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• Hygroscopic properties of water-soluble
matter were investigated using HTDMA.

• Growth factors of 100 nm dry particles
were measured in the range of 5–95%
RH.

• g(90%) was significantly controlled by
sea salts over the western NP.

• Long-range transported pollutants and
dust could suppress the g(90%).

• HCl liberation leads to the less hygro-
scopic aerosol particles.
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We examined the hygroscopic properties of water-soluble matter (WSM) nebulized fromwater extracts of total
suspendedparticles (TSP) collected at Chichijima Island in thewesternNorth Pacific during January to September
2003. The hygroscopic growth factor g(RH) of the aerosol particles was measured using a hygroscopic tandem
differential mobility analyzer (HTDMA) with an initial dry particle diameter of 100 nm and relative humidity
(RH) of 5–95%. The measured growth factor at 90% RH, g(90%), ranged from 1.51 to 2.14 (mean: 1.76 ± 0.15),
significantly lower than that of sea salts (2.1), probably owing to the heterogeneous reactions associated with
chloride depletion in sea-salt particles and water-soluble organic matter (WSOM). The g(90%) maximized in
summer and minimized in spring. The decrease in spring was most likely explained by the formation of less
hygroscopic salts or particles via organometallic reactions during the long-range transport of Asian dust. Cl−

and Na+ dominate the mass fractions of WSM, followed by nss-SO4
2− and WSOM. Based on regression analysis,

we confirmed that g(90%) at Chichijima Island largely increased due to the dominant sea spray; however,
atmospheric processes associated with chloride depletion in sea salts and WSOM often suppressed g(90%).
Furthermore, we explored the deviation (average: 18%) between themeasured and predicted g(90%) by comparing
measured and model growth factors. The present study demonstrates that long-range atmospheric transport of
anthropogenic pollutants (SO2, NOx, organics, etc.) and the interactions with sea-salt particles often suppress the
hygroscopic growth of marine aerosols over the western North Pacific, affecting the remote background conditions.
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The present study also suggests that the HCl liberation leads to the formation of less hygroscopic aerosols over the
western North Pacific during long-range transport.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Particle hygroscopicity is a key property of atmospheric aerosols that
affects the magnitude of aerosol radiative forcing. Based on modeling,
aerosol particles are considered to have a cooling effect on a global scale
(−1.2 W m−2) despite the large uncertainty (−1.5 to +0.8 W m−2).
Incomplete knowledge of particle hygroscopic growth is the main source
of uncertainty (IPCC, 2013). In addition to its effect on radiative transfer,
hygroscopicity is also relevant to aqueous phase reactions in the atmo-
sphere, in which the condensed water serves as the reaction medium
(Mogili et al., 2006). Moreover, the hygroscopic growth of particles that
are exposed to high relative humidity (RH) can substantially decrease
the visibility (Chen et al., 2012).

Sea-spray particles are important in atmospheric chemistry and
radiative transfer in the lower troposphere (O'Dowd et al., 1997;
Rossi, 2003). Sea-salt particles (NaCl) are characterized by high hygro-
scopic deliquescence and are mainly produced by the evaporation of sea
spray. The production rate of sea-salt particles is governed by wind
speed and foam cover (Blanchard and Woodcock, 1980). As a result of
the reactions between sea salt and inorganic and organic species (mixing
state), numerous species such asHCl, chlorine, nitrogenoxide compounds
and many organic species are released to the gas phase and frequently
detected in the marine atmosphere (Kawamura et al., 1996; Kerminen
et al., 1998; Laskin et al., 2002; Laskin et al., 2012; Ma et al., 2013). There-
fore, knowledge of the aerosol mixing state is necessary for modeling
studies on the hygroscopic (Okada et al., 2005) and optical properties
(Pósfai et al., 1999) of particles and for providing information about
their atmospheric processes (aging and reactions) (Li et al., 2003; Pósfai
et al., 2003) and sources (Niemi et al., 2004). Nonetheless, the effect of
the mixing state on the hygroscopicity of marine aerosols remains
unclear.

Mostmineral dusts in the troposphere originate from the dust belt, a
chain of arid regions that include the Sahara Desert and deserts in
Middle East and East Asia (Posfai and Buseck, 2010). Gong et al.
(2003) reported that the principal source regions of dust in East Asia
are the Taklimakan Desert in Xinjiang Province and the desert regions
of Mongolia, including the Gobi desert. Based on surface measurements
in Beijing, Matsuki et al. (2005) classified 28% of the Asian dust particles
as calcite. The heterogeneous chemistry on mineral dust particles can
alter the physicochemical properties of individual particles by the
gas-to-particle conversion during long-range atmospheric transport
(Bian and Zender, 2003; Jacob, 2000; Laskin et al., 2005; Sullivan et al.,
2009). Creamean et al. (2013) reported that dust andbiological particles
from Asia affect precipitation in the western U.S. The degree of aging of
dust particles depends on the precise mixture of dust and pollutants
(anthropogenic) and their transport distance (Itahashi et al., 2010;
Tobo et al., 2010; Wang et al., 2013). Therefore, investigations of East
Asian aerosol particles and their transport over the western North
Pacific are crucial for better understanding the atmospheric impact on
a global scale.

The remote island of Chichijima is located in the western North
Pacific over the outflow region of Asian dust and polluted air masses
fromChina (Wang et al., 2009). Therefore, this site is suitable for studying
the long-range atmospheric transport of air pollutants in East Asia and the
anthropogenic activity under marine background conditions during
winter and spring (see Fig. S1 in Supporting information). In this study,
we investigated the temporal and seasonal variations in the hygro-
scopicity of aerosol particles generated by nebulization of water
extracts of total suspended particle (TSP) samples collected in Chichijima
Island during January–September 2003. The hygroscopic growth factor
g(RH) was measured at RH of 5–95% using a hygroscopic tandem
differential mobility analyzer (HTDMA) with an initial dry particle
diameter of 100 nm. We discuss the link between hygroscopicity and
aerosol chemical composition. Finally, we compare the measured and
model growth factors over the sampling site.

2. Experimental

2.1. Aerosol sampling

TSPs were collected weekly at the Satellite Tracking Center of the
Japan Aerospace Exploration Agency (JAXA, elevation: 254 m) in
Chichijima Island (27°04′N and 142°13′E) 5m above the ground during
January–September 2003. The geographical location of the sampling
site is shown in Fig. S1a. Aerosol particles were collected on
precombusted (450 °C for 3 h) quartz filters (20 × 25 cm, Pallflex
2500QAT-UP) using a high-volume air sampler with flow rate of
1 m3 min−1 (Kawamura et al., 2003). The filters were placed in a
clean glass jar with a Teflon-lined screw cap before sampling. After
sampling, the filters were recovered into the glass jar, transported
to the laboratory in Sapporo, and stored in a freezer room at −20 °C
prior to analysis. A total of 37 aerosol and 4 field blank samples were
collected during the study period.

2.2. Analysis of chemical species

To determine inorganic ions (NH4
+, SO4

2−, NO3
−, Na+, Cl−, K+, Ca2+,

andMg2+), a punch (20mm in diameter) fromeach filterwas extracted
with 10 mL organic-free and deionized ultrapure water. These extracts
were passed through a disk filter (Millex-GV, 0.22 μm in pore size,
Millipore) after ultrasonication (15 min × 3 times). Major ions were
measured using ion chromatography (761 Compact IC, Metrohm,
Switzerland) (Agarwal et al., 2010; Boreddy and Kawamura, 2015).

To determine water-soluble organic carbon (WSOC), a punch
(20 mm in diameter) of each quartz fiber filter was extracted with
20mL organic-free ultrapurewater (resistivity of N18.2MΩ cm, Sartorius
arium611UV)under ultrasonication. These extractswerepassed through
a syringe filter (Millex-GV, 0.22 μm in pore size, Millipore) and analyzed
using a total organic carbon (TOC) analyzer (Shimadzu, TOC-5000A)
(Aggarwal and Kawamura, 2008). The atmospheric concentrations of
water-soluble organic matter (WSOM) were estimated by multiplying
measured WSOC with a factor of 2.1 (Aggarwal et al., 2007).

The analytical error in the replicate analyses was b10%. The detection
limit of water-soluble ions was about 0.1 ng m−3 (Kunwar and
Kawamura, 2014). The concentrations of all water-soluble species
are corrected for field blanks that were collected during the sampling
period.

2.3. Evaluation of non-sea salt components

The contributions from other sources excluding sea-salts are
calculated using Na+ as a sea spray marker (Keene et al., 1986). The
mass concentrations of non-sea-salt (nss) components are estimated
as (Guo et al., 2011):

nss‐SO2−
4 μg m−3� � ¼ SO2−

4

h i
−0:245� Naþ

� � ð1Þ

nss‐Kþ μg m−3� � ¼ Kþ� �
−0:035� Naþ

� � ð2Þ

nss‐Ca2þ μg m−3� � ¼ Ca2þ
h i

−0:037� Naþ
� �

: ð3Þ



Fig. 1. Size distribution of water-solublematter at different RH during hydration experiment
for the sample of 14–17 January 2003.
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2.4. Hygroscopic growth measurements

The hygroscopic growth of nebulized particles from water-soluble
fraction of TSP filter samples collected at Chichijima Island were
measured using a HTDMA with an initial dry particle diameter of
100 nm. The schematic diagram of HTDMA is shown in Fig. S2. All
measurements were performed at 287–294 K (mean: 291 K) and atmo-
spheric pressure of 1 atm. The instrumentation and methodology used
in this study were described in detail elsewhere (Boreddy et al., 2014;
Mochida and Kawamura, 2004). In brief, a piece of quartz filter (7 mm
in diameter) was extracted with organic-free ultrapure water (7 mL)
in an ultrasonic bath (5 min × 3 times). The water extracts were then
passed through a membrane filter (Millex-GV, 0.22 μm, Millipore
disk filter) and used in the HTDMAmeasurements. Themain purpose
of filtration is to remove insoluble matter, filter the debris, and avoid
creating stacks of particles inside the nebulizer needle, which may
stop the flow of liquid into the HTDMA system. The generated
polydispersed aerosol particles nebulized from the water extracts
of WSM were dried under 5% RH using two diffusion dryers (silica
gel and molecular sieve) in series and were introduced into the
HTDMA.

HTDMA consists of two differential mobility analyzers (DMA, TSI
model 3081), an aerosol bipolar charger (Am-241), humidifiers (optional
prehumidifier and aerosol humidity conditioner consisting of a Nafion
tube) for the aerosol and sheath flows, and a condensation particle
counter (CPC, TSI model 3010). The Schematic diagram of HTDMA is
shown in Fig. S2 in SI. Monodispersed particles with an initial diameter
of 100 nm at b5% RH were classified by the first DMA (DMA1), which
was operated at a constant flow of 0.3 Litre Per Minute (LPM) and 3
LPM for the polydispersed aerosol and sheath air, respectively.
Monodispersed dry particles (100 nm) were introduced to the humidity
conditioner, where RHwas controlled between 5% and 95% in the hydra-
tionmode, or to the prehumidifier in the dehydrationmode and an RH of
approximately 95%. The particle size was measured using the second
DMA (DMA2) and the particle numbers were counted by the CPC. More
details on RH control and particle size distribution are available in
Mochida and Kawamura (2004).

We used the filtered dry air as a sheath air for HTDMA measure-
ments. The compressed air was passed through a filter (TSI filtered air
supply model no. 3074B) to remove organic particulates and through
a series of diffusion dryer to eliminate the moisture and polar VOCs.
When RH of the sample was about 85–90%, the differences in RH
between the sample and sheath airs (both in and out of DMA2) were
b1% during the whole experiment. The measured RH in DMA2 was
calculated using the weighted average of RH in the sheath and sample
airs by their flow rates.

It is important to note that the hygroscopicity data obtained in this
study may not be exactly same with those of the real ambient particles
because aerosol particles were generated by nebulization of water-
soluble extracts, instead of in-situ measurement of ambient particles
over the sampling site. During the extraction procedure ofwater soluble
species from the collected aerosol samples, all the soluble species are
mixed and thus the particles generated by nebulizer should be internally
mixed. In contrast, in the real atmosphere, themixing state of the aerosol
can be different because some chemical species are externally mixed
(insoluble matter). The externally mixed particles in TSP can be
converted to the condition of internally mixed condition during the
procedure used in this study. Therefore, it is likely that in-situ measure-
ments may provide a different picture of hygroscopic properties from
off-line measurement, depending on the particle size, chemical composi-
tions and internal/externalmixing conditions. However, it is also true that
externally mixed particles are subjected to aerosol liquid phase when
relative humidity increases at night up to nearly 100% over the
ocean. This situation should be similar to our experimental condition;
i.e., exposure of the particles to the aqueous phase followed by the
particle formation by nebulization.
In this study, the aerosols generated from WSM were almost
internally mixed because of the filtered insoluble matter. As a result,
we observed unimodal size distributions in all samples during the
experiment. Fig. 1 shows the size distribution of WSM at different
RHs during the hydration experiment for sample 14–17 Jan as a typical
example. We observed the peak diameter Dp of dry particles exactly at
100 nm (RH of b5%) in all samples during the experiment. The size
distributions of humidified particles corrected for diffusion losses in
the HTDMA were fitted with the lognormal Gaussian distribution.
Because we used the mode diameter of the curve fit, the broadening
effects caused by the transfer functions of the first and second DMAs
were negligible (Jung et al., 2011).

The hygroscopic growth factor g(RH) of an aerosol particle can be
defined as the ratio of the particle diameter at an elevated RH relative
to that of the initial dry particle, which is given by the following
equation,

g RHð Þ ¼ D RHð Þ
D0

ð4Þ

where D0 is the initial dry particle diameter at an RH of b5% and D(RH)
is the diameter at an elevated RH. It is noteworthy that the particle
hygroscopicity around 100 nm is important to cloud condensation
nuclei concentrations under typical RH conditions (Mochida et al.,
2006). The selection of the RH range (5–90%)was based on the assump-
tion that all particles are nearly completely dry at 5% RH and completely
deliquescent at 90% RH.

In general, theoretical growth factors g(RH) are calculated with the
volume-equivalent diameter De, but the HTDMA measurements are
based on the mobility diameter Dmob. Only for spherical particles,
Dmob is equal to De. For nonspherical particles, the dynamic shape
correction factor χ was introduced to convert Dmob to De (Hinds, 1999;
Krämer et al., 2000). Nebulized dry particles are assumed to be spherical
but cracks and cavities are possible in their structure because the parti-
cles are suddenly exposed to dry air (RH of b5%) in the diffusion dryers,
leading to fast vaporization, crystallization, and consequent significant
reduction in the particle diameter (Gysel et al., 2004). The irregular
structure (restructuring) of dry particles may create inconsistencies
between Dmob and De and thus bias g(RH). Fig. 2a shows an example
of restructuring owing to the nonspherical shape of dry particles at
a lower RH than that of the sample 14–17 Jan in the hydration
experiment.

To account for the irregular structure of dry particles, the shape
correction factor χ was introduced to interpret the measured g(RH)
(Kreidenweis et al., 2005),

f n ¼ De

Dmob
¼ 1

χ
Cc Deð Þ

Cc Dmobð Þ ð5Þ



Fig. 2. (a) Changes in Gaussianmode diameter Dp (nm) with respect to RH for the sample
14–17 January and (b) mean g(RH)WSM during hydration experiment. At RH below 35%
in Fig. 1b, the g(RH) were removed due to the restructuring of particles during the
hydration experiment. The vertical line passing through the points are denoted by ±σ
standard deviation.
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where Cc is the Cunningham slip correction factor (Hinds, 1999) and fn
is the mobility correction factor, which is defined as the ratio of
minimummobility diameter in our size spectra during the dehydration
experiment and the initial mobility dry particle diameter (100 nm). De

is the volume-equivalent diameter and Dmob is the dry mobility-
equivalent diameter. χ is the dynamic shape correction factor that
converts Dmob to De (Kasper, 1982) and varies depending on the shape
of the particles. For compact spherical and cubic particles, χ equals 1
and 1.08, respectively, and it increases up to 2 ormore for agglomerated
and irregularly shaped particles (Brockmann and Rader, 1990). Fig. 2b
shows the shape-corrected mean g(RH)WSM during the hydration
experiment. At an RH below 35% in Fig. 2b, g(RH)was removed because
of the restructuring of particles during the hydration experiment.
The vertical lines passing through the points denote the standard
deviation ±σ.

To validate proper HTDMA sizing and operation, the g(RH) of pure
(NH4)2SO4 particles was measured and compared with the calculated
growth factor using the aerosol inorganic model (AIM) (Clegg et al.,
1998). The measured and calculated growth factors g(RH) showed
good agreement within 2% (0.02) at 85% RH and within 5% (0.05) at
90% RH. Reproducibility tests showed that the difference in g(90%)
was b5%.

2.5. Hygroscopicity parameter (kappa)

According to the Köhler theory (Petters and Kreidenweis, 2007), the
hygroscopicity parameter κ measures the hygroscopicity of particles
and can be calculated using HTDMA or CCNC data. Parameter κ ranges
from 0 for non-hygroscopic particles to N1 for sea salt, e.g., NaCl (κ =
1.28).

Parameter κ is calculated using the following equation,

κ ¼
g RHð Þ3−1

� �
1−awð Þ

aw
ð6Þ

where g(RH) is the measured growth factor using an HTDMA and aw is
the water activity

aw ¼ RH
100

exp
A

g RHð ÞD0

� 	� 	−1

with

A ¼ 4σs=aMw

ρwRT

where σs/a is the surface tension of the solution–air interface, Mw is the
molar mass of water, ρw is the density of water, R is the universal gas
constant, K is the temperature in Kelvin, and D0 is the droplet diameter.

3. Results and discussion

3.1. Temporal variation in chemical mass fractions and hygroscopicity

We chosemass fractions instead of concentrations in order to assess
the link between the hygroscopicity and chemical composition because
mass fractions mean the contribution of each species to total mass and
their effect on the hygroscopicity and CCN quantitatively. Therefore,
chemical mass fractions are more suitable to study the hygroscopic
properties of aerosols than chemical mass concentrations. Fig. 3a
shows the temporal variations in the major chemical mass fractions of
the total WSM from January to September 2003. The water-soluble
organic matter (WSOM) fraction varied between 0.01 and 0.12
(mean: 0.05 ± 0.03) during the sampling period, as shown in
Fig. 3a. The mass fraction of Cl− ranged from 0.20 to 0.67 (mean:
0.46 ± 0.12), whereas that of nss-SO4

2− ranged between 0.00 and
0.36 (mean: 0.14 ± 0.10) (Fig. 2c). A similar temporal trend was
seen in the mass fraction of NO3

− (range: 0.00–0.11, mean: 0.04 ±
0.02). From Fig. 3a and b, similar temporal variations can be seen
between the measured g(90%) and Cl− mass fractions, suggesting that
the hygroscopicity of Chichijima aerosols is mainly controlled by
sea-salt particles. We found the opposite trend for Cl− mass fraction
with WSOM and nss-SO4

2\\, suggesting that anthropogenic pollutants,
water-soluble organic fractions and their mixing state can alter the
hygroscopicity of particles because of the continental outflow over the
sampling site. These points will be discussed in detail in the following
sections. The mass fraction of Na+ ranged from 0.20 to 0.30 (mean:
0.26 ± 0.03). We found lower mass fractions of NH4

+, nss-K+, nss-Ca2+,
and nss-Mg2+ that contributed b1% to the total WSM.

On the other hand, Fig. 3b shows the temporal variation of the
hygroscopicity parameter κ and g(RH) at 85% and 90% RH of WSM
particles that were generated from the water extracts of the aerosol
(TSP) samples collected at Chichijima Island. The measured g(RH) was
corrected using the dynamic shape correction factor χ, which represents
slight restructuring, because of the nonspherical shape of the particles
(Fig. 2a). The measured growth factor g(90%) was highest (2.14) on



Fig. 3. Temporal variation of (a) WSMmass fractions and (b) hygroscopicity (g(85%), g(90%) and κ) of bulk aerosols at Chichijima during January–September 2003.

Fig. 4.Monthly variation of (a, b) WSMmass fractions and (c) hygroscopicity (g(85%), g(90%) and κ) of bulk aerosols at Chichijima during January–September 2003.
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June 2–6, 2003, and lowest (1.51) on February 10–14, 2003 (mean:
1.76 ± 0.15). All the measured g(90%) values for the ambient aerosols
were significantly lower than those of pure sea-salt particles (approxi-
mately 2.1). This is possibly due to the internal mixing of pristine
marine air with aged anthropogenic and less hygroscopic particles.
The HTDMA-derived hygroscopic parameter κ was highest (0.97) on
June 2–6, 2003, and lowest (0.20) on February 10–14, 2003 (mean:
0.51 ± 0.17).
3.2. Monthly and seasonal variations in chemical mass fractions and
hygroscopicity

The monthly variations in hygroscopicity and major chemical mass
fractions are shown in Fig. 4. The monthly meanWSOM mass fractions
maximized in January or March and minimized in August, as shown in
Fig. 4a. Monthly mean Cl− mass fractions maximized in August and
minimized in February (Fig. 4b), whereas nss-SO4

2− and NO3
− mass

fractions maximized in February and minimized in summer (Fig. 4a
and 4b). The monthly mean g(90%) showed a clear monthly variation,
with the highest value in August and the lowest value in September,
followed by March. Similar monthly variations were observed in
g(85%) and the hygroscopic parameter κ during the study period
(Fig. 4c). We also found the opposite trend between the mass fractions
of Cl− and SO4

2− and a similar trend between g(90%) and Cl− mass
fraction. This suggests that atmospheric processing associated with
chloride depletion may suppress the growth factor over the western
North Pacific. On the other hand, althoughwe did not find any significant
variations in the monthly mean mass fractions of Na+, we observed the
maximum in August and the minimum in February, whereas the mass
fractions of NH4

+, nss-K+, and nss-Ca2+ maximized in late winter and
spring and minimized in summer (Fig. 4a and b).

Fig. 5 shows the seasonally averaged hygroscopicity and major
chemical mass fractions of WSM at Chichijima. The total sampling
period (except September) can be divided into three seasons: winter
(January–February), spring (March–May), and summer (June–August).
Although g(90%) was lower than that of sea water (2.1) (Nilsson, 2007)
and previously reported marine aerosols (1.85) (Mochida et al., 2011),
we found a significant difference in the seasonal scale during the
study period. The seasonal mean hygroscopicity maximized in summer
(g(90%) = 1.82 ± 0.06, κ = 0.58 ± 0.07), followed by winter
(g(90%) = 1.77 ± 0.04, κ = 0.52 ± 0.04), and minimized in spring
(g(90%) = 1.72 ± 0.03, κ = 0.46 ± 0.04) during the study period. A
similar seasonal trend was observed in g(85%) during the study period.
Themass fractions of sea-salt particles, such as Cl− and Na+maximized
in summer (0.48 ± 0.08 and 0.28 ± 0.01, respectively), followed by
Fig. 5. Seasonal variation of hygroscopicity (g(85%), g(90%) and κ) and WSMma
spring (0.43 ± 0.02 and 0.25 ± 0.01, respectively), and minimized in
winter (0.43 ± 0.08 and 0.24 ± 0.01, respectively).

On the other hand, the seasonal mass fraction of nss-SO4
2−maximized

inwinter (0.19±0.06) andminimized in summer (0.14±0.07),whereas
NO3

−, NH4
+, andnss-Ca2+ showed themaximumseasonalmass fraction in

spring, followed bywinter, and theminimum in summer, probably due to
the long-range atmospheric transport of anthropogenic pollutants and
dust from East Asia over the western North Pacific. Figure S1b presents
the NOAA-HYSPLIT 7-day daily backward trajectories at 500 m above
the ground during spring 2003 (Draxler and Rolph, 2015). The air masses
originate from principal source regions of dust in East Asia and carry the
dust to sampling site via long-range atmospheric transport. High wind
speed during spring further supports to carry more dust to the sampling
site (Boreddy and Kawamura, 2015). When Asian dust is transported
over the western North Pacific from East Asian regions by westerly
winds, the concentrations of nss-Ca2+ in TSP samples increasesmarkedly
in spring (Kawamura et al., 2003; Kunwar and Kawamura, 2014;
Matsumoto et al., 2004; Suzuki et al., 2008; Kinoshita et al., 2005).
Fig. S1c shows the SeaWiFS image of Asian dust storm over the western
North Pacific during March 2003, which supports the long-range atmo-
spheric transport of Asian dust over the western North Pacific. Although
we could not find any significant seasonal trends in the mass fractions
of WSOM, we observed the maximum in winter (0.06), followed by
summer (0.04).

To investigate the relation between organic–inorganic species and
dust particles, we used regression analysis. The results show significantly
positive correlation (p b 0.005) between nss-Ca2+ and oxalic acid mass
concentrations with a correlation coefficient (R2) of 0.48 (Fig. S3),
suggesting the formation of calciumoxalate through reactionR1. Previous
studies have reported high abundance of oxalic acid in Chichijima aero-
sols in spring (Mochida et al., 2003). Therefore, we assume that the de-
clined growth factor in spring is possibly due to the formation of less
hygroscopic CaC2O4. This point is consistent with our previous study
(Boreddy et al., 2014) over the same observation site, which reported
that the decrease in the hygroscopic growth during spring is due to the
organo-metallic interactions during long-range atmospheric transport.
This is further supported by the study of Furukawa and Takahashi
(2011) who reported high abundance of calcium oxalate in spring dust
over Tsukuba, Japan, based on X-ray absorption fine structure
spectroscopy. We also found a significantly positive correlation
(p b 0.001) between nss-Ca2+ and NO3

− (nss-Ca2+ vs nss-SO4
2\\), with

a correlation coefficient of 0.70 (0.42) (Fig. S3), suggesting significant
formation of hygroscopic salts such as Ca(NO3)2 and CaSO4 via
reactions R2 and R3, respectively.

Caþ H2C2O4→CaC2O4 R1
ss fractions of bulk aerosols at Chichijima during January–September 2003.
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Caþ 2HNO3→Ca NO3ð Þ2 þH2 R2

CaþH2SO4→CaSO4 þH2 R3

However, calcium salts and organics react with sea-salt particles via
acid displacement reactions R4 to R6, leading to a reduced hygroscopic
growth of sea-salt particles. This means that highly hygroscopic sea-salt
particles (NaCl) can convert to less hygroscopic salts (NaNO3, Na2SO4

Na2C2O4) via heterogeneous reactions during long-range atmospheric
transport.

2NaClþ Ca NO3ð Þ2→2NaNO3 þ CaCl2 R4

2NaClþ Ca2C2O4→Na2C2O4 þ CaCl2 R5

2NaClþ CaSO4→Na2SO4 þ CaCl2 R6

In addition, the formation of Ca(NO3)2 also lowers the hygroscopicity
by mixing with oxalic acid (Ma and He, 2012). Moreover, the internal
mixing of oxalic acid with sea-salt particles decreases the hygroscopicity
of sea-salt particles during the long-range transport (Ma et al., 2013).

Ca NO3ð Þ2 þH2C2O4→CaC2O4 þ 2HNO3 R7

2NaClþH2C2O4→Na2C2O4 þ 2HCl R8

2NaClþH2SO4→Na2SO4 þ 2HCl R9

NaClþHNO3→NaNO3 þ HCl R10

Based on the above formation mechanisms and laboratory studies,
we infer that the formation of less hygroscopic salts (compared with
sea-salt particles) or particles through heterogeneous reactions plays
an important role in aged mineral dust particles, resulting in a signifi-
cant decrease in the hygroscopicity (reactions R4 to R10) of particles
over the western North Pacific in spring. This kind of mixing of dust
particles can explain the mass transfer in the atmosphere (Karydis
et al., 2011) and climate forcing calculations (Sullivan et al., 2007,
2009).

Mass transfer is an important process in the atmosphere and
mainly depends on the chemical composition of aerosol and their
mixing states. Understanding the kinetics of mass transfer between
the gaseous and condensed phases of aerosols is of crucial impor-
tance for rationalising many atmospheric processes, for example,
heterogeneous chemistry at the surface of aerosol particles and the
formation and stability of clouds (Seinfeld and Pandis, 1998).

The hygroscopic growth of aerosol particles is commonly
expressed in terms of particle size (or mass) changes as a function
of RH undersaturation conditions. The aerosol water content is
obtained by comparing the wet and dry particle sizes (or masses).
When deliquescence (solid to liquid) or crystallization (liquid to
solid) phase transitions occur, a spontaneous sharp change in parti-
cle size arises. These phase transitions (or mass transfer) significant-
ly depend on the mixing state of aerosols (Chan and Chan, 2005,
2007). The presence of organic species can affect the thermodynamic
behaviour of inorganic aqueous droplets, hence affecting the distri-
bution of particles between the kinetic and equilibrium regimes for
a given local supersaturation. Therefore, the mixing state of aerosol
affects the CCN number concentrations by disturbing themass trans-
fer in the atmosphere.

3.3. Link between hygroscopicity and chemical composition

To assess the link between hygroscopicity and chemical composi-
tion, we performed regression analyses between g(90%) and the WSM
mass fractions of chemical species, as shown in Fig. 6. The results of
p-test suggested that the overall difference was statistically significant
(p b 0.0001) for all the mass fractions of WSM. We found a positive
correlation (p b 0.01) between g(90%) and Cl−, with a correlation
coefficient of 0.35, and a negative correlation (p b 0.01) of g(90%) with
nss-SO4

2\\, NO3
−, and WSOM, with correlation coefficients of 0.30, 0.20,

and 0.36, respectively (Fig. 6b–d). These results suggest that the hygro-
scopicity of Chichijima aerosols ismainly controlled by sea-salt particles
and atmospheric processes associated with chloride depletion in
sea-salt particles, whereas WSOM often suppresses the hygroscopicity
over the western North Pacific. On the other hand, g(90%) positively
correlated with Cl−/Na+, Cl−/SO4

2−, Cl−/NO3
−, and Cl−/WSOM,

with correlation coefficients of 0.39 (p b 0.01), 0.32 (p b 0.8), 0.35
(p b 0.05), and 0.50 (p b 0.01), respectively. Apparently, although
the hygroscopicity of Chichijima aerosols is mainly controlled by
sea-salt particles, atmospheric processes associated with chloride deple-
tion and thewater-soluble organic fraction often suppress hygroscopicity
over the western North Pacific.

Generally, a more hygroscopic group of particles is often
observed in remote marine environments. The growth factor of this
group (g(90%) N 1.85, Mochida et al., 2011) is larger than that of
pure ammonium sulfate (g(90%)= 1.70) and pure ammonium bisul-
fate (g(90%) = 1.79). During atmospheric processing or long-range
transport, the uptake of sulfuric acid (or HNO3) by sea-salt particles
and the subsequent release of HCl converts some NaCl into sodium
sulfate (or sodium nitrate) by the above mentioned reactions
(reactions R9 and R10). The formation of sodium sulfate (or sodium
nitrate) will significantly reduce the growth factor at Chichijima Is-
land. To better clarify this, we draw a schematic diagram to demon-
strate the HCl liberation that leads to the formation of less
hygroscopic aerosols over the western North Pacific during long-
range transport (Fig. 7).

3.4. Comparison between measured and predicted growth factors of bulk
aerosol

The sampling site is a remote location in the western North Pacific;
thus, during long-range atmospheric transport, acidic gases (SO2, NOx,
and other organic acids) coat sea-salt particles and form single particles.
Recently, Wang et al. (2015) found that SO4

2− and oxalic acid peaked in
the coarse mode owing to the internal coating with dust particles via
aqueous phase reactions during long-range transport at Xi'an, China.
Ming and Russell (2001) reported that the Zdanovskii–Stokes–Rabinson
(ZSR) relation is a good approximation for predicting the growth factors
of sea-salt particleswith anorganicmass b 30%of the total aerosolmass.
Thus, we used the ZSR relation to calculate growth factors in themarine
atmosphere.

The growth factor g(90%) can be calculated using the chemical
composition of the aerosols and the thermodynamics of the various
components and their mixtures. This is based on the assumption that
dry particles consist of (NH4)2SO4, NH4NO3, NaCl, NaNO3, NH4Cl, NaCl,
and WSOM. The hygroscopic growth factor of the mixture at 90% RH
can be calculated using the ZSR relation (Stokes and Robinson, 1966;
Zdanovskii, 1948),

gmixed RHð Þ ¼ ∑iεigi RHð Þ3ð Þ1=3 ð7Þ

where gmixed is the growth factor of the mixed particles, gi(RH) is the
growth factor of the individual component i at 90% RH, and εi is the
respective volume fraction. The model assumes that the particles are
spherical, mixing is ideal, and thewater uptake by organic and inorganic
components is independent of each other.

Fig. 8 shows the temporal variation in the measured and predicted
g(90%) along with the deviation between the measured and predicted
g(90%) during the study period in Chichijima Island. The predicted
g(90%) ranged from 1.90 to 2.28 (mean: 2.17 ± 0.09), whereas the



Fig. 6. Regression analyses between the g(90%) and different chemical mass fractions and their ratios of bulk aerosols at Chichijima.
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deviation varied from4% to 31% (mean: 18%±6%). It can be clearly seen
from Fig. 8 that all the measured g(90%) values were lower than the
predicted g(90%) values, probably owing to the atmospheric processing
associated with chlorine depletion in sea-salt particles and/or the inter-
action between organics and sea-spray particles during the long-range
atmospheric transport. The deviation in g(90%) was higher in spring,
followed by winter, and lowest in summer, suggesting that the interac-
tion of water-soluble organicswith dust particles (formation of CaC2O4)
suppressed thehygroscopic growth of particles in the outflow regions of
Asian dust in spring. Therefore, the mixing state of organics and metals
is very significant in spring over the outflow regions of Asian dust,
which can change the radiative balance through scattering and absorp-
tion of light and affect the global hydrological and biogeochemical
cycles as well as ocean ecology (Ramanathan et al., 2001).

4. Summary

In this study, we investigated the hygroscopic properties of WSM
extracted from aerosol (TSP) samples that were collected at Chichijima
Island in the western North Pacific during January–September 2003.
The hygroscopic growth factor g(RH) of WSM was measured using a
HTDMA with an initial dry particle diameter of 100 nm at 5–95% RH.
The observed growth factor at 90% RH g(90%) ranged from 1.51 to
2.14 (mean: 1.76 ± 0.15). This mean value was significantly lower
than that of sea-salt particles (2.1) and previously measured marine
aerosols (1.85), probably due to the heterogeneous reactions associated
with chloride depletion in sea-salt particles. The seasonal mean g(90%)
maximized in summer (1.82± 0.06), followed by winter (1.77± 0.04),
and minimized in spring (1.72 ± 0.03). It is very likely that less
hygroscopic calcium oxalate can form via organometallic reactions
during the long-range atmospheric transport of Asian dust in spring.

Cl− and Na+ mass fractions dominate in WSM, followed by
nss-SO4

2− and WSOM. The measured g(90%) showed similar variation
for Cl− mass fractions but an opposite trend was obtained for nss-SO4

2−,
NO3

−, andWSOM, suggesting that the hygroscopicity at Chichijima Island
ismainly controlledby sea-salt particles. However, atmospheric processes
associated with chloride depletion in sea-salt particles during long-range
transport of anthropogenic pollutants and water-soluble organics often
suppress hygroscopicity over the western North Pacific. This is also
supported by the regression analysis of g(90%) and chemical mass
fractions of WSM as well as mass fraction ratios.

In addition, we used the ZSRmodel to predict g(90%) and compared
the model results with the measured g(90%). The results showed that
themeasured g(90%)was lower than the predicted one,with an average



Fig. 7. Schematic diagram of liberation of HCl leads the less hygroscopic aerosol over the western North Pacific. The growth factor (g(86%)) values of inorganic salts have been taken from
the study of Hu et al. (2010, 2011).
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deviation of 18%. Presumably, the interaction of water-soluble organics
with dust particles alters the hygroscopicity of aerosol particles during
long-range atmospheric transport even though their contribution to
the Chichijima marine TSP aerosols is rather small. The results of this
study can help us to better understand how East Asian pollutants and
dust perturb the marine background conditions over the western
North Pacific by their mixing via heterogeneous reactions during long-
range atmospheric transport.
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