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< New aerosol particle formation was observed over a mid-latitude forest in Japan.
< The property of the aerosol during new particle formation is characterized.
< The significance of new particle formation is discussed.
a r t i c l e i n f o

Article history:
Received 22 March 2012
Received in revised form
13 September 2012
Accepted 16 September 2012

Keywords:
New particle formation
Formation rate
Growth rate
Maritime air mass
Biogenic aerosol
* Corresponding author. Department of Earth a
Graduate School of Environmental Studies, Nagoya U
ku, Nagoya 464-8601, Japan. Tel.: þ81 052 788 6157.

E-mail address: mochida@iar.nagoya-u.ac.jp (M. M
1 Present address: Institute of Nature and Environm

University, Ishikawa 920-1192, Japan.

1352-2310/$ e see front matter � 2012 Elsevier Ltd.
http://dx.doi.org/10.1016/j.atmosenv.2012.09.036
a b s t r a c t

The number size distributions of aerosol particles were measured using a scanning mobility particle sizer
(SMPS) at a mid-latitude forest in Japan during 20e30 August 2010. Four days during the observation
period experienced new particle formation (NPF) under the conditions of low condensation and coag-
ulation sinks. The formation rate of new particles was calculated to be in the range between 0.2 and
1.0 cm�3 s�1 for the NPF events. The growth rates of the newly formed mode of aerosol particles ranged
between 5.0 and 15.7 nm h�1. The backward air mass trajectories revealed that the NPF occurred in clean
maritime air masses originated from the North Pacific, which is characterized with the low mass
concentrations of aerosol components. The results from the classification analysis of backward air mass
trajectories indicate that the maritime air mass conditions are frequent at this forest site and are
primarily in summer season. Large increases in the number concentrations of accumulation mode
particles (above 90 nm) were followed by the increased precipitation rates in the afternoon hours on the
NPF event days. Therefore, the newly-formed particles would be involved in the convective cloud
formation and precipitation over the studied region.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Formation and growth of atmospheric aerosol particles have
been observed in various environments, including urban, coastal,
rural/remote, and forest areas, high mountains, and South Pole
(Holmes, 2007; Kulmala et al., 2004). The newly-formed particles
can grow up to large particles that might act as cloud condensation
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nuclei (CCN), which in turn modify the cloud droplet properties,
and thus affect the climate (e.g., Spracklen et al., 2008). Modeling
studies have pointed out the significance of aerosol nucleation to
the total particle number concentrations, CCN concentrations, and
aerosol indirect effects (e.g., Merikanto et al., 2009; Wang and
Penner, 2009). Merikanto et al. (2009) estimated that secondary
aerosols derived from nucleation globally contribute 45% of low-
level cloud CCN at 0.2% supersaturation. Observations have
shown that the formation rate of 3 nm particles is often in the range
of 0.01e10 cm3 s�1 in the boundary layer, and the typical growth
rates are in the range of 1e20 nm h�1 in mid-latitudes depending
on temperature and availability of condensable vapors (Kulmala
et al., 2004).
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The high natural aerosol loading over European boreal forests
indicates that forest is a major source of climatically active aerosol
particles (Tunved et al., 2006). Forest vegetation emits a large
amount of volatile organic compounds (VOCs) to the atmosphere,
whose oxidation products would contribute to both the mass and
number concentrations of aerosol particles (O’Dowd et al., 2002).
Observation of particle number size distributions and new particle
formation (NPF) events has been extensively carried out over the
boreal forests for a long time (Dal Maso et al., 2005, 2008).
However, the NPF events as well as the physical and chemical
properties of aerosol particles are rarely characterized at the mid-
latitude forest. According to the review made by Kulmala et al.
(2004), the observation of NPF has been mostly concentrated in
Europe, especially Scandinavian countries, and North America. In
recent years, NPF events have been observed at some urban (e.g.,
Yue et al., 2010) and rural/remote (e.g., Liu et al., 2008; Nishita et al.,
2008) sites in the East Asia, but there is only one recent report
(Miyazaki et al., in press) on the observation of NPF events in the
East Asian forest atmosphere so far to our knowledge.

This study is motivated by the scarcity of information on the
aerosol particle formation and transformation, as well as their
magnitude to total aerosol production in the forest areas of the
Asian region. Herein, we reported the aerosol loadings and char-
acteristics of NPF events observed at a mid-latitudinal forest site of
Japan in the summer 2010 from an intensive measurement
campaign. The aerosol dynamic parameters (the condensation sink,
the coagulation sink, the formation rate, and the growth rate) are
presented to characterize the aerosol properties during the NPF
events. The favorable conditions for the occurrence of NPF events at
this forest site are described. Furthermore, the potential signifi-
cance and influence of the observed NPF over the studied forest
area are discussed in view of their connection to the air mass
conditions and the increased precipitation rates.

2. Materials and methods

2.1. Measurement site

A field measurement of atmospheric aerosol particles was per-
formed during 20e30 August 2010 at the administration office site
of Wakayama Forest Research Station (WFRS), Kyoto University,
Japan (34.07�N, 135.52�E, around 750 m above sea level). As shown
in Fig.1a, thismid-latitude forest site is located in the central part of
Kii Peninsula (a part of Kinki region in Japan) and facing the North
Pacific. The plantation of Cryptomeria japonica (or Japanese cedar)
and Chamaecyparis obtusa (or Japanese cypress) covers a wide area
Fig. 1. (a) A map (from Google Earth) showing the location of WFRS in Kii Peninsula, Japan
measurement site. The solid and dashed lines in (b) show the air mass trajectories on non
of Kii Peninsula that serves as the biogenic VOC emitters according
to Okumura (2009), which is based on the Vegetation Survey,
National 5th Survey on the Natural Environment by the Japanese
Environment Agency. Osaka is the nearest megacity, which is
located about 70 km to the north of the measurement site. The
North Pacific is about 60 km to the southeast of the site.

2.2. Aerosol measurement

An aerosol inlet line was placed at 7.5 m above ground level near
the building in which the instruments for aerosol measurement
were operated. A PM1 cyclone (flow rate: 16.7 L min�1) was
installed in the sampling line to remove coarse particles. Down-
stream of the PM1 cyclone, the sampling line was split into two
branches. A scanning mobility particle sizer (SMPS) system, whose
datawere used for this study, was connected to one of the branches.
Note that a high-resolution time-of-flight aerosol mass spectrom-
eter (HR-ToF-AMS) was connected to the same branch, and that
a hygroscopicity tandem differential mobility analyzer (HTDMA)
coupled to a cloud condensation nuclei counter (CCNC) and
a condensation particle counter (CPC) was connected to the other
branch. Results from thesemeasurements (Han et al., manuscript in
preparation; Kawana et al., unpublished results) are not presented
herein.

Number size distributions of aerosol particles (14e710 nm in
mobility diameter, dm) were measured using the SMPS system at
intervals of 5 min. The SMPS system, which consists of a differential
mobility analyzer (DMA, model 3081, TSI Inc.) and a condensation
particle counter (CPC, model 3772, TSI Inc.), were operated in the
sample and sheath flow rates of 0.3 and 3 L min�1, respectively. The
inlet flow rate of the CPC was 1 L min�1, which was established by
adding dried air flow of 0.7 L min�1. The diffusion losses of particles
were corrected for the SMPS system (Birmili et al., 1997; Reineking
and Porstendörfer, 1986) and the aerosol sampling line (Soderholm,
1979). The screening of the SMPS data and their validation by
comparisonwith the data from other instruments are given in S1 of
the Supplementary material.

A high-volume air sampler (model 120B, Kimoto Electric Co.
Ltd.) with a cascade impactor (50% cut-off diameter of 0.95 mm, TE-
230, Tisch Environmental Inc.) was placed on the ground to collect
ambient PM0.95 (particle with an aerodynamic diameter
�0.95 mm) samples on quartz fiber filters (8� 10 inches) every two
days during the studied period. The ionic species (Naþ, NH4

þ, Kþ,
Ca2þ, Mg2þ, MSA�, Cl�, NO2

�, NO3
�, PO4

3�, and SO4
2�) on aerosol

samples were determined using an ion chromatograph (model
761, Metrohm). Organic carbon (OC) and elemental carbon (EC)
. (b) Backward trajectories of air masses arrived at 500, 1000, and 1500 m agl over the
-event (20e25 Aug 2010) and NPF event (26e29 Aug 2010) days, respectively.
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were measured using a thermal/optical carbon aerosol analyzer
(Sunset Laboratory Inc.) based on the protocol of Interagency
Monitoring of Protected Visual Environments (IMPROVE). The
detection limits (or limits of quantification) of ionic species, OC,
and EC, defined as three (or ten) times the standard deviation of
field blanks, were 0.23 mg m�3 (or 0.76 mg m�3) for OC and 0.6e
13 ng m�3 (or 2e42 ng m�3) for other components.
2.3. Calculation of formation rate, growth rate, condensation sink,
and coagulation sink

The particle formation rate (FR) was calculated from the flux of
new particles into the observed nucleation mode size range
(defined herein as 14e30 nm) by assuming a constant particle
source that is active during the time period, according to the
method given by Dal Maso et al. (2005). Note that the formation
rates we calculated have some uncertainty associated with the
diffusion loss correction (Section 2.2). The growth rate (GR) of new
particles was obtained from the first-order polynomial fitting of the
geometric mean diameters (dgm) of the nucleationmode during the
particle bursts. The dgm of the nucleation, Aitken, and accumulation
modes were computed using a revised automatic fitting algorithm
(DO-FIT, developed at the University of Helsinki) to perform multi-
lognormal fit of the SMPS-derived particle number size distribu-
tions (Hussein et al., 2005).

The condensation sink (CS), which describes the rate of loss of
gaseous molecules by condensation, was calculated from particle
number size distributions (Kulmala et al., 2001). Although CS
depends on the diffusion coefficient (Dv) of different condensable
vapors, the Dv of sulfuric acid vapor (0.077 cm2 s�1) was used for
the calculation. The concentration of condensable vapors and their
source rates were estimated using the calculated GR and CS
assuming the steady state condition (Kulmala et al., 2001, 2005).

The coagulation sink (CoagS) for 1 nm particles, which repre-
sents the removal of 1 nm particles (assumed to be equivalent to
freshly nucleated particles) through the coagulation, was calculated
according to Kulmala et al. (2001) and Seinfeld and Pandis (2006).
Herein, the CoagS of 1 nm particles resulted from the coagulation
with 14e710 nm particles were calculated. Although the particle
number size distributions would vary both horizontally and verti-
cally around the studied forest area, the discussion of CS and CoagS
Fig. 2. NPF events from 26 to 29 August 2010: time series of (a) size-resolved particle numb
particles, and (c) temperature (T), relative humidity (RH), and solar radiation (SR). The white
SMPS data from 0900 to 1200 LT of 27 August is due to instrumental maintenance. The
Education and Research Center, Kyoto University.
are based on the assumption that the SMPS-derived size distribu-
tions roughly represent the size distributions throughout the area.

2.4. Meteorological conditions, air mass trajectories, and
precipitation rates

The meteorological data (Kyoto University, 2012a, 2012b) were
provided by Field Science Education and Research Center, Kyoto
University. Backward air mass trajectories were computed using
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYS-
PLIT4) Model (Draxler and Rolph, 2003) (Fig. 1b). The backward
trajectory analysis (start time: 0900 LT of each day, where LT means
local time) was performed for the ten observation days in the
duration of 240 h at the height of 500, 1000, and 1500 m above
ground level (agl). Daily backward trajectories (start time: 0900 LT,
height: 500 m agl, duration: 240 h) were also computed for the five
years of 2006e2010 to estimate the air mass types in the period. If
�120 points of one trajectory (in all 241 points, one point represent
one hour) located in the North Pacific area (as shown in Fig. S1 of
supplementary material), we considered that the day was under
a maritime air mass condition; otherwise, the day was considered
under a continental air mass condition. Further, the diel profiles of
average and maximum precipitation rates around WFRS area
(defined herein as 135.4e136.0�N, 33.9e34.2�E) were calculated for
the days on maritime air mass conditions in the August of 2006e
2010. The precipitation rates were obtained from the Radar-
Raingauge Analyzed Precipitation data; the average and the
maximum are for the data points in the defined domain.

3. Results and discussion

3.1. Aerosol characteristics during new particle formation events

During the ten-day measurement campaign we observed four
events of NPF (from 0600 LT 26 to 0600 LT 30 August 2010). All
these events started a couple of hours before noon with strong
bursts of sub-30 nm particles, which were followed by a subse-
quent growth between 6 and 20 h. Fig. 2 presents the particle
number size distributions and total particle number concentrations
in three different size ranges (<30 nm, 30e90 nm, and >90 nm) as
well as the meteorological conditions on the NPF event days (see
er concentrations, (b) total number concentrations of <30 nm, 30e90 nm, and >90 nm
solid line in (a) represents the particle mode diameter for every 30 min. The absence of
meteorological data (Kyoto University, 2012a, 2012b) were provided by Field Science
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Fig. S2 of the supplementary material for the entire studied period).
The bursts of particles typically started between 0900 and 1200 LT
in the morning. The third NPF event, which was observed on 28
August, experienced a second burst of NPF in the afternoon hours
(1400e1600 LT).

The maximum total number concentration of particles in dm of
14e710 nm observed during these NPF event days was as high as
1.1 � 104 cm�3, which appeared in the early stage of the NPF
events, as shown in Fig. 3a. The total particle number concentra-
tions before the start of the events (0600e0900 LT) on NPF event
days were on average w270 cm�3, which is substantially lower
than those on non-event days from 0600 LT 20 to 0600 LT 26
August (w1100 cm�3). However, the mean value of the total
particle number concentrations on NPF event days (1600 cm�3)
was still higher than that of non-event days (1100 cm�3).

The aerosol surface-area concentration, CS of condensable
vapors, and CoagS of 1 nm particles in the entire studied period
were calculated (the time series are given in Fig. S2 of the
supplementary material). The surface-area concentration of pre-
existing particles on NPF event days (on average 13 mm2 cm�3)
was low from themidnight until the bursts of new particles (0000e
0900 LT on 26, 28, and 29 August), which was about 14% of that on
non-event days (on average 89 mm2 cm�3).

The temporal variations of CS and CoagS were similar to the
variation of the particle surface-area concentration. Fig. 3b and c
shows the diurnal patterns of CS and CoagS on NPF event days and
the mean � standard deviation of those on non-event days. The
mean CS of condensable vapors (or CoagS for 1 nm particles) right
before the bursts of new particles (0600e0900 LT) on event days
was 6.2 � 10�4 s�1 (or 3.0 � 10�4 s�1), which was about five times
lower than that of non-event days at the same time periods, i.e.,
3.9 � 10�3 s�1 (or 1.9 � 10�3 s�1). The occurrence of NPF under the
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Fig. 3. Diurnal patterns of (a) total particle number concentrations (14e710 nm), (b)
condensation sink (CS), and (c) coagulation sink (CoagS) on NPF event days. For
comparison, the mean values and standard deviations of those on non-event days are
shown with the gray solid lines and gray areas, respectively.
low CS condition is similar to that reported from some other forest
sites, as listed in Table 1. The condition of high CS and CoagSmay be
one of the factors that suppress NPF on non-event days in this forest
environment.

3.2. Quantification of the formation and growth rates of the newly-
formed particles

The calculated FRs of new particles were, respectively, 1.0, 0.4,
and 0.2 cm�3 s�1 for the NPF events on 26, 28, and 29 August, with
an average of 0.5 cm�3 s�1. The formation rates during the rest of
the bursts were not presented because the increasing trends of the
number concentrations of nucleationmode particles were not clear.
Fig. 4 presents the temporal evolution of nucleation mode particles
(14 < dgm < 30 nm) during the NPF events. The GRs calculated
based on the fittings described in section 2.3 ranged from 5.0 to
15.7 nm h�1, with a mean value of 9.2 nm h�1.

For comparison, the frequency of NPF events, the FRs, and the
GRs of new particles at various forest sites and those at urban and
rural/remote sites in East Asia are summarized in Table 1. The FRs at
WFRS were comparable with those reported by other forest studies
listed in Table 1, and also within the range of those generally
observed in the boundary layer (0.01e10 cm�3 s�1) (Kulmala et al.,
2004). The GRs at WFRS were in a high range if compared to those
observed at various forests and rural/coastal/remote sites or even
megacities in the East Asia. The relatively high GRs observed in this
study suggest substantial availability of condensable vapors that
contribute to the growth of newly formed particles in this forest
area.

Based on the GRs and vapor CS, the calculated condensable
vapor concentrations ranged between 8.4 � 107 and 26.4 � 107

molecules cm�3 and their source rates ranged between 9.6 � 104

and 45.9 � 104 molecules cm�3 s�1. The vapor source rates were
among those observed at Finnish boreal forests (0.5e69 � 104

molecules cm�3 s�1) (Kulmala et al., 2005) and deciduous forest
in Germany (5.5e161.4 � 104 molecules cm�3 s�1) (Fiedler et al.,
2005), although the emission source of vapors would be dissim-
ilar in each forest environment.

It should be noticed that, even on non-event days, the particle
geometric mean diameters dgm of a specific mode around 100 nm
derived using DO-FIT showed some increases in the daytime
(Fig. S2d in supplementary material). Through the linear fitting the
dgm of w100 nm, the GRs were calculated to be 3.5e7.4 nm h�1

(mean 6.1 nm h�1) from 0900 to 1200 LT on non-event days. This
rate is partially explained by the expected condensational growth:
the GRs of 100 nm particles by condensation on non-event days
were estimated to be 1.1e5.4 nm h�1 (mean 3.2 nm h�1) using the
values of the vapor source rates on NPF event days. The coagulation
of particles through collisions is another possible reason: the GRs of
100 nm particles due to coagulation through collision with smaller
particles (<100 nm) were calculated to be 0.4e7.9 nm h�1 (mean
2.4 nm h�1) on non-event days (see the calculation method in S2 of
the supplementary material). The particle growths both on non-
event and NPF event days suggest that the presence of pre-
existing particles governs the removal process of gaseous precur-
sors and affects the occurrence of NPF in this forest atmosphere.

3.3. Air masses and aerosol loadings

Air mass trajectories suggest that the NPF events at WFRS were
induced by the inflows of clean maritime air masses originated
from the North Pacific. The backward trajectories of air masses
arrived at 500, 1000, and 1500 m agl over WFRS are presented in
Fig. 1b. The air masses at the three different heights generally
presented similar trajectory profiles. The air masses on NPF event



Table 1
Comparison of NPF events observed at various forest sites and those at East Asian sites.

Location Period (Month/year) Eventsa NPF% (total) CSb (10�4 s�1) FRc (cm�3 s�1) GRd (nm h�1) Reference

Various forest sites
Hyytiälä, Southern Finland 1/1996e12/2004 27.3% (2966) Mean 17 0.06e5.0 0.5e15.1 (Dal Maso et al., 2007)
Vӓrriö, Lapland 1/1998e12/2004 19.4% (2286) Mean 7 0.2 � 0.3 0.8e9.7
Heidelberg, Germany (2e4)/2004 26% (38) 16.4e116.3 0.65e5.95 2.1e22.9 (Fiedler et al., 2005)
California, USA (5e9)/2002 30% (107) Mean w68 n/a 0.76e7.36 (Lunden et al., 2006)
Indiana, USA 12/2006e12/2008 46% (731) w50e500 n/a mean 2.5 (Pryor et al., 2010)
East Asia sites
Mount Norikura, Japan 9/2001, (8e9)/2002 8.3% (48) 15e22 n/a 2.6e3.1 (Nishita et al., 2008)
Beijing, China 3/2004e2/2005 40% (365) 58e610 3.3e81.4 0.1e11.2 (Wu et al., 2007)
Pearl River Delta, China (10e11)/2004 26% (27) n/a 0.5e5.2 2.2e19.8 (Liu et al., 2008)
Jeju Island, South Korea 3/2005 33% (18) 15e840 n/a 1.97e5.81 (Song et al., 2010)
Coastal region, South Korea (1e12)/2005 19.2% (291) n/a n/a 1.0e15.7 (Lee et al., 2008)
Wakayama forest, Japan 8/2010 40% (10) 2.2e110 0.2e1.0 5.0e15.7 This study

Note that if the variation ranges (minimumemaximum) of CS, FR, and GR were unavailable, the mean values or mean � standard deviations were presented herein.
a Frequency of NPF events (NPF% of total days).
b Condensation sink on NPF days (from 0600 LT 26 to 0600 LT 30 August 2010).
c Particle formation rate.
d Particle growth rate.
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days mainly originated from the southeast region apart from Japan
and were transported over the North Pacific; whereas those on
non-event days originated from the Asian continental regions and
passed through the northeast coastal areas of Japan. This result
indicates that air mass of maritime origin has significant influences
on the occurrence of NPF, which is similar to those reported from
the Finnish boreal forest site of Hyytiälä (e.g., Sogacheva et al.,
2005) and a Eucalypt forest in South-East Australia (Suni et al.,
2009). However, NPF events in these studies were often observed
when the air masses originated from the cold polar oceans, i.e., the
North Atlantic and Arctic areas in the case of Nordic boreal zone and
the Southern Ocean in the case of South-East Australian forest. Suni
et al. (2009) concluded that warm oceans produce clean but humid
air that effectively suppresses terrestrial biogenic NPF even in the
presence of high concentrations of precursor vapors. Our study at
the forest site of WFRS provides the evidence that NPF could occur
when the air masses are originated from the warm ocean. This
implies that the occurrence of NPF events is not only over the
forests near the coasts of the cold polar oceans, but also in some
other forests facing the warm oceans.

Table 2 presents the mass concentrations of chemical compo-
nents of PM0.95 during the sampling period. The total mass
concentrations of ionic species, OC, and EC in PM0.95 were on
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Fig. 4. The particle growth rates during four NPF event days. The markers represent
the geometric mean diameters (dgm) of nucleation mode obtained from the multi-
lognormal fitting of particle number size distributions. The lines show the first-order
polynomial fitting of the dgm.
average 1.72 mg m�3 and 8.64 mg m�3, respectively, for NPF event
and non-event days. The quite low aerosol loading on NPF event
days was obvious, which is explained by the arrival of clean air
masses of maritime origin as suggested from the trajectory analysis.
Moreover, the transport pathway of air masses would be respon-
sible for the changes of aerosol chemical composition. The
components quantified in PM0.95 were dominated (by mass) by
SO4

2� (54.8%), followed by OC (24.6%) and NH4
þ (18.3%) on non-event

days; whereas they were dominated by OC (43.4%), followed by
SO4

2� (39.8%) and NH4
þ (14.1%) on NPF event days. The relatively

high OC fraction on NPF event days is presumably contributed by
the biogenic secondary organic aerosols of forest vegetation origin.
According to Okumura (2009), the biogenic emission of mono-
terpenes in Kinki region was superior to that of isoprene. The large
emissions of monoterpenes would provide a condition that is
favorable for NPF around the WFRS area as a result of photooxi-
dation, because isoprene may suppress the particle formation
(Kanawade et al., 2011). A detailed discussion of aerosol chemistry
on the NPF event and non-event days will be given by Han et al.
(manuscript in preparation).

3.4. Influence of meteorological conditions on NPF

The time series of relative humidity (RH) correlated negatively
with the number concentrations of nucleation mode particles on
NPF event days (r2: 0.31), whereas the time series of temperature
and solar radiation correlated positively with the number concen-
trations of these particles (r2: 0.30 and 0.40). Contrastingly, the
correlations were absent on non-event days (r2: 0.03, 0.08, and
0.003 for RH, temperature, and solar radiation, respectively). The
NPF events occurred preferentially in the daytimewith higher solar
radiation and temperature and lower RH than those in the night-
time (Fig. 2c). The enhanced solar radiation in the daytime would
result in the faster photochemical formation of condensates that
are available for particle nucleation. The surface temperature,
which is associated with the strength of atmospheric vertical
convection, would influence the supply of gaseous precursors.

The diurnal patterns of RH, temperature, and solar radiation on
NPF event and non-event days are presented in Fig. 5. The growth of
nucleated particles observed at 0900e1300 LT in four out of the five
events (Fig. 4), thus the particle nucleationwould start even earlier.
From the fitted lines in Fig. 4, the formation of 3 nm particles was
estimated to begin at about 0730e0900 LT on the four NPF event
days. The averages of RH, temperature, and solar radiation at 0730e
0900 LT (considered to be the period of particle nucleation) were



Table 2
Sampling periods (hour/day August 2010), type of each period (non-event or NPF event days), and the mass concentrations of ionic species, OC, and EC in PM0.95 (mg m�3)
during the studied period.

Sampling period Type Naþ NH4
þ Kþ Ca2þ Mg2þ MSA� Cl� NO2

� NO3
� PO4

3� SO4
2� OC EC

09 LT/20e06 LT/22 Non 0.021 1.434 BDL BDL <0.004 <0.042 <0.009 0.021 0.016 <0.024 4.251 1.893 0.098
06 LT/22e06 LT/24 Non 0.021 2.150 0.033 <0.034 BDL <0.042 BDL <0.018 0.017 <0.024 6.443 2.932 0.154
06 LT/24e07 LT/26 Non <0.018 1.171 0.016 BDL BDL <0.042 BDL BDL 0.004 BDL 3.504 1.553 0.046
07 LT/26e06 LT/28 NPF <0.018 0.312 BDL <0.034 BDL BDL BDL BDL 0.007 BDL 0.855 1.110 BDL
06 LT/28e06 LT/30 NPF <0.018 0.172 BDL BDL BDL BDL BDL 0.026 0.009 BDL 0.514 0.385 BDL

BDL: Below detection limit. The mass concentrations below the limit of quantification (LOQ) were given by “<LOQ”.
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91.4%, 22.4 �C, and 0.14 kWm�2, respectively, on NPF event days (or
96.3%, 22.8 �C, and 0.15 kW m�2, respectively, on non-event days).
RHwas slightly lower during 0730e0900 LTon NPF event days than
that on non-event days, implying its connection to the occurrence
of NPF (Hamed et al., 2011). However, this tendency is not fully
systematic: no NPF was observed on 20 August although the
average RH during 0730e0900 LT was lower than those on two (26
and 28 August) of four NPF event days (Fig. S2a). Moreover, the
ranges of average � one standard deviation of the RH from 0730 LT
to 0900 LT (10-min interval data) on NPF event and non-event days,
which were derived from the output of HYSPLIT4 Model (at 500 m
agl), are substantially overlapped (83.1%e89.4% and 80.7%e88.2%,
respectively). From these results, we conclude that the effect of
RH on the occurrence of NPF was not obvious as that of air mass
origin. Fig. 5 further shows that the differences in solar radiation
and temperature during 0730e0900 LT between NPF event and
non-event days were small. High temperature and strong solar
radiation increase the emissions of biogenic VOCs (Holopainen and
Gershenzon, 2010). Because they were not substantially higher
during particle nucleation period, the different emission rates of
VOCs may not have governed the present/absence of particle
nucleation in this forest environment. Note that temperature and
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Fig. 5. Diurnal patterns of (a) relative humidity, (b) temperature, and (c) solar radia-
tion on non-event and NPF event days. The open squares and dashed lines (or the dots
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factors on NPF event days (or on non-event days), respectively. The area in light gray
represents the estimated particle nucleation period (0730e0900 LT). The 30-min
averages generated from the 10-min data are presented herein.
solar radiation were higher in the afternoon hours on NPF event
days than those on non-event days, which would have contributed
to the increases of VOC emissions and thus the growth of new
particles via the photochemical formation of secondary organic
aerosol.

3.5. Participation of the newly formed particles in CCN and
precipitation

The studied forest area provided on average 1100 cm�3 of 30e
90 nm particles on NPF event days, which is comparable to an
aerosol population of 1000e2000 cm�3 (40e100 nm particles) in
a boreal forest (Tunved et al., 2006). Aerosol particles only above
a certain size (w90 nm) are considered to be potential CCNs and to
have an ability to form cloud droplets (Andreae, 2007; Dal Maso
et al., 2008). We assumed that >90 nm particles were CCNs
herein. The amount of >90 nm particles was on average 270 cm�3

on NPF event days; as a rough estimate, this is close to the upper
limit of the estimated natural production of CCN active particles
over continental regions, i.e., not more than 100e300 cm�3

(Andreae, 2007).
As seen in Fig. 2b, a potential important feature of the number

size distribution of aerosol particles is its strong time dependence.
Fig. 6 presents the diurnal patterns of the number concentrations of
aerosol particle (90e710 nm) and the precipitation rates around
WFRS area on the four NPF event days. A large number of >90 nm
particles appeared in the afternoon hours (around 1400e2000 LT).
Because the clean maritime air masses with low aerosol loadings
were dominant at the studied site on NPF event days, the increase
of >90 nm particles in the daytime would be largely caused by the
growth of newly formed particles. Fig. 6 shows that the increases of
the number concentrations of >90 nm particles were followed by
the maximum of the precipitation rates on the NPF event days
around WFRS area in Kii Peninsula. Possible explanations for the
decrease in N90e710 nm when the maximum precipitation occurred
include their conversion to cloud droplets and their rainout as well
as washout by precipitation.

Furthermore, the classification of the types of air masses in
August of 2006e2010 and the precipitation data in the periods (see
Section 2.4) suggest that most of maritime condition days (66 of 70
days) experienced precipitation in the afternoon hours (1400e1900
LT). Similar to the precipitation observed on the NPF event days in
Fig. 6, both the average and maximum precipitation rates largely
increased during 1400e1900 LT (average (or maximum): 1.6e5.7
(or 1.9e6.2) times those during 0000e1300 LT and 2000e2300
LT) on the maritime condition days in August of 2006e2010 (see
details in Fig. S3). The frequent time-dependent precipitations
around this region in summer afternoon were presumably caused
by the formation of convective clouds. The newly-formed particles
may have grown up to act as nuclei of cloud droplets and partici-
pated in the precipitation processes around the WFRS area,
although it is not clear from the current measurement whether the
newly-formed CCNs substantially modulated the precipitation. The
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result suggests that NPF contributes not only to the high natural
aerosol loadings but also to the production of CCN and cloud
droplets over the studied forest area and the outflow regions.
Further studies (e.g. measurements of aerosol particles and CCN for
a longer-time period) are encouraged to assess the possible casual
relationship between the growth of newly-formed particles and the
precipitation rates around WFRS.
3.6. Potential significance of the observed NPF events

Although the ten-day observation is short, it suggests the
frequent occurrence of NPF events under maritime clean air mass
conditions in the studied forest area. As discussed in Section 3.3,
maritime air masses associated with the occurrence of the NPF at
WFRS. In order to assess its potential significant influence on NPF in
the studied area, we reviewed the frequency of the maritime clean
air mass conditions during the past five years (2006e2010). The
results revealed that the maritime air mass conditions occurred
primarily during summer (37%), followed by autumn (9%) and
spring (5%), and rarely in winter (w0%). In total, they occurred on
10e16% of days for the individual year from 2006 to 2010. If the
new aerosol particles were preferentially formed under the mari-
time air mass dominated conditions as observed during this
intensive campaign, the occurrence of NPF events is indeed
frequent around the WFRS area. Note that herein we took no
account of other necessary factors for the occurrence of NPF, such as
the availability of atmospheric nucleation precursors.

Our study at the mid-latitude forest site and the former
studies at the forests near cold polar oceans (as discussed in
Section 3.3) indicate that NPF events occurred preferentially
under the conditions of maritime air masses originated from the
oceans. This implies that the occurrence of NPF is possible over
some other forest areas facing the oceans. This type of aerosol
formation is in contrast to the coastal NPF events driven by the
biogenic emissions of iodine vapors from which condensable
iodine oxides are produced (O’Dowd and Hoffmann, 2005). While
the coastal iodine-induced particle formation is limited to the
areas where iodine-producers (seaweed or some other marine
biota) are abundant, the particle formation contributed by the
biogenic secondary organics of forest vegetation origin under
clean maritime air mass conditions would be more common.
Therefore, the mechanisms, physical and chemical properties,
and significance of this type of aerosol formations should be
investigated further around the WFRS area and other forested
areas facing the oceans.

4. Conclusions

The number size distributions of aerosol particles were inves-
tigated at a mid-latitude forest area facing the North Pacific in the
summer 2010. NPF events were observed during the studied period.
The NPF events occurred preferentially under the condition of less
pre-existing particles with low condensation and coagulation sinks,
when the clean maritime air masses originated from the North
Pacific arrived around WFRS. The biogenic secondary organic
aerosol of the forest vegetation origin is presumably responsible for
the relatively high OC fraction and contributes to the particle
growth in this forest atmosphere. The trajectory analysis reveals
that the maritime air mass condition is frequent around the WFRS
area, which is preferential for the NPF. The increased precipitation
rates in the afternoons of maritime condition days further suggest
that the newly-formed particles are involved in the convective
cloud formation and precipitation over the region.
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