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Abstract Size-resolved distributions of the hygroscopic growth factor (g) and the ratios of cloud
condensation nuclei (CCN) to condensation nuclei were observed at a forest site during summer in Japan.
The g distributions at 85% relative humidity were unimodal. During 0900–2100 Japan Standard Time
(JST) on new particle formation (NPF) event days, less hygroscopic particles (g~ 1.1) were dominant in
the Aitken-mode range and the CCN activation diameters of the aerosols were large. These results are
explained by the substantial contribution from newly formed biogenic secondary organic aerosol (BSOA).
Hygroscopicity parameter κ for newly formed Aitken particles, calculated from g and CCN activation
diameters, were 0.12 and 0.16, respectively, which were estimated to be the κ of organics. The κ values of
particles were higher during 2100–0900 JST on NPF event days, in which the aerosols were characterized by
the dominance of large and more hygroscopic particles. The number fractions of CCN that were predicted
from time- and size-resolved g at 0.23% and 0.41% supersaturations better matched the measured values
compared to the cases with the time-averaged g and/or g for the bulk composition, which suggests that the
differences in particle hygroscopicity with time and size are important to CCN activation. A cloud parcel
model indicates that the contributions from less hygroscopic particles to the number concentrations of
CCN and cloud droplets were potentially large during NPF event days, which suggests a marked contribution
from locally formed BSOA particles alongside particles from background air.

1. Introduction

Forests constitute a portion of the Earth’s ecosystem and play an important role in the atmosphere as a main
source of biogenic secondary organic aerosol (BSOA) particles, which are formed through the photochemical
oxidation of biogenic volatility organic compounds (BVOCs). The formation of BSOA from BVOCs and their
growth to cloud condensation nuclei (CCN) and cloud droplets are important for the climate [Kulmala
et al., 2004; Andreae and Rosenfeld, 2008; Pöschl et al., 2010; Martin et al., 2010]. To understand the role of
BSOA, it is important to analyze the relationship between BSOA and CCN (i.e., their contribution to CCN
number concentrations (NCCN)) as well as the temporal and spatial variations in BSOA and CCN in the atmo-
sphere. Field observations as well as laboratory experiments and modeling studies are required to achieve
this objective.

The CCN activity of aerosol particles is governed by both the particle size and the hygroscopicity, which is
regulated by the chemical composition. (Here the term “hygroscopicity” represents the solute (Raoult) effect,
and the term “CCN activity” represents the combination of the solute and surface tension (Kelvin) effects.)
Therefore, the relationship among the size, hygroscopicity, and composition is a key factor in understanding
the behavior and role of BSOA particles in forest environments. The hygroscopicity of particles under subsa-
turated conditions is investigated using a hygroscopicity tandem differential mobility analyzer (HTDMA),
which provides the hygroscopic growth factor (g) distributions of the particles. Moreover, the CCN activation
of particles, i.e., particle hygroscopic growth under supersaturated conditions is investigated using a CCN
counter (CCNC). Although the hygroscopicity and CCN activity of particles formed from BVOC precursor gases
under different conditions have been reported from laboratory experiments (e.g., g of ~1.1 and hygroscopi-
city parameter (κ) of ~0.1) [VanReken et al., 2005; Huff Hartz et al., 2005; Varutbangkul et al., 2006; Engelhart
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et al., 2008, 2011; Lang-Yona et al., 2010], the association to ambient BSOA is not necessarily warranted
because multiple precursors and oxidants should contribute to BSOA formation simultaneously, depending
on the local vegetation and inflows of anthropogenic plumes.

Based on field observations, the κ values of forest aerosol particles or their CCN-activated particles have been
determined to be 0.1–0.2 [Gunthe et al., 2009; Dusek et al., 2010; Cerully et al., 2011; Sihto et al., 2011; Levin
et al., 2014]. Because the composition of BSOA should depend on precursor BVOCs and thus the vegetation
that emits them, investigating the hygroscopicity of particles and organics in different environments is
important. The hygroscopicity and BSOA should depend on the degree of aging [Huff Hartz et al., 2005;
VanReken et al., 2005; Cerully et al., 2011], so characterizing the hygroscopicity of BSOA with information
regarding when they are formed in the atmosphere is important.

Some studies have shown that the properties of forest aerosols are strongly influenced by new particle for-
mation (NPF) events. Frequent NPF events have been observed in some forest sites, e.g., in the boreal forest
site of Hyytiӓlӓ, northern Europe. Additionally, newly formed particles contribute greatly to the increase in the
mass and number concentrations of aerosol particles (NCN) and NCCN [Tunved et al., 2006; Riipinen et al., 2011].
Sihto et al. [2011] reported that newly formed particles contributed to a 70%–110% increase in NCCN based on
atmospheric observation, compared with those during nonevent days. Previous studies based on atmo-
spheric observations have shown that particles formed by nucleation grew rapidly via the condensation of
sulfuric acid and organic vapors, which accompanied changes in particle size, particle hygroscopicity, and
CCN activity [Hämeri et al., 2001; Kulmala et al., 2001; Boy et al., 2004; Ehn et al., 2007]. Because the contribu-
tions from newly formed particles to NCCN have been estimated to be substantial on a global scale (5%–60%)
[Spracklen et al., 2008;Merikanto et al., 2009;Wang and Penner, 2009; Yu and Luo, 2009], it is important to clar-
ify the relationship between the hygroscopicity/CCN activity of aerosols and new particle formation under
different forest environments. However, field-based forest aerosol studies were not thoroughly performed
for a wide range of regions, and there have been few reports on the hygroscopicity, CCN activity, and chemi-
cal composition of aerosol particles and newly formed BSOA in Asia [Irwin et al., 2011; Miyazaki et al., 2012;
Jung et al., 2013]. To our knowledge, no reports have been published on the hygroscopicity and CCN activity
of BSOA in relation to the formation of new particles in Asian forests and their contribution to NCCN.

In this study, the g distributions at 85% relative humidity (RH) and the ratios of CCN to aerosol particles (CN)
were measured at a forest site in Wakayama, Japan, in August 2010. The variations in the size- and time-
resolved g distributions and the CCN activity of forest aerosol particles were observed using an HTDMA
and a CCNC on days with and without NPF events. The κ values of the forest aerosols were calculated from
both the HTDMA and CCNC data and compared to assess the particle hygroscopicity under subsaturated
and supersaturated conditions. Moreover, the κ values of locally formed fresh organics (κorg) were calculated
from the particle hygroscopicity and chemical composition and compared with the values in different forest
environments and from laboratory studies. The NCCN/NCN ratios were predicted based on the g distributions
and compared with the measured values to investigate the appropriateness of the estimate of CCN number
concentrations from the particle hygroscopicity under subsaturated conditions. Furthermore, NCD and the
effective radii of cloud droplets (Reff) after cloud formation were predicted using a cloud parcel model with
inputs from size-resolved g distributions. The contributions of BSOA and newly formed particles to cloud dro-
plet formation are discussed.

2. Experiment
2.1. Measurements

Atmospheric aerosols were observed from 0600 Japan Standard Time (JST) on 20 August 2010 to 0600 JST
on 30 August 2010 at the Wakayama Forest Research Station of Kyoto University (34.06°N, 135.52°E),
located at a midlatitude forest site on the Kii Peninsula, Japan. The observation site is ~500m above
sea level. The area around the site is covered by both coniferous and broadleaf tree species (e.g.,
Cryptomeria japonica and Chamaecyparis obtusa plantation, and Quercus crispula, Quercus serrata, and
Pinus densiflora communities) [Okumura, 2009]. Themean (range) air temperature, RH, and solar radiation dur-
ing the observationwere 23.1 (18.5–30.0)°C, 92.8% (62.5%–99.1%), and 0.15 (0–0.97) kWm�2, respectively. The
emissions of isoprene, monoterpenes, and sesquiterpenes from the area with these tree species were
extracted from emission studies [Tani and Kawawata, 2008; Mochizuki et al., 2011; Matsunaga et al., 2011;
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Matsunaga et al., 2013]. Ramasamy et al. [2016] reported the presence of these VOCs at the site based on the
observation during summer in a different year. They reported similar averagemixing ratios of isoprene and the
sum of 12 monoterpenes.

An HTDMA coupled to a CCN counter (CCNC, Droplet Measurement Technologies, USA) was operated in par-
allel with a scanningmobility particle sizer (SMPS, model 3080, 3081, and 3772, TSI, USA). The configuration of
the HTDMA-CCNC system and the SMPS was the same as that shown in Figure 1 of Kawana et al. [2016]. The
inlet for aerosol sampling was placed 7.5m from the ground. Atmospheric aerosol particles aspirated from
the inlet were passed through a PM1 cyclone (flow rate: 16.7 Lmin�1, URG-2000-30EHB, URG, USA). After dry-
ing using two diffusion driers filled with silica gel and a molecular sieve, the aerosol particles were introduced
to the HTDMA-CCNC system. The particles (RH< 2%) in the aerosols were classified with a specific dp,dry at
24.1–359 nm by a first differential mobility analyzer (DMA) (DMA1, model 3080, TSI, USA) in the HTDMA.
The classified aerosols were humidified by passing through Nafion tubing (model MD-110-24S-4, Perma
Pure) and introduced to a second DMA (DMA2, model 3080, 3081, TSI, USA) coupled to a condensation par-
ticle counter (CPC) (CPC1, model 3775, TSI, USA) to obtain size-resolved g distributions at ~85% RH. During
the measurements including those for calibration, the RHs at the sample-air inlet and the sheath-air inlet
of DMA2 were 85.0%± 1.4% and 85.2%±1.4%, respectively (the uncertainty of the RH sensors was
considered). The residence time of the particles in the HTDMA from the humidifier to the inlet of DMA2
was estimated to be ~12 s. The particles that were selected in DMA1 were also introduced to the CCNC
and another CPC (CPC2, model 3025A, TSI, USA) to obtain the size-resolved CCN/CN ratios. The diameter
setting of DMA1 was changed to a time resolution of 5min, and one cycle of HTDMA-CCNC measurement
for 34 sizes at 24.1–359 nm was 3 h. The ratios of the sheath to sample flow rates for the DMAs in the
HTDMA and the SMPS, and that of the CCNC were 10:1. The sample flow rates of DMA1 and DMA2 in the
HTDMA were 0.65 and 0.3 Lmin�1, respectively. The sample flow rates of CPC1, CPC2, and CCNC were 0.3,
0.3, and 0.05 Lmin�1, respectively.

2.2. Calibration and Data Processing

The details of the calibration methods for the HTDMA, CCNC, and SMPS, and the data processing procedure
were described in Kawana et al. [2016]. We provide a brief explanation of the calibration and data proces-
sing, and an explanation of the results from the calibration. The sizing performance of DMA1 in the
HTDMA and the SMPS was examined using standard polystyrene spherical latex (PSL) particles with dia-
meters of 48 ± 1, 100 ± 3, and 309 ± 9 nm (STADEX, JSR Corporation, Japan) before the observation. The
mode diameters from a lognormal fitting to the measured size distributions for the 48, 100, and 309 nm
PSL particles using DMA1 in the HTDMA were 50.7 ± 0.5, 99.0 ± 0.2, and 300.7 ± 0.7 (n= 3), respectively.
Those using the DMA in the SMPS were 50.9 ± 0.4, 100.6 ± 0.1, and 304.0 ± 0.8 (n=3), respectively. The
hygroscopic growth factor (g) is defined as the ratio of the electrical mobility diameter under a humidified
conditions (dp,wet, 85% RH) to that under dry conditions (dp,dry, RH< 2%) using the HTDMA. The size-
resolved g distributions of ammonium sulfate (purity: 99.999%, Sigma-Aldrich) were obtained at the dp,dry
of 24.1–359 nm with corrections for the difference in the sizing of DMA1 and DMA2 (<3%) and the width
of the transfer functions of the DMAs [Mochida et al., 2010; Kawana et al., 2016]. The mode g values from
a lognormal fitting to the g distributions agreed within 2% with those from the literature [Tang and
Munkelwitz, 1994]. For atmospheric particles, the hygroscopic growth factor distributions n (logdp,dry, logg),
whose integral along the logg axis equals dNCN/dlogdp,dry, were obtained for the specific dp,dry from 24.1 to
359 nm (different sets of 34 diameters for respective supersaturation (SS) values) and for 0.8 ≤g ≤ 2.2. The n
(logdp,dry, logg) data for every 3 h were obtained (n=80). The mean g for the g distributions at the respective
dp,dry, gm and average g that corresponded to the mean volume of water retained by particles, gmw, were
calculated by the following equations:

gm ¼
X

n log dp; dry; log g
� � · gX
n logdp; dry; log g
� � 0:8 ≤ g ≤ 2:2ð Þ (1)

gmw ¼
X

n log dp; dry; log g
� � · g3 � 1

� �
X

n log dp; dry; log g
� �

 !
þ 1

" #1
3

0:8 ≤ g ≤ 2:2ð Þ (2)
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Here the range of 0.8–2.2 for g was selected to calculate gm and gmw regardless of the presence/absence of
particles. The broadening of the g distributions from the shape of the DMA transfer functions was corrected
[Mochida et al., 2010]. The presence of particles with g< 1 after the correction (see section 4) suggests that
broadening remained to some extent as expected from the data processing. The bias of the g distributions
from the evaporation of volatile materials in the HTDMA was not assessed in this study. The CCN efficiency
spectra, which are functions of the number-based ratios of CCN to CN versus dp,dry (24.1–359 nm), were
obtained with corrections for the presence of multiply-charged particles under the consideration of the
diffusion losses of particles in the tubing and the width of the transfer functions of the DMAs [Mochida
et al., 2010; Kawana et al., 2016]. The fitting parameters for the CCN efficiency spectra, Fact, dact, and σ in equa-
tion (3) [Rose et al., 2008], were obtained with the method in Kawana et al. [2016].

f fit ¼ Fact
2

1þ erf
dp; dry � dact

σ
ffiffiffi
2

p
� �� �

(3)

The CCN efficiency spectra of ammonium sulfate particles were obtained to examine the supersaturation (SS)
conditions in the CCNC. The SS values were determined to be 0.12%, 0.23%, and 0.41% from the dact values of
ammonium sulfate particles. The NCN values of atmospheric aerosols in this study were from the SMPS data in
the range of 24.1 ≤ dp,dry ≤ 359 nm. The NCCN values of atmospheric aerosols were calculated from the
SMPS-derived aerosol number-size distributions and the size-resolved CCN/CN ratios (measured values
with the above mentioned multiply-charged particle correction), both of which were in the range of
24.1 ≤ dp,dry ≤ 359 nm, with interpolation.

The screenings of the SMPS, HTDMA, and CCNC data for the above analyses were performed as follows. To
reduce possible influences from local anthropogenic activities such as the use of vehicles and cooking, if
the 10min average of the SMPS-derived number concentrations showed a ≥30% increase and the next
10min average showed a ≥30% decrease, the SMPS and HTDMA data during the 10min with the ≥30%
increase and the 5min data both just before and just after these 10min were omitted. The omitted fraction
of these data from the screening was 6%. The SMPS data after the screening were used to calculate NCN and
derive the absolute values of the size-resolved g distributions. The CCN data collected under inappropriate
conditions of the CCNC were not used. Furthermore, the CCN efficiency spectra during 0300–0600 JST on
21 August and 1500–1800 JST on 22 August were discarded because the fraction of the omitted CCN data
were large (>10%). The SMPS, HTDMA, and CCNC data during 0900–1200 JST on 27 August were also omitted
because of the maintenance of the measurement system.

2.3. Derivation of the Hygroscopicity Parameter κ

Particle growth by the absorption of water vapor is explained by the Köhler equation, which describes the
water vapor saturation ratio (S) at the air-particle interface versus the droplet diameter. The Köhler equation
with a single hygroscopicity parameter κ (κ-Köhler equation [Petters and Kreidenweis, 2007]) represents the
relationship as follows:

S ¼ dp;wet
3 � dp; dry

3

dp;wet
3 � dp; dry

3 1� κð Þ exp
4σsMw

RT ρw dp;wet

� �
(4)

where σs is the surface tension, Mw is the molecular weight of water, R is the universal gas constant, T is the
absolute temperature, and ρw is the density of water. In this study, the κ values were obtained under subsa-
turated and supersaturated conditions. The κ values of particles under subsaturated water vapor conditions
(~85% RH), κHTDMA, were calculated from the size-resolved g by the following equation:

κHTDMA ¼ g3 � 1
� � exp

4σsMw
RT ρw dp; wet

� �
0:85

� 1

2
664

3
775 (5)

Similarly, representative κ values for specific mobility dry diameters were calculated by inputting gmw as g in
equation (5), which are referred to as κHTDMA,mw. The κ values under supersaturated water vapor conditions,
κCCNC, were obtained by searching the values so that the maximum of S corresponds to the SS conditions in
the CCNC (0.12%, 0.23%, and 0.41%) with the measured CCN activation diameters. When calculating κHTDMA,
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κHTDMA,mw, and κCCNC, Twere assumed to be 298 K (the mean temperature of the sheath air that exited DMA2
in the HTDMA) and 300 K (the mean temperature of the top of the CCNC column). The σs values were
assumed to be that of pure water in both calculations and were calculated by considering the temperature
dependence [Hänel, 1976].

2.4. Cloud Parcel Model

To investigate the effects of hygroscopicity and particle size on cloud droplet activation, two different
analyses were performed using a cloud parcel model with inputs from the size-resolved g distributions
(24.1 ≤ dp,dry ≤ 359 nm), which were measured every 3 h. One was a sensitivity analysis to assess the effect
of g distributions with different hygroscopicity on NCD [Kawana et al., 2014]. Moreover, the relative contribu-
tions from particles with different hygroscopicity in the size ranges of the Aitken (dp,dry ≤ 100 nm) and
accumulation (100 ≤ dp,dry ≤ 359 nm) modes to the NCD were investigated. The preparation of the inputs
from the size-resolved g distributions and calculations of NCD was described in Kawana et al. [2014]. All
particles smaller than 359 nm were converted to those with the same critical SSs but with κ values of pure
ammonium sulfate (0.61) by the adjustment of diameters, and particles larger than 359 nm, whose size
distributions were measured (<735 nm) or extrapolated (>735 nm), were assumed to have κ values of pure
ammonium sulfate without the diameter adjustment. The model used was similar to that in the work by
Kawana et al. [2014] but modified to assess the contributions from particles with different ranges of
diameter and g. The air parcel rose 150m from the cloud base (970 hPa) adiabatically with updraft velocities
(v) of 0.1, 0.5, 1.0, and 5.0m s�1, and the mean (range) maxima of the SS from individual runs (n= 80)
under these conditions were 0.17% (0.12%–0.23%), 0.39% (0.30%–0.50%), 0.57% (0.44%–0.72%), and 1.3%
(1.1%–1.7%), respectively. For the sensitivity analysis, the cloud droplet activation of particles was calculated
by including all particles with a hygroscopicity of 0.8 ≤ g ≤ 2.2 (base case) and particles in the ranges of
1.3 ≤ g ≤ 2.2 and 1.45 ≤ g ≤ 2.2.

Moreover, to assess the relative contributions from particles with different sizes and hygroscopicity to cloud
droplet formation, the contributions from the following four groups were considered: less hygroscopic par-
ticles in the Aitken-mode range (0.8 ≤ g< 1.3), less hygroscopic particles in the accumulation-mode range
(0.8 ≤ g< 1.45), more hygroscopic particles in the Aitken-mode range (1.3 ≤ g ≤ 2.2), and more hygroscopic
particles in the accumulation-mode range (1.45 ≤ g ≤ 2.2). These ranges were based on the results for the
mean g (gm) values in the Aitken- and accumulation-mode ranges, which reached ~1.3 and ~1.45 on NPF
event days (section 4.2). All aerosol particles larger than 359 nm were assigned to more hygroscopic particles
in the accumulation-mode range. The NCCN at the maximum supersaturation conditions in each model run
was also calculated by counting the particles that had lower critical supersaturation (sc) than the calculated
maximum supersaturation. The contribution of NCCN of particles with different hygroscopicity and sizes
was assessed as with NCD.

In the cloud parcel model, droplets whose radii were ≥1μm were regarded as cloud droplets. The NCD at an
altitude of 100m above the cloud base was used for the analysis in this study. Regardless of model runs, this
height was higher than the heights with maximum supersaturation. The changes in NCD with height at
~100m above the cloud base were already small (from �0.24% to �0.02%m–1).

3. Overview of the Studied Aerosols

The aerosol number-size distributions from the SMPS and the mass concentrations of aerosol components
from a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) and offline chemical analysis
during this observation have been reported elsewhere [Han et al., 2013, 2014]. Backward air mass trajectories
showed that the air masses originated from the Asian continent and urban areas in Japan on the first 6 days
(from 0600 JST, 20 August to 0600 JST, 26 August). Aerosols at the observation site were abundant with
ammonium sulfate and low-volatility OOA (LV-OOA) under the influence of the inflow of aged aerosols.
The number-size distributions had relatively large mode diameters (around 100 nm) compared with those
during the last 4 days (from 0600 JST, 26 August to 0600 JST, 30 August). The air mass trajectories showed that
clean maritime air masses that originated from the Pacific Ocean arrived at the observation site during the
last four days. Bursts of small particles (dry mobility diameter dp,dry: ~30 nm) in the daytime and their subse-
quent rapid growth were observed, indicating the formation of new particles and their growth. In the
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daytime, the fraction of semivolatile oxygenated organic aerosol (SV-OOA, with an oxygen to carbon atomic
ratio of 0) increased, suggesting the local photochemical formation of BSOA. The oxidation state as an index
of the O/C ratio of organics and f44 (the ratio of the signal intensity atm/z 44, typically from COO+, to the total
signal intensity from OA) increased from the afternoon to nighttime, suggesting the aging of the aerosols.

4. Results and Discussion
4.1. Time Series of Hygroscopic Growth Factors

The time series of the hygroscopic growth factor g of aerosol particles at 49.6 nm (in the Aitken-mode range)
and 209 nm (in the accumulation-mode range), and the mean g (gm) at these diameters is presented in
Figure 1. The statistical values of gm for the two diameters and some other diameters are summarized in
Table 1. The gm tended to be larger as the particle sizes increased. The temporal variations in the growth fac-
tor distributions at 49.6 and 209 nm (Figure 1) were similar. On NPF event days, strong diurnal variations were
observed for both sizes. During the daytime, less hygroscopic particles (g~1.1) were dominant and the gm
was low. In the evening and nighttime, more hygroscopic particles appeared and the gm increased. This ten-
dency appeared regardless of the particle size in general (Table 1). On the other hand, the diurnal variation
patterns on nonevent days were not strong at either 49.6 or 209 nm, although the smaller particles showed
weak temporal variations within a day. The diurnal variations in the gm values on nonevent and NPF event
days for five dry diameters are presented in Figure 2. On NPF event days, gm decreased markedly around
1000 JST and increased in the evening toward midnight. Although similar variations were observed on none-
vent days, the variation patterns were not very clear for large particles (209 and 300 nm). Two different time
periods (0900–2100 and 2100–0900 JST) were subjected to analysis according to the variation pattern of gm
(low in daytime and high in nighttime) in later sections.

As shown in Figure 1, the hygroscopic growth of particles was characterized by unimodal g distributions.
Unimodal distributions have been observed at some other forest sites [Hong et al., 2014], whereas multimo-
dal distributions have also been reported [Hämeri et al., 2001; Irwin et al., 2011]. A nearly hydrophobic mode,
which is observed for urban aerosols [McFiggans et al., 2006], was absent, indicating a small contribution from
locally emitted anthropogenic primary particles, i.e., particles composed of hydrocarbon-like organic aerosol
(HOA) and black carbon (BC). The changes in the unimodal g distributions were analyzed with respect to the
size-resolved distributions, as presented below.

Figure 1. Time series of the g distributions at 85% RH for particles with dp,dry of (a) 49.6 nm and (b) 209 nm. The symbols
represent the mean values of g (gm) in the range of 0.8 ≤ g ≤ 2.2.
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4.2. Two-Dimensional Hygroscopic
Growth Factor Distributions

The hygroscopic growth factor distri-
butions were analyzed for four differ-
ent time sections according to the
absence/presence of NPF events
within a day and for different periods.
These periods were determined
from the characteristics of the
size-resolved gm values (Figure 2)
and growth factor distributions
(Figure 3). The averages of the
size-resolved g distributions (dp,dry:
24.1–359 nm, 0.8 ≤ g ≤ 2.2) at 85%
RH in four time sections are pre-
sented in Figure 3. The particle
hygroscopicity tended to be low
during 0900–2100 JST and high dur-
ing 2100–0900 JST. Moreover, the
size-resolved g distributions during
0900–2100 JST showed marked dif-
ferences between nonevent and
NPF event days. Each of the g
distributions and those normalized
distributions during 1200–1500 and
0000–0300 JST over 10 days are
presented in the supporting infor-
mation (Figures S1–S4), which also
showed the same characteristics
depending on nonevent/NPF event
days and the time of day.

On NPF event days, the g distribu-
tions depended primarily on the
time sections. Temporal variation
was also evident from the averages
of the logarithmetically spaced g
probability density factions (log-
spaced g-PDF) for every 3 h
(Figure 4). During 0900–2100 JST,
large number concentrations of
less hygroscopic particles were
observed in the Aitken-mode range
(Figures 3c and 4a–4d). With these
bursts of nanoparticles, the forma-
tion of BSOA must have led to the

predominance of fresh, less oxidized, and less hygroscopic particles (g~ 1.1). The observation site during this
period was influenced by clean maritime air masses, in which the aerosol number and mass concentrations
were presumably low, which might have enhanced the contributions from the newly formed BSOA to the
particle hygroscopicity. The inflow of highly hygroscopic components in the background aerosols should
not have been a major contributor in the small size range because the mass concentrations of organics
increased in dva< 300 nm (corresponding to dp,dry <150 nm) without a marked increase in sulfate [Han
et al., 2014]. The low g values of particles in the Aitken-mode range at 24.1–102 nm (gAit: 1.15) were similar
to those of laboratory-generated BSOA (g~ 1.1) [Varutbangkul et al., 2006; Lang-Yona et al., 2010], which

Table 1. Hygroscopic Growth Factors and Hygroscopicity Parameters of
Aerosol Particlesa

Period dp,dry (nm) gm κHTDMA,mw

0900–2100 JST, nonevent days 28.9 1.23 ± 0.12 0.22 ± 0.15
49.6 1.23 ± 0.05 0.20 ± 0.05
102 1.29 ± 0.06 0.23 ± 0.06
209 1.40 ± 0.05 0.33 ± 0.06
359 1.47 ± 0.06 0.40 ± 0.07

meanb 1.30 ± 0.10 0.26 ± 0.07
Aitc 1.23 ± 0.04 0.20 ± 0.02
Accd 1.39 ± 0.06 0.33 ± 0.06

0900–2100 JST, NPF event days 28.9 1.12 ± 0.06 0.11 ± 0.07
49.6 1.14 ± 0.07 0.12 ± 0.07
102 1.21 ± 0.07 0.16 ± 0.06
209 1.35 ± 0.07 0.28 ± 0.07
359 1.36 ± 0.19 0.30 ± 0.19

meanb 1.23 ± 0.10 0.19 ± 0.08
Aitc 1.15 ± 0.04 0.12 ± 0.02
Accd 1.34 ± 0.05 0.27 ± 0.05

2100–0900 JST, nonevent days 28.9 1.27 ± 0.10 0.28 ± 0.13
49.6 1.30 ± 0.06 0.27 ± 0.07
102 1.34 ± 0.07 0.29 ± 0.08
209 1.44 ± 0.05 0.38 ± 0.06
359 1.47 ± 0.08 0.40 ± 0.08

meanb 1.36 ± 0.07 0.32 ± 0.05
Aitc 1.30 ± 0.03 0.28 ± 0.01
Accd 1.43 ± 0.04 0.37 ± 0.04

2100–0900 JST, NPF event days 28.9 1.22 ± 0.11 0.23 ± 0.02
49.6 1.28 ± 0.10 0.26 ± 0.05
102 1.40 ± 0.09 0.35 ± 0.06
209 1.52 ± 0.08 0.47 ± 0.06
359 1.52 ± 0.18 0.49 ± 0.07

meanb 1.38 ± 0.12 0.35 ± 0.11
Aitc 1.29 ± 0.06 0.27 ± 0.05
Accd 1.50 ± 0.04 0.46 ± 0.05

All periods 28.9 1.22 ± 0.11 0.22 ± 0.03
49.6 1.25 ± 0.09 0.22 ± 0.01
102 1.32 ± 0.09 0.26 ± 0.02
209 1.43 ± 0.08 0.36 ± 0.06
359 1.46 ± 0.12 0.40 ± 0.02

meanb 1.33 ± 0.10 0.29 ± 0.07
Aitc 1.25 ± 0.04 0.23 ± 0.01
Accd 1.42 ± 0.05 0.35 ± 0.05

aMean ± SD.
bMean ± SD of individual values for 16 diameters in the range of

24.1–359 nm (24.1, 28.9, 34.6, 41.4, 49.6, 59.4, 71, 85.1, 102, 122, 146,
175, 209, 250, 300, and 359 nm).

cMean ± SD of individual values for 9 diameters in the range of
24.1–102 nm among the above 16 diameters.

dMean ± SD of individual values for 7 diameters in the range of
122–359 nm among the above 16 diameters.
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suggests that the particles were
composed of newly formed BSOA
from BVOCs. This result is supported
by the results from chemical compo-
sition analysis using the AMS: the
fraction of locally generated semivo-
latile oxygenated organic aerosol
(SV-OOA) in organics was large
[Han et al., 2014]. The BSOA forma-
tion must have also influenced
the particle hygroscopicity in the
accumulation-mode range. The g of
particles in the accumulation-mode
range at 122–359 nm (gAcc: 1.34)
was lower than that on nonevent
days, presumably because the con-
densation of less hygroscopic BSOA
components decreased the g of pre-
existing particles.

During 2100–0900 JST on the NPF
event days, the distributions of g
shifted to the larger side (Figures 3d
and 4e–4h) and the mean g (gm) in
both the Aitken- and accumulation-
mode ranges were high (gAit: 1.29
and gAcc: 1.50). Possible reasons
include the aging (oxidation) of
newly formed BSOA, the formation
of water-soluble secondary organic

aerosol (SOA) in the aqueous phase under elevated RH conditions, and the inflow of highly hygroscopic com-
ponents in the background aerosols. The aging of BSOA was inferred from the increase in the O/C ratio of
organics and f44 from the AMS analysis [Han et al., 2014]. The nighttime formation of water-soluble organics
under high RH conditions has been suggested for different environments, including a forest environment
[Hennigan et al., 2008, 2009; Miyazaki et al., 2012]. Contributions from the inflow of highly hygroscopic com-
ponents in the background aerosols could not be ruled out because the mass spectral analysis suggested the
gradual replacement of BSOA with background aerosols [Han et al., 2014]. At >200 nm, high g values up to
1.8 were observed in the nighttime (Figure 4). Sulfate, which likely originated from the Pacific, was mainly
in a large diameter range (dp,dry> 150 nm) during these periods and likely led to the increase in g.

On nonevent days (Figures 3a–3b and 5), broad unimodal g distributions with intermediate hygroscopic
particles (range: 1.2–1.4) were observed. The differences in the g distributions in different time sections
were not clear. The averages of the log-spaced g-PDF for every 3 h are presented in Figure 5, which also
shows similar distributions throughout each day. The gAit and gAcc values during 0900–2100 JST were 1.23
and 1.39, respectively, whereas those during 2100–0900 JST were 1.30 and 1.43, respectively (Table 1). The
gm values during 0900–2100 JST were slightly lower than those during 2100–0900 JST, which was likely
caused by the local formation of BSOA with less hygroscopicity. More hygroscopic particles must have
been dominant in the background air from the Asian continent and Japan throughout these days, which
explains the small differences. The unimodal g distributions on nonevent days can be explained as follows.
The observation site was influenced by air masses with long-range transport, and aged particles (ammo-
nium sulfate and low-volatility OOA (LV-OOA)) were dominant [Han et al., 2013, 2014]. Therefore, internally
mixed, aged, and highly oxidized aerosols with a relatively more hygroscopic nature (g~ 1.2–1.4) were
abundant over these days and formed unimodal g distributions. Mochida et al. [2010] reported that the
g distributions in Okinawa, a remote receptor site of the Asian outflow, were characterized mostly by
unimodal distributions with highly hygroscopic particles (median g: 1.39–1.47 at 49–125 nm). In the

Figure 2. Diurnal variations of the mean g (gm) at 85% RH for particles with
dp,dry of 28.9, 49.6, 102, 209, and 300 nm during (a) nonevent days and
(b) NPF event days. The symbols represent the mean values of g (gm) in the
range of 0.8 ≤ g ≤ 2.2.
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Figure 3. Average of the two-dimensional distributions of the number concentrations of aerosol particles as a function of
the hygroscopic growth factor (g) and drymobility diameter (dp,dry) at 85% RH during (a) 0900–2100 and (b) 2100–0900 JST
on nonevent days and during (c) 0900–2100 and (d) 2100–0900 JST on NPF event days. The dashed red lines represent
the contours of ĸHTDMA at 85% RH. The gray contours show the critical SS estimated from the κ-Köhler theory [Mochida
et al., 2011].
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present study, the hygroscopicity lower than those in Okinawa were observed, which could be partially
explained by the local addition of BSOA with less hygroscopicity.

The number-size distributions and the number fractions of particles in different ranges of g are summarized
in Figure 6. During 0900–2100 JST on NPF event days (Figures 6e and 6f), large NCN and a large fraction of
less hygroscopic particles were observed, particularly in the Aitken-mode range. The fraction of more hygro-
scopic particles in this period was lower than those in the other time sections. Less hygroscopic particles
were dominant (>50%) up to 180 nm. In other time sections, the averages of the number-size distributions
and the number fractions were characterized by a large fraction of more hygroscopic particles (g ≥ 1.25),
which contrasts the results at an urban site [Kawana et al., 2016] with large NCN and a large fraction of less
hygroscopic particles (g< 1.25). During 2100–0900 JST on NPF event days (Figures 6g and 6h), the lowest
NCN and largest fraction of more hygroscopic particles were observed among four different time sections.
This characteristic was also observed even if data for 0600–0900 JST on 26 August were omitted, to precisely
assess the characteristics after the period of 0900–2100 JST (Figure S5). The large fraction of more hygro-
scopic particles might have been caused by the chemical aging of newly formed BSOA and the production
of water-soluble organics. At >200 nm, the inflow of maritime airs must have also increased the particle
hygroscopicity, as explained above. During 0900–2100 JST on nonevent days (Figures 6a and 6b), intermedi-
ate hygroscopic particles (1.1 ≤ g< 1.4) were dominant and the number concentrations of more hygroscopic
particles (g ≥ 1.4) in the large diameter range were high. During 2100–0900 JST (Figures 5c and 5d), the

Figure 4. Averages of the logarithmically spaced g probability functions (log-spaced g-PDF) at 85% RH during (a) 0900–1200, (b) 1200–1500, (c) 1500–1800, (d) 1800–
2100, (e) 2100–2400, (f) 0000–0300, (g) 0300–0600, and (h) 0600–0900 JST, on NPF event days. The solid symbols represent the mean values of g in the range
of 0.8 ≤ g ≤ 2.2 at 24.1–359 nm. The bars represent the standard deviations.
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shapes of the average number-size distributions at the respective g ranges were not greatly different from
those during 0900–2100 JST. However, the number concentration of less hygroscopic particles was on
average half that during 0900–2100 JST, and the fraction of more hygroscopic particles was, in general,
relatively large.

4.3. CCN Activity

The time series of the CCN-activated fraction (Fact) and the CCN activation diameter (dact) at 0.12%, 0.23%,
and 0.41% SS, both from the curve fitting to the CCN efficiency spectra in equation (3), are presented in
Figures 7a–7c. The Fact, dact, and CCN-activated fraction at a maximum diameter of 359 nm (Fmax) are sum-
marized in Table 2. The Fact and Fmax were on average ≥0.85, which indicates that the fractions of CCN-
inactive particles well above dact were generally small. During 0900–2100 JST on NPF event days, the fractions
of CCN-inactive particles were larger than those in other time sections regardless of the SS conditions, which
suggest the predominance of less hygroscopic organic compounds. The diurnal variations of dact on NPF
event days were large under all SSs (0.12%–0.41% SS) compared with those on nonevent days; the dact values
during 0900–2100 JST were large and those during 2100–0900 JST were small (Figures 7a–7c). The averages
of the CCN efficiency spectra and the fitted curves also suggest differences between NPF event and nonevent
days and between 0900–2100 and 2100–0900 JST (Figures 8a–8c). These results match the differences in the
g distributions for the four time sections. During 0900–2100 JST on NPF event days, small particles with low
hygroscopicity, which should have had large critical supersaturation (scrit) for activation, were dominant, in
accordance with relatively large dact. This result indicates the effect of BSOA on the CCN activity of the parti-
cles. During 2100–0900 JST, more hygroscopic large particles were dominant, in accordance with large Fact
and relatively small dact.

Figure 5. The same information as in Figure 4 but for nonevent days.
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The time series of NCN, NCCN, and the ratio of NCCN/NCN under three SS conditions are presented in Figures 7d
and 7e. On NPF event days, NCCN and NCCN/NCN increased following the afternoon in response to the burst of
NCN, which suggests that newly formed particles contributed to the increase in NCCN. The mean values of
NCCN during 0900–2100 JST were 63, 117, and 155 cm�3 at 0.12%, 0.23%, and 0.41% SS, respectively, and
those during 2100–0900 JST increased substantially (95, 202, and 360 cm�3, respectively). On nonevent days,
the mean values of NCCN at 0.12%, 0.23%, and 0.41% throughout a day were 297, 543, and 674 cm�3, respec-
tively. Although the particle bursts resulted in large NCN in the daytime and more hygroscopic and large par-
ticles were dominant in the nighttime on NPF event days, the mean values of NCCN on NPF event days were
lower than those on nonevent days. The mean NCCN/NCN values for NPF event days (or nonevent days) were
0.13 (0.29), 0.25 (0.49), and 0.36 (0.60) at 0.12%, 0.23%, and 0.41% SS, respectively.

Figure 6. Averages of (a) the number-size distributions and (b) the number fractions of aerosol particles in the ranges of
0.8 ≤ g< 1.1, 1.1 ≤ g< 1.25, 1.25 ≤ g< 1.4, and 1.4 ≤ g ≤ 2.2 during 0900–2100 JST on nonevent days. (c and d) Same
as Figures 6a and 6b but during 2100–0900 JST on nonevent days. (e and f) Same as Figures 6a and 6b but during
0900–2100 JST on NPF event days. (g and h) Same as Figures 6a and 6b but during 2100–0900 JST on NPF event days.
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Compared with the previous studies, the mean NCCN values during the observation in this study were similar
to those over a tropical rainforest in Malaysia (61–274 cm�3 at 0.11%–0.37% SS [Irwin et al., 2011]) and a forest
in California (<500 cm�3 at 0.14%–0.36% SS [Levin et al., 2012]) and higher than the mean NCCN value in a
pristine rainforest in Amazonia (35–160 cm�3 at 0.1%–0.8% SS [Gunthe et al., 2009]). Figure 9 compares the
mean values of NCCN/NCN for NPF event days and all periods from this study with those in the literature.
For all the periods, the mean values of NCCN/NCN at around 0.4% SS were not very different from those of
other forest sites [Vestin et al., 2007; Gunthe et al., 2009; Sihto et al., 2011; Levin et al., 2012] or from both

Figure 7. (a–c) Time series of the size-resolved CCN-activated fractions at dp,dry under 0.12%, 0.23%, and 0.41% SS. (d) Time
series of the number concentrations of CCN (NCCN) and CN (NCN) in the size range of 24.1–359 nm. The bars in the NCN
represent the standard deviations. (e) Time series of the ratios of NCCN to NCN under 0.12%, 0.23%, and 0.41% SS. The filled
circles with solid lines in Figures 7a–7c represent the CCN activation diameters (dact).
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clean and polluted environments [Andreae, 2009]. The mean NCCN/NCN during 0900–2100 JST on NPF event
days from this study was characterized by low values compared to those from other studies, as presented in
Figure 9.

4.4. Hygroscopicity Parameter κ of Forest Aerosols and Organics

The hygroscopicity parameter κ, which was calculated from the g distributions (κHTDMA,mw) and the CCN
activation diameters (κCCNC), is summarized in Tables 1 and 2, respectively. The κHTDMA,mw and κCCNC were
characterized by differences between NPF event and nonevent days, time sections, and differences in particle
size. On NPF event days, the mean of κHTDMA,mw for the Aitken- and accumulation-mode ranges and the
mean of κCCNC for the respective SSs showed clear diurnal variations: the values during 0900–2100 JST were
41%–58% lower than those during 2100–0900 JST. The values during 0900–2100 and 2100–0900 JST on NPF
event days were, respectively, 18%–40% lower and 0%–24% higher than those during respective periods on
nonevent days.

The κ values of organics (κorg) for newly formed particles during the daytime on NPF event days in the Aitken-
mode range was estimated by assuming that the contributions from other components (EC, chloride, and
ammoniated sulfate and nitrate) to the total particle hygroscopicity (κHTDMA,mw or κCCNC) were negligible
under the Zdanovskii-Stokes-Robinson (ZSR) mixing rule [Petters and Kreidenweis, 2007]. This assumption
was based on the chemical composition observed using the AMS and filter analysis. During the daytime
on NPF event days, themass concentrations of organics in the Aitken-mode range (vacuum aerodynamic dia-
meter of 60–150 nm, which corresponds to around 43–106 nm in volume equivalent diameter) increased
substantially, whereas those of sulfate did not markedly increase [Han et al., 2014]. The mean of κHTDMA,mw

in the Aitken-mode range and the mean of κCCNC at three SSs during 0900–2100 JST on NPF event days
were 0.12 ± 0.02 and 0.16 ± 0.06, respectively, which are regarded as the estimates of κorg at 85% RH and
under supersaturated conditions, respectively. The corresponding values of κHTDMA,mw and κCCNC during
2100–0900 JST on the event days were higher (0.27 ± 0.05 and 0.36 ± 0.10, respectively), which may have
been influenced by the aging of BSOA [Engelhart et al., 2008, 2011].

The κ values during 0900–2100 JST on NPF event days in the Aitken-mode range (κHTDMA,mw: 0.12, κCCNC:
0.16, κorg: 0.12–0.16) from this study were similar to those of forest aerosols in previous studies and
laboratory-generated BSOA (Table 3). The reported κ values of atmospheric forest aerosols, characterized

Table 2. Parameters of CCN Activation and Hygroscopicity Parameters for Aerosol Particlesa

Period SS Fact Fmax dact κCCNC

0900–2100 JST, nonevent days 0.41 0.89 ± 0.06 1.04 ± 0.22 73 ± 9 0.22 ± 0.02
0.23 0.90 ± 0.04 0.96 ± 0.11 103 ± 7 0.24 ± 0.05
0.12 0.92 ± 0.03 0.94 ± 0.11 159 ± 4 0.22 ± 0.02

Meanb 0.23 ± 0.05

2100–0900 JST, nonevent days 0.41 0.93 ± 0.06 1.11 ± 0.30 65 ± 9 0.29 ± 0.08
0.23 0.91 ± 0.04 0.94 ± 0.06 92 ± 7 0.33 ± 0.08
0.12 0.93 ± 0.05 0.99 ± 0.10 145 ± 12 0.34 ± 0.12

Meanb 0.31 ± 0.08

0900–2100 JST, NPF event days 0.41 0.88 ± 0.05 0.86 ± 0.17 84 ± 8 0.17 ± 0.03
0.23 0.96 ± 0.07 0.97 ± 0.20 118 ± 19 0.17 ± 0.08
0.12 0.89 ± 0.07 0.85 ± 0.14 171 ± 12 0.14 ± 0.04

Meanb 0.16 ± 0.06

2100–0900 JST, NPF event days 0.41 0.93 ± 0.07 1.01 ± 0.17 65 ± 14 0.33 ± 0.07
0.23 0.95 ± 0.07 0.94 ± 0.08 89 ± 10 0.39 ± 0.10
0.12 0.92 ± 0.07 1.20 ± 0.50 138 ± 11 0.33 ± 0.14

Meanb 0.36 ± 0.10

All periods 0.41 0.91 ± 0.06 1.02 ± 0.24 71 ± 11 0.26 ± 0.08
0.23 0.91 ± 0.06 0.95 ± 0.12 100 ± 15 0.28 ± 0.10
0.12 0.92 ± 0.03 1.00 ± 0.25 152 ± 15 0.25 ± 0.10

Meanb 0.27 ± 0.10

aMean ± SD.
bCalculated from individual values measured at all three supersaturations.
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by the predominance of BSOA from
HTDMA and CCNC, were slightly
hygroscopic and ranged from 0.1 to
0.2: ~0.15 in the tropical rainforest in
Amazonia [Gunthe et al., 2009], ~0.13
and ~0.18 in boreal forests [Cerully
et al., 2011; Sihto et al., 2011], and
~0.1 and ~0.13 in other forested sites
[Dusek et al., 2010; Levin et al., 2014].
Laboratory-generated BSOA had κ
values of 0.1–0.2 (0.15 from monoter-
pene and 0.12 from isoprene at 85%
RH [Engelhart et al., 2008, 2011])
and g values of 1.0–1.1 (1.06–1.10
from monoterpene and 1.01–1.04
from sesquiterpene at 85% RH
[Varutbangkul et al., 2006]).

The κ values under subsaturated and
supersaturated conditions, κHTDMA,mw

and κCCNC values, were similar, as pre-
sented in Figure 10. For this figure,
similar ranges of dp,dry were applied
(diameter ranges for κHTDMA,mw

and mean±SD of dact for κCCNC:
136–169nm and 152±15nm, 88–
109nm and 100±15nm, and 64–
85nm and 71±11nm, for κCCNC at
0.12%, 0.23%, and 0.41% SS, respec-
tively), and the mean values of
κHTDMA,mw at seven diameters were
used. The average of the ratios of
κCCNC to κHTDMA,mw was 0.99± 0.15,
which means that the difference
between κCCNC and κHTDMA,mw was
�1%±15% at three SS (n=80). The
difference in the κHTDMA,mw values
based on the measurement of
ammonium sulfate particles from
the values from the Köhler model,
which incorporated the Pitzer equa-
tion [Pitzer and Mayorga, 1973], ran-
ged from �7% to +7% for 16 sizes,
so the observed �1% difference was
not significant. On the other hand,
the relative standard deviations

(RSD) of κHTDMA,mw and κCCNC for ammonium sulfate were 3% and 4%, respectively, the combination of
which was smaller than 15%. However, this difference may not be insignificant either because the HTDMA
and CCNC measurements of atmospheric particles may be influenced by changes in aerosol properties dur-
ing data acquisition. In some studies, large differences (>30%) in HTDMA- and CCNC-derived κ values were
observed in laboratory and ambient aerosol studies, which was related to the effects of organic compounds:
the presence of sparingly soluble materials [Wex et al., 2009], surface tension reduction [Facchini et al., 1999,
2000; Kiss et al., 2005; Wex et al., 2008; Good et al., 2010], the evaporation and/or co-condensation of semivo-
latile compounds [Kristensen et al., 2012; Topping and McFiggans, 2012; Wu et al., 2013], and the dependence

Figure 8. Averages of the measured CCN efficiency spectra and the fitted
curves during 0900–2100 JST (circles) and 2100–0900 JST (squares) on
NPF event (open markers) and nonevent days (filled markers) under (a)
0.12%, (b) 0.23%, and (c) 0.41% SS. The color of each fitted curve is the same
as that of the corresponding average of the measured spectrum. The bars
represent the standard deviation.
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of the activity coefficient of water on
the concentration of the solution
[Prenni et al., 2007; Wex et al., 2009;
Good et al., 2010; Massoli et al.,
2010]. For example, κHTDMA and
κCCNC were different for urban aero-
sols (~37%), which suggests a large
contribution from organics, as men-
tioned above [Kawana et al., 2016].
The similarity between κHTDMA and
κCCNC in this study suggests that the
contribution from organics that may
have caused these differences was
small. Some studies have indicated
that the contribution from surface
tension reduction of BSOA was not
large: the decrease in the surface ten-
sion was ~10Nm�1, or the surface
tension could be assumed to be the
same as that of pure water for CCN
activation [Engelhart et al., 2008,
2011]. The small contribution from
BSOA to the surface tension might
explain the small difference between
κHTDMA and κCCNC in this study.

4.5. CCN Closure

The NCCN/NCN values were predicted based on the g of particles at 85% RH and compared with the measured
NCCN/NCN to investigate the effects of the variations in g with different time sections, particle sizes, and g
distributions on the CCN number concentrations in the studied forest environment. This closure study was
performed with the inputs of (a) an averaged single g during the entire observation, (b) time-resolved bulk

Figure 9. NCCN/NCN ratio as a function of SS in this study and those in forest
environments (1: Amazon [Vestin et al., 2007]; 2: Amazon during the wet
season [Gunthe et al., 2009]; 3: Hyytiälä [Sihto et al., 2011]; 4: Colorado
[Levin et al., 2012]) and global environments (5: clean; 6: polluted) [Andreae,
2009].

Table 3. Summary of the κ Values of Forest Aerosol Particles

κHTDMA κCCNC κorg References

– 0.12–0.20 (mean)
(0.10%–0.82% SS, 55–201 nm)

0.09–0.11 (from CCNC) Gunthe et al. [2009]

– 0.22–0.44
(0.33%–0.74% SS, <100 nm)

~0.1 (from CCNC) Dusek et al. [2010], NPF event

0.14–0.15 (mean)
(90% RH, 30–50 nm)

0.19–0.22 (mean)
(0.1%–1.8% SS, 40–80 nm)

0.12–0.14 (from HTDMA and CCNC) Cerully et al. [2011]

0.17–0.37 (range)
(90% RH, 32–258 nm)

0.05–0.37 (range)
(0.11%–0.73% SS, 45–300 nm)

– Irwin et al. [2011]

0.18 (mean)
(90% RH, 35–110 nm)

– – Sihto et al. [2011]

– 0.15–0.22 (mean)
(0.14%–0.97% SS, 40–180 nm)

0.13 (from CCNC) Levin et al. [2014]

0.12 ± 0.02 (mean)
0.03–0.37 (range)
(85% RH, 24–102 nm)

0.16 ± 0.06 (mean)
0.07–0.30 (range)

(0.12%–0.41% SS, 60–152 nm)

0.12–0.16 (from HTDMA and CCNC) This study, 0900–2100 JST, NPF event days

0.29 ± 0.07 (mean)
0.03–0.81 (range)
(85% RH, 24–359 nm)

0.27 ± 0.10 (mean)
0.07–0.48 (range)

(0.12%–0.41% SS, 60–152 nm)

– This study, all periods
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g, (c) time-averaged and size-
resolved g, (d) time- and size-
resolved g, and (e) time- and
size-resolved g distributions. The
details of the calculation method
were described in Kawana et al.
[2016]. As presented in Figure 11a,
the predicted NCCN/NCN somewhat
matched the measured values if a
single averaged g (g: 1.33, κ: 0.31)
during the observation was
applied. However, deviations from
the 1:1 line were seen and a large
overestimation of NCCN was found
at 0.41% SS. The averages of the
differences in the ratios of the pre-
dicted to the measured NCCN/NCN

values from unity at 0.12%, 0.23%,
and 0.41% SS (mean relative differ-

ences) were from +17% to +36% (Table 4). The RSD values of the ratios of the predicted to the measured
NCCN/NCN for three SSs were from 19% to 33%. A larger overestimation with a simplified g was seen for smal-
ler particles in the Aitken-mode range, which indicates that the differences in the composition and hygro-
scopicity of particles in the Aitken- and accumulation-mode ranges needed to be considered. When using
the time-resolved but size-averaged g (Figure 11b) or size-resolved but time-averaged g (Figure 11c), the
mean relative differences in the predicted NCCN/NCN from the measured and RSD values were slightly smal-
ler than those when using a single averaged g. If the size- and time-resolved g (Figure 11d) and size- and
time-resolved g distribution (Figure 11e) were applied, the mean relative differences (6%–12%) and RSD
values (6%–8%) at 0.23% and 0.41% SS were even smaller, and the degrees of overestimation at these
SSs improved compared with those in the other cases in Figures 11a–11c. However, for 0.12% SS, the
degrees of overestimation were not very different from those in Figures 11a–11c.

One possible reason for the overestimations of the mean relative differences at 0.12% SS could be the pre-
sence of sulfate. The larger overestimation and RSD values at 0.12% SS occurred regardless of the inputs from
(a) to (e). The large particles, which could activate as CCN at 0.12% SS, had a larger fraction of ammonium
sulfate than smaller particles. The hygroscopicity of ammonium sulfate under supersaturated condition
was higher than that under subsaturated condition, and the difference was large (~18% in κ value, calculated
from Petters and Kreidenweis [2007]). Another possible reason could be the uncertainty of the CCN activation
diameter. The large particles had large deviations andmay have been sensitive to the difference between the
predicted and measured activation diameters. These factors might have contributed to the overestimation at
0.12% SS.

The results indicated that the NCCN/NCN of the studied aerosols could be explained well if the variations in the
detailed size- and time-resolved g (mean relative differences: ≤21%) were considered. This conclusion is simi-
lar to that from an urban aerosol study in Nagoya [Kawana et al., 2016]. In the case of the Nagoya aerosols,
bimodal hygroscopic distributions with less and more hygroscopic particles were presented and the changes
in the relative abundances of particles in the two modes may have affected the NCCN/NCN. For aerosols in the
forest at Wakayama, the importance of the variations in the detailed size- and time-resolved g was still
suggested even though the hygroscopic growth was characterized by unimodal distributions. The
presence/absence of new particle formation strongly affected the differences in terms of the hygroscopicity
in particle size and periods and must have resulted in the importance of the size- and time-resolved g for the
CCN prediction.

4.6. Estimating Cloud Droplet Formation and Its Atmospheric Implications

The effects of the hygroscopicity and particle size on cloud droplet activation were assessed using a cloud
parcel model with inputs from size-resolved g distributions. Although the importance of the hygroscopicity

Figure 10. Scatterplot of ĸHTDMA,mw versus ĸCCNC under 0.12%, 0.23%, and
0.41% SS. The solid lines represent the regression lines, which were con-
strained through the origin. The color of each regression line is the same as
that of the markers for the corresponding data points.
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Figure 11. Predicted NCCN/NCN versus the measured NCCN/NCN when considering (a) a single representative g, (b) size-
averaged and time-resolved g, (c) time-averaged and size-resolved g, (d) size- and time-resolved g, and (e) size- and
time-resolved g distributions. The solid lines represent the regression lines, which were constrained through the origin. The
color of each regression line is the same as that of the markers for the corresponding data points.

Table 4. Ratios of the Predicted NCCN/NCN to the Measured NCCN/NCN, With Different Considerations of Particle
Hygroscopicity for the Predictiona

SS
Single

Averaged g
Time-Resolved and
Size-Averaged g

Size-Resolved and
Time-Averaged g

Size- and
Time-Resolved g

Size- and Time-Resolved
g Distributions

0.12% 1.21 (0.26) 1.21 (0.26) 1.27 (0.21) 1.27 (0.23) 1.20 (0.21)
0.23% 1.17 (0.19) 1.11 (0.10) 1.12 (0.13) 1.10 (0.07) 1.06 (0.08)
0.41% 1.36 (0.33) 1.24 (0.09) 1.14 (0.16) 1.12 (0.06) 1.07 (0.06)

aThe values in parentheses are the relative standard deviations of the ratios of the predicted NCCN/NCN to the
measured NCCN/NCN.
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of aerosols to cloud droplet formation has been discussed in several studies [Cubison et al., 2008; Anttila et al.,
2009], the importance in terms of the mixing state has been assessed in only a few studies [Anttila, 2010;
Kawana et al., 2014], and they were not conducted in forest environments. The sensitivity analysis results
for the contributions from different fractions of particles to NCD are presented in Figures 12a–12d and
Table S1 in the supporting information. Whereas the results for all the time sections showed an increasing
trend in the contributions from less hygroscopic particles (g ≤ 1.3) and from less and intermediately
hygroscopic particles (g ≤ 1.45) as v increased, the absolute values of the contributions markedly depended
on the time sections. During 0900–2100 JST on NPF event days (Figure 12c), aerosols in the absence of
particles with 0.8 ≤ g ≤ 1.3 induced a 30%–74% decrease in NCD compared to the base case (0.8 ≤ g ≤ 2.2).
The percentages of these decreases were 72%–94% in the absence of particles with 0.8 ≤ g ≤ 1.45. These
large percentages indicated the importance of less and intermediately hygroscopic particles to NCD and
suggested marked contributions from particles that contain BSOA with low hygroscopicity. In contrast,
during 2100–0900 JST on the NPF event days, the absence of particles with 0.8 ≤ g ≤ 1.3 created smaller
differences (6%–33%) in NCD. Hence, more hygroscopic particles, which may have included particles in the
background air and newly formed particles after aging, were relatively more important. For nonevent days,
the results for both 0900–2100 and 2100–0900 JST were similar to the results for 2100–0900 JST on NPF
event days. However, the fractions of NCD explained in the absence of less hygroscopic particles and both
less and intermediately hygroscopic particles during 0900–2100 JST were smaller on average than those
during 2100–0900 JST, which must have also resulted from BSOA formation during the daytime. The
effective cloud droplet radii Reff in the base case (0.8 ≤ g ≤ 2.2) were lower on average than those in the
case without less hygroscopic particles with 0.8 ≤ g ≤ 1.3 (or without less and intermediately hygroscopic
particles with 0.8 ≤ g< 1.45) by 1%–4% (or 3%–9%) at four updraft velocity conditions. The smaller cloud
droplets in the presence of particles with low hygroscopicity should have enhanced the cloud albedo and
prolonged the lifetime of the cloud droplets and influenced radiative forcing via the indirect effect.

The contributions from particles with different hygroscopicity and particle size to NCD were also assessed in
terms of their fractional contributions as presented in Figures 12e–12h and Table S2. Here the sum of the

Figure 12. Number fractions of NCD when considering particles in different ranges of g (open triangles: 1.3 ≤ g ≤ 2.2, solid circles: 1.45 ≤ g ≤ 2.2) and those in the base
case (open circles: 0.8 ≤ g ≤ 2.2) during (a) 0900–2100 and (b) 2100–0900 JST on nonevent days, and (c) 0900–2100 and (d) 2100–0900 JST on NPF event days.
Fractional contributions from particles with different ranges of hygroscopicity and particle size to the total NCD with updraft velocities (v) of (e) 0.1, (f) 0.5, (g) 1.0, and
(h) 5.0m s�1.
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number concentrations of cloud droplets from four respective groups with different diameters and hygrosco-
picity ranges was the total NCD in the base with 0.8 ≤ g ≤ 2.2. The results showed that cloud droplets mainly
formed from particles in the accumulation-mode range at a v of 0.1m s–1. As v became large, the contribu-
tions from smaller particles in the Aitken-mode range and less hygroscopic particles to NCD increased as
expected. The contrast between 0900–2100 and 2100–0900 JST on NPF event days was evident, as in the
sensitivity analysis; the contribution from less hygroscopic and smaller particles was larger during 0900–
2100 JST. In particular, the contribution from less hygroscopic particles (0.8 ≤ g ≤ 1.3) in the Aitken-mode
range to NCD averaged more than half (57%) at v values of 1.0 and 5.0m s–1, which contrasts the cases for
nonevent days and during 2100–0900 JST on NPF event days. The contributions from particles with different
sizes and hygroscopicity were also assessed based on NCCN at the maximum supersaturations calculated
using the cloud parcel model (Figure S6). The tendencies of NCCN against size and periods were similar to
those for NCD. These results indicated that the newly formed less hygroscopic particles acted as CCN and con-
tributed substantially to cloud droplet formation under a high updraft velocity.

5. Summary

The size-resolved g distributions at 85% RH and the ratios of CCN to CN at 0.12%, 0.23%, and 0.41% SS were
measured for atmospheric aerosols in a forest in Wakayama, Japan. The average size-resolved g distributions
at 85% RH had unimodal characteristics. On NPF event days, the size-resolved g distributions and the CCN
activation curves were influenced by the formation and growth of new particles and exhibited a clear diurnal
pattern. During 0900–2100 JST on NPF event days, less hygroscopic particles (g~ 1.1) appeared in the Aitken-
mode range. The g and κ values of the particles were 4%–7% and 27%–40% lower in the Aitken- and
accumulation-mode ranges compared to those on nonevent days. The results indicated that the bursts
and growth of nanoparticles with fresh, less oxidized, and less hygroscopic newly formed BSOA components
occurred, and that the condensation of BSOA components decreased the hygroscopicity of preexisting
particles. The g of the particles increased from daytime to nighttime regardless of the particle size. Possible
reasons include the aging of particles by oxidation, the production of water-soluble SOA in the aqueous
phase, and the inflow of highly hygroscopic components in background aerosols. The dact and NCCN also
changed in accordance with the appearance of smaller, less hygroscopic particles during 0900–2100 JST
and larger, more hygroscopic particles during 2100–0900 JST; the dact decreased and NCCN increased as
the g and κ increased. In contrast, during days without evident NPF events, the g distributions showed similar
distributions throughout each day, and the differences with period and particle size were not clear.
Monotonous g distributions with more hygroscopic particles suggested that the aerosols were internally
mixed, highly oxidized, and aged. The diurnal variations in dact and NCCN were not clear.

The κ values of aerosol particles under subsaturated water vapor conditions (κHTDMA,mw) and those under
supersaturated conditions (κCCNC) agreed within 15% on average. This small difference suggests that the
effects of organics or less hygroscopic particles, i.e., surface tension reduction and the enhancement of the
solute effect, were small. The mean values of κHTDMA and κCCNC for particles in the Aitken-mode range during
0900–2100 JST on NPF event days were 0.12 and 0.16, respectively, and the κorg from κHTDMA,mw and κCCNC
was estimated to be 0.12–0.16. Themean values of κHTDMA,mw and κCCNC during 2100–0900 JST on event days
were higher (0.27 and 0.36, respectively). In the CCN closure, the predicted NCCN/NCN values closely matched
the measured values if the time- and size-resolved g distributions were applied, which suggests that the dif-
ferences in g in the particle size and time sections were important to predict NCCN. The assessment of CCN
activation and cloud droplet formation showed that less and intermediately hygroscopic particles, which
were presumably formed under the strong influence of locally formed BSOA, contributed greatly to NCCN

and NCD when v was large. During the nighttime, the more hygroscopic particles in the background air
also contributed.

The results from this study provide evidence for the formation of BSOA-rich particles in the Aitken-mode
range with respect to particle hygroscopicity and their growth. Moreover, clear diurnal patterns of the hygro-
scopic growth of newly formed particles in association with the growth of newly formed particles were
detected based on the size-resolved g distributions, and the contributions from the newly formed particles
to CCN and cloud droplet number concentrations were discussed for the first time based on an observation
at a forest site in Asia. The hygroscopicity parameters of the aerosol particles and newly formed BSOA
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particles in this Asian forest were obtained under subsaturated and supersaturated water vapor conditions,
which should serve as a clue to understanding the properties of biogenic aerosols in different environments
and their effects on the climate.
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