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ABSTRACT: Ship-borne measurements of ambient aerosols were conducted during
an 11 937 km cruise over the Arctic Ocean (cruise 1) and the Pacific Ocean (cruise 2).
A frequent nucleation event was observed during cruise 1 under marine influence, and
the abundant organic matter resulting from the strong biological activity in the ocean
could contribute to the formation of new particles and their growth to a detectable
size. Concentrations of particle mass and black carbon increased with increasing
continental influence from polluted areas. During cruise 1, multiple peaks of
hygroscopic growth factor (HGF) of 1.1−1.2, 1.4, and 1.6 were found, and higher
amounts of volatile organic species existed in the particles compared to that during
cruise 2, which is consistent with the greater availability of volatile organic species
caused by the strong oceanic biological activity (cruise 1). Internal mixtures of volatile
and nonhygroscopic organic species, nonvolatile and less-hygroscopic organic species,
and nonvolatile and hygroscopic nss-sulfate with varying fractions can be assumed to
constitute the submicrometer particles. On the basis of elemental composition and
morphology, the submicrometer particles were classified into C-rich mixture, S-rich mixture, C/S-rich mixture, Na-rich mixture,
C/P-rich mixture, and mineral-rich mixture. Consistently, the fraction of biological particles (i.e., P-containing particles)
increased when the ship traveled along a strongly biologically active area.

■ INTRODUCTION

Oceans cover the majority (over 70%) of the earth’s surface,
and marine aerosols are one of the largest global contributors to
the ambient atmospheric aerosols (1300−3300 Tg/yr glob-
ally).1,2 Variation of the concentration and properties of marine
aerosols can cause significantly different direct (radiation
balance) and indirect (cloud formation) effects on the climate
system.3−5 Marine aerosols originating from the ocean in the
marine boundary layer (MBL) are typically produced by a
bubble bursting process from the surface of seawater (i.e.,
primary marine aerosols or sea spray aerosols (SSA)) and by
gas-to-particle conversion of gaseous compounds emitted from
seawater (i.e., secondary marine aerosols). Thus, the properties
of seawater are also important parameters to determine the
physical and chemical properties of marine aerosols.6,7

The chemical components and mixing state of marine
aerosols typically vary with size.8 Sea salts (produced by a
bubble bursting process) are known to be the major chemical
component of marine aerosols, especially those larger than 1
μm, while mixtures of sea salts, nonsea salt (nss)-sulfates, and
organics are abundant in the submicrometer size range.2,9,10

The nss-sulfates can be produced by a gas-to-particle
conversion process (secondary). The dependence of a

significant portion of the organic fraction in the submicrometer
marine aerosols (30−65%) on biological activity in seawater
was reported.10−12 The organic fraction of aerosols over the
northeast Pacific Ocean decreased with increasing size, ranging
from 7% to 25% in the fine mode, while sea salt was dominant
in the coarse mode (∼70%) and rare in the fine mode.13 Their
chemical data on submicrometer particles in the MBL suggest
that the organic fraction mostly consists of di- and
polycarboxylic acids.13 However, the amount of the organic
fraction and how its components mix with inorganic species in
size-resolved submicrometer particles have not been definitively
determined.
The long-range transport of natural (e.g., dust) and

anthropogenic aerosols from continents can also affect the
chemical composition and mixing states of aerosols observed
over the ocean (i.e., continental aerosols can be mixed with
marine aerosols originating from the ocean including both
primary and secondary aerosols).14−16 The bulk analysis of
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aerosols, which assumes that all particles are internal mixtures
of multiple components, may misleadingly indicate that all
particles have the same potential for cloud formation and water
affinity.6 Additionally, mass-based measurements of chemical
composition of aerosols are insensitive to the number of
particles that have an important effect on cloud formation. The
number of particles and their chemical components signifi-
cantly affect cloud droplet number concentration, which is an
important parameter to determine cloud properties such as
cloud lifetime and reflectivity.17 Thus, continuous measure-
ments of the chemical composition and mixing state of size-
resolved particles are important to better understand their roles
in atmospheric chemistry, cloud formation, and the earth’s
radiation budget.
In this study, measurements of the hygroscopicity, volatility,

and mixing state of size-selected submicrometer particles over
the Arctic Ocean and the Pacific Ocean were conducted during
an 11 937 km cruise (32 days) (9/7/2013−10/13/2013). It
was reported that the sea ice area over the Arctic Ocean is
minimal, and the delivery of nutrients from river (e.g.,
Mackenzie River) into the Arctic Ocean is intense in
September.18,19 The concentration of iron which has been
known as a limiting nutrient for biological activity in the ocean
was significantly affected by seasonal input of the discharge of
rivers and seasonal ice-melting.20,21 Thus, both the highest sea

ice melting and the intense nutrient discharge from rivers to the
Arctic Ocean in September will be useful to study the effect of
the biological activity in the ocean on the aerosol properties.
Hygroscopic particles typically take up water, causing their

size (or surface area) to increase, which enhances their light
scattering potential (with subsequent effects on radiation
balance), provides a greater available surface area for gas
phase reactants,22,23 and increases the effectiveness of cloud
condensation nucleus (CCN) development.24 The volatility
measurement is useful to identify the existence of volatile
organic species of the size-selected particles at a certain
temperature.25 The relative contributions of the “hygroscopic
and non-volatile” nss-sulfate and sea salt species (with sea salt
having a higher hygroscopic growth factor (HGF) than nss-
sulfate) and the “less-hygroscopic and volatile” organic species
to the size-resolved submicrometer particles can be determined
by using both hygroscopicity and volatility data.26 At the heater
temperature of 100 °C, ammonium sulfate and other inorganic
species (e.g., salts) are not volatile, while volatile organic species
(e.g., n-alkane and dicarboxylic acid) are completely volatilized.
Certain organics that were not volatilized at 100 °C can be
considered as nonvolatile organics. The number size distribu-
tion of the submicrometer particles (30−600 nm) was
measured with the differential mobility particle sizer (DMPS),
and the total concentrations of particles larger than 2.5 and 10

Figure 1. Ship tracks (a) over the Arctic Ocean (9/7/2013−9/29/2013) and (b) over the Pacific Ocean (9/29/2013−10/13/2013) with
chlorophyll-a concentration in September and October in 2013 (satellite data were obtained from http://oceancolor.gsfc.nasa.gov/). The blacked
out area was displayed when the chlorophyll-a data from satellite were not available due to sea ice, cloud, etc.
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nm were measured with the two CPCs having different size
cuts. The difference in the total number concentrations (i.e.,
number concentration of particles from 2.5 to 10 nm) from two
CPCs can be used for examination of nanoparticle formation
events during the cruise, leading to a better understanding of
the nucleation process under the MBL.27−29 Black carbon (BC)
concentration, particle morphology and elemental composition,
air mass back trajectory, and satellite data were also used to gain
insight into aerosol formation and transport.

■ EXPERIMENTAL METHODS

Continuous measurements were conducted on board the
ARAON ice breaker ship (Korea Polar Research Institute
(KOPRI), Korea)30 over the Arctic Ocean (departing from
Barrow (USA), through the Beaufort Sea and Chukchi Sea, and
arriving at Nome (USA); cruise 1, 5862 km) and the Pacific
Ocean (departing from Nome (USA), through the Bering Sea,
Sea of Okhotsk, and East Sea, and arriving at Gwangyang
(Korea); cruise 2, 6075 km) as shown in Figure 1. In the first
cruise, the ship departed from Barrow (USA) on 9/7/2013,
traveled over the Beaufort Sea, performing 10 stops between
the Mackenzie Trough and Tingmiark Valley in 10 days, and
returned to Nome (USA) through the Chukchi Sea on 9/29/
2013 as shown in Figure 1a. In the second cruise, the ship
departed from Nome on 9/29/2013, traveled over the Bering
Sea, Sea of Okhotsk, and East Sea and arrived at Gwangyang
(Korea) on 10/13/2013, as shown in Figure 1b.
The aerosol sampling inlet was placed on the front deck of

the ship (13 m above the sea level), far away from the ship
exhaust (located 19 m above the sea level). After entering the
inlet, aerosols passed through a stainless steel tube with an
inner diameter of 1/4 in. and a length of 1.2 m, and they were
dried to approximately 7% relative humidity (RH) by a series of
diffusion dryers before being introduced into aerosol instru-
ments. The silica gels in the diffusion dryers were frequently
replaced due to the high ambient RH (∼90%) condition. The

schematics of the sampling and aerosol instruments are shown
in Figure 2.
For the determination of the hygroscopicity, volatility, and

mixing state of size-selected submicrometer particles, the
hygroscopicity and volatility tandem differential mobility
analyzer (HVTDMA) technique26,31−34 was used, which mainly
consists of two DMAs, a humidifier, a heated tube, and a CPC
(TSI 3010, USA). The size-selected particles from the first
DMA were introduced into a humidifier (85% RH) or a heated
tube (100 °C), and the resulting size change under the
increased RH or temperature was measured with the second
DMA and CPC. From this measurement, the hygroscopic
growth factor (HGF), which is the ratio of the particle mobility
diameter at an increased RH to that under the dry condition
(10−15% RH), and the shrinkage factor (SF), which is the ratio
of the particle mobility diameter at an increased temperature
(100 °C) to that at room temperature (∼25 °C), were
obtained. At the heater temperature of 100 °C, ammonium
sulfate and other inorganic species (e.g., salts) are not volatile,
while the volatile organic species are completely volatilized.
Note that the particles were dried before entering the
HVTDMA system to remove any water in the particles.
Occasionally, the heater temperature increased to 250 °C to
remove the volatile species which was not volatilized at 100 °C
and to identify the existence of nonvolatile species at 250 °C if
they exist. For externally mixed particles, two or more different
hygroscopic or volatile groups of particles can appear under
increased RH or temperature, respectively, in the HVTDM
data. For more details on the current HVTDMA system, refer
to our previous studies.26,32,35,36

To measure the size distribution of submicrometer particles
(30−600 nm), a differential mobility particle sizer (DMPS)
consisting of a DMA and a CPC (TSI 3010, USA) was used.
The lower detectable size of the DMA was 20−30 nm. An
ultrafine CPC (UCPC) (TSI 3776, USA) and a CPC (TSI
3772, USA) were simultaneously used in tandem to determine
total number concentrations of particles larger than the cut

Figure 2. A schematic of aerosol sampling and measurement setup.
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sizes of two CPCs. Both CPCs sampled the same ambient air
through a common inlet. The TSI 3776 CPC has a cut size of
10 nm (i.e., it measures number concentration of particles
larger than 10 nm), while the TSI 3772 UCPC has a cut size of
2.5 nm (i.e., the TSI model 3772 measures number
concentration of particles larger than 2.5 nm). Detailed
parameters of two CPCs are included in Table S1 in the
Supporting Information. They have the same inlet with
identical tube length and diameter, suggesting that transport
and inlet losses will not be significantly different between two
CPCs. Penetration of 6 nm particles into both CPC was
calculated as included in Table S1 (Supporting Information).
Difference in the two sets of CPC data were used to represent
the number concentration of nanoparticles from 2.5 to 10 nm.

This size bin can often be used to represent the nucleation
mode particles (i.e., freshly nucleated particles). The size cuts in
both CPCs which are not completely sharp, and different time
responses of both CPCs can contribute to uncertainty in the
calculation of the total particle number concentration. The
average uncertainty can be calculated by using the CPC flow
rate, coincidence correction, counting efficiency, and sampling
efficiency giving ±10% for the determination of the total
number concentration.37 It is reported that the assignment of
the difference in particle number concentrations between two
CPCs to particles in the size range between two size cuts was
reliable, based on the laboratory tests.38

The BC concentration was measured with an Aethalometer
(AE22, Magee Scientific Co., USA). To determine the

Table 1. A Summary of Meteorology, Seawater Properties, and Aerosol Data during Cruises 1 and 2

cruise 1 cruise 2

major locations Arctic Ocean (Barrow, Beaufort Sea, Nome, and
Chukchi Sea)

Pacific Ocean (Nome, Bering Sea, Sea of Okhotsk, East Sea,
and Gwangyang)

date 9/7/2013−9/29/2013 9/29/2013−10/13/2013
average ambient temperature −0.1 ± 1.1 °C 13.1 ± 3.1 °C
average RH 91 ± 5% 73 ± 9%
average wind speed 8.8 ± 2.0 m/s 12.9 ± 3.1 m/s
average wind direction 5.9 ± 23.4° 4.0 ± 23.6°
average seawater temperature 2.6 ± 1.0 °C 15.4 ± 3.5 °C
average chlorophyll-a concentration 3.4 ± 1.1 mg/m3 1.0 ± 0.4 mg/m3

average number concentration of particles larger
than 10 nm

4,971 ± 5,987 #/cm3 (CPC 3772) 3,648 ± 3,812 #/cm3 (CPC 3772)

average number concentration of particles larger
than 2.5 nm

11,910 ± 19,360 #/cm3 (CPC 3776) 9,159 ± 17,780 #/cm3 (CPC 3776)

average mean particle size 193 ± 72 nm 197 ± 24 nm
average black carbon concentration 20 ± 9 ng/m3 502 ± 531 ng/m3

Figure 3. Time series of N(>2.5 nm) (particles/cm3), N(2.5−10 nm) (particles/cm3), and BC concentration (ng/m3) during the entire sampling
period. The NE represents nucleation event.
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morphology and elemental composition of the particles, they
were occasionally collected on a grid and analyzed by TEM
(200 kV accelerating voltage and 100 μA beam current) (JEOL
JEM-2100F, Japan) and energy dispersive spectroscopy (EDS)
(OXFORD INCAx-sight, Japan). The number concentrations
from two CPCs, BC concentration from the Aethalometer, and
meteorological and GPS data were obtained for 24 h every day.
Hygroscopicity and volatility measurement was performed from
08:00 to 22:00 every day during cruise. TEM sampling time
and duration are summarized in Table S3 in Supporting
Information.
The air mass back trajectory (72 h) data arriving at elevations

of 15 and 500 m above the ground level were obtained by using
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT version 4 model) (available at http://ready.arl.noaa.
gov/) for the investigation of air mass transport during the
cruise. Satellite data (Aqua MODIS) (http://oceancolor.gsfc.
nasa.gov) were obtained to infer the chlorophyll-a concen-
tration (a possible indicator of biological activity over the
ocean). Meteorological (wind speed, wind direction, T, and
RH) and GPS (latitude, longitude, and ship speed) data were
obtained from an air weather system (AWS) installed in the
ship.
Data suspected of being resultant from the ship exhaust

emission were excluded from further analysis. To remove data
affected by the ship emission, BC, wind, and number
concentration data were used. A sudden increase (e.g., spike)
in BC or number concentration, or wind data with a certain
wind direction (160°−200°) originating directly from the ship
exhaust was used to exclude data possibly affected by the ship
exhaust emission. Typically, the nucleation events discussed
later were clearly distinguishable from the ship exhaust
emission because the enhanced number concentration during
the nucleation events lasted for multiple hours with a low BC
concentration.

■ RESULTS AND DISCUSSION

The ship voyage was classified into two major cruises. During
cruise 1, the ship traveled around the Arctic Ocean (Barrow,
Beaufort Sea, Nome, and Chukchi Sea), while during cruise 2,
the ship traveled through the Bering Sea, Sea of Okhotsk, and
East Sea, arriving at Gwangyang (Korea). This area (cruise 1)
was considered a highly biologically active area based on
satellite data (chlorophyll-a concentration), as included in
Figure 1a compared to cruise 2. The particulate organic carbon
concentration in the seawater was also high in this area
(satellite data not shown). During the second cruise, the
satellite-derived chlorophyll-a concentration over the ship route
was much lower than that during the first cruise, as shown in
Figure 1b. The temperature was higher, and the RH was lower
and more variable during cruise 2 than during cruise 1. A
summary of sampling days, major locations, meteorological
data, and seawater properties during cruises 1 and 2 is included
in Table 1.
The time series of the particle number concentrations

(N(>2.5 nm) and N(2.5−10 nm)) and the BC concentration
during the sampling period are shown in Figure 3. N(2.5−10
nm) was obtained from the difference between the two CPC
data sets. On the basis of the air mass trajectory, the aerosol
data under marine and continental influence were also
determined. During cruise 1, the average total number
concentration of particles (N(>2.5 nm)) under marine
influence was found to be 14 440 particles/cm3, which is
much higher than the values observed in the remote oceans in
previous studies.39,40 This was caused by multiple nucleation
events (significant increases of particles in the size range of 2.5
to 10 nm) under marine influence occurred during cruise 1 (see
Figure 3 and Table 2). When data during the nucleation events
were excluded, the total number concentration under marine
influence decreased to 1048 particles/cm3, which is similar to
the value reported in the tropical Atlantic Ocean,41 and higher
than ones reported in the remote background oceans.42−45 The
minimum detectable size varied among studies, leading to the

Table 2. A Summary of Particle Number Concentration, BC Concentration, and Seawater Temperature (T) during Nucleation
Events

date time air mass type
N(>2.5 nm)
(#/cm3)

N(2.5−10 nm)
(#/cm3)

N(2.5−10 nm)/
N(>2.5 nm) (%)

BC
(ng/m3)

Seawater
T (°C)

9/9/2013 04:00−06:30 Marine (Beaufort
sea)

45,359 ± 12,881 16,390 ± 6,563 32 ± 5 22 ± 7 2.4 ± 0.1

9/15/2013 01:25−04:40 Marine (remote
Arctic Ocean)

39,842 ± 13,696 16,172 ± 6,446 39 ± 4 8 ± 3 3.2 ± 0.1

9/15/2013 16:05−21:00 Marine (remote
Arctic Ocean)

114,357 ± 25,694 68,993 ± 19,168 56 ± 7 11 ± 5 3.3 ± 0.2

9/16/2013 09:55−18:40 Marine (remote
Arctic Ocean)

101,457 ± 58,995 77,481 ± 54,829 52 ± 12 12 ± 5 2.5 ± 0.2

9/17/2013 07:40−09:25 Marine (remote
Arctic Ocean)

31,188 ± 10,431 13,567 ± 7,479 40 ± 10 8 ± 4 2.4 ± 0.1

9/18/2013 07:35−10:50 Marine (Beaufort
sea)

161,795 ± 58,771 124,705 ± 50,275 66 ± 9 22 ± 5 0.4 ± 0.2

9/19/2013 04:05−06:30 Marine (Beaufort
sea)

108,572 ± 36,289 61,922 ± 31,699 46 ± 11 16 ± 5 2.0 ± 0.1

9/21/2013 11:35−15:55 Marine (Beaufort
sea)

53,383 ± 7,654 16,885 ± 3,802 30 ± 3 10 ± 4 0.9 ± 0.1

9/22/2013 04:10−08:05 Marine (Beaufort
sea)

25,650 ± 12,063 10,876 ± 5,928 41 ± 9 26 ± 5 0.8 ± 0.1

9/25/2013−9/26/2013 20:55−04:45 Marine (remote
Arctic Ocean)

48,462 ± 15,588 23,896 ± 10,178 45 ± 8% 26 ± 7 0.3 ± 0.1

10/9/2013 08:05−19:10 Continental
(China and
Japan)

161,296 ± 45,567 129,738 ± 45,708 66 ± 13 538 ± 52 21.3 ± 0.6
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difference in the total number concentration especially when
the nucleation event often occurred. Note that the minimum
particle size for the determination of the total number
concentration goes down to 2.5 nm in our measurement. It
has been reported that nucleation often happened in coastal
areas,46−49 while few nucleation events were observed in the
remote marine environment.50 In our measurements, multiple
nucleation events occurred during cruise 1. The closest distance
to the coast was 60 km during the cruise 1, and this coastal area
has few significant anthropogenic sources. The BC concen-
tration was also very low (20 ng/m3 on average) during the
entire cruise 1, as shown in Figure 3, suggesting that the effect
of local anthropogenic sources on the production of aerosols
should be small.
The chlorophyll-a is the primary molecule responsible for

photosynthesis and can be found in every single photo-
synthesizing organism (e.g., land plant, algae, and cyanobac-
teria).51,52 Since all phytoplankton (the foundation of marine
food chain) have chlorophyll-a, the chlorophyll-a can be used as
simple proxy for phytoplankton biomass in the ocean.53,54 In
this study, the chlorophyll-a concentration was used as an

indicator for biological activity in the ocean. As shown in Figure
1, the chlorophyll-a concentration during cruise 1 was much
higher than that during cruise 2. The abundant organic matter
resulting from the strong biological activity in the ocean can
contribute to the production of primary biological particles and
the release of biological organic compounds. The biological
organic compounds can be involved in new particle formation
and particle growth. This is important because those particles
will have a strong potential for CCN production over the
ocean. Previous studies reported that the nucleation and growth
of particles by iodine compounds and sulfuric acid in remote
marine areas is possible, but only a small fraction can grow to
larger particles.7 The possibility of the entrainment of aerosols
nucleated in the free troposphere to the MBL cannot be ruled
out. The possible nucleation and growth mechanism will be
discussed in later sections with hygroscopicity and volatility
results. During cruise 2, a frequent continental influence was
observed. The average BC concentration and total particle
number concentration (N(>2.5 nm)) under continental
influence were 387 ng/m3 and 7,638 particles/cm3, respectively.
Only one nucleation event was observed during cruise 2. The

Figure 4. Number size distributions (30−600 nm) in (a) marine air masses originating from the remote Arctic Ocean and Beaufort Sea and (b)
continental air masses originating from Alaska and Canada, Russia, China, and Japan, and China and Korea. Subsets with log-scale y-axis are added.
The error bar indicates the standard deviation.
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BC concentration significantly increased under the continental
influence during cruise 2, as shown in Figure 3.
The average number size distributions of particles (30 nm−

600 nm) under marine and continental influences with varying
air mass types are shown in Figure 4. Although the size
distributions of particles smaller than 30 nm were not available
with the current experimental setup, a clear difference was
observed among varying air masses. Multiple modes (100−110
nm, 200−230 nm, 270−300 nm, and 400−420 nm) were
observed for particle size distributions under marine influence,
as shown in Figure 4a (the nucleation mode less than 30 nm
would not be detected here due to the size limitation of the
instrument used, but the number concentration of particles
from 2.5 to 10 nm was determined as discussed in the previous
section). The multiple mode of the size distribution suggests
that the different types of particles exist because of their varying
sources and formation mechanisms (primary and secondary).
Usually, one mode in the size distribution appeared for particles
produced from single source or formation mechanism. On the
other hand, a single dominant peak in the size distribution
became evident upon interaction with the continental air mass.
The number concentration (30 nm−600 nm) of aerosols was
much lower than that of the aerosols influenced by the
continental air masses, and the highest concentration was
observed for air masses from China passing over Japan. The
mean particle size in the single dominant mode of particles

under continental influence increased from 100 nm (Alaska and
Canada) to 180 nm (Russia), 210 nm (China and Korea), and
240 nm (China and Japan) as the air mass originated from
more polluted continental areas.

Hygroscopicity, Volatility, and Mixing State. As
discussed in the previous section, more frequent nucleation
events and multiple modes in the particle size distribution were
observed during cruise 1, where the marine influence was
prevalent. Hygroscopicity and volatility data could provide
more useful insight into the particle production mechanism. It
has been reported that the ocean biological activity greatly
affected the ratios of organics to nss-sulfate and sea salts in the
submicrometer particles in the remote ocean.10,55 The HGFs at
90% RH for ammonium sulfate, ammonium bisulfate, sea salts,
water-soluble organic matter (WSOM), and water insoluble
organic matter (WIOM) were assigned as 1.7, 1.8, 2.0, 1.2, and
1.0, respectively.55 Our laboratory experiments using various
aerosols with the current HVTDMA system had similar results
to the above.32 At the heater temperature of 100 °C,
ammonium sulfate and other inorganic species (e.g., salts) are
not volatile, while only volatile organic species are completely
volatilized. Nonvolatile organics were defined when they were
not volatilized at 100 °C. Thus, the nss-sulfate and sea salt
species (with the sea salt having a higher HGF than the sulfate)
were “hygroscopic and non-volatile”, and the volatile organic
species were “less hygroscopic and volatile”, as determined by

Figure 5. Distributions of HGF and SF of the size-selected submicrometer particles (50−220 nm) during (a) cruise 1 and (b) cruise 2.
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simultaneously measuring the hygroscopicity and volatility of
the size-selected particles.
The distributions of the HGF and SF of the size-selected

submicrometer particles (50 nm-220 nm) during cruises 1 and
2 are compared in Figure 5 panels a and b, respectively. As
shown in Figure 5a, much wider ranges of HGF and SF were
observed during cruise 1 compared to cruise 2. Additionally,
multiple peaks of HGF were found in 1.1−1.2, 1.4, and 1.6, and
a significant amount of the volatile species existed in the
particles (i.e., the low SF) during cruise 1. The HGF values of
1.4 and 1.6 are consistent with sulfates with varying amounts of
organic components. The low HGF mode is mainly attributable
to biological organic components (less hygroscopic). Note that
during cruise 1, the ship passed over the biologically active
ocean, suggesting that biological organic materials (both
primary and secondary) should be abundant (i.e., the low
HGF would be linked with the oceanic biological activity).
Prather et al. (2013) showed that the HGF of the SSA
produced from natural seawater in their continuous wave
breaking chamber significantly decreased with increasing
concentrations of biological materials in the seawater.6 The
abundant organic matters resulting from the strong biological
activity in the ocean might contribute to the releases of both
biological particles (primary aerosols) and volatile organic
species over the ocean. The volatile organic compounds can be
involved in the new particle formation and particle growth
(secondary aerosols) as discussed in the previous section. Since
data for precursor vapors and composition of nanoparticles
(<10 nm) were not available, the major precursor gases
responsible for nucleation were not certain. However, the
indirect chemical composition of submicrometer particles based
on hygroscopicity and volatility, and results for the relation of
chlorophyll-a concentration to the nanoparticle production
suggest that biological organic compounds could play a certain
role in formation and growth of nanoparticles. It has been
suggested that sulfur, isoprene, and iodine species could be
produced by marine biota, and that such biogenic species could
be involved in the new particle formation and growth.47,56−59

On the other hand, during cruise 2 (in which the continental
influence was prevalent), a single peak of HGF (1.5) was found
(falling into a single dominant mode), and the amount of
volatile organic species was relatively small. The HGF and SF
data are consistent with our hypothesis that volatile organic
species significantly contributed to the submicrometer aerosols
under marine influence (i.e., they participated in the formation
and growth of particles, leading to multiple modes of the size
distribution). The fraction of submicrometer particles having an
external mixing state (i.e., each particle of the same size has
different compositions) was small (the external mixture exists in
2% of the total measurements). Most of them were internally
mixed. This suggests that highly hygroscopic (sea-salt) particles
do not exist solely in the submicrometer particles and that the
internal mixtures of nss-sulfates, volatile/semivolatile organics,
and sea salts in varying fractions should be the dominant type
of submicrometer particles (as will be discussed in the following
section). No significant dependence of HGF and SF on particle
size was observed (see Figure S1 in Supporting Information) in
the range of 50 to 220 nm, suggesting that the compositional
change with size in this range should not be large.
The measured HGF and volume fraction of the volatile

species were compared with data estimated from mixtures of
specific chemical species of known hygroscopicity and volatility
by using the Zdanovskii−Stokes−Robinson (ZSR) relation-

ship,60 as shown in Figure 6. The ZSR method assumes that
each species independently takes up water at the given RH. The

mixing components for the submicrometer particles are
assumed to be hygroscopic and nonvolatile sea salt (HGF =
2.0 and SF = 1.0), hygroscopic and nonvolatile nss-sulfate
(HGF = 1.7 and SF = 1.0), volatile and nonhygroscopic
organics (HGF = 1.0 and SF = 0.0), and nonvolatile and
hygroscopic organics (HGF = 1.2 and SF = 1.0) as summarized
in Table S2 in the Supporting Information. Dust components
(nonhygroscopic and nonvolatile) were excluded because the
amount of dust particles would be small in the submicrometer
particles tested here. The estimated HGF as a function of the
volume fraction of volatile species for internal mixtures of two
or three components is plotted in Figure 6. As shown in Figure
6a, the submicrometer particles from cruise 1 can be various
internal mixtures (data scattered over three mixture curves: a
mixture of volatile and nonhygroscopic organic species (HGF =
1.0) and nonvolatile and less-hygroscopic organic species
(HGF = 1.2); a mixture of volatile and nonhygroscopic organic
species (HGF = 1.0), nonvolatile and less-hygroscopic organic

Figure 6. Measured HGF as a function of the volume fraction of
volatile species and the estimated HGF curves for multicomponent
mixtures using the Zdanovskii−Stokes−Robinson (ZSR) relationship
during (a) cruise 1 and (b) cruise 2.
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species (HGF = 1.2), and nonvolatile and hygroscopic nss-
sulfate (HGF = 1.7); and a mixture of volatile and
nonhygroscopic organic species (HGF = 1.0) and nonvolatile
and hygroscopic nss-sulfate (HGF = 1.7), with varying volume
fractions of volatile species). The mixture of volatile and
nonhygroscopic organic species (HGF = 1.0) and nonvolatile
and hygroscopic sea salt (HGF = 2.0) rarely exists in the
submicrometer particles. During cruise 2, the distribution of the
submicrometer particles were more concentrated between two
mixture curves (a mixture of volatile and nonhygroscopic
organic species (HGF = 1.0), nonvolatile and less hygroscopic
organic species (HGF = 1.2), and nonvolatile and hygroscopic
nss-sulfate (HGF = 1.7) and a mixture of volatile and
nonhygroscopic organic species (HGF = 1.0) and nonvolatile
and hygroscopic nss-sulfate (HGF = 1.7)), with a smaller
amount of the volatile species compared to that from cruise 1.
The higher amount of nonvolatile and hygroscopic nss-sulfate
should be included in the mixture to explain the measured
HGF and SF.
The change in particle size (i.e., volume fraction of the

volatile species) as a function of the heater temperature (20 °C
to 250 °C) on 9/11/2013 (cruise 1) and 10/10/2013 (cruise
2) is shown in Figure 7. The 110 nm particles were selected

because the peak sizes in the number size distribution data on
both days were close to the 110 nm. On 9/11/2013 (cruise 1),
the volatile organic species first started to evaporate below 100
°C, and then the nss-sulfates and less volatile organic species
evaporated above 100 °C until almost complete evaporation
occurred at 250 °C. This is consistent with the existence of a
higher amount of volatile species during cruise 1, as discussed
in the previous section. On 10/10/2013 (cruise 2), little volatile
organic species that could evaporate below 100 °C existed, and
nss-sulfate started to evaporate at 150 °C, which is consistent
with the existence of a significant amount of nss-sulfate during
cruise 2. The nss-sulfate can originate from both anthropogenic
sources (anthropogenic SO2 conversion) and biogenic marine
sources (i.e., the dimethyl-sulfide (DMS) oxidation conver-
sion).61,62 Additionally, a significant amount of material was not
completely evaporated at 250 °C, suggesting that those
particles contain nonvolatile species such as minerals or
biological materials.
The effect of the air mass on aerosol properties was

examined. The major air mass types during the cruise are
summarized in Table 3 (air mass trajectory data arriving at
elevations of 15 and 500 m above the ground level are shown in
Figure S2 in the Supporting Information). The air mass was
classified into marine and continental air masses based on air
mass back trajectory analysis. When the air mass (arriving at
elevations of 15 and 500 m above the ground level) originated
from ocean and had no contact with land during at least 72 h,
the air mass was classified as marine air mass.63−65 During
cruise 1, the marine air masses originating from the remote
Arctic Ocean and Beaufort Sea were dominant, while
continental air masses originating from Russia, Japan, Korea,
and China became abundant during the cruise 2. A summary of
the aerosol properties with varying air masses is included in
Table 3. As shown, when the ship approached land and/or had
influence from continental air masses, enhancement of the BC
concentration was often observed (the BC concentration was
the highest when the air mass came from China and Japan),
suggesting that the BC concentration can be used as an
indicator of continental/anthropogenic source influence. But,
the BC was not the only indicator for the continental source
influence (e.g., the nss-sulfate can also be produced from
anthropogenic activity).15 The particle number concentration
should not be considered as the indicator for anthropogenic
source influence because the number concentration was much

Figure 7. Volume fraction of volatile species of 110 nm particles as a
function of the heater temperature (20 °C to 250 °C) on 9/11/2013
(cruise 1) and 10/10/2013 (cruise 2).

Table 3. A summary of Aerosol Properties with Varying Air Mass Types

air mass type date HGF
volume fraction of
volatile species (%)

N (>2.5 nm)
(#/cm3)

N (2.5−10 nm)
(#/cm3) BC (ng/m3)

marine air mass (remote
Arctic Ocean):

9/15, 9/16, 9/17, 9/25, 9/26,
9/28, 9/29

1.40 ± 0.14 24 ± 7 22 670 ± 28 920 14 820 ± 23 660 17 ± 9

marine air mass (Beaufort
Sea):

9/8, 9/9, 9/10, 9/13, 9/18, 9/19,
9/20, 9/21, 9/27

1.32 ± 0.18 27 ± 6 10 390 ± 19 400 6 870 ± 15 600 18 ± 6

continental air mass
(Alaska and Canada)

9/11, 9/12, 9/14 1.31 ± 0.08 30 ± 9 777 ± 538 241 ± 282 16 ± 7

continental air mass
(Russia)

10/2−10/6 1.41 ± 0.07 7 ± 1 1545 ± 705 190 ± 103 167 ± 73

continental air mass (China
and Japan)

10/8−10/10 1.46 ± 0.07 9 ± 2 24 970 ± 31 150 16 530 ± 25 980 947 ± 849

continental air mass (China
and Korea)

10/11−10/12 1.52 ± 0.06 15 ± 4 4310 ± 2744 595 ± 840 593 ± 360

average during the whole
sampling period

9/7/2013−10/13/2013 1.39 ± 0.09 19 ± 6 9772 ± 18 300 5976 ± 14 860 188 ± 335
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higher under marine influence in this study due to the frequent
nucleation events compared to under continental influence.
Elemental and Morphological Properties. The elemen-

tal composition and morphology of the particles were analyzed
using the TEM/EDS data. TEM sampling time and duration
were summarized in Table S3 in the Supporting Information.
Note that some volatile particles could not be detected by the
TEM because of their possible evaporation under the low
vacuum conditions. Additionally, note that the number of
particles analyzed (257 particles) would not be sufficient to
draw solid conclusions. However, the morphological and
elemental data can still provide useful insights into the particle
types observed during the cruise. Also, identification of
biological particles can provide supporting evidence for the
degree of biological activity in the ocean. The major types of
submicrometer particles were categorized as C-rich mixture
(type 1), S-rich mixture (type 2), C/S-rich mixture (type 3),
Na-rich mixture (type 4), C/P-rich mixture (type 5), and
mineral-rich mixture (type 6) as shown in Figure 8. The Na-
rich mixture (type 4), C/P-rich mixture (type 5), and mineral-
rich mixture (type 6) were also abundant at the upper end of
the submicrometer range or larger than 1 μm. Type 1
represents carbonaceous particles (i.e., C-rich particles).
Because volatile carbonaceous particles are difficult to detect
due to their rapid evaporation in the low vacuum in the TEM,
the actual number fraction of type 1 particles should be higher
than the measured value. Type 2 represents nss-sulfate particles,
where a dominant peak of S exists without sea salt species (e.g..,
Na, Cl, and Mg). These particles would be produced by the
oxidation of the DMS or transported from continental sources.
In type 3 particles, both C and S peaks are dominant (i.e.,
organics and sulfates would be internally mixed). For type 4
particles, the typical elements of sea salts (Na, Cl, Mg, Ca, and
S) were detected. Type 5 may represent refractory biological
particles, which always contain P. Type 6 particles include
various crustal elements. Interestingly, type 5 (P-containing)
particles were observed more often during cruise 1, suggesting

that the ship traveled within a strongly biologically active area
during this cruise.
The chlorophyll-a concentration used to indicate biological

activity in the ocean, hygroscopicity, and volatility data used to
find the biological volatile organic compounds (secondary) in
the submicrometer particles, and morphological and elemental
composition used to find the biological particles (primary), all
support that the biological activity in the ocean significantly
affected properties of submicrometer particles over the ocean
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