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Abstract

We report the analysis of measurements made using an aerosol mass spectrometer
(AMS; Aerodyne Research Inc.) that was installed in the Polar Environment Atmo-
spheric Research Laboratory (PEARL) in summer 2006. PEARL is located in the
Canadian high Arctic at 610 m above sea level on Ellesmere Island (80◦ N 86◦ W).5

PEARL is unique for its remote location in the Arctic and because most of the time
it is situated within the free troposphere. It is therefore well suited as a receptor site to
study the long range tropospheric transport of pollutants into the Arctic. Some informa-
tion about the successful year-round operation of an AMS at a high Arctic site such as
PEARL will be reported here, together with design considerations for reliable sampling10

under harsh low-temperature conditions. Computational fluid dynamics calculations
were made to ensure that sample integrity was maintained while sampling air at tem-
peratures that average −40 ◦C in the winter and can be as low as −55 ◦C. Selected
AMS measurements of aerosol mass concentration, size, and chemical composition
recorded during the months of August, September and October 2006 will be reported.15

During this period, sulfate was at most times the predominant aerosol component with
on average 0.115 µg m−3 (detection limit 0.003 µg m−3). The second most abundant
component was undifferentiated organic aerosol, with on average 0.11 µg m−3 detec-
tion limit (0.04 µg m−3). The nitrate component, which averaged 0.007 µg m−3, was
above its detection limit (0.002 µg m−3), whereas the ammonium ion had an apparent20

average concentration of 0.02 µg m−3, which was approximately equal to its detection
limit. A few episodes having increased mass concentrations and lasting from several
hours to several days are apparent in the data. These were investigated further using a
statistical analysis to determine their common characteristics. High correlations among
some of the components arriving during the short term episodes provide evidence for25

common sources. Lagrangian methods were also used to identify the source regions
for some of the episodes. These showed that the source regions for the two selected
episodes were located in north-eastern North America and western Siberia. We be-
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lieve the former is associated with sulfate emissions from motor vehicles, power plants
and heavy industry. The latter coincides with the locations of the largest Russian oil
and gas fields. These conclusions show that the Arctic is the destination for significant
amounts of pollution from high- and mid-latitude industrial and resource activity.

1 Introduction5

The Arctic is a relatively pristine environment, but it is not completely isolated from dis-
tant anthropogenic influences. Information about transport of pollution into the Arctic
is documented regularly in the reports of the Arctic Monitoring and Assessment Pro-
gramme (AMAP), which identify the large-scale tropospheric pathways whereby pollu-
tants are brought from low to high latitudes (AMAP, 2003). One of the most dramatic10

consequences of this pollution, Arctic haze, is associated with the intrusion of polluted
air into the Arctic in winter and spring, when anthropogenic sources and the Arctic are
within the same (cold) air masses (Heintzenberg, 1989). Related to this, early mea-
surements showed that anthropogenic aerosols from low latitudes are an important
component of Arctic contamination (Hoff et al., 1983). Possibly more important are15

semi-volatile organic pollutants like pesticides which, like the aerosols, have no high
latitude sources, yet are found in high concentrations at many Arctic locations (e.g.
Bailey et al., 2000; Halsall et al., 1998; Hung et al., 2005; Oehme, 1991; Oehme and
Ottar, 1984). The presence of these clearly identifiable contaminants demonstrates the
existence of transport pathways for anthropogenic pollutants into the Arctic.20

Much work has been done during more than two decades to identify the sources of
these materials This effort is made more difficult by recent indications that the predom-
inant locations of emission sources may be changing (Hung et al., 2005; Sirois and
Barrie, 1999). Some reports suggest that these originate in regions of Eurasia, but
parts of North America have also been indicated for some receptor locations (Halsall25

et al., 1997; Nyeki et al., 2005; Pacyna, 1995; Polissar et al., 2001; Xie et al., 1999).
For these reasons and many others relating to the health of the affected communities,
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it is important to continue the efforts to monitor and understand long range transport of
pollutants into the Arctic.

Particulate matter (PM) in the smaller size ranges (e.g. PM1), which is transported
over long distances (Saarikoski et al., 2008; Sehili and Lammel, 2007), is a useful tracer
for the origins of this material as well as a vector for transport of contaminants (Lammel5

et al., 2009). Many of the important effects occur at Arctic sunrise when photochemical
processes begin after months of darkness. Aerosols also cause important radiative
effects in the Arctic. For example, increases in the number and size of sulfate aerosols
from photo-oxidation of SO2 can cause surface cooling by reflecting incoming radiation
(Hung et al., 2005; Sirois and Barrie, 1999), whereas aerosols of other sizes and10

compositions can have warming effects. Thus there is a strong connection between
the chemical compositions of aerosols and their radiative effects.

There have been many studies of the chemical compositions of Arctic aerosols (e.g.
Covert and Heintzenberg, 1993; Heidam et al., 1993; Heintzenberg and Leck, 1994;
Sirois and Barrie, 1999; Staebler et al., 1999), some of which also report particle size15

information (Barrie et al., 1994; Hillamo et al., 2001; Ricard et al., 2002; Teinilä et
al., 2003). Not all studies include organic matter, which is a significant fraction of the
aerosol (Heintzenberg, 1989) and studies that do include organics usually focus only on
toxics like pesticides (Hung et al., 2005) or selected compounds such as dicarboxylic
acids (e.g. Narukawa et al., 2002; Teinilä et al., 2003), thereby omitting most of the20

organic mass fraction.
Finally, most Arctic measurement sites represented in the data referenced above are

at or close to sea level, which is a disadvantage when studying long range transport
occurring in the free troposphere. Exceptions to this include the Zeppelin site close
to Ny-Ålesund on Svalbard, which at 474 m a.s.l., is located in the free troposphere for25

much of the time. This site has been used for measurements of aerosol chemical com-
position in several studies (Heintzenberg and Leck, 1994; Ström et al., 2003; Teinilä et
al., 2004). Clearly, it is desirable to have more measurements of aerosol size and com-
position in the high Arctic. Additionally, the temporal variation of these parameters is
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less well characterized than the average values and this is also an extremely important
factor to explore.

In the following, we report selected measurements of the temporal variations in
aerosol size and composition that were carried out at the Polar Environment Atmo-
spheric Research Laboratory (PEARL) in the Canadian Arctic. Located at 80◦02′ N,5

86◦15′ W at an elevation of 610 m, PEARL is in the free troposphere and thus is ideally
suited for studying aerosol transport into the Arctic. The measurements were done
using an aerosol mass spectrometer (AMS; Aerodyne Research Inc.) that provides a
continuous data record with high temporal resolution. These measurements are the
first recorded by an AMS in the Arctic and, to the knowledge of the authors, they rep-10

resent the first time that ground-based real-time chemical analysis of Arctic aerosols
has been attempted. We describe here the sampling site and some design features
of the installation that were necessitated by the need to ensure the integrity of the
samples under the harsh conditions of the PEARL laboratory. Computational fluid dy-
namics (CFD) simulations of the inlet system are reported, to verify that particles in15

the size range that can be detected by the instrument were sampled efficiently. We
also report analyses by several methods of episodes relevant for studies of long range
transport. Statistical analyses and Lagrangian modelling of these were used to provide
information about common sources and geographical locations.

2 Site and installation details20

2.1 Polar Environment Atmospheric Laboratory (PEARL)

The PEARL laboratory is a facility of the Canadian Network for the Detection of Atmo-
spheric Change (CANDAC) in the Canadian high Arctic. It is located on Ellesmere
Island in Nunavut, Canada, 9 km west from Eureka (79◦59′ N, 85◦56′ W), which is
a Canadian High Arctic Weather Station (HAWS). About two kilometres east of the25

weather station is the Eureka airport and a small military base. Eureka is 160 km north
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of the nearest community (Grise Fjord) and about 150 km south-west of the Canadian
Forces Station (CFS) Alert, which is home to a more substantial military presence, as
well as another HAWS. The PEARL laboratory is located on top of a 610 m ridge, a
few kilometres east of Eureka Sound, which runs North-South, and just north of Slidre
Fjord, which runs East-West. The neighbouring hills are at similar or lower altitudes,5

so the laboratory is located within the free troposphere almost all of the time. These
geographical features make PEARL an ideal and unique site for an Arctic observatory.

Between 1993 and 2002, the facility, then called the Arctic Stratospheric Observa-
tory (AStrO), was used by Environment Canada (EC) for (mostly) stratospheric obser-
vations. The Arctic atmospheric research program at PEARL was initiated under new10

funding from the Canada Foundation for Climate and Atmospheric Studies (CFCAS),
the Canada Foundation for Innovation (CFI), the Ontario Innovation Trust (OIT), and
the Atlantic Innovation Fund (AIF)/Nova Scotia Research Innovation Trust (NSRIT).
Several new CANDAC programs made possible by this funding have expanded the re-
search scope into the lower atmosphere. Since summer 2005, PEARL has been oper-15

ated year-round by CANDAC. One to three operators maintain the facility and oversee
the experiments. Electric power for the laboratory is produced in Eureka by a diesel
generating plant, which is located away from the prevailing wind direction, so measure-
ments at PEARL are not affected by local pollution sources, another important asset of
the laboratory.20

2.2 AMS installation

An AMS from Aerodyne Research Inc. (Canagaratna et al., 2007; Jayne et al., 2000;
Jimenez et al., 2003) was installed at PEARL in August 2006. The AMS provides near
real-time size resolved composition analysis of non-refractory particulate matter in the
size range from approximately 80 nm to 700 nm. During operation, particles are aero-25

dynamically focused in a high-vacuum system (Liu et al., 2007) onto a heated surface
(temperature ∼540 ◦C) where non-refractory components are thermally vaporised and
analysed by electron impact (70 eV) ionization quadrupole mass spectrometry. The
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instrument at PEARL (a 215 series AMS) has a particle time of flight (TOF) path of
293 mm and a critical orifice diameter of 0.1 mm, which fixes the inlet flow rate at ap-
proximately 1.3 cm3 s−1 (≈80 ml min−1).

The AMS is operated at a normal room temperature of approximately 20 ◦C inside
the PEARL laboratory. An air stream of 11 l min−1 (laboratory temperature and pres-5

sure) is sampled through an inlet assembly located about 2.2 m above the roof of the
laboratory and flows to the AMS through a 22 mm ID stainless steel inlet pipe, which
is approximately 7.2 m long. The flow rate and pipe dimension results in laminar flow
with a Reynolds number (Re) of approximately 700. Close to the AMS, the flow is
split in three parts: a 1 l/min flow to the AMS and two 5 l min−1 flows, which can be10

used to sample total suspended particles (TSP) and PM1 on filters. (The latter mea-
surements will not be reported here.) The 1 l min−1 flow is transferred to the inlet of the
AMS through a 37 cm long, 5.2 mm ID stainless steel tube at Re≈300. A stainless steel
tube approximately 15.5 cm long and 2 mm ID sub-samples the AMS inlet flow rate of
80 ml min−1 from the core of the 1 l min−1 flow and delivers it to the critical orifice of the15

AMS inlet. This sub-sampling is slightly sub-isokinetic; the mean speed in the 2 mm ID
sampling tube is approximately half of the mean speed in the 5.2 mm ID tube with the
1 l min−1 flow. This however, does not present a problem, because the inertia of 1 µm
particles is negligible (Stokes’ number Stk=0.001 for 1 µm particle with density of wa-
ter and 2 mm ID sampling tube). Thus the sub-sample of 1 µm and smaller particles is20

representative of the sample in the 1 l/min flow.
Figure 1 shows a 30◦ radial section through the inlet assembly on the laboratory roof.

The outer surface is an inverted, heated cylindrical cup (120 mm ID), which is insulated
on the outside. The cup surrounds the inlet pipe, which is flared slightly at the top to
resemble a funnel, with a 38.1 mm diameter top opening that narrows to 25.4 mm at25

the bottom. Both the funnel and the cover are maintained at a temperature of 20 ◦C in
order to bring the sampled air to room temperature quickly when it enters the inlet. This
removes larger ice crystals that might otherwise not evaporate completely before being
sampled by the AMS (Staebler et al., 1999). After passing through the inlet assembly,
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air enters the inlet pipe, which passes through a 10 cm diameter, 3 m long PVC tube
mounted in an insulated hatch in the roof of the room where the AMS is located.

Care was taken to ensure that the sampling system would work properly, even for
the lowest (−55 ◦C) outside temperatures encountered in the winter. The temperature
changes caused by bringing the sampled air to the temperature of the AMS inlet could5

cause buoyancy effects, which might give rise to convective recirculation of the sampled
air stream inside the inlet pipe. For simple flow geometries it is sufficient to estimate
the effects of buoyancy using the buoyancy parameter, Gr /Re2 (Incropera and DeWitt,
1999), which is a dimensionless number that compares the strength of buoyant forces
with that of inertial forces using a characteristic length (the tube diameter) and tem-10

perature difference (here the difference between wall and gas temperatures). When
Gr /Re2 is smaller than unity, the flow is dominated by inertial forces and buoyancy can
be neglected. In case of the main inlet pipe, in which the flow is 11 l min−1, even a
temperature difference of 60 ◦C between the tube wall and the gas would only result
in a buoyancy parameter of 0.2. For typical temperature differences of about 10 ◦C,15

the buoyancy parameter would be 0.03, so buoyancy inside the main inlet pipe is not
important and we can safely neglect it.

The inlet assembly leading to the funnel at the top of the inlet pipe is designed to raise
the temperature of the sample from that of the (possibly very cold) ambient outside air
to that of the AMS. Since the flow speeds are slowest in this region, the inertial forces20

are weakest and it is not possible to exclude convective recirculation simply on the
basis of the buoyancy parameter, which in this case is larger than unity. Therefore, we
have modeled the flow in the inlet assembly using computational fluid dynamics (CFD)
(ANSYS CFX; ANSYS 11.0, ANSYS Inc. Canonsburg, PA, USA).

Figure 1 shows the CFD-calculated trajectories of 1 µm diameter particles (density of25

1000 kg m−3) that were released across the cross section of the opening at the bottom
of the inlet. For this purpose, the air entering the opening was assumed to have a
temperature of −40 ◦C. The CFD analysis shows that buoyant forces cause the air and
particles to rise faster in the proximity of the heated walls than in the other parts of the
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inlet. This draws the particles closer to the heated wall, enhancing the heat transfer to
them and directing them to the region above the inlet pipe, from which they are swept
into the top of the funnel. The air in the central region of the gap between the inlet
pipe and the heated can is nearly stagnant. The slow circulation there does not affect
particles in the size range detectable by the AMS (approximately 80 nm to 700 nm).5

Particles larger than about 25 µm (aerodynamic diameter) are eliminated in the inlet by
elutriation (they are too heavy and are not carried up into the inlet), while particles with
diameters of 10 µm or smaller have transmission efficiency through the inlet region of
100%.

The CFD results also verified the effective heating of air in the inlet. The air inside10

the funnel reaches a temperature ≥15 ◦C when the sampled air is at −40 ◦C if the inlet
wall is kept at 20 ◦C. Of course, the particles are very well coupled thermally to the air
under the conditions of our inlet, so are heated to the same temperature.

After entering the inlet pipe, the air flows through three 90 ◦ bends before being sam-
pled by the AMS: the first is a Swagelok Tee where 6 l/min is taken from the 11 l min−1

15

inlet flow; the second is a 90 ◦ elbow; and the third is another Tee, where 1 l min−1 is
split from the 6 l min−1 flow. At a flow rate of 6 l min−1, losses at a 90 ◦ bend in a tube
with ID of 22 mm (approximating the first Swagelok Tee) are very close to zero. For
particles of 10 µm aerodynamic diameter, the transport efficiency through the bend is
99% (Hinds, 1999). This may also be confirmed directly from the fact that the Stokes20

numbers in this flow for particles having diameters less than 10 µm are much smaller
than unity (approximately 6×10−3 and 7×10−5 for 10 µm and 1 µm particles respec-
tively). Hence particles smaller than 1 µm, which is above the upper limit for detection
by the AMS, will follow the air stream without problems. Similar calculations confirm
that losses in the other two bends for particles smaller than 10 µm are also close to25

zero, a result that was also confirmed using CFD modelling of particle flow through
these bends.

Diffusion losses in the sampling line were also evaluated using (Gormley and
Kennedy, 1949). The 11 l min−1 flow through the 7.2 m long sampling pipe yields a
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transmission efficiency of 99.3% for 70 nm particles (below lower detection limit of AMS,
which detects particles of about 80 nm with a 50% efficiency, Liu et al., 2007). Trans-
mission efficiencies in the sections having 6 l/min and 1l/min flows are even higher.
The 15.5 cm long tube through which the AMS samples with its 80 ml/min flow has the
lowest transmission efficiency with 98.6% for 80 nm particles. Overall, the diffusion5

losses should amount to about 3% for particles with 70 nm diameter and losses for
larger particles are smaller.

2.3 Sampling protocol

For the results reported here, the AMS operated continuously using a one-hour signal
averaging cycle. The averaged aerosol mass spectrum and size distributions of the se-10

lected species in TOF mode are saved each hour and then analyzed using previously-
developed methods (Alfarra et al., 2004; Allan et al., 2003a, b, 2004; Jimenez et al.,
2003). Calibration procedures are carried out once per week, including adjustment of
the electron multiplier voltage and determination of its gain. Calibration of the overall
ionization and detection efficiency (IE) (Allan et al., 2003b; Canagaratna et al., 2007;15

Jimenez et al., 2003) is performed using a narrow size range selected from a poly-
disperse ammonium nitrate aerosol (Jayne et al., 2000). Our procedure differs slightly
from the conventional AMS calibration (Allan et al., 2003b; Canagaratna et al., 2007;
Jimenez et al., 2003), which generates the monodisperse test aerosol using a differen-
tial mobility analyzer. We use a polydisperse aerosol together with the sizing capability20

of the AMS, which is calibrated using size certified polystyrene latex spheres (Jayne et
al., 2000). Tests performed in the laboratory prior to installation at PEARL showed that
our method gave 10 to 15% lower IE values.
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3 Results

The mass concentrations of the chemical species were determined from the measured
mass spectra using the fragmentation table as described by (Allan et al., 2004). The
lower detection limits for these mass concentrations were estimated as three times the
standard deviation of the hourly averages during periods with close to zero concen-5

trations (Allan et al., 2003a; Rupakheti et al., 2005). For a period with relatively low
and constant concentrations (10 to 11 September 2006), this yielded detection limits
of 0.02 µg m−3 for ammonium, 0.002 µg m−3 for nitrate, 0.003 µg m−3 for sulfate, and
0.04 µg m−3 for organics.

Figures 2 and 3 show the time series of AMS mass concentrations of sulfate, total10

organics, ammonium and nitrate for the aerosol sampled between 5 August 2006 and
12 October 2006, a period with high data coverage (valid data were collected during
97% of the time). The water mass concentration is shown only for particle-bound water
(i.e. when water correlates obviously with one of the particulate signals). Thus water
signals due to varying air humidity levels are ignored (see below). For this period15

the average mass concentrations for ammonium, nitrate, sulfate, and organics were
0.02 µg m−3, 0.007 µg m−3, 0.115 µg m−3 and 0.11 µg m−3 respectively. Sulfate was
present at concentrations significantly above our previously-defined detection limit. The
organics and nitrate concentration were clearly above their detection limit most of the
time, while most ammonium measurements were approximately at the detection limit.20

Therefore the ammonium measurement was determined to be too noisy and was not
considered in subsequent analyses.

3.1 Regional atmospheric chemistry

The data recorded during the first months following the AMS installation give informa-
tion about the local concentrations that is relevant for the interpretation of the episodes25

that we will describe later in this paper. During the sampling period, it was found that
the absolute mass concentrations of ammonium and nitrate were very low (maxima ∼
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0.03–0.05 µg m−3) whereas those of the organic and sulfate components were much
higher (maxima ∼0.5 and 1 µg m−3 respectively). Ammonium nitrate will only form af-
ter all the sulfate has been neutralized, so the high sulfate/ammonium ratios indicate
that very little ammonium nitrate was present during the sampling period. There is,
however, a good correlation between nitrates and organics that persists through the5

whole dataset. This suggests strongly that the small nitrate mass concentrations that
were observed stem from organic nitrates. In this context, we note that if inorganic ni-
trate were present, it is possible that it might be partially re-partitioned from the aerosol
to the gas phase during transit through the room temperature inlet following sampling
from cold ambient conditions. If this occurred, the inorganic component would be un-10

derestimated. In view of the discussion at the beginning of this section, however, it is
clear that inorganic nitrate aerosol is negligible during the sampling period.

3.2 Correlations

Correlations among the sulfate, organics and nitrates for the period shown in Figs. 2
and 3 give information about possible common origins for some of these species. The15

overall correlation coefficient between sulfate and organics for this period is R2=0.38.
Closer examination of the scatter plot shown in Fig. 4 for these two species, how-
ever, suggests that aerosols from at least two different sources were sampled. During
an episode of high sulfate concentrations that lasted two and a half days (61 h, be-
tween 1 September 2006 01:00 UTC and 3 September 2006 13:00 UTC; shown in blue20

in Fig. 4), the measurements show a high correlation between sulfate and organics
(R2=0.64), combined with a slowly-varying organic background of around 0.1 µg m−3

(i.e. the positive intercept in Fig. 4). Another subset of measurements with even higher
sulfate-to-organics correlation occurred in the data sampled on ten consecutive days
between 2 October 2006 and 12 October 2006. These data are shown in green on25

Fig. 4. In this case the correlation coefficient is R2=0.80, but there is no significant
intercept, suggesting that both particulate organics and sulfate (possibly as precursor
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gases) arrive from the same source region in a background-free air mass. We will
report the results of Lagrangian studies of these two episodes later in this paper. For
other time periods the correlation coefficients are much lower (e.g. R2=0.06 for 3–11
September 2006). Although there are episodes of both high organic and sulfate par-
ticle concentrations during this period, the lack of correlation indicates that they come5

from different sources and/or geographic regions.
The overall sulfate-nitrate correlation during the same period (5 August 2006 to 12

October 2006) is also weak, with R2=0.24, but the scatter plot shown in Fig. 5, reveals
periods of higher correlation having similar structures to that of the sulfate-organics
episode. These correspond roughly to the two groups of data with higher correlations10

shown in Fig. 4. Data from the first group (high sulfate (SO=
4 ) episode between 1

September 2006 01:00 UTC and 3 September 20060 13:00 UTC) approximately coin-
cide with the points having SO=

4 concentrations above 0.5 µg m−3 in Fig. 5. These data
follow a different trend than points with SO4 below about 0.4 µg m−3. The second group
of data between 2 October 2006 and 12 October 2006 (shown in green on the scatter15

plot of Fig. 5) have sulfate concentrations below 0.4 µg m−3 and a correlation coefficient
R2=0.50.

The correlation between nitrate and organics, which is shown in Fig. 6, has a higher
overall R2 value of 0.45. This correlation is consistent throughout the entire two months
period studied, and no shorter episodes with significantly higher or lower correlation20

could be identified. This rough correlation between the nitrates and organics in the air
at PEARL combined with the absence of natural sources for nitrates near the PEARL
laboratory, suggests that both stem from air that is transported to PEARL from low
latitude sources where nitrates are prevalent. Since there are no identifiable episodes
of very high nitrate concentrations that would indicate localised sources, it is likely25

that the sources are geographically widespread. This is consistent with agricultural
activity as the most likely source, as is the time period, which corresponds to the fall
application of nitrate fertilizer. We will comment further on this in the section that reports
the Lagrangian calculations.
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Relatively low ratios of NO+
2 :NO+ (below 0.5 most of the time and approximately 0.2

on average) are a further indication that organic nitrate aerosol accounts for most of
the measured nitrate (Fry et al., 2009). During calibration of the AMS with ammonium
nitrate this ratio is around 1. These organic nitrates are most likely formed during
transport and are responsible for the observed good correlation between nitrate and5

organics. This would also explain the different sulfate-nitrate trend that we pointed out
above for data with sulfate concentrations higher than 0.5 µg m−3. These data were
measured during an exceptionally high sulfate episode around 2 September 2006 that
was accompanied by a modest increase in the concentration of organics (see Fig. 2).
The organic aerosol, however, remained correlated to nitrate during the entire episode.10

While it is possible that sulfur might have been present in form of ammonium sulfate
or bisulfate during periods of low sulfate concentrations, the very low ammonium lev-
els are inconsistent with these compounds being present during episodes with higher
sulfur concentrations. This differs from typical urban environments, where most of the
sulfur is present as ammonium sulfate and during shorter episodes of increased acid-15

ity, ammonium bisulfate is present as well (e.g. Zhang et al., 2005). This suggests that
the sulfate aerosol detected during these episodes is probably very highly oxidized and
is thus predominantly in the form of sulfuric acid.

3.3 Size distributions

Mass size distributions of the major chemical species are derived from the AMS mea-20

surements in TOF mode (Jimenez et al., 2003). The TOF size distributions shown in
Fig. 7 are averaged over 21 September 2006 to 2 October 2006, a period that had
above average sulfate and organics mass concentrations. The size distributions have
been normalized to the mass concentrations determined from measurements in the
MS mode (Allan et al., 2003a; as described in Allan et al., 2003b). The sulfate has25

a distribution between (vacuum aerodynamic) diameters of approximately 200 and
700 nm. The large diameter cutoff may be due in part to the reduced transmission
efficiency of the AMS inlet system above this size (Jayne et al., 2000), because Liu
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et al. (2007) have shown that the transmission efficiency for particles of various com-
positions drops to about 50% at around 700 nm. The sulfate distribution is very broad
and the shape suggests that it might consist of two modes, one with maximum at ap-
proximately 300 nm and one at about 500 nm (or larger). The maximum in the organic
aerosol size distribution is at about 350 nm. A weak nitrate mode is also evident in this5

size range.
Figure 8 shows the size distribution for the short period with exceptionally high sul-

fate concentration between 1 September 2006 01:00 UTC and 2 September 2006
19:00 UTC (average sulfate concentration of 0.79 µg m−3). The sulfate mode has a
maximum at approximately 500 nm; the maximum in the organic mode is at 450 nm.10

No significant nitrate was observed during this period. There is, however, a high con-
centration of particle-bound water (i.e. water that was not evaporated from the particle
before detection by the AMS). This can be seen in both the time series of total mass
concentration and the TOF size distributions. Water that is evaporated from cloud or
fog particles in the inlet is seen as fluctuations that have no correlation with the other15

components. In this case, however, the water signal showed a relatively high correla-
tion with the sulfate (R2=0.46 in MS mode), whereas this R2 value was 0.07 on the two
days prior to this episode. Moreover, the water and sulfate have nearly identical mass
size distributions as shown in Fig. 8, strongly suggesting that the water was contained
in the sulfate particles and was not removed when these particles were heated to room20

temperature.
During all other periods no identifiable TOF water mode can be distinguished, even

on those occasions when the mass concentration of water correlates with sulfate or
organics. The absence of a water TOF mode means that little or no moisture remains
in the detected particles after passage through the sampling system, indicating that25

the sampled particles were either dry on entry or contained at most a surface layer
of water that evaporates easily. This is consistent with the fact that the temperatures
in the vicinity of Eureka were about −12 ◦C during the sampling period and thus the
relative humidity of the air would have been very low after raising its temperature to
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20◦C in the inlet. Since the water was not evaporated during the high sulfate episode
discussed above, therefore, we conclude that both the sulfate and water come from
condensed sulfuric acid. The small amount of organic material present with the water
and sulfate might be from organic aerosols coated with sulfuric acid or from separate
organic particles that coincidentally have the same size distribution (Heintzenberg and5

Leck, 1994). The former, however, seems more likely (Nriagu et al., 1991).
All mass size distributions measured by the AMS during the two months analyzed

here extend from about 200 or 300 nm to the upper limit of the AMS at about 700 nm.
Although the lower detection limit of the AMS (given at 50% efficiency) is at 80 nm
(Liu et al., 2007), none of the measured size distributions show particles below about10

200 nm. The absence of ultrafine or Aitken mode particles shows there is no particle
formation in the vicinity of PEARL; the arriving particles are aged and thus originate
from distant sources. This may be contrasted with AMS studies in urban environments,
which usually show two modes: one at 100–200 nm and a larger one between 300 and
800 nm. The smaller mode is normally identified as newly-formed organic particles15

originating (usually) from motor vehicle emissions, whereas the larger consists of sul-
fate, nitrate, and oxidized organics (Alfarra et al., 2004; Allan et al., 2003a; Rupakheti
et al., 2005). The absence of the smaller mode at PEARL is consistent with results
from rural regions, where smaller modes are usually not observed (Alfarra et al., 2004;
Rupakheti et al., 2005).20

4 Lagrangian modelling

The correlations described in the last section for some of the episodes are suggestive
of common origins, so these episodes were chosen for source identification using the
Lagrangian particle dispersion model FLEXPART (Stohl et al., 1998; Stohl and Thom-
son, 1999). FLEXPART simulates the long-range transport, diffusion, wet and dry25

deposition, and radioactive decay of tracers released from point, line, area or volume
sources. It can be run either in the forward mode to simulate the dispersion of tracers
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from their sources, or backward in time to determine potential source contributions to
a specified receptor. FLEXPART has been extensively validated with data from large-
scale tracer experiments in North America and Europe (Stohl et al., 1998) and used in
many other atmospheric transport studies. Of relevance to the present high latitude ap-
plication, FLEXPART was used recently to simulate the transport of pollutant plumes5

from Russian (Damoah et al., 2004) and Alaskan (Damoah et al., 2006) forest fires.
For the simulations reported here, FLEXPART was driven by meteorological data from
the Global Forecast System (GFS) of the National Center for Environmental Prediction
using a horizontal resolution of 1◦×1◦ with 26 pressure levels and a time resolution of
3 h (analyses at 00:00, 06:00, 12:00, 18:00 UTC; 3-h forecasts at 03:00, 09:00, 15:00,10

21:00 UTC).
Backward simulations were initiated in order to understand the transport mecha-

nisms as well as the origin of the air arriving at PEARL during the episodes described
in the preceding sections. The backward simulation employed here is similar to that
described by (Siebert, 2001) and (Stohl et al., 2003). We released 20 000 particles at15

the PEARL receptor location during the episode periods and simulated their transport
backward in time for 20 days, forming a “retroplume”. We then computed particle res-
idence times in seconds, normalized by the total number of released particles, in the
cells of a 3-D grid with 1◦×1◦ horizontal resolution and 500 m vertical depth, for each
3 h transport period.20

The residence time in the grid boxes near the surface (called the source “footprint”,
see Flesch et al. (1995) is proportional to the contribution a source of unit strength
located in those grid boxes, would make to the mixing ratio at the receptor. If the
absolute contributions from the grid boxes are required in terms of mass concentrations
for a particular species, then we multiply the residence times in the grid boxes with the25

source strength of that species. For the sulfate episode, we used the SO2 emission for
the year 2000 from the Emission Database for Global Atmospheric Research (EDGAR)
v3.2 (Olivier et al., 2005) as a proxy for the detected sulfate, on the assumption that the
SO2 would be completely oxidized during transport over the long distances from most
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sources.

4.1 Lagrangian results

The first period chosen for source identification is from 30 August to 3 September,
2006, when the AMS recorded sulfate concentrations more than 5 times higher than the
average background. Organic concentrations were also enhanced substantially during5

this period and we will analyse this and other organic episodes in a future report. For
the present purposes, however, we will focus on the sulfate results. The episode shown
in Fig. 2 has two identifiable parts: a small one from 30 August 2006 at 00:00 UTC
to 31 August 2006 at 00:00 UTC and a second, much larger one from 1 September
2006 at 00:00 UTC to 3 September 2006 at 00:00 UTC. Separate FLEXPART backward10

simulations were performed for both. For comparison, we also made a model run for
particles arriving during 20 August 2006 at 00:00 UTC to 23 August 2006 at 21:00 UTC,
where a low background sulfate concentration (i.e. clean air) was observed.

The results from the FLEXPART simulations are shown in Figs. 9–11. The upper
panels in each case show the footprint residence time distributions (normalized by the15

longest residence time) derived from the backward simulations for particles arriving at
PEARL during the respective time periods from 20–23 August (Fig. 9, clean air); 30–
31 August (Fig. 10; first sulfate episode) and 1–3 September (Fig. 11; second sulfate
episode).

For the clean air simulation (Fig. 9), the retroplume footprint is concentrated at high20

latitudes where anthropogenic SO2 emissions are nearly zero. The retroplume from
both of the other episodes, however, approaches the surface at lower latitudes than
that of the clean air case. For the sulfate episode of 30–31 August (Fig. 10), the longest
footprint residence times are located over Greenland and extend southwards over the
Atlantic Ocean, the north-eastern United States and eastern Canada, as well as sig-25

nificant areas distributed over Russia. For the episode of 1–3 September (Fig. 11), the
footprint extends over Alaska through the Arctic Ocean to Asia. In this case the largest
residence times are distributed in two parts of Russia: one in the extreme east; the
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other in the west.
To obtain the actual source contributions to the mixing ratios at the receptor, we mul-

tiply the footprint residence times with the SO2 emission strengths from the EDGAR
inventory. The resulting source contributions (lower panels of Figs. 9, 10 and 11) show
the results. For the clean air period, the source map in the lower panel of Fig. 9 shows5

almost no (<10−6 ppbv) sulfate contributions to the mixing ratio at PEARL from anthro-
pogenic SO2 emissions anywhere in the hemisphere. Combining the EDGAR emission
data with the footprint at the top of Fig. 10 shows that the major source contributions to
the pollution episode of 30–31 August are located in the north eastern United States
and eastern Canada (blue rectangle), with significant contributions as well from central10

and western Russia (red rectangle). For the later episode recorded on 1–3 September,
the west-central Russian region (red rectangle in Fig. 11) is seen to be the most impor-
tant source contributor with again some smaller contributions distributed over eastern
Russia. The EDGAR SO2 emission data show that the former is a particularly strong
anthropogenic SO2 emission region.15

The source regions shown by the red and blue rectangles in Figs. 10 and 11 coin-
cide with the locations where anthropogenic sulfate emissions could be expected. The
North American footprint includes the largest population densities in eastern United
States and central Canada, including the Washington-Baltimore-Philadelphia-New York
urban region, and the Greater Toronto Area. The highest concentration of emissions20

in Fig. 11 coincides with the oil and gas fields of western Siberia, which produce ap-
proximately 9.8 Mbbl of oil per day, of which, about 30% is refined locally (US EIA,
2009). Total oil refinery throughput in Russia is about 4.6 Mbbl/d, but the recovery ef-
ficiency is low due to aging equipment, so losses to the atmosphere are larger than
occur with more modern equipment. It is also possible that the more widely distributed25

source regions in eastern Russia contribute to the sulfate detected at PEARL, but the
short temporal span of the episode argues for a more compact source such as that in
western Russia. These regions are being investigated in greater detail using slightly
different tracer techniques. We hope to report the results of this work soon.
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5 Conclusions

We have described the installation of an AMS at the PEARL observatory in the Cana-
dian high Arctic and discussed several aspects of the installation that ensure the in-
tegrity of particles sampled from the very cold and harsh environment at the laboratory.
The unique remote location of the laboratory at 80◦ N and an altitude of 610 m above5

sea level in the free troposphere make it an ideal site to study the long range transport
of pollutants into the Arctic.

Since its installation, the AMS has been providing a record of the mass concentra-
tions as well as the chemical composition and size distribution of ambient aerosol at
the PEARL site. In this paper, we have reported the components and size distributions10

obtained during several unusual episodes as well as some periods in which normal
background was observed. We have identified common origins for some of these com-
ponents from temporal correlations among their mass concentrations. We have also
located specific source regions for selected episodes of high sulfate concentrations
using Lagrangian modelling methods. We found that there are two possible source15

regions for the short episode of 30–31 August. One is located in north-eastern North
America in a region of high population density and the other is broadly distributed in
central and western Russia. The short duration of this episode argues for a single,
geographically compact source, but it is not possible to identify it more precisely on the
basis of these data. The source region for the second and stronger episode, which20

lasted from 1 to 3 September, is located in western Siberia, coinciding with the location
of the largest Russian oil and gas fields. In this case, the SO2 source is almost certainly
the operations associated with oil and gas extraction and processing. These observa-
tions show that the Arctic is the destination for significant amounts of pollution from
high- and mid-latitude industrial and resource activity. The quantification of this trans-25

port is very important to our understanding of the sources for Arctic pollution and to
international discussions aimed at its abatement. In future publications, we will discuss
the sources for other kinds of aerosols, including organics, and compile a climatology
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for the transport of these materials into the Arctic.
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Fig. 1. A 30◦ radial section is used to model the flow through the inlet assembly with CFD.
Air at −40 ◦C and 1 µm diameter particles (density of 1000 kg m−3) are introduced through the
opening at the bottom of the inlet. The outer surface and the inlet pipe in the center (ending in
a funnel at the top) are heated to 20 ◦C. Trajectories of the 1 µm particles are depicted as grey
lines.
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Fig. 2. Time series of AMS mass concentrations of sulfate, total organics, ammonium and
nitrate for the aerosol sampled between 5 August 2006 and 11 September 2006.
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Fig. 3. Time series of AMS mass concentrations of sulfate, total organics, ammonium and
nitrate for the aerosol sampled between 13 September 2006 and 12 October 2006.
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Fig. 4. Scatter plot of organics and sulfate concentrations showing data between 5 August
2006 and 12 October 2006. Two groups with exceptionally high correlations are indicated with
blue and green points. The remaining data are shown as black points.
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Fig. 5. Scatter plot of nitrate and sulfate concentrations showing data between 5 August 2006
and 12 October 2006. The overall correlation is weak with R2 of 0.24. One group with high
correlation is indicated with green points. The remaining data are shown as black points.
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Fig. 6. Scatter plot of organics and nitrate concentrations showing data between 5 August 2006
and 12 October 2006. The consistent overall correlation has an R2 value of 0.45.
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Fig. 8. Mass size distributions for an episode with exceptionally high sulfate concentrations
(1 September 2006 01:00 UTC to 2 September 2006 19:00 UTC). During this episode particle-
bound water was detected with a size distribution similar to the sulfate size distribution.

13440

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/13407/2010/acpd-10-13407-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/13407/2010/acpd-10-13407-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 13407–13443, 2010

Aerosol transport
into the Canadian

High Arctic

T. Kuhn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 9. The top panel shows the footprint residence time distribution for particles arriving at
the receptor during the period 26 August 2006 at 00:00 UTC to 29 August 2006 at 21:00 UTC
where the AMS recorded low concentrations of sulfate (clean air). The values are expressed
as a percentage of the maximum residence time (in seconds) shown under each panel. The
corresponding potential source contribution per grid cell to the mixing ratio at the receptor is
shown in the bottom panel.
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Fig. 10. Similar to Fig. 9 but for particles arriving at the receptor during 30 August 2006 at
00:00 UTC to 31 August 2006 at 00:00 UTC. Predicted regions with strong contributions are
indicated by blue and red rectangles.
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Fig. 11. Similar to Fig. 9 and Fig. 10 but for particles arriving at the receptor during 1 September
2006 at 00:00 UTC to 3 September 2006 at 00:00 UTC.
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