
Atmos. Chem. Phys., 14, 7519–7531, 2014
www.atmos-chem-phys.net/14/7519/2014/
doi:10.5194/acp-14-7519-2014
© Author(s) 2014. CC Attribution 3.0 License.

Hygroscopic properties of newly formed ultrafine particles at an
urban site surrounded by deciduous forest (Sapporo, northern
Japan) during the summer of 2011

J. Jung1,* and K. Kawamura1

1Institute of Low Temperature Science, Hokkaido University, Sapporo 060-0819, Japan
* now at: Center for Gas Analysis, Korea Research Institute of Standards and Science, Daejeon 305–340, South Korea

Correspondence to:K. Kawamura (kawamura@lowtem.hokudai.ac.jp)

Received: 11 March 2014 – Published in Atmos. Chem. Phys. Discuss.: 25 March 2014
Revised: 23 May 2014 – Accepted: 16 June 2014 – Published: 24 July 2014

Abstract. To investigate the hygroscopic properties of ul-
trafine particles during new particle formation events, the
hygroscopic growth factors of size-segregated atmospheric
particles were measured at an urban site in Sapporo, north-
ern Japan, during the summer of 2011. The hygroscopic
growth factor at 85 % relative humidity [g(85 %)] of freshly
formed nucleation mode particles was 1.11 to 1.28 (aver-
age: 1.16± 0.06) at a dry particle diameter (Dp) centered on
20 nm, which is equivalent to 1.17 to 1.35 (1.23± 0.06) at a
dry Dp centered on 100 nm after considering the Kelvin ef-
fect. These values are comparable with those of secondary
organic aerosols, suggesting that low-volatility organic va-
pors are important to the burst of nucleation mode particles.
The equivalentg(85 %) at a dryDp of 100 nm for nucle-
ated particles that have grown to Aitken mode sizes (1.24 to
1.34; average: 1.30± 0.04) were slightly higher than those
of newly formed nucleation mode particles, suggesting that
the growth of freshly formed nucleation mode particles to
the Aitken mode size can be subjected to condensation of not
only low-volatility organic vapors, but also water-soluble in-
organic species. Based on this result, and previous measure-
ment of radiocarbon in aerosols, we suggest that the burst
of nucleation mode particles and their subsequent growth
were highly affected by biogenic organic emissions at this
measurement site, which is surrounded by deciduous forest.
Gradual increases in mode diameter after the burst of nu-
cleation mode particles were observed under southerly wind
conditions, with a dominant contribution of intermediately
hygroscopic particles. However, sharp increases in mode di-
ameter were observed when the wind direction shifted to

northwesterly or northeasterly, with a sharp increase in the
highly hygroscopic particle fraction of the Aitken mode par-
ticles, indicating that the hygroscopic growth factor of newly
formed particles is perturbed by the local winds that deliver
different air masses to the measurement site.

1 Introduction

New particle formation (NPF) in the atmosphere is an im-
portant factor governing the radiative forcing of aerosols and
cloud formation that frequently occurs globally (Kulmala et
al., 2004; Holmes, 2007; Bzdek and Johnston, 2010). Re-
cent direct size-segregated observations of the< 2 nm parti-
cle fraction showed that extremely low-volatile organic com-
pounds affect not only nuclei growth, but also participate
in the relatively early stages of NPF (Kulmala et al., 2013;
Ehn et al., 2014). Although our understanding of nucleation
and the growth of freshly nucleated particles has recently ad-
vanced (Hegg and Baker, 2009; Metzger et al., 2010; Zhang,
2010; Zhang et al., 2012), a detailed nucleation mechanism
remains ambiguous.

In a suburban area of the Yangtze River delta in China, Gao
et al. (2009) showed that sulfuric acid is important for the ini-
tiation of NPF. Yue et al. (2010) observed that the condensa-
tion and neutralization of sulfuric acid caused the growth of
freshly nucleated particles during sulfur-rich periods in urban
Beijing, China, whereas organic compounds were responsi-
ble for particle growth during sulfur-poor periods. Cheung et
al. (2011) reported that freshly nucleated particles at an urban
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Figure 1. Map showing the measurement site (red rectangle). The measurement site is located on the north campus of Hokkaido University
(43◦3′56′′ N, 141◦21′27′′ E) in the northwest of downtown Sapporo, northern Japan. Observed frequencies of local wind direction with wind
speed are also shown.

site in Brisbane, Australia, showed different growth patterns
depending on the type of air mass that arrived at the measure-
ment site. However, mechanisms for nucleation and growth
of freshly nucleated particles in an urban area surrounded by
a deciduous forest remain poorly understood.

As secondary organic aerosols (SOA) and water-soluble
inorganic ions such as (NH4)2SO4 have different hygro-
scopic properties, the hygroscopic growth factor [g(RH)]
of nucleated particles can be used to infer their chemi-
cal compositions. Ehn et al. (2007) measured theg(RH)
of freshly nucleated particles and the particle subsequently
grown to Aitken mode sizes in a boreal forest in south-
ern Finland. Based on hygroscopic growth measurements of
size-segregated atmospheric particles, they observed that the
g(RH) values of nucleated particles decreased as particle size
increases to the Aitken mode. Ristovski et al. (2010) simulta-
neously measured the hygroscopicity and volatility of freshly
nucleated particles in a eucalypt forest in Australia. They ob-
served that nucleated particles were composed of both sul-
fates and organics, with the latter exhibiting volatility and
hygroscopicity similar to the photo-oxidation products ofα-
pinene. However, the hygroscopic properties of freshly nu-
cleated particles have rarely been studied, especially in an
urban area adjacent to a deciduous forest.

Jung et al. (2013) measured particle number size distri-
butions at an urban site in Sapporo, northern Japan, using a
scanning mobility particle sizer (SMPS) during the summer
of 2011, and discussed the factors controlling the burst of
nucleation mode particles and the subsequent growth. As the

burst of nucleation mode particles is mainly caused by the
growth of nucleated clusters (< 1 nm) into a detectable size
(> 3 nm), we define particles generated by the burst of nucle-
ation mode particles during the NPF event as freshly formed
nucleation mode particles. In this study, we investigate the
hygroscopic properties of size-segregated atmospheric parti-
cles at the same urban site in northern Japan during the sum-
mer of 2011 using a hygroscopicity tandem differential mo-
bility analyzer (H-TDMA) and meteorological parameters.
The formation process of the nucleation mode particles dur-
ing an NPF event was investigated using their hygroscopic
growth factors. The subsequent growth of freshly formed nu-
cleation mode particles to the Aitken mode was also inves-
tigated using the size-segregated hygroscopic growth factor
and meteorological parameters.

2 Experimental methods

2.1 Description of the measurement site

The hygroscopic properties of ultrafine particles were con-
tinuously measured at an urban site in Sapporo between
26 July and 9 August 2011 using an H-TDMA. A map of
the measurement site is shown in Fig. 1. The concentra-
tions of total suspended particle (TSP) mass, O3, NO, and
SO2 at the Sapporo observatory near the urban site were
obtained from the Ministry of the Environment of Japan
(http://soramame.taiki.go.jp/). The times shown in this study
are the local time in Japan (LT; GMT+ 09:00).
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The city of Sapporo (population 1.9 million, area
1121 km2) is located in the western part of Hokkaido, the
northernmost main island of Japan (Fig. 1), and is sur-
rounded, except along its northwestern border, by deciduous
forest. Our measurement site was located on the north cam-
pus of Hokkaido University (43◦3′56′′ N, 141◦21′27′′ E) in
the northwest of downtown Sapporo (Aggarwal and Kawa-
mura, 2009; Kitamori et al., 2009). The campus is sur-
rounded by mainly residential areas, and the urban center is
located approximately 2 km to the south.

Aggarwal and Kawamura (2009) found that photochem-
ical aging was an important factor controlling the water-
soluble properties of organic aerosols at the same Sapporo
urban site during the spring and early summer of 2005. Agar-
wal et al. (2010) reported that most of dicarboxylic acids,
α-dicarbonyls, levoglucosan, water-soluble organic carbon
(WSOC), and inorganic ions (i.e., SO2−

4 , NH+

4 , and K+) were
abundant in fine particles (PM1.1) collected at the Sapporo
urban site during the summer of 2005. Using particle size
distributions during the summer of 2011, Jung et al. (2013)
showed that the burst of nucleation mode particles typically
started in the morning (07:00–11:30 LT) at the same urban
site, with simultaneous increases in concentrations of SO2,
O3, and the UV index under clear weather conditions.

2.2 Measurement of hygroscopic growth factors of size-
segregated ultrafine particles

The hygroscopic growth factors of size-segregated at-
mospheric particles were measured using the H-TDMA
(Mochida and Kawamura, 2004; Jung et al., 2011). The H-
TDMA system consisted of an Am241 neutralizer, two dif-
ferential mobility analyzers (DMAs; TSI, model 3081), an
aerosol humidity conditioner (Nafion tubing), and a conden-
sation particle counter (CPC; TSI, model 3010). The sam-
ple and sheath flow rates of the two DMAs were set to 0.3
and 3 L min−1, respectively. A sample inlet was installed at a
height of around 5 m above ground level. Ambient air was
drawn through a PM1.0 cyclone inlet with a flow rate of
16.7 L min−1. An aliquot (0.3 L min−1) of the sampled air
was separated and dried to a relative humidity (RH) of less
than 5 % using two diffusion dryers before being introduced
into the H-TDMA.

The dry mobility diameter selected in the first DMA was
increased every 5 min (six diameters from 20 to 120 nm,
with a 20 nm increment) over a period of 30 min. Dry mono-
dispersed particles classified in the first DMA were then hu-
midified to 85 % RH using the aerosol humidity conditioner.
The size distributions of the resulting particles were mea-
sured using the second DMA and the CPC. RH in the sheath
flow of the second DMA was maintained at 85 %. The res-
idence time of the particles between the aerosol humidity
conditioner and second DMA was roughly estimated to be
10 s. All H-TDMA experiments were conducted at sampled

air temperatures in the range 287–294 K, and with a mean of
291 K.

Theg(RH) of particles is defined as follows:

g (RH) = Dp(RH)
/
Dp(dry) , (1)

whereDp(dry) is the dry particle diameter under RH< 5 %,
and Dp(RH) is its diameter at a specific RH. Theg(RH)
of pure (NH4)2SO4 was measured as 1.56± 0.01 (n = 3)
at 85 % RH, which agrees well with theg(85 %) of 1.56
predicted using the thermodynamic aerosol inorganic model
(AIM; Clegg et al., 1998). The predictedg(RH) was calcu-
lated by considering the Kelvin effect and assuming a density
of 1.76 g cm−3 and dynamic shape factor (χ ) of unity for dry
particles.

2.3 Meteorological parameters and air mass backward
trajectory

Meteorological data (temperature, wind speed, wind direc-
tion, RH, and rainfall) for the measurement period in Sap-
poro were obtained from a station located around 2.6 km
south of our study site (43◦3′56′′ N, 141◦21′27′′ E; 17 m
above ground level) operated by the Japan Meteorological
Agency.

The average ambient temperature and RH were measured
as 23± 3◦C and 72± 11 %, respectively. Although most
measurements were carried out under clear weather con-
ditions, three rainfall events occurred on 27 July (13:00–
14:00 LT), 5 August (16:00 LT), and 6 August (16:00 LT).
The prevailing local wind directions during the urban cam-
paign varied between southeasterly and northwesterly, with
an average wind speed of 3± 2 m s−1 (range: 0–11 m s−1;
Fig. 1).

Air mass backward trajectory analysis can be used to iden-
tify the potential source regions and transport pathways of
atmospheric particles. Air mass backward trajectories that
ended at the measurement site were computed at heights of
200 and 500 m above ground level using the HYSPLIT (HY-
brid Single-Particle Lagrangian Trajectory) backward tra-
jectory analysis method (Draxler and Rolph, 2014; Rolph,
2014). All calculated backward trajectories extended back-
wards for 96 h, with a 1 h interval. Errors of up to 20 % of
the traveled distance are typical for those trajectories com-
puted from analyzed wind fields (Stohl, 1998). Thus, calcu-
lated air mass pathways indicate the general airflow pattern
rather than the exact pathway of an air mass.

3 Results and discussion

3.1 Overview of hygroscopic growth factors of
size-segregated atmospheric particles

Figure 2a shows temporal variations in the number concen-
tration of nucleation mode (7–30 nm) particles (Nnuc) and
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Figure 2. (a) Integrated number concentrations of particles from 80 to 165 nm (N80−165nm) and number concentrations of nucleation mode
(7–30 nm) particles (Nnuc) during the entire measurement period, air mass backward trajectories arriving at the urban site, and observed
frequencies of local wind direction with wind speed during the polluted periods(b) 27–29 July and(d) 6–8 August 2011, and the clean
period(c, e)30 July–5 August. White and red trajectories in(b) and(c) represent air mass trajectories arriving at heights of 200 and 500 m,
respectively, above ground level.

large Aitken to small accumulation mode (80–165 nm) par-
ticles (N80−165nm) during the period between 27 July and
8 August. ElevatedNnuc were frequently observed during
the entire measurement period. However, different temporal
evolutions were obtained forN80−165nm with peaks during
polluted periods (27–29 July and 6–8 August).N80−165nm

ranged from 240 to 1700 particles cm−3, with an aver-
age of 700± 260 particles cm−3, during the polluted peri-
ods, which was approximately two to three times higher
than the values obtained during the clean periods (range:
53–1100 particles cm−3; average: 280± 160 particles cm−3).
Similarly, TSP concentrations during the polluted period
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Figure 3. (a) Nnuc and(b–g) temporal evolutions of the number concentrations of atmospheric particles as a function of the hygroscopic
growth factor at 85 % RH [g(85 %)] at the measurement site between 27 July and 8 August 2011. Dry particle diameter (Dp) increases from
(b) 20 nm to(g) 120 nm with a 20 nm increment. Eight new particle formation (NPF) events were identified on 27 and 31 July, and 1–3, 5, 6,
and 8 August 2011, as marked by white boxes.

ranged from 9 to 80 µg m−3 (33± 16 µg m−3), which were
approximately two to three times higher than those (1–
48 µg m−3, 14± 9 µg m−3) obtained during the clean period.

Figure 2b and c shows the air mass backward trajectories
for the measurement site during the polluted and clean peri-

ods, respectively. Local wind direction and wind speed dur-
ing both periods are also shown in Fig. 2d and e, respectively.
These backward trajectories indicate that during the polluted
period air masses originated from the downwind areas of the
Asian continent (Fig. 2b), whereas during the clean period
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Figure 4.Diel variations in(a) mediang(85 %) values in the dryDp
range of 20–120 nm with a 20 nm increment andNnuc, and(b) SO2,
NO, and O3 concentrations during the NPF events.g(85 %) at dry
Dp = 20, 40, 60, and 80 nm were converted to equivalentg(85 %)
of dry Dp = 100 nm by considering the Kelvin effect. Error bars in
(b) represent standard deviations (1σ ) of SO2, NO, and O3 concen-
trations.

the air masses originated from the northwest Pacific (Fig. 2c).
Local wind direction also clearly differed during the two pe-
riods, with a dominance of northwesterly winds during the
polluted period but southeasterly winds during the clean pe-
riod. These results suggest that variations inN80−165nm are
largely affected by the inflow of different air masses.

Figure 3 showsNnuc and the number distributions of hu-
midified particles at the dryDp range of 20–120 nm as a
function of g(85 %). During the measurement period, eight
NPF events occurred on 27, 31 July, and 1–3, 5, 6, and 8 Au-
gust, as shown in Fig. 3a and marked as white boxes. An NPF
event was defined as a sharp increase in theNnuc/number
concentration of ultrafine particles (NUFP: 7–100 nm) ratios
of > 0.5 with elevatedNUFP (refer to Fig. 3 in Jung et al.,
2013). Increases in the number concentrations of humidified
particles at a dryDp of 20 nm were observed during the NPF
event periods (Fig. 3b). Increases in the number concentra-
tions of humidified particles at a dryDp of 40 nm were ob-
served after the burst of humidified particles at a dryDp of

20 nm occurred. Variations in the hygroscopicity of freshly
formed nucleation mode particles and nucleated particles that
had grown to Aitken mode sizes are discussed in Sect. 3.4.

Elevated number concentrations of humidified particles at
the dry Dp range of 80–120 nm were observed during the
periods 27–29 July and 6–8 August, whereas low number
concentrations of particles were observed between 30 July
and 5 August. Variations in the number distributions of hu-
midified particles andg(85 %) values at dryDp = 80 nm were
fairly similar to those at dryDp = 120 nm. Elevated number
concentrations of smaller particles (dryDp = 20 and 40 nm)
were observed between 30 July and 5 August due to NPF
events as shown in Fig. 3a. Increases in the number concen-
trations of larger particles (dryDp > 80 nm) were also ob-
served during the same period, but with some time delay.
This can be explained by either the condensational growth of
newly formed particles or the inflow of different air masses
due to the change in local wind direction. The hygroscopic
properties of the nucleation and Aitken mode particles dur-
ing the NPF episodes are discussed in Sect. 3.5.

3.2 Diel variations in hygroscopic growth factors of
size-segregated ultrafine particles

The g(85 %) of particles at a dryDp of < 100 nm is less
than that of equivalent larger particles (Dp > 100 nm) due to
the Kelvin effect. As most previous studies measured growth
factors of nebulized particles at a dryDp of 100 nm (e.g.,
Gysel et al., 2004; Sjogren et al., 2008; Jung et al., 2011),
theg(85 %) of particles at a dryDp of < 100 nm were con-
verted to those of equivalent larger particles assuming a dry
Dp of 100 nm. Hereafter, the converted terms are denoted
as Equiv.g(85 %) at dryDp = 100 nm. As theg(85 %) of
a dry Dp < 100 nm before correction was similar to that of
water-soluble organic aerosols, but much lower than that of
inorganic compounds such as ammonium sulfate (Table 1),
this study used theg(RH) curve of water-soluble organic
aerosols obtained by Jung et al. (2011). Thus, the conver-
sion was based on the Köhler equation using theg(RH)
curve of water-soluble organic aerosols. The surface tension
of pure water was used to correct for the Kelvin effect on
ultrafine particles. The surface tension of water mixed with
(NH4)2SO4 increases to approximately 12 % higher than that
of pure water (Lee and Hildemann, 2013), whereas that of
water mixed with organic aerosols such as HULIS (humic-
like substance) decreases by about 30 % when compared
with that of pure water (Salma et al., 2006). Using these
two extreme cases to correct for the Kelvin effect on the
g(RH) of ultrafine particles, the average Equiv.g(85 %) of
dry Dp = 20 nm (Table 1) was calculated to be 1.21 to 1.24,
whereas that of dryDp = 40 nm was 1.28 to 1.3, which is
comparable with that of dryDp = 20 nm (1.23) and 40 nm
(1.3) calculated using the surface tension of pure water. As
the uncertainty associated with the different values of surface
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Table 1.ModeDp andg(85 %) values of freshly formed nucleation mode particles and nucleated particles that grew to Aitken mode size at
the Sapporo study site.

Date Freshly formed nucleation Nucleated particles that grew
mode particles to Aitken mode size

Mode g(85 %) at dry Equiv.g(85 %) at dry ModeDp g(85 %) at dry Equiv.g(85 %) at dry
Dp (nm) Dp = 20 nm1) Dp = 100 nm2) (nm) Dp = 40 nm3) Dp = 100 nm2)

27-Jul-11 24 1.28 1.35 44 1.31 1.34
31-Jul-11 12 1.12 1.19
01-Aug-11 14 1.11 1.17 48 1.26 1.29
02-Aug-11 15 1.17 1.24
03-Aug-11 14 1.12 1.19
05-Aug-11 13 1.11 1.17
06-Aug-11 22 1.22 1.29 47 1.28 1.31
08-Aug-11 18 1.16 1.23 38 1.21 1.24
Min 12 1.11 1.17 38 1.21 1.24
Max 24 1.28 1.35 48 1.31 1.34
Average 16 1.16 1.23 44 1.27 1.30
SD 4.0 0.06 0.06 4.5 0.04 0.04

1 g(85 %) at dryDp = 20 nm represent theg(85 %) of freshly formed nucleation mode particles.
2 g(85 %) at dryDp = 20 and 40 nm were converted to Equiv.g(85 %) of dryDp = 100 nm by considering the Kelvin effect.
3 g(85 %) at dryDp = 40 nm represent theg(85 %) of the Aitken mode particles.
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Figure 5. Scatter plots ofg(85 %) versus particle number concentrations in each size bin during the NPF events.(a) Dry Dp = 20 and
40 nm.(b) Dry Dp = 60 and 80 nm.(c) Dry Dp = 100 and 120 nm. The data points are 30 min averagedg(85 %) values and particle number
concentrations from 04:00 to 08:00 LT are marked (A) in Fig. 4a and c.

tension is negligible, the surface tension of pure water was
used in this study.

Figure 4a shows the diel variations in mediang(85 %) at
the dry Dp range of 20–120 nm andNnuc during the NPF
event periods. Values ofg(85 %) at dryDp = 20, 40, 60, and
80 nm in Fig. 4a are Equiv.g(85 %) at dryDp = 100 nm. The
burst of nucleation mode particles andg(85 %) at the dry
Dp range of 20–120 nm were characterized by three phases
marked as A, B, and C in Fig. 4. A gradual increase inNnuc
and significant decrease ing(85 %) were observed between
5:00 and 8:00 LT (Phase A) when NO concentrations sig-
nificantly increased from near 0 to around 4 ppbv (Fig. 4b).

In Phase B, bothNnuc andg(85 %) values increased signif-
icantly between 08:00 and 10:30 LT, together with increases
in SO2 and O3 concentrations. In Phase C, peakNnuc and
relatively constantg(85 %) values were observed during the
period 10:30–12:00 LT, together with a continuous increase
in O3 concentrations.

The mediang(85 %) values at the dryDp range of
20–120 nm gradually decreased during the period 04:00–
08:00 LT as NO concentration increased (Fig. 4). The de-
crease ing(85 %) values, accompanied by an increase in
NO concentrations in the morning, suggests that the de-
crease ing(85 %) values during Phase A can be attributed
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Figure 6. Lognormal number distributions of humidified particles
as a function ofg(85 %) values on 5 August (16:00–17:00 LT) at dry
Dp = 100 nm, 5 August (09:00–10:00 LT) at dryDp = 20 nm, and
28 July (20:00–21:00 LT) at dryDp = 120 nm as typical examples
for less-, intermediately, and highly hygroscopic particles, respec-
tively. Vertical lines atg(85 %) values of 1.08 and 1.25 represent
threshold values between less-, intermediately, and highly hygro-
scopic fractions.g(85 %) at dryDp = 20 nm is Equiv.g(85 %) at
dry Dp = 100 nm.

to increased emissions of water-insoluble ultrafine particles,
probably from traffic. As seen in Fig. 5,g(85 %) decreases
with an increase in the number concentration of particles
in each size bin between 4:00 and 8:00 LT. Thus, water-
insoluble particles from traffic are important to the hygro-
scopic properties of particles within the dryDp range of 40–
120 nm prior to the burst of nucleation mode particles.

The g(85 %) values at dryDp = 20 nm increased asNnuc
increased during Phase B, when the burst of nucleation mode
particles occurred (Fig. 4a), suggesting that freshly formed
nucleation mode particles are enriched with water-soluble
components. Simultaneous increases in theg(85 %) values
in the dry Dp range of 40–120 nm were observed during
Phase B together with increased concentrations of O3 and
SO2. The increasedg(85 %) values can be explained by the
subsequent growth of freshly formed nucleation mode par-
ticles to the Aitken mode or by the condensation of water-
soluble inorganic species or organic vapors onto pre-existing
Aitken mode particles. Almost constantg(85 %) values were
obtained within the dryDp range of 20–120 nm whenNnuc
maximized during Phase C (Fig. 4a).

3.3 Categorization of hygroscopic properties of
ultrafine particles

As shown in Fig. 6, particle number concentrations gener-
ally exhibited unimodal or bimodal distributions as a func-
tion of g(85 %). Freshly formed nucleation mode particles
typically showed a unimodal distribution (Fig. 3b). Based
on the number distributions of humidified particles as a
function ofg(85 %), particle distributions were divided into

three categories: the less-, intermediately, and highly hygro-
scopic fractions. Particle number distributions are shown as
a function ofg(85 %) for 5 August, 16:00–17:00 LT, at dry
Dp = 100 nm; 5 August, 09:00–10:00 LT, at dryDp = 20 nm;
and 28 July, 20:00–21:00 LT, at dryDp = 120 nm, as typical
examples of the less-, intermediately and highly hygroscopic
particles, respectively (Fig. 6).g(85 %) at dryDp = 20 nm
in Fig. 6 is Equiv.g(85 %) at dryDp = 100 nm. The less-
hygroscopic mode was frequently observed when elevated
highly hygroscopic mode distributions were observed as seen
in Figs. 3 and 6. This bimodal distribution can be explained
by the mixing of locally emitted insoluble particles and
a complex mixture of long-range transported water-soluble
and water-insoluble particles within the Asian continental
outflows (Seinfeld et al., 2004). Highly hygroscopic parti-
cles within the Asian outflows are discussed in Sect. 3.6. A
g(85 %) threshold of 1.08 was used to separate the less- from
the intermediately hygroscopic fractions, while a threshold
of 1.25 was selected to distinguish between the intermedi-
ately and highly hygroscopic fractions. The number fractions
of the three hygroscopic categories were calculated using
these two threshold values. Mochida et al. (2008) used simi-
lar threshold values of 1.11 and 1.29 for the separation of the
three hygroscopic fractions.

The g(85 %) values of water-soluble inorganic ions are
generally higher than 1.5 (Jung et al., 2011). It is well known
that elemental carbon, crustal elements, and water-insoluble
organics haveg(85 %) values of approximately 1. As the
size of crustal elements is generally larger than 100 nm, the
less-hygroscopic ultrafine particles in the urban atmosphere
can be attributed to elemental carbon and water-insoluble
organic aerosols (Kuwata et al., 2007).g(85 %) values of
water-soluble organics have been measured previously and
fall within a range from around 1.1 to 2.2 (Virkkula et al.,
1999; Saathoff et al., 2003; Sjogren et al., 2008; Jung et al.,
2011). Thus, intermediately hygroscopic particles can be at-
tributed to water-soluble SOA, including a small fraction of
water-soluble primary organic aerosols. As elevated levels of
intermediately hygroscopic particles were typically observed
during the NPF events, freshly formed nucleation mode parti-
cles may contain abundant water-soluble SOA. Peak number
concentrations of highly hygroscopic particles were obtained
at ag(85 %) of about 1.4. As this value is lower than that of
water-soluble inorganic species such as ammonium sulfate,
highly hygroscopic particles can be attributed to a mixture of
secondary organic aerosols and inorganic ions.

3.4 Hygroscopic growth factors of freshly formed
nucleation mode particles during the NPF events

A mode peak diameter (ModeDp) was obtained from a
lognormal Gaussian fit of particle number size distribution
smaller than 100 nm. The ModeDp of freshly formed nu-
cleation mode particles was obtained from particle num-
ber size distributions averaged over the 1 h period from the
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Figure 7.Temporal variations in number fractions of less-, intermediately, and highly hygroscopic particles at dryDp values of(a) 20 nm and
(b) 40 nm.(c) g(85 %) values of total particles at dryDp values of 20 and 40 nm.(d) Nnuc, Aitken (30–100 nm) mode particles (NAitken),
and ModeDp during the periods 31 July–2 August and 5–6 August.(e)Temporal variations in wind direction and wind speed are also shown.
Rectangles represent northwesterly or northeasterly wind directions.

beginning of the burst of nucleation mode particles. Simi-
larly, the ModeDp of nucleated particles that had grown to
Aitken mode sizes, hereafter referred to as the Aitken mode
particles, was obtained from particle number size distribu-
tion averaged over the 1 h period before the end of a linear
growth of the ModeDp of freshly formed nucleation mode
particles (Jung et al., 2013). The ModeDp of freshly formed
nucleation mode particles ranged from 12 to 24 nm, with an
average of 16± 3 nm, whereas the ModeDp of particles af-
ter particle growth ranged from 38 to 48 nm, with an average
of 44± 5 nm (Table 1). As the average ModeDp values of
the freshly formed nucleation mode particles and the Aitken
mode particles were close to 20 and 40 nm, respectively, the
g(85 %) values at a dryDp of 20 and 40 nm were used to
investigate the hygroscopic properties of freshly formed nu-
cleation mode particles and the Aitken mode particles, re-
spectively.

As only unimodal size distributions were observed for
freshly formed nucleation mode particles (Fig. 3b) and the
Aitken mode particles (Fig. 3c), theg(85 %) values for these
two types of particles were obtained from a Gaussian fit of
the number size distributions of humidified particles at dry
a Dp of 20 and 40 nm, respectively, during nucleation burst
events. Therefore,g(85 %) values of freshly formed nucle-
ation mode particles and the Aitken mode particles were de-
noted asg(85 %)_freshandg(85 %)_Aitken, respectively. Dur-

ing the NPF periods,g(85 %)_freshranged from 1.11 to 1.28,
with an average of 1.16± 0.06, which is equivalent to the
range of 1.17 to 1.35 with an average of 1.23± 0.06 at dry
Dp = 100 nm, whereasg(85 %)_Aitken ranged from 1.21 to
1.31, with an average of 1.27± 0.04, which is equivalent to
the range of 1.24 to 1.34, with an average of 1.30± 0.04, at
dry Dp = 100 nm (Table 1).

The g(85 %) value of (NH4)2SO4 measured here using
the H-TDMA was 1.56± 0.01. Laboratory photo-oxidation
experiments show thatg(85 %) values of the SOA derived
from volatile organic compounds fall within the range 1.01–
1.16 (Virkkula et al., 1999; Saahoff et al., 2003; Varut-
bangkul et al., 2006), whereas those of the ambient SOA are
around 1.20 (Sjogren et al., 2008; Jung et al., 2011). Aver-
ageg(85 %)_fresh at the urban site in the present study were
much lower than theg(85 %) of (NH4)2SO4, whereas they
were comparable with those of previously studied secondary
SOA (Sjogren et al., 2008; Jung et al., 2011). Thus, this re-
sult indicates that organic vapors were the main contributors
to the burst of nucleation mode particles in the Sapporo at-
mosphere during the summer of 2011.

Average values of Equiv. g(85 %) Aitken at dry
Dp = 100 nm of the Aitken mode particles were slightly
higher than those of newly formed nucleation mode particles
(Table 1), suggesting that the growth of freshly formed
nucleation mode particles to the Aitken mode size can be
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subjected to condensation of not only low-volatility organic
vapors but also water-soluble inorganic species. Pavuluri et
al. (2013) measured radiocarbon in the WSOC fraction of the
aerosols collected at the same site. They found that, during
the summer of 2010, about 88 % of the WSOC consisted
of modern carbon. This indicates that a large fraction of
this WSOC had originated from biogenic emissions from
urban Sapporo and the surrounding mixed deciduous forests.
Thus, it is suggested that NPF and the subsequent growth of
the particles at the measurement site are highly affected by
biogenic organic emissions.

Ehn et al. (2007) reported the opposite trend in the hygro-
scopic properties of freshly formed nucleation mode parti-
cles in a boreal coniferous forest in southern Finland; that
is, they found that the hygroscopic growth factors of freshly
formed nucleation mode particles decreased as particles grew
to the Aitken mode. The contrast in the behavior of the hy-
groscopic properties reported here and by Ehn et al. (2007)
indicates that differences may exist in the formation mech-
anisms of the freshly nucleated particles, or in their growth
mechanisms, between the boreal coniferous forest in south-
ern Finland and the Sapporo urban site adjacent to a decidu-
ous forest in northern Japan.

3.5 Temporal variations in hygroscopic growth factors
of the newly formed particles during the NPF and
their subsequent growth periods

Figure 7 shows the temporal variations in the number frac-
tions of the less-, intermediately, and highly hygroscopic par-
ticles and Equiv.g(85 %) values of a dryDp of 20 and 40 nm
between 31 July and 2 August, and 5 and 6 August. Increased
number fractions of intermediately hygroscopic particles at
dry Dp = 20 nm were observed when the burst of nucleation
mode particles occurred (Fig. 7a, d), indicating that the hy-
groscopic property of freshly formed nucleation mode parti-
cles is intermediate. High fractions of intermediately hygro-
scopic particles were also obtained at dryDp = 40 nm, when
the burst of nucleation mode particles and the subsequent
gradual growth occurred on 31 July and 2 and 5 August un-
der southerly wind conditions. This result indicates that the
subsequent growth of freshly formed nucleation mode parti-
cles can be attributed mainly to intermediately hygroscopic
vapors.

Temporal variations in the Equiv.g(85 %) at dryDp = 20
and 40 nm, and ModeDp demonstrate that the subsequent
growth of freshly formed nucleation mode particles and their
hygroscopic properties were highly affected by the local
wind direction (Fig. 7). Under southerly wind conditions on
31 July and 5 August, gradual increases in ModeDp oc-
curred with a dominant contribution from intermediately hy-
groscopic particles. However, sharp increases in ModeDp
occurred when the wind direction shifted to northwesterly or
northeasterly on 1, 2, and 6 August, with a sharp increase
in highly hygroscopic particle fraction at dryDp = 40 nm.
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691 
Figure 8. Average number fractions of less-, intermediately, and
highly hygroscopic particles at dryDp values of 120 nm during the
polluted and clean periods. Averageg(85 %) values of particles are
also shown. Error bar represents 1σ of g(85 %) value.

Sudden changes in ModeDp and hygroscopic growth factor
imply that completely different air masses arrived at the mea-
surement site under northwesterly or northeasterly wind con-
ditions. Thus, the hygroscopic growth factor of newly formed
particles was perturbed by the local winds that delivered dif-
ferent air masses to the measurement site.

3.6 Hygroscopic properties of large Aitken and
accumulation mode particles

Figure 8 shows the average number fractions of the less-, in-
termediately, and highly hygroscopic particles to total par-
ticles at dryDp = 120 nm as a typical example of the large
Aitken to small accumulation mode particles. The number
fractions of the less-, intermediately, and highly hygroscopic
particles at dryDp = 120 nm were found to be 18± 9 %,
14± 8 %, and 69± 14 %, respectively, during the polluted
period. However, different number fractions of the three hy-
groscopic particles were obtained during the clean period of
37± 14 %, 17± 8 %, and 46± 16 %, respectively (Fig. 8).
Significantly higherg(85 %) values at dryDp = 120 nm were
obtained during the polluted periods (1.27± 0.05) than the
clean period (1.19± 0.06). The elevated number fractions of
highly hygroscopic particles and higherg(85 %) values at dry
Dp = 120 nm during the polluted period compared with the
clean period imply that air masses originating from down-
wind areas of the Asian continent contain high amounts of
highly hygroscopic Aitken to accumulation mode particles.
To better understand the hygroscopic properties of Aitken
and accumulation mode particles, size-segregated chemical
measurements will be required in a future study.

The number concentrations of less-hygroscopic particles
in the dryDp range of 20–120 nm increased during the early
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Figure 9. Diel variations in less-hygroscopic particles at dry
Dp = 100 nm, and NO concentrations during the entire measurement
periods. Error bars represent 1σ of number concentration of less-
soluble particles at dryDp = 100 nm and NO concentration.

morning and evening, with the exception of dryDp = 20 nm
(Fig. 3). Figure 9 shows diel variations in the number con-
centration of less-hygroscopic particles at dryDp = 100 nm
and also in the NO concentration. Diel variations in the num-
ber concentration of less-hygroscopic particles showed two
peaks at 07:00–08:00 LT and 19:00–20:00 LT. The NO con-
centrations showed a similar diel variation, with a major peak
at 08:00–09:00 LT and a minor peak at 18:00 LT. These re-
sults imply that less-hygroscopic particles might be directly
emitted from local anthropogenic sources such as traffic and
cooking activities.

4 Summary and conclusions

The burst of nucleation mode particles and mediang(85 %)
values in the dryDp range of 20–120 nm were character-
ized by three phases: small increases inNnuc and sharp de-
creases ing(85 %) between 05:00 and 08:00 LT; sharp in-
creases inNnuc and g(85 %) between 08:00 and 10:30 LT;
and peakNnuc and relatively constantg(85 %) between 10:30
and 12:00 LT. Small increases inNnuc and sharp decreases
in g(85 %), together with large increases in NO concentra-
tions, during the period 05:00–08:00 LT suggest that water-
insoluble particles emitted from traffic play an important role
in lowering the hygroscopicity of ultrafine particles prior to
the burst of nucleation mode particles. Sharp increases in
both Nnuc and g(85 %), accompanied by simultaneous in-
creases in SO2 and O3 concentrations, during the period
08:00–10:30 LT may indicate that freshly formed nucleation
mode particles are abundant with water-soluble components.
The equivalentg(85 %) values of freshly formed nucleation
mode particles at the urban site were 1.17–1.35 (average:
1.23± 0.06). These hygroscopic growth factors are similar

to those of secondary organic aerosols, suggesting that low-
volatility organic vapors are important to the burst of nucle-
ation mode particles.

Diel variations in the less-hygroscopic particles at our ur-
ban study site in Sapporo, Japan, during the summer of 2011
were strongly correlated with NO concentrations, suggest-
ing that less-hygroscopic particles are mainly produced from
anthropogenic sources such as traffic. Theg(85 %) values
of total particles at dryDp = 120 nm were 1.27± 0.05 when
air masses originating from downwind areas of the Asian
continent arrived over the site and were higher than those
(1.19± 0.06) brought by the marine air masses. These results
indicate that the hygroscopic properties of large Aitken and
small accumulation mode particles (80–165 nm) at our urban
study site are highly influenced by the long-range transport
of atmospheric particles from the Asian continent.

Organic vapors that are present in the urban atmosphere
are generally emitted by in situ anthropogenic and biogenic
sources, but they can also be transported into urban areas
from surrounding forests. To better understand the effects
of biogenic organic emissions on NPF and the subsequent
growth mechanism in urban Sapporo, it will be necessary to
quantify the proportions of particulate organic aerosols de-
rived from anthropogenic and biogenic sources. These pro-
portions can be determined by measuring radiocarbon and
biogenic SOA tracers in sub-µm particles (Pavuluri et al.,
2013). Further investigations of diel variations in biogenic
SOA tracers and the radiocarbon isotopic ratios of nucleated
particles will be necessary if we are to develop a better un-
derstanding of the interaction between biogenic and anthro-
pogenic emissions and their effects on NPF, and the subse-
quent growth of freshly nucleated particles.
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