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ABSTRACT: Aerosols have been associated with large uncertainties in

estimates of the radiation budget and cloud formation processes in the Zeppelin station
Arctic. This paper reports the results of a study of in situ measurements
of hygroscopicity, fraction of volatile species, mixing state, and off-line
morphological and elemental analysis of Aitken and accumulation mode
particles in the Arctic (Ny-Alesund, Svalbard) in May and September
2012. The accumulation mode particles were more abundant in May
than in September. This difference was due to more air mass flow from
lower latitude continental areas, weaker vertical mixing, and less wet
scavenging in May than in September, which may have led to a higher
amount of long-range transport aerosols entering the Arctic in the spring.
The Aitken mode particles observed intermittently in May were
produced by nucleation, absent significant external mixing, whereas the
accumulation mode particles displayed significant external mixing. The occurrence of an external mixing state was observed more
often in May than in September and more often in accumulation mode particles than in Aitken mode particles, and it was
associated more with continental air masses (Siberian) than with other air masses. The external mixing of the accumulation mode
particles in May may have been caused by multiple sources (i.e., long-range transport aerosols with aging and marine aerosols).
These groups of externally mixed particles were subdivided into different mixing structures (internal mixtures of predominantly
sulfates and volatile organics without nonvolatile species and internal mixtures of sulfates and nonvolatile components, such as
sea salts, minerals, and soot). The variations in the mixing states and chemical species of the Arctic aerosols in terms of their sizes,
air masses, and seasons suggest that the continuous size-dependent measurements observed in this study are useful for obtaining
better estimates of the effects of these aerosols on climate change.

May and September of 2012 at Gruvebadet

B INTRODUCTION Both optical (light scattering and light absorption efficiency)
and hygroscopic (an effective indicator of CCN development)
properties of particles can vary with their mixing state.
Anthropogenic aerosols have been observed in the Arctic
atmosphere and its snow and ice."*'*~2° The high aerosol mass
loading in the Arctic has often been observed in the spring,
leading to a reduction of visibility known as the Arctic haze. It
has been reported that this Arctic haze is caused by
anthropogenic aerosols transported from the lower latitude
continents (e.g., northern Eurasia)”’ ™ and is most often
observed in the late winter and early spring, though not often in
summer.'®**73! The cold and dry conditions in the late winter
and spring suppress wet deposition and vertical mixing, which
favor the accumulation of transported pollutants in the Arctic

The Arctic is a key region of the Earth that is highly sensitive to
small environmental changes in the Earth’s climate due to its
complex feedback system." The largest increase in annual mean
temperature has been observed in the Arctic, where the
warming rate during the last century was nearly two times
higher than the rate measured in the rest of the world. This
warming suggests that climate change in Arctic regions may be
considered a predictor of climate change on a global scale.' ™
Several explanations have been offered for this amplification:
the global increase in greenhouse gas concentrations or changes
in the Arctic ozone budget”® and transport of anthropogenic
light-absorbing carbonaceous particles from lower Iati-
tudes.>>~® Typically, aerosols play a critical role in the radiation
balance by scattering and/or absorbing incoming solar light

(direct climate forcing) and in cloud formation processes by Received: April 29, 2013

acting as cloud condensation nuclei (CCN) (indirect climate Revised: ~ December 10, 2013
forcing). These effects depend on details, such as the size, Accepted: December 11, 2013
mixing state, and chemical constituents of the pau'ticles.m_14 Published: December 11, 2013

W ACS Publications  © 2013 American Chemical Society 9209 dx.doi.org/10.1021/es404622n | Environ. Sci. Technol. 2014, 48, 909—919


pubs.acs.org/est

Environmental Science & Technology

11.80 11.90 12.00 12.10 12.20

78.98

4‘00 \ :
2 N
8 \S‘}r
o 70,
%
7]
,: ° |
o Town™ ii i
g ® Gruvebadet -
© Zeppelin station B

5 — 2
"~ 1 km e

78.88

11.80 11.90 12.00 12.10 12.20 12.30

Figure 1. Map of sampling sites (Ny-Alesund (78.6° N, 11.6° E)).
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atmosphere.®” Earlier research®® has shown that combustion
sources accounted for significant organic components in the
submicrometer range in the springtime Arctic haze over the
Arctic parts of the Atlantic and Pacific oceans. Biomass burning
is also known to be an episodic potential source of
anthropogenic aerosols in the Arctic (e.g,, black carbon in the
air and in snow or ice),”* which play an important role in the
radiative budget in the Arctic. In general, less transport of
contaminants to the Arctic and fewer residential heating events
in the source regions together with stronger vertical mixing and
wet scavenging in the Arctic lead to cleaner air in the summer
than in the spring.>* It has been reported that the aerosols
experience a highly rapid transition in their size distribution
between the spring and summer, primarily due to changes in
their air mass origins but also from photochemical production
of new particles (this transition occurs over a period of
approximately two weeks every year).'®** 7! A combination of
the transport patterns of the air mass and the strength of the
aerosol sources and sinks can influence the rapid change in the
properties of Arctic aerosols between the spring and
summer.'®***"35 In addition to anthropogenic aerosols
transported from continents at lower latitudes, marine aerosols
emitted by the oceans can contribute to a large portion of the
Arctic aerosols (e.g., sea salts, biogenic organic aerosols). The
extent of Arctic sea ice has decreased during the last few
decades, leading to the increasing importance of the marine
influence on Arctic aerosols.’

Although previous studies have provided useful information
regarding the characteristics of the Arctic aerosols, measure-
ments of the particle number size distribution and/or
noncontinuous measurements of the chemical/morphological
properties of the particles is insufficient for a complete
understanding of the sources and formation pathways of the
Arctic aerosols or for estimating their effects on climate change.
In this study, in situ measurements of the size-dependent
hygroscopicity (water affinity), volatility (volatile particles), and

mixing state of the Arctic aerosols and measurements of their
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particle size distribution were conducted during the transition
from spring to summer (May 2012) and in September 2012.
May was selected because a rapid change in the size distribution
has been observed with weakening of the Arctic haze in May
(this transition has occurred over a period of approximately two
weeks every year),”’ providing a good opportunity to
understand the rapid transition of aerosol properties from
spring to summer. In September 2012, the Arctic atmosphere
was very clean (the lowest particle number concentration was
observed in the fall during the period of March 2000 to March
2010%7), and a large area of open ocean was available due to
melting of sea ice. A comparison between the aerosol properties
in May and September will also provide useful information
regarding the aerosol’s source and formation in the Arctic
atmosphere during various seasons, although two 15-day data
sets (hygroscopicity, volatility, and mixing state data) in May
and September are not fully representative of each correspond-
ing season. The particle number size distributions were
measured using a combination of a differential mobility
analyzer (DMA) and a condensation particle counter (CPC)
at the Gruvebadet and Zeppelin stations at elevations of 61 and
474 m above sea level, respectively. Both stations are located
near Ny-Alesund (78.6° N, 11.6° E), Svalbard. The measure-
ments of the hygroscopicity and volatility of particles of
selected sizes (Aitkin mode and accumulation mode) were
performed at Gruvebadet using the hygroscopicity and volatility
tandem differential mobility analyzer (HVTDMA) technique, a
method that is capable of providing important information
regarding the composition and mixing state (external and
internal mixing) of the particles.”® *° The hygroscopicity of the
particles provided information relevant to the water uptake and
the particle effectiveness as a CCN, which influences the
microphysical and optical properties of the clouds. The
measurements of volatility were conducted at 100 °C, at
which sulfates or other salts are not evaporated, whereas most
of the volatile organics are evaporated (i.e,, compounds more
volatile than ammonium sulfate), making it possible to identify
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the presence of volatile organic species and determine their
component fractions. The effects of the transport pathways of
air masses were examined using an air-mass backward trajectory
analysis. In addition, off-line morphological and elemental
analyses of particles were conducted using transmission
electron microscopy (TEM)/energy dispersive spectroscopy
(EDS) to provide supporting information regarding the
morphology and mixing state of the particles.

B MATERIALS AND METHODS

The measurements were made at Ny-Alesund (78.6° N, 11.6°
E), Svalbard Islands (Figure 1). Ny-Alesund is the location of
many cooperative international projects for the study of the
Arctic environment and ecosystem. The Kongsvegen glacier is
located approximately 10 km east of Ny-Alesund. The
Kongsfjorden, where Ny-Alesund is located, can often be
frozen during the winter such that Ny-Alesund has a
continental climate in winter and a coastal climate in summer.
The mean air temperature at Ny-Alesund during the period
1961—1990 was approximately —1S5 °C in February, —5 °C in
May, 3 °C in August, 0 °C in September, and —10 °C in
November. As shown in Figure 1, the Gruvebadet station is
located approximately 1.5 km south of and approximately 50 m
higher than the small town of Ny-Alesund (11 m above sea
level). The Zeppelin station is located on the ridge of Zeppelin
Mountain, approximately 2.3 km south of the town of Ny-
Alesund and 474 m above sea level. The particle number size
distribution measurements were performed at two locations
(Gruvebadet and Zeppelin) at elevations of 61 and 474 m
above sea level, respectively, and all of the other aerosol
measurements were conducted at Gruvebadet.

The ambient samples were drawn through an inlet tube with
an inner diameter of 100 mm from a height of 5 m above the
ground at a flow rate of 150 Lpm. The sampled aerosols passing
through the inlet tube were subsequently split for delivery into
each aerosol instrument. Before they were introduced into the
aerosol measurement system, the atmospheric particles were
first dried to 10—15% RH using a series of diffusion driers.
Continuous measurements of the size distributions (3—85 nm
and 25—800 nm) were measured at Zeppelin in May 2012
using a differential mobility particle sizer (DMPS), which
consists of a differential mobility analyzer (DMA) and a
condensation particle counter (CPC). At Gruvebadet, the size
distributions (20—306 nm and 10—470 nm) were measured
using the DMPS in May and September 2012. The HVTDMA
system was used for measuring the hygroscopicity and volatility
of the size-selected particles. The HVTDMA system primarily
consisted of two DMAs, a heated tube, a humidifier, and a CPC
(TSI 3010, USA). Particles of a given size were selected in the
first DMA and directed into a heated tube or humidifier for
subsequent sizing in the second DMA and CPC. This yielded
data regarding the change in particle size after heating to ~100
°C or humidifying to an RH of ~85%. This measurement
system provided the hygroscopic growth factor (HGF) and
shrinkage factor (SF) at a given RH and heater temperature,
respectively. The HGF is the ratio of the particle mobility
diameter at an elevated RH to that under dry conditions (10—
15% RH), and the SF is the ratio of the particle mobility
diameter at an elevated temperature (100 °C) relative to that at
room temperature (~2S5 °C). At a heater temperature of 100
°C, organic carbon species can be considered candidate volatile
species because ammonium sulfate or other inorganic species
(e.g, salts) are not volatile at that temperature, and water is
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removed from the particles before they enter the tandem
measurement system. If the size-selected particles were present
in an external mixing state, two or more hygroscopic or volatile
groups of particles were expected to appear under conditions of
increased RH or T, respectively. In addition, the heater
temperature was occasionally increased to 250 °C to identify
the presence of nonvolatile species in internally mixed particles.
If the particles were completely evaporated, then no particles
were detected at 250 °C, which is the case for ammonium
sulfate, ammonium nitrate, sulfuric acid, C24—C32, and
dicarboxylic acids, based on laboratory measurements.** If
particles were present after the removal of the volatile species at
250 °C, then they likely were nonvolatile species (e.g., sodium
chloride, black carbon (BC), or mineral particles).

To determine the morphology and elemental composition of
individual particles, the particles were collected on a TEM grid.
These samples were subsequently analyzed using TEM (200-kV
accelerating voltage and 100-4A beam current) (JEOL JEM-
2100F) and energy dispersive spectroscopy (EDS) (OXFORD
INCAx-sight). The transport patterns of the air masses during
the sampling periods were determined using air-mass backward
trajectory data (http://www.arl.noaa.gov/ready/hysplit4.html).
A 120- or 240-h air-mass backward trajectory analysis was
performed below heights of S00 m above the ground at the
sampling site (78.6° N, 11.6° E). Additionally, the mass
concentration measured in the Arctic was related to the air
mass trajectories to better understand how the various source
regions affect the aerosol concentrations in the Arctic.’” The
mass concentration was calculated from the number size
distribution data assuming spherical particles with a density of 1
g/cm®. The concentration measured at the sampling site was
assigned to the grids in the path of the air mass trajectory, and
the concentration was normalized by the number of trajectories
crossing the specific grid. This analysis provided a measure of
the particle concentration at the sampling site after the air mass
trajectory passed over the grids.”’

B RESULTS AND DISCUSSION

Comparison between Size Distribution Data of May
and September. The average size distributions in May and
September 2012 are compared in Figure 2a. A significant
difference in the size distribution was observed. The number
concentration of submicrometer particles was significantly
higher in May than in September. The accumulation mode
particles were dominant in May, which may be related to lon§-
range transport of aerosols from anthropogenic sources.>”!
Because May is during the transition from spring to summer,
the Aitken mode particles (which were reportedly dominant in
summer) appeared occasionally. The Aitken mode particles
have been reported as related to production of new particles via
nucleation.®" In summer, it was observed that the accumulation
mode particles were suppressed, whereas the Aitken mode
particles became significant. The smaller number of accumu-
lation mode particles in the summer may have occurred due to
weakening of the long-range transport aerosols with the change
of air masses and strong wet removal during the summer.
However, it was reported that a few long-range transport events
(e.g, forest fires) also occurred in the Arctic in the summer.*!
The high concentration of the Aitken mode particles in May
was caused by increased photochemical activity and a weak
condensational sink effect (i.e, few accumulation mode
particles) leading to new particle formation.>” In September,
the concentrations of both Aitken and accumulation mode
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Figure 2. (a) Average size distributions at Gruvebadet in May and
September 2012, (b) average size distributions at two locations
(Gruvebadet and Zeppelin) in May 2012 (the error bar represents
standard deviation), and (c) diurnal variations of normalized number
concentrations by peak concentration at Gruvebadet and Zeppelin on
5/4/2012.

particles decreased, as shown in Figure 2a. The intensified wet
removal in September (the highest precipitation occurred in the
months of August and September during the period of 2000—
2010)*” along with the weakening of the long-range transport
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aerosols may have contributed to the smaller number of Aitken
and accumulation mode particles. Although there is a larger
area of open ocean in September than May, the stronger wet
removal process may also have led to particle removal,
including removal of particles originating from the ocean.
The low concentration of particles in September is consistent
with the earlier observation by others that the annual minimum
in the total aerosol number concentration occurred in
September or October, based on the 10 years of aerosol
number size distribution data.>’

Comparison between Size Distribution Data from
Gruvebadet and Zeppelin. A comparison of the average size
distributions at two locations (Gruvebadet and Zeppelin,
located ~500 m from each other at elevations of 61 and 474
m above sea level, respectively) was performed in May 2012;
the results are shown in Figure 2b. Note that any data
associated with winds passing through the nearby town were
removed to minimize local anthropogenic emissions. Because
the two size distributions do not cover exactly the same size
range, a direct comparison of the two data sets from the two
sites is difficult. The characteristics of the Aitken mode particles
were comparable, whereas the amount of the accumulation
mode particles was smaller at Zeppelin than at Gruvebadet. The
smaller accumulation mode particles at Zeppelin may have been
due to more dilution by vertical mixing and more wet removal
at the higher elevation.’’ Although the elevations of the
sampling locations differ by ~410 m and the sites are ~1 km
apart, the Aitken mode particles appeared nearly simultaneously
at both locations, suggesting that they were locally produced via
nucleation over an area exceeding several kilometers across. For
example, the diurnal variations in the normalized number
concentrations at Gruvebadet and Zeppelin on 5/4/2012 are
shown in Figure 2c. The Aitken mode particles increased with
increasing solar intensity at approximately 12:00 and decreased
after 20:00 at both sites, suggesting that photochemical activity
played an important role in the formation of the Aitken mode
articles. Bubbles bursting in the ocean and melting of Siberian
tundra may provide precursor materials responsible for new
particle formation.'®** Vertical mixing of upper and lower air
can provide conditions favorable for the production of new
particles.* Additional measurements of hygroscopicity and
volatility of the Aitken and accumulation mode particles should
improve our understanding of their sources and formation
pathways and will be discussed in the next section.

Hygroscopicity, Volatility, and Mixing State. The
hygroscopicity, volatility, and mixing state of the Aitken (~50
nm) and accumulation mode particles (~130 nm) were
measured using the HVTDMA system at Gruvebadet. Figure
3 shows their HGF, SF, and mixing states when a new particle
formation event (5/4/2012) was observed in the afternoon.
During the period of enhanced concentration of the Aitken
mode particles, the HGF and SF of the Aitken mode particles
were 1.46 and 0.88, respectively, with no external mixing of
various hygroscopic or volatile particle groups. The presence of
volatile species and the observed HGF without external mixing
suggest that these particles have the characteristic of an internal
mixture of sulfate and volatile organic species. Note that pure
ammonium sulfate and other inorganic salts are not evaporated
at this temperature (100 °C). The data suggest that biogenic
organic compounds in addition to sulfate may contribute to the
Aitken mode particles via photochemical production, and that
other particle source contributions to the Aitken mode particles
were not significant. Other researchers**** reported that in the
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Figure 3. HGF, SF, and external mixing state of the Aitken (~50 nm)
and accumulation mode particles (~130 nm) measured using the
HVTDMA system at Gruvebadet when a new particle formation event
(5/4/2012) occurred.

notably clean polar air masses, the organic compounds
responsible for particle formation and growth are primarily of
biogenic origin. The accumulation mode particles were
observed to be externally mixed with various volatile species
(i.e, an external mixture of pure sulfate (SF = 1.00) and volatile
organics (SF = 0.51)), suggesting that multiple sources
contributed to the accumulation mode particles.

On §5/14/2012, 5/15/22012, and 5/16/2012, the accumu-
lation mode particles became dominant over the Aitken mode,
as shown in Figure 4a. For comparison, the size distribution on
5/13/2012 (when the Aitken mode was dominant) was
included in Figure 4a. Due to the increase in the accumulation
mode particles during this period, the production of the Aitken
mode particles was suppressed (ie, the accumulation mode
particles may have acted as a sink for precursors responsible for
the Aitken mode particles).37 The average values of HGF, SF,
and the mixing state of the accumulation mode particles over
the 3 days are shown in Figure 4b. These particles were
externally mixed with various hygroscopic and volatile particle
groups similar to the observation on 5/4/2012, discussed in the
previous section. Particles with an HGF of 1.87 and an SF of
1.00 can be related to sulfate and aged sea salt species (highly
hygroscopic and nonvolatile), whereas particles with an HGF of
1.32 and an SF of 0.75 may be a mixture of sulfate and volatile
organics. The presence of external mixing groups of the
accumulation mode particles may have been caused by both
long-range transport aerosols with aging and aerosols originated
from ocean. It was previously reported that this external mixing
is abundant under Arctic haze conditions with increasing
aerosol loadings and that internal mixing is dominant during
background conditions.*® Typically, in the winter and spring,
Arctic fronts proceed south, making it easier for air
contaminants to be transported to the Arctic, whereas in the
summer and fall, Arctic fronts prevent long-range transport of
contaminants from Europe and Russia.®® In our study, the
lowest HGF of submicrometer particles in May 2012 was 1.16.
The HGF and SF of fresh soot or black carbon garticles are
generally known to be 1.0 and 1.0, respectively.” Thus, any
soot particles, if present, may have aged and become
hygroscopic during their long-range transport.

The hygroscopicity, volatility, and external mixing state of the
Aitken (~50 nm) and accumulation mode particles (~130 nm)
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22012, and 5/16/2012, and (b) average values of HGF, SF, and
external mixing state of the accumulation mode particles on 5/14/
2012, 5/15/22012, and 5/16/2012.
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in May and September 2012 are summarized in Figure S.
Previous studies reported that the transition in the aerosol size
distribution from spring to summer could not be explained by
transport alone, although a seasonal flow pattern ex-
isted.”'”***” The accumulation mode particles in May were
significantly externally mixed with different hygroscopic species
compared with those in September. Both long-range transport
and marine aerosols may have contributed to the external
mixing of the accumulation mode particles in May. Less
external mixing with different hygroscopic species was observed
in September. Changes in the transport pathways (less aerosol
transport from low latitudes),"” enhanced vertical mixing due to
solar heating,*® and an increase in wet scavenging contributed
to the smaller number and less external mixing of the
accumulation mode particles in September. The average
HGFs of the 50-nm and 130-nm particles in May were 1.41
and 1.33 (1.87 for “more hygroscopic” particles), respectively,
whereas these values were 121 and 1.22, respectively, in
September. The average SFs of the 50-nm and 130-nm particles
in May were 0.98 (0.6 for “more volatile” particles) and 1.00
(0.66 for “more volatile” particles), respectively, whereas these
values were 0.93 (0.71 for “more volatile” particles) and 0.94
(0.61 for “more volatile” particles), respectively, in September.
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Figure S. continued
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50 nm, September in 2012
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Figure S. Variations in HGF (HGF1 for “less-hygroscopic” particles and HGF2 for “more-hygroscopic” particles), SF (SF1 for “less-volatile”
particles and SF2 for “more-volatile” particles), and external mixing state of the Aitken (~50 nm) and accumulation mode particles (~130 nm) in

(a) May 2012 and (b) September 2012.

The data suggest that the submicrometer particles in September
were somewhat less hygroscopic and more volatile than those
in May (i.e., they contained a higher amount of volatile and less
hygroscopic species in individual particles). Although the

number of particles was smaller in September than in May,
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the additional marine source exposure due to ice melting may
have led to a greater availability of biogenic organic compounds
from the ocean, contributing to the higher SF, and the
preferential wet removal of more hygroscopic particles may
have contributed to the lower HGF in September.
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Table 1. Average Mass Concentration, HGF, SF, and External Mixing State of Accumulation Mode Particles (130 nm)

Associated with Various Air Masses in May 2012

percentage of occurrence percentage of occurrence

mass when external mixing of when external mixing of
air mass concentration various hygroscopic species various volatile species was
origin date (ug/m®) HGF1 HGF2 SF1 SF2 was observed observed
Siberia 5/4/2012, 5/5/2012, 5/6/2012 0.59 1.34 1.87 0.99 0.62 75 63
5/7/2012, 5/8/2012,
5/11/2012, 5/12/2012,
5/13/2012, 5/14/2012
Northern 5/17/2012, 5/18/2012 0.27 125 1.81 0.99 0.69 100 100
Europe
Northern 5/9/2012 0.39 133 1.84 0.99 0.67 33 33
Greenland
The Arctic  5/10/2012, 5/15/2012, 0.41 1.27 1.85 1.00 0.68 57 57
Ocean 5/16/2012
Effect of Air Mass Transport. By using air-mass backward 1.2 5/13/2012 8~ 130 rm,ess-voatle”
trajectory analysis, we investigated the manner in which various =0 nm, ‘more-volatle
. . . == =-Ammonium sulfate
source areas and air mass transport potentially influenced the 104 e —#— Oxalic acid
aerosol properties observed in the Arctic. Others have reported 2 St amorde
that in the spring (March, April, and May), a majority of air 08
mass trajectories over the Arctic Ocean were from Alaska,
Siberia, and Eurasia, there was a minimum influence of air mass L 061
transport over the Atlantic Ocean based on air mass data during @
the 10-year period, and the air mass pattern changed in the 04
summer, with a much larger portion of the air mass coming
from the northern Atlantic Ocean.>” A similar air mass pattern 024
was observed in our study. The average mass concentration,
HGEF, SF, and external mixing state of the accumulation mode 00
particles associated with various air masses in May 2012 were 0 150 200 250
examined, as summarized in Table 1. We classified the air mass Temperature (oC)
trajectories in May as air masses from Siberia, northern Europe, (a)
northern Greenland, and the Arctic Ocean. The average
trajectory of each air mass group is shown in Figure S1(a) 12+ 5/14/2013 B
(Supporting Information (SI)). It was found that the mass Ta 130 . ‘merevlatie
concentration was the highest and an external mixing state was 1.0 T e ate
observed more often in the air mass from Siberia, suggesting e
that the long-range transported aerosols from continent 08 T Sodum chloride
significantly contributed to the accumulation mode particles
as an external mixture in May. However, in September, the 064
. P w -
mass concentration and external mixing state of the o
accumulation mode particles displayed no dependence on the 04
air mass pattern. To further investigate this difference, we
correlated all air mass trajectories from various source regions 02
in May and September to actual mass concentrations at the '
sampling site. As shown in SI Figure S1(b), the high mass
0.0

concentration in May was clearly observed at the sampling site
when the air mass originated in Siberia. However, in
September, the air mass from Siberia was not clearly correlated
to the high concentration at the receptor, and the concentration
was low, regardless of the air mass trajectories. This pattern
suggests that the similar air mass patterns during these two
particular months did not lead to similar aerosol characteristics.
The strong wet scavenging mechanism in September played an
important role in removing the accumulation mode particles
and hindering the effective transport of continental aerosols
into the Arctic (the highest precigitation in the Arctic typically
occurs in August and September>”).

Presence of Nonvolatile Cores in the Accumulation
Mode Particles. When the air masses came from a continental
area, the mixing structure of the accumulation mode particles
was examined in more detail by gradually increasing the heater
temperature up to 200 °C in the HVTDMA system, as shown
in Figure 6. For comparison, the evaporative behaviors of
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Temperature (°C)

(b)

Figure 6. SF of the accumulation mode particles associated with air
masses from Russia as a function of heater temperature on (a) 5/13/
2012 and (b) 5/14/2012.

laboratory-generated sodium chloride, sulfuric acid, ammonium
sulfate, oxalic acid, and succinic acid of similar sizes were
included. As shown in Figure 6, sodium chloride particles are
nonvolatile, sulfuric acid and ammonium sulfate particles are
less volatile, and dicarboxylic acids are highly volatile (n-alkanes
are also highly volatile but are not shown). The accumulation
mode particles were externally mixed with various volatile
groups on 5/13/2012 and 5/14/2012. On both days, the “more
volatile” particles such as ammonium sulfate completely
evaporated when the heater temperature was increased to
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200 °C, and a certain amount of species of the “more volatile”
particles evaporated below 100 °C (note that ammonium
sulfate and sulfuric acid particles did not evaporate below 100
°C). This observation suggests that the “more volatile” particles
may consist of an internal mixture of sulfate and volatile
organics lacking any nonvolatile core. In contrast, the “less
volatile” particles started to evaporate above 100 °C but were
not completely evaporated at 200 °C, unlike the “more volatile”
particles, suggesting that the “less volatile” particles consisted of
sulfates and nonvolatile components such as sea salts, minerals,
and soot. The mineral components (e.g, silicates and metallic
components) may have originated from windblown dust and
anthropogenic high-temperature processes. The data suggest
that the accumulation mode particles were present in different
mixing structures with and without nonvolatile cores due to
their multiple sources and the aging process.

Morphology and Elemental Composition. Off-line
morphological and elemental analyses of submicrometer
particles (<200—300 nm) were also performed using TEM/
EDS. A previous study”® reported that sea salt, aged sea salt,
silicates, and mixed particles (mixtures of sea salt, silicates, and
Ca sulfates) are the most abundant particle groups in the coarse
fraction (>500 nm), whereas the secondary aerosols, mixtures
of sea salt, silicates, and Ca sulfates, and secondary aerosols
with soot inclusion are most abundant in the fine fraction
(<500 nm). In this study, particles much smaller (<200—300
nm) than those in previous works"*® were examined. Based on
the detected major elements and morphology, several distinct
types of submicrometer particles were identified, but
quantification of such particles associated with varying air
masses and seasons was not conducted. The most abundant
particle groups in this size range (<200—300 nm) were
classified as organics (C and O) (SI Figure S2(a)), mixtures of
organics and sulfate (C, O, and S) (Figure S2(b)), soot (C and
O with agglomerated shape) (Figure S2(c)), aged sea salts (Na
and Si/K/Mg/Cl) (Figure S2(d)), and mineral dust particles
(Si/Al/Fe/Ti/Ca) (Figure S3). The organics—sulfate mixture
and aged sea salts contributed to the hygroscopic species,
whereas the organics contributed to the volatile species
observed in the HVITDMA analyses. As shown in SI Figure
S2(b), both particles consisted of mixtures of organics and
sulfate, but they displayed different C/S ratios and
morphologies. Particles with a high C/S ratio were more
vulnerable to electron beam bombardment under high
magnification (i.e., high electron beam energy), suggesting
that they contained volatile species corresponding to particle
groups with a high SF. Figure S2(c) shows soot particles with
agglomerated shapes. Their compact shape and absence of
particles with an HGF of 1.0 suggest that most of the soot
particles may have been aged during their long-range transport.
Figure S2(d) shows the aged sea salt particles. Due to their
highly hygroscopic behavior, evidence of water in the particles
was often observed in the TEM images. Particles with mineral
dust components are shown in Figure S3. Various shapes (e.g.,
spherical, irregular, rod-shaped, aggregate) were observed in
this group of particles. The mineral components (including
metallic species) may have originated from windblown dust and
high-temperature anthropogenic processes. These mineral
components were responsible for the less volatile or nonvolatile
components in the HVTDMA measurements. Aging of these
particles cannot be identified from the TEM data, but the
HVTDMA measurements suggest that a subset of these
particles may also have aged and become hygroscopic.
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Although not presented in this paper, a few P-containing
particles that may have originated from biological materials
were also observed.

This paper describes in situ measurements of the
hygroscopicity, the fraction of volatile species, and the mixing
state of submicrometer particles in the Arctic (Ny-Alesund,
Svalbard) in May and September 2012. A higher concentration
of accumulation mode particles in May than in September was
observed. This observation was due to more air mass flow from
lower latitude continental areas, weaker vertical mixing, and less
wet scavenging in May than in September, which may have led
to the accumulation of the higher amount of long-range
transport aerosols entering the Arctic in the spring. Addition-
ally, external mixing was observed more often in May than in
September, more often in accumulation mode particles than in
Aitken mode particles, and more often in association with
continental air masses (Siberian) than in association with other
air masses. The external mixing of the accumulation mode
particles in May may have been caused by multiple sources (i.e.,
long-range transport aerosols with aging and local marine
aerosols). We believe that long-range transport aerosols
significantly contributed to the increased accumulation mode
particles as an external mixture in May. The accumulation
mode particles were somewhat less hygroscopic and more
volatile in September than in May. The additional exposure to a
marine source due to ice melting may have led to a greater
availability of biogenic compounds from the ocean, leading to
the higher SF, while preferential wet removal of hygroscopic
particles may have led to the lower HGF in September,
although the number of particles was much smaller in
September than in May. Detailed observation of the mixing
structure of the accumulation particles indicated that an internal
mixture of sulfate and volatile organics in the absence of
nonvolatile cores was externally mixed with an internal mixture
of sulfates and nonvolatile core species, such as sea salts,
minerals, and soot. Occasionally, an elevated concentration of
Aitken mode particles was observed at both sampling sites
(Gruvbadet and Zeppelin) in May, which is believed to have
been produced by nucleation. The Aitken mode particles
displayed no significant external mixing. Biogenic compounds
from the ocean may have contributed to the significant mass of
the Aitken mode particles via nucleation. Analysis of the off-line
TEM/EDS data also resulted in identification of the major
types of submicrometer particles (<200—300 nm), i.e., organics,
mixtures of organics and sulfates, soot, aged sea salts, and
mineral dust particles. Sulfate and aged sea salts may have
contributed to the particles with high HGF values, whereas the
organics and mixture of organics and sulfate may have
contributed to the volatile species. It is recommended that
the mixing state, which was found to vary with size, air mass,
and season, should be determined in the future to better
understand the effects of Arctic aerosols on climate change
(radiation balance and cloud formation).

B ASSOCIATED CONTENT
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Classification of air mass transport patterns (Siberia, northern
Europe, northern Greenland, and the Arctic Ocean) in May,
average mass concentration of submicrometer particles
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particles (Si/Al/Fe/Ti/Ca) of various shapes (spherical,
irregular, and rod-shaped). This material is available free of
charge via the Internet at http://pubs.acs.org.
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