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[1] Subarctic aerosol was sampled during July 2007 at the Abisko Research Station
Stordalen field site operated by the Royal Swedish Academy of Sciences. Located in
northern Sweden at 68� latitude and 385 m above sea level (m asl), this site is classified as
a semicontinuous permafrost mire. Number density, size distribution, cloud condensation
nucleus properties, and chemical composition of the ambient aerosol were determined.
Back trajectories showed that three distinct air masses were present over Stordalen during
the sampling period. Aerosol properties changed and correlated with air mass origin to the
south, northeast, or west, suggesting that particle source and transport were important
factors. We observe that Arctic aerosol is not compositionally unlike that found in the free
troposphere at midlatitudes. Internal mixtures of sulfates and organics, many on insoluble
biomass burning and/or elemental carbon cores, dominate the number density of
particles from �200- to 2000-nm aerodynamic diameter. Mineral dust that had interacted
with gas-phase species was observed in all air masses. Sea salt, due to the uptake of nitrate
species and loss of chlorine, was the aerosol type that most varied chemically with
air mass.
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1. Introduction

[2] Aerosol particles can affect their environment in
multiple ways. The Earth’s radiative balance is one example
and it is affected by several distinct mechanisms. Aerosols
can scatter and absorb solar radiation (the direct aerosol
effect) [McCormick and Ludwig, 1967; Coakley et al.,
1983]. Aerosols act as cloud condensation nuclei (CCN)
or ice nuclei, leading to cloud formation and/or alteration of
microphysical and radiative properties (the indirect aerosol
effect) [Twomey, 1977; Albrecht, 1989; Lohmann and
Feichter, 2005]. Aerosols can also absorb radiation from
within clouds, thereby perturbing their temperature profile
and stability (the semidirect effect). Because of the complex
interaction of aerosols, clouds and climate this area repre-
sents one of the major uncertainties in our current under-
standing of climate change [IPCC, 2007].

[3] Individual aerosol particles are typically internal mix-
tures of a variety of chemical compounds [e.g., Murphy and
Thomson, 1997a, 1997b]. In addition to its size [Dusek et
al., 2006] the chemical composition of an aerosol particle
determines whether it has the ability to take up water and act
as a CCN [Baltensperger et al., 2002; Hegg et al., 2006].
Aerosol composition and water content also determine the
optical and chemical properties of the particle. Aerosols
consisting of light-absorbing materials such as soot absorb
sunlight directly and have a warming effect whereas sulfates
predominantly scatter and cool [Penner et al., 1998; Bond
and Bergstrom, 2006]. Reactions, for example the hydroly-
sis of N2O5, have also been shown to be dependent on the
composition-related water content of the particle [Hu and
Abbatt, 1997]. A knowledge of aerosol size and mixing
state are thus critical components for a better understanding
of atmospheric chemistry and climate change.
[4] Climate change has been more pronounced in the

Arctic region than elsewhere, with a temperature increase
twice that of the global average [IPCC, 2007]. It has largely
been assumed that direct aerosol effects at Arctic latitudes
are small owing to the low solar elevation. However, the
surface albedo in polar regions is often high owing to snow
and ice cover and this can lead to multiple reflections if
absorbing particles are suspended above such surfaces
[Chýlek and Coakley, 1974; Randles et al., 2004]. There
is also a relatively larger uncertainty at high latitudes
because there is less atmospheric field data owing to
difficult access conditions and often severe temperatures
and weather. The lack of field data has resulted in limited
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information about how the Arctic is influenced by conti-
nental pollutants, the chemical composition and transport
processes of aerosols, and the relationship between particles
and clouds. Increasing our understanding of Arctic regional
climate change and acquiring high-quality atmospheric data
are two of the objectives of the most recent International
Polar Year (A Framework for the International Polar Year
2007–2008 produced by the ICSU IPY 2007–2008 Plan-
ning Group, 2004, International Council for Science, avail-
able at http://www.ipy.org).
[5] Although there are relatively few anthropogenic pol-

lution sources in the Arctic, this region is known to be
impacted by emissions from lower latitudes. For example,
in late winter and spring the Arctic is affected by a so-called
‘‘Arctic Haze’’ consisting of pollutants mainly from Europe
and Asia [Mitchell, 1957; Heintzenberg, 1980]. In late
spring and summer, plumes from boreal forest fires can be
carried to the Arctic [e.g., Dibb et al., 1996]. Besides the
Arctic Haze phenomenon, measurements in Arctic and
subarctic regions have also focused on nucleation events
[Kulmala et al., 2001] which occur predominantly during
spring and autumn over boreal forest regions (summarized
by Kulmala et al. [2004]). At one high-latitude location the
peak number of new particle formation, in some cases with
very high growth rates, was observed during summer
[Svenningsson et al., 2008]. Several properties of these
biogenic particles have been further investigated. Lihavainen
et al. [2003] concentrated on the CCN production resulting
from new-particle formation, and Komppula et al. [2005]
evaluated size-resolved cloud droplet number concentra-
tions in subarctic Finland. The boreal forest particle
studies concentrated mainly on nucleation and Aitken
mode particles. A commercial Aerodyne aerosol mass
spectrometer (AMS) was used to study the aerosol com-
position in instances of high densities of recently formed
particles, finding that they had a predominantly organic
composition [Allan et al., 2006]. The same type of
instrument was also used to resolve the composition of
cloud droplet residuals [Drewnick et al., 2007].
[6] In this study an aerosol time-of-flight mass spectrom-

eter (ATOFMS) [Gard et al., 1997], commercially available
from TSI (Model 3800, TSI Inc., Minnesota), was operated
at the Abisko Research Station Stordalen field site. SPMS
has been deployed in various field studies [e.g., Sullivan
and Prather, 2005] but never before, to our knowledge, at
Arctic latitudes. As such this work complements the afore-
mentioned studies.

2. Experimental Methods

2.1. Overview

[7] The purpose of this study was to characterize the
ambient conditions and aerosol properties in a remote Arctic
region unaffected by significant local anthropogenic particle
sources or precursors. Our foremost goal is to compare and
contrast particle properties (i.e., size, number, and chemical
composition) as a function of air mass origin in this region.
A secondary objective is to provide an overview of the
instrumentation, sampling location, methodology, and me-
teorology for this and companion publications.
[8] Single particle mass spectroscopy (SPMS) is a tool for

determining the size, chemical composition and mixing

state on a particle by particle basis both in situ and in real
time. This is unlike previously studies of Arctic aerosol
which have been restricted to bulk samples and emission
inventories [Quinn et al., 2008, and references therein].
Studies with an AMS average over a mass-dependent group
of particles and resolve only volatile and semivolatile
components; substances such as sea salt, elemental carbon,
and mineral dust cannot be observed [Allan et al., 2006;
Drewnick et al., 2007]. Previous studies at the single
particle level have been carried out on collected samples
returned to a laboratory for in vacuo studies with electron
microscopy which results in volatile material loss and
extensive preparation and analysis time [Niemi et al.,
2006; Behrenfeldt et al., 2008]. In this study an ATOFMS
was operated in conjunction with other instruments near
Abisko, Sweden during the month of July 2007. Multiple
measurement strategies were employed. The ATOFMS
sampled for long periods from three distinct air masses
originating from different directions, each of which had
different particle characteristics. The ATOFMS was period-
ically connected to a hygroscopicity tandem differential
mobility analyzer (HTDMA) to measure the aerosol chem-
ical composition as a function of the hygroscopic growth.
This data is discussed in a companion paper [Herich et al.,
2009]. Besides the ATOFMS and the HTDMA, a scanning
mobility particle sizer (SMPS) was used to determine
submicrometer mobility diameter particle number density,
a condensation particle counter (CPC) was used to deter-
mine total aerosol number, and a CCN counter (CCNC) was
used to determine the number density of cloud forming
aerosol as a function of supersaturation. Data from the CCN
and HTDMA, when the latter was not connected to the
ATOFMS, are discussed in a second companion paper
(L. Kammermann et al., Subarctic atmospheric aerosol
composition: 3. Measured and modeled properties of cloud
condensation nuclei, manuscript in preparation, 2009).
Meteorological factors such as wind speed, wind direction,
and temperature were also monitored. Finally, back trajec-
tories were determined to differentiate and characterize the
air masses.

2.2. Sampling Site

[9] Stordalen mire (68�220N 19�030E) is a nature reserve
near the town of Abisko, Sweden. The site is located 200 km
north of the Arctic Circle and 385 m asl. July, with an
average temperature of 11�C, is the warmest month of the
year and at this latitude daylight is continuous. The subarc-
tic mire is in a zone of discontinuous permafrost and
consists of a mosaic of elevated ombrotrophic and lower-
lying minerotrophic parts, surrounded by mountain birch
forest [Svensson et al., 1999; Johansson et al., 2006].
Tundra vegetation covers the upper slopes of the mountains
in the region. Stordalen is accessible only by foot or
helicopter and is located 1 km to the east of the E10
roadway. The E10 is a two- to four-lane road, the area’s
largest, which connects Narvik, Norway, and Kiruna, Swe-
den (both are �90 km from Stordalen in opposite direc-
tions). One kilometer to the east of Stordalen is Lake
Torneträsk, and 10 km to the west is the village of Abisko
(permanent population �150). Electric railroads in the
Abisko area are regularly used, 10–12 times per day, for
open freight shipping of iron ore from Kiruna to the port at
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Narvik. The rail line and domestic heating are the largest
local anthropogenic sources of gases and particles. To the
east of the Abisko region lies northern Finland, Russia, and
the Barents Sea; this includes the industrial area of the Kola
Peninsula. The topography is relatively flat, with altitudes
mostly below 500 m asl. To the north, west, and southwest,
the region borders the 1000–2000 m asl. Scandinavian
Mountains. Beyond the Scandinavian Mountains is the
Norwegian Sea. The entire region is sparsely populated
and much of the area is held in nature preserves. A regional
map of the Abisko area, including vegetation zones, can be
found in Figure 1 of Svenningsson et al. [2008]. In
summary, the Stordalen site allows access to Arctic air
masses with few local anthropogenic sources. Depending
upon wind direction and meteorology particulate sources
from both natural (e.g., oceanic and boreal forest) and
anthropogenic (e.g., the port at Narvik and industries on
the Barents Sea) sources are expected to perturb the
background conditions.
[10] The Lagrangian trajectory model LAGRANTO

[Wernli and Davies, 1997], which uses meteorological
analyses from the European Center for Medium-Range
Weather Forecasts (ECMWF), was used to determine the
air mass history during the study period. Available on
standardized time intervals (0000, 0600, 1200, and
1800 UTC) on 91 model levels, the data is superimposed
on a fixed Gaussian grid (0.25� � 0.25�). The position of
the air parcels is determined from a three-dimensional wind
field; standard trajectories were calculated 48 h back for
every day for 1200 UTC and 0000 UTC arrival time at the
field site (at 385 m asl). These back trajectories show three
main stable air masses during the sampling period that
originated from the south, northeast, and west, respectively.
Short periods of ‘‘unsettled flow’’ occurred between these
stable periods and are removed from this data set. Sampling
times, air mass information, SMPS data, daily averaged
trajectories and site-related meteorological information are
shown in Figure 1.

2.3. Instrumentation

[11] During the month of July 2007, aerosol instrumen-
tation was located within a �25 m2 cabin at a field site
located at Stordalen mire, approximately 10 km from the
Abisko Scientific Research Station operated by the Royal
Swedish Academy of Sciences. More details are given in
section 2.4. Ambient aerosol particles entered the cabin
through an isokinetic PM-10 inlet (URG, Model 2000–
30DBQ). The output of the PM-10 inlet was then split into
four lengths of 6-mm-diameter capillary tubing directed to a
CPC (flow rate = 1 L/min, 10 nm to 3 mm diameter range,
TSI Model 3772 for first two measurement weeks, thereafter
a TSI Model 3010), an ATOFMS (flow rate = 0.1 L/min),
a CCNC (flow rate = 0.5 L/min, Droplet Measurement
Technologies), and a custom-built HTDMA based on the
instrument described by Weingartner et al. [2002] with a
CPC (TSI, Model 3010, flow rate = 1 L/min). An additional
flow of 5 L/min was added to achieve the desired cut point
of the inlet. Tube lengths were such that equal transit times
occurred from the inlet to each instrument. When the
HTDMA and ATOFMS were connected in series, or when
instruments were periodically cleaned, calibrated, or

changed, extra tubes were capped. A custom built SMPS
(size range 10–550 nm diameter), which operates continu-
ously at the Stordalen site, draws particles from a separate
inlet system. A complete description of this system is given
by Svenningsson et al. [2008]. In this manner, particle
concentration was determined from the CPC, the size
distribution from the SMPS, the hygroscopic properties
from the HTDMA, the cloud nuclei concentration from
the CCNC, and the chemical composition of single particles
was determined by the ATOFMS. In total, �70,000 ambient
single particle mass spectra were obtained in the size range
between �200 and 2000 nm.
[12] The ATOFMS is a single particle mass spectrometer

described in detail by Gard et al. [1997]. Briefly, particles
are drawn into the instrument through an aerodynamic lens
and are accelerated such that their velocity is a function of
their aerodynamic diameter [Liu et al., 1995a, 1995b]. After
two differential pumping stages the particles scatter light as
they travel through two diode-pumped neodymium-doped
yttrium aluminum garnet (Nd:YAG) continuous sizing
lasers (l = 532 nm). These two Nd:YAG sizing lasers are
situated at a known distance apart from each other. The
scattering signals of the lasers are detected with two photo-
multipliers, allowing for a calculation of the particle flight
velocity, and thus the vacuum aerodynamic diameter of the
particle. Using polystyrene latex spheres of known size for
calibration, it was observed that the detectable scattering of
light by particles set a lower threshold of �200 nm diameter
whereas efficient detection was not observed until >250 nm.
The focus of the aerodynamic lens falls off above 600 nm
diameter and no particles were observed above 2000 nm
during this study. Particles next pass into a mass spectrom-
eter region where the fourth harmonic of a pulsed Nd:YAG
(l = 266 nm) laser acts to desorb and ionize the aerosol. The
firing of the desorption and ionization (DI) laser is depen-
dent on the calculated particle flight velocity. Generated
ions are then accelerated into one of two time-of-flight mass
spectrometers according to their polarity. In this way pos-
itive and negative mass spectra are obtained in situ and in
real time at the single particle level. Volatile, semivolatile
and refractory components are resolved with this technique.
[13] The ATOFMS should be considered a qualitative

instrument. The peak areas in the ATOFMS bipolar mass
spectra result from ions generated by the DI laser beam. Ion
generation can be impacted by the distribution of compo-
nents through the aerosol, the ionization efficiency of the
specific materials, as well as other properties of the particle
matrix [Gross et al., 2000; Murphy, 2007]. Thus, without
laboratory determination of these ‘‘matrix effects’’ mass
spectral peak areas cannot be directly related to the com-
ponent quantities [Cziczo et al., 2001; Dessiaterik et al.,
2003].
[14] The experimental timeline is illustrated in Figure 1.

Periods when the ATOFMS was connected in series to the
HTDMA (Figure 1a, purple squares) are discussed by
Herich et al. [2009]. Comparisons of aerosol hygroscopicity
and cloud condensation nuclei during parallel sampling of
the HTDMA (Figure 1a, bright yellow squares) are the
subject of Kammermann et al. (manuscript in preparation,
2009).
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2.4. Cluster Analysis

[15] ATOFMS analysis was performed by the data mining
program ENvironmental CHemistry through InteLligent
Atmospheric Data Analysis (ENCHILADA) developed
at Carleton College and the University of Wisconsin-
Madison (D. S. Gross et al., ENCHILADA: Environmental
chemistry through intelligent atmospheric data analysis,
submitted to Environmental Modeling and Software,
2009). ENCHILADA allows for the analysis of particle
mass spectra and time series using data mining and visual-

ization tools. Aerosol particle data is clustered through a
K-means algorithm. The K-means clustering algorithm
assigns each particle to a cluster whose center is nearest
in Euclidean space. The center is an average of all the
particles in the cluster, and is thus indicative of a grouping
of similar particles. The algorithm assigns particles to a
given cluster and then recomputes a new center; the algo-
rithm is only finished when the error (defined as the distance
between all particles and their assigned cluster centers) is
minimized and all particle data points have been assigned to
a cluster. At common atmospheric aerosol number densities

Figure 1. Ambient aerosol and meteorological data at the Stordalen field site during the month of July
2007. (a) Time periods within the month during which each instrument was operating. (b) Wind direction
and speed, (c) virtual temperature, and (d) size-resolved particle concentration measured with an SMPS.
It should be noted that this is a local wind direction and wind speed data that need not correlate with the
back trajectory wind fields. (e) The three distinct air masses that were sampled, correlating with the
shaded time periods in Figure 1a. Back trajectories, one per day within each air mass, are plotted on a
Scandinavian projection.
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a single particle instrument can produce tens of thousands of
mass spectra per day; cluster analysis allows handling of the
composition of large data sets by grouping similar particle
types. By setting the value for K, or the number of clusters
to group particles into, the user can control how coarse or
fine the subdivisions between clusters are. In this study, we
used the smallest number of clusters which adequately
defined the data set, based on small changes upon increas-
ing K. For the purpose of the data set obtained in this field
study, mass spectra were subdivided according to air mass
origin before clustering, as specified in section 3.

[16] During this field study, three, three, and five clusters
were found to most readily delineate the spectra acquired in
the south, northeast, and west air masses, respectively. In all
three air masses, the most populous cluster contained
organic carbon (OC), elemental carbon (EC), potassium
(K) and sulfates. These components were found internally
mixed in various ratios (i.e., any could represent the largest
or smallest signal). The other clusters were differentiated by
components such as mineral dust or sea salt. It is notewor-
thy that the delineation was thus most clearly shown by a
refractory component of the particle (e.g., EC, mineral dust,

Figure 2. Chemical composition and size information for the ambient aerosol within an air mass
originating to the south of the Stordalen field site. (top left) The average bipolar ion spectra for three
cluster centers. (top right) The particle acquisition rate for these three clusters as a function of time. Note
that the ATOFMS was not run for �48 h from 3 to 5 July as a connection to the HTDMAwas tested. Note
also that data on 6 July are from a transition period to an air mass from the northeast. (bottom left) The
occurrence of particle type according to aerodynamic size (obtained by the ATOFMS), with the OC/EC/K/
Sulfate cluster size distribution shown on the left-hand y axis and the other clusters all shown on the right-
hand y axis, as indicated by the arrows. (bottom right) A number-based pie chart of the aerosol clusters
during this air mass. The full pie stands for the total number of spectra acquired during this air mass.
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and sea salt). Such a delineation would not have been
apparent in previous Arctic studies of aerosol with an
AMS instrument which cannot resolve refractory com-
pounds [Allan et al., 2006; Drewnick et al., 2007].
[17] To test the need for more clusters, ENCHILADAwas

also run with a fixed number of 30 cluster centers for each
of the three air masses. In all three air masses a single large
cluster was produced which encompassed 67, 71, and 76%
of all particles for the South, Northeast, and West air
masses, respectively; this cluster was OC/EC/K/Sulfates.
Furthermore, less than 10 total clusters represented greater
than 99% of all particles in all three air masses. That is to
say that even though 30 centroids were used, only 10 were
required to cluster essentially all of the particles. Further-
more, by forcing a requirement for more clusters groups that
would normally cluster together were split. For example,

clusters with OC, EC, potassium, and sulfate were split such
that the magnitude of one component or another (e.g., a large
sulfate or organic signal) differentiated the cluster. Since
these four species existed as a continuum in this data set this
arbitrary subclustering did not accurately reflect the distri-
bution of mass spectra. Thus, the clusters discussed in the
previous paragraphs and indicated in Figures 2, 3, and 4 are
considered the best overall representation of this data set.

3. Results

3.1. Air Mass South

[18] Initial ambient sampling commenced on 2 July 2007.
The air mass at the outset of the study, from 2 to 6 July,
exhibited a back trajectory that passed along the Scandina-
vian Peninsula from south to north (Figure 1). Local winds

Figure 3. Chemical composition and size information for the ambient aerosol within an air mass
originating to the northeast of the Stordalen field site. Panels are as defined in Figure 2 although note that
the three cluster centers are different. Note also that the ATOFMS was connected to the HTDMA for the
early portion of this air mass.
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Figure 4. Chemical composition and size information for the ambient aerosol within an air mass
originating to the west of the Stordalen field site. Panels are as defined in Figure 2 although note that
there are five different cluster centers for this air mass. Note also that the ATOFMS was connected to the
HTDMA during approximately the first and third quarters of this air mass.
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were also predominantly from the south and we therefore
term this ‘‘air mass south’’ and note that it was followed by
�24 h of unsettled flow direction. This period was charac-
terized by the highest particle numbers in the size range
above 250 nm diameter, with total concentrations of 3000
per cm3 or greater. Note that the majority of the aerosol
number at all times remained in the size range below
250 nm. The numbers above this size were largely unaf-
fected by nucleation events and the number concentrations
in this range were always below 500 per cm3. In this air
mass the SMPS data appears to indicate a new particle
formation event between 2 and 3 July. The ATOFMS
sampled for a period at the beginning and end of this air
mass with no sampling in the middle while connections to
the HTDMAwere tested. A total of 27,651 ambient aerosol
mass spectra from this air mass were obtained.
[19] Using ENCHILADA, three cluster centers were

found to best define the air mass. The results for these
three clusters are shown in Figure 2. The largest cluster, on
a number basis, exhibited spectral peaks of OC, EC, K and
sulfate in variable ratios indicating an internal mixture of
these components. This is most probably primary aerosol
particles from combustion (EC) and biomass burning (K)
which contained or took up from the gas phase organic
carbon and sulfate. Specific characteristic peaks are listed in
Table 1. The location of population centers in southern
Scandinavia with large tracts of boreal forest between there
and Stordalen is consistent with this viewpoint. The OC/EC/
K/Sulfate aerosol had little variability within this air mass
until an increase with the onset of unsettled flow on 6 July.
The mode size of this aerosol as measured by the ATOFMS
was relatively small compared to the other clusters, centered
at �500 nm aerodynamic diameter. Particles of this type
were found from the lowest size detected with the ATOFMS
(�200 nm) to the highest (�2000 nm). In total, OC/EC/K/
Sulfate particles made up 88% of the total analyzed in air
mass south.
[20] The second most numerous cluster is particles with

dominant positive sodium and potassium peaks (see Table 1
for mass peak details). This cluster had the largest mode of
the three, �750 nm diameter, but extending to the upper
detection limit of the ATOFMS. Cluster 2 comprised 7% of
the total particles in air mass south. The relative ratios and
internally mixed sodium, potassium, and sulfate compounds
in these particles do not correlate with common clusters
found in other locations. An electron microscope study in
Finland by Niemi et al. [2006] noted the presence of large
(PM1–3.3) ‘‘sponge-like’’ particles which contained Na, S,
K, and O which they attributed to burning in the wood pulp/

paper industry. The southern origin during this period does
coincide with industries of this type, suggesting this as a
possible source for these particles.
[21] The least populous cluster is termed calcium-rich

owing to the dominance of this positive ion in the spectra
(Table 1). Calcium particles likely originated from mineral
dust which took up gas phase sulfate and nitrate compounds
[Laskin et al., 2005]. There was a slight increase in the
abundance of this particle type over the period of this air
mass with a peak in the unsettled flow at the end. These
particles, with an ATOFMS-measured mode at �650 nm,
were larger than the OC/EC/K/Sulfate but smaller than the
Na/K/Sulfate cluster presumably originating from the wood
pulp/paper industry. The calcium cluster made up 5% of the
total in air mass south.

3.2. Air Mass Northeast

[22] After �24 h of unsettled flow from 6 to 7 July the
back trajectories indicate a steady flow from the northeast
until 12 July. We therefore define this as ‘‘air mass north-
east’’ although we note that local winds were variable with a
southerly component. This period was characterized by
lower particle densities than during ‘‘air mass south,’’
�500 per cm3, and a smaller mode size, �50 nm. Particle
concentrations were in general on the order of 3000 per cm3

while concentrations above 250 nm were below 300 per
cm3. New particle formation events occurred sporadically
during this period. The ATOFMS was connected to the
HTDMA for joint sampling during most of the first 3 days
within this air mass. Dedicated ambient sampling from 10 to
12 July produced 26,840 mass spectra from air mass
northeast.
[23] Three main cluster types were identified for this air

mass. The results for these three clusters are shown in
Figure 3. On a number basis the largest cluster was
OC/EC/K/Sulfate, similar in nature to the predominant
cluster in air mass south. Specific peaks are listed in
Table 1. The OC/EC/K/Sulfate aerosol exhibited a sharp
mode at �500 nm diameter although particles were
detected to the lower and upper thresholds of the ATOFMS.
OC/EC/K/Sulfate particles were detected at the start and end
of the ambient sampling in this air mass with a noticeable
void on 11 July due to local precipitation. With 8 mm
rainfall over 8 h, this was the largest precipitation event of
the experimental period. The OC/EC/K/Sulfate cluster
comprised 91% of particles in air mass northeast.
[24] The second most populous cluster in air mass north-

east comprises sea salt (Table 1). The observed peaks are
indicative of aged sea salt. Sea salt aerosol can participate in

Table 1. Characteristic Ions for the Clusters Found in the Three Air Masses Measured, Including the Percentage of Particles Assigned to

Each Cluster

Cluster Name Characteristic Ions

Percentage in Air Mass

South Northeast West

OC/EC/K/sulfate C+, C2
+, C2H3

+, C3
+, K+, C4

+, KNO3
+, C2

�, C3
�, C4

�, SO3
�, SO4

�, HSO4
�, H(HSO4)2

� 88 91 86
Na/K/sulfate Na+, K+, Na2O

+, Na2OH
+, O�, C2

�, NO2
�, NO3

�, SO3
�, HSO4

�, NaSO4
� 7

Ca-rich Na+, Ca+, CaO+, CaOH+, Ca2O
+, CaNO3

+, O�, OH�, NO2
�, NO3

�, SO3
�, HSO4

�, HS2O7
� 5 <1

Aged sea salt Na+, K+, Na2
+, Na2O

+, Na2OH
+, O�, Cl�, NO2

�, NO3
�, SO3

�, NaNO3
�, NaCl2

�, SO4
�, HSO4

� 5 4
Fe-rich Na+, K+, V+, Fe+, VO+, FeOH+, FeOH+, SO3

�, SO4
�, HSO4

� 4 <1
K-rich C+, Na+, C2H3

+, C3
+, K+, K2HSO4

+, C2
�, C3

�, CNO�, C4
�, SO4

�, HSO4
�, K(HSO4) 2

� 9
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a heterogeneous reaction with gaseous HNO3 which leads to
a replacement of chloride by nitrates, thus explaining the
presence of strong NO2

� and NO3
� peaks, with smaller

magnitude 35Cl� and 37Cl� [Gard et al., 1997]. The aged
sea salt was almost exclusively evident in the first day of
ambient sampling from this air mass although it was also
apparent earlier in the combined HTDMA-ATOFMS study.
The mode size of the sea salt particles was the largest of
those observed, peaking at �1000 nm and extending to the
upper threshold of the ATOFMS. Aged sea salt comprised
5% of the total particles sampled in air mass northeast.
[25] Instead of particles with a dominant positive calcium

ion a class of particles with a large iron peak was observed
in air mass northeast. This cluster is therefore termed iron-
rich. While CaO+ and Fe+ coexist in a mass spectrum, the
relative lack of Ca+ indicates that Fe+ was dominant. The
existence of positive peaks at mass 54 and 57, stable
isotopes of iron, support this identification. See Table 1
for specific peak details. It is noteworthy that the large
Kiruna iron ore mine lies to the east and the ore rail line
passes near the Stordalen field site, providing a reasonable
source for these particles. The nitrate, sulfate, and organic
ions in the spectra may indicate uptake from the gas phase
during their transport to the Abisko region. The particles
were observed through the first two days of ambient
sampling in air mass northeast with a peak observed on
11 July. In total 4% of the particles in the air mass were
clustered into this class.

3.3. Air Mass West

[26] An unsettled flow was identified for the period of
12–14 July. This was followed by a flow from 16 to 20 July
with back trajectories to the west, northwest, and north.
Local winds were predominantly from the west and we
hereafter term this period, for simplicity, ‘‘air mass west.’’
The particle number density in this air mass was variable,
ranging from 100 to 7000 per cm3, as was the aerosol size,
with modes from <50 nm to >100 nm in mobility diameter.
Particle concentrations in the size range above 250 nm were
below 500 per cm3.The combined HTDMA-ATOFMS setup
was employed during approximately the first and third
quarters of air mass west with ambient sampling otherwise.
Ambient data was also taken for a short period on 19 July
which was otherwise committed to the combined setup. In
total, 15,315 mass spectra of ambient particles were
obtained from air mass west.
[27] For air mass west, five clusters were used to fit the

mass spectra. The results for these five clusters are shown in
Figure 4. The numerically largest of these was similar to
the OC/EC/K/Sulfate cluster found in air mass south and
northeast. Specific peaks are listed in Table 1. The OC/
EC/K/Sulfate cluster was the most numerous throughout the
sampling period and, with a �500 nm ATOFMS mode, the
smallest. The OC/EC/K/Sulfate cluster comprised 86% of
the aerosol in air mass west.
[28] The second most abundant cluster is termed potassi-

um-rich owing to the dominance of this positive ion. Mass
peaks are listed in Table 1. This class of potassium-rich
spectra has been previously correlated with relatively fresh
biomass burning emissions [Hudson et al., 2004]. The
location of the village of Abisko, as well as the larger port
of Narvik, to the west of Stordalen, supports a local

domestic heating source contributing to this aerosol during
predominantly westerly flow. Potassium-rich particles were
the second most abundant throughout this period and also
the second smallest, with an ATOFMS mode size between
500 and 600 nm (i.e., just larger than the OC/EC/K/Sulfate
cluster). This cluster comprised 9% of the total particles of
air mass west.
[29] The third cluster was similar to the second most

abundant cluster in air mass northeast, aged sea salt (see
Table 1 for specific mass peaks). The presence of relatively
strong nitrate and weak chlorine and sodium chloride peaks
in the negative ion spectra define this as aged, not fresh, sea
salt. The mode size, �1000 nm with particles extending to
the upper ATOFMS size threshold, is also consistent with
aged sea salt. This cluster made up 4% of the total particles
in air mass west.
[30] The fourth and fifth clusters had approximately the

same abundance, �0.5% of the total aerosol in air mass
west. The fourth cluster exhibited a strong Ca+ peak
(Table 1). Calcium-rich particles were sampled throughout
the period although they appeared in sporadic peaks, the
largest at the end of the sampling time. The Ca-rich particles
were large, with a broad ATOFMS mode from �300 to
2000 nm. The fifth was an iron-rich cluster. The positive ion
spectra exhibit a dominant peak at m/z = 56, corresponding
to iron. The lack of a large Ca+ peak as well as iron isotopes
at positive mass 54 and 57 support this identification
(Table 1). Iron-rich particles also were observed sporadically
throughout air mass west with a large peak toward the end of
the sampling period. This cluster also had a broad ATOFMS
size mode from �300 to 2000 nm.

4. Air Mass Comparison and Atmospheric
Implications

[31] The technique of SPMS has been employed for field
studies of atmospheric aerosols since the mid-1990s
[Murphy and Thomson, 1997a, 1997b]. An airborne instru-
ment has acquired data from ground level to �19 km
altitude from a variety of platforms and at a number of
locations [Murphy et al., 1998, 2006]. The commercializa-
tion of this technology within the last decade has allowed
for an increase in data sets with essentially the same
instrument technology, thus making intercomparisons more
accurate [Gard et al., 1997; Suess and Prather, 1999; Nash
et al., 2006]. Regardless, the difficulty of access and a
dearth of organized field missions at high northern and
southern latitudes have resulted in a complete lack of SPMS
aerosol data in the Arctic and Antarctic. This is despite the
fact that aerosol size, composition, and mixing state play
important roles in atmospheric chemistry, visibility, and
direct and indirect climatic effects.
[32] The foremost result of this study is that high-latitude

aerosol is not altogether different from free tropospheric
aerosol found at midlatitudes. Aircraft [Murphy et al., 2006]
and mountaintop studies [DeMott et al., 2003] using SPMS
have also found that the majority of atmospheric aerosol in
the 200- to 2000-nm aerodynamic diameter size range are
internal mixtures of sulfates and organics with some 30–
80% containing a nonvolatile core that cannot be attributed
to condensation of gas phase material. The data presented
here suggest that long-range transport, and not a local
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source, was responsible for most of the analyzed particles.
Nonvolatile cores included material from biomass burning,
elemental carbon likely from combustion processes, and
mineral dust. The agreement among air masses of different
directions (south, northeast, and west) indicates that this
type of aerosol likely exists throughout the Arctic during the
summer season.
[33] Local sources are nonetheless important in the Arc-

tic. Despite the general view that the region in sparsely
inhabited some of these sources are anthropogenic. Spectra
associated with the wood pulp and paper industry [Niemi et
al., 2006] were indicated during southerly flow. Aerosols
with a mineral signature made up from 1 to 5% of the total
by number of the analyzed aerosol. The composition of the
aerosol changed with the air mass; Ca-rich aerosol predo-
minated with southern flow whereas Fe-rich particles were
observed in northeastern flow. Both particle types showed
signs of gas-phase uptake of nitrates [Laskin et al., 2005] as
has been observed in other atmospheric SPMS studies
[Murphy et al., 2006]. It is noteworthy that the Kiruna iron
ore mine is located to the east of the Stordalen, the
electrically powered ore rail line passes within �2 km
distance from the sampling site, and the industrial and port
city of Murmansk lies to the northeast. Any of these may be
the source of iron-rich particles which were observed in the
air mass northeast and west, but not in air mass south. The
lowest abundance of particles with a mineral signature
occurred in air mass west although both Ca- and Fe-rich
particles were observed at the sub-1% level. This may be
more closely related to the background level in the Arctic
and it is similar to that found in free tropospheric studies on
a mountaintop in the midlatitudes [DeMott et al., 2003]. The
composition of mineral dust is of interest since it dictates
some heterogeneous chemical reactions [Laskin et al., 2005]
and ice nucleation [Gallavardin et al., 2008].
[34] Sea salt was observed at a higher abundance in the

data from Stordalen than in free-tropospheric aerosol at
midlatitudes. This is not unexpected since the Scandinavian
Peninsula is largely surrounded by the open ocean during
the summer season. One surprising result was that the
abundance of sea salt, 4–7%, was observed to be low for
the air mass most directly originating from open ocean, that
from the west. The relative lack of sea salt is most likely due
to wet deposition during precipitation as air mass west passed
over the Norwegian coastal mountain range. This concept is
expanded in the companion paper on hygroscopicity by
Herich et al. [2009]. Whereas OC/EC/K/Sulfate and mineral
dust aerosol likely exists throughout the Arctic, sea salt may
not be homogenously distributed. The proximity of the site to
open ocean as well as topographic features and meteorology
likely determine the abundance of sea salt aerosol.
[35] Essentially all analyzed aerosol can be considered

well-aged and internally mixed. Most contained some
organic material. Some of this material may have been
present during formation for biomass, EC, and sea salt
particles. With essentially continuous daylight the summer
season is the annual peak for gas-phase emissions from
plants in the Arctic. Furthermore, the relatively lower
temperature in the Arctic (�12�C average temperature at
Stordalen during July 2007) may lead to more partitioning
of semivolatile compounds to the condensed phase than
would be found at lower latitudes. This production of gas-

phase organic compounds is highly dependent on the season
and does not occur during the winter. Likewise, ice and
snow cover during the winter likely reduces sea salt and
aeolian-produced mineral dust. We suggest the need for
more studies in the Arctic to elucidate the distribution of
aerosol types as well as the annual cycle, which is likely far
more pronounced than in the midlatitudes.
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