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[1] Size‐segregated measurements of cloud condensation nucleus (CCN) activity and
hygroscopic growth were performed simultaneously for sulfate‐rich aerosols at Cape
Hedo, Okinawa, Japan, in spring 2008. The CCN fractions as functions of particle size at
water vapor supersaturations of 0.44%, 0.25%, and 0.10% had nearly stepwise increases,
and the diameters for 50% activation of its maximum (dact) were close to that of
(NH4)2SO4. The size‐resolved hygroscopic growth factor g measured using a
hygroscopicity tandem differential mobility analyzer at 85% relative humidity (RH)
mainly showed unimodal and highly hygroscopic characteristics. The observed
characteristics as well as aerosol mass spectrometer data suggest the dominance of
internally mixed ammoniated sulfate‐rich particles. A clear negative correlation between
dact and median g (gmedian) was observed for Aitken‐mode particles, and backward air
mass trajectories indicate lower dact and higher g of the aerosols from China and the Pacific
and the opposite tendency for those from Korea and Japan. The size dependence of gmedian

suggests that less hygroscopic carbonaceous components were more enriched in Aitken‐
mode particles and therefore affect the CCN activity and hygroscopicity. The CCN
activation diameters were predicted on the basis of gmedian using a core‐shell model. The
modeled activation diameters reasonably agreed with measured dact , suggesting that
the surface tension lowering effect due to organics and the enhancement of bulk
hygroscopicity at high RH due to sparingly soluble or polymeric compounds were small.
The results suggest that CCN activity of sulfate‐rich aerosol particles is predicted well
in regional and global aerosol models without incorporating these effects.
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1. Introduction

[2] Atmospheric aerosol particles act as cloud condensa-
tion nuclei (CCN) in cloud formation processes and are thus
closely relate to the Earth’s radiative balance and water
cycle. One difficulty in understanding the role of CCN is
that the number concentration of CCN is governed not only
by the particle number concentration but also by physical and
chemical properties of individual particles and the mixing

state. Köhler theory suggests that the CCN activity of parti-
cles (i.e., the maximum water vapor supersaturation (SS)
required for activation) is controlled by properties of the
solute and the surface tension at the air‐particle interface
(Raoult and Kelvin effects) [Pruppacher and Klett, 1997].
However, these key characteristics of particles are not easily
observed in the size range where CCN are abundant (around
100 nm in diameter). Although a growing number of studies
on CCN have been reported recently, studies on the char-
acteristics of atmospheric aerosols in view of factors regulating
CCN activity such as surface tension lowering by organics
are insufficient. This may partly be because the chemical
composition is not easily observed in the size range around
100 nm and because the external mixing state of ambient
aerosol particles introduces large uncertainty in analysis of
CCN properties [e.g., Cubison et al., 2008].
[3] One useful approach to investigate the factors influ-

encing CCN activity is the measurement of hygroscopic
growth of aerosol particles under subsaturated water vapor
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conditions [e.g., Brechtel and Kreidenweis, 2000a, 2000b;
Roberts et al., 2002;Rissler et al., 2004;Mochida et al., 2006;
Vestin et al., 2007; Good et al., 2010]. In most studies
employing this approach, hygroscopicity tandem differential
mobility analyzers (HTDMAs) have been used to investigate
aerosol particles whose CCN activity is important in the
atmosphere. Recently, the usefulness of particle hygroscop-
icity for prediction of CCN activity has been demonstrated
using hygroscopicity parameter � and extrapolation of the
Köhler equation to the water vapor SS regime [Petters and
Kreidenweis, 2007, 2008]. Furthermore, the Köhler equa-
tion has been used to determine the surface tension of parti-
cles from a comparison of particle hygroscopicity with CCN
activity [e.g., Ziese et al., 2008]. The hygroscopicity dis-
tributions of atmospheric particles are affected by the aerosol
mixing state, and they are proposed to be applicable for the
assessment of CCN numbers under different SS conditions
[Gasparini et al., 2006].
[4] In the present study, we performed atmospheric mea-

surements of CCN fractions and particle hygroscopicity
under subsaturated conditions at Cape Hedo, Japan, during
spring 2008 to clarify these properties under the strong
influence of Asian outflow [Takami et al., 2007]. East Asia is
an important source region of both anthropogenic and natural
aerosols. Nevertheless, detailed knowledge related to CCN
characteristics and to the hygroscopic properties of East
Asian aerosols remains sparse despite recent achievements
through field investigations of CCN and aerosol hygroscop-
icity [e.g., Matsumoto et al., 1997; Nagao et al., 1999;
Adhikari et al., 2005; Yum et al., 2005, 2007;Mochida et al.,
2006, 2008; Kuwata et al., 2007; Kuwata and Kondo, 2008;
Kuwata et al., 2008; Massling et al., 2009; Achtert et al.,
2009; Kitamori et al., 2009; Wiedensohler et al., 2009;
Rose et al., 2010]. The CCN and hygroscopicity properties of
CapeHedo aerosols are of interest because the submicrometer
aerosol composition differs from those obtained at many
other surface sites with respect that the particles are composed
mainly of ammoniated sulfate [Takami et al., 2007; Zhang et
al., 2007]. This chemical characteristic implies internally
mixed conditions of Cape Hedo aerosols, which could be a
merit for the quantitative analysis of particle hygroscopicity
and CCN activity.
[5] The CCN activity and particle hygroscopicity are

compared in this study, on the basis of size‐segregated
measurement of the CCN number fraction and hygroscopic
growth factors with high resolution in particle size (different
sets of 34 sizes depending on SS conditions). The number
fraction of CCN as a function of particle diameter, which is
referred to as the CCN efficiency spectrum, has been dem-
onstrated as being highly useful in detecting changes in the
CCN activity of atmospheric aerosols [Kuwata et al., 2008;
Gunthe et al., 2009; Rose et al., 2010; Good et al., 2010].
Here, the measurement of CCN efficiency spectra is coupled
to that of hygroscopic growth to investigate the connection
between the CCN activation diameter and particle hygro-
scopicity without interference from changes in particle
numbers and size distributions. In this sense, this method
complements conventional hygroscopicity‐CCN closure based
on CCN number concentrations. Taking this approach, the
characteristics of hygroscopicity and CCN activity of aerosol
particles in the studied area, and the relation between the
two, are discussed. Absolute quantities of CCN, which were

measured by other researchers, are not included as a main
subject of this study. This work was motivated by our pre-
vious HTDMA study at Cape Hedo in 2007, during which we
found significantly high hygroscopic characteristics of aero-
sols (S. G. Aggarwal et al., manuscript in preparation, 2010).
Our 2008 study specifically examined the relation between
particle hygroscopicity and CCN activity.

2. Experiments

2.1. Measurement System

[6] Intensive field measurements using an HTDMA cou-
pled to a cloud condensation nucleus counter (CCNC) were
performed at the Cape Hedo Atmosphere and Aerosol
Monitoring Station of the National Institute for Environ-
mental Studies (NIES‐CHAAMS) inOkinawa, Japan (26°52′N,
128°15′E) [Takami et al., 2007], during spring 2008. Among
atmospheric measurement data, those collected when both
the HTDMA and CCNC were operated to obtain measure-
ments with high resolution in particle size (∼0000 LT,
3 April to∼1200LT, 12April) were used in this study. Figure 1
presents a schematic illustration of the measurement sys-
tem. Aerosol samples were aspirated at the rooftop of the
station via a PM1 cyclone inlet. The aerosols were dried in two
diffusion dryers containing silica gel and a molecular sieve
(mixture of 13X and 4A) and were introduced to the
HTDMA‐CCNC system. The HTDMA was similar to that
reported byMochida and Kawamura [2004], but it was newly
built with some modifications. The differential mobility
analyzers DMA1 and DMA2 (3081; TSI Inc.) in the HTDMA
were operated under recirculating sheath flows of 6.5 and
3 Lmin−1, respectively. The sheath flow and the high voltages
for DMA2 were controlled using a TSI 3080 device, and a
similar flow system and a high‐voltage power supply
(DMS‐10K05N/24; Max‐Electronics Co. Ltd.) were used for
DMA1. The relative humidity (RH) conditions of airflows in
the HTDMA were monitored using Vaisala HUMICAP
sensors (HMT 337). The RH in the DMA1 was <4%, as
monitored at the outlet of the sample flow. The mono-
dispersed aerosol exiting DMA1 was humidified in Nafion
tubing (MD‐110‐24S‐4; Perma Pure LLC). The resulting RH
of the sample aerosol entering DMA2 was adjusted to 85%
by controlling dried and humidified airflows introduced to
the housing of the Nafion tubing. The RH of the sheath air
entering DMA2 was also controlled to be 85% using Nafion
tubing (PD‐50T‐12 MSS; Perma Pure LLC) and the sheath
air returning to TSI 3080 from DMA2 was dehumidified in
another Nafion device (PD‐50T‐12MSS) (note that the detail
of the sheath flow system is not shown in Figure 1). The
average residence time of particles from the housing of the
RH probe for the sample aerosol to the electrostatic field of
DMA2 (i.e., the part in which attainment of RH above the
deliquescence point of (NH4)2SO4 (AS: ammonium sulfate)
was verified) was roughly estimated as 7 s (see Text S1,
section S4, in the auxiliary material for further discussion).1

The DMA2 coupled to a condensation particle counter (CPC,
3022; TSI Inc.) was operated under the scanning mobility
particle sizer (SMPS) mode to measure the hygroscopic
growth of the particles. A short Nafion dryer (MD‐110‐12S‐4;

1Auxiliary materials are available in the HTML. doi:10.1029/
2009JD013216.

MOCHIDA ET AL.: AEROSOL HYGROSCOPICITY AND CCN ACTIVITY D21207D21207

2 of 16



Perma Pure LLC) was placed between DMA2 and the CPC to
minimize the condensation of water in the CPC.
[7] The CCNC (CCN‐100; Droplet Measurement Tech-

nologies) and a CPC (3775; TSI Inc.) were operated in
parallel to measure the ratios of the number concentration
of CCN to that of condensation nuclei (CN) (NCCN/NCN) of
monodispersed aerosols exiting DMA1. Although the CCNC
was placed downstream of the second DMA in the previous
study of HTDMA‐CCNC conducted by Mochida et al.
[2006], in this study, some of the sample aerosol was col-
lected for the CCNC and CPC between DMA1 and DMA2 in
the HTDMA. The total flow rate of air in the CCNC column
was 0.5 L min−1. The ratio of sheath to sample flows was
about 10.
[8] Some of the sample aerosol was introduced to the

SMPS (composed of Models 3080, 3081 and 3025A; TSI
Inc.). The measured aerosols were dried in two diffusion
dryers in series. The RH at the outlet of the DMA was <4%,
as monitored using an RH sensor (HMP237; Vaisala). The
chemical composition of submicrometer particles was mea-
sured using an Aerodyne aerosol mass spectrometer (AMS)
operated in a different building at CHAAMS [Takami et al.,
2007]. Five chemical components were quantified: organics,
sulfate, ammonium, nitrate, and chloride. Concentration data
of SO2monitored employing the ultraviolet fluorescentmethod
(Model APSA‐360;Horiba Ltd.) at CapeHedowere provided
by the Acid Deposition and Oxidant Research Center
(ADORC).

2.2. Measurement Sequence

[9] The dry mobility diameter dp,dry selected in DMA1
was increased every 5 min (36 diameters from 20.2 to 429 nm)
over 3 h. Among the 36 diameters, 34 from 24.1 to 359 nm
were used in the analyses described herein. The mono-
dispersed aerosol was introduced simultaneously to the
CCNC‐CPC and DMA2+CPC in the HTDMA. Measure-
ments ofNCCN/NCN as a function of dp,dry (the CCN efficiency

spectrum) were obtained under 0.44% (∼0300–0600 and
∼1500–1800 LT), 0.25% (∼0000–0300, ∼0600–0900, ∼1200–
1500, and ∼1800–2100 LT), and 0.10% (∼0900–1200 and
∼2100–2400 LT) SS conditions using the CCNC‐CPC. Dif-
ferent sets of sizes were applied for different SS conditions to
measure NCCN/NCN with high resolution near the activation
diameters. Hence, the total number of sizes subjected to the
analysis in this study (54) is more than 34. The particle
number concentrations downstream of DMA2 were recorded
by the CPC in the HTDMA for each dp,dry selected in DMA1.
The data for 34 sizes collected every 3 h were used to retrieve
size‐resolved hygroscopic growth factor distributions at
85% RH. The hygroscopic growth factor g is defined here as
dp,wet/dp,dry, where dp,wet is the particle mobility diameter
under a humidified condition.

2.3. Data Processing

[10] To obtain size‐resolved NCCN/NCN ratios of atmo-
spheric particles, the proportion of multiply (doubly + triply)
charged particles among the particles exiting DMA1 was
estimated from the 3 h average number size distribution of
ambient particles as well as the charging efficiency of the
241Am neutralizer [Wiedensohler, 1988; TSI Incorporated,
2006], the area of the transfer function (TF) of DMA1‐TF
[Stolzenburg, 1988], and the loss of particles due to diffu-
sion in the sampling line [Soderholm, 1979]. The CCN
efficiency spectra for singly charged particles were calcu-
lated by the subtraction of multiply charged particles from
both CCN and CN from the raw CCN efficiency spectra.
Further details of themultiple‐charge correction ofNCCN/NCN

are presented in the auxiliary material (Text S1 (section S2)
and Figures S1–S4). The NCCN/NCN ratios after the correc-
tions above were fitted with the following equation [Rose et
al., 2008]:

NCCN

NCN
¼ a 1þ erf

dp;dry � dact
b

ffiffiffi
2

p
� �� �

: ð1Þ

Figure 1. Schematic diagram of aerosol instruments at Cape Hedo (SG, silica gel; MS, molecular sieve).
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Here, a and b are fitting parameters. The dry particle diameter
dp,dry at whichNCCN/NCN reached 50% of the maximum (dact)
is referred to here as the CCN activation diameter of ambient
particles.
[11] The distributions of g for particles with dp,dry of

24.1–359 nm were calculated as follows. First, the humi-
dified aerosol downstream of DMA1 was detected using
DMA2+CPC in the SMPS mode. Similar to what was done
in some other HTDMA studies [e.g., Gysel et al., 2009],
the raw data were subjected to data inversion to calculate g,
where the broadening effects caused by TFs of DMA1 and
DMA2 were eliminated using the Twomey algorithm
[Twomey, 1975;Winklmayr et al., 1990]. Further details are
presented in Text S1, section S3, in the auxiliary material.
Examples of the kernel functions and the retrieved distri-
bution of g for dry AS particles are shown in Figure 2. The
width of the retrieved distributions of g may in part be due
to a smearing effect of DMA2+CPC with the Nafion dryer
(Figure 1), and inversion with a finite number of kernels
(the modes of kernels were equally spaced on a logarithmic
scale as 64 per decade). This broadness is not critical to the

present study because only the median of g or mode g of
fitted log normal distributions was used in quantitative
analysis. The distribution of g for each dp,dry was scaled
using the SMPS‐derived 3 h average number size distri-
bution of ambient aerosol to obtain a two‐dimensional (2D)
distribution of particle number concentrations n(logdp,dry,
logg), where the double integral in the logdp,dry‐logg plane
corresponds to the total aerosol number concentration
(particles cm−3) in the range of 24.1–359 nm. For hygro-
scopic growth data, singly and multiply charged particles
were not segregated.
[12] The diffusion loss of small particles in the sampling

line [Soderholm, 1979] was also considered to derive the
number size distribution of ambient aerosols from the SMPS
data. Data screening for CCN/CN and hygroscopicity data,
and the calibrations of CCNC and HTDMA, are explained
in Text S1 (sections S1 and S4, respectively) in the auxiliary
material.

2.4. Core‐Shell Model

[13] From g measured using the HTDMA, the critical SS
(sc) can be estimated using a Köhler equation [Gasparini et
al., 2006]. In this study, sc was estimated with the simpli-
fication that the particles are composed of two components:
an insoluble core and a soluble shell. The soluble component
was assumed either AS or NH4HSO4 (ABS: ammonium
bisulfate). First, the water‐soluble volume fraction " of the
core‐shell particles was estimated from the Köhler model
calculation at 85% RH and 300 K. The modeled particles
were further used to estimate sc employing the Köhler model
under the SS water vapor condition and at 300 K (the average
temperature at the top of the column in the CCNC). The
Köhler equation is expressed as

ln S ¼ 2A

dp;wet
� Bd3p;dry
d3p;wet � d3p;dry

; ð2Þ

where

A ¼ 2�Mw

�wRT
; and B ¼ "��

Mw�S
MS�w

: ð3Þ

[14] In equations (2) and (3), S signifies the saturation
ratio of water vapor, dp,wet denote the particle diameter in
subsaturated and supersaturated conditions, " represents the
volume fraction of the soluble component in dried particles, s is
the surface tension, R stands for the gas constant, T represents
the temperature, n is the stoichiometric dissociation number
of the solute, � is the practical osmotic coefficient, rw and rs
signify the density of water and solute, respectively, and Mw

andMs represent the molecular (formula) weights of the water
and solute, respectively. It is assumed that the volumes of
solute and water are additive and that the particles are spheres.
Moreover, the partial molar volume of water in solution is
assumed to be equal to that of pure water. The second term of
the right side of equation (2) is also expressed using themolality
of solute m [Brechtel and Kreidenweis, 2000a] as

� Bd3p;dry
d3p;wet � d3p;dry

¼ �Mw��m

1000
: ð4Þ

Figure 2. (a) Kernel functions K(i) to retrieve hygroscopic
growth factor distributions with Twomey algorithm in the
case in which the mode diameter classified in DMA1 is set
to 102 nm (left and top axes). (b) Example of the particle num-
ber concentration observed downstream of DMA2 (Cobs(i),
open circles plotted with respect to the left and bottom axes),
the distribution of g retrieved by the inversion (fcoarse, open
squares plotted with respect to the right and top axes), and
the particle number concentration calculated for the aerosol
downstream of DMA2 (C(i), solid triangles plotted with
respect to the left and bottom axes) for AS particles classified
at 102 nm by DMA1. See Text S1, section S3, in the auxiliary
material for details on the variables.

MOCHIDA ET AL.: AEROSOL HYGROSCOPICITY AND CCN ACTIVITY D21207D21207

4 of 16



From equation (4) and B in equation (3), the molality m is ex-
pressed as

m ¼ 1000�s"

MS�w
d3p;wet
d3p;dry

� 1

� � : ð5Þ

Equation (6) is further rearranged to

dp;wet ¼ 1000�s"

�wMsm
þ 1

� �1
3

dp;dry: ð6Þ

The " value with which S is 0.85 was calculated for each
dp,dry and g at 85% RH employing an iterative method on
the basis of the relations in equations (2), (4) and (5), A in
equation (3), and dp,wet = gdp,dry. Further, the maximum of S
(i.e., sc + 1) was calculated by an iterative method according
to the relations in equations (2), (4) and (6) and A in
equation (3) (m was changed in the iteration procedure).
The � and s values as functions of m and T were calculated
according to the equations and parameters of Brechtel and

Kreidenweis [2000a], where the equations to calculate �
and s were originally from Pitzer and Mayorga [1973] and
Hänel [1976], respectively, and the parameters to calculate
� of AS and ABS are from Kim et al. [1993]. In Figures 3, 6,
and S10, the relationship between g, ", and sc based on the
core‐shell model with AS as the solute is visualized; " in
this case is referred to as the AS‐equivalent soluble fraction
"AS.
[15] Figure 3 presents the growth factor probability den-

sity function (GF‐PDF) [e.g., Swietlicki et al., 2008; Gysel
et al., 2009] measured for AS particles and the estimated
soluble fraction "AS versus dp,dry and g. The contour plot of
the estimated sc is also shown in Figure 3. Here, the GF‐PDF
is drawn as a function of logg instead of g. As expected,
the mode g values of log normal distributions fitted to the
hygroscopic growth factor distribution measured for AS aero-
sol (open circles) were nearly equivalent to the AS fraction of
unity. Note that the widths of the distributions of g in Figure 3
provide a rough guide of the resolution of g presented in this
paper. The smooth contour lines of the distributions of g
and the estimated sc in Figures 3, 6, and S10 were drawn from
the discrete 2D data using graphing software (Igor Pro; Wa-
vemetrics, Inc.), whereas the contour lines of "AS were cal-
culated more directly employing an iterative method.

3. Results and Discussion

3.1. CCN Efficiency Spectra and Chemical
Composition

[16] General characteristics of the CCN activity of Cape
Hedo aerosol were investigated on the basis of CCN effi-
ciency spectra. Figures 4a–4c present the means and standard
deviations of NCCN/NCN as a function of dp,dry at 0.44%,
0.25%, and 0.10% SS. The CCN efficiency spectra of Cape
Hedo aerosol were characterized by sharp increases in the
CCN fraction as the dp,dry increases. The stepwise change in
the NCCN/NCN ratios indicates that particles of the same size
had similar CCN activity, and implies that the hygroscopicity
was similar. The values of dp,dry at whichNCCN/NCN increases
were close to those of AS aerosol, and NCCN/NCN readily
reached >0.8 above the activation diameters. The sharp
increase in the NCCN/NCN ratio and the low activation diam-
eter was also reported for marine aerosol by Andreae and
Rosenfeld [2008] [after Frank et al., 2006]. By contrast, the
spectra for Cape Hedo aerosol differed markedly from those
of some urban/continental aerosols [Andreae and Rosenfeld,
2008;Kuwata and Kondo, 2008]. For example, size‐resolved
NCCN/NCN ratios for Tokyo, Japan, gradually increased as the
particle diameter increased and some fraction of particles
remained CCN‐inactive up to 200 nm [Kuwata and Kondo,
2008]. The difference suggests that the hygroscopicity of
particles in Cape Hedo aerosols was more homogeneous than
that of urban aerosol particles in Tokyo. However, further
studies may be required to generalize the relationship
between the CCN efficiency spectrum and aerosol type, given
that the sharp increase in the CCN efficiency spectra was
observed in some cases near the Chinese megacity Guangz-
hou [Rose et al., 2010]. Comparison of the CCN efficiency
spectra in Figures 4a–4c with the average number size dis-
tribution in Figure 4d indicates that the CCN activation dia-
meters at 0.44%, 0.25%, and 0.10% SS were close to the
mode of the number size distribution. The CCN activation

Figure 3. Averages of logarithmically spaced growth fac-
tor probability density functions (contours in rainbow col-
ors) of AS particles and mean (open circles) and standard
deviation (bars) of the mode g derived from log normal fit-
tings. The relation of the AS‐equivalent soluble fraction "AS
(dashed red lines) and critical supersaturation sc (solid gray
lines) to dp,dry and g, both of which were calculated using
the core‐shell model with AS as the solute, are superim-
posed on Figure 3. The concept of contour plots of sc is pro-
posed by Gasparini et al. [2006].
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diameters of aerosol particles under SS conditions were
thereby critical to the CCN numbers at Cape Hedo.
[17] The CCN efficiency spectra of Cape Hedo aerosol

were fitted with equation (1) to calculate the CCN activation
diameter dact. Table 1 presents the ranges and mean ±

standard deviation of dact at 0.44%, 0.25%, and 0.10% SS
together with dact of AS aerosol. The larger variation in
CCN activity at smaller diameters is indicated by a larger
relative standard deviation at larger SS (i.e., smaller dact). It
is also evident from the range of the deviation in NCCN/NCN

of Cape Hedo aerosol in Figure 4: the shaded area was
broader in log dp,dry space under a higher SS condition. This
point is discussed further in sections 3.3 and 3.4.
[18] Color bars in Figure 5a present the AMS‐derived

chemical composition in the submicrometer size range.
Among nonrefractory components, ammoniated sulfate was
the major component by mass in the accumulation‐mode size
range (mean ± standard deviation: 72 ± 6%). The molar ratio
of ammonium to sulfate in Figure 5b shows that ammonia

Table 1. Summary of CCN Activation Diameters (nm) Deter-
mined for Cape Hedo and Pure ASa Aerosols

SS (%)

dact, Cape Hedo Aerosol dact, AS Aerosola

Mean ± SDRange Mean ± SD Relative SD (%)

0.44 47–66 54 ± 5 8.7 48.7 ± 0.5
0.25 72–97 78 ± 5 6.1 71.0 ± 0.8
0.10 125–136 130 ± 3 2.7 125 ± 1

aAS, (NH4)2SO4. Calculated from on‐site calibration results, using the
same method as that used for the Cape Hedo aerosol.

Figure 4. Means (open circles) and standard deviations
(shaded areas) of size‐resolved NCCN/NCN ratios for Cape
Hedo aerosols under (a) 0.44%, (b) 0.25%, and (c) 0.10%
SS conditions. Means and standard deviations of the mea-
sured ratios for AS particles are also presented as solid
squares and bars, respectively. (d) Average number size dis-
tribution of Cape Hedo aerosol during the observation
period.

Figure 5. (a) AMS‐derived 3 h averages of themass fraction
of nonrefractory chemical components (organics, ammo-
nium, sulfate, nitrate, and chloride) in the submicrometer size
range. The 24 h averages of the proportion of organics in the
size range of 99 ≤ dva ≤ 396 nm (dva, vacuum aerodynamic
diameter) are presented as the solid line. (b) The molar ratio
of ammonium to sulfate ([NH4]/[SO4]) in the submicrometer
size range. (c) The ratios of sulfate‐S to the sum of S in SO2

and sulfate.
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neutralized a substantial fraction of sulfuric acid. The ratios of
sulfate‐S to the sum of S in SO2 and sulfate (Figure 5c) were
high (mean ± standard deviation: 78 ± 16%), indicating that
the oxidation of SO2 was significant. Nitrate and chloride
were the minor fractions. Therefore, components other than
ammoniated sulfate were mostly organic (mean ± standard
deviation: 27 ± 6%). Although chemical composition data for
the size range near dact (47–136 nm) were not available
because of the limited sensitivity of the AMS, it is reasonable
to expect that ammoniated sulfate was the dominant com-
pound not only in the mode of the submicrometer aerosol
mass but also in the size range down to dact. This interpre-
tation is partly supported by the similar organic mass fraction
down to the size range of 99 ≤ dva ≤ 396 nm (solid line in
Figure 5a, calculated from the 24 h average of size‐resolved
AMS data as a function of the vacuum aerodynamic diameter
dva), although themasswas distributedmore toward the upper
end of the range. Consequently, the observed CCN efficiency
spectra similar to those of AS aerosol (Figure 4) are reason-
ably explained by the great abundance of ammoniated sulfate.
The small difference in the CCN efficiency spectra may be
attributable to the presence of organics, which are expected to

be less hygroscopic than AS particles and to possibly alter the
surface tension (equation (3)), and also attributable to the
different degrees of neutralization of sulfate. It should be
emphasized that the observed sulfate‐rich composition is
uncommon, as may be inferred from the global AMS data
presented by Zhang et al. [2007]. Significant emissions of
SO2 in Asia [Ohara et al., 2007] may result in the sulfate‐rich
compositions of aerosols. Gao et al. [1996] estimated that
anthropogenic sulfates over the East China Sea accounted for
81–97% of total sulfate according to the measurement of
methanesulfonate (MSA) and non‐sea‐salt sulfate. The con-
tribution of oxidation of dimethylsulfide (DMS) from marine
biota to the observed sulfate may therefore be small at Cape
Hedo.

3.2. Size‐Resolved Particle Hygroscopicity

[19] Simultaneously with the collection of CCN efficiency
spectra, g as a function of dp,dry was measured every 3 h
using the HTDMA. Figure 6 presents two examples of the
distributions of g; other distributions and the average dis-
tribution are given in Figures S6–S9 and S10, respectively,
in the auxiliary material. Figures 6 and S10 show that the

Figure 6. Two examples of (a and b) the number size distributions of aerosols and (c and d) size‐resolved
distributions of g collected at∼0300–0600LT on 5April (Figures 6a and 6c) and∼0300–0600LT on 10April
2008 (Figures 6b and 6d). The color contours in Figures 6c and 6d represent the aerosol number concentra-
tions n(logdp,dry,logg) as a function of dp,dry and g. The integral of the color contours in Figures 6c and 6d
along the vertical axis are equal to the number size distributions of aerosols in Figures 6a and 6b, respectively.
Themedian values of g are presented as red open circles. The green solid lines are polynomial curves fitted to
the median values. The fitted values are designated as gmedian in this study. Contours of AS‐equivalent sol-
uble fraction "AS and estimated critical supersaturation sc, both of which were calculated using the core‐shell
model with AS as the solute, are superimposed on Figures 6c and 6d (see Figure 3).

MOCHIDA ET AL.: AEROSOL HYGROSCOPICITY AND CCN ACTIVITY D21207D21207

7 of 16



aerosol hygroscopicity at Cape Hedo is characterized by
the predominance of particles with high g, being similar to
those observed in our earlier HTDMA study in 2007 (S. G.
Aggarwal et al., manuscript in preparation, 2010). Secondary
formation of sulfate during the long‐range transport of air
masses probably contributes the high g, as discussed for
the high CCN activity. Such characteristics of hygroscopic
growth contrast with those for urban sites, where both less
hygroscopic and more hygroscopic particles were commonly
observed [e.g., McFiggans et al., 2006, and references
therein]. For example, in Beijing, China, previous reports
show that the average number fraction of more hygroscopic
particles (g = 1.26–1.62) was 40–59% [Massling et al., 2009].
In this study, less hygroscopic particles at g of approximately
unity were observed only occasionally (Figures S6–S9); such
an event was shorter in most cases than a single set of mea-
surements (3 h). Aerosols transported for long distances are
expected to become spatially more homogeneous through
mixing. Therefore, less hygroscopic particles appearing in
short time periods are only available from local sources such
as ship exhausts. On the basis of the result that the frequency
of the appearance of low‐hygroscopic particles was low, we
conclude that we mainly observed the hygroscopicity of
aerosols after long‐range transport.
[20] Two distinctive cases in Figure 6 provide an insight

into the hygroscopicity of Cape Hedo aerosol. In the case of

Figure 6c, the mode of g is similar to or slightly lower than
that of AS; similar distribution patterns were observed over
substantial time periods (Figures S6–S9). The size depen-
dence of g was small, suggesting that major chemical com-
ponents were similar from Aitken‐mode to accumulation‐
mode particles. However, the size distributions of g in the
latter half of the measurement period differed (Figures S6–
S9). Figure 6d shows that, although g in the accumulation‐
mode size range (>100 nm) did not differ greatly from that in
Figure 6a, g in the Aitken‐mode size range (<100 nm) were
markedly lower, which is unlikely to have been caused by
local sources given that similar distribution patterns were
observed continually for more than a day (Figures S6–S9).
We found that this variation in g is closely associated with
that in dact, as described in section 3.3. Note that the absence
of a large difference in the AMS‐derived composition
(Figure 5a) during the periods of Figure 6c and 6d does not
contradict the different characteristics of g in the Aiken mode
because the AMS‐derived composition was mainly con-
trolled by the composition of accumulation‐mode particles.
[21] Median g values expressed by third‐order polynomial

functions of logdp,dry (gmedian; solid green lines in Figures 6c
and 6d) were calculated approximately by fitting the median
values of g for different values of dp,dry (red circles). This
fitting was done to calculate representative g at arbitrary dp,dry
and to reduce uncertainty in the scattered HTDMAdata.More
information on the derivation of gmedian and verification of the
appropriateness of gmedian as representative values of g is
given in Text S1, section S5, in the auxiliary material. The
frequency distributions of gmedian for particles with dp,dry of
49, 71, and 125 nm, which correspond to dact of AS aerosol at
0.44%, 0.25%, and 0.10% SS, respectively, are selected and
presented in Figure 7. In the Aitken‐mode size range (49 and
71 nm), gmedian was broader toward lower values than in the
accumulation‐mode size range (125 nm). The shift of gmedian

toward lower values was more pronounced than that expected
from the Kelvin effect because the frequency distribution
against the AS‐equivalent soluble fraction "AS (top axes in
Figure 7) was also distributed toward lower values in the
Aitken‐mode size range. The relative abundances of com-
ponents with different hygroscopicity thereby varied more
significantly in the Aitken‐mode size range than in the
accumulation‐mode size range. Organics as well as ammo-
niated sulfate presumably comprise the major fraction,
whereas the presence of elemental carbon (not detectable by
AMS) is not ruled out. The variation in the hygroscopicity in
the Aitken‐mode size range is thereby explained by the large
variation in the relative abundances of ammoniated sulfate
and carbonaceous components. By contrast, the narrower and
higher gmedian at 125 nm (Figure 7c) suggest that sulfate was
persistently dominant and that the carbonaceous component
was aminor fraction. Higher hygroscopicity of accumulation‐
mode particles than that of Aitken‐mode particles was also
reported for aerosols over the plains of northern China
[Achtert et al., 2009], implying that highly hygroscopic
accumulation‐mode particles are ubiquitous in East Asia and
the outflow region.
[22] The range and mean±standard deviation of gmedian in

Figure 7 are presented in Table 2, along with the hygro-
scopicity parameter � [Petters and Kreidenweis, 2007] cal-
culated from gmedian. Although biomass burning is considered
to be a major aerosol source in East Asia [e.g., Duan et al.,

Figure 7. Frequency distributions of gmedian for particles
with dp,dry of (a) 49 nm, (b) 71 nm, and (c) 125 nm. Addi-
tional horizontal axes at the top of Figures 7a–7c present the
AS‐equivalent soluble fraction "AS calculated using the
core‐shell model with AS as the solute.
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2004], many g (or �) values of biomass burning aerosols are
lower than the mean values of gmedian (or �) of Cape
Hedo aerosols. For examples, Lee et al. [2006] assigned the
hygroscopicity mode of 1.1–1.2 at 85% RH to be that of
biomass burning particles on the basis of TDMA measure-
ments in North America during the arrival of smoke from the
Yucatan Peninsula. Furthermore, Petters et al. [2009a]
explained that particles in biomass burning‐affected air
masses have 0.1 < � < 0.4 and are only weakly size dependent
on the basis of the work by Carrico et al. [2005] and that
in the discussion paper of Rose et al. [2010], although the
aerosols could be fresher than those transported to Cape
Hedo. Petters et al. [2009a] also reported � values down to
0.02 for fresh biomass burning aerosols from laboratory
experiments, while the maximum is 0.8. Moreover, the
AMS‐derived low mass fraction of organics in Figure 5a
implies small contribution of biomass burning aerosols
although the measured composition was governed by the
particles in the larger size range. Consequently, it is rea-
sonable to infer that particles created by biomass burning
were coated with secondarily formed sulfate during their
transport, or that they made limited contribution in the
season studied. If the former is the case, then it may be a
characteristic unique to East Asia, where biomass burning and
urban/industrial sources are closely distributed. Anthropo-
genic primary particles such as soot may also have low g
values close to unity [Kuwata et al., 2007]. They were
probably coated thickly with sulfate and then transported to
Cape Hedo, as reported for aerosols in the Asian outflow
[Shiraiwa et al., 2008].

3.3. Temporal Variations in the CCN Activation
Diameter and Median Hygroscopic Growth Factors

[23] In addition to the statistical values of dact and gmedian

presented above, their temporal variations are discussed in
sections 3.4 and 3.5. Figures 8a–8c present temporal varia-
tions in dact at 0.44%, 0.25%, and 0.10% SS. The gmedian for
particles with dp,dry of 49, 71, and 125 nm (corresponding to
dact of AS aerosol at 0.44%, 0.25%, and 0.10% SS, respec-
tively) are shown as well. The dact values at 0.44% and 0.25%
SS were inversely correlated to gmedian near dact (i.e., 49 and
71 nm), indicating that the variation in the particle hygro-
scopicity closely relates to the CCN activity of the particles
near dact. At 0.10% SS, the variation in gmedian was less
pronounced, but it was negatively correlated to dact as well.
[24] The variation patterns of dact at 0.44% and 0.25% SS

were similar in the first half of the measurement period,
indicating a similar origin of the particles in the two size
ranges. The similarity of the particle origin is also suggested
by the synchronized patterns of gmedian collected during
CCN measurements at 0.44% and 0.25% SS. A large and

persistent increase in dact was apparent at 0.44% SS after 10
April, in accordance with the decrease in gmedian at 49 nm.
The increase in dact at 0.25% SS after 10 April was less
remarkable, but it was observable. The large dact of the last
data point at 0.25% SS was probably the result of pertur-
bation by a local sources, as suggested by the highly scat-
tered CCN efficiency spectrum (Figure S3). Conversely, the
decrease in dact at 0.44% and 0.25% with no decrease in
gmedian on 5 April is not explained by the influence of local
sources and could be due to the characteristics of long‐range
transported aerosols. The variation pattern of dact at 0.10%
SS differed from those at 0.44% and 0.25% SS. In fact, the
dact values at 0.10% SS were in the accumulation‐mode size
range. Therefore, the particles probably had different sources
and chemical alteration processes (e.g., cloud processes) from
Aitken‐mode particles. As discussed earlier, ammoniated
sulfate is probably persistently dominant in the accumula-

Table 2. Summary of the Hygroscopic Growth Factors g at 49,
71, and 125 nm

Mobility Dry
Diameter (nm)

gmedian
a (and Corresponding � Valueb) at 85% RH

Range Mean ± SD

49 1.19–1.47 (0.15–0.46) 1.39 ± 0.06 (0.37 ± 0.07)
71 1.26–1.52 (0.21–0.50) 1.43 ± 0.05 (0.39 ± 0.05)
125 1.35–1.57 (0.28–0.54) 1.47 ± 0.04 (0.42 ± 0.04)

aExtrapolated values are not included.
bCalculated at 300 K.

Figure 8. Time series of dact under (a) 0.44%, (b) 0.25%,
and (c) 0.10% SS (solid red circles with the scale on the left
axes) and gmedian at 49 (Figure 8a), 71 (Figure 8b), and
125 nm (Figure 8c) (open blue triangles with the scale on
the right axes). Means of measured dact and the ranges within
standard deviations for AS are represented by dashed lines
and dashed‐dotted lines, respectively. The offset and the scale
of the left and right axes are selected arbitrarily for visual
comparison of the variations in dact and gmedian. A more qual-
itative comparison based on the Köhler equation is presented
in Figure 10.
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tion‐mode size range, which results in low dact values
throughout the measurement period.

3.4. Relation of the Particle Hygroscopicity and CCN
Activity to the Air Mass Origin

[25] The observed temporal variation in CCN activation
diameters and gmedian are assessed using backward air mass
trajectories. Figure 9 depicts 5 day trajectories with line
colors representing dact at 0.44%, 0.25%, and 0.10% SS, and
gmedian at 49, 71, and 125 nm. Both the variation in dact in
the Aitken‐mode size range at 0.44% SS and gmedian at 49 nm
are closely correlated to the trajectories. When air masses
were transported from China or over the Pacific in the period
of 5 days, dact was low whereas gmedian was high, which
indicates higher CCN activity and hygroscopicity of Aitken‐
mode particles. In particular, markedly low dact values and
high gmedian were observed when air masses were transported
from central east China. By contrast, when air masses were
transported over the Korean Peninsula or Japanese archipel-
ago, higher dact with lower gmedian was observed. The relation
of dact or gmedian to the air mass trajectory was similar in the
case of dact at 0.25% and gmedian at 71 nm. By contrast, cor-
relation with the trajectories was not clear for dact at 0.10% SS
and gmedian at 125 nm (i.e., in the accumulation‐mode size
range).
[26] The higher CCN activity and hygroscopicity of Aitken‐

mode particles in air masses from central east China is
explained by the secondary formation of sulfate being asso-
ciated with large emissions of SO2. For trajectories whose
hourly positions were over central east China (approximated
here as the area of 30–40°N and 110–123°E, followingUno et
al. [2007]), for more than 12 data points (i.e., > ca. 12 h),
gmedian at 49 nm was 1.42 ± 0.03 (mean ± standard deviation,
n = 34), which corresponds to the AS‐equivalent soluble
fraction "AS of 0.71 ± 0.07 (mean ± standard deviation). The
values were markedly higher than the hygroscopic volume
fraction reported byMassling et al. [2009] for 50 nm particles
in Beijing (mean ± standard deviation: 0.49 ± 0.10 and 0.51 ±
0.07 in summer and winter, respectively). The greater soluble
fraction observed in this study suggests that particle aging of
Aitken‐mode particles during transport over central east
China and the East China Sea is significant for hygroscopic
and CCN characteristics of aerosols in the studied area.
[27] The lower CCN activity of Aitken‐mode particles in

air masses from Korea and Japan, in which SO2 has been
mostly converted to sulfate (Figure 5c), suggests a smaller
contribution of sulfur compounds to the aerosol loading in
the regions. The high CCN activity of particles in air masses
from the Pacific is explained in that the area is under the
influence of Asian continental outflow, and that long resi-
dence time engenders particle aging and accumulation and
in‐cloud formation of sulfates, which both enhance the CCN
activity of particles before they reach Cape Hedo. The con-
tribution of primarily emitted sea‐salt particles with organics
is expected to be negligible given that the number con-
centrations of Aitken‐mode particles at Cape Hedo were
much higher (Figure 6b) than the typical concentration range
of sea salts (e.g., a few hundred particles per cubic centimeter
in the Aitken‐mode size range is suggested over the North
Atlantic [O’Dowd et al., 2004]). There was no clear relation
between dact and trajectories at low SS and large dact (Figures 9c
and 9f), which is probably because the accumulation‐mode

particles are inherently influenced by cloud processing and
gas‐to‐particle formation. That is, the hygroscopicity and
CCN activity plateau, and thus, there is little room for
variation.

3.5. Estimation of CCN Activation Diameters
of Aerosols From Hygroscopic Growth Factors

[28] The relations of the critical SS sc to the values of
gmedian and dp,dry were modeled according to the core‐shell
approach (section 2.4), and the CCN activation diameters
under the studied SS conditions (0.44%, 0.25%, and 0.10%)
were computed by searching for the gmedian−dp,dry combi-
nation for which sc is equal to the studied SS condition. The
predicted activation diameters were compared with measured
dact, which is reasonable because both gmedian and measured
dact are the approximate 50th percentile values. As explained
in section 2.4, we assumed that the soluble fraction of parti-
cles is fully composed of AS or ABS because ammonium
and sulfate were abundant in the submicrometer particles
(Figure 5a) and the molar ratios of NH4

+ to SO4
2− were around

1–2 (Figure 5b). Sea‐salt or nitrate particles were not con-
sidered because of the low abundance of chloride and nitrate
detected by AMS. As explained in section 2.4, it is assumed
that the dry particles in DMA1 are spheres and that dp,dry
equals the volume‐equivalent diameter. The hygroscopicity
parameter � in Table 2, which is commonly used to predict
the CCN activity on the basis of an assumption analogous to
an ideal solution, is not applied in the present analysis. In the
core‐shell model, water uptake by water‐soluble organics in
Cape Hedo aerosols is substituted with that by AS or ABS.
This simplification implicitly assumes that the nonideality
of an organics/sulfate mixed solution is not largely different
from that of AS or ABS. This is a reasonable assumption
given that ammoniated sulfate is expected to be the dominant
soluble compound.Kreidenweis et al. [2008] reported that all
of the water uptake by AS, ABS, and AS/organics mixtures in
the range of water activity of aw < 0.99 are well represented
by parameterization using �. Although aw at the point of
CCN activation could be closer to unity (e.g., aw ∼ 0.999), the
results by Kreidenweis et al. [2008] suggest that the choice of
soluble salt in the core‐shell model and the presence/absence
of organics are not critical if AS or ABS is considered as the
solute.
[29] The relation between the predicted activation diam-

eter based on HTDMA data (dact,HTDMA) and the measured
activation diameters (dact) are shown in Figures 10a–10c. At
higher SS (e.g., 0.44%), the plots of the dact,HTDMA predicted
from gmedian with AS as the solute against the measured dact
are distributed along the 1:1 line, indicating agreement of the
model with the measurements and correlation between the
two. At 0.10% SS, positive correlation between dact and
dact,HTDMA was less clear but the modeled dact,HTDMA is close
to the range of dact. The deviation from the 1:1 line is slightly
larger under all SS conditions if ABS is assumed as the sol-
uble component. The validity of this analysis is supported
by good agreement between dact and dact,HTDMA of pure AS
particles (Figure 10).
[30] The squares of the correlation coefficients (r2) between

dact,HTDMA and dact and the ratios of dact,HTDMA to dact are
presented in Table 3. Large r2 values, particularly those
greater than 0.5, suggest that particle hygroscopicity (i.e., the
solute effect of Köhler theory) governs the variation in the
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CCN activity. High r2 values were calculated at 0.44% and
0.25% SS with AS and ABS as the solute. In this case, the
variation in the surface tension effect of Köhler theory
occurring as a result of the lowering of surface tension

attributable to organics [Facchini et al., 1999] is probably less
important in the variation of dact if the solute and surface
tension effects vary independently. Moreover, this result
excludes the possibility of the substantial variation in the

Figure 9. Five day backward air mass trajectories with colors indicating dact at (a) 0.44%, (b) 0.25%,
and (c) 0.10% SS and gmedian at (d) 49 nm, (e) 71 nm, and (f) 125 nm. The NOAA/ARL HYSPLIT Model
(http://ready.arl.noaa.gov/HYSPLIT.php) [Draxler and Hess, 1997, 1998] was used for the calculation.
The trajectories were calculated from 500 m above mean sea level over the measurement site. The time
that the air mass arrived over the site was 1 h after the start of the 3 h period of the HTDMA‐CCNC
measurements.
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overprediction of dact,HTDMA due to enhancement of bulk
hygroscopicity at high RH due to the presence of sparingly
soluble compounds [e.g., Petters et al., 2009b] or polymeric
compounds [Prenni et al., 2007]. Under 0.10% SS, the r2

values were lower, probably because of the smaller variation

in dact. In such cases, the importance of the variations in the
surface tension and the RH‐dependent bulk hygroscopicity to
the variation in dact is not ruled out. However, it is difficult to
ascertain the relative contributions of the effects because
possible measurement errors, such as the kinetic effect of
CCN counting, might contribute to the variation.
[31] The plots of dact,HTDMA versus dact close to the

1:1 line in Figure 10 further suggest that the decrease in the
surface tension attributable to organics and the enhancement
of bulk hygroscopicity at high RH due to the presence of
sparingly soluble or polymeric compounds are small, even
on a systematic basis. Here, we focus on the surface tension
effect and analyze it more quantitatively. The dotted lines in
Figure 10 show the approximated deviation from the 1:1
line if the surface tension of particles studied differ from
those assumed in the model (close to the surface tension of
pure water in the SS regime). The details of the calculations
are presented in Text S1, section S6, in the auxiliary
material. Figure 10 shows that, in the case of the model
with AS as the solute, most data points are within ± 10% of
the change in the surface tension (Ds/s). For the model
with ABS, the data points deviate more from the 1:1 line,
but they remain around the −10% contour line. Note that
dact,HTDMA based on the assumption of the surface tension of
AS or ABS solution does not change largely if the surface
tension is substituted with that of pure water (from +0.1% to
+0.7% under the three SS conditions). Possible changes in
the surface tension were further examined in a different and
more accurate approach: the surface tension in the core‐
shell model was iteratively computed so that the predicted
dact,HTDMA agrees with the measured dact. Figure 11 portrays
a histogram of the calculated changes in the surface tension.
When AS (or ABS) was assumed as the soluble fraction,
78% (78%), 81% (86%), and 100% (44%) of the samples
were within the ranges of −10% to 0% of Ds/s at 0.44%,
0.25%, and 0.10% SS, respectively. Table 3 presents the
mean and standard deviation of the calculated Ds/s values.
According to Ds/s values in Table 3, the difference in the
surface tension was expected to be ≤ 10% on average under
all SS conditions, irrespective of the soluble salt assumed.
Note that the standard deviations of the calculated Ds/s
(Table 3), which approximately represent deviation from
the 1:1 line in Figure 10, are similar for the three SS va-

Figure 10. Relation between measured (dact) and predicted
(dact,HTDMA) activation diameters under (a) 0.44%, (b)
0.25%, and (c) 0.10% SS conditions. Here, AS (squares)
or ABS (diamonds) is assumed as the soluble component
in the core‐shell model. The solid and dotted‐dashed lines
show regression lines for plots based on model salts of
AS and ABS, respectively. The solid triangles represent
the results of the same analysis for pure AS particles mea-
sured on site. Two of three gmedian values of pure AS parti-
cles at 0.10% SS are slightly greater than that expected by
the model. In these exceptional cases, hypothetical soluble
fractions above unity, which are equivalent to the addition
of solute to the deliquesced particles, are assumed to calcu-
late dact,HTDMA. The dashed line is the 1:1 line. Contours
with dotted lines show expected changes in the surface ten-
sion that match the measurement with the prediction (see
Text S1, section S6, in the auxiliary material).
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lues. Therefore, the less clear correlations between dact and
dact,HTDMA at 0.25% SS and 0.10% SS than at 0.44% SS
(Figures 10a–10c and Table 3) are mainly attributable to the
narrow range of dact, not to enhanced variation of dact,HTDMA

from the 1:1 line.
[32] The inference from Figures 10 and 11 is valid even if

other factors affecting the closure are considered. dact,HTDMA

could be overpredicted if organics in the particles engender
slower condensation of water in the HTDMA and incom-
plete growth in DMA2, although this effect might not be
significant for simple sulfate‐rich aerosols. Furthermore,
possible asphericity of dry particles, due to the presence
of soot agglomerates in particles for example, might
engender overestimation of dact,HTDMA relative to dact,
while both dact,HTDMA and dact are larger than the volume‐
equivalent diameter. This is because the asphericity of
particles under the dry condition in DMA1 may engender
overestimation of the dry particle volume and thus under-
estimation of the aerosol water content in the HTDMA data
analysis. This leads to underestimation of the quantities of
solute ions/molecules in estimating dact,HTDMA. However,
with all the biases described above, the magnitude of the
decrease in the surface tension or the enhancement of bulk
hygroscopicity at high RH due to sparingly soluble or
polymeric compounds is estimated to be even less. In
addition, regarding the particle asphericity of soot agglom-
erates, there is evidence of the compaction to a spherical
shape with condensate (H2SO4) [Zhang et al., 2008].
Although slower condensation of water in the CCN counter
due to the presence of organics possibly biases the closure
in the opposite direction, the sulfate‐rich composition may
not be preferable for insoluble organics in the particles to
enclose sulfate, which is suggested to slow the dissolution of
sulfate in the particles [Sjogren et al., 2007]. Furthermore,
the bias controlled by the water vapor concentration in the
CCN column may be small because the magnitude of the
estimated surface tension (and thereby the magnitude of
the effect of sparingly soluble or polymeric compounds)
does not depend largely on the SS condition (Figure 11).
[33] Regarding the surface tension reduction, a small

reduction was recently suggested for secondary organic
aerosol (SOA) [e.g., Duplissy et al., 2008; Wex et al., 2009].
Most data presented in Table 3 suggest that the surface
tension reduction of long‐range transported aerosols at Cape
Hedo was small, whose magnitude is, for example, similar

to that of a‐pinene oxidation products reported by Duplissy
et al. [2008] (≤10%). This inference is important to the
development of regional and global aerosol models incor-
porating the CCN activity of particles. However, the low-
ering of surface tension and also the effects of sparingly
soluble or polymeric compounds are possibly dependent
on the aerosol particle type, which needs to be investigated
in the future. For example, a more substantial decrease in
the surface tension was suggested for particles generated
from extracted humic‐like substances [e.g., Ziese et al.,
2008]. Furthermore, Prenni et al. [2007] suggested that
the hygroscopicity of laboratory‐generated SOA at high RH
is affected by water absorption of polymers, the presence of
many products with varying solubility, and partitioning of
semivolatile organics; otherwise, unrealistic surface tension
of 30 mN m−1 is required to explain the measured CCN
activity from the HTDMA data. Possible reasons for the
weakness of surface tension lowering and of the enhance-
ment of bulk hygroscopicity at high RH in the case of Cape
Hedo aerosols may include significant dilution of organics
by water retained by sulfate and degradation of surface‐
active or sparingly soluble organic compounds to highly
soluble compounds during long‐range transport. This study
suggest that, at least in the case of the aerosols whose

Figure 11. Frequency distributions of the change in the sur-
face tension estimated from the core‐shell model with AS
(solid lines) or ABS (dashed red lines) under (a) 0.44%,
(b) 0.25%, and (c) 0.10% SS conditions.

Table 3. The r2 Values Between Predicted (dact,HTDMA) and
Measured (dact) Activation Diameters, the Ratios of dact,HTDMA/dact,
and Estimated Change in Surface Tension (Ds/s) Under 0.44%,
0.25%, and 0.10% SS Conditions

SS (%) Salta r2
dact,HTDMA/dact
Mean ± SD

Ds/s (%)
Mean ± SD

0.44 AS 0.89 1.03 ± 0.04 −2 ± 5
0.44 ABS 0.87 1.06 ± 0.05 −6 ± 4
0.25 AS 0.51 (0.66b) 1.02 ± 0.04 (1.03 ± 0.03b) −2 ± 5 (−3 ± 3 b)
0.25 ABS 0.50 (0.62b) 1.09 ± 0.04 (1.08 ± 0.03b) −7 ± 4 (−8 ± 3 b)
0.10 AS 0.38 1.04 ± 0.02 −4 ± 2
0.10 ABS 0.27 1.10 ± 0.03 −10 ± 2

aAS, (NH4)2SO4; ABS, NH4HSO4.
bValues when an outlier with highest dact is omitted.
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characteristics are similar to those of Cape Hedo aerosols,
the CCN activity is predicted well without surface lowering
effects and the enhancement of bulk hygroscopicity at high
RH due to sparingly soluble or polymeric compounds.

4. Summary

[34] The CCN number fraction and the hygroscopic
growth of aerosol particles as functions of the dry particle
diameter were investigated at Cape Hedo, Japan, in spring
2008. The observed aerosols in the submicrometer size
range displayed a unique characteristic: ammoniated sulfate
was highly abundant relative to organics. The activation
diameters determined from CCN efficiency spectra recorded
at 0.44%, 0.25%, and 0.10% SS in general resembled those
of (NH4)2SO4 particles, reflecting high CCN activity. The
hygroscopic growth factors had in general unimodal dis-
tributions, and the median growth factors were high. The
unimodal growth factor distributions indicate internally
mixed conditions of the aerosols, being consistent with the
sharp increase in the CCN efficiency spectra. Changes in
both the CCN activation diameter and the hygroscopic
growth were slight in the accumulation‐mode size range,
suggesting that accumulation‐mode particles in the studied
region were persistently abundant in sulfate as a result of
secondary formation from SO2 that was emitted from East
Asian countries. On the other hand, larger variations were
found in the Aitken‐mode size range. Backward trajectories
showed that Aitken‐mode particles transported from Japan
and Korea were less hygroscopic and less CCN active than
those from central eastern China and the Pacific. This is
probably because of smaller contributions of SO2 emissions
and thereby larger contributions of the emissions/formations
of carbonaceous compounds in the regions of Japan and
Korea, and because of the large abundance of SO2 and
sufficient conversion time to sulfate in the case of aerosols
from China and the Pacific. These results revealed a gov-
erning role of sulfate in the particle hygroscopicity and CCN
activity in the region. However, a nonnegligible effect of
organics on the reduced hygroscopicity and CCN activity is
also suggested depending on the air mass origin and particle
size.
[35] To assess the role of chemical components in the

CCN activity quantitatively, we attempted closure of CCN
activation diameters using size‐segregated hygroscopic
growth factor data. The activation diameter was predicted
from median hygroscopic growth factors using a core‐shell
model, in which (NH4)2SO4 or NH4HSO4 was assumed as
the soluble component. The activation diameters modeled
with (NH4)2SO4 in general reproduce the measured activa-
tion diameters successfully. Good agreement was also found
for results modeled with NH4HSO4, although the deviation
is slightly greater. The comparison of modeled and mea-
sured activation diameters suggests that the solute (Raoult)
effect governs the variation in CCN activity, and that the
surface tension lowering effect is small. The comparison
further suggests that enhancement of bulk hygroscopicity at
high RH due to sparingly soluble or polymeric compounds
is not important. This result contrasts against those of some
previous studies addressing the importance of these effects
to the CCN activity. The difference implies that the effects
are composition dependent and that the characteristics of

Cape Hedo aerosols (e.g., sulfate‐dominated and highly
aged) influence these effects. The present results suggests
that, in the case of sulfate‐rich aerosols, CCN activity of
particles can be predicted in regional global aerosol models
without taking into account the surface lowering effect and
the bulk hygroscopicity enhancement at high RH due to
sparingly soluble or polymeric compounds.
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