days before arrival at 
the icebreaker. The observed relative loss of accumulation mode particles for 
aged aerosol was probably the result of efficient scavanging processes asso-
ciated with low clouds and fog near the MIZ during the first days of advec-
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tion over the pack ice (Nilsson and Leck, 2002; Heintzenberg and Leck, 
2012). The loss of sub-Aitken mode particles likely was a result of coagula-
tion processes that are only efficient in the presence of fog/cloud droplets 
(Karl et al., 2013). A third type of aerosol with typical bimodal marine size 
distributions were observed for aerosol that had travelled over the pack ice 
for less than 4 days with source regions over the open waters of the Kara and 
Laptev seas and the North Atlantic and Barents Sea. The high median DMS 
concentration of these source regions reflects their high biological productiv-
ity (Leck and Persson, 1996a, b).  

The CCN population in the Arctic consists of primary and secondary aer-
osol particles (Leck et al., 2002). Two local sources of CCN were identified: 
particles derived from bubbles bursting on open water between the ice floes 
(film and jet drops) and particles reaching CCN size by acquisition of oxida-
tion products of dimethyl sulphide (DMS). In the Arctic wind speeds are 
generally low and fetches between the ice floes are short; the generation of 
film drops is thus in general not dependent on wind speed. Breaking waves 
as a source of bubbles can to a great extent be excluded (Tjernström et al., 
2012) whereas field measurements suggest that other sources for bubble 
formation have to be considered. The trapped air from melting ice (Wettlau-
fer, 1998) and biological sources like the respiration of algae and phyto-
plankton (Medwin, 1970; Johnson and Wangersky, 1987) are potential 
sources for bubbles formation. Further, a significant and increasing number 
of bubbles was measured in the open leads within the pack ice with increas-
ing heat loss to the atmosphere (Norris et al., 2011). Enhanced levels of film 
droplets were observed at low wind speeds < 5 ms-1 and during clear sky 
conditions or melting. The film droplets were mainly comprised of an organ-
ic component, and only at high wind speeds, > 12 ms-1 appreciable amounts 
of sea salt were detected. At moderate wind speeds of 5-12 ms-1 the CCN 
population was dominated by sulfur containing particles.  

The physical and chemical properties that determine the ability of the 
summer high Arctic aerosol particles to act as CCN are still not very well 
understood. Attempts to theoretically predict CCN concentrations in closure 
studies resulted in over- and under-predictions of the observed CCN concen-
trations (Zhou et al., 2001; Bigg and Leck, 2001; Lohmann and Leck, 2005; 
Martin et al., 2011; Leck and Svensson, 2015). In the most recent closure 
study by Leck and Svensson (2015) the authors suggested a larger fraction of 
the internally/externally mixed water-insoluble particles in the smaller aero-
sol size ranges and kinetically restricted growth of the activated particles. 
The non-water soluble particle fraction was suggested to physically and 
chemically behave as polymer gels with a dichotomous character (low hy-
groscopic growth factor but a high CCN activation efficiency) in cloud drop-
let activation as a result of the interaction of the hydrophilic and hydropho-
bic entities on the structures of the high Arctic polymer gels (Orellana et al., 
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2011). Leck and Svensson (2015) concluded that the conventional Köhler 
equation usually used for the simulation of cloud droplet activation is not 
sufficient for describing the condensational growth of the organic fraction of 
the CCN from the MIZ and over the pack ice. A larger number of size re-
solved observations of chemical composition, morphology, and state of mix-
ture on the level of individual aerosol particles is required to further reduce 
the uncertainties surrounding the CCN properties that promote or suppress 
cloud droplet formation over the pack-ice area.  

3.1 The sea spray source 
In the central Arctic over the pack ice organic matter in form of marine 

gels forms the major constituent of the ambient aerosol. Marine gels com-
prise a broad range of biogenic exopolymer secretions produced and released 
by phytoplankton and bacteria. The composition is highly variable but in-
cludes polyanionic polysaccharides, proteins, nucleic acids and other am-
phiphilic and hydrophobic moieties (Chin et al., 1998; Ding et al., 2008; 
Orellana et al., 2007; Orellana et al., 2011). Globally marine gels account for 
~10% of the surface seawater dissolved organic matter (DOM) whereas in 
the high Arctic significantly higher values were observed (Guo and Santschi, 
1997; Chin et al., 1998). During the ASCOS 2008 expedition on average 
32% of the DOM of the surface microlayer (SML) and the subsurface water 
(SSW) were assembled into marine gels (Orellana et al., 2011).  

Structurally marine gels consist of three-dimensional networks of biopol-
ymers imbedded in a solvent (water) that assemble from dissolved biopoly-
mers in the ocean water. The polymer chains form entanglements of the long 
and flexible polymer chains or are interconnected by fully reversible low-
energy physical bonds, e.g., Coulomb interactions with positively charged 
ions or hydrophobic interactions that guarantee the stability of the network 
(Verdugo, 2012). The most important counter ion involved in gel stabilizing 
is Ca2+ which is thought to form ionic bonds with preferentially carboxylate, 
the most common negatively charged residue present in DOM. The partici-
pation of other positively charged ions like Mg2+, Na+, K+ or Fe3+, however, 
cannot be excluded (Li et al., 2013; Verdugo, 2012) but might only occur 
under specific conditions. The dynamics of assembly/dispersion of marine 
gels critically depends on the contour length of the assembled polymers 
(Edwards and Grant, 1973). However, polymer associations of different siz-
es in a dynamic equilibrium are thought to be involved in gel formation.  
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Fig. 4: Dissolved organic carbon (DOC) assembly and formation of microgels. 
DOC polymers assemble first, forming nanogels that are stabilized by entangle-
ments and ionic bonds. Reptation and hydrophobic interactions allow the interac-
tion between neighbouring nanogels and the formation of microgels (Verdugo, 
2012). 

Polymers from the DOM pool assemble first to form nanogels of ~100-200 
nm (Fig. 4). Those nanogels are capable of axial diffusion and can assemble 
into larger microgels that are stabilized by entanglements and hydrophobic 
interaction.  

Marine gels can undergo abrupt phase transitions from a flexible, highly 
hydrated form to a dense and collapsed form in response to changes in the 
physico-chemical environment, e.g. changes in pH, ionic composition, tem-
perature and pressure. Exposure to UV light induces irreversible fragmenta-
tion of the gels releasing short chain polymers with a photolysis rate that 
increases exponentially with UV exposure time (Orellana and Verdugo, 
2003). Marine gels are thermally stable, surface active and highly hydrated 
(up to 99% water) with the water molecules mainly bound within the poly-
mer gel structure. 

3.2 Gaseous compounds in the marine boundary layer 

3.2.1 Dimethyl sulphide oxidation products 
Marine phytoplankton produce dimethylsulfoniopropionate that breaks 

down to dimethyl sulphide (DMS) and other compounds in the upper ocean. 
After emission to the atmosphere DMS can either be photochemically oxi-
dized to sulfur dioxide (SO2) and further to sulfate (SO4

2-), after uptake into 
cloud droplets. Alternatively, DMS can be oxidized to methanesulfonic acid 
(MSA) and sulfuric acid (H2SO4) which can condense onto existing particles 
and contribute to their growth through heterogeneous condensation. DMS 
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oxidation products thus increase the CCN number concentration in the MBL 
through condensation onto pre-existing particles that become sufficiently 
hygroscopic and/or grow to sizes which allow them to activate to cloud 
droplets when entrained into a cloud (Leck and Bigg, 2007; Murphy et al., 
1998). Model calculations (Dentener and Crutzen, 1994) and observations 
over the pack ice (Leck and Persson, 1996) suggest that sulfate in the remote 
MBL is nearly almost neutralized to (NH4)2SO4. 

In the high Arctic major sources of DMS were associated with the biolog-
ically very active open waters and along the ice edge zone of the Arctic pack 
ice. Over the pack ice insignificant DMS concentrations have been observed 
in the surface waters between the ice floes (Leck and Persson, 1996a). With 
a residence time in the atmosphere of at least 2-3 days, however, DMS and 
its oxidation products can be advected in over the pack ice where they can 
contribute to in situ growth of pre-existing primary sea spray particles (Leck 
and Persson, 1996; Leck and Bigg, 2005b).  

3.2.2 Ammonia 
Ammonia (NH3) is the most abundant alkaline compound in the remote 

marine atmosphere (Quinn et al., 1987). From the ocean waters where am-
monium NH4

+) is released as a product of zooplankton metabolism during 
grazing on phytoplankton or degradation of organic material (Bouwman et 
al., 1997) a small fraction of NH4

+ is released to the atmosphere as gaseous 
NH3. In the high Arctic and over other remote ocean areas the particulate 
submicrometer NH4

+ to non-sea-salt(nss)-SO4
2- molar ratio was found to be 

close to one indicating a partial neutralization of the acidic SO4
2- by NH4

+ 

(Quinn et al. 1990; Leck and Persson, 1996). 

3.3 New particle formation 
New particle formation (nucleation) < 20 nm can be observed frequently 

in the Arctic MBL (Covert et al., 1996; Karl et al., 2013). Other than over 
the continents, these nucleation events were not followed by the classical 
banana-shaped evolution of nucleated particles (Kulmala and Kerminen, 
2008). Instead they were accompanied by a simultaneous increase of particle 
number in the Aitken size range (Karl et al., 2013) which cannot be ex-
plained by conventional nucleation theory. As an alternative route for pro-
duction of nucleation mode particles, however, fragmentation mechanisms 
have been put forward. Primary emitted marine gels could break apart into 
smaller subunits with diameters < 10 nm and by that populate the nucleation 
size range (Karl et al., 2013; Leck and Bigg, 2010). 
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3.4 The Arctic Summer Cloud and Ocean Study 2008 
The ASCOS was deployed in the summer of 2008 with the over-arching 

objective to study the formation and life cycle of low-level clouds and the 
role they play for the surface energy budget of the central Arctic ocean. The 
Swedish icebreaker Oden departed from Longyearbyen on Svalbard on 2 
August and returned on 9 September 2008. After traversing the pack ice 
northward the icebreaker was mored to an ice floe and drifted passively with 
it around 87° N between 12 August and 1 September (Tjernström et al., 
2014). The ASCOS track is shown in Fig. 5. During this ice drift the ambient 
aerosol samples for this thesis were collected, besides a wide range of other 
measurements in atmospheric particle chemistry and physics, meteorology, 
marine biology and chemistry and upper ocean physics. 

 

 
Fig. 5: Track of the icebreaker Oden in the high Arctic (pink). The path during 
the ice-drift is shown in the insert (red line); the circle indicates the start of the 
ice-drift, the ice edge (thin blue line) was passed on 12 August 2008. 
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4 Characterization of sea spray aerosol 
particles 

4.1 Electron microscopy and energy dispersive X-ray 
spectroscopy 

Electron microscopy comprises a diversity of different techniques that 
provide the unique possibility to gain insights into the structure, topology, 
morphology and composition of aerosol particles at very high resolution. All 
techniques make use of the interaction between the electron beam of the 
microscope and the specimen. A multitude of signals can be generated in-
cluding secondary electrons (SE) emitted primary from the particle surface, 
transmitted primary electrons (TE) and characteristic X-rays that can be used 
to obtain a broad range of information about the specimen under investiga-
tion. For this thesis two microscopes, a scanning electron microscope (SEM) 
and transmission electron microscope (TEM) were utilized. The aim was to 
image a representative fraction of each aerosol sample under investigation 
with SEM and subsequently size and classify the aerosol particles according 
to morphological similarities into sub-groups. To obtain deeper insights into 
the morphological features of the collected particles and to simultaneously 
assess their elemental composition with energy dispersive X-ray (EDX)-
spectroscopy a subpopulation of aerosol particles was investigated with 
TEM at very high resolution.  

4.1.1 Scanning electron microscopy 
A scanning electron microscope (SEM) operates by moving a fine elec-

tron beam (electron probe; few nm in diameter) over a region of the speci-
men. Secondary electron (SE) images generated from secondary electrons 
emitted from near the surface show the topographic features of the specimen 
and are the most commonly used type of images. The SE yield increases 
with decreasing angle between beam and specimen surface. A schematic 
diagram of a SEM is shown in Fig. 6a. Contemporary instruments usually 
operate between few tens of volts and 30 kV.  



 16 

Fig. 6: Schematic view of (a) a scanning electron microscope (SEM) and (b) a 
transmission electron microscope (TEM; Bell and Erdman, 2013). 

The aerosol imaging for this thesis was performed at a low accelerating 
voltage (3 kV). This provides an image with detailed topological contrast 
due to a minimized edge effect and an increased signal-to-noise ratio of the 
SE signal. The secondary electrons are generated near the surface which 
results in an increased SE yield and a reduced depth of specimen damage. To 
further increase the SE yield the angle between beam and specimen surface 
was decreased (Reimer and Pfefferkorn, 1977) and the sample tilted by 5°. 
The high SE yield at low accelerating voltages leads to a decrease in speci-
men current and thus sample charge up and imaging of a non-conductive 
specimen is possible without conductive coating (Müllerová and Frank, 
2003). To further supress specimen charging and to enhance the image reso-
lution a negative bias of 1 kV (“Gentle Beam”) was applied to the sample 
stage (Kazumori, 2002).  

4.1.2 Transmission electron microscopy and energy dispersive 
X-ray spectroscopy 

A TEM operates by focusing an electron beam onto a thin specimen. The 
electrons that penetrate the specimen are imaged by appropriate lenses (Fig. 
6b) that form a magnified image of the specimen. TEM instruments operate 
at higher accelerating voltages (usually between 60 and 300 kV; Egerton, 
2014) compared to SEM instruments and provide an order of magnitude 
higher resolution (< 1 nm; Egerton, 2016). Due to the high energy of the 
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electron beam in TEM, non-conducting samples have to be coated by a thin 
layer of a conductive material (in this study: Pt, 1-2 nm) to avoid beam dam-
age and charge-up of the sample. Metal coating at an oblique angle increases 
the mass contrast and accentuates the topography of the aerosol particle 
(Williams and Carter, 2009). The TEM was operated at 100 kV in bright 
field mode to optimize contrast and resolution of the images. Energy-
dispersive X-ray (EDX) spectroscopy detects the characteristic X-rays that 
are emitted when an electron beam of sufficient energy ejects inner shell 
electrons of specimen atoms (inelastic scattering). The energy of the X-rays 
is characteristic of the atomic number and can be used to identify the ele-
mental composition of the specimen for all elements heavier than Be (Eger-
ton, 2016). For the study of Arctic aerosol, detected element concentrations 
> 1 wt % were utilized with a focus on elements that are involved in the 
formation of marine gels, i.e. the cations Na+, K+, Ca2+ and Mg2+. A reliable 
detection of light elements typical for biogenic compounds, like C, N and O 
was difficult on the Formvar-coated copper grid since the X-ray signal inten-
sity could be biased by attenuation of the X-ray signal through absorption by 
the adjacent copper grid. Additionally, due to the organic nature of the 
Formvar-film and its varying thickness, the contributions of the elements C, 
N and O from the aerosol particle could not reliably determined and were not 
included in the study. In order to avoid realignment of the electron beam and 
time consuming focusing procedures, the EDX analyses were performed at 
the same accelerating voltage, 100 kV, as the imaging with TEM.  
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4.1.3 Digital image analysis 
Digital image analysis is a key step in the evaluation of the digital images 

obtained with electron microscopy. It includes all the algorithm based opera-
tions that are applied to a digital image to recognize an aerosol particle, sep-
arate it from the background and to measure it. As a result, qualitative and 
quantitative information, e.g. size and morphological parameter can be ob-
tained for each single particle on the image (Fig 7). The subsequent evalua-
tion of the aerosol samples required imaging of a representative fraction of 
the aerosol sample under investigation and thus a statistically relevant num-
ber of imaged aerosol particles. Thus the majority of digital images was tak-
en with SEM to ensure that the imaging was reasonably time efficient and a 
sufficient number of aerosol particles could be imaged. 

Fig. 7: The general processes that are involved in digital image analysis. 

Image acquisition in SEM comprises the scanning of the electron beam in 
the xy–plane over a selected sample area. The ratio of the area scanned on 
the specimen to the visual display defines the magnification of the digital 
image. Each individual element (pixel) of the digital image is defined by its 
xy-coordinates and its level of brightness ƒ(x,y)=I, where I is the grey level 
on a scale from 0 to 256 (0: no intensity, black; 256: maximum intensity, 
white). 
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Fig. 8: Pixel intensity vs. pixel number across an aerosol particle; the dashed 
lines indicate the boundaries for the determination of the grey level threshold 
values to separate the particle from the background (adapted from paper I). 

Image processing involves any mathematical operation required for the sepa-
ration of an object from its background, for instance noise filtering or en-
hancement of contrast or brightness. 

Image segmentation separates an object (e.g., an aerosol particle) from the 
image background. The segmentation method used in this thesis is based on 
the difference in brightness between an aerosol particle and its background 
(Fig. 8). The grey level that defines the area of a particle is denominated as 
threshold.  

Image measurement comprises measurement of the particle properties that 
are of interest (e.g., size, morphological parameters). Within the software 
used for this thesis, Aphelion Dev.™ 4.10, the above mentioned parameters 
could be addressed directly within the software. 

4.2 The sea spray chamber  
A wide range of experiments have been set up during the last decades to 

mimic atmospheric aerosol production under controlled laboratory condi-
tions and to separate and quantify the parameters that affect the formation 
and composition of nascent aerosol particles. The method of bubble genera-
tion has a significant impact on the properties of the aerosol particles that are  
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Fig. 9: Schematic of the sea spray chamber used to generate nascent sea spray 
aerosol (from paper III, supplement) 

produced. Fuentes et al. (2010) compared different methods to produce nas-
cent aerosol in laboratory experiments and concluded that a pulsed plunging 
water jet produced the oceanic bubble size spectra in the best way. Hence it 
can be assumed that this method reproduces bubble-mediated aerosol size 
distributions in the most realistic way. Fig. 9 shows a schematic of the sea 
spray chamber used for aerosol mass distribution in this thesis. To investi-
gate aerosol chemical composition resolved over size a 13 stage low pressure 
impactor (LPI) attached to the sea spray chamber was utilized.  
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5 Summary and outlook 

The climate in the Arctic undergoes changes that are faster than in any 
other region of our planet (e.g. IPCC, 2014; Richter-Menge and Mathis, 
2016). These changes will potentially have an impact on the physical and 
chemical processes maintaining the Arctic aerosol (Prenni et al., 2007). The 
radiative effects of aerosol particles and aerosol-cloud interactions are herein 
of central importance since aerosol particles interact directly with solar radi-
ation by scattering or absorbing sunlight. In addition, a subpopulation of the 
aerosol can serve as CCN to form cloud droplets. The formation of cloud 
droplets determines the microphysical structure and lifetime of clouds with 
consequences for the albedo and the surface energy budget and thus the 
melting and freezing of the sea ice (Intieri et al., 2002; Sedlar et al., 2011). 
The radiative effect of aerosol particles and their role in cloud formation 
depend on their number, size, chemical properties, morphology and state of 
mixture. These properties are determined by the source of the aerosol parti-
cles and the dynamical processes acting on the particles during their lifetime 
in the atmosphere. Attempts to theoretically predict CCN concentrations in 
closure studies result in over- and underpredictions of the observed CCN 
concentrations (Zhou et al., 2001; Lohmann and Leck, 2005; Martin et al., 
2011; Leck and Svensson, 2015) mainly due to a lack of understanding of 
the physical and chemical properties that determine the properties of high 
Arctic summer aerosol.  

This thesis focused on the characterization of the Arctic summer aerosol 
collected over the pack ice, north of 80° N by means of electron microscopy. 
Aerosol samples were collected in course of the Arctic Summer Cloud and 
Ocean Study in summer 2008 when the Swedish icebreaker Oden was 
moored to an ice floe and drifted passively with it for 3 weeks. 

In Paper I a method was developed to efficiently and objectively image 
individual aerosol particles under the scanning electron microscope (SEM). 
As a first step, polystyrene spheres in the expected size range of the aerosol 
particles (20-900 nm) were used to determine the accuracy of sizing and the 
determination of morphological parameters. The relative standard deviation 
of the sphere diameters was better than ±10% for sizes larger than 40 nm and 
±18% for 21 nm spheres compared to the manufacturer’s certificate. The 
determination of the morphological parameters elongation and circularity 
revealed a relative standard deviation of 16% and 7%, respectively, for 21nm  
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Fig. 10: Examples for aerosol particles observed with SEM (a) single particle; 
(b) gel particle; (c) halo particle. 

spheres compared to the values for ideal spheres, and decreased successively 
for larger spheres (0.13% and 0.2%, respectively, for 900 nm spheres). 

In a next step, two aerosol samples from different meteorological regimes 
were analysed. Aerosol particles were imaged with SEM, at a magnification 
of 40.000, and subsequent digital image processing was used to separate the 
aerosol particles from their background and to determine their size and the 
morphological parameters elongation and circularity. The calculated number 
size distributions were compared with simultaneously measured size distri-
butions from a Twin Differential Mobility Particle Sizer (TDMPS) which 
confirmed that a representative fraction of the aerosol particles was imaged 
under the electron microscope. The number size distributions obtained by 
SEM showed a good agreement with the TDMPS measurements in the Ait-
ken mode. In the accumulation mode the size determination was critically 
dependent on the contrast of the aerosol particles to the Formvar substrate. 
Both samples showed a bimodal number size distribution that is characteris-
tic for an aerosol population modified by in cloud processing (Figs. 9 and 10, 
paper I).  

The aerosol particles seen by SEM showed a broad range of morphologies 
(Fig. 10) which were categorized into three types: (1) single particles, con-
sisting of single entities with homogeneously distributed pixel intensity 
across the particle, (2) gel particles that showed an inhomogeneous distribu-
tion of intensity and often a very weak contrast to the Formvar-film and (3) 
halo particles that consisted of a relatively large central particle surrounded 
by numerous smaller satellite particles, a morphology that is probably caused 
by the impaction of the particle onto the substrate and related to the presence 
of sulfur containing compounds in the aerosol particle.  

An understanding of the properties of the high Arctic summer aerosol and 
its potential role in cloud formation requires an investigation on the level of 
individual aerosol particles. With this study we showed that SEM at high 
magnification is capable to image aerosol particles with sufficient resolution 
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Fig. 11: SEM number size distributions calculated for (a) single particles; (b) gel 
particles; (c) halo particles (adapted from paper II). 

for subsequent size determination and the study of particle morphology. 
Imaging with SEM and subsequent digital image processing provides a 
method to objectively map an aerosol population and at the same time access 
the morphology, chemical composition and state of mixture of individual 
aerosol particles.  

Paper II presents insights into the relative abundances of particle morpholo-
gies and their size ranges and discusses a potential relationship between ion 
content and aerosol morphology. A statistically significant number of aero-
sol particles was imaged with SEM. In total 3909 aerosol particles were 
mapped and categorized into the three morphological groups specified in 
paper I. The aerosol population was dominated by single particles that made 
up 82% of the total aerosol number (Table 1, paper II). Single particles dom-
inated the Aitken mode but were observed over the whole submicrometer 
size range, between 15 nm and 800 nm in diameter (Fig. 11a). Thirty-five 
percent of the single particles appeared to be instable and partly evaporated 
under the electron beam (Fig. 5, paper II). These instable single particles, 
probably composed of ammonium sulfate or ammonium (bi)sulfate exhibited 
a maximum in the accumulation mode, at 172 nm (Fig. 6, upper panel, paper 
II). The majority of single particles, however, showed the high stability un-
der the electron beam which is typical for particles consisting of marine gels. 
The gel particles appeared at diameters > 45 nm with a maximum in the 
accumulation mode at 154 nm (Fig. 11). The gel particles appeared at diame-
ters > 45 nm with a maximum in the accumulation mode at 154 nm (Fig. 11) 
and contributed to 11% to the total particle number (Table 1, paper II). The 
majority of gel particles, 90%, was smaller than 200 nm, and 70% were 
smaller than 100 nm. Imaging with transmission electron microscopy at a 
very high resolution allowed for a more detailed insight into the morphology 
of the gel particles and categorization into the sub-groups “aggregate” parti-
cles, “aggregate with film” particles and “mucus-like” particles (Fig. 12).  
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Fig. 12: Fraction of particles containing the following ions: Na+/K+ (blue) and 
Ca2+/Mg2+ (yellow), Na+/K+ and minor contents of Ca2+/Mg2+ (red) and neither 
Na+/K+ nor Ca2+/Mg2+ (green). (a) single particles; (b) “mucus-like” particles; (c) 
“aggregate” particles; (d) “aggregate with film” particles (from paper II). 

The halo particles, 7% of the total number of particles (Table 1, paper II), 
were observed at diameters > 75 nm with a maximum at 161 nm (Fig. 11c). 
The majority of central halo particles, 59%, was instable under the electron 
beam and probably consisted of ammonium (bi)sulfate, internally mixed 
with sulfur-containing compounds (sulfuric acid, methanesulfonic acid, am-
monium(bi)sulfate). In 22% a central particle of decomposed gel matter was 
observed, in 19% the central particles consisted of gel matter, with satellite 
particles of sulfuric acid, methanesulfonic acid, or ammonium (bi)sulfate 
(Fig. 5, paper II). The instable central particles exhibited a maximum at 171 
nm, consistent with a maximum of instable single particles at 172 nm, 
whereas the stable central particles showed a maximum at 270 nm (Fig. 6, 
paper II).  

Energy dispersive X-ray spectroscopy was utilized to investigate the ele-
mental composition of the aerosol particles with special emphasis on the ions 
Na+, K+, Ca2+ and Mg2+. A gradual transition was observed in the content of 
Na+/K+ and Ca2+/Mg2+ between particle morphologies (Fig. 12). Single parti-
cles and “aggregate” particles preferentially contained Na+/K+ whereas “ag-
gregate with film” particles and “mucus-like” particles mainly contained 
Ca2+/Mg2+ with minor contents of Na+/K+. These results suggested a correla-
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tion between particle morphology and the presence of specific ions. If a link 
between ion content and morphology of the particle existed, the prevalence 
of Ca2+/Mg2+ facilitated the formation of “aggregate with film” and “mucus-
like” particles whereas a lack of Ca2+/Mg2+ and the prevalence of Na+/K+ 

resulted in the formation of single particles and “aggregate” particles. 

The results of paper II clearly show that aerosol particles that potentially 
become activated to form cloud droplets have a composition that differs 
from pure inorganic salts; none of the aerosol particles showed an appear-
ance that could be attributed to sea salt particles. Instead organic marine gel 
matter from biogenic sources in the ocean water contributes significantly to 
the aerosol number concentration over the hole size range, especially at di-
ameters below 60 nm. The predominantly organic nature of the aerosol par-
ticles has important implications for our understanding of the processes lead-
ing to the activation of high Arctic aerosol particles to cloud droplets. A 
parallel study conducted during the ASCOS campaign (Orellana et al., 2011) 
demonstrated that airborne aerosol particles contain hydrophobic areas on 
their surface that not only play an important role in gel formation and as-
sembly but also might influence the water vapour pressure above the particle 
and decrease the surface tension of the cloud droplet to be formed.  

Paper III investigates the fractionation of the inorganic components of 
sea spray aerosol particles. The study is the first that observed the enrich-
ment of Ca2+ in sea spray aerosol particles relative to sea water in both, natu-
ral sea water containing organic matter, artificial sea water containing no or 
very low amounts of organic substances and ambient aerosol particles from 
the high Arctic. A laboratory sea spray chamber equipped with a plunging jet 
was used to generate sea spray aerosol particles. The bulk chemical compo-
sition of the sea spray particles was determined by means of a 13-stage low 
pressure impactor with cut-off diameters between 0.029 and 6.57 µm and 
subsequent ion chromatography. The chamber experiments were conducted 
with two sea water sources, artificial sea water and North Atlantic sea water 
from a Norwegian fjord. Ambient aerosol particles were collected over the 
pack-ice during the ASCOS expedition in summer 2008, with the same low 
pressure impactor that was used for the chamber experiments. The sea spray 
aerosol particles generated using the chamber filled with both, artificial sea-
water (relatively low in organic substances) and North Atlantic seawater 
(relatively high content in natural organic substances) show a significant 
enrichment of Ca2+ in the submicrometer size range (Fig. 13). The pattern of 
enrichment showed very strong similarities between the two seawater sam-
ples in spite of their very different content in organic compounds. The same 
size dependent enrichment in Ca2+ was observed in the ambient aerosol sam-
ples taken during the Arctic summer. The enrichment observed in both, the 
samples generated in the laboratory and those from the field suggests that the 
same mechanism for Ca2+ enrichment is effective in either case. A possible 
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Fig. 13: Inorganic mass fraction of the sea spray aerosol for the North Atlantic 
seawater and the pure inorganic artificial seawater (adapted from paper III). 

explanation for the mechanism could be the formation of complexes between 
Ca2+ and organic matter. The nearly identical enrichment in artificial sea-
water with a relatively low content of organic compounds and North Atlantic 
seawater with a relatively high content of organics, however, suggested that 
either a very small amount of organic compounds is required or the enrich-
ment of Ca2+ is not dependent on the presence of organic matter. Although 
the mechanism is not clear, the observed enrichment of Ca2+ in submicrome-
ter aerosol particles has important implications for the alkalinity of sea spray 
aerosol and probably affects the chemistry of the marine atmosphere. The 
oxidation of sulfur by ozone requires a pH > 6. An excess in alkalinity com-
pared to the bulk water composition would result in a higher pH of the aero-
sol articles and promote the sulfur oxidation and formation of sulfate in the 
marine boundary layer. A size dependent fractionation of the inorganic ions 
had an effect on the hygroscopicity of sea spray particles and affected their 
activation to cloud droplets. We used an aerosol inorganics model to calcu-
late the bulk hygroscopic growth factor for the observed particle composi-
tions. The model predicted a 2-4% decrease in hygroscopic growth com-
pared to NaCl which is clearly dependent on particle size, with lower hygro-
scopic growth to smaller particle sizes (Fig. S7b in the supporting infor-
mation, paper III). These results suggested that the enrichment of Ca2+ has an 
effect on the hygroscopic growth of aerosol particles in the submicrometer 
size range and thus on the CCN properties of these particles in the marine 
atmosphere. The mechanisms, however, remained unclear and require fur-
ther investigation to elucidate the prerequisites for Ca2+ enrichment and the 
potential role of organic matter for this process. 
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Paper IV places a focus on the history the air masses encountered during 
their transportation from the source regions in the open water / marginal ice 
zone over the pack ice before being sampled onboard the icebreaker. In total 
9 aerosol samples collected during the ice-drift of the ASCOS campaign 
were included in this study. With help of back-trajectory analysis, the time 
of advection over the pack-ice since last contact with open sea (days over 
ice, DOI) and the molar ratio methanesulfonic acid to non-sea-salt sulfate the 
samples were clustered into five sample Groups (Group 1 to 5; Table 1, pa-
per IV). The aerosol particles of each Group were imaged with SEM and 
categorized into single particles, gel particles and halo particles. Subsequent 
digital image processing enabled the calculation of number size distributions 
for each of the morphological groups and access to morphological de-
scriptors. Tandem Differential Mobility Particle Sizer (TDMPS) observa-
tions were used as a reference for the total number size distribution of each 
Group (Fig. 4, paper IV). 

Within the five sample Groups we observed significant changes in the 
content of single particles, gel particles and halo particles that were largely 
dependent on the DOI value (Table 4, paper IV). Single particles were ob-
served from 67% (Group 2) up to 93% (Group 5) of the total particle num-
ber. In the Aitken mode the percentage of single particles ranged from 81% 
for Group 1 (DOI=1) over 21% for Group 2 (DOI=3) and 25% for Group 3 
(DOI=6.7) to 38% for Group 4 (DOI=8.9). Strongly contrasting single parti-
cles (sc-SP), probably internally mixed and sulfur containing, were observed 
exclusively in the accumulation mode and contributed from 14% (Group 1, 
DOI= 1) over 20% (Group 2, DOI=3) and 36% (Group 3, DOI=6.9). For 
Group 4 (DOI= 8.9), however, the percentage of strongly contrasting single 
particles showed the lowest value (10%; Table 5, paper IV) The observed 
instability under the electron beam pointed towards the presence of sulfur 
containing components like methanesulfonic acid or ammonium (bi)sulfate. 
The appearance of strongly contrasting single particles in the accumulation 
mode might indicate that these particles had grown by condensation process-
es and/or cloud processing of pre-existing Aitken mode particles. The major-
ity of SP, however, was made up by marine gel matter and appeared over the 
whole submicrometer size range, between 20 nm and 800 nm. The increas-
ing percentage of Aitken particles with increasing DOI value (Group 2, 
Group 3, Group 4; Table 4, paper IV) indicates a source of Aitken mode 
particles over the inner pack-ice. It needs further investigation to clarify 
whether these particles origin from sources within the open leads and/or 
from transformation processes within the atmosphere coupled to episodes of 
fog or low level clouds. 

The percentage of gel particles generally increased from 7% (Group 5) to 
9% (Group 1) and further to 10% (Group 3) and 20% (Group 2 and 4; Table 
4, paper IV). In the accumulation mode, < 100 nm, the fraction of gel parti- 
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Fig. 14: Minimum bounding rectangle (MBR) fill ratio calculated for gel parti-
cles versus days the air mass spent over the pack-ice (DOI) before sampling 
(from paper IV). 

cles increased with the DOI value (Table 6, paper IV). Since gel particles are 
UV-labile and a higher DOI value is accompanied by a longer exposure time 
to UV-light, an increasing DOI value might lead to enhanced fragmentation 
of the gel particles and an increase in particle number in the lower accumula-
tion mode. The morphology of the gel particles showed significant differ-
ences within the Groups and changed from branched and widely outspread 
particles (Group 1) to more distinct and well contrasting particles (Group 2) 
and particles with a sharp contour (Group 3; Fig. 14). A morphological de-
scriptor, the minimum bounding rectangle (MBR) fill ratio, was introduced 
to objectively assess the morphology of gel particles. The MBR fill ratio 
clearly showed variations with the time spent over the pack-ice. An increase 
in the MBR fill ratio was observed from Group 1 (0.59; DOI=1) with rela-
tively freshly emitted gel particles over Group 2 (0.61; DOI=3.2) to Group 3 
(0.69; DOI=6.7) with a relatively long transport time over ice (Fig. 14). The 
MBR fill ratio observed for Group 4 (0.56; DOI=8.9) is lower than for 
Group 1 and might suggest a very recent emission of the particles, from ei-
ther sources within the open leads between the ice floes or a population of 
the submicrometer size range through fragmentation of supermicrometer 
particles into smaller entities.  

The morphology and chemical composition of the halo particles revealed 
further insights into the connection between particles morphology and the 
processes the aerosol particles encounter in the atmosphere. Five percent of 
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the Group 1 particles and 13% of the Group 2 particles showed the morphol-
ogy of halo particles (Table 4, paper IV). The relatively low number of satel-
lite particles pointed towards methanesulfonic acid or ammonium (bi)sulfate 
as the main component. The latter was in agreement with the relatively low 
DOI values of these samples (1 and 3.2, respectively) and the near vicinity to 
the sources of dimethyl sulfide and its oxidation products in the productive 
waters of the marginal ice zone and the open waters further south. Despite 
the very high DOI value of 6.7, the particles of Group 3 were to 13% made 
up by halo particles. They showed a morphology that is typical for sulfuric 
acid, with numerous and smaller satellite particles. The relatively high con-
tent in sulfuric acid in Group 3 probably results from a contact of air with 
free-tropospheric origin that had been in contact with continental combustion 
sources in the Canadian Archipelago. The sample with an even longer time 
of advection over the pack-ice, Group 4 (DOI=8.9) showed only minor con-
tents of halo particles (<1%; Table 4, paper IV) which is in agreement with 
the long distance to the dimethyl sulphide source in the marginal ice zone 
and the short residence time of DMS in the Arctic atmosphere (2-3 days). 

The results from paper IV clearly show that the dynamical processes that 
act on aerosol particles during their lifetime in the atmosphere have a signif-
icant impact on the number size distribution, the chemical composition, state 
of mixture and morphology of the aerosol particles. The majority of particles 
in all samples were composed of marine gels with sources either in the mar-
ginal ice zone and/or over the pack-ice. The most significant differences in 
aerosol morphology were observed for gel particles, and it requires further 
efforts to clarify whether or not these differences in morphology have an 
impact on the ability of the aerosol particles to act as cloud condensation 
nuclei.  
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7 Sammanfattning 

Atmosfäriska aerosolpartiklar utgör en viktig del av klimatsystemet ef-
tersom de absorberar och sprider inkommande solstrålning. Partiklarna tjänar 
dessutom som embryon för droppar i moln. I varje molndroppe finns därför 
en liten partikel, en kondensationskärna, på vilken droppen har bildats. På 
motsvarande vis är även partiklarna viktiga för bildning av iskristaller i 
moln. Vad partiklarna består av, hur de ser ut och hur många deär, påverkar 
bildningen av molnen, deras förmåga att hindra inkommande solstrålning att 
värma markytan och deras livslängd. 

Trots partiklarnas betydelse för klimatsystemet är representationen av 
dessa, särskild i Arktis, otillräcklig i våra klimatmodeller. Detta bidrar till att 
simuleringar om framtida klimat är mycket osäkra. För att kunna förbättra 
klimatmodellerna behövs både mer kunskap om aerosolernas molnbildande 
egenskaper och betydligt fler observationer för att kunna beskriva variationer 
i tid och rum. 

Det övergripande syftet med denna avhandling är att utvidga vår förståelse 
beträffande aerosolpartiklarnas förmåga att agera som kondensationskärnor i 
bildandet av molndroppar. Luftburna aerosolpartiklar samlades in över pack-
isen under ”Arctic Summer Cloud and Ocean” kampanjen i centrala Arktis 
under sommaren 2008. Aerosolpartiklarna undersöktes med ektronmikro-
skopi och efterföljandedigital bildanalys för att få fram partiklarnas storlek 
och morfologi. I ett första steg utvecklades ett protokoll för fotografering 
och efterföljande digitalbildanalys. Undersökningen av referenskulor med 
karateriserade diameterar, i strolekar under en mikrometer, visade att stor-
leksbestämningen och mätningen av de morfologiska egenskaperna kunde 
utföras med god noggrannhet. Mätningar med en Tandem Differential Mobi-
lity Sizer som oberoende referens visade att en representativ del av aerosol-
populationen hade fångats med den utvecklade metodiken.  

Inom ramen för denna avhandling fotograferades ca 4000 aerosolpartiklar 
med ett svepelektronmikroskop. Aerosolpartiklarnas morfologi visade en 
stor variation samtidigt som tre övergripande morfologiska grupper kunde 
identifieras. Dessa grupper bidrog med olika andel till den totala partikel-
mängden: enskilda partiklar (82%), gelpartiklar (11%) och halopartiklar 
(7%). För varje aerosolgrupp beräknades storleksfördelningar. Enskilda par-
tiklar, som utgjorde majoriteten av aerosolpartiklarna, var representerade 
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över hela det undersökta storleksområdet, mellan 15 nm och 800 nm i dia-
meter, med ett antalsmaximum vid 64 nm. Gelpartiklarna var större än 45 
nm och med ett antalsmaximum vid 154 nm; halopartiklarna var större än 75 
nm med ett antalsmaximum vid 161 nm i diameter. Vidare analys med hjälp 
av ett transmissionselektronmikroskop möjliggjorde en mer detaljerad insyn 
i partiklarnas morfologi där gelpartiklarna kunde indelas i tre undergrupper, 
”aggregatpartiklar”, ”aggregatpartiklar med film” och ”filmpartiklar”. Med 
efterföljande energidispersiv röntgenspektroskopi på individuella partiklar 
upptäcktes ett samband mellan partikelmorfologi och förekomsten av mono– 
och divalenta joner. Enskilda partiklar och ”aggregatpartiklar” huvudsaklig-
en innehöll de monovalenta jonerna Na+/K+ medan ”aggregatpartiklar med 
film” och ”filmpartiklar” visade en preferens för de divalenta jonerna 
Ca2+/Mg2+. 

På vägen från källorna i havsvatten in över packisen utsättas aerosolpar-
tiklarna för omvandlingsprocesser i luften. Baserat på resultaten i denna 
avhandling visades en tydlig påverkan på partiklarnas storleksfördelning, 
kemisk sammansättning och morfologi. För att kvantifiera ändringarna i 
partikelmorfologin hos gelpartiklarna kopplat till den synoptiska vädersituat-
ionen och tiden partiklarna varit luftburna sedan de hade kontakt med öppet 
vatten införde vi en morfologisk parameter. En tydlig utveckling observera-
des som tyder på att gelpartiklarnas kontur blev skarpare och mer avrundat 
med en längre transporttid över packisen. Däremot visade provgruppen med 
den längsta transporttiden en morfologi som liknar den av färskt producerade 
aerosolpartiklar vid iskanten.  

Undersökningarna som utfördes med elektronmikroskopi i sammanband 
med denna avhandling visar tydligt att majoriteten av aerosolpartiklarna som 
insamlades i Arktis under sommaren 2008 är uppbyggda av gelpartiklar som 
genererades från biologiska processer i det öppna vattnet mellan de smäl-
tande isflaken och över packisen. Resultaten föreslår att kondensationskär-
norna över den Arktiska packisen i huvudsak består av organiska partiklar 
från marinbiologiska källor i ytvattnet och inte av inorganiska havssaltkri-
staller. 

Vidare utfördes storleksupplösta mätningar av den kemiska sammansätt-
ningen hos aerosolpartiklar för att studera den inorganiska sammansättning-
en hos nybildade marina aerosolpartiklar som producerades på laboratoriet 
och hos luftburna partiklar som samlades in under ASCOS expeditionen. En 
signifikant anrikning av Ca2+ i partikelstorlekar under en mikrometer, obser-
verades i båda fallen med en tendens till högre anrikning när partikelstorle-
ken minskar. Resultaten har stor betydelse för partiklarnas hygroskopiska 
egenskaper, deras förmåga att agera som kondensationskärnor till molndrop-
par och därmed på molnbildningen i atmosfären. 
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