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Abstract

The present project uncovers the characteristics of particulate Arctic air pollution
and its sources at the high Arctic at Station Nord, N.E. Greenland with special
attention to Black Carbon.
The purpose was approached by analysing Black Carbon (BC) concentrations mea-
sured with a Particle Soot Absorption Photometer (PSAP) in the time period from
March 2008 to April 2011 at Station Nord. This measurement show a seasonal
variations in accordance with the Arctic haze cycle (maximum in winter and early
spring). An exceptional high BC event (110 ng m−3) was found to occur in the early
spring of 2008 with subsequent years reaching a low winter concentration (about
60 ng m−3). This exceptional high BC event was found coincide with a strong Polar
Vortex (high indices of the Arctic Oscillation (AO) and the North Atlantic Oscilla-
tion (NAO) mode). An additional analysis of BC concentrations from Flade Isblink
ice core covering the time period 1950 to 2000 verifies to some extent the trend of
high BC events during high positive winter modes of AO and NAO.

Filter samples were analysed for Organic Carbon (OC) and Elemental Carbon (EC)
by a carbon analyser (OC EC analyser) in the time period from July 2008 to
February 2011. The mean concentrations are found for OC (0.11±0.08 µg m−3),
EC (0.01±0.01 µg m−3) and Total Carbon (TC) (0.12±0.08 µg m−3). The relative
contribution of EC to TC is found to 11 ±8 %. Furthermore, EC concentrations
and the sulphate (SO 2 –

4 ) concentrations analysis by Ion Chrometography (IC) were
studied and found to have similar seasonal patterns as BC concentrations. An anal-
ysis of the correlation between EC and the light absorption coefficient reported from
PSAP resulted in a specific absorption coefficient σspecific = 7.82 m2 g−1, which is
in agreement with literature.

The total chemical dataset retrieved by the Proton Induced X-ray Emission (PIXE)
method together with BC and SO 2 –

4 was analysed by the COnstrained Physical
REceptor Model (COPREM) in order to investigate sources and source apportion-
ment at Station Nord. The results of this analysis show that the anthropogenic
sources, combustion and metal industry are the main contributors to BC concen-
trations. Further, metal industry contributes with the largest fraction to the source
apportionment in early spring. The same pattern is found for SO 2 –

4 with a small
contribution from marine sources in late autumn and winter.
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Chapter 1

Introduction

The Earth’s climate system has a high variability due to a multiplicity of factors
such as the shortwave radiation from the sun, the Earth’s rotation rate and orbital
characteristics. One important factor is the chemical composition of the atmo-
sphere and the interaction between the atmosphere and other components of the
Earth’s climate system, because these factors greatly determine the fluxes of mass,
energy and momentum at the Earth surface. The atmospheric composition can be
damped by external forces e.g. emissions through human activity. The effect of
such external forced variability depends on the amplitude of the forcing as well as
the sensitivity of the climate system. Since the late 1970’s carbon dioxide (CO2)
has reieved much attention in the scientific world due to its effect as a greenhouse
gas, whereas short-lived climate forcers e.g. Black Carbon (BC), ozone (O3) and
methane (CH4) have long been considered to be of marginal importance to global
climate change.

In the last decade the scientific world has realized the importance of short-lived
climate forcers on the Earth’s radiation budget and particularly on the Arctic ra-
diation budget. Here BC has gained the greatest interest due to its strong effects
on the radiative balance in the Arctic. BC is the most efficient atmospheric partic-
ulate specie to absorb visible light, which results in a warming effect of either the
surface-atmosphere aerosol column or at altitudes above and within the BC-haze
layer. BC consists of a mixture of other chemical compounds, such as sulphate,
and therefore the overall effect of BC-haze layer depends on other chemical species
present in the BC-haze layer as well as the albedo of the underlying surface [Quinn
et al., 2011].
Like other aerosols, BC influence the microphysical properties of cloud droplets
and thus clouds. A strong presence of cloud-active BC particles increases the cloud
droplet number and decreases the size of the droplets, which results in a corre-
sponding increase in shortwave cloud albedo, and hence a cooling at the surface. In
addition, aerosol-cloud interactions can also result in longwave forcing and hence a
warming at the surface.
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1.1. Objectives of this study

Another important forcing mechanism caused by BC aerosol particles result from
deposition on snow or ice covered surface. Such a deposition enhance the absorption
of shortwave radiation at the surface, which can warm the lower atmosphere and
result in snow or ice melting. The Arctic environment is among the most sensitive
to such climate changes as warming and ice melting on a global scale. Therefore,
knowledge regarding the magnitude of forcing due to BC aerosol particles as well
as the Arctic BC-haze layer is of great importance in a global attempt to prevent
global warming and ice melting.

1.1 Objectives of this study

Accurate modelling of the radiative forcing due to Arctic aerosols requires an ade-
quate knowledge of the spectral properties and spatial and temporal variability of
the aerosol. This is in great contrast to the limited measurements of Arctic aerosols
and their characteristics.
Several monitoring sites have been established since the 1980’s in the Arctic region.
Only a few of those monitoring sites have a long-term record of Arctic aerosol prop-
erties and together with aircraft measurements of the vertical structure of aerosols
they represent the limited knowledge of Arctic Haze aerosols in the Arctic. Those
measurements give valid characteristics of aerosols, which are needed for model
validation and quantification in order to improve estimates and results of the mod-
elling of the Arctic aerosol’s radiative forcing.

The aim of this thesis is to identify and analyse characteristics of Arctic air pol-
lution and its sources at Station Nord in order to increase and improve knowledge
regarding processes involving BC aerosol particles and to improve the estimate of
radiative forcing on the Arctic radiation budget. This leads to the following main
research questions for this thesis:

• What are the meteorological characteristics and how do they affect the trans-
port pathways of particulate Arctic air pollution at Station Nord?

• What are the characteristics of particulate Arctic air pollution at Station
Nord, north-eastern Greenland, and are they consistent over the years?

• What types of sources contribute to particulate Arctic air pollution at Station
Nord, and how are they distributed over the year?

To answer the first research question the meteorological conditions were studied by
analysing the 500 mb geopotential height-contours in the northern hemisphere from
autumn 2007 to spring 2011. These analysis were performed in order to study the
strength of the Polar Vortex, which is associated with high pollution levels.
In order to answer the second research question, measurements collected from
March 2008 to April 2011 by the Particle Soot Absorption Photometer (PSAP)
at Station Nord were analysed and interpreted together with different elements
also reported from Station Nord.
To answer the third research question, a source to receptor analysis was composed
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1.1. Objectives of this study

using the COPREM (COnstrained Physical REceptor Model), where the investi-
gated Black Carbon concentrations were used as input parameters. The applied
COPREM is a simple hybrid model that unifies qualities from factor analytic mod-
els and chemical mass balance.
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Chapter 2
Properties and effects of aerosol

particles

This chapter will first introduce air pollution in a historical perspective. Thereafter
the basic concept and processes in atmospheric aerosol chemistry, with emphasis
on the chemistry of black carbon and sulphate. The following section is dealing
with climate feedback due to the role of aerosol particles on the radiation budget.
Finally, a section which covers the role of aerosol particles in the Arctic and the
chemical elements and their sources found within the Arctic.

2.1 Historical perspective on air pollution

Figure 2.1: Traffic during London’s infamous
"Great Smog" episode in Decem-
ber 1952 [Giere and Querol, 2010]

Humans have been aware of airborne
particles since ancient history, but asso-
ciate black carbonaceous particles with
coal combustion was first realised in
the medieval Europe [Giere and Querol,
2010]. By recognising this, health ef-
fects due to black smoke became an im-
portant subject for King Edward I of
England (17 June 1239 - 7 July 1307).
He may have enforced the first air pollu-
tion law by declaring that burning coal
would be punished by death and at least
one man was executed for violating the
law [Giere and Querol, 2010].
Despite this law smoke pollution kept
increasing, especially during the indus-
trial revolution. At the very end of
the industrial revolution one of history’s
most famous air pollution episodes oc-
curred in December 1952 in London, of-
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2.1. Historical perspective on air pollutionProperties and effects of aerosol particles

ten known as the "Great Smog" (Figure 2.1). During this event cold air moved from
the English Channel across London and produced a well-developed temperature in-
version, which induced a dense mixture of polluted air and fog. "The smog was so
thick that people had to grope their way along the streets, buses crawled along at a
walking pace led by pedestrians with flashlights, and indoor events were cancelled
because the stage could not be seen" [Wallace and Hobbs, 2006].
Visibility degradation is probably the most dominating impact of air pollution. This
visibility degradation occur because of absorption and scattering of light by both
gases and particles, where the last-mentioned is the most important phenomenon
in the atmosphere. However, the smoke persisted for five days and by the time the
smog had lifted, approximately 4000 people had died of respiratory problems, but
the related medical conditions implied that 8000 people died in the months that
followed.

Particulate matter has a high impact on human health, especially in large cities
due to high exposure levels. There appears to be an increasing risk of lung cancer
and mortality with increasing concentration of particulate matter, especially with
diameters below 2.5 µm [AMAP 2006]. This is due to the fact that small size parti-
cles can penetrate deeper into the smaller airways of the lungs. It is very difficult to
associate health effects with individual pollutants, because other pollutants, such as
SO2 and O3 increase with increasing concentrations of particulate matter [Wallace
and Hobbs, 2006]. In addition, the current weather situation also play a significant
role together with exposure level.
In general the Arctic perspective of health effects is the same as the global perspec-
tive, but with an addition of point sources related to heavy metallic industrial ac-
tivity, especially due to the metallurgical industry in Siberia, Russia [AMAP 2006].
However, studies of health effects due to heavy metals have been unable to show
any significant health effects that are directly related to emissions from the nickel
refineries [AMAP 2006].

Particulate matters which affect the human health and the visibility can have an
anthropogenic as well as a natural origin. Some natural emissions have a grate
potential to affect our society on a short time scale as well as a long time scale. An
example is volcanic eruptions, wildfires and dust storms which greatly can reduce
visibility and affect transportation systems worldwide such as the eruption of the
volcano at Eyjafjallajokull, Iceland, in April 2010. The eruption of the volcano at
Eyjafjallajokull reminded the people of Europe that pollutants can be transported
over large distances with a relatively small dilution. This is also the case in the
Arctic where long-range anthropogenic pollution often is associated with an air
pollution episodes known as Arctic haze.

2.1.1 Arctic Haze

The Arctic atmosphere was long believed to be extremely clean. However, Arctic
explorers in the late 19th century and early 20th century had noticed atmospheric
haze and dirty deposits on the snow. Arctic haze was first noticed in the 1950’s by
pilots in the Canadian high Arctic who began using the term Arctic haze to describe
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2.2. Properties of atmospheric aerosols

this smog, which caused limited visibility on the horizon and was most prominent
in early spring. In the beginning it was believed to be a natural phenomenon caused
by dust particles. The idea that Arctic haze was due to anthropogenic sources was
first realised in 1970s. It was surprising since it was widely believed that aerosols
were generally not transported more than a few hundreds of kilometers from its
source region [K. et al., 2006].

Arctic haze is a persistent, brown haze with a varying mixture of sulphate and
particulate organic matter (POM) and, to a lesser extent, ammonium, nitrate, dust
aerosols and black carbon [Heidam, 1984; Heidam et al., 1999]. Arctic haze is also
rich in heavy metals which originate from industrial sources and it is furthermore
related to relatively high levels of ozone precursors, such as nitrogen oxides (NOx)
and volatile organic compounds (VOCs) [Heidam et al., 2004, 1999; K. et al., 2006;
Law and Stohl, 2007].
The Arctic haze layer has a seasonal pattern with a maximum in tropospheric
aerosol concentrations in late winter and early spring and a minimum concentra-
tion in summer; "Arctic haze cycle". In general, the haze starts disappearing in
April close to the surface, but layers at higher altitudes can persist until May [Law
and Stohl, 2007].
A study of Arctic haze layer by Engvall et al., 2009 found the particles as fine par-
ticles dominated by particles in the accumulation-mode size ranges [Engvall et al.,
2009]. This mode is associated with processes of condensation and coagulation,
which affects the size distribution and its mixing state. This size range is very effi-
cient at scattering visible solar radiation since the peak in the particle surface-area
size distribution is near the maximum efficiency for Mie scattering, see section 2.5.
Besides the scattering, the haze layer consiste of weakly absorbing material due to
presence of BC particles, and it is actually this absorption that has an effect on the
radiation budget within the Arctic. Furthermore, it is the combination of scattering
and absorbtion in the haze layer that result in reduced visibility reported by pilots
[Seinfeld and Pandis, 2006].

2.2 Properties of atmospheric aerosols

Atmospheric particles emitted directly into or formed within the atmosphere are
generated by both natural processes and human activity. Particles emitted di-
rectly are known as primary particles and particles formed in the atmosphere by
gas-to-particle conversion processes are known as secondary aerosols. Although
atmospheric particles are derived mostly from sources that are spatially and tem-
porally confined they are found globally due to atmospheric transport and mixing.
Most particles are found in the troposphere, where a significant fraction is of an-
thropogenic origin [Seinfeld and Pandis, 2006]. This gives a highly non-uniform ge-
ographic distribution with varying concentrations and composition of tropospheric
aerosols over the Earth. To some extent, atmospheric particles are also found in
the stratosphere, but only limited and often related to the frequency of very big
volcanic eruptions.
Solid particles and liquid droplets in the atmosphere are referred to as particulates
or particulate matter (PM). In contrast, the term aerosol defines the suspension
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2.2. Properties of atmospheric aerosols

of fine solid or liquid particles in a gas, which usually refers to the aerosol as the
particulate component only [Seinfeld and Pandis, 2006].

Figure 2.2: A) The different size range and modes particles can be divided into.
Furthermore, the typical size distribution of the number (n°N , Pink
line) and the volume (n°v, Purple line) of atmospheric particles per
cm3 of air. The sources of particles are shown in grey ellipses, where
the transformation processes of particles are shown in white rectan-
gles with associated arrows. B) Shows particle removal processes

[Giere and Querol, 2010].

Atmospheric or airborne particles can change size and composition by various pro-
cesses. The different processes and phenomena related to the particles sizes are
illustrated in figure 2.2. Aerosol particles can change size and composition by the
following processes:

• Coagulation with other particles, which is produced by Brownian motion or
as a result of motion produced by hydrodynamic, electrical or gravitational
forces.

• Chemical reaction, which transforms the mixing state and chemical composi-
tion of the aerosol particles

• Condensation of vapour species or by evaporation.

• Activation of droplets in the presence of supersaturation, where particles work
as cloud condensation nuclei (CCN) and grow into fog and cloud droplets.
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2.3. Carbonaceous aerosol particles

Different size distributions of aerosol particles lead to different behaviour within
the above described processes and phenomena. Therefore, aerosol particles can be
divided into different modes related to their size range as shown in figure 2.2.
Particles � 2.5 µm in diameter refers to particles in the coarse mode, where par-
ticles less than 2.5 µm in diameter refers to particles in the fine mode. The fine
mode is further divided into 3 sub-modes; the nucleation (or nuclei) mode, which
are particles with diameters less than 0.01 µm; the aitken mode, which spans the
size range from about 0.01 µm to 0.1 µm (100 nm); the accumulation mode, which
are particles with a diameter from 0.1 µm to 2.5 µm. The first two modes account
for the main part of particles by number, but due to their small size these particles
only account for a small percent of the total mass [Seinfeld and Pandis, 2006].

In the nucleation and aitken modes particles are formed from condensation of
vapour during combustion processes and from nucleation of atmospheric species
to form particles. The primary removal processes from the atmosphere, of parti-
cles at this size range, are by coagulation with larger particles. In the accumulation
mode the particles originate from the nuclei mode and from condensation of vapours
onto existing particles. This cause the particles to grow into the size range of the
accumulation mode. The removal mechanisms in this size range are least efficient,
which also gives rise to the name of the accumulation mode. The particles found
in the coarse mode is often formed by mechanical processes such as attrition due
to friction which form natural dust particles. These particles are removed by sedi-
mentation and have large sedimentation velocities, which result in a short residence
time in the atmosphere.

In general, the removal processes of aerosol particles from the atmosphere to the
surface of land or seabed are expressed in terms of wet and dry deposition. Dry
deposition is deposition at the Earth’s surface e.g. removal by sedimentation, where
wet deposition is an expression for aerosol particles incorporated in a cloud droplet
and thereby removed by precipitation. Wet and dry deposition lead to a relatively
short residence times of aerosol particles in the troposphere.
Typically aerosol particles have a residence time in the troposphere from a few days
to a few weeks, where atmospheric trace gases have lifetimes ranging from less than
a second to a century or more [Seinfeld and Pandis, 2006].

2.3 Carbonaceous aerosol particles

Carbonaceous particles exist in the atmosphere either as insoluble particles or in
mixtures that are considered as partly soluble, which makes those carbonaceous
aerosol particles more or less efficiently removed by dry and wet deposition pro-
cesses. Carbonaceous aerosol particles are often found in the atmosphere as fine
particles [Andreae and Gelencser, 2006] and often divided into two major compo-
nents: elemental carbon (EC) and organic carbon (OC). EC represent the carbon
content which has similar chemical structure as impure graphite and when it is
emitted into the ambient air it immediately cluster together and form aggregates
as shown in figure 2.3.
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2.3. Carbonaceous aerosol particles

Figure 2.3: Scanning electron microscope im-
ages of typical aggregate of soot
particle [Giere and Querol, 2010].

OC represent all the organic com-
pounds or material, which often is emit-
ted directly (primary OC) or form by
condensation of low-volatile products
of the photo-oxidations of hydrocar-
bons (secondary OC) [Seinfeld and Pan-
dis, 2006]. Secondary OC starts its
atmospheric life in the gas phase as
a Volatile organic compound (VOC)
e.g. formaldehyde (CH2O), under-
goes chemical transformation in the
gas phase into a less volatile com-
pound and finally transfer to the par-
ticulate phase by condensation or nu-
cleation.

In general, atmospheric carbonaceous
aerosol particles can be viewed as a mix-
ture of EC, OC and small amounts of
other elements such as oxygen, nitro-
gen and hydrogen incorporated in its
graphitic structure. The exact size and morphology of the clusters varies widely
with a chain size of up to a few micrometres (Figure 2.3) [Seinfeld and Pandis, 2006].
Furthermore, the exact chemical composition of the aggregate depends strongly on
the chemical and thermal environment under which they are formed and on the
time available for ageing [Andreae and Gelencser, 2006]. In general, an aggregate
is the most stable form and therefore residents for transformation regarding heat
and oxidation processes.

Figure 2.4: Classification and molecular structure of carbonaceous aerosol com-
ponents, where the specific absorption increase with a more pro-

nounced graphitic structure [Pöschl, 2003].

The exact use of the term EC or OC depends on the applied thermochemical
method. The term BC or soot are often used in relation with optical methods and
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2.3. Carbonaceous aerosol particles

represent the EC with a pure uniform graphitic structure which result in a higher
specific absorbance as illustrated in figure 2.4. In comparison a carbonaceous aerosol
particle with a more organic structure has a decrease in the refractiveness and the
specific absorption. In general, an atmospheric carbonaceous aerosol particle con-
sist of a mixture of elements which lead to some deviation in the optical methods
from reality. Therefore can the light absorbing BC concentrations reported from
optical method only be regarded as approximation or estimate for the actual con-
centration of the pure elemental carbon particles in the atmosphere.

2.3.1 Ageing of carbonaceous aerosol particles

Atmospheric carbonaceous aerosol particles can be transformed by ageing processes
either physically or chemically. Physical processes include the condensation of
sulphuric and nitric acid onto the BC particle, and coagulation with more soluble
aerosols such as sulphates and nitrates.

Figure 2.5: Change of the size distribution and number concentration of soot
formed by ozonolysis of α-pinene. Here the size distribution of α-
pinene is seen as the first peak (Diameter 20 nm to 50 nm) and
the soot size distribution is seen as the subsequent peak (Diameter
150 nm to 400 nm). The significant narrowing of the fractal dimen-
sion of soot particles is clearly seen after coating with α-pinene in

the time interval of 0.0 h to 2.0 h [Saathoff et al., 2003].
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2.3. Carbonaceous aerosol particles

Chemical processes that may age the BC particles include oxidation of organic
coatings by Hydroxyl radicals (OH). Condensation, coagulation and oxidation de-
termine the ageing process and thereby change the mixing state, size distribution
and the solubility of the BC particles.

In an experiment by Saathoff et al. [2003] soot particles were coated with prod-
ucts of the α-pinene ozonlysis (Figure 2.5). α-pinene ozonlysis is found to be one
of the major atmospheric sources of secondary organic aerosol (SOA) formation.
The result from this experiment proves that the coating coasted changes of the
agglomerate structure by an increase of the fractal dimension (2.5) and a more
compact soot agglomerates (2.6). The change in fractal dimension is seen in figure
2.5, where the change in size distribution of α-pinene at time 0.0 h is seen as the
first peak (Diameter 20 nm to 50 nm) and the change in size distribution of soot is
seen as the subsequent peak (Diameter 150 nm to 400 nm). In the following time
(0.0 h to 2.0 h) after the coating event a significant narrowing occurred in the fractal
dimension of soot. The coating also resulted in a more compact soot agglomerate
(Figure 2.6), which enhance the sedimentation, but decrease the coagulation rate.
Furthermore, it was also found that the deposition of more hygroscopic condensable
ozonlysis products of α-pinene on soot agglomerates results in an increase of the
hygroscopic growth factor (HGF) and thus enhance the ability to act as a CCN
[Saathoff et al., 2003].

Figure 2.6: Images from a electron micrographs of soot particles before (left)
and after coating (right) with α-pinene oxidation. Here is the com-
paction of soot agglomerates clearly seen [Saathoff et al., 2003].

Fresh smoke BC particles tend to form more open structures [Andreae and Ge-
lencser, 2006], which are more prone to transformation by ageing processes and to
become more hygroscopic. However, particles associated with biomass combustion
are usually present as much larger spherical and compacted aggregates, which seem
to be more resistant to atmospheric ageing processes [Andreae and Gelencser, 2006].
In addition, the growth processes in a smoke layer within the first 1-4 days is known
to be dominated by condensation and coagulation/gas-to-particle conversion, and
thereafter dominated by coagulation [Engvall et al., 2009].
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2.4 Sulphate aerosol particles

Sulphur species are present in the Earth’s crust, ocean and atmosphere, but in the
atmosphere sulphur is found in a more reduced state. The most important reduced
sulphur compounds are Hydrogen sulfide (H2S), Dimethyl sulfide (DMS), Carbon
disulfide (CS2), Carbonyl sulfide (OCS) and sulphur dioxide (SO2) [Seinfeld and
Pandis, 2006]. The sulfides have both anthropogenic and natural sources.

Figure 2.7: Major reservoirs and burdens of sulfur in [Tg(S)], the directions
of fluxes between the reservoirs are indicated [Seinfeld and Pandis,

2006].

The anthropogenic sources are dominated by fossil fuel combustion, where SO2 is
the predominant sulphur-containing air pollutant. The natural sources are domi-
nated by biogenic reactions in soils, marshland, plants and ocean.
In figure 2.7 are the major reservoirs in the sulphur cycle shown and the estimated
amount of sulphur in [Tg(S)] for each reservoir is noted. It is seen that the largest
amount of sulphur in the atmosphere is found above the ocean. This is related
to biogenic reactions in the oceans due to marine phytoplankton, which produce
Dimethyl Sulfide (DMS), carbonyl sulfide (OCS) and Carbon disulfide (CS2) [Sein-
feld and Pandis, 2006; Wallace and Hobbs, 2006].
The DMS (CH3SCH3) dominates the emissions of sulphur from the oceans and
react with OH or NO3 radicals to form SO2 (Figure 2.8). Then OH can react with
SO2 to form sulphate (SO 2 –

4 ). In general, the OH radical is restricted in the Arctic
troposphere due to lack of sunlight in the Arctic winter, which makes the reaction
with NO3 more favorable:

CH3SCH3 + NO3 −−→ CH3SCH2 ·+HNO3 (2.1)

which leads to formation of CH3S into OCS. OCS can then transform into SO2 in
order to form SO 2 –

4 . This is most abundant in the stratosphere as illustrated in
figure 2.8 [Seinfeld and Pandis, 2006].
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Figure 2.8: The atmospheric cycle for sulphur compounds [AMAP 2006].

In figure 2.8 the atmospheric sulphur cycle is shown. This cycle is dominated by
OH radical reactions, which reacts with e.g. sulphur dioxide and lead to production
of the gas aqueous/aerosol Sulfuric acid (H2SO4). Under normally atmospheric
conditions in the troposphere sulphur dioxide can react in both the gas and aqueous
phase and be removed by dry or wet deposition. Here with respect to the gas-phase
the following reaction occur:

SO2 + OH·+ M −−→ HOSO2 ·+M (2.2)

followed by the generation of HO2 radical:

HOSO2 ·+O2 −−→ HO2 ·+SO3 (2.3)

when sulphur trioxide can be converted to sulfuric acid in the presence of water
vapour:

SO3 + H2O + M −−→ H2SO4 + M (2.4)

With respect to the aqueous-phase the following reaction occur:

SO2(aq) + H2O2 −−→ H2SO4 (2.5)

Most of the sulfides in the troposphere are oxidized rapidly by the OH radicals,
therefore are the lifetimes in the atmosphere of those compounds only typically
days to a week, but one exception is OCS [Wallace and Hobbs, 2006]. OCS is very
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stable in the troposphere and therefore has a relatively long residence time (≈ 2
years). The long residence time of OCS enables it to be mixed into the stratosphere,
where it can photolyse (hν) or react with elemental oxygen (O) in order to form
SO2. Then it is subsequently converted to H2SO4 aerosols, as shown is figure 2.8
[Seinfeld and Pandis, 2006; Wallace and Hobbs, 2006].

2.4.1 Direct and indirect effects of aerosols

Atmospheric aerosol particles affect the climate system by 3 different physical mech-
anisms. Firstly, they scatter and absorb solar radiation. Secondly, they scatter, ab-
sorb and emit longwave radiation. Thirdly, they act as cloud condensation nuclei
(CCN) and ice nuclei (IN). The two first mechanisms are the direct effects and the
last one is referred to as the indirect effect.
The direct effect depends on size, abundance, optical properties of the particles and
to some extent the underlying surface layer. In general, most aerosol species, such
as sulphate, nitrate, sea-salt, dust1 backscatter the solar radiation, whereas black
carbon aerosols absorb the radiation. The scattering and absorption of radiation
due to direct effect is illustrated in figure 2.9.
Scattering aerosols exert a net negative direct radiative forcing (RF), while par-
tially absorbing aerosols exert a negative Top Of the Atmosphere (TOA) direct RF
over dark surfaces, such as oceans or dark forest surfaces, and a positive TOA RF
over bright surfaces such as deserts, snow and ice or above clouds.
Both positive and negative TOA direct RF mechanisms reduce the shortwave ir-
radiance at the surface. The longwave direct RF is only substantial if the aerosol
particles are large and occur in large concentrations at higher altitudes [IPCC 2007].
In addition, absorption of solar radiation by aerosols leads to heating of the ambient
air, which can result in evaporation of cloud droplets. This process is referred to
as semi-direct effect.
The indirect effect is defined as the overall process by which aerosols perturb the
earth-atmosphere radiation balance by modulation of cloud albedo and lifetimes of
clouds. Aerosol particles acting as CCN depends on the presence of supersaturation
in the ambient environment as well as the micro-physical properties which are a
function of size, chemical composition and mixing state.

1dust is a partly absorbing aerosol
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Figure 2.9: The different mechanisms associated with aerosols as CCN and the
associated effect on clouds [IPCC 2007]. Here small black dots rep-
resent aerosols and circles cloud droplets. CDNC stands for Clouds

Droplet Number Concentrations.

Figure 2.9 show the mechanisms associated with the indirect effect of aerosols as
CCN. The small black dots are the aerosols and the circles are cloud droplets. The
straight lines represent the outgoing or ingoing shortwave radiation, where wavy
lines are associated with longwave radiation.
If the aerosol number concentrations are high then this will increase the concentra-
tion of CCN and thereby increase the number of droplets. This type of cloud has
a high concentration of droplet with smaller radius which contributes to a higher
cloud albedo. If the opposite is the case (low concentration of CCN) a low con-
centration of droplets with larger radius will make the cloud albedo lower. This
again affects the lifetime of the cloud. A larger radius of the droplets inside the
cloud will lead to a decrease in lifetime due to the gravitational force affecting the
droplets. Furthermore, the change in concentration and size of cloud droplets is
also expected to change the areal extent of the cloud [IPCC 2007].

2.4.2 Effects of aerosols on the climate system in the Arctic

The Arctic is thought to be very sensitive to changes in radiative fluxes imposed by
aerosols and other short-lived climate forcers [AMAP 2006; IPCC 2007]. Especially
aerosols that impose a surface forcing which may trigger regional climate feedback
and lead to a melting of the ice in the Arctic. In addition, an elaboration of the
consequences due to Arctic warming is described in chapter 3.1.
In figure 2.10 the forcing mechanisms on the Arctic radiation budget is shown for
both the direct and the indirect effect, which is explained in the following.
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Figure 2.10: The forcing mechanisms in the Arctic as a result of pole ward
transport of middle latitude gasses and particulate pollutants. The
wintertime is represented in the left, spring in the middle and the
summertime to the right. ∆T indicates the surface temperature

response [Quinn et al., 2011, 2008].

Direct effects

The direct effects of Arctic aerosols layer on the radiation balance is due to the
absorption and scattering of radiation by aerosols. The absorption and scattering
depends on the particles composition, which is affected by the particles source and
transport path wave.
In the summer time an absorbing aerosol over a highly reflective surface will result
in a warming at altitudes above and within the polluted layer and instantaneously
reduce the amount of solar energy received at the surface. This leads in general to
a cooling (∆Ts < 0), but the net effect over a snow or ice covered surface is small,
because a limited amount of radiation is absorbed anyway (∆Ts ≈ 0). However, the
added atmospheric heating, generated by the absorbing Arctic aerosol layer, will
subsequently increase the downward long-wave radiation to the surface and warm
the surface (∆Ts > 0) [Quinn et al., 2008]. Thus, the estimated cooling of the
surface due to absorption of solar radiation by the aerosol layer is compensated by
long-wave emission from the atmosphere to the surface, therefore the net effect at
the surface is either positive or negative and largely determined by the properties
of the aerosol and the underlying surface layer.

In the Arctic winter the longwave radiation dominates and thereby controls the
energy budget. Furthermore, the aerosol concentrations is in general high this time
of year. This is a combination of long range transported aerosols and weak removal
processes, because of a strong surface based temperature inversion which inhibits

17/123



2.4. Sulphate aerosol particles

turbulent transfer. In such conditions it leads to growth of hygroscopic aerosols into
cloud droplets or ice crystals, which will enhance the long-wave radiation (∆Ts > 0).

Indirect effects

An increase in the number of aerosol particle pollutants that act as CCN will affect
Arctic stratus and stratus cumulus by increasing the cloud droplet number con-
centration. This will in the summer time result in an increase in radiation being
reflected back to space (Figure 2.10). However, in winter a large amount of long-
wave radiation will be re-emitted due to the clouds being efficient at trapping and
re-emitting (Figure 2.10).

The indirect effect is assumed to be the most significant effect due to Arctic haze
[Quinn et al., 2008]. A decrease in droplet effective radius in these optically thin
clouds will increase the infrared optical depth and thus the infrared emission. The
final result is expected to be an increase in the re-emitted longwave radiation from
the cloud. In addition, the decreasing in cloud drop size distribution has additional
effects. It will lead to a decrease in precipitation and therefore also increase the
lifetime of the cloud, which to some extent will increase the cloud emissivity [Quinn
et al., 2008].

Figure 2.11: The best estimate of climate forcing from short lived forcers. It
shows annual mean temperature increase caused by CO2 and short-
lived pollutants compared to the industrialization. The global val-
ues are based on [Intergovernmental Panel on Climate Change
(IPCC), 2007a] and the Arctic value is based on [Quinn et al.,

2008].

Surface albedo

Aerosol particles such as black carbon contribute to another forcing mechanism,
which is related to the deposition of black carbon particles on snow and ice covered
surfaces (Spring Figure 2.10). Absorbing particles deposited onto the surface via
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wet or dry deposition affect the surface radiation budget by enhancing absorption of
solar radiation at the ground and thereby reduce the surface albedo. Such absorp-
tion of solar radiation at the surface can warm the lower atmosphere (∆Ts > 0).
The Arctic winter atmosphere is very stable and therefore a rapid heat exchange
with the upper troposphere is prevented.

In figure 2.11 the contribution of short-lived pollutants in warming in the Arctic
and on a global scale shown. The black carbon particles deposited on a snow- or
ice-covered surface in the Arctic has a much greater warming potential compared
to the global estimate. The BC particles found in the atmosphere in the Arctic and
globally are here estimated to have almost equal warming potential.
The radiative impact from the Arctic aerosol layer is complex. It depends on feed-
back between particles, clouds, radiation, surface cover, and vertical and horizontal
heat exchange, that complicate and determine the total effects of direct-, indirect-
forcing and thereby the amount of warming in the Arctic.

2.5 Spectral properties of atmospheric aerosols

In order to determine the aerosol particles radiative effects the ratio of scattering
to extinction (absorption plus scattering) has to be known. The aerosol particles
ability to scatter or absorb depend on the chemical composition of the particles.
The theory behind the scattering and absorption of radiation by aerosols is based
on linearity between aerosol particles and:

• the intensity of the radiation

• the local concentration that is responsible for the absorption and scattering

• the effectiveness of the absorbers or scatterers, equation 4.1.

The full theory is described in section 4.3.2 and according to the theory the aerosol
particles are assumed to be spherical. Nevertheless, it is important to know the
effects of spherical particles of radius r for which the scattering and absorption
efficiency can be prescribed as a function of the size parameter x:

x = 2πr
λ

here λ denotes the wavelength of the light. In the Rayleigh scattering regime the
expression for the scattering efficiency Kλ is defined as:

Kλ ∝ λ−4 (2.6)
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Figure 2.12: Size parameter x as a function of wavelength (λ) of the incident
radiation and particle radius r [Wallace and Hobbs, 2006].

Figure 2.12 show the range of size parameters for various kinds of particles and
radiation by various wavelength (λ). For scattering of radiation in the visible part
of the spectrum, x ranges from much less than 1 for air-molecules to ≈ 1 for haze
and smoke particles to � 1 for raindrops [Wallace and Hobbs, 2006]. Thus, not
only the composition of the aerosol particles affect the particles ability to absorb
or scatter light, but also the wavelength of the incoming light plays a major role.
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2.6 Chemical compounds within the Arctic

In the Arctic troposphere emission from both anthropogenic activity and natural
sources are found. Emissions from anthropogenic activity are limited in the Arctic,
because of the few industrial areas that exist in the Arctic region. Therefore are
anthropogenic emitted gaseous and particulate pollutants highly associated with
long-range transport from the mid-latitudes and high latitudes [Law and Stohl,
2007].

Figure 2.13: The major industrial activities in northern Russia due to processing
of mineral concentrate and mining [AMAP 2006].

Emissions from the few industrial areas in the Arctic and sub-Arctic region is mainly
from North Russia, Siberia [AMAP 2006]. Those emissions are associated with local
pollution according to energy production and transport in and around the Arctic.
The energy productions originate from oil, gas and coal-fire related activities which
mainly are located in northern Russia. At least nine coal-fired power plants due
to smelter and production of mineral concentrate are located at this side of the
Arctic (Figure 2.13). In addition, one of the world’s biggest production of nickel,
as well as a major production of cupper (Cu), platinum (Pt) and palladium (Pd),
is located above the Arctic circle in Russia at Norilsk (Figure 2.14). Here shipping
traffic is one of the main transports to Murmansk, where processing facilities are
located [Norilsk Nickel, 2011].
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Figure 2.14: The mines and plants located in the area around Norilsk. Seven
mines produce copper-nickel sulfide ores, where the ores mined
have different contents of nickel, copper, platinum, gold and other

components [Norilsk Nickel, 2011].

Emissions from shipping traffic contribute to local Arctic pollution. In general, the
most extensive shipping activities in the Arctic Ocean take place on the Russian
side, where the Northern Sea Route (NSR) carries the largest volume of traffic of
any Arctic seaway [AMAP 2006]. The NSR is open for shipping traffic between two
and half months a year, which limits the contribution to Arctic air-pollution from
shipping traffic to thses months.
The shipping traffic in Arctic Monitoring and Assesment Programme (AMAP)Work-
ing Group 2006 is projected to increase over the next 10 to 15 years, where the main
part is due to transport of oil from northern Russia to markets in Europe and Asia
[AMAP 2006]. Besides that, the shipping traffic in the Northwest Passage and
Beaufort Sea is also expected to increase, due to decreased ice-extent, which can
enhance the emission from shipping traffic at this side of the Arctic.

2.6.1 Metal and combustion elements in the Arctic

Heavy metals, such as mercury (Hg), lead (Pb), zinc (Zn), copper (Cu) and nickel
(Ni) are emitted from anthropogenic sources (metal industrial activity) into the Arc-
tic atmosphere [Heidam et al., 1999]. These metals are soluble in water and bound
to different solids, but they cannot degrade. Therefore are they redistributed into
the environment from natural and anthropogenic processes. The main causes of
anthropogenic metallic pollution in the Arctic are caused by extraction, used and
disposal of metals, but they are also naturally released from rock degradation and
volcanic activity [Johansen et al., 2007].
Mercury is mainly found as inorganic mercury in the atmosphere and has a resi-
dence time of one year, which allows it to be globally transported and reach the
Arctic region [Goodsite et al., 2004; Skov et al., 2004]. This is quite a long residence
time compared to non-volatile metals, such as lead, which has a residence time of
about one week.
Most of the sources for heavy metals derive from sources outside the Arctic region

22/123



2.6. Chemical compounds within the Arctic

and the largest contributor to mercury emissions in 2005 were China [AMAP 2011].
In addition, Mercury has the last two decades been decreasing, but in general Mer-
cury have been enhanced over the past roughly 150 years [AMAP 2011]. This
increase has occurred despite a reduction in source regions such as North American
emissions and northern Europe. This is highly associated with change in source
region, where the last decades current trends in heavy metals perhaps can be as-
signed to sources in East Asia.
Another prominent anthropogenic source in the Arctic is associated with combus-
tion processes. Elements associated with this sources is iron (Fe), Manganese (Mn),
Gallium (Ga), Vanadium (V), Arsenic (As), Lead (Pb) as well as Black carbon and
Sulphate [Heidam et al., 2004; Quinn et al., 2011]. In addition, the ratio between
the elemental and organic carbon depend on the combustion processes. In general,
diesel or fuel engines are emitting more elemental than organic carbon, which result
in a high EC to OC ratio. Biomass burning, in general, emit more OC than EC
and result in a low EC to OC ratio. Besides that, OC has a significant variation in
volatility and therefore can OC be present both in the gas and particulate phases.
The presence of OC in the gas phases into the atmosphere can lead to chemical
transformation to secondary organic aerosols (SOA).

2.6.2 Natural compounds in the Arctic

Natural emission divides from different local sources within the Arctic, but also
long-range transport from outside the Arctic region. Natural emission covers a va-
riety of different sources from the frequency of volcanic eruption to aerosols created
by sea spray. Different chemical elements can be associated with different natural
sources.
Elements such as aluminium (Al), Silicium (Si), Titanium (Ti) and iron (Fe) are
typically associated with crustal elements emitted to the atmosphere as windblown
soil and dust particles [Heidam et al., 1999]. However, elements such as Calcium
(Ca), Potassium (K) and Strontium (Sr) are associated with marine sources. They
are present in seawater and are released to the atmosphere by sea spray and trans-
formed into aerosols [Heidam et al., 2004]. Natural emission from combustion pro-
cesses is highly associated with forest fires and general biomass burning, which con-
tributes to elements such as black carbon, sulphate and volatile organic compounds
(VOCs). Biogenic VOCs, such as isoprene and terpenes are respectively associated
with photosynthetic activity of plants and in the leaf oils of plants [Kourtchev et al.,
2006; Seinfeld and Pandis, 2006]. Those elements are photo-oxidized in the atmo-
sphere to non-volatile species and transformed into SOA [Kourtchev et al., 2006,
2008].
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Chapter 3
The Arctic atmosphere and

climate

This chapter introduce the Arctic climate and its multiple interactions with the
global climate system. The first section is mainly concerning the characteristics
for the Arctic troposphere, which deviate from mid and low latitudes. The second
section focuses on the cryosphere, where the behaviour of the sea ice extent and the
ocean current within the Arctic is considered. The following section is concerning
the Arctic climate sensitivity. The fourth section describes the general circulation
pattern in the Northern Hemisphere whit special attention added to the different
modes of Northern hemispheric indices, the North Atlantic Oscillation (NAO) and
the Pacific - North American Oscillation (P-NAO). This section is also discussing
the Arctic Oscillation (AO) and the related Polar Vortex (PV), which is predom-
inating the Arctic winter atmosphere. The final section is regarding the general
transport pathway to the Arctic.
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3.1 The Arctic atmosphere

The atmospheric motion is generated by the inhomogeneous radiative energy re-
ceived at the Earth surface (Insolation). The insolation for different months is
illustrated in figure 3.1, where 90°N is representing the Arctic region.

Figure 3.1: Insolation [W m−2] for different latitude, where 90°N represent the
Arctic. A high variability in the insolation is dominating the Arctic

region. [PhysicalGeography.net, 2011].

The long period of daylight in the Arctic summer result in a high radiation received
at the surface, compare to winter where a low amount to non-existent radiation is
received at the surface. This is also reflected in the seasonal mean temperature.
The mean winter temperature falls well below −20 °C and together with longwave
radiation loss it result in perfect conditions for temperature inversion, which dom-
inates the Arctic winter atmosphere.

Inversion is an atmospheric situation where the temperature increases with altitude
rather than the normal pattern of temperature decrease. In figure 3.2 a typical
characteristic inversion is shown in a skew-T Log-P diagram from a weather balloon
placed at Point Barrow in Alaska [Rasmussen and Turner, 2003].
A skew T Log-P diagram is also known as a thermodynamic diagram which is a
graphic representation of pressure, density, temperature, and moisture in a way that
the basic atmospheric energy transformations are visually depicted. This diagram
presents a vertical picture of the atmospheric conditions and make it possible to
identify various air masses, the stability of a layer, identify clouds or understand
the processes occurring.
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Figure 3.2: A typical skew-T Log-P diagram which shows an inversion in the
Arctic. Here, the black dashed line is the dewpoint temperature, the
black line the temperature, the red arrow indicates the inversion layer
found from the surface to about 800 mb, the red line denotes the
isobars (Lines of constant pressure), the blue line denotes isoterms
(Lines of constant temperature), the green line denotes the mixing
ratio, the purple line denotes dry adiabates, the pink line denotes the
moist adibates and the black circle denotes where the tropospause

is found [Rasmussen and Turner, 2003].

An example of a skew T Log-P digram is shown in figure 3.2 where the black dashed
line is the dewpoint temperature and the black line is the temperature. Here, the
inversion layer (marked with a red arrow in figure 3.2) is found from the surface
to about 800 mb. The inversion layer give rise to a very stable stratification in the
lower troposphere, that reduce turbulent exchange and hence deposition of aerosol
particles. Turbulence can be enhance over open water, but this is not very likely
in the Arctic winter, because of the present of sea ice.

The most common types of inversions are advective and radiation inversions. An
advective inversion is formed when warm air moves over a colder surface and a
radiative inversion is formed when the surface has become cooler by loss of heat
by radiation. The ground cools more rapidly that the ambient air, because the
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ground is a much better emitter of longwave radiation that the air. In general, the
Arctic winter is dominated of strong radiation cooling over the ice or snow covered
surface, which leads to formation of air masses which are specific for the region as
illustrated in figure 3.3. Arctic air masses are extremely dry which also minimize
the wet deposition and lead to a long lifetime of aerosol particles in the Arctic
winter troposphere.

Figure 3.3: Air-masses in the winter, where m denotes maritime air masses
(more moist) and c denotes continental air masses (more dry). A, P
and T denotes Arctic, Polar and Tropical, respectively [Rasmussen

and Turner, 2003].

The age of the Arctic air masses1 is shown in figure 3.4. The figure represent the
average Arctic age of air from the surface to 100 m above, for January (Figure 3.4a)
and July (Figure 3.4b). The figures are from a model study by Stohl [2006]. In
January the most aged air masses are found over North American compare to the
least aged air, which resides north of Eurasia. This is consistent with the average
wind pattern [Stohl, 2006]. In July, the distribution of aged air is more symmetric
located above the Arctic Ocean and the Atlantic sector has a less aged air mass,
which indicated a major entry route to the Arctic in summer. In addition, during
both months the air above the high topography of Greenland is the least aged, which
reflect the high wind speed, but also strong meridional motion west of Greenland
due to the frequent northward-traveling cyclones over Baffin Bay [Stohl, 2006].

1The age of air masses can also be seen as a measure for the isolation of air masses
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(a) January (b) July

Figure 3.4: a) January and b) July mean Arctic age of air in the lowest 100 m
of the atmosphere [Stohl, 2006]. Here the mean Arctic age of the

air masses at Station Nord is found about 7 days in winter.

3.2 The Arctic Ocean

The Arctic Ocean forms the core of the marine Arctic. It is characterized by two
basins, the Eurasian and Canada that is more than 4000 m deep and almost com-
pletely land locked as shown in figure 3.5.
The open boundary of the Arctic Ocean is illustrated in figure 3.5 and those are
found; along the Barents Shelf edge from Norway to Svalbard, across the Fram
Strait; down the western margin of the Canadian Archipelago and finally across
the Bering Strait. This open boundary is the exchange area between the Arctic
Ocean and the Atlantic and Pacific Ocean, which can transport warm and salt wa-
ter from the mid-latitudes into the Arctic region. This has the potential to influence
the Arctic Ocean as well as the atmospheric exchange. Warm water inflows can melt
sea ice and result in mixing processes, which move heat to the surface. The mixing
is dominant for the vertical gradient of salinity and temperatures [ACIA 2004].
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Figure 3.5: A map of the Arctic region, where it is illustrated that the Arctic
region is dominated by two basins, the Eurasian basins and Canda

basins [ACIA 2004].

The currents system of the Arctic Ocean is shown in figure 3.6, where the Norwe-
gian Atlantic Current and the West Greenland Current are northbound streams.
Those are carrying warm saline water into the Arctic Ocean, but limit the flow of
low-salinity water towards the Atlantic. The Norwegian Atlantic Current branches
into the West Spizbergen Current and the Barents Sea flow and as it passes through
the Fram Strait it has obtained a temperature near 3 °C. Afterwards it follows the
continental slope eastward at a depth of 200 m to 800 m. When the current enters
the Arctic Ocean at depths of 800 m to 1500 m in the eastern Barents Sea, it has
cooled to less than 0 °C.
The West Greenland Current carries 3 °C seawater to the northern Baffin Bay,
where it mixes with outflow from the Arctic Ocean and joins the south-flowing
Baffin Current [ACIA 2004].
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Figure 3.6: The current system of the Arctic Ocean [ACIA 2004].

The Anadyr Current inflow from the North Pacific is less saline and circulates at a
shallow depth (depth less than 100 meters) compared to the Atlantic inflow. This
inflow from the Bering Strait dominates the upper ocean of the western Arctic
(the Chukchi and Beaufort Seas, Canada Basin and the Canadian Archipelago)
and influences the thickness of sea ice. The Anadyr current is less saline, which is
highly reflected in the presence of sea ice [ACIA 2004].

3.2.1 Ice coverage

The Arctic Ocean is dominated by a large amount of sea ice which can be divided
into first-year and multi-year ice. First-year ice is in its first winter of growth or
first summer of melt. Its thickness are a few tenths of meter to 2.5 meters. Some
first-year ice survives the summer and then becomes multi-year ice. This ice be-
comes harder and almost salt free over several years. The average thickness of sea
ice in the Arctic Ocean is about 3 m and the thickest ice (ca. 6 m) is found along
the shores of Northern Canada and Greenland [ACIA 2004].
The ice extent2 in the Arctic Ocean is affected by the surface current and by the
wind, especially first-year ice flows easily under the forces generated by storm winds.

2Ice extent is defined as the area of the ocean with a fractional ice cover of at least 15% [Serreze
et al., 2007].
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In the Arctic Ocean there are two major ice circulation systems; the east to west
Transpolar Drift in the Eurasian basins; the clockwise Beaufort Gyre in the Canada
basins, where both of them are illustrated in figure 3.6. The Beaufort Gyre turns
the Polar Ice Cap along with it and the Transpolar Drift carries water and ice from
Siberia across the Pole and down to the east coast of Greenland. Here it mixes
with the East Greenland current which is caused by the inflow from Siberian rivers
and a westerly wind, that push Arctic surfaces water eastward into the Atlantic
[Dydkjær et al., 2008; Serreze et al., 2007].

(a) Summer Sea Ice extent (b) Sea Ice Extent September

Figure 3.7: a) Arctic summer sea ice extent for the last few years which is found
at the same range. Here, the solid blue line denotes data from 2010
and the solid gray indicates the average extent from 1979 to 2000.
b) Average monthly Arctic sea ice extent in September from 1979

to 2010, which show a continual decline [NSIDC 2011a].

The Arctic sea ice extent follows an annual cycle of melting and refreezing due to
the change in seasons (Figure 3.7a). It has a maximum extent in March and a
minimum extent in the end of the summer melt season (September). Arctic sea ice
extent vary from year to year as shown in figure 3.7b. While September ice extent
has declined at a rate of 11.5 % per decade (relative to the 1979 to 2000 average)
and about 3 % per decade in the winter months (Figure 3.7b) [NSIDC 2011a]. In
the melt season of 2007, the Arctic sea ice extent was at the lowest level ever since
satellite measurements began in 1979. This minimum resulted in an opening of the
Northwest Passage, which is the first time ever recorded. In general, not only the
sea ice extent decline also the amount of old thick ice continues to disappear. While
in 2010 there was an increase in second and third year ice, but the oldest ice (more
than five year) had almost disappeared in the Arctic. In September 2010 less than
60 000 km2 five-year old ice remaine in the Arctic Ocean compared to 2 000 000 km2

old ice remained at the end of the summer in 1980s [NSIDC 2011b].

3.3 Arctic Climate sensitivity

In the Arctic the temperature has been increasing almost twice as much as the
global average over the past 100 years [Summary IPCC 2007]. The average annual
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temperature have been risen by 2 °C to 3 °C since the 1950s and in winter by up
to 4 °C, but the overall warming in the recent decades are addressed to the regions
within the Arctic [ACIA 2004]. The warming has been largest over the land areas,
but there are also regions in southern Greenland, which have experience a cooling.
The warming has been accompanied with an earlier and also longer melt season
which results in melting of glaciers and a reduction in sea ice extent which is one
of the most important factors for global climate changes. The Arctic environment
and vegetation are already showing signals of significant and rapid response to these
changes. For example, the tree coverage expands and due to the earlier snowmelt
on land an early plant primary production takes place [AMAP Conference].
There is no longer any doubt that the Arctic is warming and the warming will not
only affect the Arctic region but also impact the planet as a whole [ACIA 2004]. A
melting of Arctic glaciers and sea ice contributes to global sea-level rise and weak-
ens the thermohaline circulation. Some indications by Overland and Wang 2010
suggesting that the low sea ice extent in the Arctic Ocean also increase modification
of atmospheric circulation patterns over parts of the Northern Hemisphere.

3.4 The Northern Hemisphere annular indices

The Arctic atmospheric circulation pattern is highly influenced by the overall North-
ern Hemispheric circulation, which variability can be descried with the modes of
the North Atlantic Oscillation (NAO), the Pacific - North American Oscillation
(P-NAO) and the Arctic Oscillation (AO).

The North Atlantic Oscillation (NAO) mode is a measure of the prevailing flow
pattern near the surface in the North Atlantic area. The mode is based on sea level
pressure (SLP) - anomalies of opposite sign over the Azores and Iceland; a flow
pattern, where both the Icelandic low-pressure and the Azores high-pressure are
more intense than usual, have a positive NAO index; a flow pattern, where both
pressure systems are weaker than normal, has a negative NAO index.
During the positive NAO mode a stronger pressure gradient between the Icelandic
low-pressure and the Azores high pressure will occur and control the strength and
direction of the prevailing westerly winds (westerlies) and storm tracks across the
North Atlantic as shown in figure 3.8.
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(a) Positive mode (b) Negative mode

Figure 3.8: The two modes of the North Atlantic Oscillation (NAO). a) The
positive mode where a high pressure is found over the Azores and
a intense low is found over Iceland. b) The negative mode with
opposite behaviour. (Illustration by Fritz Heide & Jack Cook, Woods

Hole Oceanographic Institution)

During the positive NAO mode the westerlies are shifting toward a more merid-
ional orientation (southwest - northeast) and are found further to the north. The
wind transport into the Arctic from all three Northern continents (Europe, North
America and Asia) is enhance generally during this mode and result in high pollu-
tion levels [Stohl, 2006]. However, in the positive NAO mode the middle latitude
jet stream is more northern, which is related to wet and warm winter climate in
Scandinavia, while cool and dry conditions predominate in southern Europe. The
Arctic region (Greenland, Newfoundland and North Canada) are in general ex-
periences colder conditions. In the negative NAO mode a weak pressure gradient
occur between the Azore high-pressure and Iceland low-pressure, which generated
weaker westerlies there lie further to the south with a more zonal air flow. In gen-
eral, for this mode the Arctic region does not experience the same cold conditions.
Normally the Southern Greenland has warmer and wetter conditions than normal,
while Scandinavia has colder weather conditions.

The influence from the NAO mode does not extend to the Pacific site of the Arc-
tic. North America and Eurasia are more affected of the face of El Nino/La Nina-
Southern Oscillation (ENSO), which are reflected in the mode of the Pacific- North
American teleconnection pattern (P-NOA). In general, the positive P-NAO mode
is associated with Pacific warm episodes (El Nino) and the negative P-NAO mode
is associated with Pacific cold episodes (La Nina).
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Figure 3.9: The positive Pacific-North American oscillations (P-NAO) pattern.
Here the ridge is found over the western U.S. and the trough over

eastern U.S. [Schmidt, 2003].

The P-NAO mode describe the anomalies in the geopotential 500 mb height fields
over the western and eastern U.S. (Figure 3.9). The positive mode consist of high
geopotential height fields over the western U.S. and low geopotential height fields
over the eastern U.S., which are correlating with a ridging over the western U.S.
and a deep troughing over the eastern U.S. This result in a height field pattern that
forces cold air residing in Canada to move in south-east-direction, which gives low
temperatures over the eastern U.S. and high temperatures over the western U.S.
The negative P-NAO mode consist of low geopotential heights over the western U.S.
and high geopotential heights over the eastern U.S. This result in a deep troughing
over the western U.S., which allow cold air from western Canada to move to south-
ern directions. Over eastern Canada it lead to warm moist air masses from the
Gulf of Mexico and the Atlantic Ocean to travel northward and results in higher
temperatures and more humid conditions [AASC].

3.4.1 The Arctic oscillation and the Polar Vortex

The NAO mode is highly related to the Arctic Oscillation (AO) mode (Figure
3.10). The AO mode is characterized by non-seasonal surface atmospheric pressure
patterns in the polar region. It is defined as SLP-anomalies in the Arctic and SLP-
anomalies of opposite sign centred around 37° to 45°N.
When the AO mode is positive, which mostly occur in winter, the surface pressure
is low in the polar region and the upper-level circulation form an intense vortex.
In this situation, the middle latitude jet stream blows strongly and consistently
from west to east. The North-eastern Canada site of the Arctic do then experience
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colder conditions than normal.
When the AO mode is negative there tend to be a high pressure in the polar region,
which lead to a weak vortex. The wind is then more meridional and allow greater
movement of cold polar air into the mid-latitudes, e.g. North America, Europe and
Asia.

Figure 3.10: The Arctic Oscillation (AO), where a intense vortex is associated
with the positive AO mode and a weak vortex with a negative AO
mode (Image from NSIDC: artwork by J. Wallace, University of

Washington).

The intense vortex formed under a positive AO-mode is a quasi-horizontal circula-
tion in the stratosphere which is penetrating down to the lower troposphere in the
Arctic region. It is known as the Polar Vortex (PV), but also called polar cyclone
and North Circumpolar Vortex. It persists of counter-clock-wise circulating winds,
which surround the North Pole and thereby trap the cold and dry Arctic air mass
at high latitudes. These result in a cold and dense core over the pole (the centre of
the PV) which form itself into a cyclonic vortex as illustrated in figure 3.11. The
vortex is for some years quit persistent and can therefore be found close to the
surface or seen at the 850 mb geopotential height-contours in Appendix A (Figure
A.3d). It is often a permanent feature of the winter hemisphere, but in the summer
a shallow vortex [Angell, 2006].

The strength of the PV is associated with the north-south temperature gradient,
which appears to be strongest during the winter at mid-latitudes. Where the north-
south temperature gradient is most pronounced the polar jet stream is present. The
jet controls the large-scale synoptic cyclones and anticyclones in mid-latitudes and
is associated with the formation and dissipation of these systems. This cyclones or
anticyclones are nevertheless sometimes impacting the PV by wave activity from
below (interaction of troposphere dynamics). This occurs when the wave activ-
ity is strong and the mean wave activity is directly poleward. The PV tends to
break down or to split into smaller vortices, that allows warm mid-latitude air to
reach polar latitudes. During winters, when the PV splits into two smaller vortices,
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these can be found as troughs, which "normally" appear roughly over Baffin Island
in Canada and over the North-east Siberia. During spring and summer the PV
contracts and weakens to a single centre in the upper troposphere or in the strato-
sphere approximately over the pole. Furthermore, a more zonal air flow replaces
the meridional air flow of the winter. In autumn, the Pole to Equator temperature
gradient builds up again and then the vortex expands and strengthens and the air
flow becomes more meridional.

Figure 3.11: Arctic atmospheric pressure normal 500 mb geopotential height
contours which were observed for December from 1950-2010. It is
indicating the strength of a "normal" PV at the 500 mb geopoten-

tial height which trap the cold and dry Arctic air mass.
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3.5 Transport pattern of BC to the Arctic

The schematic processes relevant for BC transport into the Arctic are illustrated
in figure 3.12. Here the Polar Dome is an expression of surfaces with constant
potential temperature over the Arctic, which has a minimum value in the Arctic
boundary layer.
It has been realized by meteorologists that the polluted air masses from sources
at a given location (receptor site) must have the same low potential temperature
as the Arctic haze layer itself in order to be isentropic transported into the Arctic
region on longer time scales [Stohl, 2006]. This applies that in the Arctic winter the
polluted air masses from mid-latitudes or lower latitude are too warm and thereby
leaves the high and sub mid latitude as the main source region. For winter situ-
ations where the boundaries of the Polar Dome (Arctic front) are located further
to the south than normally, the polluted air masses influencing the Arctic become
larger. In addition, it can be located as far south as 40°N in January/February.

Figure 3.12: The schematic processes relevant for BC transport into the Arc-
tic. Here the Polar Dome denotes surfaces with constant potential

temperature [Quinn et al., 2011].

Polluted air masses from the south of the Polar Dome have potential to reach
the Arctic region on short time scales, because on short time scales the potential
temperature is approximately conserved. For this relatively warm polluted air
masses south of the polar dome the isentropes transport into the Arctic middle or
upper troposphere (above the dome) by pathways 1 and 2 in figure 3.12.
In general, polluted air masses can be transported into the Arctic region along three
main pathways [Stohl, 2006]:

• low-level transport (LLT) followed by ascent in Arctic (Pathway 1)

• LLT alone (Pathway 3)

• uplift outside the Arctic, followed by descent in the Arctic (Pathway 2)
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In addition, latent heat release by condensation of water vapour will further enhance
the ascent. As a result, the lifting is typically associated with cloud formation and
precipitation by which BC can be leaching out from the atmosphere and deposited
at the surface with the precipitation [Quinn et al., 2011].

Emissions from north and mid Eurasia in winter and early spring has a higher prob-
ability to reach the lower Arctic troposphere by low level transport (Pathway 3).
This receptor site is sufficiently colder in winter and together with the strong dia-
batic cooling of the polluted air masses in winter it helps to meet the requirement
that the polluted air masses have the same potential temperature as the Arctic in
order to be transported into the Arctic region.
BC emissions from the eastern North America and South-eastern Asia are almost
only transported into the Arctic by pathway 1 and 2 in figure 3.12. If the lifting of
those associated polluted air masses occur over the North Atlantic or North Pacific
where storm track dominates, the BC aerosol will be deposited south of the Arctic
region (Pathway 2) [Quinn et al., 2011]. Furthermore, receptor site located further
north has a higher potential to contributed to deposition of BC on snow and ice
covered surfaces, because the lifting occurs in relation with the Arctic front (Path-
way 1).
In the Arctic the air masses are characterized by high stability as descried in section
3.1, which limits both vertical exchange between the boundary layer and the free
troposphere. In addition, transport from the stratosphere to the lower troposphere
is much slower in the Arctic compared to mid-latitudes. This is due to radiative
cooling which is a much slower process (ca. 1 K day−1) and the associated descent
from the upper troposphere will take several weeks as illustrated in figure 3.12 in
pathways 4 and 5 [Quinn et al., 2011].

The BC haze layer is in general found high above the surface (free troposphere)
rather than near the surface. This is due to the fact, that the Arctic troposphere
is connected to the middle latitudes on synoptic time scales of a few days. The
polluted air masses from those middle latitudes (Pathway 6) consists of a mixture
of relatively clean background air as well as anthropogenic and biomass burning
pollution plumes from various mid latitude source regions. The exact transport
pathway of biomass burning plumes depends on the injection height of the plume.
Fire-driven convection can inject aerosols into the free troposphere (Pathway 7),
which reduce the efficiency of dry and wet deposition. Besides that, convection
over boreal fires can be so strong that they penetrate the tropospause and thus,
can inject aerosols directly into the stratosphere, where their residence time is par-
ticularly long (Pathway 8).

The transport pathways described above are mainly related to the Arctic winter
situations where high pollution event are more common. This results in a seasonal
transport pattern, reflected in the strengths of the Polar Vortex and the location
of the Arctic front. In general, the Arctic front is locate much further to the south
in winter with enhance the transport of pollutants to enter Arctic. In contrast, in
summer the Polar Vortex is shallow and the Arctic front is located more to the
north. This limits the low-level transport and, together with increased efficiency
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of wet scavenging, it is the main reason for lower BC concentrations in summer
compared to winter.
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Chapter 4
Instrumental and modelling

methods

In this chapter the field station Station Nord and the measuring instrument at the
field station is described. In addition, the different sampling techniques and the
theory behind these techniques are presented. The final section is concerning the
model used for analysing the different element source apportionment.

4.1 Field station at Station Nord

The measurement site is located at Station Nord, which is a military station and
airfield powered by the Danish military. The station is located at 20 m above
sea-level (asl) at 81°36′N and 16°40′W and thus is an Arctic field station (Figure
4.1). Station Nord is found in the north-eastern Greenland, on Prinsesse Ingeborg
Halvø (Princess Ingeborg Peninsula) in northern Kronprins Christian Land. This is
in a distance of 933 km from the North Pole and place the station in one of the most
desolate and impassable areas of the world. Here the fjords and inlets are frozen
most of the time, but open water occur at irregular intervals. The climate is Arctic
desert and the average temperature is about −15 °C, but in the short summer, the
temperature can reach 14 °C, where the temperature in winter can reach −50 °C
[Weatherbase, 2011].
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Figure 4.1: Map of Greenland and Kronprins Christian Land, where Station Nord
is located close to ice cab Flade Isblink [Heidam et al., 2004].

The station was built for the U.S. in 1952 to 1953 for Greenland Telecommunications
Administration by Danish contractors and paid by the Danish government [Nielsen
and Hansen, 2011]. In 1989 the Danish atmospheric monitoring programe was ini-
tiated and carried out by the Department of Atmospheric Environment (ATMI) at
the National Environmental Research Institute (NERI) and now the Department
of Environmental Science, Aarhus University. The Danish monitoring programe
at Station Nord has since 1994 been an official part of the Arctic Monitoring and
Assessment Programme (AMAP).

The AMAP, has several monitoring stations distributed throughout the Arctic as
shown in figure A.1, appendix A. The two measuring stations, which is found
near Station Nord are Alert in Canada and Zeppelin on Svalbard, Norway. The
measuring station of Alert is located on the north-eastern tip of Ellesmere Island,
approximately 210 m asl at 82.5°N and 62.3°W. Here the surroundings are both
land and ocean, which mainly are found with an ice or snow covering about 10
months of the year. The measuring station of Zeppelin is situated on a mountain
ridge about 474 m asl, at 78°54′N and 11°53′E, on the western coast of Spitsbergen,
Svalbard [Hirdman et al., 2010].
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Table 4.1: The different instruments for measuring chemical compounds placed
at Station Nord, their time resolution and their air flow sucked in
though the instrument. Here PSAP denotes Particle Soot Absorption
Photometer, POP’s denotes Persistent organic pollutants and HVS

denotes High Volume Sampler.

Chemical species Instrument Time resolution Air flow
Black Carbon PSAP 1 day 20 ml min−1

Particle number size
distribution

SMPS 1 hour

POP, EC, OC, Levoglu-
cosan

HVS 1 week 500 L min−1

Heavy Metals (Al�) Filter Pack Sampler 1 week 40 L min−1

NO−3 ,SO2−
4 ,NH+

4 ,SO2 Filter Pack Sampler 1 week 40 L min−1

GEM Tekran 30min
Ozone Gas monitor 30min
NOx Gas monitor 30min
CO Gas monitor 30min

4.2 Measuring sites

Two cabins at Station Nord, Flygers Hut (Figure 4.2a) and the old DMI hut (Figure
4.2b), are used for monitoring and measuring long-range transported pollution.

(a) Flygers hut (b) The old DMI hut

Figure 4.2: The two cabins at Station Nord equipped with inlets for measuring
gasses and particles. In (a), on the roof the Filter Pack Sampler is
seen and in (b) the inlet for the HVS is seen. (Photo:Bjarne Jensen,

Institute of Environmental Science, Aarhus University.)

The old DMI hut is located inside the camp, where Flygers hut is located approx-
imately 2.5 km south of the field station, in order to minimise the influences from
local air pollution. The cabins are equipped with inlets for measuring gasses and
particles (Listed in table 4.1) and supplied with electricity and heat from Station
Nord’s local diesel generator.
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(a) The High Volume Sampler (b) Inside the HVS

Figure 4.3: (a) The High Volume Sampler (HVS) with a particle size classifier
(PM10 head) above. (b) The HVS inside, where the filter is located
between the two horizontal "sheets" and above the sequence of Poly
urethane foam (PUF), the resign XAD and another PUF, which is
found as a white cylinder at the bottom of the HVS and on the
top of the HVS. (Photo:Bjarne Jensen, Institute of Environmental

Science, Aarhus University.)

In the old DMI hut a High Volume Sampler (HVS) is operating (Figure 4.3a). It
is a Digital High volume Sampler produced by Enviro Technology Services plc. It
consisted of an inlet connected to a particle size classifier (PM10

1 Head), which
is seen on the top of the instrument in figure 4.3a. The system is connected to a
pump to suck in the ambient air and generate an air flow where the particle size
classifier separates particles larger than 10 µm in diameter from the air flow.
In figure 4.3b the HVS is shown inside. Here the sample filter is located between the
two horizontal "sheets", and followed by a sequence of Poly urethane foam (PUF),
a resign XAD and another PUF, which is found as a white cylinder at the bottom
of the HVS. In addition, the PUF is used in order to measure Persistent Organic
Pollutants (POP’s), but these are not used in this study.
The generated air flow though the HVS has a rate of 0.5 m3 min−1 which result
in a total sampling volume of 5040 m3 pr. week. This air flow was measured and
noted during filter and PUF’s change, but for weeks with missing notes, a standard
volume flux of Vstandard = 5000 m3

Week were used instead in the calculations.
1The diameter for P M10 refers to the aerodynamic diameter of a spherical particle with a

density of 1 g cm−3
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Figure 4.4: The filter pack sampler located on the roof of Flygers hut, which
consisted of nine arms, where one is used as reference and another
as an extra. Underneath each arm is a light source to avoid frost and
snow affecting the filter samples. (Photo: Bjarne Jensen, Institute

of Environmental Science, Aarhus University.)

The Filter Pack Sampler (FPS) on the roof of Flygers hut (figure 4.4) is produced
by NERI and consisted of 8 arms connected to a pump, which generated the air
flow though, the filter samples. The FPS can operate in 7 weeks before it needs
maintenance, because the eight arm is used as reference filters. The FPS operates
on a weekly basis and the air flow sucked though the filter is 40 L min−1, which
result in a total sampling volume about 400 m3 pr. week.
Underneath each arm is a light source in order to avoid hoar frost and snow to affect
the filter samples. In each arm, a sequence of 3 filters are located inside, which have
an internal diameter of 40 mm. The first filter collect particulate matter (Heavy
Metals (HM), SO 2 –

4 , NH+
4 , SO 2 –

3 and NO –
3 ). The subsequent filters is impregnate

with sodium hydroxide that collect SO2 and HNO3. The third filter is impregnate
with oxalic acid for collection of NH3 [Heidam et al., 2004; Skov et al., 2006].

Sample technique

The HVS and the FPS use a pump to suck in the ambient air and generate an air
flow through the instrument. The general mechanisms for deposition of particles
on or inside a filter are listed below:

• Impaction: when a particle cannot follow the streamline, too big

• Interception: when a particle is too big to go through filter "holes"

• Diffusion or Brownian motion: can prohibit small particles to go through
filter

• External forces: e.g. electrical forces
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These deposition mechanisms depend on the flow situation in the nearby surround-
ings or inside the filter. A decreasing flow rate contribute to collecting larger parti-
cles and an increasing flow rate contribute to collecting smaller particles. However,
particle deposition in filters are also a function of particle size and shape, but for
the actual flow situation a good approximation is that the particle is spherical.

4.3 Instrumental methods

4.3.1 The Particle Soot Absorption Photometer

The Particle Soot Absorption Photometer (PSAP) located at Flygers hut at Station
Nord (Figure 4.5b) is produced by Stockholm University.

(a) Inside Flygers hut (b) The PSAP

Figure 4.5: (a) The Particle Soot Absorption Photometer (PSAP) inside Flygers
hut, marked with a black arrow. (b) The PSAP at Flygers hut
produced by Stockholm University. (Photo:Bjarne Jensen, Institute

of Environmental Science, Aarhus University.)

It is one of a group of instruments which use the optical properties of particles to
estimate the black carbon concentration. The PSAP located in Flygers hut is a
filter-based instrument and actually most of the existent data are from these types
of instruments. It is a favourable instrument, mainly because it is very stable over
time, but also because it is cheaper compared with other instruments; it is easy
to operate and transport; it does not need calibration and only a little maintenance.
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Figure 4.6: Sketch of the Particle Soot Absorption Photometer (PSAP), which
consisted of a light source (1), a sample filter (2), two detectors
(3), an amplifier (4) and a pump/blower (5) [Andersen, 2006].

The PSAP consist basically of 5 different parts as illustrated in figure 4.6. The
light source (1), a light emitting diode operating at 550 nm and by a mirror divided
in to two light beams. One of the light beams (Light path sample) strikes the
collected particles on the filter (2), the signal, and the other light beams (Light
path reference) strikes a clean filter, the reference signal, as shown in figure 4.6.
The light source is divided into two light beams in order to correct for variations
in incident light intensity and variations in the electronic drift [Weingartner et al.,
2003]. Afterwards the two light beams are detected by the detectors (3) and con-
verted to a voltage signal, which is increased by the amplifier (4). Then an analog
digital converter change the signal from the amplifier to a digital signal than can
be read by a computer.
The PSAP generates a signal every second continuously, which is averaged into
fifteen minute intervals and loaded on a computer connected to a server at the In-
stitute of Environmental Science, Aarhus University. The lower limit for the voltage
signal from the PSAP is 3.5 V, which is the lowest quantity of voltage that can be
distinguished from the noise level.
The pump (5) is generating an air flow though the PSAP (about 20 ml min−1),
where particles from the ambient air are sucked in and collected on the filter. In
order to avoid errors from top-laying of particles collected on the filter, a small flow
rate is chosen. A large concentration of particles build up on the filter will result
in a top-laying of particles, which will result in a misleading absorption coefficient,
due to a non-linearity and collapsing of Beer-Lambert’s law described in the fol-
lowing section 4.3.2. In order to avoid the above mentioned errors the filter has to
be changed once in a while.
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4.3.2 The measurements and calculations principle of PSAP

The measuring principle of PSAP is based on the change in optical transmission of
a filter caused by particle deposition on a filter (Figure 4.7).

Figure 4.7: Light transmission through a filter loaded with particle. The particle
is indicated with black circle and the light beam is indicated with

white arrow.

Here the light source is placed perpendicular to the filter such that a photon is
absorbed if it strikes the particle on the filter. Besides that, it is assumed that the
particle has an absorption cross section (σ). The positive z-direction is defined as
parallel to the direction of the light source and A and l is defined as the area and
thickness of the filter, respectively. From this an expression for the absorption can
be obtained:

dIz = −σNIz · dz (4.1)

here dIz is the number of photons absorbed by particles on the filter, N denotes the
concentration of particles and Iz is the total number of photons from the source.
In some cases the dimensionless scattering or absorption efficiency Kλ, defined in
equation 2.6, is added to the aforementioned expression. In this cases the prod-
ucts of NσKλ are termed volume scattering, absorption-, or extinction- coefficients
[Wallace and Hobbs, 2006].
A final solution to equation 4.1 can be obtained by integrating the equation on
both sides: ∫ Iz

I0

1
Iz
dIz =

∫ z

0
−σNdz for z ≤ l (4.2)

ln (Iz)− ln (I0) = −σN(z − 0)
= −σNz
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here I0 is the intensity of the incoming light and Il is the remaining light intensity
after passing through the filter with the thickness z. When the difference of intensity
across a filter with thickness z = l can be expressed as:

ln

(
Il
I0

)
= −σNl

The above equation is known as Beer-Lambert’s law and perhaps more familiar as:

I(l) = I0 · exp (−σNl) (4.3)

From Beer-Lambert’s law the total absorption (σ̃) can be defined as:

σ̃ = ln

(
Il
I0

)
= −σNl (4.4)

The PSAP measures the particles light absorption on a filter, also termed light
attenuation, where two detectors monitor the light transmission through the filter.
Since the concentration of particles N increase with time (N(t) = ∆N · t) on the
filter it leads to σ̃ = −σ∆Nl · t and make the light absorption time depending.
Then an expression can be obtained for change in total absorption (∆σ̃) during a
time interval ∆t:

∆σ̃
∆t = −σ∆Nl (4.5)

⇓

σ = −∆σ̃
∆t ·

1
∆Nl (4.6)

here can ∆N be expressed in relation with the filter area (A) and the volume flow
(Q = N

V olume) by ∆N ≈ Q
A·l which result in following expression:

σ = −∆σ̃
∆t ·

A

Q

Furthermore, the change in total absorption (∆σ̃) can be expressed as:

∆σ̃ = σ̃(t+ ∆t) + σ̃(t) (4.7)

= ln

(
Il(t+ ∆t)

I0

)
− ln

(
Il(t)
I0

)
= ln

(
Il(t+ ∆t)
Il(t)

)
Then the aerosol absorption coefficient (σabs) due to light absorption of particles
collected on a filter is defined as:

σabs = −A
Q
· ∆σ̃

∆t (4.8)

= A

Q ·∆t · ln
(

Il(t)
Il(t+ ∆t)

)
σabs is not exactly correct, because of multiple scattering and absorbing of the light
beam within the filter, which enhances the optical path and thereby enhance the
light absorption of the deposited particles [Weingartner et al., 2003]. Therefore a
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calibration constant Cfilter is introduced in order to convert the PSAP measure-
ments to empirical absorption coefficients. The corrected absorption coefficient is
then determined as:

σabs = A

Cfilter ·Q ·∆t
· ln

(
Il(t)

Il(t+ ∆t)

)
(4.9)

where σabs is the corrected absorption coefficient in [m−1]. Cfilter is found by Bond
et al. [1999] to be 2, but in this project a filter constant of 1 is used.
Instead of using the filter transmittances Il(t) and Il(t+∆t) the detected signals in
[V] is used to obtain the absorption coefficient from the PSAP. The finally equation
is:

σabs = A

Cfilter ·Q ·∆t
· ln

(
( S
SR

)t
( S
SR

)t+∆t

)
(4.10)

where S is the detected signal in [V], SR is the detected reference signal in [V],
Q is the air flow through the filter in [L min−1] and ∆t is the time between the
measuring points in [min]. The theoretical behaviour of the detected signals and
a constant absorption coefficient is shown in figure 4.8. The reference signal SR

Figure 4.8: Theoretical signals in case of constant absorption coefficient
[Andersen, 2006].

should theoretical be a constant and if the absorption coefficient is assumed to be
constant, the detected signal S will behave as a decreasing function as illustrated
in figure 4.8.
It is found by Petzold et al. [1997] and several authors that the absorption coefficient
is linearly related to specific black carbon mass loading on the filter by the following
relation:

CBlack Carbon = σabs
σspecific

[
µg

m3

]
(4.11)

From this equation the data is converted to concentration of black carbon, by using
the specific absorption coefficient (σspecific). The specific absorption coefficient is
found by Horvath [1993] for airborne black carbon particles of 8 m2 g−1 to 10 m2 g−1
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in the visible spectral region, but Petzold et al. [1997] reports a variability in this
coefficient, which seems to depend on regional variations of the predominant aerosol
type. The observed variability ranges from 5 m2 g−1 in remote areas to 14 m2 g−1

at urban locations and to 20 m2 g−1 at near-street measuring sites.

Uncertainty in the PSAP measurements

The uncertainty related to the BC concentrations reported from the PSAP has
to be estimated in order to use the BC concentrations in COPREM, see section
4.5. In order to estimate the uncertainty a similar PSAP instrument was set up in
the basement at the Department of Environmental Science, Aarhus university, as
shown in figure 4.9a. A pump was connected to the PSAP to generate an airflow
through the instrument and a PM10 capsule particle filter was also connected to
the instrument to avoid particles from the ambient air to affect the detected voltage
signal.

(a) The set up at NERI (b) The Bubble Flow Meter

Figure 4.9: a) Setup of the PSAP in the basement at NERI with airflow gener-
ated by the blue pump and a white cylindrical PM10 capsule filter.
b) the Bubble Flow Meter made by Gilibrato to measure the flow

rate.

To ensure that the airflow corresponds to the PSAP at Flygers Hut the airflow
was calibrated. This was done with a Bubble Flow Meter which is an instrument
produced by Gilibrato (Figure 4.9b). The Bubble Flow Meter generates a bubble
in a cylindrical tube and an infrared sensor reads the flow rate of the bubble as it
propagates up through the cylindrical tube. The final airflow for the similar PSAP
instrument was measured by the Bubble Flow Meter as 20.07 ml min−1. The final
uncertainty obtained in this investigation is found in chapter 5 in section 5.2.1
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4.3.3 Analysis of organic and elemental carbon in aerosols

The weekly filter samples from the HVS with a volume flow of 500 L min−1, were
analysed for organic and elemental carbon by a carbon analyser (OC EC analyser)
from Sunset Laboratory, which analyse organic and elemental carbon in aerosol
filter samples.

Figure 4.10: Sample filter from a HVS, where
a standard sized punch of 2.5 cm2

is punched out.

A standard sized punch of 2.5 cm2 or
1.5 cm2 were made of the weekly sam-
ple filters from the HVS in the time pe-
riods from July 2008 to February 2011
as shown in figure 4.10. Then the stan-
dard sized filter was placed on the sup-
port tray, and when the OC EC anal-
yser (the oven) was closed, the oven
were purged with helium (He) and the
temperature started to increase as illus-
trated in figure 4.11. First, the temper-
ature is ramped in an inert He atmo-
sphere. During the temperature ramps,
in the first step, the OC is greatly re-
leased from the filter punch and subse-
quently reduced by Manganese dioxide
(MnO2) catalyst which converts OC species to methane (CH4). The methane is
then continuously measured by a flame ionization detector (FID).

Figure 4.11: Analysis of organic carbon and elemental carbon performed by a
carbon analyser (OC EC analyser). The process is divided into two
steps which has different temperature ramp indicated in the top of
the figure. Here the splitting point of the two steps is found just

below 800 °C.
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Afterwards, the second step occur when the OC EC analyser is cooled to 550 °C and
oxygen is introduced into the He flow. EC is then oxidized and released from the
filter, and the following detection in the same manner as the OC. In the first step
elemental carbon can be formed by charring (carbonization) of OC as it pyrolyzes
which results in an overestimation of EC. To avoid this a red light laser which
use the high absorbance of EC is placed in the instrument. When the elemental
carbon, which resulted from charring during the first step is oxidized and released
in the second step it decreases the absorbance of the filter sample, and when the
transmittance meets the initial value before the first step, the split point is reached.
Any elemental carbon detected before this point is defined to have been formed by
charring of organic carbon. This carbon is subtracted from the elemental carbon
and assigned as organic carbon.

The practical use of OCEC analyzer

Before starting to analyse the standard size filter from the HVS, the different rates
of gas flow into the OC EC analyzer have to be set as listed in table 4.2. The
flow rate of H2 has at first to be settled to circa 100 cc min−1 to ignite the flame
in the FID detector. Hereafter, the flow rate of H2 can be set. To ensure that the
OC EC analyser is functioning well a 1.5 cm2 standard size sample containning a
sugar solution was placed on the support tray for analysis. The result of elemen-
tal carbon from the sugar solution should be 43.3 µg ±2 µg and then the OC EC
analyser is ready for analysing the standard size filter of 2.5 cm2 from Station Nord.

Table 4.2: The interval of gas flow for the OC EC analyzer.

The different gasses Flow rate interval [cc min−1]
Air 280-300
H2 52-54
He -1 52-56
He -2 12-15
He -3 67-70
He/O2 12-15
Cal 10-15
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4.3.4 The Proton Induced X-ray Emission

The sample filters from the filter pack sampler at Flygers hut are analysed for chem-
ical elements with an atomic number larger than Al by the PIXE method. Proton
Induced X-ray Emission (PIXE) is a method used for determining the elemental
composition of a sample on e.g. a filter. A sample filter is exposed to incident
proton beams, which results in excitation of inner shell electrons. This leads to
emissions of electromagnetic radiation of wavelengths in the X-ray part of the spec-
trum (Figure 4.12a). The ionization due to incident ion beams is shown in figure
4.12b, where A) illustrates a k-shell ionization and B) illustrates an X-ray photon
emission.

(a) The basic principle of PIXE (b) Ionization

Figure 4.12: a) Illustration of a sample filter exposed to incidental ion beams,
which result in emissions of electromagnetic radiation. b) Ioniza-
tion due to charged particle bombardment. A) K-shell ionization,
B) X-ray emission, C) Auger transitions and D) Coster-Kroning

transitions [Govil, 2001].

The total X-ray from an excited target atom is affected by two different processes:
the Auger and Coster-Kronig transitions. Auger transitions are a process which
arise from the electrostatic interaction between two electrons in an atom that is
ionized in the inner shell (Figure 4.12b C)). This can result in X-ray emissions
during the electron re-ording process that takes places after the Auger electron
emission. The Coster-Kronig transitions are a process which takes place between
the sub-shells of the same shell (Figure 4.12b D)). Besides that, the X-ray signal
from the trace elements on the filter can also be affected by an unwanted back-
ground in the spectrum. This background level can occur from bremsstrahlung2 or
from discrete peaks arising from interfering X-rays from the material [Govil, 2001].
In general, there is a high probability that a number of X-ray peaks will be over-
lapping or interfering each other and thereby give rise to an uncertainty of the

2Bremsstrahlung (German, from bremsen "to brake" and Strahlung "radiation") refer to process
where electromagnetic radiation is produced, e.g. deceleration of a charged particle.
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elements determined by the PIXE-method.

In figure 4.13 the analysis of an environmental sample is shown. This is obtained
by taking into account an internal standard spectrum of each element, when the
amount of the single elements are determined on the basis of the areas of the
corresponding peaks. The final analysis is performed by the staff at the Department
of Environmental Science, Aarhus University.

Figure 4.13: X-ray spectrum obtained by proton irradiation of an aerosol filter
sample. Here the different elemental peaks are clearly seen

[Johansson et al., 1975].
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4.4 Modelling methods

4.5 The Constrained Physical Receptor Model

Linking emissions from sources to chemical species which is transformed into par-
ticulate matter and measured at a given site (a receptor point) is a complicated
task. Source to receptor modelling is an available tool to predict the linking of the
spatial observations in the Arctic with emissions from different sources from outside
the Arctic.
An example of this type of model is the Constrained Physical Receptor Model (CO-
PREM) developed by Waahlin [2003]. It is a receptor model, which combines qual-
ities from chemical mass balance (CMB) and positive matrix factorisation (PMF).
The CMB models are based on the knowledge of the number of sources, such as
wood, combustion and traffic, but also knowledge about their chemical composition
at the receptor site. In this way the model operate with sources that are constant
for all samples/elements and thereby ignoring chemistry occurring along the trans-
port way or the chemistry occurring at the site.
The PMF attempt to divide the observed concentrations at the receptor site be-
tween the different sources by using statistics. The distance between the observed
concentrations and the model result is minimized by χ2.
These methods derived the measured concentrations of the pollutant component
xij of n different chemical components in N samples into a linear combination of
contributions from different sources, by the following expression:

xij '
p∑

k=1
aikfkj (4.12)

here the coefficients aik represent the source profile that is the load of component i
in source k and fkj represent the strengths of the source k found in the individual
sample j. Again the index i refers to the n chemical variables, index j refers to the
N samples and index k refers to the p sources [Heidam et al., 2004; Waahlin, 2003].
The solution for fik is obtained by minimizing the Error E:

E =
∑
j

∑
i

(
xij −

∑
k
aikfkj

)2

σ2
ij

(4.13)

here σij represents the uncertainty of the data assuming xij to be gaussian with
mean given by equation 4.12 and variance σ2

ij . E is then χ2 distributed with n·N−np
degrees of freedom (dof).

The minimizing of E can be seen as measuring the total squared distance between
the measurements and the model result in a vector space. This is done in units
of the uncertainties of the data, but with the limitations imposed by the matrix
profile [Waahlin, 2003].
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The practical use of COPREM

As input for the COPREM model three matrices are needed: An n×p profile matrix
(Right Table 4.3) which contains the initial source vector, an n × p form matrix
(Left Table 4.3) which contains information about the n chemical variables which
either is fixed = 0 or free = 1 to vary and then a 2 × n × N data matrix which
contains the measured values and their uncertainties.
The initial sources contain the knowledge of the chemical elements and their in-
dividual ratio between each other for the four different sources (Right Table 4.3).
This is the basis for COPREM in order to determine the elements source appor-
tionment. Furthermore, in the form matrix (Left Table 4.3) the specific compounds
are either allowed to vary or fixed (if they are well-known). These two matrices
allow a better control over the final source apporionment result, but also require
more input information.

Table 4.3: The n× p form matrix (Left) which contains information about the
n chemical variables which either is fixed= 0 or free= 1 to vary.
The n × p profile matrix (Right) which contains the initial sources
vector. Here Com. denotes the Combustion source and the blue
colour indicate change from Heidam et al. [2004] original form and

source matrix. The red colour indicate the added elements.

Element Soil Sea Com. Metal Soil Sea Com. Metal
(Al) 1 0 0 0 0.0813 0.5 0 0
(Si) 0 0 0 0 0.2 0.02 0 0
(S) 0 0 1 1 0.00052 880 0 0
(cl) 0 0 0 0 0.00048 18900 0 0
(K) 0 0 1 1 0.025 378 0 0
(Ca) 1 0 0 0 0.058 800 0 0
(Ti) 0 0 1 0 0.00455 0 0 0
(V ) 1 0 0 1 0.00011 0.0024 0.14 0
(Cr) 0 0 1 0 0.0002 0 0 0
(Mn) 0 0 1 0 0.0007 0.000995 0.27 0
(Fe) 0 0 0 1 0.04 0.002 0 2
(Ni) 0 0 1 1 0 0.0001 0 0
(Cu) 0 0 0 0 0.00001 0 0.1 1
(Zn) 0 0 1 1 0.00008 0.005 0 0
(Ga) 0 0 1 0 1.5E-06 0 0 0
(As) 0 0 1 0 0.00001 0.01 0 0
(Se) 0 0 1 0 9E-07 0.004 0 0
(Br) 0 0 0 0 2.5E-06 65 0 0
(Rb) 0 0 0 0 0.000031 0.12 0 0
(Sr) 0 0 1 0 0.0002 20 0 0
(Zr) 1 0 1 0 0.00022 0 0 0
(Pb) 0 0 0 0 0.000006 0.004 2 0
(SO2−

4 ) 0 0 0 1 5.20E-07 1 0.2 0.095
BC 0 0 1 1 0 0 0.08 0.012
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The uncertainty is required for obtaining the final solution fik and the uncertainty
used for the elements are listed in table 5.6 in section 5.6. The uncertainty is
required for the limit of the vector spaces where the final solution can be found.
The uncertainties are especially important for data near the detection limit, as the
BC concentrations. This is taking into account by minimizing the Error E, which
guarantees that concentrations with high uncertainties will have a small weight in
the solutions process, and vice versa [Waahlin, 2003].

The COPREMmodel runs through EXCEL 2003 via a Visual Basic for Applications
(VBA) macro, where the worksheets contains the profile-, form- and data-matrix.
The COPREM repetition occurs in a Command Prompt Window which shows the
running values of E

dof , number of dof and the squared standard deviation of all
calculated source strengths. When those values seems constant the COPREM are
stopped manually by pressing any key in the Command Prompt Window. Then the
scatter plot, the series plot and the contributions plot for the different compounds
can be investigated together with the suggested profile matrix from COPREM and
the E-value for the total and the individual element. When some new knowledge is
obtained and used as input in a new profile matrix and when COPREM is running
again.
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Chapter 5

Results and discussion

In this chapter the results obtained throughout this study are presented and dis-
cussed. First, the state of the Northern Hemisphere is analysed for winter pe-
riods 2007/2008, 2008/2009, 2009/2010 and 2010/2011. This is carried out by
analysing the different indices together with a study of the 500 mb geopotential
height-contours. Afterwards the measured concentrations from the PSAP and the
OC EC analyser are presented, respectively. Subsequently, the concentrations re-
ported from the PIXE method are presented and analysed. Here, a special attention
is made on sulphate concentrations in comparison with BC concentrations. Finally,
analyses of the characteristic sources are presented by considering the final source
apportionment achieved from the COMPREM model.

5.1 The Arctic winter atmosphere

The transport of particular matter to the Arctic appears to be influenced by the
overall Northern Hemispheric circulation, especially in winter. Therefore, the Arc-
tic atmospheric conditions were investigated for the period from October 2007 to
April 2011. This analysis of the upper-level circulation was with focused on the
strength of the Polar Vortex.
In this study, the analyse of 500 mb geopotential height contours from the NCEP/N-
CAR reanalysis from National Oceanic and Atmospheric Administration (NOAA
2) and U.S. Department of Commerce [2011] was used. The 500 mb geopotential
height-contours were chosen to represent the Polar Vortex at the middle tropo-
sphere and in accordance to the topography of Greenland. In addition, the 300 mb
height surface is used in an analysis to represent the Polar Vortex by Angell [2006],
because the north circumpolar vortex is best defined at this jet stream level near
the top of the troposphere. If the 300 mb geopotential height were chosen in this
study it would only represent the upper level circulation in the troposphere. Fur-
thermore, in years with a persistent Polar Vortex it can be argued that the 850 mb
geopotential height-contours also represent the Polar Vortex.
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Winter 2007/2008

In figure 5.1 the modes of Arctic Oscillation (AO), North Atlantic Oscillation
(NAO) and Pacific-North American Oscillation (P-NAO) are shown for the winter
period 2007/2008. During autumn 2007 the AO mode and the NAO mode slowly
built up towards a high positive mode with indices around one in winter 2007/2008.
These positive modes exist until March 2008, where the NAO mode decreases to
more neutral states, but the AO mode continues a positive mode. During the spring
2008 both indices decrease towards negative mode. The P-NAO mode increases in
autumn 2007, but generally in the winter 2007/2008 it shifts between positive and
negative modes. Therefore the P-NAO is assumed to be more or less in a neutral
state in this winter.

Figure 5.1: The mode of Arctic Oscillation, North Atlantic Oscillation and
Pacific-North American Oscillation in the winter period 2007/2008.
Here a positive mode of the indices is dominating the winter. The
observed modes are from [National Oceanic and Atmospheric Ad-

minstration (NOAA 1), 2011].

The 500 mb geopotential height-contours are shown in figure 5.2 for the winter
period 2007/2008 in (a) December/January, (b) February and (c) March. These
height-contours reflect the strength of the Polar Vortex1, which for this winter is
found as a very strong persistent vortex. In December 2007 to February 2008 the
Polar Vortex is dominating the Arctic atmosphere and the related dry and cold
air mass is located across the Arctic region. In March 2008 the boundaries of the
Polar Vortex have retreated further to the North and the Polar Vortex is weakened.
The retreat occurs already in February 2008 (Figure 5.2b) in the Alaska site of the
Arctic region. Here the P-NAO mode shifts toward a positive mode and allows
warm and humid air masses from the Gulf of Alaska, North Pacific Ocean, to move

1with strength of the Polar Vortex refers to the persistent and the distribution of the dry and
cool air-mass in the Arctic region, which is reflected into the expansion or retreat of the Polar
Vortex.
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northward.
In general, the strength of the Polar Vortex is highly reflected in the persistent
positive AO and NAO mode during this winter. This behaviour indicates a very
stable Polar Vortex and a more zonal (west-east) wind pattern. This limits the
exchange of air masses between the Arctic and the sub mid-latitude and results in
more homogeneous air masses covering the Arctic region. This is also associated
with enhance transport of polluted air masses from the north mid-latitudes into
the Arctic. Furthermore, the homogeneous dry and cold air masses which pro-
vides better condition for accumulation of particulate matter in the Arctic winter
troposphere.

(a) (b)

(c)

Figure 5.2: Arctic atmospheric pressure 500 mb geopotential height-contours
observed for winter period 2007/2008 in December/January, Febru-
ary and March [National Oceanic and Atmospheric Administration

(NOAA 2) and U.S. Department of Commerce, 2011].

61/123



5.1. The Arctic winter atmosphere Results and discussion

Winter 2008/2009

Figure 5.3: The mode of Arctic Oscillation, North Atlantic Oscillation and
Pacific-North American Oscillation for the winter period 2008/2009.
The observed modes are from [National Oceanic and Atmospheric

Adminstration (NOAA 1), 2011].

In figure 5.3 the AO mode, the NAO mode and the P-NAO mode are shown for
the winter period 2008/2009. The NAO mode is found in a neutral state in this
winter and it never achieves a high positive mode in this winter. In the spring
2009 it suddenly shifts to a high positive mode, which extends into the late spring.
Comparing the NAO mode with the NAO mode of winter 2007/2008, the NAO
mode behaves completely opposite. Where it was expected to be positive it was
found as a neutral or even negative mode. Further, in spring where it was expected
to slowly decrease towards a negative mode, it shifts into a more positive mode.

The AO mode is found most presented in the high positive mode during autumn
2008 and early winter 2009. In February 2009 the AO mode shifts toward a neg-
ative mode, where afterwards it slowly increases to a more positive mode during
the spring season. The P-NAO mode slowly increase towards a high positive mode
during autumn 2008, but shifts to a negative mode in December 2008 which almost
exists up to March 2009. This should theoretically lead to cold and dry air masses
from the north-western Canada to move southward and thereby expand the Polar
Vortex in this area of the Arctic. This is to some extent also reflected in figure 5.4b
and 5.4c. For the rest of the spring 2009 the P-NAO mode shifts into more neutral
modes.
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(a) (b)

(c)

Figure 5.4: Arctic atmospheric pressure 500 mb geopotential height-contours
observed for winter period 2008/2009 in December/January, Febru-
ary and March [National Oceanic and Atmospheric Administration

(NOAA 2) and U.S. Department of Commerce, 2011].

The 500 mb geopotential height-contours are shown in figure 5.4 for the winter
period 2008/2009 in (a) December/January, (b) February and (c) March. The
period with the strongest Polar Vortex in winter 2008/2009 is found in December
2008 and January 2009 (Figure 5.4a). This is also reflected in the positive mode of
AO.
In February 2009 the Polar Vortex is still dominating the Arctic region and the
boundaries have strengthens over Europe and Western Asia, which also is indicated
with a negative AO mode. In the rest of the Arctic region the Polar Vortex has
retreated further to the North. In March 2009 an additional weakening of the Polar
Vortex occurs, especially over the Siberian side of the Arctic region. This is also
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reflected in the neutral state of the indices of AO and NAO. Besides the weakening
on the Siberian side, the Polar Vortex expands a bit on the North-western Canada
side of the Arctic, which is reflected in the negative state of the P-NAO mode
(Figure 5.4c).
In general, this winter period is dominated of different modes of the indices. This
should theoretically lead to more meridional winds and a greater exchange of air
masses between the Arctic and the sub mid-latitude. This results in more humid air
masses within the Arctic which enhance the wet deposition of particulate matter.
Furthermore, the Polar Vortex this winter period strengthens over Europe and
Western Asia which theoretically would enhance polluted air masses from this site
(receptor site) to be transported into the Arctic.

Winter 2009/2010

In figure 5.5 the AO mode, the NAO mode and the P-NAO mode is shown for the
winter period 2009/2010. This autumn, winter and spring is dominated of neutral
or negative indices of AO and NAO.

Figure 5.5: The mode of Arctic Oscillation, North Atlantic Oscillation and
Pacific-North American Oscillation for the winter period 2009/2010.
The observed modes are from [National Oceanic and Atmospheric

Adminstration (NOAA 1), 2011].

The AO mode obtains the lowest index value in December 2009 and February 2010,
where the NAO mode follows the same tendency, but not with the same magnitude
as the AO mode. In early spring both indices shifts from very negative indices
towards more neutral modes, which persist into the late spring 2010. The P-NAO
mode in autumn and early winter is in the neutral mode, but increases during
January 2010. Then in early spring 2010 the P-NAO mode shifts to high positive
modes.

The 500 mb geopotential height-contours are shown in figure 5.6 for the winter
2008/2009 in (a) December/January, (b) February and (c) March. The strength of
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the Polar Vortex is not that persistent during this winter atmosphere compared to
the winter period of 2007/2008. In general, the Polar Vortex is divided into two
smaller vortices, roughly found over Baffin Island in Canada and in the area of the
Bering Strait (Figure 5.6b). This increase the north-south (meridional) winds and
allows cold air masses to move southward and to be replaced with warm air masses
moving northwards.

(a) (b)

(c) (d)

Figure 5.6: Arctic atmospheric pressure 500 mb geopotential height-contours
observed for winter period 2009/2010 in (a) December/January, (b)
February and (c) March. In (d) the temperature Anomalies for De-
cember 2009, where an extreme negative AO-mode occur [National
Oceanic and Atmospheric Administration (NOAA 2) and U.S. De-

partment of Commerce, 2011].
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According to Overland [2011] this results in a breakdown of the Polar Vortex in
December 2009 and again in February 2010, which is clearly seen in figure 5.6b
and the 850 mb geopotential height-contours in appendix (Figure A.3). This is also
highly reflected in the AO mode and the NAO mode for the same months. Actually
the winter of 2009/2010 occurred with the most negative NAO-index in the 145
years of the record. This extreme negative mode led to temperature anomalies
which indicate a warm Arctic and cold continents (Figure 5.6d).
In general, the indices and the two small vortices (weak Polar Vortex) this winter
period indicate even greater exchange of air masses between the Arctic and the sub
mid-latitudes. Therefore the transport of polluted air masses into the Arctic this
winter is limited, because it is most likely that the wet deposition of particulate
matter has been dominating rather than accumulation of particulate matter in the
Arctic winter troposphere. Furthermore, the found temperature anomalies which
indicate a warm Arctic and cold continents indicate the very unstable atmospheric
situation this winter period and thereby the high exchange of air masses.

Winter 2010/2011

Figure 5.7 shows the AO mode, the NAO mode and the P-NAO mode for winter
2010/2011. Here the autumn and winter is dominated of negative indices for the
AO mode and the NAO mode.

Figure 5.7: The mode of Arctic Oscillation, North Atlantic Oscillation and
Pacific-North American Oscillation for the winter period 2010/2011.
The observed modes are from [National Oceanic and Atmospheric

Adminstration (NOAA 1), 2011].

In December 2010 the AO mode shifts into a strong negative index, but not as
strong as in February 2010. In the early spring the AO mode and NAO mode shift
towards more positive mode, which is the dominating pattern for the AO mode
and the NAO mode in spring 2011. The P-NAO mode is negative during the late
autumn and early winter, but in January 2011 it changes towards a positive mode.
In the spring season it shifts between positive and negative indices. In figure 5.8,
the 500 mb geopotential height-contours are shown for the winter period 2010/2011
in (a) December, (b) January, (c) February and (d) March.
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(a) (b)

(c) (d)

Figure 5.8: Arctic atmospheric pressure 500 mb geopotential height-contours
observed for winter period 2010/2011 in (a) December, (b) January,
(c) February and (d) March [National Oceanic and Atmospheric Ad-
ministration (NOAA 2) and U.S. Department of Commerce, 2011].

In this winter a weak Polar Vortex is dominating the Arctic winter atmosphere,
especially in December 2010. The lowest negative AO mode this winter is also
found in December 2010, which indicates an increase in meridional winds and an
exchange of air masses between the Arctic region and the sub mid-latitudes. This
is to some extent reflected in the strength of the Polar Vortex for December 2010
(Figure 5.8a). Here the Polar Vortex consists of one core. If the 850 mb geopotential
height-contours are investigated, as shown in appendix in figure A.3c, the weaken-
ing of the Polar Vortex is seen even more clearly. Here the weakened Polar Vortex
has a core divided into 4 small vortices. In January 2011 (figure 5.8b) and February
2011 (figure 5.8c) the Polar Vortex is divided into two vortices, roughly found over
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North-east Canada and east Siberia. In February and March 2011 the AO mode
is increasing towards a positive mode. This is also reflected in the strength of the
Polar Vortex, which rebuilds to a single core, roughly found over Baffin Bay and
North Greenland in March 2011.

In December 2011 and January 2011 the effect of a negative and positive P-NAO
mode is clearly reflected in the strength of the Polar Vortex on the Canadian side
of the Arctic region. In figure 5.8a the cold dry air masses are moving southward
and are located over Alaska and North-western Canada. This is due to the increase
of meridional winds during a negative P-NAO mode. In January the P-NAO mode
shifts into a positive mode which is reflected in figure 5.8b where the cold and dry
air masses are located over the eastern Canada instead.
In general, this winter period is very similar to the winter period of 2009/2010
with a high exchange of air masses between the Arctic and the sub mid-latitude.
Furthermore, is some period (January and March) with a positive P-NAO mode
the transport of particulate matter from the eastern Canada has better condition
to reach the Arctic region. Therefore is it more likely that the polluted air masses
in this winter situations is from this site.

5.1.1 Summary

It appears that the NAO mode has some association with the AO mode, which
probably reflects the interaction between the different atmospheric phenomena the
AO mode and the NAO mode describes. In general, the AO mode and the NAO
mode describe the strength of the Polar Vortex core located over Baffin Island in
Canada and North-east of Greenland, where the P-NAO mode more describes the
strength of the Polar Vortex core found over Alaska and North-western Canada. In
addition, the strength of the Polar Vortex on the Siberian side of the Arctic region
is difficult to address with these indices. After this study of the Polar Vortex the
AO mode is found to be the best indicator of the strength of the Polar Vortex on
the Siberian site.

From this analysis of the actual flow pattern (the strength of the Polar Vortex)
the Arctic winter atmosphere in the winter period of 2007/2008 is found to be the
most favourable for transport of polluted air masses into the Arctic and for accu-
mulation of particulate matter in the Arctic troposphere. This is due to the high
positive modes of AO and NAO which reflected a very stable atmosphere in the
Arctic and thereby limit the exchange of air masses between the Arctic and the sub
mid-latitude (more zonal winds). Further, the positive AO and NAO mode was
also reflected in the strength and expansion of the Polar Vortex and results in a
homogeneous cold and dry air mass covering the Arctic troposphere. Thereby pro-
vides better condition for accumulation of particulate matter in the Arctic winter
troposphere. Furthermore, the strength of the Polar Vortex this winter enhance
the transport of polluted air masses into the Arctic, because a larger fraction of
the Northern Hemispheres air masses has the same potential temperature as the
Arctic region (see section 3.5). A sufficiently colder receptor site in winter helps
to meet the requirement that the polluted air masses shall have the same potential
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temperature as the Arctic region in order to be transported into the Arctic region.

The winters of 2008/2009, 2009/2010 and 2010/2011 were characterized by an in-
crease in meridional winds, which allow cold and dry air to move southward and
be replaced by warm more moist air masses, especially in late autumn and early
winter of 2008 and 2010. This result in a flow pattern where exchange of air masses
between the Arctic and the sub mid-latitudes is dominate and enhance the depo-
sition of particulate matter. Furthermore, the strength of the Polar Vortex is not
that persistent during these winter and thereby limits the amount of polluted air
masses to reach the Arctic region according to fulfill the assumption of the same
potential temperature as the receptor site.

Figure 5.9: Added ocean heat storage and heat
flux from new ice free areas works
against the stability of the polar

vortex [Overland, 2011].

The low sea ice extent in the Arctic
Ocean in the last few years, are sug-
gested by Overland and Wang [2010]
to work against the stability of the
Polar Vortex. The new ice-free areas
in the Arctic Ocean is seen as a heat
transfer between the ocean and the at-
mosphere (Figure 5.9). "These tem-
peratures contribute to an increase in
the 1000 hPa to 500 hPa thickness field
in every recent year with reduced sea
ice cover" [Overland and Wang, 2010].
If this is the case it can perhaps ex-
plain the very unstable Polar Vortex
in winter of 2008/2009, 2009/2010 and
2010/2011.
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5.2 Processing of PSAP-data

The PSAP-dataset is covering the period from March 2008 to April 2011 and in
order to quality control the dataset, the behaviour of the voltage signals real sig-
nal (S) and the reference signal (RS) were investigated. The quality control was
performed in order to detect any outliers or obvious not-normal behaviour of the
instrument reflected in the dataset. The detected signal S was only allowed to
decrease due to the accumulation of particles on the filter. The detected signal
RS should theoretically be constant, but it was allowed to vary in a limited range.
Besides that, the detected voltage signals were not allowed to be below 3.5 volt
according to a specific noise limit of the instrument.

Figure 5.10: The voltages signal from the PSAP at Station Nord in the period
March 2008 to December 2008. Other years (2009/2010/2011)

can be found in appendix A.

In figure 5.10 the signal S and signal RS are shown for 2008 and the voltage signals
from the PSAP in 2009, 2010 and 2011 can be found in appendix A, figure A.2.
In the voltage signal S high steps occurred which are due to filter changes of the
PSAP (clean filter results in low absorption, reflected in higher voltage signal S). In
general, the signal S varies between 2 V to 6.5 V and the detected signal S decreases
slightly over the time as expected. The detected voltage signal RS varies between
7.5 V to 7.8 V, which is considered as a very limited size range and therefore meets
the assumption of constant behaviour.
In autumn 2009 and spring 2010 small fluctuations in the voltage signals S occurred
regularly. These fluctuations in signal S were assumed to be assigned to daily tem-
perature variations, because the air-conditioning in Flugers hut was inoperative in
some periods, especially in 2010. The voltage signals S were compared to temper-
ature measurements from another instrument located in Flygers hut (Figure not
shown), thus this assumption was rejected.
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The quality control was further performed on the light absorption coefficient (σabs),
calculated from the detected signals S and RS by using equation 4.10, in time in-
tervals of 15 min for the period covering March 2008 to April 2011. Here, very
high light absorption coefficients were assigned to local pollution at Station Nord
(local activity2) or systematic failure behaviour of the instrument. In spring 2010
(the same period with small fluctuations) very high values occurred compared to
other years. These high values were marked and then excluded from the dataset as
potential outliers.

The measurements of the light absorption coefficient were converted to BC concen-
trations according to equation 4.11, where a specific absorption coefficient (σspecific)
of 10 m2 g−1 was used. A σspecific of 10 m2 g−1 was chosen according to a study by
Ström [2010] and for further explanation see section 5.5.

In order to analysis the dataset, it was thought that the Grubb’s test could be
applied on the BC concentrations with a time resolution of 15 min. The Grubb’s
test is a statistic tool to determine outliers and is explained in appendix A. The BC
concentrations are expected to be log-normal distributed and therefore can the test
only be applied to positive concentration values. The PSAP detects values very
close to the detection limit and result in negative and also zeros concentrations and
therefore failed the test on this dataset.
Thus, the Grubb’s test was performed on BC concentration averages of daily values.
This was done in order to eliminate the random error by negative and zeros concen-
tration values obtained from the PSAP instrument, but where the systematic error
would still be representative. Negative BC concentrations were still found in this
dataset, but those were limited and determined as outliers. In addition, negative
values in the daily dataset are associated with mass loss on averages of the filter,
which is not physically acceptable.

BC (1) BC (2) Final BC
G� 4.0086 4.0071 4.0128
Gtest MAX 9.4625 2.9234 4.3707
Gtest MIN 12.4560 3.7638 4.1702
N 884 876 896

Table 5.1: The result from the Grubb’s test on different daily BC concentrations,
where G denotes the critical value. BC (1) denotes the Grubb’s test
on the 15 min BC concentration averages into a daily time resolution.
BC (2) denotes the dataset where the detected outliers by the first
Grubb’s test is eliminated. Final BC denotes the dataset where both
the quality control and the Grubb’s test is performed on the BC

concentrations.

2Local activity is reflecting emissions from waste burning, snow removal at the airfield or air-
transport to and from Station Nord. In some special meteorological cases emissions from local
activity can reach Flygers hut.
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The result from the Grubb’s test is listed in table 5.1. Here, the test did confirm
outliers in the daily BC concentration dataset. These values were compared to the
quality control of the dataset, where the behaviour of the absorption coefficient and
the voltage signals S and RS were investigated. This comparison confirmed most
of the noted outliers in the quality control as an outlier.

(a) With outliers

(b) Without outliers

Figure 5.11: The distribution of the daily BC concentrations from March 2008
to February 2011. (a) the daily BC concentrations with outliers and
(b) the final daily BC concentrations, where the quality control and

the Grubb’s test is performed on the dataset.

Afterwards, the distribution of the daily BC concentrations was explored both with
the outliers and without the outliers determined by the Grubb’s test. In figure 5.11a,
the distribution of the BC concentrations with outliers is shown. The outliers cause
the dataset to deviate from the theoretical expected distribution. If the outliers,
confirmed by the Grubb’s test, are eliminated from the daily BC concentrations, the
distribution of the BC concentrations is very close to the theoretical distribution as

72/123



5.2. Processing of PSAP-data

shown in figure 5.11. The distribution of the final quality controlled Grubb’s tested
daily BC concentrations, which are used in the following sections, were investigated
by the probability distribution as shown in figure 5.11b. This shows a reliable
dataset without any significant outliers which follows the theoretical distribution
very well.

5.2.1 Uncertainty on BC concentrations

The uncertainty on BC concentrations was needed as input data for the COPREM
model. Therefore another PSAP-instrument of the same type, was set up at De-
partment of Environmental Science, Aarhus University, as described in chapter 4,
section 4.3.2.
The BC concentrations are defined from the linear relation in equation 4.11, but the
related uncertainty on the absorption coefficient (σabs) and the specific absorption
coefficient (σspecific) is not known.

Factors Value

Area (1
4πr

2) π · 10−6 [m2]
Flow Q 20 [ml min−1] = 2 · 10−6 [L Week−1]
Mean Signal S 9.1079 [Voltages]
∆A 5% ∼ 1.57 · 10−7

∆Q 5% ∼ 1 · 10−7

∆S,weekly 0.0183

Table 5.2: The parameters which contribute to the estimate of the uncertainty
of the BC concentration.

Therefore, to estimate the BC uncertainty (∆BC) it was assumed that the only
contributor was from σabs, which has a contribution from the signal S, the area A
and the volume flow Q (σabs = f(S,A,Q)). This leads to the following expression:

σabs + ∆σabs = f(S,A,Q) + df

dS
·∆S + df

dA
·∆A+ df

dQ
·∆Q

Here σabs is the absorption coefficient and ∆σabs is the uncertainty of the absorption
coefficient. The variance (σ2

SAQ) of the measurement of σabs is obtained from:

〈
(σabs + ∆σabs)2

〉
= σ2

abs + 2σabs 〈∆σabs〉+
〈

∆σ2
abs

〉
(5.1)

= f(S,A,Q)2 +
〈

∆σ2
abs

〉
= f(S,A,Q) + σ2

SAQ
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Then the uncertainty is expressed by the error propagation equation:

σ2
SAQ =

〈
∆σ2

abs

〉
=
〈(

df

dS
·∆S + df

dA
·∆A+ df

dQ
·∆Q

)2〉

=
(
df

dS

)2
·
〈

∆S2
〉

+
(
df

dA

)2
·
〈

∆A2
〉

+
(
df

dQ

)2
·
〈

∆Q2
〉

+ df

dS

df

dA
· 〈∆A ·∆S〉+ ...5terms

Here 〈∆A ·∆S〉 = 0, because the measured parameters are uncorrelated and there-
fore the 6 terms disappear and the final equation for the uncertainty on BC can be
expressed as:

σSAQ =
√(

df

dS

)2
· 〈∆S2〉+

(
df

dA

)2
· 〈∆A2〉+

(
df

dQ

)2
· 〈∆Q2〉 (5.2)

= 0.1666 m−1 (5.3)

Here the calculated parameters are listed in table 5.2, where the mean value of
voltage signal S over a week are used together with the known area of the filter and
volume flow for a week. To obtain ∆BC the linear relation in equation 4.11 was
used and result in following expression:

∆BC = σSAQ
σspecific

(5.4)

= 0.1666 m−1

10 m2 g−1

= 0.0166 [g m−3]

This gives a final uncertainty of 0.0166 g m−3 on the BC concentration and is
illustrated in figure 5.12.

5.2.2 Final BC concentrations

The quality controlled daily BC concentrations were averaged into weekly values,
where the number of measurements were taken into account through a weighted
average. The weekly averages of BC concentrations from March 2008 to April 2011
at Station Nord are shown in figure 5.12, where a specific absorption coefficient
of 10 m2 g−1 was used (See also section 5.5). Those concentrations show seasonal
variations in accordance with the Arctic haze cycle. The greatest concentrations if
found in December to April or March (about 60 ng m−3) and the lowest concentra-
tions from June to September (about 7 ng m−3).
Generally for the four-year period, there is a decrease in winter BC concentrations
at Station Nord. The winter of 2007/2008 has maximum BC concentrations of
110 ng m−3 where the winter BC in 2008/2009 (20 ng m−3 to 60 ng m−3), in winter
2009/2010 (20 ng m−3 to 40 ng m−3) and in winter 2010/2011 (15 ng m−3 to 50 ng m−3)
were found well below the winter 2007/2008 high BC event.
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Figure 5.12: Weekly BC concentrations in [ng m−3] during the period of March
2008 to February 2011. The measurements originate from the
PSAP at Flygers Hut at Station Nord by using a specific absorption

coefficient of 10 m2 g−1.

In comparison, reported BC concentrations from the measuring station Alert, Canada
(62.3°W, 82.5°N, 210 m ASL) and the measuring station Zeppelin on Svalbard, Nor-
way (11.9°E, 78.9°N, 478 m ASL), shows the same seasonal variation. At Alert the
highest BC concentrations (about 125 ng m−3) are found in the period from Jan-
uary to March and the lowest (about 15 ng m−3) from June to September, in the
measuring period from 1989 to 2005 [Quinn et al., 2011]. At Zeppelin on Svalbard
the highest BC concentrations (about 60 ng m3) are found in the period from Jan-
uary to March and the lowest (about 10 ng m−3) from June to September, in the
measuring period from 1998 to 2008 [Quinn et al., 2011]. This seasonal variation is
in accordance with the Arctic haze cycle, which also has maximum concentrations
during the winter and early spring and minimum concentrations in the summer.
To some extent, this seasonal cycle is also found in the indices of AO, NAO and
P-NAO and the related strength of the Polar Vortex.

In winter times such as winter 2007/2008, where a strong Polar Vortex is domi-
nating the Arctic troposphere and the AO and the NAO mode is high, isolation is
dominating the Arctic atmosphere ( Section 5.1). Furthermore, the Polar Vortex is
located further to the south in winter, which allow polluted air masses from the sub
and mid-latitudes with the same low potential temperature as in the Arctic region
to reach the Arctic.
This leads to an isolation of the dry stable Arctic air masses found in the tro-
posphere, which inhibit removal processes of particulate matter from the Arctic
atmosphere and led to a accumulation of aerosol particles. In addition, mixing
of the dry Arctic air masses (cA) with more moist Polar and Tropical air masses
(mP, mT) is very limited in this winter situation and more common in the Arc-
tic summer. A mixing with more moist air masses would increase the removal
processes by particulate matter acting as a CCN. In comparison, for the summer
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months the mixing is much more pronounced in the Arctic troposphere, which en-
hances the removal processes of particulate matter in the troposphere. This is also
reflected in BC concentrations in summer, where the lowest concentrations is found.

5.3 BC concentrations from Flade Isblink ice core

The high BC event in winter 2007/2008 was not measured in the subsequent year
and the measured BC concentrations for this winter period were limited at Station
Nord. Therefore it is interesting to see if other years with high BC concentrations
events also were associated with a strong Polar Vortex reflected in the AO and
NAO mode.
The BC dataset from the Flade Isblink ice core was analysed together with the
AO, NAO and P-NAO in the time period from 1950 to 2000 [Joseph R. McConnell,
2011, Private communication].

Figure 5.13: Kronprins Christian Land, where Station Nord and Flade Isblink
is located. The Flade Isblink Camp is located about 30 km from

Station Nord [Flade Isblink, 2011].

Flade Isblink is an isolated ice cap located close to Station Nord on Kronprins
Christian Land as shown in figure 5.13. The ice cap has a surface area of 5000 km2

and covers 100 km in the North-South direction and about 50 km in the West-East
direction. The average height of the underlying bedrock is 100 m ASL and the
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thickness of the ice cap reaches approximately 600 m [Lemark, 2010].
In the summer of 2006, a group led by the Centre for Ice and Climate, Copenhagen
University, started a drilling of an ice core at the summit of Flade Isblink (about
30 km from Station Nord).

Figure 5.14: Preliminary annual Black Carbon concentrations [ng g−1] from
Flade Isblink ice core in the period from 1950 to 2000. The pre-
liminary dating result in a uncertainty of ± 4 years [Joseph R.

McConnell, 2011, Private communication].

Figure 5.15: Annual variation of the atmospheric indices AO, NAO and P-NAO
during the winter season. Here the winter season is represented
with the mean of January, February and March indices [National

Oceanic and Atmospheric Adminstration (NOAA 1), 2011].
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The preliminary annual average BC concentrations from 1950 to 2000 are shown in
figure 5.14. Here, the preliminary dating is based on two depth points: the surface
and the summer 1783 (Laki volcanic eruption). This give a estimated uncertainty
to ±4 years. There is some variation in the BC concentrations over the decades,
but also over the whole period (1950-2000). In the time period from 1950 to 2000
four high BC events occur; two in the period from 1968 to 1974 (mean about
7.38 ng g−1), one about 1985 (about 14 ng g−1) and again in the early 1990s (about
10 ng g−1). In comparison, the period from 1950 to 1966 (mean about 4.56 ng g−1)
is presented by stable and lower BC concentrations.
The annual winter variation in the atmospheric indices AO, NAO and P-NAO is
shown in figure 5.15 from 1950 to 2000. In general, from the 1950s through the
early 1970’s the winter indices were in a negative or neutral mode. Then from the
1970s through to the mid-1990s, the indices were more represented in their positive
winter mode, while since then they have in general been found in a positive mode,
except AO which since the mid-1990s has relaxed towards neutral modes.

If the four episodes with high BC concentrations are linked with the indices of AO,
NAO and P-NAO it is found that:

• the events of high BC concentration in 1967 (about 12 ng g−1) and 1971-1972
(10 ng g−1 to 14 ng g−1) are coincide with positive modes of AO, NAO and to
a smaller extent also with the P-NAO mode.

• the high BC event in 1986 (about 15 ng g−1) is only coincide with a high event
in NAO. The AO and P-NAO mode is found in a neutral mode.

• the high BC event in 1991-1992 (about 8 ng g−1 to 9 ng g−1) is highly reflected
in positive indices for AO and NAO (Figure 5.15).

Due to the long term reflection of BC concentrations with the winter AO, NAO
and P-NAO modes, these indices can certainly be coincide with high BC event.
The indices are related to the strengths of the Polar Vortex which reflected the
cold dry air masses which dominates the Arctic winter atmosphere. During the
above mentioned high BC event accumulation of particulate matter is assumed to
dominated these winters, because of a damped mixing with more warm and humid
air masses from the sub mid-latitude which enhance removal processes. Further, the
above mentioned high BC event is associated with a enhance long-range transport
of particulate matter into the Arctic. This is due to a higher fraction of polluted
air masses from outside the Arctic meets the requirement of same low potential
temperature as the Arctic air masses in order to be long-range transported into the
Arctic.
It has to be noted, that this above analysis has not taken into account that the
emission have changed over the period. The decrease in BC concentrations since
1985 is more likely associated with a decrease in emissions rather than a change in
the AO, NAO and P-NAO mode.
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5.4 Processing of OC EC analysed data

In order to investigate long-range transported particulate matter further, the stan-
dard sized samples from the High Volume Sampler (HVS) were analysed by the OC
EC analyser for Organic Carbon (OC) and Elemental Carbon (OC) as described in
section 4.3.3.
To determine the concentrations of OC and EC on the total sample filter a scaling
factor, defined by the ratio of the area of the filter (Afilter = π · r2 = 156.145 cm2)
and the area of the standard sized sample (2.5 cm2 or 1.5 cm2) is introduced:

Factor = Afilter
2.5 cm2 = 62.458 or

Afilter
1.5 cm2 = 104.096 (5.5)

The total OC and EC concentrations was then determined by knowledge of the vol-
ume flow sucked through the filter (about 5000 m3 week−1). The above parameters
result in the following expression for the total OC and EC concentrations:

COC or EC

[
µg

m3

]
=
ConOC/EC · Factor

V olume
(5.6)

Here ConOC/EC refers to the OC and EC concentrations found on the standard
sized sample by the OC EC analyser.

The weekly total carbon (TC), OC and EC concentration dataset consisted of 91
measurements covering the period from July 2008 to February 2011, where a period
from mid-March to mid-May in 2009 does not exist (marked with black arrow in
figure 5.19). For the period from July 2008 to May 2009 data was available every
second week which led to two week time resolution of OC and EC concentrations.
From May 2009 to February 2011 data was available every week which led to one
week time resolution of the OC and EC concentrations.

A first handling of the TC, OC and EC concentrations included the quality control
of the dataset. This quality control was performed by analysing the dataset for
any negative concentration3 A negative concentration was found in week 47 in 2008
and this value was therefore determined as a outlier and not used further in this
analysis.

The HVS is located in the old DMU hut which is situated inside the field station.
Therefore it cannot be excluded that local waste combustion at Station Nord affect
the OC and EC concentration on the filter samples from the HVS. To investigate
this hypothesis an additional quality control was necessary. Thus, the distribution
of TC, OC and EC concentrations were explored and the Grubb’s test was per-
formed on the concentrations in order to detected outliers.

3Negative concentration is assigned to mass leaving the filter which is not physically acceptable
and probably more likely due to a handling errors of the sample.
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Figure 5.16: The distribution of the TC concentrations by the probability dis-
tribution (PDF), the cumulative distribution and the theoretical

distribution.

Figure 5.17: The distribution of the OC concentrations by the probability dis-
tribution (PDF), the cumulative distribution and the theoretical

distribution.

In figure 5.16, 5.17 and 5.18 the probability density function (PDF), the normal
cumulative distribution and the theoretical distribution of TC, OC and EC con-
centrations is visualized. Here, the concentrations are assumed log-normally dis-
tributed. In order to experiences how different distributions of datasets behaviour
according to e.g. outliers, a small exercises was made. This exercises is described
in appendix B.
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Figure 5.18: The distribution of the EC concentrations by the probability dis-
tribution (PDF), the cumulative distribution and the theoretical

distribution.

In general, for the histogram of OC and EC concentrations high frequencies of cer-
tain concentrations do occur. This can perhaps be due to Arctic haze episodes,
where the concentrations deviates from a normal long-range transported signal.
For OC concentrations (Figure 5.17) two high frequencies occur in the interval from
-3 to -2.25, compared to the EC concentrations (Figure 5.18) where three high fre-
quencies occur in the interval from -5.5 to -3.75. Besides that, it could also be
a reflection of the low amount of measurements in the dataset, compared to the
amount of measurements in the BC dataset from the PSAP.
The histogram of TC is highly reflecting the amount of OC, which is the largest
contributor to the total amount of carbon and therefore this histogram is very sim-
ilarly to the histogram of OC.
The normal cumulative distribution and the theoretical distribution for the OC
and EC concentrations is closely following the theoretical and their deviates not
significantly from the theoretical to be related to outliers. Therefore it was not
expected to find any outliers in the TC, OC and EC dataset when the Grubb’s test
was performed on these datasets.

Table 5.3: The result from the Grubb’s test on OC, EC and TC concentrations,
where G denotes the critical value.

TC OC EC
G� 3.34 3.343835 3.3318
Gtest MAX 2.4194 2.4832 1.9133
Gtest MIN 2.5440 2.3198 2.9889

The described Grubb’s test in appendix B.2 is normally used to detect outliers in
normal distributed datasets. The OC and EC concentrations are assumed to be
log-normally distributed, therefore it can be argued that the Grubb’s test cannot
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be used to detect outliers in this dataset. Anyway the Grubb’s test was determined
to be the best known tool to investigate outliers in the dataset. The final result
from the Grubb’s test is listed in table 5.3 and this confirms clearly, that no outliers
are found in the datasets. The critical value (G) is found about 3 and either the
maximum or the minimum of the total, organic or elemental carbon concentrations
are found close to the critical value.

5.4.1 Uncertainty of OC and EC measurements

The uncertainty of OC and EC concentrations from the OC EC analyser was esti-
mated from the following formula:

δRelative uncertainty = 0.05 · ConOC or EC + 0.2

Here the 0.05 value is the standard deviation from multiple analyses of a sugar
solution, which is determined from another study. The value of 0.2 is related
to the inevitable contamination of a handled blanc filter. This uncertainty from
the OC EC analyser refers to OC and EC concentrations from the standard sized
samples, therefore the related uncertainty of OC and EC concentration was scaled
with the scaling Factor (Equation 5.5) so that the final uncertainty represents the
uncertainty of OC and EC concentration of the entire filter from the weekly filter
samples.

5.4.2 Final OC and EC concentrations

The final quality controlled total TC, OC and EC concentrations from the standard
sized samples in the period from July 2008 to February 2011, analysed by the OC
EC analyser, are presented as time series in figure 5.19. Here the EC concentration
values are found between 0 µg m−3 and 0.05 µg m−3, where the TC and OC con-
centrations values are found in the size range of 0 µg m−3 to 0.5 µg m−3. The EC
concentrations have an Arctic haze seasonal pattern with maximum concentrations
(about 0.05 µg m−3) in winter/early spring and minimum concentrations (about
0.01 µg m−3) in summer. In figure 5.20 the seasonal pattern for EC concentrations
is illustrated and this seasonal pattern in EC concentrations was also found for
the BC concentrations which in general had a maximum in winter/early spring at
about 0.06 µg m−3.
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Figure 5.19: Weekly Total Carbon (TC), Organic Carbon (OC) and Elemental
Carbon (EC) concentrations [µg m−3] measured with the OC EC
analyser in the time period of July 2008 to February 2011. Here,
the black arrow indicates the period from mid March to mid May in
2009 where data do not exist. The green arrows indicate possible
biomass events. An increasing level in EC occurs in winter and

high levels of OC occur in winter as well as in summer.

The OC concentrations are found two to three times higher compared with EC
concentrations. In general, high OC event occurs on irregular interval, but with
a small tendency to higher OC concentrations in late spring/summer compared to
winter. In addition, the highest OC event (about 0.45 µg m−3) occurs in mid-May
2009.

Site
Parameter n OC [µg m−3] EC [µg m−3] TC [µg m−3] EC/TC [%]

Station Nord 88 0.11±0.08 0.01±0.01 0.12±0.08 11±8
Birkenes (Norway) 49 1.57±1.54 0.17±0.19 1.74±1.66 12±5
Virolahti (Finland) 51 2.08±1.86 0.36±0.25 2.44±2.04 16±6
Danish ambient 323 1.76 0.45 2.21 20

Table 5.4: The annual mean concentrations of EC, OC, and TC and the relative
contribution of EC to TC from Station Nord, covering the time period
from July 2008 to February 2011. Here n denotes the number of
samples. The value from Norway and Finland is obtain from a one
year (July 2002 to July 2003) study of 12 European rural background
sites by Yttri et al. [2007]. The value from Danish ambient is from
the semi-rural background concentrations at Lille Valby, Denmark, in
2010. Here the ± denotes the value of the sample standard deviation.

In table 5.4 the annual mean concentrations of EC, OC and TC in [µg m−3] from
Station Nord in the period from July 2008 to February 2011 are listed. Together
with a similar one-year study in Europe in the period from July 2002 to July 2003
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by Yttri et al. [2007] and the semi-rural background concentrations at Lille Valby,
Denmark, in 2010. Similar studies in the Arctic region are not known.
In general, for all the stations, the amount of OC is higher than of EC, but the
lowest concentration of both compounds is found at Station Nord. This is also
reflected in the relative difference between OC and EC, which decreases at the sites
close to the densely populated area in Europe. This could indicate a gradient in
OC and EC concentrations between the Arctic sites and Europe. Furthermore, the
OC concentrations are ten times higher than EC concentrations at Station Nord.

5.4.3 EC and BC comparison

According to similar chemical structure the EC and BC concentrations were ex-
pected to follow the same seasonal pattern with the same magnitude in concen-
trations. In figure 5.20, the EC and BC concentrations are shown for the period
of July 2008 to February 2011. In this particular case the EC and BC concentra-
tions are following the same seasonal pattern with the same order of magnitude in
concentrations.

Figure 5.20: Weekly elemental carbon (EC) and black carbon (BC) concentra-
tions [µg m−3] measured with the OC EC analyser and the PSAP-
instrument, respectively, in the time period of July 2008 to February
2011. Here, a good agreement between the concentrations of EC

and BC is found.

5.4.4 EC/TC ratios

The EC and OC are formed under fossil fuel combustion processes or originate
from natural emissions4. Depending on the emissions conditions of OC and EC
(e.g. combustion engine or type of fuel) the ratio can either be associated with
biomass burning or fossil fuel combustion. In general, for biomass burning the
emission of OC is higher than for EC (low EC/TC ratio), while combustion is the

4Natural emission cover terpene emissions from plants and biomass burning in general.
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primary source of EC, and results in a high content of EC compared to OC (high
EC/TC ratio) for those emissions [Quinn et al., 2011; Yttri et al., 2007]. Further-
more, OC can also be formed from gasses which undergo transformation in the
atmosphere and form secondary organic aerosols (SOA’s). Therefore OC can also
be a maker for SOA, although not a specific one (see also section 5.4.5).

Figure 5.21: The relative contribution of EC to TC (EC/TC ratio) in the time
period from August 2008 to February 2011. A high EC/TC ratio
indicated high levels of EC, while a low EC/TC ratio indicate a low

concentration of EC.

In figure 5.21, the relative contribution of EC to TC is shown for Station Nord in
the time period from August 2008 to February 2011. A low OC/TC ratio is more
pronounced in the summer than in winter. The EC/TC ratio is about 5 % to 10 %
in summer and about 15 % to 40 % in winter, which highly reflects the seasonal
pattern with high EC contents in winter. In addition, the low EC/TC ratio in
February 2011 reflects more likely a wrong splitting point detected by the OC EC
analyser rather than a low concentration value of EC.
If the annual mean EC/TC ratio at Station Nord (about 11 %) is considered to-
gether with the EC/TC ratio from the Scandinavian site listed in table 5.4, the ratio
fall only slightly below the ratio reported from European rural background sites.
This is in accordance with other studies which report that: "ageing of air masses
tends to lower the EC/TC ratio of the aerosol due to oxidation and condensation
of organic material" [Yttri et al., 2007].

The EC/TC ratios was calculated in order to investigates the sources at Station
Nord, but it is difficult to determine at which ratio it can be distinguished be-
tween emission from biomass and emission from combustion processes. However,
it is known that massive forest and peat fires occurred in Russia during July and
August 2010 [Giere and Querol, 2010] and perhaps some of the low EC/TC ratio
events in this period can be addressed to this forest and peat fires events in Russia.

85/123



5.4. Processing of OC EC analysed data

5.4.5 Levoglucosan as a tracer for biomasses burning

Levoglucosan (C6H10O5) is an organic compound formed from pyrolysis of cellulose
and is a source-specific tracer of particulate matter emissions from biomasse burn-
ing [Engling et al., 2006; Simoneit et al., 1999].
The filter samples from the HVS at the old DMI hut at Station Nord were analysed
for levoglucosan. This analysis is performed with liquid chromatography-tandem
mass spectrometry (LC-MS-MS) with electrospray ionization in negative ionization
mode. The LC-MS-MS method is based on the method published by Gambaro
et al. [2008].

Figure 5.22: Concentrations of levoglucosan, OC and BC in [ng m−3] in the
time period from January 2009 to August 2010. An event in April
2010 with high levels of levoglucosan, OC and BC could indicate

a biomass burning episode.

In figure 5.22, the concentration of levoglucosan, OC and BC is shown for the over-
lapping time period from January 2009 to August 2010. Here the levoglucosan is
multiplied by a factor of two in order to magnify the variation. The time resolution
of levoglucosan is weekly and data exist every second week, but with a time period
from mid-February 2009 to mid-August 2009 where no data are available. The
levoglucosan concentrations vary in the size range of 0 ng m−3 to 9 ng m−3, where
the highest event (about 9.7 ng−3) occurred in the last week of January 2010. In
general, massive forest fires or wildfires are a late spring/summer-time phenomenon
[AMAP 2006]. Therefore this high levoglucosan event is perhaps more likely a re-
flection of local waste combustion at the station. In order to investigate this, the
Grubb’s test was used to detect any outliers in the dataset of levoglucosan. The
result is listed in table 5.5. Here, the test rejects the maximum levoglucosan concen-
tration as an outlier, but rather founds the minimum levoglucosan concentrations
as an outlier in the dataset. Therefore it can be concluded that high event of lev-
oglucosan is not coincide with local waste combustion at Station Nord.
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Table 5.5: The Grubb’s test on levoglucosan concentrations, where G denotes
the critical value and the number of samples is 30. Here the minimum

concentrations of levoglucosan differ from the critical value.

Levoglucosan
G� 2.9085
Gtest MAX 1.3218
Gtest MIN 3.7462

A signal of possible biomass plumes is expected to be reflected in high events of
OC, levoglucosan and BC concentrations and such episode occurred in April 2010
(Figure 5.22). Here high concentrations of levoglucosan (2 ng m−3 to 4 ng m−3) and
OC (100 ng m−3 to 150 ng m−3) are found and to some extent also in the BC con-
centrations (about 40 ng m−3).
The EC/TC ratios were specifically calculated for this month of April and found in
the range of 12 % to 19 %. Therefore, any distinction between biomass and combus-
tion sources can perhaps be found in this range of the EC/TC ratio. In addition,
it is known that massive forest and peat fires occurred in July and August 2010 in
Russia, which to some extent also is reflected in figure 5.22. Here the OC concen-
trations are high (about 60 ng m−3 to 120 ng m−3), but concentrations of BC and
levoglucosan are not that pronounced. Therefore, these high OC concentrations
are more likely associated with an event of a high amount of SOA which also can
be related to biomass burning.

5.5 Specific absorption coefficient

A specific absorption coefficient (σspecific) of 10 m2 g−1 was used to convert the
absorption coefficient reported from the PSAP to BC concentration. This specific
absorption coefficient of 10 m2 g−1 was found by Ström [2010] and gave a good
agreement between EC measured by a thermo-optical method and BC measured
by an optical method for the measuring station Zeppelin, Svalbard, Norway [Ström,
2010].
To investigate if this specific absorption coefficient can be applied at Station Nord
a specific absorption coefficient was derived from the PSAP and from the EC con-
centrations obtained from the OC EC analyser. A scatter plot of the EC and the
absorption coefficient (σabs) is shown in figure 5.23 and by using the relation in
equation 4.11 the specific absorption coefficient was found as 7.82 m2 g−1.
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Figure 5.23: A scatter plot of EC concentrations and the light absorptions co-
efficient σabs. Here the slope is 7.82, which would be the value of

the specific absorption coefficient at Station Nord.

In comparison, the specific absorption coefficient is found by Horvath [1993] in
the range of 8 m2 g−1 to 10 m2 g−1 and Ström [2010] reported a specific absorption
coefficient of 8.93 m2 g−1 for the measuring station Zeppelin and found a good agree-
ment by using a specific absorption coefficient of 10 m2 g−1. In addition, Petzold
et al. [1997] report variability in this coefficient, which seems to depend on regional
variations of the predominant aerosol type. The observed variability ranges from
5 m2 g−1 in remote areas to 14 m2 g−1 at urban locations and to 20 m2 g−1 at near-
street measuring sites. According to this, it seems very plausible that the specific
absorption coefficient at Station Nord is found as 7.82 m2 g−1, because it is located
in one of the most remote areas of the world and further north than the measuring
station Zeppelin. Therefore, even if the correlation coefficient is not very good, this
investigation confirms, that using the specific absorption coefficient of 10 m2 g−1 is
acceptable.

5.6 Results from the PIXE instrument

The filter samples from the FPS at Flygers hut were analysed for different at-
mospheric elements by either Ion Chrometography (IC) or Proton Induced X-ray
emission (PIXE), where last-mentioned is described in chapter 4, section 4.3.4.
The different elements are listed in table 5.6 together with the different analytical
method, the annual mean concentration in [ng m−3] and the related uncertainty in
[%].
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Table 5.6: The chemical elements, their analytical method, annual mean con-
centration in [ng m−3] units for the period from March 2008 to De-
cember 2009 and their uncertainty in [%]. The OC, EC and TC
are listed for the time period from July 2008 to February 2011 in
[ng m−3] units and Levoglucosan are listed for the 28 samples from
January 2009 to August 2010 in [ng m−3] units. Here following ab-
breviations denote: Ion Chrometography (IC), Proton Induced X-ray
emission (PIXE) and liquid chromatography-tandem mass spectrom-

etry (LC-MS-MS).

The Elements Method Annual mean [ng m−3] Uncertainty [%]
Aluminum PIXE 39.35 18
Silicon PIXE 79.95 18
Sulfur PIXE 181.52 18
Chlorine PIXE 135.14 18
Potassium PIXE 25.90 18
Calcium PIXE 30.09 18
Titanium PIXE 1.94 18
Vanadium PIXE 0.11 18
Chromium PIXE 0.08 18
Manganese PIXE 0.47 18
Iron PIXE 20.05 18
Nickel PIXE 0.1 18
Copper PIXE 0.1 18
Zinc PIXE 1.23 18
Gallium PIXE 0.021 18
Arsenic PIXE 0.05 18
Selenium PIXE 0.044 18
Filterable Bromine PIXE 1.49 18
Rubidium PIXE 0.085 18
Strontium PIXE 0.35 18
Zirconium PIXE 0.07 18
Lead PIXE 0.52 18
Levoglucosan LC-MS-MS 1.96
Sulfur dioxide IC 80.55 20
Sulfate IC 178.55 20
SOx, (SO2−

4 + SO2) IC 259.11 20
Organic Carbon OC EC analyser 11 -
Elemental Carbon OC EC analyser 1 -
Total Carbon OC EC analyser 12 -

To investigate the measured elements at Station Nord (Listed in table 5.6) together
with the black carbon concentrations derived from the PSAP, the correlation be-
tween BC and the elements was calculated (Table 5.7) for the period from March
2008 to February 2010.

This investigation was performed in order to obtain an understanding of which
elements there might be emitted together with BC and thereby identify possible
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particle sources for BC in the Arctic region. The correlation coefficient r is defined
as:

r = < x̃ · ỹ >√
< x̃2 > · < ỹ2 >

(5.7)

Here the x and y are the elements under investigation and x̃ = x − 〈x〉. In addi-
tion, the hypothesis of no correlation was tested by the P-values. Each P-value in
table 5.7 is the probability of getting a correlation as large as the observed value
by random chance, when the true correlation is zero. If P (x, y) is small, less than
0.05, then the correlation r(x, y) is significant at the 95% confidence level. The
calculation was performed in Matlab and the result obtained is listed in table 5.7.

Table 5.7: The significant correlation coefficients between different elements and
black carbon for the period of March 2008 to February 2011. The
amount of data points for the correlation is 92 for the elements, for

OC and EC 46 and for levoglucosan 29.

The Elements Symbol Correlation coefficient r P -value [10−2]
Aluminum (Al) 0.4368 0.00
Silicon (Si) 0.2863 0.57
Sulfur (S) 0.7836 0.00
Chlorine (cl) -0.0342 74.60
Potassium (K) 0.2275 2.92
Calcium (Ca) 0.4186 0.00
Titanium (Ti) 0.3296 0.13
Vanadium (V ) 0.2324 2.58
Chromium (Cr) 0.4011 0.01
Manganese (Mn) 0.6797 0.00
Iron (Fe) 0.3928 0.01
Nickel (Ni) 0.4351 0.00
Copper (Cu) 0.4515 0.00
Zinc (Zn) 0.4266 0.00
Gallium (Ga) 0.3099 0.26
Arsenic (As) 0.5668 0.00
Selenium (Se) 0.5829 0.00
Filterable Bromine (Br) 0.6960 0.00
Rubidium (Rb) 0.5864 0.00
Strontium (Sr) 0.4013 0.01
Zirconium (Zr) 0.2158 3.88
Lead (Pb) 0.6360 0.00
Levoglucosan (C6H10O5) 0.1327 49.24
Sulfur dioxide (SO2) 0.2009 7.03
Sulfate (SO2−

4 ) 0.8803 0.00
SOx (SO2−

4 + SO2) 0.7232 0.00
Organic Carbon (OC) 0.3637 1.30
Elemental Carbon (EC) 0.5232 0.02
Total Carbon 0.4258 0.52

90/123



5.6. Results from the PIXE instrument

A significant correlation is found between BC and the elements of manganese (Mn)
(0.6797) and lead (Pb) (0.6360). Those two elements are typical prominent anthro-
pogenic sources from combustion processes at Station Nord [Heidam et al., 2004,
1999]. Therefore BC concentrations at Station Nord can be associated with com-
bustion sources. Besides that, an additional anthropogenic source is metal, where
specifically Copper (Cu) and Nickel (Ni) are ascribed to have high emissions rates
from this source. Here, the significant correlation between BC and metallic ele-
ments; (Ni) (0.4351); (Cu) (0.4515) and Zinc (Zn) (0.4266) is not very pronounced.
Therefore, it is difficult to identify metals and BC as emitted by the same sources
only based on this correlation.

Another significant correlation occurs between BC concentrations and Sulfur con-
centrations (S) (0.7836), but this elements S is difficult to assign to a single source.
In addition, it can be seen that the related sulphate ion (SO 2 –

4 ) (0.8803) correlates
better with BC than pure sulfur. Sulphate is typically associated with combustion
processes as well as BC. Therefore, the correlation between sulphate and BC was
investigated further.

5.6.1 Sulphate results

The filter samples from the FPS were returned to the laboratory at NERI to be
analysed for atmospheric pollutants such as SO 2 –

4 and SO2 by Ion Chromatography
(IC), which is a method that separates and determines ions concentrations [Fritz,
1987].

In figure 5.24, the measurements of SO 2 –
4 , SO2 and BC concentrations in [µg m−3]

are shown for the overlapping time period from March 2008 to December 2009. The
SO2 has a maximum winter concentration (about 0.8µg m−3) and a minimum sum-
mer concentration (below 0.1µg m−3). The SO 2 –

4 concentration has a maximum
winter concentration in the range of 0.3µg m−3 to 0.8µg m−3 and a minimum sum-
mer concentration (below 0.1µg m−3). In general, the concentrations is found with
the same seasonal variation as the BC concentrations, but SO2 seems to achieve
its maximum value in the late winter and then rapidly declines. This is highly
associated with the amount of solar radiation, which is necessary for OH radical
formation by photolysis to form sulphate. Therefore, the oxidation rate of sulphur
dioxide to sulphate depends on the time of the year.

This seasonal pattern in SO2 and SO 2 –
4 has been observed at Station Nord since

the early 1990’s [Heidam et al., 2004]. From the measured concentrations in
the time period of 1989 to 2000, the SO2 appears with winter concentrations
about 0.8µg m−3 to 1.8µg m−3 and the SO 2 –

4 has a winter concentration of about
0.75µg m−3 to 1µg m−3. In comparison with this study (Figure 5.24) the SO2 and
SO 2 –

4 are found with the same size in winter concentration as the time period of
1989 to 2000.
Furthermore, BC particles can be aged by coagulation with more soluble aerosols
such as sulphate or by condensation of sulfuric acid (H2SO4). Sulphate is also emit-
ted from combustion processes, but also a chemical compound that dominates the
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marine atmosphere. Air masses which pass Station Nord have most likely passed a
sea area or ice covered sea before passage of Station Nord. Therefore, the trend of
BC following sulphate is probably related to the ageing processes of carbonaceous
aerosol particles.

Figure 5.24: Weekly SO 2 –
4 , SO2 and BC concentrations in [µg m−3] from March

2008 to December 2010. Here BC concentrations follows the sul-
phate concentrations with the same seasonal pattern.

5.7 COPREM results

The seasonal distribution of BC concentrations at Station Nord was found to be
very uneven with almost no BC pollution in the summer and a high concentration in
winter. The same seasonal pattern was found for sulphate as well as EC. However,
a large number of elements which are listed in table 5.7 are reported from Station
Nord and some of them are assigned to the Arctic haze pattern [Heidam et al.,
2004]. This results in a large dataset which can be used to link the observation at
Station Nord with emissions from different sources outside the Arctic. Therefore, an
investigation of sources for different elements was performed with the Constrained
Physical Receptor Model (COPREM) described in section 4.5.

5.7.1 First COPREM results

The measured concentrations at Station Nord were divided into 4 main sources for
the Arctic region: a crustal source (Soil), a marine source (Sea), an anthropogenic
source associated with combustion processes (Combustion) and an additional an-
thropogenic source associated with metal industrial activity (Metals). These pro-
files are described further in section 2.6 and the profile matrix and form matrix
used in this analysis can be found in section 4.5.
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The strengths of the sources were determined in COPREM by minimizing the sta-
tistical parameter the Error E. During processing of the model the E-value was
improved by a factor of 1.3, since E was improved by E = 34 498 − > 26 433 with
1708 degrees of freedom. The final presented results ended with a squared standard
deviation of 1.64 of all the calculated source strengths.

In figure 5.25, 5.26 and 5.27 the most interesting elemental source apportionment
obtained from COPREM is shown for the time period from March 2008 to De-
cember 2009. The four main sources are indicated with the following colours:
Soil (Green), Sea (Blue), Combustion (Black) and Metal Industry (Yellow). The
elemental weekly concentrations are denoted with white circles and the related un-
certainty is marked with error bars.

According to Station Nord the main contributor to BC concentrations is found from
the anthropogenic sources, combustion and metal industry (Figure 5.25a). The
main part in winter is from combustion, but in late spring the emission from metal
industry seems to dominate. Last-mentioned is the main pattern in late spring 2008
and 2009. In the summertime the contribution from both anthropogenic sources
seems to be equal, but in general for this season the BC concentrations are quite
small as discussed in section 5.2.2.

The main contributor to sulphate concentrations is found from the anthropogenic
sources, combustion and metal industry, with a small contribution from marine
sources (Figure 5.25b). The anthropogenic sources are found with the same pat-
tern as BC concentrations, where the main part in winter is from combustion and
in late spring the metal source is dominating. The marine source seems to con-
tribute in late autumn and winter, which probably can be related to the autumn
and winter storms at sea. In addition, the sulphur concentrations are found with
the same trends in sources as sulphate (Figure 5.25e) and both have a high cor-
relation with the BC concentration 0.7836 and 0.8803, respectively. This gives an
indication that these chemical compounds either originates from the same source
or reflecting ageing processes of BC.
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(a) Black Carbon (b) Sulphate

(c) Al (d) Si

(e) S (f) Cl

(g) K (h) Ca

Figure 5.25: The variation in elemental concentrations [ng m−3] and source ap-
portionments according to the four main source from COPREM
for the time period March 2008 to December 2009. Here, BC and
sulphate concentrations are shown in [µg m−3]. The colours indi-
cate the following sources: Soil (Green), Sea (Blue), Combustion

(Black) and Metal industry (Yellow).
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The prominent anthropogenic source combustion is dominating the source appor-
tionment of Zn (Figure 5.26g), Ga (Figure 5.26h) and Pb (Figure 5.27b). This
combustion source has its maximum contribution in winter and minimum in sum-
mer, which corresponds to the typical Arctic haze cycle. In general, COPREM
obtain a adequate source apportionment for those compounds compared to mea-
surements, but for the summer and autumn 2009 it underestimates the elements of
Zn and Ga. This might be an indication of changes in sources. Furthermore, the
elements of Ni, Cu, Mn, V and K are to some extent also associated with the com-
bustion source. Especially Mn is associated with combustion processes in winter.

The additional anthropogenic source associated with metal industrial activity is
dominating the source apportionment of Cu (Figure 5.26f) and Ni (Figure 5.26e)
and to some extent K (Figure 5.25g) and Fe (Figure 5.26d). The metal source has
the typical Arctic haze cycle with a maximum in winter and during this time of
the year the metal source is contributing to elements such as K and Fe. In general,
COPREM underestimates elements of Cu and Ni, especially Cu. These elements
are highly associated with metal industry activity and in Heidam et al. [2004] these
elements are found with a source strength almost equally with the measured. There-
fore is the underestimated source apportionment found in this study an expression
for a inconclusive source profile. Furthermore, the metallic elements Fe, Ni and
Cu are found with an annual correlation with BC concentrations of 0.3928, 0.4351
and 0.4515, respectively. This correlation is significant and therefore it is unlikely
than the annual prominent anthropogenic source for BC concentrations at Station
Nord should be the metal industry. The metal industry is rather a source of BC
concentrations at Station Nord in the winter and in the spring season, especially
in the winter of 2009/2010 due to the strong correlation between BC concentration
and these elements (Table 5.8).

Elements Winter/Spring Correlation coefficient r P -value Number n
Cu 2008/2009 0.5386 0.0045 26
Ni 2008/2009 0.4966 0.0048 26
Zn 2008/2009 0.3493 0.0803 26
Cu 2009/2010 0.5841 0.0283 14
Ni 2009/2010 0.8252 0.0003 14
Zn 2009/2010 0.5164 0.0587 14

Table 5.8: The elements associated with metal industrial activity and the cor-
relation coefficient between selected elements and black carbon con-
centrations for the winter/spring period of November 2008 to April
2009 and the period of November 2009 to February 2010, the as-
sociated P-value and the number of measurements. The strongest

correlations occur in winter/spring 2009/2010.
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(a) Ti (b) V

(c) Mn (d) Fe

(e) Ni (f) Cu

(g) Zn (h) Ga

Figure 5.26: The variation in elemental concentrations [ng m−3] and source ap-
portionments according to the four main sources from COPREM
for the time period March 2008 to December 2009. The colours in-
dicate the following sources: Soil (Green), Sea (Blue), Combustion

(Black) and Metal industry (Yellow).
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The remaining elements are associated with natural sources. The soil sources are
associated with crustal elements e.g. Al (Figure 5.25c), Si (Figure 5.25d), Ti (Figure
5.26a) and Fe (Figure 5.26d). In general, these elements are not coinciding with
seasonal pattern which was found for the metallic elements, but some peaks occur
during the spring and late summer. This might be addressed to soil or dust aerosols
which are released to the atmosphere during strong wind conditions e.g. during
spring and autumn storms. Furthermore, this soil sources are also contributing to
the source apportionment of Mn, Ca V and K. In general, for these elements only a
small part of the concentration is associated with anthropogenic origins. However,
K deviates from this pattern with a large contribution from anthropogenic sources
in winter and spring (Figure 5.25g). Furthermore, Potassium (K) is related to
plant activity, because K is an essential nutrient for plants to grow [Yao et al.,
2010] and thereby a tracer for biomass burning [Jacob K. Nøjgaard, 2011, Private
communication]. Therefore can the contribution from combustion in the K source
apportionment in spring might be addressed to biomass burning. In addition, in
April 2010 a signal of biomass burning was found from the tracers of Levoglucosan,
BC and OC. Therefore it is likely, that this period at Station Nord is influenced by
biomass burning sources. In order to investigate this further an additional source
profile had to be added to the COPREM model.

(a) Br (b) Pb

Figure 5.27: The variation in filterable Bromine and Lead concentrations
[ng m−3] and source apportionments according to the four main
source from COPREM for the time period March 2008 to Decem-
ber 2009. The colours indicate following sources: Soil (Green),
Sea (Blue), Combustion (Black) and Metal industry (Yellow).

The sea source is associated with elements from marine activity (sea spray aerosols)
e.g. Ca (Figure 5.25h), K (Figure 5.25g) and Cl (Figure 5.25f). These elements
seems to have a strong winter maximum which is highly related to the autumn and
winter storms at sea. Filterable Br (Figure 5.27a) is also associated with the sea
source. The source apportionment found for Br is very poor and the Br concentra-
tions are in general underestimated as illustrated in figure 5.27a. Therefore is Br
also the largest contributor to the minimizing by the total statistical parameter E
in COPREM. A reason for the poor Br source apportionment could be that there
is a lot of chemistry involved with Br in the atmosphere. In addition, COPREM
operates with sources that are constant and thereby ignoring the chemical pro-
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cesses during the transport to Station Nord. Furthermore, filterable Br is found
with a seasonal variations in Skov et al. [2004] and also with a strong correlation
with SO 2 –

4 [Henrik Skov, 2011, Private communication]. Further, filterable Br is
assumed to be released to the troposphere during crack and refreeze of the ice cover
ocean [Henrik Skov, 2011, Private communication]. Therefore, to improve the Br
source apportionment a new source assignet to natural source could be inplimented
in COPREM.

In comparison, the result obtained by Heidam et al. [2004] and the above found
source apportionment seems to be in a good agreement. Only Cu seems to have a
better source strength compared to the measured concentrations in Heidam et al.
[2004] than in this source apportionment. This is most likely an expression of the
element variability at Station Nord. If the full mass concentration from all the
different elements at Station Nord would be known then this would improve the
source apportionment for the different elements considerably.

5.7.2 Preliminary COPREM results

A further COPREM analysis was obtained in order to investigate the amount of
Secondary Organic Aerosols (SOA) at Station Nord. SOA is highly associated with
biomass burning due to SOA formation from the oxidation of volatile or semi-
volatile organic compounds released to the atmosphere from burning of biomass
[Andreae and Merlet, 2001; Iinuma et al., 2010].

In figure 5.28 the most important elements for the source apportionment investi-
gations are shown for the time period of December 2009 to February 2010. Here,
the five main sources are indicated with the following colours: Soil (Green), Sea
(Blue), Combustion (Black), Metal Industry (Yellow) and SOA (Pink). The elemen-
tal weekly concentrations are denoted with white circles and the related uncertainty
is marked with error bars.

In figure 5.28a, it is illustrated that the large amount of OC is related to SOA and
the large concentration of OC is found in the spring and summer season. However,
a small amount is found to be related to metallic sources during the spring season.
The source apportionment for OC is rather a primary result than a final result.
The SOA formation is still related to a lot of research questions and in order to
obtain a satisfactory source apportionment tracers related to SOA formation have
to be investigated further. Then, these tracers can be used as markers of source
strength in the source profile in COPREM.
In this analysis of SOA in COPREM an almost similar form and source profile as
in the first COPREM investigation was used. Here, the filterable Br was removed
from the dataset, because a lot of chemistry is expected to be involved with Br.
Further, in order to improve the source apportionment, sulphate was added with
sulphur dioxide (SOx−−SO 2 –

4 + SO2), because SO2 will eventually be oxidized to
SO 2 –

4 during transport.
The result obtain according to this COPREM investigation is shown for OC (Figure
5.28a), BC (Figure 5.28b) and SOx (Figure 5.28c). Here, the minimized E- value
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was found to 7142 with 768 dof and a related squared standard deviation of 1.05
of all the calculated source strengths.
In general, a similar pattern is found for the elements source apportionments. Here,
illustrated with the source apportionment for Black Carbon (Figure 5.28b) and SOx
(Figure 5.28c), where again the main contributors is found from the anthropogenic
sources, combustion and metal industry.

(a) Organic Carbon

(b) Black Carbon (c) SOx (SO 2 –
4 + SO2)

Figure 5.28: The variation in elemental concentrations [µg m−3] and source ap-
portionments according to the results obtained from COPREM in
the time period December 2009 to February 2010. The colours in-
dicate the following sources: Soil (Green), Sea (Blue), Combustion
(Black), Metals industry (Yellow) and Secondary Organic Aerosols

(SOA) (Pink).

99/123



5.7. COPREM results

100/123



Chapter 6

Conclusion from the present study

The characteristics of particulate Arctic air pollution with special attention to Black
Carbon and its sources at the high Arctic Station Nord was investigated throughout
this project by three main methods. The meteorological conditions were analysed
by considering the 500 mb geopotential height-contours in the northern hemisphere
and by the indices of AO, NAO and P-NAO mode from autumn 2007 to spring 2011.
This analysis was done in order to investigate the strength of the Polar Vortex in
the Arctic region. In order to investigate the characteristics of BC concentrations,
the measurements from the PSAP at Station Nord were analysed in the time period
from March 2008 to April 2011. In addition, the source for pollutants at Station
Nord and their source apportionment were investigated using the COPREM model.

Throughout this project following conclusion were found:

• The Arctic winter atmosphere is characterised by strong radiational cooling
which enhance radiation inversions (very stable stratification of the lower
troposphere) and thereby reduce turbulent exchange. Further, high positive
modes of AO and NAO was coincide with a strong Polar Vortex, which is
associated with a cold and dry air mass over the pole which form itself into a
cyclonic vortex (Polar Vortex).

• The Arctic winter atmosphere in the winter period of 2007/2008 is found to
be the most favourable for transport of polluted air masses into the Arctic
and for accumulation of particulate matter in the Arctic troposphere. This is
due to the high positive modes of AO and NAO which reflected a very stable
atmosphere which enhance the accumulation of particulate matter. Further,
the high positive mode of AO and NAO reflects a strong Polar Vortex which
enhance the transport of polluted air masses from receptor site into the Arctic
due to the same potential temperature as in the Arctic.

• The winter of 2008/2009, 2009/2010 and 2010/2011 is found with a very
unstable modes of the indices of AO, NAO and P-NAO which reflected a
weak Polar Vortex. This is associated with more meridional winds which
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allow cold dry air to move southward and be replaced by warm and moist air
masses, especially in late autumn and early winter 2008 and 2010. This type
of air masses enhances the removal of particulate matter by deposition and
limits the transport of polluted air masses into the Arctic.

• A seasonal variation is found in the BC concentrations with the high con-
centrations in winter and low concentration in summer. This is consistent
with the Arctic haze cycles as well as BC concentrations reported from the
measuring station of Alert, Canada and Zeppelin, Spitsbergen, Norway. Gen-
erally for the four-year period, there is a decrease in winter BC concentra-
tions at Station Nord. The winter of 2007/2008 has maximum BC concen-
trations of 110 ng m−3, where the winter BC concentrations in 2008/2009 is
found in range of 20 ng m−3 to 60 ng m−3, in winter 2009/2010 is found in
range of 20 ng m−3 to 40 ng m−3 and in winter 2010/2011 is found in range
of 15 ng m−3 to 50 ng m−3. This decrease of BC concentrations in summer
and during the four-year period is found coincide with unstable modes of the
indices AO, NAO and to some extent also P-NAO.

• An event of high BC concentrations was found in March 2008 (about 110 ng m−3)
which is the same period with high positive modes of AO and NAO and a
strong Polar Vortex was presented in the Arctic winter atmosphere. There-
fore a strong Polar Vortex is highly associated with high pollution event at
Station Nord. This is to some extent also reflected in the BC concentrations
from the ice core from Flade Isblink and the indices of AO and NAO for the
time period of 1950 to 2000.

• The uncertainty related to BC was assumed to have a contribution from
the voltage signal, the filter area and the volume flow and is estimated to
0.0166 g m−3.

• The specific absorption coefficient needed for converting the light absorption
coefficient into BC concentration is found to 7.82 m2 g−1 at Station Nord.

• A high correlation was found between annual BC concentrations and sulphate
(0.8803) and manganese (0.6797), which is associated with combustion pro-
cesses. This indicated that BC concentrations are assigned to combustion
processes. In addition, high correlation was found in the winter/early spring
of 2008 and 2009 between BC concentrations and the metallic elements of
copper, nickel and zinc. This indicated that metal industry is a source for BC
concentrations at Station Nord in winter/early spring.

• BC concentrations was found with a very similar seasonal pattern as sulphate
which is assumed to be related to coagulation and ageing processes with the
more soluble aerosols of sulphate.

• From the COPREM result, anthropogenic sources seems to contribute with
the largest fractions in winter and early spring, where soil sources seem to
have a more varying contribution pattern, but with some peaks in spring
and late summer. The marine source contribute with large fractions in late
autumn and winter most likely due to autumn and winter storms at sea.
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• The main contributor to BC concentrations according to COPREM is found
from anthropogenic sources, combustion and metal industry. Further, the BC
source apportionment seems to have a larger contribution from metal industry
in spring. This was consistent in the winter of 2007/2008 and 2008/2009. The
same anthropogenic contributor was found for sulphate concentrations, but
also with small contributions from marine sources in late autumn and winter.

• A signal of biomass plume at Station Nord is found in April 2010 reflected
in concentration of levoglucosan (2 ng m−3 to 4 ng m−3), concentration of or-
ganic carbon (100 ng m−3 to 150 ng m−3) and concentration of BC (40 ng m−3).
Therefore it is very likely that biomass burning is a stampe source of partic-
ulate matter at Station Nord.

• The specific EC to TC ratio was calculated for the episode of biomass plume
(April 2010) at Station Nord and found in the size range of 12% to 19%.
Therefore, any distinction between biomass and combustion sources can per-
haps be found in this sites range of the EC/TC ratio.

If the main pattern for the Arctic winter atmosphere continues to be a weak Po-
lar Vortex, it might be the case, that events of high BC concentrations will not
be that persistent in the future. A winter situations with a weak Polar Vortex
will enhance the removal process of particulate matter from the receptor site before
reaching Station Nord and accumulation of BC in the troposphere will not have the
same favourably conditions. This leaves the Arctic winter pollution in 2007/2008
quite extraordinary. However, Arctic haze is still assumed to be a widespread
phenomenon in the Arctic dominated by anthropogenic sources as well as natural
emission and biomass plumes. Thereby contributing to the radiative forcing in the
Arctic enforced by Arctic haze aerosols.
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Chapter 7

Perspectives for the future

In this chapter the main conclusions will be perspective into the future and the
adequate knowledge which is needed in order to improve accurate modeling of the
radiative forcing due to Arctic haze aerosols would be identified.

More research was found to be needed to improve our knowledge of particulate mat-
ter related to biomass burning and the transformation of those organic processes
into SOA. This is important in order to model more reliable results of the source
apportionment of SOA in COPREM. In addition, an additional investigation of
tracers related to biomass burning besides levoglucosan could improve the source
apportionment of BC in the Arctic and might give an estimate of the contribution
from biomass sources at Station Nord. Furthermore, an improvement of COPREM
would might occur if the total mass concentrations would be known at Station Nord.

In order to improve our knowledge of source-receptor relationships in the Arctic
an adequate investigation of the transport pathways of particulate matter to Sta-
tion Nord could be performed by using trajectory statistics [Stohl, 1996]. This is
a method developed by Stohl et al. [2002] which used a backward Lagrangian par-
ticle dispersion model and cluster analysis of the particle position to develop the
transport pathways.

Future publication

I had hoped that during this year an article stating my main findings from this thesis
could be prepared. I had learnt one important thing: science takes time. Therefore
I hope that after submission of this master thesis to the Niels Bohr Institute (NBI),
University of Copenhagen, in September 2011, an article related to this thesis will
be published.
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Appendix A

Figure

Figure A.1: The locations of monitoring station for chemical elements and arctic
haze as well as precipitation within the Arctic region [AMAP 2006].

113/123



Figure

(a) Voltages signal for 2009

(b) Voltages signal for 2010

(c) Voltages signal for 2011

Figure A.2: The PSAP voltage signals S and RS from January 2009 to April
2011.
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Figure

(a) December 2009 (b) February 2010

(c) December 2010 (d) Climatology

Figure A.3: Arctic Atmospheric Pressure 850 mb geopotential height-contours
observed for (a) December 2009, (b) February 2010 and (c) Decem-
ber 2010, which is the months where the Polar Vortex brake down.
(d) is the 850 mb geopotential height-contours observed for Decem-
ber 1950-2010, which indicated a "normal" PV [National Oceanic
and Atmospheric Administration (NOAA 2) and U.S. Department

of Commerce, 2011].
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Appendix B

Code

B.1 Static exercise

This exercise was in order to give some experience of how different dataset be-
haviour. In exercise nr. 1 a uniform normally distributed dataset were use for
making a histogram fitted to a Gaussian function and to make a plot of the Cu-
mulative Distribution Function (CDF). In exercise nr. 2 there were added a series
of numbers and in exercise nr. 3 there were added some outliers to the uniform
normally distributed dataset. The histogram fitted with a Gaussian function and
the CDF for the 3 different exercises is shown in figure B.1 and B.2. The Matlab
script for the exercises is found below figure B.2.

Figure B.1: The plots from the first static exercise.
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(a) Exercise 2 (b) Exercise 3

Figure B.2: The plots from the static exercise 2 and 3.

1 %%%%%%%%%%% The Dataset f o r Exe r c i s e nr . 1
2 % Make a random dataset , where rand produce uni formly d i s t r i b u t e d ...

numbers
3 % and randn produce normally d i s t r i b u t e d numbers .
4 par = rand ( 1 , 2 ) ;
5 my = par (1 ) ; %Mean
6 sigma = par (2 ) ; % SD
7 NN = 100 ; % Amount o f numbers in the datase t
8 x = sigma ∗ randn (1 ,NN) + my; % The datase t
9

10 %%%%%%%%%%% The Dataset f o r Exe r c i s e nr . 2
11 par1 = rand ( 1 , 2 , 3 , 4 ) ; par = rand ( 1 , 2 ) ;
12 my = par (1 ) ;
13 sigma = par (2 ) ;
14 NN = 100 ;
15

16 beta = 0 . 2 ; %par1 (1 ) ;
17 x0 = par1 (2 ) ;
18 my = par1 (3 ) ;
19 sigma = par1 (4 ) ;
20 m = f loor (NN∗(1−beta ) ) ;
21

22 x ( 1 :m) = sigma ∗randn (1 ,m) + my;
23 x (m+1:NN) = x0∗ ones (1 ,NN−m) ;
24

25 %%%%%%%%%%% The Dataset f o r Exe r c i s e nr . 3
26 par = randn ( 1 , 2 ) ;
27 my = par (1 ) ;
28 sigma = par (2 ) ;
29 NN = 100 ;
30

31 x = sigma ∗ randn (1 ,NN) + my;
32 x ( 1 : 3 ) = 5∗ sigma ∗ ones (1 , 3 ) + my;
33

34 %%%%%%%%%%% The s c r i p t f o r making the Histogram and CDF.
35

36 nbin = 20 ; % Amounts o f b ins in one h i s t .
37 Xmin = min( x ) ; % Def . the min and max o f x
38 Xmax = max( x ) ;
39 db = (Xmax − Xmin) / ( nbin ) ; % \Delta b ins
40 bin = zeros (1 , nbin ) ; % A matrix with zeros , in order to run the ...

s c r i p t f a r s t e r .
41

42 % The index de f . the numbers o f datapo int s in the d i f f e r e n t h i s t .
43 for i = 1 :NN
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44

45 index = f loor ( ( ( x ( i ) − Xmin) /(Xmax −Xmin) ) ∗ ( nbin −1) +1 ) ;
46 bin ( index ) = bin ( index ) + 1 ;
47

48 end
49

50 bin = bin / (NN∗db) ;
51 sigmax = std ( x ) ; % SD of x
52 meanx = mean( x ) ; % Mean o f x
53 M=1000; % Make a smoother p l o t
54 x1 = ( ( 1 :M) /M) ∗nbin ∗ db + Xmin ;
55

56 % ni de f . the normal ized PDF
57

58 ni = (1 / ( sqrt ( sigmax ^(2) ∗2∗ pi ) ) ) ∗ (exp(− ( x1 − meanx) . ^ ( 2 ) / (2 ∗...
sigmax ^(2) ) ) ) ;

59

60 %%%%%%%%%% Make a histogram
61 f igure (1 ) ;
62 x2=Xmin + db ∗ ( 1 : nbin ) ;
63

64 subplot ( 2 , 1 , 1 ) , plot ( x1 , ni , ’g’ ) ;
65 hold on
66 subplot ( 2 , 1 , 1 ) , sta irs ( x2 , bin ) ;
67 hold o f f
68

69 %%%%%%the Cumulative D i s t r i bu t i on Function
70

71 i n i = ni ; % the i n t e g r a l e o f the normal ized PDF
72

73 for j = 2 :M
74

75 i n i ( j ) = i n i ( j −1) + ni ( j ) ;
76

77 end
78

79 i n i = i n i / i n i (M) ;
80

81 subplot ( 2 , 1 , 2 ) ,plot ( ( x1−meanx) /sigmax , i n i , ’g’ ) ;
82 hold on
83 subplot ( 2 , 1 , 2 ) , plot ( ( sort ( x )−meanx) /sigmax , ( ( 1 :NN) /NN) ) ;
84 hold o f f

B.2 The Grubb’s test

The Grubb’s test is a statistical test, which is used to detect outliers in a dataset,
which is assumed to be normally distributed. Our measurements are not normally
distributed, but log-normally distributed. Though the measurements differ from
a normally distribution, the outliers were investigated by the Grubb’s test. The
Grubb’s test is defined as:

G = maxi,..,N |xi − µ|
σ

Here µ and σ is denoting the mean and the standard deviation of the data xi,
respectively. The test is defining the largest absolute deviation from the mean in
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units of the standard deviation (maximum).
The value for rejecting a data-point or the hypothesis of no outliers at a significance
level σ is determined by:

G >
N − 1√
N

√
(ttest)2

N − 2 + (ttest)2

Here N is the number of data-points, N − 2 is the degrees of freedom and ttest is
the critical value of the student’s t-distribution at a significance level σ divided by
2N . The student’s t-distribution is defined as:

ttest =
Γ
(
v+1

2

)
√
vπ · Γ

(
v
2
) · (1 + t2

v

)− 1
2 (v+1)

(B.1)

here is v = N − 2 the number of degree of freedom, Γ is the gamma function and
t = α

2N . In this analysis is the significance level assumed to be equally σ = 0.01.
The test were performed on the concentrations of BC, OC, EC, TC and Levoglu-
cosan and below the Matlab script for the test is found.

1 %%%%%%%%%%%%%%%%% The Grubb ’ s t e s t
2 % Def ines v a r i a b l e
3 v = NN−2; % The number o f degree s o f freedom
4 alpha = 0 . 0 5 ; %l e v e l o f s i g n i f i c a n c e
5 t = alpha /(2∗NN) ; % two−s ided t e s t
6

7 % Estimates the c r i t i c a l va lue G by the i nv e r s e o f Student ’ s T ...
cumulat ive d i s t r i b u t i o n func t i on (CDF) .

8 t t e s t = t inv ( t , v ) ;
9

10 G = (NN−1) / ( sqrt (NN) ) ∗ sqrt ( t t e s t ^(2) / ( (NN−2) + t t e s t ^(2) ) )
11

12 Gmax = (TCmax − meanx) / sigmax
13

14 Gmin = abs (TCmin − meanx) / sigmax
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Appendix C

Publications and presentations

Published

Poster AMAP conference, Mai 2011, Denmark, Copenhagen Observation of car-
bonaceous anthropogenic tracers at the high Arctic site Station Nord, Northern
Greenland Grube, A G., Nguyen, Q., Nøjgaard, J. K., Bossi, R., Skov, H., Sørensen,
L. L., Jensen, B., Massling, A. (2011). The Poster is found in figure C.2.

Poster AMAP conference, Mai 2011, Denmark, Copenhagen Source to receptor
analysis of anthropogenic species at the high Arctic site Station Nord, Northern
Greenland Nguyen, Q., Grube, A. G., Massling, A., Skov, H., Sørensen, L. L.,
Bossi, R., Jensen, B., Nøjgaard, J. K. (2011)

Poster The International Aerosol Conference, August 29 - September 3 2010,
Helsinki, Finland Observations and model results of soot-containing particulate
matter at the higher Arctic site St. Nord Grube, A. G., Skov, H., Sørensen, L. L.,
Christensen, J., Wåhlin, P., Bossi, R., Nguyen, Q., Nøjgaard, J. K., Jensen, B.,
Kristensen, K., Fenger, M., Glasius, M., Massling, A. (2010). The Poster is found
in figure C.1.

Other significant conference contributions

Talk AMAP conference, Mai 2011, Denmark, Copenhagen Measurements of air
pollution at Station Nord, North East Greenland Skov, H., Bossi, R., Christensen,
J., Glasius, M., Grube, A. G., Hansen, K. M., Jensen, B., Massling, A., Nguyen,
Q., Nøjgaard, J. K., Sørensen, L. L. (2011)

Talk CRAICC kick-off meeting, Nordic centre of Excellence February 2011, Helsinki,
Finland Physical particle measurements at a high Arctic site in Northern Green-
land: Present measurements and future plans Massling, A., Skov, H., Glasius, M.,
Christensen, J., Grube, A.G., Nguyen, Q., Sørensen, L. L., Bossi R., Nøjgaard, J.
K. (2011)
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Publications and presentations

Figure C.1: The Poster was presented at the International Aerosol Conference,
August 29 - September 3 2010, Helsinki, Finland.
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Publications and presentations

Figure C.2: The Poster was presented at the Arctic Monitoring and Assesment
Programme (AMAP) conference, May 3rd-6th 2011, Copenhagen,

Denmark.
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