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Abstract: During the summers of 2011 and 2012, two scientific cruises were carried out over the Arctic
Ocean aiming at the determination of the aerosol chemical composition in this pristine environment.
First, mass spectrometry was applied to study the concentration and gas/particle partitioning
of polycyclic aromatic hydrocarbons (PAHs) and n-alkanes. Experimental and modelled data of
phase partitioning were compared: results demonstrated an equilibrium between gas and particle
phase for PAHs, while n-alkanes showed a particle-oriented partitioning, due to the local marine
origin of them, confirmed by the extremely low value of their carbon preference index. Moreover,
the inorganic and organic ions (carboxylic acids and amines) concentrations, together with those of
elemental carbon (EC) and organic matter (OM), were analyzed: 63% of aerosol was composed of
ionic compounds (>90% from sea-salt) and the OM content was very high (30.5%; close to 29.0% of
Cl−) in agreement with n-alkanes’ marine signature. Furthermore, the amines’ (dimethylamine,
trimethylamine, diethylamine) concentrations were 3.98 ± 1.21, 1.70 ± 0.82, and 1.06 ± 0.56
p.p.t.v., respectively, fully in keeping with concentration values used in the CLOUD (Cosmics
Leaving OUtdoor Droplet)-chamber experiments to simulate the ambient nucleation rate in a
H2SO4-DMA-H2O system, showing the amines’ importance in polar regions to promote new particle
formation. Finally, high resolution mass spectrometry was applied to determine trace elements,
including Rare Earth Elements (REEs), highlighting the dominant natural versus anthropic inputs for
trace metals (e.g., Fe, Mn, Ti vs. As, Cd, Ni) and possible signatures of such anthropic activity.
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1. Introduction

The Arctic is affected by global warming and the observed temperature increase is double
compared with the rest of the globe [1–3]. This is the result of complex global feedbacks acting
at different spatial and temporal scales that depend on aerosol’s direct and indirect effects on the
climate [1,4–8].

Shindell and Faluvegi [3] estimated that the globally decreasing concentrations of sulfate aerosols
and the increasing concentrations of black carbon (due to its capability to heat the atmosphere [4–13])
contributed 1.09 ± 0.81 ◦C to the Arctic surface temperature increase of 1.48 ± 0.28 ◦C during 1976–2007.
This phenomenology, was recently confirmed by Navarro et al. [9], which demonstrated that, starting
from the 1980s, the declining European sulfur emissions affected the Arctic region with an additional
0.3 Wm−2 of energy and 0.5 ◦C on average annually; a situation that is amplified mainly in fall and
winter. This is in agreement with the experimental results reported by Maturilli et al. [10] that showed
an annual mean Arctic temperature rise of +1.3 ± 0.7 K per decade, with a maximum seasonal increase
during the winter months of +3.1 ± 2.6 K per decade, while during summer the observed increase was
up to 0.8 K per decade. Interestingly, Isaksen et al. [11] recently reported that the land-based surface air
temperature and local and regional sea ice cover were affected by air masses from the east and north
of Spitsbergen, which suggests that a major part of the atmospheric warming observed in Spitsbergen
is driven by heat exchange from the larger open water area in the Barents Sea and the region north
of Spitsbergen.

As the aerosol particles are short-living climate forcers (≈1–2 weeks of residence time) [12–15],
their contribution to the Arctic amplification can be considered due to an interplay of the heat generated
by aerosol at mid-latitudes (and transported to the Arctic) and the effects of the aerosol itself within
the Arctic. The aerosol effects within the Arctic area can be due to the transport of aerosol pollution
from source regions and to local emissions (e.g., ship emissions and gas flaring). These processes are
well described by Sand et al. [16], in Serreze and Barry [17], and in Stohl et al. [18].

The results reported by Sand et al. [16] demonstrated that “black carbon (BC) alone can cause a
warming in the Arctic by 0.5 degrees, but when also including all other short living climate forcers
(SLCF), the net effect is a cooling of 0.44 degrees.” This is also in agreement with the phenomenology
reported in Shindell and Faluvegi [3] when they discuss the regional climate response to forcing applied
in various latitude bands: when BC acts within the Arctic itself (considering all the possible effects
and feedbacks) can promote a negative cooling effect. A similar result is reported in Sand et al. [19]
and is due to a combination of a weakening of the northward heat transport caused by a reduction in
the meridional temperature gradient and a dimming at the surface. Moreover, aerosol particles can
affect the sea ice extension both changing the heat fluxes between the ocean and the atmosphere [20,21]
and influencing the secondary aerosol formation from the open sea itself [22]. Secondary aerosol can
promote a further feedback affecting the cloud cover and thus the long-wave radiation fluxes [23].

Therefore, the aerosol properties within the Arctic area are fundamental to describe its role
in climate modifications. The aerosol properties that are important for the climatic effect (e.g.,
optical, hygroscopic) are connected to the aerosol chemistry [24–26] and they change with time [27,28].
Thus, the time related chemical composition and the relative importance of long-range advection
with respect to local emissions should be continuously monitored, and accounted for, in a pristine
environment [3,19,29].

The aerosol chemical composition seasonally varies in the Arctic due to changes both in sources
(outside or inside the Arctic region) and in meteorological conditions that may allow or inhibit
the transport/local formation from source regions [15,30]. According to Stohl et al. [31], the late
winter/springtime period is affected by the Arctic haze: an inflow of air pollution dominated by
accumulation mode aerosol that can be transported into the Arctic both at low-level, or with an uplift
outside the Arctic. In the former case, the transport is followed by ascent in the Arctic, while in the
latter it is followed by descent in the Arctic itself. During summer, the high continental pressure
disappears and the transport from medium latitudes becomes less relevant. However, new particle
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formation (NPF) events, that start in early spring in the near-surface layer [32], are mostly manifested
in summer [22,33] making the summer period dominated by small and fresh Aitken particles that
are locally formed [22,34,35]. Moreover, during summer, NPF can be mixed and affected/altered by
some emissions related to forest fires/biomass burning [36,37] and to local anthropogenic sources:
the increasing of shipping emissions in the Arctic is a good example, as they inject BC and sulfate
precursors directly into the Arctic [30,32,38].

All the aforementioned processes influence aerosol chemical composition (as well as the size).
Thus, there is the need to measure aerosol properties, and especially various chemical markers (related
to aerosol direct/indirect impact on climate) in the Arctic environment.

The dominant aerosol chemical markers (concentration-wise) over the Arctic Ocean are related
to primary marine emissions. Particularly, chloride and sodium, as well magnesium and calcium (to
some extent) are taken as reference parameters to quantify sea spray inputs. However, other chemical
compounds present at lower concentrations, can be very important. In this respect, aliphatic amines are
fundamental in promoting NPF [39,40]. In addition, n-alkanes (ALKs) can also be used to indicate the
origin of aerosol organic matter (OM) from the sea. Particularly, as reported in Marty and Saliot [41],
the carbon preference index (CPI) is a useful parameter, which is calculated as a ratio of the sum of
concentrations of the odd versus the even-numbered carbon ALKs. Over the sea, CPI can reach values
close to 1 or lower as ALKs do not show a characteristic input from phytoplankton sources [42].

Carboxylic acids are among other important chemical markers, related to secondary organic
aerosol (SOA) formation [43] and hygroscopic properties [26,44]. The major source for low molecular
weight carboxylic acids is the photochemical oxidation of organic precursors in the atmosphere [45,46],
but they can also be directly emitted via fossil fuel combustion [47] and biomass burning [48,49].
These compounds were reported in the Arctic and Antarctic atmospheric aerosols by the studies
from Kawamura and Narukawa [45,50–53], who found that oxalic acid was the most abundant diacid
species, followed by malonic, succinic, and glutaric acid.

Therefore, the knowledge of the organic material appears to be fundamental to reveal the
aerosol impact on climate. In this respect, a growing attention is related to the brown carbon as
it may contribute ≈10–30% to the total aerosol absorption on a global scale [54,55]. Ferrero et al. [56]
experimentally measured that the brown carbon accounts for 12.5 ± 0.6% of the total absorption,
and due to fact that is present in biomass burning aerosol, it makes the biomass particles 1.63 ± 0.03
times more efficient than pure BC in heating the atmosphere. This means that any molecular component
of brown carbon is worthy of attention. Laskin et al. [57] highlighted the role of PAHs in the
brown carbon, especially when they undergo oxidation/nitration. At the same time, they are an
important class of persistent organic pollutants (POPs) than can interact with the local ecosystem.
Deposition trends of PAHs have shown a dramatic increase in concentrations over the last 100 years
that correlate well with the historical record of world petroleum production [58]; however, a decreasing
of their concentration was observed during the last decade [59]. A topic of great importance while
studying PAHs, arises from their semi-volatility. The phase partitioning is an extremely important
parameter because it affects their atmospheric fate, driving the permanence time in air, transport, and
transformation [60–62]. Summertime conditions may enhance re-evaporation [63], favoring transport
towards the Arctic with effects both on the climate and ecosystem. Up to now, most of the studies
concerning the PAH gas-particle partitioning have been focused on urban areas [61,62,64–66], fewer
addressed their behavior in rural/remote sites [67–70]. Thus, their partitioning is especially important
in the Arctic, one of the coldest and most remote locations of the planet.

Other chemical components can be very important in the Arctic too, such as trace elements,
including rare earth elements (REEs). Despite their low concentrations (with respect to other markers),
they can provide relevant information about the source areas of the studied atmospheric aerosols
thanks to their conservative character [71–73]. In fact, they usually keep the same original composition
during the transport from the source area to the sampling site, even when they are transported for
thousands of kilometers [74]. Thus, selected elements and their ratios can be taken as specific tracers
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of natural and anthropic sources. REEs are particularly suitable for this purpose. Given the analytical
limitations in their measurements (very low concentrations), trace elements and REEs data available
from remote sites are limited to short or low temporal resolution sampling campaigns [75] or to a few
continuous campaigns in the High Canadian Arctic [76] or Svalbard Islands [77]. Hence, the data set
here presented from the Arctic Ocean offer a chance to enlarge the currently available information of
these chemical tracers in polar areas.

In order to monitor all the mentioned chemical markers in the Arctic, some important measuring
sites are present, for example Ny-Ålesund, which is a fully equipped site in which several monitoring
stations (e.g., Zeppelin is one of the most important ones) are present (more than 15 nations work there).
However, even though it is particularly suitable for aerosol studies due to the long-term data series
available (aerosol properties, lidar profiles, radiometric and meteorological data) [22,30,32,34,35,78,79],
in summer this land-based site can be influenced by ship emissions [32], thus reducing the capability
to observe pure summertime aerosol properties in the Arctic pristine environment. Moreover, local
micrometeorology can play a serious role influencing the land-based measurements [32,80].

Thus, this paper tries to fill this gap by reporting new data of aerosol chemical composition and
molecular markers measured along two years of summertime cruises (2011 and 2012) on board of the
Oceania research vessel (Institute of Oceanology Polish Academy of Sciences). An important feature of
this vessel is the presence of three sailing masts, which enable the ship to reduce the engine use and
thus any impact on aerosol sampling and chemistry determination. This allows for overcoming the
limitation of land-based measuring stations, making it possible to measure the summertime aerosol
properties on a wide area of the Arctic Ocean. Moreover this work provides: (1) the first comprehensive
assessment of PAH gas and aerosol phase concentrations in the Arctic Ocean and a comparison with a
gas/particle portioning model; (2) a first important dataset of aliphatic amines; (3) an investigation of
ALKs CPI to assess the marine origin of organic material; (4) the first assessment of atmospheric levels
of major trace, minor trace, and rare earth elements in the Arctic Ocean; and (5) a comparison of the
full bulk aerosol chemistry with modelling results. Finally, the obtained aerosol chemical composition
was compared with that simultaneously measured at Ny-Ålesund.

We describe first the sampling platform (the ship) and the aerosol measurements in Section 2.
Results and discussion follow in Section 3, with the conclusions in the final Section 4.

2. Experiments

2.1. Sampling Campaigns

Two sampling campaigns were performed in the summers of 2011 and 2012 (20 June to 12 August)
on board the Oceania oceanographic ship (Institute of Oceanology Polish Academy of Sciences), within
the framework of the Arctic Expedition (AREX).

Oceania has three sailing masts that enable the ship to reduce the engine use and thus any
impact on aerosol sampling and chemistry determination (Figure 1). The campaigns started in Tromsø
(Norway) and finished in the Svalbard Islands (Norway), performing a two-months long cruise
during each summer along the Arctic Ocean; longitudinal and latitudinal transects encompassed
the Norwegian and Greenland Seas (basically, the same route was followed during both the two
campaigns; Figure 2).
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2012) samples. Air samples were taken by using a high-volume sampler (ECHO-PUF, TCR Tecora, 
Milan, Italy) designed to simultaneously collect the particulate and gaseous phases of the air. The 
collection of the TSP was performed on quartz fiber filters (QFFs, diameter 105 mm; Whatman, 
Springfield Mill, U.K.). The gaseous compounds were captured only during 2011 by using a 
polyurethane foam cartridge (PUF, diameter 60 mm, length 76 mm, ORBOTM 2000; Supelco, Sigma-
Aldrich, St. Louis, MO, USA). The air sampler was installed at 6 m above the upper deck of the ship 
(10 m above the sea level) and close to the bow (Figure 1). The high-volume sampler operated at 200 
L min−1, with an average sampling time of 48 h (summer 2011; average sampling volume = 566 m3) 
and 72 h (summer 2012; average sampling volume = 805 m3). The selected sampling flow rate 
minimized the sampling artifacts (sorption of gases on the filter and the volatilization of particle-
bound compounds from the filter) [81]. Prior to sampling, the QFFs were baked at 600 °C for 2 h to 
reduce impurities and were then stored at room temperature wrapped in pre-cleaned (with ultrapure 
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Figure 1. Research vessel Oceania (left) and location of the total suspended particulate (TSP) sampler
on the balcony (right) of the Oceania.
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Figure 2. Route of the Oceania during the AREX cruises from Tromsø to Svalbard.

Total suspended particles (TSP) were collected for a total of 24 (summer 2011) and 14 (summer
2012) samples. Air samples were taken by using a high-volume sampler (ECHO-PUF, TCR
Tecora, Milan, Italy) designed to simultaneously collect the particulate and gaseous phases of
the air. The collection of the TSP was performed on quartz fiber filters (QFFs, diameter 105 mm;
Whatman, Springfield Mill, UK). The gaseous compounds were captured only during 2011 by using
a polyurethane foam cartridge (PUF, diameter 60 mm, length 76 mm, ORBOTM 2000; Supelco,
Sigma-Aldrich, St. Louis, MO, USA). The air sampler was installed at 6 m above the upper deck
of the ship (10 m above the sea level) and close to the bow (Figure 1). The high-volume sampler
operated at 200 L min−1, with an average sampling time of 48 h (summer 2011; average sampling
volume = 566 m3) and 72 h (summer 2012; average sampling volume = 805 m3). The selected sampling
flow rate minimized the sampling artifacts (sorption of gases on the filter and the volatilization of
particle-bound compounds from the filter) [81]. Prior to sampling, the QFFs were baked at 600 ◦C
for 2 h to reduce impurities and were then stored at room temperature wrapped in pre-cleaned (with
ultrapure water, acetone, and hexane) aluminum foils. After sampling, the samples were stored in
aluminum foils at −20 ◦C in the dark, until analysis. Before and after sampling, the filters were
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equilibrated (48 h at 35% RH, room temperature) and weighted with a microbalance (1 µg precision,
model M5P-000V001; Sartorius, Göttingen, Germany) in order to measure the collected mass of TSP.
At the same time, blank field filters were collected (six during summer 2011 and three during summer
2012). Considering the mass measured on blank field filters, the TSP detection limits were 1.2 µg m−3

and 1.0 µg m−3 for the 2011 and 2012 sampling filters, respectively.
Moreover, during AREX 2011 (20/06–30/07), PM10 samples were collected using a Tecora Skypost

sampler (1 m3 h−1, polytetrafluoroethylene (PTFE) filters 47 mm, 12 h time resolution). Samples were
weighted before and after sampling in order to obtain the mass of the collected atmospheric particulate
matter. All filters were conditioned for at least 24 h prior to weighing at a relative humidity of 35%
and temperature of 25 ◦C.

Finally, PM10 samples were also collected, at the same time of AREX 2011 and AREX 2012 cruises,
at Ny-Ålesund (Gruvebadet site, 78◦55’03” N 11◦53’40” E) by using two parallel Tecora SkyPost
low-volume sampler (EN 12341; PM10 sampling head, flow 2.3 m3 h−1; PTFE and quartz fiber filters,
Ø = 47 mm). PM10 samples collected with the first sampler (24 h on Pall R2PJ047 Teflon filters) were
analyzed to determine the inorganic and organic ions; PM10 samples collected with the second sampler
(96 h on pre-fired quartz microfiber filters chm QF1 grade) were analyzed to determine organic and
elemental carbon. The analytical methods applied on the Ny-Ålesund samples were described in detail
in Ferrero et al. [32] and in Udisti et al. [35]; we refer to these publications, as Ny-Ålesund data were
used here for a comparison with the aerosol chemical composition measured over the Arctic Ocean.
Therefore, in the remainder of the paper, the sample extraction and analysis are only described for
samples collected along the AREX 2011 and AREX 2012 cruises.

2.2. Sample Extraction and Analysis

TSP samples were divided into three different portions, each one dedicated to a different
analysis: (1) gas chromatography coupled with mass spectrometry (GC–MS; ≈3000 mm2), (2) ion
chromatography (IC; ≈1700 mm2), and (3) carbon analyzer (150 mm2). Uniformity of aerosol on filters
was validated in a previous work [82]. The portions were individually extracted and analyzed as
described hereafter in order to determine: (1) trace organic compounds, specifically alkylamines, mono-
and dicarboxylic acids, polycyclic aromatic hydrocarbons (PAHs), and n-alkanes; (2) water-soluble
inorganic ions; and (3) organic carbon (OC) and elemental carbon (EC).

PM10 samples were analyzed for the determination of alkali metals and many transition elements.

2.2.1. PAHs and n-Alkanes

For PAHs and n-alkanes determination, a mixture of six deuterated PAH standards
(acenaphthene-d10, phenanthrene-d10, fluoranthene-d10, benzo[a]anthracene-d12,
benzo[a]pyrene-d12, dibenzo[a,h]anthracene-d14) was added to all filters as surrogate compounds
to correct the data for the efficiency of extraction procedure. The filters were then extracted using
5.0 mL of dichloromethane (CH2Cl2, purity ≥ 99.9%, Sigma-Aldrich) for 20 min in an ultrasonic bath.
The extract was filtered (0.45 µm PTFE filter), the extraction solvent was evaporated under a gentle N2

(99.999%, Sapio, Italy) stream. Finally, the residue was dissolved in 200 µL of isooctane (C8H8, purity
≥ 99.5%, for residue analysis, Honeywell Fluka™).

The PUF samples were extracted in a Soxhlet apparatus for about 6 hours (>20 cycles) with
250–300 mL of dichloromethane. The extract was concentrated by rotary evaporation (bath temperature
≈40 ◦C) until 4 mL. Then the extract was filtered using a PTFE syringe filter (0.45 µm; Alltech,
Nicholasville, KY, USA) to remove any insoluble particle and the solvent was further evaporated under
a gentle N2 (99.999%, Sapio, Italy) stream until dryness. Finally, the residue was dissolved in isooctane
(purity ≥ 99.5%, for residue analysis, Fluka).

All the samples were analyzed using a GC-MS unit (GC 6850, MS 5973; Agilent Technologies,
Santa Clara, CA, USA). The separation of the compounds was carried out on a ZB-XLB capillary
column (length 60 m, i.d. 0.25 mm, film thickness 0.25 µm; Zebron, Phenomenex, Torrance, CA, USA).
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Helium (99.999%, Sapio, Italy) was used as carrier gas at a constant flow rate of 1 mL min−1. A volume
of 2 µL was injected in splitless mode by the autosampler. The MS operated in electron ionization
mode (70 eV); the mass spectra were recorded in selected ion monitoring mode (SIM).

For the purpose of PAH determination, the injector was kept at 280 ◦C and the temperature
program was from 80 ◦C to 330 ◦C. The transfer line was kept at 310 ◦C. Nineteen PAHs were
determined in SIM mode by monitoring the mass/charge m/z corresponding to their molecular
weight: naphthalene (NAPH), acenaphthylene (ACTY), acenaphthene (ACT), fluorene (FLN),
phenanthrene (PHE), anthracene (ANT), fluoranthene (FLNT), pyrene (PYR), benzo[a]anthracene
(BaA), ciclopenta[cd]pyrene (CPP), chrysene (CHR), benzo[b]fluoranthene (BbF), benzo[j]fluoranthene
(BjF), benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene
(DBahA), indeno[1,2,3-cd]pyrene (IcdP), and benzo[ghi]perylene (BghiP). It should be pointed
out here that benzo[b]fluoranthene and benzo[j]fluoranthene co-eluted and they were determined
together (BbjF). The average recoveries of deuterated PAHs spikes onto the filters were 37 ± 5% for
acenaphthene-d10, 58 ± 7% for phenanthrene-d10, and >60% for the other deuterated standards.
The PAH recoveries from the particulate matter were determined by analyzing three aliquots of
standard reference material (SRM 1649a; NIST, Gaithersburg, MD, USA).

In order to quantify the n-alkanes, the injector was kept at 300 ◦C and the temperature program
was from 60 ◦C to 300 ◦C. The transfer line was kept at 305 ◦C. The homologues series of 13 linear
alkanes with 20–32 carbon atoms (C20–C32) were then determined by monitoring m/z 57, 71, and
85 during the whole chromatographic run. The n-alkane recoveries were estimated by spiking a
standard mixture to a blank filter and extracting and analyzing it as a field filter; the recovery was full
for every n-alkane. All the presented data were corrected for the described recoveries.

The external standard method was used for n-alkanes and PAHs quantification. Standard mixture
of n-alkanes was prepared from single solid standards purchased from Alltech. A liquid standard
mixture of PAHs was purchased from UltraScientific (Bologna, Italy).

Finally, a set of blank field filters (as stated above) for each sampling campaign were employed
in order to evaluate the potential contamination of samples due to handling during the cruises and
laboratory operations. For both PAHs and alkanes, the concentrations measured on the field filters
were blank corrected; the values lower than the detection limit values on field filters were substituted
by half of detection limit (dl) as suggested by Polissar et al. [83]. A more detailed description of PAHs
and ALKs analysis is reported in Sangiorgi et al. [69].

2.2.2. PAHs Gas/Particle Partitioning

Due to the importance of PAHs in the environment, their phase partitioning was investigated.
The gas-particle partitioning of a compound can be described through the distribution coefficient Kp:

Kp (m3 µg−1) = ((Cip/TSP))/Cig (1)

where Cip and Cig are the concentration of the i-th compound in the particulate (p) and in the gaseous (g)
phase, respectively, and TSP is the concentration of the total suspended particulate [84,85]. The phase
partitioning may also be described by the fraction θ of a compound in the particulate phase:

θ = Cip/(Cip + Cig) (2)

The gas/particle partitioning can be predicted using several models. According to the
literature [69,85,86] the partitioning processes can be predicted using the absorption in the TSP OM
and adsorption on TSP EC. It is the so called “dual model,” which is as follows:

Kp (abs + ads) = 10−12
[(

fOM
ρOCT

× γOCT MWOCT
γOM MWOM

)
KOA +

(
fEC × aEC

asoot

)
KSA

]
(3)
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where fOM is the TSP fraction of OM, and γOCT and γOM are the activity coefficients of the absorbing
compound in octanol and TSP OM; MWOCT and MWOM are the molecular weight of octanol and TSP
OM; and ρOCT is the density of octanol and KOA is the octanol–air partitioning coefficient. Equation (3)
relates the absorption of a semi-volatile compound from air in TSP OM with its octanol–air partitioning
coefficient. To be able to apply it, some values are needed. Assuming that octanol perfectly simulates
the OM, it could be assumed that γOCT/γOM = 1. The molecular weight and density of octanol are
130 g mol−1 and 0.82 kg L−1, respectively. Past applications usually assumed that the molecular weight
of OM was the same of octanol. However, new reaction chamber experiments showed that it might be
higher [87] and a MW of 500 g mol−1 is proposed [88], resulting in a ratio of MWOCT/MWOM = 0.26.

Finally, fEC is the TSP fraction of elemental carbon (EC), aEC and asoot (m2 g−1) are specific surface
area of EC and soot, respectively, and KSA (L kg−1) is the soot–air partitioning coefficient. The latter
was calculated using a thermodynamic estimation model suggested by van Noort [89]:

log KSA = − 0.85 log pL0 + 8.94 − log (998/asoot) (4)

The dual model assumes that the EC accounts for the majority of soot, then aEC/asoot = 1 [86]. KSA
for PAHs were calculated using Equation (4), using the range values for asoot of 59.1 and 370 m2 g−1

suggested in Dachs et al. [86]. The dual model also uses octanol as a surrogate of OM in the absorptive
partitioning and EC as a surrogate for soot in the adsorption process. Considering the aforementioned
assumptions, Equation (3) becomes:

Kp (abs + ads) = 10−12 × KOA × f OM × 0.32 + KSA × fEC (5)

Equation (5) was successfully applied to PAHs by some authors [66,69,70,90].
In order to predict the partitioning coefficient, Kp (abs + ads), for semi-volatile PAHs, we used the

recommended values of KOA reported in Ma et al. [64]. As suggested by Lohmann and Lammel [85] all
the measured log Kp should be reported to 298 K using in order to ensure the comparability between
sample collected under various atmospheric conditions as follows:

logKp (298K) = logKp (T) + [logpL (T) − logpL (298K)] (6)

Finally, the same approach was also used for ALKs gas/particle partitioning as detailed in
Sangiorgi et al. [69].

2.2.3. Water-Soluble Compounds

Water-soluble inorganic ions, carboxylic acids, and alkylamines were determined by extracting
the collected filter samples three times each, in a total of 3.0 mL of ultrapure water (1.0 mL each time;
18.2 MΩ cm resistivity, Milli-Q system; Millipore, Billerica, MA, USA) for a total of 30 min (10 min
each time) in an ultrasonic bath (SONICA®; Soltec, Milan, Italy). The extracts were then filtered
(0.45 µm PTFE filters; Alltech, Nicholasville, KY, USA) to remove insoluble fractions and analyzed
by an ion chromatography system (Dionex ICS-2000; Dionex, Sunnyvale, CA, USA) equipped with
an electrical conductivity detector. For the analysis of inorganic cations (Na+, NH4

+, K+, Mg2+, Ca2+)
as well as alkylamines (methylamine, dimethylamine, trimethylamine, ethylamine, diethylamine,
triethylamine), an Ion Pac CG17 (4 × 50 mm) guard column and an Ion Pac CS17 (4 × 250 mm)
analytical column were used together with a CSRS 300 (4 mm) electrolytic suppressor. An elution
gradient of Methanesulfonic Acid (MSA) from 3 to 40 mM was used with a constant flow rate of
1.0 mL/min. The column and detector cell temperatures were both kept at 50 ◦C. For the analysis of
inorganic anions (F−, Cl−, NO3

−, SO4
2−) as well as mono- and dicarboxylic acids (formiate, acetate,

propionate, oxalate, malonate, succinate, glutarate), an Ion Pac AG11 (4 × 50 mm) guard column
and an Ion Pac AS11 (4 × 250 mm) analytical column were used together with an ASRS-ultra II
(4 mm) electrolytic suppressor [26]. An elution gradient of KOH from 0.1 to 50 mM was used with a
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constant flow rate of 0.8 mL/min. The column and detector cell temperatures were kept at 30 ◦C and
35 ◦C, respectively. Quantification was made by using the external standard method. Single liquid
standards (1 g L−1; Fluka, Sigma-Aldrich, St. Louis, MO, USA) were used for inorganic ions and solid
pure standards were used for alkylamines and carboxylic acids (pure grade >99.5%; Chemie GmbH,
Sigma Aldrich).

2.2.4. OC, EC, and Metals

OC and EC were determined by means of a carbon analyzer (Sunset Laboratory, Tigard, OR, USA)
using the NIOSH (National Institute for Occupational Safety and Health) 5040 protocol [91].

Trace elements, including rare earth elements (REEs) were also measured using a high resolution
ICP-MS (Inductively Coupled Plasma-Mass Spectrometer) technique on PTFE aerosol samples (PM10)
collected during AREX 2011 cruise at a 12 h resolution. The analytical determinations were carried
out using an ELEMENT2 (Thermo Fisher Scientific, Waltham MA, USA) system consisting of a
double focusing magnetic sector field inductively coupled plasma mass spectrometer (ICP-SF-MS)
equipped with a reverse Nier-Johnson geometry and coupled with a desolvation system provided
with a microflow nebulizer. The use of a mass spectrometer detector was pivotal in order to measure
accurately very low concentration levels [77].

2.3. Back Trajectories and Copernicus Atmosphere Monitoring Service Data

Five-day, air mass back trajectories were derived in 6 h intervals using the hybrid single particle
Lagrangian integrated trajectory model (4.8) developed by the National Oceanic and Atmospheric
Administration Air Resource Laboratory (http://ready.arl.noaa.gov/HYSPLIT.php). Each back
trajectory was determined at 100 m, 500 m, and 1000 m above the sea level. They are reported
in supporting information (Figures S1 and S2) and were simply used to interpret the averaged chemical
composition of the AREX2011 and AREX2012 campaigns.

Finally, the Copernicus Atmosphere Monitoring Service (CAMS) [92] was used to obtain the
aerosol optical depth (AOD), in terms of aerosol species, in order to compare them with the
experimental chemical composition determined close to sea surface. This was done with the aim:
(1) to verify if the interannual variation of the columnar optical properties was in agreement with
chemical composition measured at ground, and (2) to highlight any difference between ground-base
and columnar data in terms of relative contribution of each aerosol species to the total, in order to
highlight the need of vertical aerosol profiles over the open Arctic Ocean.

In this respect, it has to be recalled that a crucial role on the climatic response of aerosol is
played not only by the aerosol species concentrations, but also by their vertical aerosol distribution, as
recently reported in Ferrero et al. [32]. In fact, the same type of aerosol can produce different climatic
effects (warming or cooling) and local feedbacks (snow/ice albedo, clouds) depending on its vertical
location [3,19,29].

CAMS provides reanalysis of the AODs (550 nm) and atmospheric aerosol composition for
five types of tropospheric aerosol particles: sea salt, sulphates, dust, black carbon, OM [93]. CAMS
embeds the Monitoring Atmospheric Composition and Climate-Interim Implementation (MACC-II),
which is based on data of the European Centre for Medium-Range Weather Forecast (ECMWF) [94].
For the purpose of the present application (in the middle of the Arctic Ocean), the dust output was
not considered.

3. Results

As expected in the Arctic area, particulate matter concentrations were very low. The average TSP
concentrations were 4.2 ± 2.8 and 7.7 ± 2.5 µg m−3 during the summers of 2011 and 2012, respectively.
The detection limits, calculated as the average of blank filters plus three times the standard deviation,
were 1.2 µg m−3 and 1.0 µg m−3 during 2011 and 2012 campaign, respectively, ensuring the reliability of
the obtained data. Moreover, as TSP and PM10 concentrations were determined at the same time during

http://ready.arl.noaa.gov/HYSPLIT.php
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AREX2011, they were compared; results reported in Figure 3 that shows a good linear correlation
(R2 = 0.760, n = 19) with a slope of 0.915 in agreement with the fact that PM10 is only a fraction of
the TSP. This result stresses the accuracy of the particulate matter measurements carried out along
the cruise. Moreover, some scattering between TSP and PM10 could be due to the different origins of
marine aerosol: primary film drops and secondary aerosol, due to their inner nature, contained both
TSP and PM10, while jet drop aerosol could be found only in TSP [95].Atmosphere 2018, 9, x FOR PEER REVIEW  10 of 32 
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Figure 3. Linear correlation between PM10 and TSP during AREX2011 (n = 19).

The chemical analysis carried out on the aforementioned samples revealed that, on average,
the collected samples were composed of water-soluble compounds and carbonaceous material for
more than 90% of the particle mass. Thus, within the following sections (Section 3.1, Section 3.2,
and Section 3.3), the chemical composition is detailed following the mass fraction explained by
each chemical group. The results start focusing on the water-soluble compounds (Section 3.1) and
the carbon content (Section 3.2); their concentrations (averaged along AREX 2011–2012 cruises) are
reported in Table 1 together with the chemical composition determined at the same time in Ny-Ålesund
(Gruvebadet site; Section 1). PAHs and ALKs results follow in Section 3.3 and finally, element
concentrations in Section 3.4. All averaged data are reported as mean ± mean standard deviation.

Table 1. Average values in ng m−3 (and mean standard deviation) of inorganic ions, OM, EC, carboxylic
acids, and amines determined during the summers of 2011–2012, both along the AREX cruise and
in Ny-Ålesund (Grivebadet station); * indicates that the concentrations reported for both carboxylic
acids and amines are also part of the OM concentration while - - inticates the chemical species not
determined in Ny-Ålesund.

Compound AREX2011–2012 Ny-Ålesund (2011–2012)

Mean σm Mean σm

Cl− 1851 716 239 23
Na+ 1138 348 161 14

SO4
2- 637 199 110 7

NO3
− 95 40 32 3

NH4
+ 47 32 24 2

K+ 42 14 7 1
Mg2+ 125 47 18 1
Ca2+ 105 37 13 1
OM 1948 255 621 13
EC 30 2 - - - -

glut * 7 2 - - - -
succ * 7 5 - - - -
oxa * 19 6 5 1

DMA * 4 1 - - - -
TMA * 2 1 - - - -
DEA * 1 1 - - - -
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3.1. Water-Soluble Species

3.1.1. Water-Soluble Inorganic Ions

Na+, NH4
+, K+, Mg2+, and Ca2+ cations and Cl−, NO3

−, and SO4
2− anions were detected on the

filter samples. Their concentrations during AREX2011 and AREX2012 are reported in Figure 4 (and
summarized in Table 1).
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Figure 4. Average concentration values of inorganic ions detected both during AREX2011
and AREX2012.

From these data, the contribution of sea salt to these species was calculated using a set of equations
available in literature and dedicated to this purpose. First, the sea salt aerosol concentration was
calculated referring to Bates et al. [96]:

sea salt
[
µg/m3] = Cl− [µg/m3] + 1.47 × Na+ [µg/m3] (7)

where 1.47 is the mass ratio of the sum of Na+, K+, Mg2+, Ca2+, SO4
2−, and HCO3

− to Na+ in sea
water. This approach was followed as it presents the advantage to avoid the inclusion of non-sea-salt
(nss-) K+, -Mg2+, -Ca2+, and -SO4

2−, and allows, at the same time, to consider the loss of Cl− due to
the Cl− depletion processes [97,98]. Finally, the sea salt contribution to the observed concentrations of
K+, Mg2+, Ca2+, Cl−, and SO4

2− were determined following Mihalopoulos et al. [99]:

ssX

[
µg/m3

]
=

X
Na+

× Na+measured [µg/m3
]

(8)

where X is the selected species and X/Na+ is the mass ratio of its concentration to that of Na+ in the
sea water as reported in References [100,101].

The average concentration of sea salt aerosol was 3.5 ± 1.2 µg m−3 with higher values during
2011 (4.1 ± 2.2 µg m−3) compared to 2012 (3.0 ± 1.3 µg m−3). This interannual behavior should be
explained considering the average wind speed close to the surface (10 m) along the cruises: 5.6 ± 0.4
and 4.5 ± 0.5 m s−1 during 2011 and 2012, respectively. As a matter of fact, the ocean may act as a
primary direct source of aerosol as a result of turbulence at the surface, e.g., related to bubble-bursting
emissions [96]. Moreover, an important result comes out when comparing (at the same time) the sea
salt concentrations measured along the cruises with those measured over land in Ny-Ålesund (Table 1):
the sea salt concentrations were systematically 7 times lower (≈1–3 µg m−3 less) over land. The data
recorded at the Gruvebadet station were in agreement with those reported in previous works (e.g.,
Udisti et al. [35]). Interestingly, AREX2011 and AREX2012 sea salt data were in agreement with the sea
salt aerosol concentrations measured over sea in the Southern Ocean (5.9 ± 5.6 µg m−3) and coastal
East Antarctica (2.6 ± 2.3 µg m−3) [102].
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Going into details regarding sea spray, Figure 5 reports the sea salt percentage of the major
inorganic ions detected during both cruises. Almost all the Cl− and Mg2+ and most of the K+ derived
from sea salt aerosol with mean values of 94 ± 4%, 97 ± 4%, and 79 ± 15%, respectively. Both, SO4

2−

and Ca2+ were also associated with a nss- origin.Atmosphere 2018, 9, x FOR PEER REVIEW  12 of 32 
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Figure 5. Average sea salt percentage of the major inorganic ions detected both during AREX2011
and AREX2012.

Such a behavior could be first explained by the 2011 and 2012 back trajectories calculated using
HYSPLIT (Section 2.3 and Figures S1 and S2, Supplementary Material). In fact, air masses travelled
over Iceland and close to Greenland and they can transport crustal material in TSP enriched in
gypsum (CaSO4) as demonstrated by Moroni et al. [103,104]. Moreover, it has to be underlined
that a part of nss-SO4

2− may derive from the conversion, into the atmosphere, of dimethylsulfide
(DMS) which is produced in surface seawater from the enzymatic cleavage of dimethylsulfonium
propionate [105]. In fact, not only primary emissions (i.e., sea spray) are important, but also secondary
ones, as a result of the secondary reaction on precursors emitted by the sea into the atmosphere [106].
The average concentration of nss-SO4

2− was 363 ± 140 ng m−3 (2011: 459 ± 187 ng m−3; 2012:
266 ± 209 ng m−3). Even these records were ≈9 times higher with respect to those simultaneously
measured at Gruvebadet [35], and ≈100–200 ng m−3 higher than those reported both at Zeppelin
(http://ebas.nilu.no) and Alert (Greenland) stations [107]. Similar summertime concentrations of
nss-SO4

2− were found by Xu et al. [102] and by Minikin et al. [108] over the Southern Ocean indicating
high marine biogenic emissions.

For NO3
− (Figure 4), the average concentration was 95 ± 46 ng m−3 (2011: 117 ± 78 ng m−3;

2012: 73 ± 51 ng m−3), 3 times higher than in Ny-Ålesund (Table 1) and ≈2 times with respect to
those reported by Xu et al. [102] (41 ± 8.0 ng m−3 over the Southern Ocean and of 50 ± 20 ng m−3

over coastal East Antarctica). This was especially true for 2011 campaigns, when more air masses
originated from Europe and Russia (Figure S1). In this respect, the north to south difference was in
keeping with carboxylic acid behavior discussed in Section 3.1.2, suggesting their continental sources
from secondary (photochemical) production from precursors (e.g., NOx) during long-range transport
(as the North Hemisphere is more affected by anthropogenic settlement).

Lastly, the average concentration of NH4
+ was 47 ± 33 ng m−3 (2011: 47 ± 59 ng m−3; 2012:

46 ± 30 ng m−3), 2 times higher than in Ny-Ålesund (Table 1) but in keeping with 42 ± 31 ng m−3 over
the Southern Ocean [102]. The long-range transport of substances from the continents (mid-latitude)
could be the primary source of ammonium in aerosols; however, some NH3 can be emitted from
seabirds [109,110]. In this respect, several authors [109,111] estimated that NH3 emissions from
seabirds can explain 1.8–2.7% of oceanic emissions converted into ammonium. The air–sea exchange
of NH3 (enabling the formation of secondary marine aerosols) has long been recognized [112,113].

All of these results highlight the importance of carrying out experimental measurements in open
seas where the relative importance of an aerosol source (e.g., the sea spray, emission of biogenic

http://ebas.nilu.no
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precursors) can be better and fully captured than over land, where local micrometeorology can
play an important role [32,80]. Long-term land-based measurements and intensive observational
campaigns (cruise-based) become a complementary source of information concerning aerosol chemical
composition in the Arctic.

3.1.2. Water-Soluble Organic Ions

Data concerning the water soluble organic compounds over the Arctic Ocean are less recognized
and reported, and there are few important data series (land-based) [43]. Figure 6 reports their
concentrations measured during AREX2011 and AREX2012, and below the carboxylic acid behavior is
discussed first, followed by that of amines.
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Figure 6. Concentrations of organic ions during AREX2011 and AREX2012: glutaric (glut), succinic
acids (succ), oxalic acid (oxa), dimethylamine (DMA), trimethylamine (TMA), and diethylamine (DEA).

Starting with carboxylic acid, the average concentration of oxalic acid during AREX cruise was
17 ± 6 ng m−3 (2011: 19 ± 11 ng m−3; 2012: 14 ± 4 ng m−3), while succinic and glutaric were lower:
6 ± 2 ng m−3 and 6 ± 5 ng m−3, respectively. Thus, the oxalic acid was the dominant dicarboxylic acid
(about 60%), while the other two detected, glutaric (glut) and succinic acids (succ), were about 20%
for each one. For the oxalic acid (the only one measured in Ny-Ålesund), it was found to be 4 times
higher than at the Gruvebadet site. This is in agreement with Xu et al. [102] who found that isoprene
emitted by marine photosynthetic organisms is the major source of oxalic acid in the marine boundary
layer as also reported by Kawamura and Ikushima [114]. In fact, the aforementioned data are closer
to those measured by Kawamura et al. [51] over the Arctic Ocean: 8.48 ± 3.87 ng m−3 for oxalic acid
4.59 ± 1.44 ng m−3 for succinic acid and 0.59 ± 0.58 ng m−3 for glutaric acid. Conversely, they are
higher than those reported by Xu et al. [102]: 3.8 ± 3.8 ng m−3 of oxalate over the Southern Ocean and
of 2.2 ± 1.5 ng m−3 over coastal East Antarctica (and even lower values for succinate: 0–2.9 ng m−3

over the Southern Ocean and of 0–0.95 ng m−3 over coastal East Antarctica).
This north to south difference in carboxylic acid concentrations was yet explained by

Kawamura [51] who found an enrichment of diacids over the Arctic Ocean when air masses arrived
from the continents, thus suggesting their continental sources including polluted urban aerosols [114]
and secondary (photochemical) production from various organic precursors (e.g., isoprene and other
biogenic volatile organic compounds (VOCs)) during long-range transport. As the North Hemisphere
is more affected by anthropogenic settlement, this could explain the difference and support the obtained
data. Moreover, AREX2011 campaign showed highest oxalic acid and succinic acid concentrations
than those measured during AREX2012. A possible explanation is related to the air mass origins
during the two campaigns (2011–2012 back trajectories in Figures S1 and S2, Supplementary Material);
during 2011 more air masses travelled over Europe and northern Russia than during 2012.

Concerning the amines, their atmospheric concentration were completely negligible compared
to the other water-soluble compounds (Table 1, Figures 4 and 6). Particularly, only dimethylamine
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(DMA), trimethylamine (TMA), and diethylamine (DEA) were detected. Averaging the two campaigns,
their concentrations were: 3.98 ± 1.21, 1.70 ± 0.82, and 1.06 ± 0.56 ng m−3. These values are very
important because they are close to those used by Almeida et al. [40] to simulate (in the CLOUD
chamber experiment) the ambient nucleation rate in a H2SO4-DMA-H2O system, finding out that
nucleation rates with 5 p.p.t.v. (parts per trillion by volume) DMA were enhanced more than
1000-fold compared with 250 p.p.t.v. ammonia (H2SO4-NH3-H2O system). Moreover, as reported in
literature [115–117], low temperature conditions decrease the height of the barrier for new particle
formation even considering the very simplified binary H2SO4-H2O system, thus again underlying the
importance of the detected amines in polar regions. The importance of the previous findings is also
highlighted by the nss-SO4

2− values reported in Section 3.1.1 that may underline a secondary origin of
aerosol in the atmosphere.

Finally, aerosol acidity was estimated from the whole water-soluble composition by correlating the
anion and cation charges in terms of equivalents (Figure 7). Results were characterized by good linear
correlations (R2 = 0.961 and R2 = 0.922 during AREX2011 and AREX2012, respectively) with slopes
close to one (1.041 and 0.994 during AREX2011 and AREX2012, respectively). These data highlight
that the collected aerosol samples were close to neutrality.
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Figure 7. Linear correlations between the concentrations (expressed as neq m−3) of cations and anions
determined both during AREX2011 (n = 19) and AREX2012 (n = 14).

3.2. Carbonaceous Material And Full Chemical Composition

Average concentrations of total carbon in the collected samples were 1114 ± 150 and
802 ± 191 ng m−3 during 2011 and 2012, respectively. The organic fraction accounted alone for
more than 95% of total carbon and the remaining 5% was due to EC that accounted on average for
35 ± 1 and 25 ± 1 ng m−3 during 2011 and 2012, respectively.

When the OC was converted to OM (using a factor of 2.1 in remote Arctic regions [32]) the values
increased up to 2265 ± 315 and 1631 ± 400 ng m−3 during 2011 and 2012, respectively.

These data are first in agreement first with the average concentration of the total carbon measured
over the Arctic Ocean by Kawamura et al. [118]. However, OM was found to be considerably higher
over the sea (by a factor of 3) compared to the land-based measurements in Ny-Ålesund (Table 1).
Instead, the EC concentrations are close to the equivalent black carbon concentrations measured
during the last AREX2018 cruise (personal communication from the scientific chief of the expedition).
As reported in Yttri et al. [119], 8.8 ± 4.5 % of EC in the Arctic can be originated by biomass burning,
which is a source also connected with brown carbon and PAHs [57] (PAHs are presented in Section 3.3).

Higher OM and EC during 2011 are in agreement with the results and chemical markers reported
in the previous Section 3.1 and with back trajectories in Supplementary Material (Figures S1 and S2).
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Given the organic material concentration it is possible to determine the relative contribution of
the major constituents of the TSP collected along the cruise: by the following chemical components:
OM (30.5%), Cl−, (29.0%), Na+ (17.8%), SO4

2− (10.0%), the other ions (6.5%), and finally EC (0.5%).
These data are presented in Figure 8a while Figure 8b reports the same relative contributions in
Ny-Ålesund.
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Figure 8. Relative contributions (percentages) of the major constituents of the aerosol samples collected:
(a) along the cruise, and (b) in Ny-Ålesund. Missing mass indicates the aerosol mass fraction not
explained by the chemical components that were analyzed.

It is noteworthy in Figure 8a that the OM content in open sea was very high (30.5%), close to that
of Cl−; this may suggest the importance of the biological emission from the sea as yet suggested from
the amines results. The analysis of n-alkanes behavior (Section 3.3) is aimed to strengthen this point.

Results reported in Figure 8a,b clearly show that over the sea, the total aerosol concentration
can be explained by the water soluble species and the carbon fraction (the missing mass was only
5.7%); conversely, in Ny-Ålesund, a huge fraction of aerosol mass was not explained by the classical
chemical analysis. The missing mass reached 40.1% in keeping with data reported in Ferrero et al. [32].
This should be an indication of the presence of mineral compounds (related to dust) as described in
Moroni et al. [103,120].

This stresses again the importance of intensive observational campaigns (cruise-based) as a
complementary source of information concerning the aerosol chemical composition in the Arctic.

In addition to this, it has to be recalled that both land-based and cruise-based data (apart from
the Zeppelin station) are close to sea level, while also the vertical aerosol location is fundamental
to reveal the aerosol climatic effects [3,19,29]. Therefore, the CAMS data were used here to estimate
the columnar AOD in function of different aerosol components (Section 2.3). Even though aerosol
chemistry was measured at sea level, results were used to highlight the multi-annual behavior and also
to derive indication on the vertical importance of different species with respect to the ground-level.

Figure 9 presents the comparison between CAMS-AOD and aerosol chemistry from AREX cruises
concerning the amount for: sea salt, OM, EC, and sulfates (CAMS data corresponding to each aerosol
samples are reported in Table S1, Supplementary Material). Starting with the interannual trend,
it appears that all the species were more concentrated in 2011. Particularly, going from 2011 to 2012,
a decrease of 27%, 28%, 27%, and 35% was observed (from chemical analysis) for sea salt, OM, EC,
and sulfates, respectively; CAMS results were fully in agreement leading to a AOD decrease (for the
same species) of: 21%, 26%, 22%, and 40%, respectively.
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Moreover, Figure 9 shows a higher contribution of sulfates to the columnar AOD (47%), despite
at the ground-level they chemically accounted only for 10.0% (Figure 8a); this could indicate a
higher importance of transport and secondary formation of sulfates at higher altitudes and stress the
importance of coupling future ship measurements with vertical profile investigations. In this respect,
the future AREX campaign will couple ship-based measurements with an unmanned aerial vehicle
(UAV)-based optical measurements to perform vertical profiles over the Arctic Ocean.Atmosphere 2018, 9, x FOR PEER REVIEW  16 of 32 
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Figure 9. CAMS AOD and AREX2011–2012 chemical concentrations for sea salt, OM, EC, and sulfates.

3.3. PAHs and n-Alkanes

3.3.1. PAHs

Eighteen PAHs were analyzed in TSP samples; among them, the most abundant ones were the
semi-volatile PAHs: together they accounted for 80% of all the PAHs. On average, phenantrene was
35 ± 6% of all PAHs, fluoranthene 21 ± 4%, pyrene 13 ± 3%, fluorene 11 ± 3%, and chrysene 8 ± 2%.
All the other PAHs were found in the order of magnitude of 1 pg m−3. Their pattern is repeated
in Figure 10, from which it is also evident that the concentration of PAHs was higher during the
summer of 2011 (20.4 ± 11.0 pg m−3) than the summer of 2012 (8.2 ± 3.3 pg m−3). This behavior was
mainly related to semi-volatile compounds (from FLN to CHR). It is possible to neglect a temperature
influence as it was essentially the same (6.5 ± 1.4 and 6.0 ± 0.8 ◦C), both during AREX2011 and
AREX2012, respectively. Thus, as described for the dicarboxylic acids, a possible explanation is related
to the air masses origin during the two campaigns (Figures S1 and S2): during 2011, a large number
of air masses travelled over Europe and northern Russia, while during 2012, essentially pure Arctic
air was sampled. Even when considering 2011, the PAHs concentrations were about an order of
magnitude lower than those recorded over the Mediterranean Sea [121]. Despite this, their fate in
the Arctic is very important as PAHs are classified as POPs, thus accumulating into the environment,
especially in cold areas. The total (particulate + gaseous) concentrations were 447.5 ± 254.1 pg m−3;
higher concentrations were found in other studies (Mediterranean Sea [121]: 0.5–2.6 ng m−3; Canadian
Arctic [122]: 38–392 pg m−3). The PAHs in the gas phase (volatile and semi-volatile regime from NAPH
to CHR) were much higher than the particulate phase, ranging from 163 to 1136 pg m−3 and were
similar to those measured in the Canadian Arctic from 1993 to 2000 (113 to 516 pg m−3) [122]. Thus,
the gas phase PAHs dominated the total PAHs in the volatile/semi-volatile regime; conversely, within
the non-volatile regime, PAHs were only in particulate matter phase with a concentration of 1–2 pg m−3.
The aforementioned observations were also fully in agreement with the reported data (since 1994)
at the Zeppelin station (Svalbard) [59,123], where the volatile PAHs (e.g., naphthalene and fluorene)
were found as dominant ones. Most importantly, they highlighted that the more volatile PAHs are
more abundant towards the Arctic (by comparing PAHs at Zeppelin and Andøya stations in Northern
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Norway). PAHs behavior was investigated by dividing the ship route in two main parts: 71–76◦ N
(between Norway and Svalbard) and 76–80◦ N (around and above Svalbard). Semi-volatile PAHs
concentrations (from FLN to PYR) were found to be 2.3 ± 0.5 and 1.7 ± 0.4 times higher in particle
and gas phases, respectively, in the northern track of the ship, in keeping with the literature data.
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Figure 10. PAHs pattern in particulate matter phase during both AREX2011 and AREX2012.
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Figure 11. PAHs pattern in gas phase during AREX2011.

Using the data reported in Figures 10 and 11, the PAHs partitioning was investigated.
The experimental and predicted Kp were calculated for semi-volatile PAHs (from FLN to CHR)
following the approach of Sangiorgi et al. [69] described in Section 2.2.4. Results are reported in
Figure 12a,b, from which it is evident that the Kp values spread around the 1:1 line (R2 = 0.609)
suggesting an ambient equilibrium of PAHs phase-partitioning; in fact, if the data are averaged (along
the whole cruise) for each PAH species (Figure 12b), the linear correlation between the experimental
and predicted Kp reach high values (R2 = 0.971) with a slope close to one (1.250).

This result is in agreement with the fact that PAHs are anthropogenic substances that, first, can be
transported far from the source location, and second (and most importantly), whose fate is related to
chemical composition of the particles that are able to influence their phase partitioning.



Atmosphere 2019, 10, 54 18 of 32
Atmosphere 2018, 9, x FOR PEER REVIEW  18 of 32 

 

 

 
Figure 12. Experimental vs predicted Kp for semi-volatile PAHs (from FLN to CHR) for: (a) each 
collected sample and PAH species (n = 133); (b) each PAH species averaged along the cruise (n = 7). 

3.3.2. Alkanes 

As for the ALKs, the most abundant ones were those with 24–32 carbon atoms. The average 
concentration of each single ALK ranged between 20 pg m−3 (C21) to 500 pg m−3 (C29) (Figure 13) 
while the total ALKs particulate phase concentrations ranging from 0.5 to 3.2 ng m−3. Similar values 
(0.14–4.5 ng m−3) were measured by Fu et al. over the Arctic Ocean [124], while higher concentrations 
were measured at the Svalbard Islands [125] (19–97 ng m−3). The relative abundance of n-alkanes to 
OC in aerosols was 0.16 ± 0.06%. 

-7.0

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

-7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0

L
o

g
(K

p)
 c

a
lc

Log(Kp) exp

FLN

PHE

ANT

FLNT

PYR

BaA

CHR

y = 1.250x + 0.777
R² = 0.971

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0

L
o

g
(K

p)
 c

a
lc

Log Kp exp

a) 

b) 

y = 0.898x − 0.259 

R2 = 0.609 

Figure 12. Experimental vs predicted Kp for semi-volatile PAHs (from FLN to CHR) for: (a) each
collected sample and PAH species (n = 133); (b) each PAH species averaged along the cruise (n = 7).

3.3.2. Alkanes

As for the ALKs, the most abundant ones were those with 24–32 carbon atoms. The average
concentration of each single ALK ranged between 20 pg m−3 (C21) to 500 pg m−3 (C29) (Figure 13)
while the total ALKs particulate phase concentrations ranging from 0.5 to 3.2 ng m−3. Similar values
(0.14–4.5 ng m−3) were measured by Fu et al. over the Arctic Ocean [124], while higher concentrations
were measured at the Svalbard Islands [125] (19–97 ng m−3). The relative abundance of n-alkanes to
OC in aerosols was 0.16 ± 0.06%.
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Figure 13. ALKs pattern in particulate matter phase during both AREX2011 and AREX2012.

As reported in Marty and Saliot [41], a useful parameter to describe the ALKs is the carbon
preference index (CPI), which is calculated as a ratio of the sum of concentrations of the odd versus
the even numbered carbon ALKs. In fact, the CPI can be used as a tracer of the origin (anthropogenic,
marine, terrestrial) of the particulate matter organic fraction [41]. Over the sea, CPI can reach values
close to 1 or lower as n-alkanes do not show a characteristic input from phytoplankton sources;
Stortini et al. [42] reported that marine organisms can exhibit odd/even ratios both more and less
than 1, showing that CPI values are always lower than 1 for both particulate and dissolved fractions.
Phytoplankton cultures can have higher C15 or C17 (not measured in this study) abundance with low
relative abundances of other n-alkanes ranging between C14 and C32–C40 [126–128].

During the AREX cruise, ALKs highlighted the absence of any odd/even predominance: CPI
was 0.83 ± 0.25 (2011) and 0.96 ± 0.08 (2012). These figures are perfectly in agreement with ALKs
CPI reported over sea by several authors [41,42,129]. These CPI values support the observation that
the measured ALKs were influenced by the sea-to-air emissions, indicating the possibility that a part
of the total carbon concentrations in the marine aerosols from the Arctic Ocean could be emitted by
the sea. This observation is supported by the evidence when data from AREX2011 are compared to
that measured during AREX2012 (Figure 13). Particularly, it is evident that, unlike PAHs, ALKs were
more abundant during 2012. Again, the air mass back trajectories (2011–2012 in Figures S1 and S2,
Supplementary Material) can explain this behavior: during 2012 more air masses travelled over the
Arctic Ocean than in 2011 allowing for the capture of much more ALKs from marine origin. Moreover,
to support this point, the ALKs in vapor phase were also investigated. Their concentrations ranged
from 1 pg m−3 to 28.52 ng m−3. Their pattern, presented in Figure 14, is very close to that observed in
the particulate phase.
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Thus, as done for PAHs, data reported in Figures 13 and 14, were used to calculate the experimental
Kp that was then compared with the calculated ones (following the approach of Sangiorgi et al. [69]
as described in Section 2.2.4). Results are reported in Figure 15a,b, from which it is evident that
the collected samples are spread below the 1:1 line, without any visible linear correlation, and thus,
the ALKs phase-partitioning in the particulate phase was underestimated by the dual model. Moreover,
if the data are averaged for each ALKs species (Figure 15b), the linear correlation between the
experimental and predicted Kp reached poor correlation values (R2 = 0.485) with a slope close
to two (1.747) and also with an important negative intercept (−2.764), which again describe the
underestimation in the particle phase of the dual model. These results, together with the CPI values,
showed that ALKs were emitted from the sea in the particulate phase and support the observation that
the total carbon concentrations in the marine aerosols from the Arctic Ocean could be influenced by
the sea-to-air emissions of marine OM (Section 3.2) directly in the aerosol phase.
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Figure 15. Experimental and predicted Kp for semi-volatile ALKs for each collected sample (a),
and averaged for each ALK species (b).

3.4. Element Concentrations

The measured elements were split into three groups: major trace, minor trace, and REEs.
Major trace elements include these metals whose average mass concentrations > 1 ng m−3 such as

Al, Fe, Cu, and Zn, while minor trace elements, such as Cd, Ba, Pb, Ti, V, Cr, Mn, Ni, As, and Mo are
considered as those with average concentrations < 1 ng m−3. REEs showing concentrations higher
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than their detection limits in most of the samples are also reported here, namely Y, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Er, Tm, Yb, and Sc.

Figure 16 reports the box plots showing the distribution of concentration levels for the three
classes of elements in the aerosol samples collected during the AREX 2011 campaign.

Al and Fe were found to be present at the largest concentrations among trace metals, with an
average concentration of 10.85 ± 15.07 and 14.07 ± 22.08 ng m−3, respectively, accounting for the 0.23%
and 0.30% of the PM total load (assessed by gravimetric determination on the same filters) and for the
1.2% and 1.5%, respectively, of the total metal content, including alkaline and earth-alkaline metals.
The two metals are the most abundant in the earth’s crust and their linear correlation considering
all the samples is high and significant (R = 0.867 with 61 samples) shows that crustal input was
the dominant source for both of them. In fact, Al, being the most abundant and stable metal in
the upper continental crust, is usually taken as reference to assess the extra-crustal source for other
metals in atmospheric aerosol. The slope of the Fe versus Al correlation (1.37) marked a very slight
enrichment for Fe with respect to earth’s average composition yielding an enrichment factor (EF) of
1.44, calculated on the basis of Fe/Al ratio in the upper continental crust (0.95 w/w) [130]; however,
given the uncertainty carried along by such ratios and standard deviations of the aerosol measurements
here reported (higher than averages), such an enrichment cannot be taken as significant. The Fe/Al
ratio ranged between 0.36 and 4.65 with no particular trend during the whole campaign, supporting
the main contribution of mineral dust to these two metals with the possible exception of a few days
with a larger contribution of Fe with respect to the contribution expected on the basis of earth’s
composition (on 01, 06–07, 18–19, 24, and 26 July). On these specific days, Fe EF ranged between 3 to
5 and high values (within this data set) of typically anthropogenic metals, such as As, Cr, Ni, and V,
can be observed in Figure 17, hinting at a transport of “polluted” air masses as a likely cause for such
high Fe/Al ratios. In order to better constrain the kind of anthropogenic source, further elaboration
should be carried out since a simple comparison with a marker of fossil fuel source (SO4

2−) does not
show any clear and significant correlation with Fe EF nor the content of the typical anthropic metals.
All the aforementioned statements agreed with the low fraction of nss-sulfates measured during 2011
(Section 3.1.1).

Among the minor trace elements, Ti, V, Cr, Pb, and Mn are present at the highest levels, with
averages comprised between 0.19 ± 0.25 ng m−3 (for Mn) and 0.94 ± 1.03 ng m−3 (for Ti).

Some of these minor trace metals, namely, Ti, Mn, and Zn, show relatively good linear
relationships with Al and such a pattern can be explained through crustal inputs being their common
dominant source. Particularly strong correlations were found between both Ti and Mn with Al
(R = 0.861 and 0.847, respectively). Nevertheless, a clear difference arose between them, since Ti did not
show any significant enrichment with respect to earth’s composition when Al was taken as a reference,
very similarly to Fe; in fact, the slope of Ti versus Al correlation was 0.053, corresponding to an EF
of 1.43 (given that the Ti/Al ratio in earth’s crust is 0.037 w/w, according to Rudnick and Gao [130]).
This supports Ti as a mainly crustal element. The case of Mn is different; although it shows a good
correlation with Al, the slope was 0.015, while the Earth’s upper crust shows an average Mn/Al ratio
of 0.11 [130], indicating that aerosol samples collected here show a depletion of Mn with respect to
mean crustal composition. This can be explained by an actually different composition of the crustal
inputs supplying Mn to the Arctic region we have studied or by the uncertainties carried along by the
average crustal ratios and by the measurements of very low levels of Mn in these samples and this
needs further investigation. Zn behaves differently, showing a rather good correlation (R = 0.679) and
an EF of 108 (Zn/Al ratio in upper crust is 8.2 × 10−4 w/w), which is significantly high and enables to
state that Zn present in the samples arose both from mineral dust (no correlation with Al would be
found otherwise) and from extra sources, likely together with air masses advected to the Arctic Ocean
from lower latitudes.

As concerning REEs, as one can see from Figures 15 and 16, they present average concentration
levels ranging between 0.1 and 10 pg m−3 (the y-scale in both the figures is expressed as ng m−3 to be
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compared with the other plots), with Ce, La, Y, and Nd as the most abundant elements in this class.
Such values are in agreement with the measurements of REEs in PM10 aerosol collected at Ny-Ålesund,
as reported by Giardi et al. [77,131]. They all show a large variability of values, mainly related to the
contribution of different crustal sources containing REEs, as shown in previous works [120]. They all
correlate quite well with Al (linear correlation coefficients ranging between 0.55 and 0.80) showing
that mineral dust is also a major source contribution for these elements. Nevertheless, as shown in
previous works [132], they also arose from anthropic activities, such as ship emissions, since they are
also present in heavy oil used as fuel for ships. On the basis of Moreno et al. [74], particular La/Ce and
La/V ratios can be used to identify the samples characterized by a significant contribution from ship
emissions; by taking into account these ratios (La/Ce between 0.6 and 0.8 and La/V lower than 0.1),
about the 30% of the samples here analyzed can be related to a relevant contribution of ship emissions.
Interestingly, all of them refer to the first part of the cruise (before July 8), involving the ocean areas
located south of Spitsbergen, and probably more affected by heavy touristic and commercial ship
traffic during the summer period.
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4. Conclusions

The chemical composition of the aerosol over the Arctic Ocean was determined during two years
of field campaigns (2011 and 2012) by using a combination of mass spectrometry, ion chromatography,
and thermo-optical-transmission techniques enabling us to investigate the water-soluble inorganic and
organic compounds, and the carbon content together with PAHs and ALKs behavior, both in gas and
particle phase. Moreover, trace elements and rare earth elements were investigated for the first time
over the open sea in the Arctic. Samples were collected on board the Polish research vessel Oceania,
during cruises from Tromsø to Svalbard and from Svalbard to Greenland. At the same time, aerosol
samples were also collected at Ny-Ålesund and analyzed for the same chemical species. Results firstly
lead to the conclusion that the ionic components accounted for more than 70% of particle mass and more
than 90% of inorganic ions originated from sea salt. Only the sulfates exhibited a non-sea-salt origin in
large part due to both transport from mid-latitudes and a local secondary origin from phytoplankton
activity. The organic matter (OM) accounted for more than 95% of the total carbon, while the remaining
5% was due to long-range transported elemental carbon (EC). The OM aerosol was comparable to
that of Cl−. Important results came out from the comparison with land-based data in Ny-Ålesund:
the sea salt concentrations were systematically 7 times higher over the ocean; higher concentrations
of OM, ammonium, sulfate, and nitrate were also determined along the cruise than over the land.
These results show a significant need to carry out experimental measurements in open seas, similarly to
the long-term land-based measurements and intensive observational campaigns (cruise-based) become
a complementary source of information concerning the aerosol chemical composition in the Arctic.

Among the organic material, organic ions appeared to be present at significant levels, especially
the amines (dimethylamine, trimethylamine, diethylamine) that were found at concentrations of
3.98 ± 1.21, 1.70 ± 0.82, and 1.06 ± 0.56 p.p.t.v. (parts per trillion by volume). These values were
particularly relevant because they are close to those used in the CLOUD chamber experiments when
the ambient nucleation rate in a H2SO4-DMA-H2O system was simulated, thus stressing again the
importance of the detected amines in polar regions.The gas/particle partitioning of organic pollutants
(PAHs) or tracer of organic carbon origin (n-alkanes) was evaluated, modelled, and compared with
experimental data. Results demonstrated a good equilibrium between particle and gas phase for PAHs;
in this respect a south to north increase of the semivolatile fraction was evidenced in keeping with
literature data. Instead, n-alkanes phase partitioning (together with the low CPI values) suggested a
local marine origin.
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Finally, trace elements showed a large variability in concentration and could be classified as major
trace elements (Al, Fe, Cu, and Zn) with concentrations > 1 ng m−3, minor trace elements (Cd, Ba, Pb,
Ti, V, Cr, Mn, Ni, As, and Mo) with concentrations < 1 ng m−3, and REEs elements (Y, La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb, and Sc) showing concentrations at pg m−3 levels. Specific element
ratios highlighted the dominant anthropic contribution for major and minor metals (e.g., Zn, As, Cd,
Ni) and the possible signature of ship emissions (La/Ce and La/V)
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10/2/54/s1, Figure S1: Five-day air mass back trajectories derived using the HYSPLIT for every AREX2011 TSP
sample collected along the cruise. Figure S2: Five-day air mass back trajectories derived using the HYSPLIT
for every AREX2012 TSP sample collected along the cruise. Table S1: CAMS output obtained with a 0.125◦ cell
resolution every 3-h following the vessel position (latitude, longitude) and averaging the data accordingly to
sampling time and location of each TSP aerosol samples collected along the cruise.
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