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Abstract. To investigate new particle formation (NPF)
events in urban and forest environments, number size distri-
butions of ultrafine particles were measured at an urban site
and a deciduous forest site in Sapporo, Northern Japan, dur-
ing the summers of 2011 and 2010, respectively. The burst of
nucleation mode particles at the urban site typically started
in the morning (07:00–11:30 local time, LT) with simultane-
ous increases in SO2 and O3 concentrations and the UV in-
dex under clear (sunny) weather conditions. The growth rates
of nucleated particles at the urban site ranged from 5.0 to
7.8 nm h−1 with an average of 6.3± 1.1 nm h−1. NPF events
at the urban site were separated into events with or without
subsequent particle growth after the burst of nucleation mode
particles. This division was found to relate to prevailing wind
direction because the subsequent growth of freshly nucle-
ated particles typically occurred when wind direction shifted
to northwesterly (from residential and public park areas),
whereas it did not occur under southeasterly winds (from the
downtown area). During the periods with NPF events, ele-
vated concentrations of non-methane hydrocarbons (NMHC)
were obtained under conditions of northwesterly winds when
compared to southeasterly winds, whereas no difference in
SO2 levels was recorded. These results suggest that varia-
tions in NMHC concentration may play an important role in
the growth of freshly nucleated particles at the urban site. The
burst of nucleation mode particles at the forest site typically
started around noon (10:30–14:30 LT), which was 3–4 h later
than that at the urban site. Interestingly, at the forest site the
burst of nucleation mode particles usually started when air
masses originating from urban Sapporo arrived at the forest

site. The present study indicates that the inflow of these ur-
ban air masses acted as a trigger for the initiation of the burst
of nucleation mode particles in the deciduous forest.

1 Introduction

New particle formation (NPF), an important source of am-
bient aerosols, is frequently observed occurring worldwide
(Kulmala et al., 2004; Mikkonen et al., 2006; Holmes, 2007;
Bzdek and Johnston, 2010; Hallar et al., 2011; Pryor et al.,
2011). NPF events usually occur during daytime when the
pre-existing particle mass concentration is low under sunny
and dry conditions (Birmili and Wiedensohler, 2000; Dunn
et al., 2004; Stanier et al., 2004; Wu et al., 2007; Hamed
et al., 2011; Pryor et al., 2011). Nuclei clusters of approxi-
mately 1–2 nm are commonly formed via homogeneous nu-
cleation involving binary mixtures of water and sulfuric acid
(Jaecker-Voirol and Mirabel, 1989), homogeneous ternary
(water-sulfuric acid-ammonia) nucleation (Korhonen et al.,
1999), and ion-induced nucleation (Raes and Janssens, 1985;
Yu and Turco, 2000).

It is assumed that organic vapors are required to promote
the growth of nuclei clusters into quasi-stable aerosol parti-
cles larger than 3 nm by several possible mechanisms: hetero-
geneous nucleation of water-insoluble organic vapors on the
clusters, activation of the clusters for condensation of water-
soluble organic vapors, and chemical reactions on the sur-
faces of small clusters (Jang and Kamens, 2001; Zhang and
Wexler, 2002; O’Dowd et al., 2002; Kulmala, 2003). On the
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other hand, in areas with high SO2 emissions, particle growth
is dominated by sulfuric acid (Petäjä et al., 2007; Yue et al.,
2010; Pryor et al., 2011). Pryor et al. (2011) showed that a
large portion of sub-32 nm particle mass during the periods
with NPF events was attributed to ammonium and sulfate.
Nucleated particles may grow to larger particles (> 100 nm)
within the following two days (Kulmala et al., 2004) and thus
may influence regional climate by enhancing the concentra-
tion of cloud condensation nuclei (CCN) and also by directly
scattering solar radiation.

In the urban atmosphere, where the surface area of pre-
existing particles is generally high due to elevated emissions
from traffic, NPF is less likely owing to the condensation
sink created by pre-existing particles. Yue et al. (2009) found
that NPF events in the Beijing urban atmosphere usually oc-
curred under low number concentrations of Aitken and accu-
mulation mode particles, when clean air masses dominated
at the measurement site. Gao et al. (2009) showed that an
intense production of sulfuric acid from the photo-oxidation
of SO2 enhanced NPF in the suburban area of the Yangtze
River delta. Yue et al. (2010) observed that the condensa-
tion and neutralization of sulfuric acid, together with co-
agulation, caused the growth of freshly nucleated particles
during sulfur-rich periods, whereas organic compounds were
responsible for particle growth during sulfur-poor periods.
Cheung et al. (2011) reported that freshly nucleated parti-
cles at an urban site in Brisbane, Australia, showed different
growth patterns depending on the type of air mass present
at the measurement site. The growth of freshly nucleated
particles at three measurement sites in southern Indiana was
only observed under clear weather conditions in the morning
when fractional cloud cover was less than 30 % (Pryor et al.,
2011).

NPF also has been observed at remote high elevation sites
(Nishita et al., 2008; Venzac et al., 2008; Boulon et al., 2010,
2011; Hallar et al., 2011). Nucleation frequency varied de-
pending on geographical locations: 17 % of measurement
days at Mount Norikura (2770 m a.s.l.) in Japan (Nishita
et al. 2008), 17.5 % at Jungfraujoch (3580 m a.s.l.) in the
Swiss Alps (Boulon et al., 2010), 20.8 % at the Opme station
(660 m a.s.l.) and 35.9 % at the puy de Dôme research station
(1465 m a.s.l.) in central France (Boulon et al., 2011), 35 %
at the Nepal Climate Observatory (5079 m a.s.l.) (Venzac et
al., 2008), and 52 % at Storm Peak Laboratory in Colorado
(3210 m a.s.l.) (Hallar et al., 2011). On the basis of long-term
observation from 2001 to 2009 at the Storm Peak Laboratory,
Hallar et al. (2011) showed that high ultraviolet (UV) radia-
tion accelerate NPF. However, NPF at the Storm Peak Lab-
oratory in Colorado was not related to O3 concentration and
pre-existing aerosol surface area (Hallar et al., 2011).

NPF and subsequent particle growth from biogenic emis-
sions of volatile organic compounds (VOCs) in forested areas
are an important source of CCN. Although such NPF events
have been widely observed, their formation mechanisms over
forests are poorly understood. The formation of biogenic sec-

ondary organic aerosols (SOA) in forested areas is enhanced
by the inflow of anthropogenic pollutants (Weber et al., 2007;
Boy et al., 2008; Kanawade et al., 2011; Neitola et al., 2011).
These results are consistent with the recent laboratory stud-
ies, which showed that the formation of biogenic SOA can be
promoted by anthropogenic influences (Zhang et al., 2009;
Froyd et al., 2010; Hoyle et al., 2011). Froyd et al. (2010)
and Zhang et al. (2009) reported that the interaction between
sulfuric acid and biogenic organic acids enhances both nucle-
ation and the initial growth of nano-size particles. Metzger
et al. (2010) also reported that organic compounds together
with sulfuric acid likely initiate the nucleation process.

Isoprene fluxes over the Amazonian rainforest are almost
10 times higher thanα-pinene fluxes (Rinne et al., 2002).
Isoprene emissions from mixed deciduous forest in the north-
ern United States are particularly large (> 95 % of the total
terpenoid emission) compared to emissions of monoterpenes
and sesquiterpenes (Ortega et al., 2007). However, concen-
trations of monoterpenes in coniferous boreal forest in Fin-
land are∼5 times higher than concentrations of isoprene
(Spirig et al., 2004). Although NPF events have been ob-
served in European coniferous forests, including Finland’s
boreal forest (e.g., Kulmala et al., 2004) and coniferous for-
est in Germany (Held et al., 2004), NPF events have not
been reported in the mixed deciduous forests of the Ama-
zon and the northern United States, where emissions of bio-
genic isoprene are abundant (Martin et al., 2010; Kanawade
et al., 2011). Therefore more research is required regarding
the mechanisms of NPF in a deciduous forest.

To better understand NPF events and the mechanisms of
subsequent particle growth, we continuously measured parti-
cle number size distributions using a scanning mobility par-
ticle sizer (SMPS) at two atmospheric sites: one in an urban
area and the other in a broadleaf deciduous forest in Sapporo,
northern Japan. The factors controlling NPF and the subse-
quent particle growth are investigated. Here, we report NPF
events at the two sites and discuss in detail the impact of an-
thropogenic emissions on NPF in a deciduous forest.

2 Experimental

2.1 Description of the measurement sites

Particle number size distributions were measured at an urban
site (between 21 July and 9 August 2011) and at a decid-
uous forest site (between 10 and 26 August 2010) in Sap-
poro, northern Japan. An area map of the measurement sites
is shown in Fig. 1. The time shown in this study represents
local time in Japan (LT) (GMT+ 09:00).

2.1.1 Urban site

The city of Sapporo (population 1.9 million, area 1121 km2)
is located in the western part of Hokkaido, the northern-
most main island of Japan (Fig. 1). Sapporo is surrounded by
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Fig. 1. Image map of the measurement sites (Google Map and Google Earth imagery (© Google Inc.)). The urban site is located at the north
campus of Hokkaido University (43◦3′56′′ N, 141◦21′27′′ E) in the northwest of downtown Sapporo, Japan. The forest site is located at the
Sapporo forest meteorology research site (42◦59′13′′ N, 141◦23′53′′ E) in the western part of Hokkaido. The distance between the two sites
is ∼11.5 km.

forested areas with the exception of its northwestern border.
The urban site was located at the north campus of Hokkaido
University (43◦3′56′′ N, 141◦21′27′′ E) in the northwest of
downtown Sapporo (Aggarwal and Kawamura, 2009; Kita-
mori et al., 2009). The campus is surrounded mainly by res-
idential areas, and the urban center is located∼2 km south
of university campus. Hourly averaged total suspended parti-
cle (TSP) mass concentration, atmospheric concentrations of
non-methane hydrocarbons (NMHC) and the criteria pollu-
tants such as O3, NO2, and SO2 close to the urban site were
obtained from the Ministry of the Environment of Japan at
the Sapporo observatory (http://soramame.taiki.go.jp/). O3,
NO2, and SO2 data in ppb level are rounded up the first dec-
imal number and available at the web site of the Sapporo
observatory.

Aggarwal and Kawamura (2009) found that photochem-
ical aging was an important factor controlling the water-
soluble property of organic aerosols at the same Sapporo
urban site during the spring and early summer of 2005,
based on different organic tracers and ionic marker species
in aerosol samples. They demonstrated that organic carbon
(OC) loading may be governed by aerosol sources and source
regions, but the water-soluble OC (WSOC) fraction of OC
was considerably influenced by aerosol aging. On the ba-
sis of the size-segregated chemical composition of atmo-
spheric aerosols, Agarwal et al. (2010) reported that most of
the diacids, ketoacids,α-dicarbonyls, levoglucosan, WSOC,
and inorganic ions (i.e., SO2−

4 , NH+

4 , and K+) were enriched

in fine particles (PM1.1) collected at the same urban site in
Sapporo during the summer of 2005. Biomass burnings in
the Siberian region were found to significantly influence the
chemical composition of carbonaceous particles in the Sap-
poro urban aerosol during the summer of 2005 (Agarwal et
al., 2010).

2.1.2 Forest site

The forest site is located at the Hokkaido Research Center,
Forestry and Forest Products Research Institute in Sapporo
(42◦59′13′′ N, 141◦23′53′′ E) (Fig. 1). This site is character-
ized by a secondary hardwood forest located in the western
part of Hokkaido. The northern border of the forest faces
urban Sapporo, which is∼2 km away from the experiment
site. As described by Miyazaki et al. (2012a), the experimen-
tal site is covered with broadleaf deciduous trees in a transi-
tional stage from mature birch (Betula platyphylla) to climax
species, mainly Mizunara oak (Quercus crispula). Needle-
leaf evergreen trees are also present in the surrounding area.
The understory consists of evergreen Sasa bamboo (Sasa
kurilensis and Sasa senanensis), which extensively covers
the ground surface. The O3 concentration was continuously
measured at the forest site. Additionally, the SO2 concen-
tration was obtained from an urban observatory in Sapporo;
this observatory is located∼5 km north of the forest site
and is operated by the Ministry of the Environment of Japan
(http://soramame.taiki.go.jp/).
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Miyazaki et al. (2012a) investigated the seasonal changes
in water-soluble organic carbon (WSOC) in aerosols from
the same deciduous forest site in 2009 and 2010 based on
the analyses of organic chemical composition and the sta-
ble carbon isotopic composition of WSOC. They found that
biogenic secondary organic aerosols (BSOAs) accounted for
∼40 % of the highest concentrations of WSOC in early sum-
mer and mostly consisted ofα-/β-pinene secondary organic
aerosols. They also found that the isoprene SOA tracers such
as 2-methyltetrols and C5-alkene triols increased sharply
during the summer and fall of 2010 (July–October). How-
ever, properties of ultrafine particles such as their generation
mechanism and growth characteristics have never been stud-
ied in this forest site.

2.2 Particle number size distribution

A scanning mobility particle sizer (SMPS) was deployed at
the two sites to measure number size distributions of ultra-
fine particles. A nano-differential mobility analyzer (nano-
DMA) (TSI, model 3085) was used at the urban site whereas
a long-DMA (TSI, model 3081) was used at the forest site.
The nano-DMA SMPS consisted of an electrostatic clas-
sifier (TSI, model 3080), a condensation particle counter
(CPC) (TSI, model 3775) and the nano-DMA. The long-
DMA SMPS consisted of the same electrostatic classifier and
CPC and the long-DMA.

The instrument specification for the CPC indicated a 90 %
counting efficiency for a particle diameter of 7 nm. Thus, par-
ticle size ranging from 7 nm to 165 nm was measured using
the nano-DMA SMPS at the urban site. However, because
the lowest separation size of the long-DMA is∼14 nm, par-
ticle size ranging from 14 nm to 750 nm was measured using
the long-DMA SMPS at the forest site.

Sample inlets were installed at∼5 m and∼15 m heights
above ground level at the urban and forest sites, respectively.
Ambient air was drawn through a PM1 cyclone inlet with a
flow rate of 16.7 L per minute (LPM). An aliquot (0.3 LPM)
of the sampled air flow was separated and dried to a relative
humidity (RH)< 5 % using two diffusion dryers before be-
ing introduced to the SMPS. Sample and sheath flow rates of
the DMA were set to 0.3 LPM and 3 LPM, respectively. The
SMPS was calibrated using a polystyrene latex (PSL) stan-
dard prior to field measurements. Two PSL standards were
purchased from the JSR Co. (product numbers sc-0070-D
for the 70 nm standard and sc-0120-D for the 123 nm stan-
dard). The 70 nm and 123 nm diameters of the PSL standards
were measured as 70.4± 0.12 nm and 123.2± 0.22 nm, re-
spectively.

Mode peak diameter (Mode Dp) was obtained from a
log-normal Gaussian fit of particle number size distribu-
tion smaller than 100 nm. The Mode Dp was used to cal-
culate the growth rate of nucleated particles. In this study,
the size distribution data were classified into three groups:
ultrafine particles (UFP) (Dp < 100 nm), Aitken mode parti-

cles (30 nm< Dp< 100 nm), and nucleation mode particles
(Dp < 30 nm). Because of the different lowest detectable
sizes of the SMPS at the urban and forest sites, total num-
ber concentrations of nucleation mode particles at the ur-
ban and forest sites were calculated by integrating parti-
cle number concentrations from 7 nm to 30 nm (Nnuc urban)
and from 14 nm to 30 nm (Nnuc forest), respectively. Simi-
larly, total number concentrations of UFP at the urban and
forest sites were calculated by integrating particle number
concentrations from 7 nm to 100 nm (NUFP urban) and from
14 nm to 100 nm (NUFP forest), respectively. Total number
concentrations of Aitken mode particles (NAitken) at both
sites were calculated by integrating particle number concen-
trations from 30 nm to 100 nm.

2.3 Meteorological conditions

Meteorological data (temperature, relative humidity (RH),
wind direction, wind speed, rainfall, and UV index) during
the urban campaign were obtained from the Japan Meteo-
rological Agency in Sapporo (43◦3.6′ N, 141◦19.7′ E, 17 m
above ground level), which is located at∼2.6 km south of
the urban site. The UV index was formulated using the
International Commission on Illumination (CIE) reference
action spectrum for UV-induced erythema on human skin
(World Health Organization, 2002). The UV index was cal-
culated using measured solar irradiance from 250 nm to
400 nm and the erythema reference action spectrum and is
a unitless quantity. The UV index used definitions of as low
(< 2), moderate (3–5), high (6–7), very high (8–10), and ex-
treme (> 11). Local meteorological parameters at the for-
est site were measured using an automatic weather trans-
mitter (WXT-510, Vaisala) (Miyazaki et al., 2012a). Addi-
tionally, meteorological data for urban Sapporo during the
forest campaign were also obtained from the Japan Meteo-
rological Agency in Sapporo, which is located at∼9.5 km
north of the forest site. Hourly averaged data were used in
this study. Average ambient temperature during the urban
campaign ranged from 14◦C to 31◦C with an average of
23± 3◦C, which was very similar to temperatures during the
forest campaign (range: 16–29◦C, avg.: 22± 3◦C) (Table 1).
However, a slightly lower RH was recorded during the urban
campaign (range: 39–92 %, avg.: 72± 11 %) compared to the
RH recorded during the forest campaign (range: 45–97 %,
avg.: 86± 10 %) (Table 1). Most measurements were carried
out under the clear weather conditions, although a number of
rainfall events occurred (see Table 1).

The dominant 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. 2a and Table 1). During the forest campaign, the dom-
inant local wind directions were southwesterly with an av-
erage wind speed of 0.5± 0.4 m s−1 (range: 0.1–3.1 m s−1)
(Fig. 2b and Table 1). Because the urban site was surrounded
by forested areas (Fig. 1), air masses originating from the
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Table 1. Summary of meteorological data at an urban site and a deciduous forest site in Sapporo, northern Japan, during the measurement
periods.

Site Period Temperature Relative humidity Wind speed Rainfall event
(◦C) (RH) (%) (m s−1)

Urban site 21 Jul–9 Aug 2011 14–31 (23± 3) 39–92 (72± 11) 0–10 (3± 2) 27 Jul, 13:00–14:00 LT,
5 Aug, 16:00 LT, 6 Aug, 16:00 LT

Deciduous 10–26 Aug 2010 16–29 (22± 3) 45–97 (86± 10) 0.1–3.1 (0.5± 0.4) 11 Aug, 06:00–08:00 LT,
forest site 11 Aug, 20:00–12 Aug, 13:00 LT,

23 Aug, 10:00–15:00 LT, 24 Aug,
03:00–05:00 LT
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Fig. 2  965 

 966 
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 969 

970 

Fig. 2. Observed frequencies of local wind direction with wind speed at(a) the urban site during 21 July–9 August 2011 and(b) the forest
site during 10–26 August 2010.

surrounding forests may influence the urban site under south-
easterly wind conditions (Fig. 2a). In a similar manner, be-
cause the forest site is located∼2 km south of the southern
border of urban Sapporo (Fig. 1), air masses originating from
urban Sapporo may influence the forest site under northeast-
erly wind conditions (Fig. 2b).

Because two campaigns were conducted in different years
(2011 for the urban campaign and 2010 for the forest cam-
paign), meteorological parameters at the forest site in 2010
and 2011 were compared to determine if substantial differ-
ences had occurred. Average ambient temperature and RH
at the forest site during 10–26 August 2011 were recorded
as 21± 3◦C (range: 15–31◦C) and 82± 12 % (range: 42–
95 %) respectively, which are very similar to the values mea-
sured at the forest site during 10–26 August 2010. Very simi-
lar UV-B intensity and local wind speed measurements were
also obtained at the forest site during 10–26 August 2011.
In the 2010 measurement period average UV-B intensity
was 0.06± 0.13 W m−2 (range: 0–0.84 W m−2) and average
wind speed was 0.5± 0.4 m s−1 (range: 0.1–3.1 m s−1). The
corresponding figures in the forest site for 2011 was UV-
B = 0.05± 0.10 W m−2 (range: 0–0.70 W m−2) and wind
speed= 0.5± 0.4 m s−1 (range: 0.1–7.2 m s−1). These re-

sults imply that, even though the two campaigns were con-
ducted in different years, the meteorological conditions were
comparable.

2.4 Condensation sink (CS)

The growth rate (GR) of nucleated particles is quantified by
the gradient of Mode Dp against time during a NPF event:

GR=
1ModeDp

1t
(1)

where1t is the time period of the growth of freshly nucle-
ated particles below 40 nm.

The condensation sink (CS) value indicates how rapidly
condensable vapors will condense on pre-existing particles
and has units of 1 s−1. The CS can be calculated by inte-
grating or summing over a particle size spectrum [n(Dp)] as
follows (Kulmala et al., 2001; Dal Maso et al., 2002):

CS= 2πD

∞∫
0

DpβM(Dp)n(Dp)dDp = 2πD
∑

i

βMDpiNi (2)

whereD is the diffusion coefficient and typically is taken
as that for H2SO4 in air (Hanson and Eisele, 2000),βM is

www.atmos-chem-phys.net/13/51/2013/ Atmos. Chem. Phys., 13, 51–68, 2013



56 J. Jung et al.: NPF event in the Sapporo atmosphere

Table 2.Summary of new particle formation (NPF) events at the urban site during the summer of 2011.

Date Nucleation Mode D1p Growth rate Peak particle number concentration3

burst start (nm) (nm h−1)2 (particles cm−3)

N4
nuc urban N5

Aitken

21 Jul 2011 8:30–9:00 LT 17 5.6 3800 5500
24 Jul 2011 08:00–08:30 LT 19 5.5 5000 6600
27 Jul 2011 10:00–10:30 LT 24 7.2 7800 6300
31 Jul 2011 9:00–9:30 LT 12 N/A 5200 1200
1 Aug 2011 10:00–10:30 LT 14 7.8 5500 6000
2 Aug 2011 09:30–10:00 LT 15 N/A 5500 6700
3 Aug 2011 09:30–10:00 LT 14 N/A 3500 3700
5 Aug 2011 07:00–07:30 LT 13 N/A 12 000 4500
6 Aug 2011 09:30–10:00 LT 22 5.0 4800 5700
8 Aug 2011 11:00–11:30 LT 18 6.6 4000 2100
MIN 12 5.0 3500 1200
MAX 24 7.8 12 000 6700
AVG 17 6.3 5700 4800
S.D. 4 1.1 2600 1900

1 Mode Dp : peak diameter is obtained from a log-normal Gaussian fit of particle number size distribution smaller than 100 nm.
2 Growth rate is calculated by the gradient of Mode Dp against time during the period when particle growth was below 40 nm.
3 Peak particle number concentration is an average of the five highest measurements.
4 Nnuc urban: particle number concentration between 7 nm and 30 nm.
5 NAitken: particle number concentration between 30 nm and 100 nm.

the transitional regime correction factor, Dpi is the particle
diameter of size classi, and Ni is the particle number con-
centration in size classi. The transitional correction factor
(βM ) can be expressed by the following formula (Fuchs and
Sutugin, 1971):

βM =
Kn + 1

0.377Kn + 1+
4
3α−1K2

n +
4
3α−1Kn

(3)

whereα is the mass accommodation coefficient (“sticking”
coefficient) and is assumed to be unity, and Kn is Knudsen
number and can be expressed in terms of particle diameter
and the mean free path of vapor molecules,λ as Kn = 2λ/Dp.
Pressure and temperature dependentλ values can be deter-
mined from the following formula (Willeke, 1976):

λ = λr

(
101

P

)(
T

293

)(
1+ 110/293

1+ 110/T

)
(4)

whereP is a pressure in kPa andT is a temperature in K.λr

is the mean free path under standard conditions (293 K and 1
atmospheric pressure).

3 Results and discussion

3.1 Overview of new particle formation (NPF) events at
the urban and forest sites

A NPF event is generally defined as a two-phase process in-
volving the burst of nucleation mode particles and the growth

of these particles into Aitken or accumulation mode by con-
densation and/or coagulation (Kulmala et al., 2004). Parti-
cles generated from the burst in the nucleation mode were
denoted as nucleated particles in this study. Increases in the
number concentrations of UFP can be attributed to either nu-
cleation mode particles or Aitken mode particles. Because
the size of nucleated particles formed via the gas to particle
conversion process is generally smaller than 30 nm (Park et
al., 2008; Watson et al., 2006), the ratio of the number con-
centrations of nucleation mode particles to those of UFP was
used to distinguish NPF events from UFP burst events. Thus,
a NPF event at each site was defined as a sharp increase in
theNnuc/NUFP ratios of> 0.5 with elevatedNUFP, as shown
in Fig. 3.

On the basis of these criteria, 10 NPF events were charac-
terized at the urban site (Table 2), corresponding to 53 % of
the measurement days (n = 19), whereas seven NPF events
were observed at the forest site (Table 3), corresponding to
47 % of the measurement days (n = 15). The burst of nucle-
ation mode particles at the urban site typically started in the
morning (07:00–11:30 LT) (Table 2). However, the burst of
nucleation mode particles at the forest site typically started
around noon (10:30–14:30 LT) (Table 3). The time gap in the
burst of nucleation mode particles between the two sites will
be discussed in Sect. 3.4.

Average number size distributions of freshly nucleated
particles at the two sites were obtained from data collected
over a one hour period from the beginning of the burst of nu-
cleation mode particles as shown in Fig. 4. Average number
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Fig. 3. Temporal evolutions of log-normal particle number size distributions, the number concentrations of the ultrafine particles and the
ratios of the number concentrations of the nucleation mode particles to the ultrafine particles at(a) the urban and(b) forest sites. Blue
filled rectangles represent new particle formation (NPF) events. The unit “# cm−3” represents particles per cubic centimeter.Nnuc urban
andNUFP urban at the urban site represent integrated number concentrations from 7 nm to 30 nm and from 7 nm to 100 nm, respectively.
Nnuc forest andNUFP forest at the forest site represent integrated number concentrations from 14 nm to 30 nm and from 14 nm to 100 nm,
respectively.

size distributions of freshly nucleated particles at the urban
site showed clear unimodal distributions with peaks cen-
tered at 10–30 nm (Fig. 4a). The number size distributions
of freshly nucleated particles at the forest site also showed
peaks centered at 10–30 nm but additional peaks were often
observed in the Aitken mode (Fig. 4b), resulting in relatively
broad particle number size distributions compared to the ur-
ban site. A Mode Dp of nucleated particles was obtained us-
ing a log-normal Gaussian fit of the number size distributions
of freshly nucleated particles. The Mode Dp of freshly nucle-
ated particles at the urban site ranged from 12 nm to 24 nm
with an average of 17± 4 nm (Fig. 4c and Table 2) whereas

those at the forest site ranged from 16 nm to 25 nm with an
average of 20± 3 nm (Fig. 4d and Table 3).

Jung and Kawamura (in preparation) measured size-
segregated hygroscopic growth factors at 85 % RH
[g(85 %)], defined as the ratio of the particle diameter
at 85 % RH to that under dry conditions, of particles at the
urban site during the same measurement periods. They found
that theg(85 %) of freshly nucleated particles at the urban
site ranged from 1.11 to 1.22 with an average of 1.14± 0.04,
which were similar to values of secondary organic aerosols
(Virkkula et al., 1999; Saathoff et al., 2003; Sjogren et
al., 2008). Their results suggest that nucleated particles
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Fig. 4 
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Fig. 4. Average number size distributions of freshly nucleated particles at(a) the urban and(b) forest sites during the periods with NPF
events as well as maximum peak number concentrations of nucleation and Aitken size mode particles and mode peak diameter (Mode Dp)
during the periods with NPF events at(c) the urban and(d) forest sites. The nucleation size mode is defined as 7 nm< Dp < 30 nm and 14 nm
< Dp < 30 nm for the urban and forest sites, respectively, whereas the Aitken size mode is defined as 30 nm< Dp < 100 nm for both sites.
Maximum peak particle number concentration was calculated from an average of the five highest measurements. Mode Dp was obtained
from a log-normal Gaussian fit of the number size distribution of nucleated particles.

Table 3.Summary of NPF events at the forest site during the summer of 2010.

Date Nucleation burst start Mode Dp (nm) Peak particle number concentration
(particles cm−3)

N∗
nuc forest NAitken

12 Aug 2010 14:00–14:30 LT 17 3700 2400
13 Aug 2010 10:30–11:00 LT 20 3100 5500
16 Aug 2010 13:00–13:30 LT 16 6900 5500
18 Aug 2010 11:30–12:00 LT 22 4300 3600
21 Aug 2010 13:30–14:00 LT 25 2300 4600
22 Aug 2010 13:00–13:30 LT 19 1700 2000
26 Aug 2010 11:30–12:00 LT 23 1300 1500
MIN 16 1300 1500
MAX 25 6900 5500
AVG 20 3300 3600
S.D. 3 1900 1700

∗ Nnuc forest: particle number concentration between 14 nm and 30 nm.
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at the urban site were mainly produced via condensation
of organic vapors into nuclei clusters (Jang and Kamens,
2001; Zhang and Wexler, 2002). Internal mixtures of sulfate
with dominant fraction of organics are also possible at
the urban site during the nucleation periods. Theg(85 %)
(1.11–1.22) of freshly nucleated particles can be explained
by internal mixtures of non-hygroscopic organic compounds
with highly hygroscopic ammonium sulfate havingg(85 %)
of 1.56 (Jung et al., 2010).

Peak number concentrations of nucleation and Aitken
mode particles during the periods with NPF events at the
two sites are summarized in Tables 2 and 3. Peak particle
number concentration was obtained from the average of
the highest five measurements during the periods with
NPF events. PeakNnuc urban at the urban site ranged
from 3500 to 12 000 particles cm−3 with an average of
5700± 2600 particles cm−3, whereas peakNAitken ranged
from 1200 to 6700 particles cm−3 with an average of
4800± 1900 particles cm−3 (Table 2 and Fig. 4c). Lower
peak number concentrations obtained at the forest site; 1300–
6900 particles cm−3 (avg. 3300± 1900 particles cm−3)
for Nnuc forest and 1500–5500 particles cm−3 (avg.
3600± 1700 particles cm−3) for NAitken (Table 3 and
Fig. 4d). To compare the number concentrations of nucle-
ation mode particles between the two sites, average number
concentrations of particles from 14 nm to 30 nm at the urban
site were also calculated to be 4500± 2200 particles cm−3

(range: 2300–9400 particles cm−3). In summary, the number
concentrations of nucleated particles at the urban site were
higher than those at the forest site.

3.2 Characteristics of NPF events at urban site

Figure 5 shows diel variations inNnuc urban, SO2, O3, and the
UV index at the urban site during NPF events. The bursts
of nucleation mode particles were strongly correlated with
increases in SO2 and O3 concentrations and the UV index
in the morning. The burst of nucleation mode particles can
occur by activation of the existing nuclei cluster pool (Kul-
mala et al., 2007) or by rapid formation of new nuclei clus-
ters during activation (Lehtipalo et al., 2010). Activation usu-
ally occurs when the concentrations of condensable gases
rapidly increase via photochemical process during the day
(Bzdek and Johnston, 2010). Sulfuric acid produced from
photo-oxidation of SO2 can act as nuclei (Jaecker-Voirol and
Mirabel, 1989; Korhonen et al., 1999) and can also contribute
to the initial growth of nuclei clusters by direct condensation
into nuclei clusters (Yue et al., 2010) or by serving as a cat-
alyst (Jang and Kamens, 2001). Increased O3 concentrations
during the period of high UV index in morning are favorable
for the production of condensable organic vapors via photo-
oxidation of anthropogenic and biogenic VOC (Laaksonen
et al., 2008). Thus, it is suggested that increases in SO2 and
O3 concentrations with elevated UV irradiance are important

Fig. 5 

 

 

 

 

0

2

4

6

8

10

0 4 8 12 16 20 24

Time of Day (hr)

U
V

 i
n

d
e

x

0

3000

6000

9000

12000

15000

0 4 8 12 16 20 24

Time of Day (hr)

N
n
u
c
_
u
rb

a
n
 (

#
/c

m
3
)

0

1

2

3

4

5

0 4 8 12 16 20 24

Time of Day (hr)
S

O
2
 (

p
p

b
v
)

0

10

20

30

40

50

O
3  (p

p
b

v
)

SO2 O3

(a)

(b) 

(c) 

O3SO2

Fig. 5. Diel variations in(a) Nnuc urban, (b) SO2, O3 and (c) the
UV index at the urban site during the periods with NPF events.
The UV index was calculated using measured solar irradiance from
250 nm to 400 nm (UV-A and UV-B) and the erythema reference
action spectrum. The UV index is a unitless quantity. The level of
the UV index was defined as low (< 2), moderate (3–5), high (6–7),
very high (8–10) and extreme (> 11).

for initiation of the burst of nucleation mode particles at the
urban site.

Figure 6 shows temporal variations inNnuc urban, TSP, and
O3 concentrations, and the UV index at the urban site for
a selected day with non-NPF event (28–29 July 2011) and
with NPF event (1–3 August 2011). During the periods with
NPF events at the urban site on 1–3 August 2011, it was ob-
served thatNnuc urban increased sharply as O3 concentrations
increased under high UV index conditions (Fig. 6b). How-
ever, even though similar increases in ozone concentrations
were observed under high UV index conditions on 28–29
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Fig. 6. Nnuc urban, total suspended particle (TSP) mass concentra-
tion, ozone concentration, and UV index at the urban site during
(a) 28–29 July and(b) 1–3 August 2011, corresponding to the peri-
ods with non-NPF events (non-NPF) and periods with NPF events,
respectively.

July 2011, a burst of nucleation mode particles did not oc-
cur (Fig. 6a). A key distinction between the periods with
NPF events and with non-NPF events in Fig. 6 is the differ-
ence in the mass concentrations of TSP. TSP mass concen-
trations (avg. 49± 13 µg m−3) during the periods with non-
NPF events were approximately four times higher than those
(avg. 12± 5 µg m−3) during the periods with NPF events (see
Fig. 6).

Pre-existing particles can act as a sink for condensable or-
ganic or inorganic vapors of low volatility and for initially
nucleated clusters of 1–2 nm particles, thus inhibiting a burst
of nucleation mode particles (Kulmala, 2003). To examine
the effect of the pre-existing particles on a nucleation burst
event, the average CS between 06:00 and 07:00 LT was cal-
culated for the selected days with non-NPF events (28–29
July 2011) and with NPF events (1–3 August 2011). Because
the burst of nucleation mode particles at the urban site typ-
ically started after 07:00 LT (Table 2), particle number size
distributions between 06:00 and 07:00 LT were selected to
determine background conditions. Particle number size dis-
tributions from 5 nm to 1000 nm were reconstructed using
a log-normal Gaussian fit of measured particle number size

distributions and are shown in Fig. 7a, c as solid lines. The
CS value was then calculated using Eq. (2) and is shown in
Fig. 7b, d.

CS values (0.051 s−1 on 28 July 2011 and 0.014 s−1 on
29 July 2011) for the selected days with non-NPF events
(Fig. 7b) were approximately two to five times higher than
those (0.0022–0.0037 s−1) for the selected days with NPF
events (Fig. 7d). CS values during the selected days with
non-NPF events were similar to those (0.0051–0.044 s−1)
obtained during the periods with NPF events at an urban site
in Beijing, China, in the summer of 2006 (Yu et al., 2009).
Very few NPF events (3–5 days in a month) occurred at the
Beijing urban site during the summers of 2004, 2005, and
2006 due to the elevated CS level (Yu et al., 2009). The cur-
rent results suggest that during the periods with non-NPF,
abundant amounts of condensable vapors and initially nucle-
ated clusters might be removed by the pre-existing particles
due to a condensation sink at a heavily polluted urban site,
thus inhibiting the burst of nucleation mode particles.

3.3 Growth of nucleated particles at urban site

Once formed, nuclei clusters grow to the size at which con-
densation of organics becomes possible via heterogeneous
reactions, and then the particles further evolve to CCN via
condensation of condensable vapors of low volatility (mainly
organic vapors) (Jang and Kamens, 2001; Zhang and Wexler,
2002). Typical growth rates of nucleated particles range
between 1–20 nm h−1 in the mid-latitudes (Kulmala et al.,
2004). The growth rate of nucleated particles was calculated
by the gradient of Mode Dp against time during the period
when Mode Dp was below 40 nm. The growth rates of nu-
cleated particles at the urban site were calculated to be in the
range of 5.0–7.8 nm h−1 with an average of 6.3± 1.1 nm h−1

(Table 2), being similar to the values reported for other ur-
ban sites: i.e., East St. Louis, US (avg. 6.7± 4.8 nm h−1) in
summer (Qian et al., 2007), the Yangtze River delta, China
(6.4± 1.6 nm h−1, range: 3.6–7.4 nm h−1) in summer (Gao et
al., 2009), and Brisbane, Australia (4.6 nm h−1, range: 1.79–
7.78 nm h−1) in spring-winter (Cheung et al., 2011).

Figure 8 shows diel variations in Mode Dp and wind direc-
tion at the urban site during the periods with NPF events. In-
terestingly, two different types of NPF events were observed
with or without subsequent particle growth after the burst of
nucleation mode particles. Nucleated particles on 21, 24, 27
July and 1, 6, 8 August 2011 (Case 1) gradually grew to par-
ticle diameters of approximately 40–50 nm or larger after the
burst of nucleation mode particles (Fig. 8a). However, the
subsequent growth of freshly nucleated particles did not oc-
cur on 31 July and 2, 3, 5 August 2011 (Case 2) (Fig. 8b).
The NPF events were therefore categorized as a burst of nu-
cleation mode particles with (Case 1) or without subsequent
particle growth (Case 2). Cheung et al. (2011) also observed
two different types of NPF events at an urban site in Bris-
bane, Australia. The burst of nucleation mode particles with
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Table 4.Summary of gas-phase pollutant concentrations and meteorological parameters at the urban site during the periods with NPF events
for two different growth patterns.

Case 11 Case 22

Date 21, 24, 27 Jul and 1, 6, 8 Aug 2011 31 Jul and 2, 3, 5 Aug 2011
Time 08:00–16:00 LT

AVG ± S.D. (MAX)

SO2 ppbv 1.3± 1.0 (4) 1.4± 1.3 (6)
Non-methane hydrocarbon (NMHC) ppmv 0.09± 0.07 (0.52) 0.06± 0.01 (0.09)
NO2 ppbv 5.0± 2.0 (10) 4.4± 1.9 (7)
O3 ppbv 30± 12 (51) 25± 10 (46)
Wind direction3 NW> NE> SE SE
Wind speed m s−1 2.8± 1.2 (6.1) 3.4± 1.9 (7)
Temperature °C 25± 3.2 (31) 26± 2.2 (30)
RH % 62± 9 (85) 57± 10 (81)

1 with or 2 without particle growth after the burst of nucleation mode particles.
3 NW: northwesterly wind, NE: northeasterly wind, SE: southeasterly wind.
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Fig. 7. (a, c)Average particle number size distributions and(b, d) their corresponding condensation sink (CS) averaged over 06:00–07:00 LT
at the urban site on(a, b) 28–29 July 2011 during the periods with non-NPF events (non-NPF) and(c, d) 1–3 August 2011 during the periods
with NPF events. Solid lines in(a) and(b) represent fitted log-normal Gaussian curves.

particle growth was found to be associated with particle pre-
cursors emitted from local traffic exhaust, whereas that with-
out particle growth was associated with the transport of in-
dustrial emissions (Cheung et al., 2011).

Figure 9 present diel variations inNnuc urban, NAitken,
NUFP urban and Mode Dp at the urban site on 27 July and

5 August 2011 as typical examples for the Case 1 and Case
2 periods, respectively. It was observed thatNAitken on 27
July 2011 (Case 1) started to increase after the burst of nu-
cleation mode particles (Fig. 9a). The increase inNAitken
was strongly correlated with the increase in Mode Dp. How-
ever,NAitken on 5 August 2011 (Case 2) was invariant for
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Fig. 8 
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Fig. 8.Diel variations in Mode Dp and wind direction at the urban site during the periods with NPF events on(a) 21, 24, 27 July and 1, 6, 8
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Case 1 and Case 2 conditions, respectively.

more than 4–5 h after the burst of nucleation mode particles
(Fig. 9b). The Mode Dp of nucleated particles also remained
at a similar level below 20 nm for approximately 4–5 hours.
Several peaks ofNnuc urbanwere observed on 5 August 2011,

indicating that the burst of nucleation mode particles contin-
ued to occur during the Case 2 period.

To better understand the two different NPF events at the
urban site, several meteorological parameters and concentra-
tions of gas-phase pollutants such as SO2, NMHC, NO2 and
O3 are shown in Table 4. Because the burst of nucleation
mode particles and their subsequent growth usually occurred
between 08:00 and 16:00 LT as seen in Fig. 8a, this time pe-
riod was chosen to determine the relationship between levels
of gaseous pollutants and the different particle growth pat-
terns. It was observed that the growth pattern of nucleated
particles could be classified on the basis of wind direction,
as shown in Fig. 8. Southeasterly winds were predominant
before the burst of nucleation mode particles. Interestingly,
when wind direction shifted to northwesterly or northeast-
erly, nucleated particles started to grow after the burst of
nucleation mode particles (Fig. 8a). However, if wind direc-
tion stayed southeasterly, nucleated particles did not grow for
more than 4–5 h (Fig. 8b). No significant differences in am-
bient temperature and RH were detected between the Case 1
and Case 2 periods (see Table 4).

Besides wind direction, relatively large differences in
NMHC concentrations between the Case 1 and Case 2
periods were observed, with elevated concentrations dur-
ing the Case 1 periods (Table 4). NMHC concentrations
averaged over 08:00–16:00 LT during the Case 1 peri-
ods (0.09± 0.07 ppmv) were higher than those (0.06± 0.01
ppmv) during the Case 2 periods (Table 4), indicating that
concentrations of NMHC were enhanced during northwest-
erly or northeasterly winds (Case 1) compared to southeast-
erly winds (Case 2). Concentrations of NO2 and O3 dur-
ing the Case 1 periods were slightly higher than those dur-
ing the Case 2. However, SO2 concentrations averaged over
08:00–16:00 LT were similar between the Case 1 and Case
2 with average values of 1.3± 1.0 ppbv and 1.4± 1.3 ppbv,
respectively (Table 4), indicating that SO2 concentrations
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Fig. 10.Temporal variations in(a) Nnuc forest, UV-B, (c) wind direction, wind speed,(d) calculated H2SO4, and O3 concentrations at the
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were not substantially affected by a change in wind direc-
tion.

Because the growth of nucleated particles to CCN is
thought to be mainly driven by condensation of low volatile
organic vapors (Jang and Kamens, 2001; Zhang and Wexler,
2002), it is suggested that elevated concentrations of NMHC
during northwesterly winds may accelerate the growth of nu-
cleated particles at the urban site. The urban site was in the
proximity of downtown Sapporo with the residential areas,
including several public parks, to the north. Thus, it was
suggested that emissions from the residential areas and pub-
lic parks contained more NMHC than those from downtown
Sapporo. However, the inflow of emissions from the down-
town area did not accelerate the growth of nucleated particles
but continued the burst of nucleation mode particles.

3.4 Characteristics of NPF events at forest site

The burst of nucleation mode particles at the forest site typi-
cally started around noon (10:30–14:30 LT) during the sum-
mer of 2010, which was delayed by approximately 3–4 h
compared with the burst at the urban site during the summer
of 2011. Figure 10 shows temporal variations inNnuc forest,
UV-B intensity, wind direction, wind speed, and O3 con-
centration measured at the forest site during the entire mea-
surement period. Wind direction and wind speed measured

at a meteorological observatory in urban Sapporo, which
is located at∼9.5 km north of the forest site are shown in
Fig. 10b. H2SO4 concentrations were calculated using the
SO2 concentration, CS, and UV-B radiation data based on
an equation for the proxy calculation given by Petäjä et
al. (2009) (Fig. 10d). Increased H2SO4 concentrations were
clearly observed during the NPF event periods at the forest
site (Fig. 10d).

ElevatedNnuc forest values were observed at the forest site
when the burst of nucleation mode particles occurred and
are marked as vertical red lines. Interestingly, it was ob-
served that the burst of nucleation mode particles at the for-
est was initiated when wind direction shifted to northeasterly
(Fig. 10c). The shift of wind direction to northeasterly at the
forest site during the periods with NPF events was consis-
tent with the shift of wind direction to northwesterly at the
meteorological observatory in urban Sapporo (Fig. 10b). A
scatter plot of hourly averageNnuc forestversus local wind di-
rection at the forest site is shown in Fig. 11, as a function
of wind direction measured at the meteorological observa-
tory in urban Sapporo presented as a colored bar. Increases
in Nnuc forestwere observed during northeasterly winds at the
forest site and northwesterly winds at the meteorological ob-
servatory in urban Sapporo. These results imply that the in-
flow of air masses originating from urban Sapporo may play
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Fig. 11 
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an important role in initiating the burst of nucleation mode
particles at the forest site.

Because the SOA formation from biogenic precursors is
accelerated in the presence of acid catalyst (e.g., Jang et al.,
2002), the presence of acidic pollutants, such as sulfuric acid,
is important in the formation of nuclei clusters and their ini-
tial growth to detectable size via heterogeneous condensa-
tion of organic vapors (Jang and Kamens, 2001; Zhang and
Wexler, 2002; Kulmala, 2003). Increased H2SO4 concentra-
tions at the nearby urban observatory, which is located at
∼5 km north of the forest site, were observed during the day-
time (Fig. 10d). Thus, the inflow of anthropogenic pollutants
from urban Sapporo may have been important in initiating
the burst of nucleation particles at the forest site. Similarly,
NPF events were always observed in the Colorado Rocky
Mountains in the western United States when warm, polluted
air masses arrived at a study site (Boy et al., 2008). Although
there were few NPF events in a mixed deciduous forest in the
northern United States, a NPF event was clearly observed
during the inflow of a sulfur-rich plume (Kanawade et al.,
2011).

The burst of nucleation mode particles did not occur on
10, 11, 15, and 23 August 2010 as marked in blue boxes
(Fig. 10). During the periods with non-NPF events, wind di-
rections were southerly to southwesterly at the forest site on
11, 15, and 23 August 2010 and southeasterly at the urban
meteorological observatory on the same dates when UV-B
intensity was low (Fig. 10a, c). These results imply that air
masses originating from urban Sapporo rarely impacted the
forest site during the periods with non-NPF events. Previous
studies suggested that conventional NPF events do not occur
in mixed deciduous forest, where emissions of biogenic iso-
prene are abundant (Kiendler-Scharr et al., 2009; Martin et
al., 2010; Kanawade et al., 2011). One possible explanation

for the non-NPF events is the inhibiting effect caused by iso-
prene that is emitted in the forest and can act as an OH scav-
enger (Kiendler-Scharr et al., 2009; Kanawade et al., 2011).
Moreover, the decreased amount of SO2 transported from the
urban area may result in the reduction of sulfuric acid lead-
ing to the suppression of NPF. Although the available data
are limited to fully understand these effects, the current re-
sult suggests that the inflow of anthropogenic pollutants may
be important in controlling NPF at the forest site.

However, many field and laboratory studies found that
the SOA formation from isoprene was greatly enhanced in
the presence of sulfuric acid through acid-catalyzed particle
phase reactions (Jang et al., 2002; Edney et al., 2005; Sur-
ratt et al., 2007; Offenberg et al., 2009; Jaoui et al., 2010).
Because the vegetation of the forest in this study is charac-
terized by mixed deciduous trees (Miyazaki et al., 2012), the
burst of nucleation mode particles at the forest site might re-
sult from photo-oxidation of locally emitted isoprene and its
acid-catalyzed condensation reactions on nuclei clusters, un-
der the inflow of anthropogenic pollutants from urban Sap-
poro.

This hypothesis is supported by measurements of the bio-
genic SOA tracers at the same deciduous forest in north-
ern Japan during the summer (Miyazaki et al., 2012a, b).
Miyazaki et al. (2012a) reported that isoprene SOA tracers
such as 2-methyltetrols and C5-alkene triols at the same de-
ciduous forest increased sharply during the summer and fall
of 2010 (July–October). Fu and Kawamura (2011) reported
that the isoprene SOA tracers showed clear diel variations
with a continuous increase from early morning to late after-
noon in the summer of 2001 at the Uryu forest site, which is
located∼200 km north of Sapporo and is characterized by a
mixed deciduous forest.

To examine the effect of the pre-existing particles on nu-
cleation burst at the forest site, the CS value averaged over
09:00–10:00 LT was calculated for selected days with non-
NPF events (10, 11, 15, and 23 August 2010) (Fig. 12a)
and with NPF events (12, 13, 16, 18, 21, 22, and 26 Au-
gust 2010) (Fig. 12b). Because the burst of nucleation mode
particles at the forest site generally started after 10:00 LT
(Table 3), particle number size distributions between 09:00
and 10:00 LT were selected as a background condition. The
CS value was calculated using particle number size distribu-
tions from 14 nm to 750 nm using Eq. (2). Average CS val-
ues (0.0035–0.0063 s−1) for the selected days with non-NPF
events were similar to those (0.0020–0.0057 s−1) for the se-
lected days with NPF events, as shown in Fig. 12c. These
results suggest that a CS of condensable vapors on the pre-
existing particles was not important for the burst of nucle-
ation mode particles at the forest site during the summer of
2010.

The growth rate of nucleated particles at the forest site was
not clearly characterized. As shown in Fig. 3b, the burst of
nucleation mode particles and the subsequent growth of these
particles occurred almost simultaneously within one hour.
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This unique growth pattern, which cannot be well interpreted
at present, needs further study with comprehensive measure-
ment of the chemical composition of gaseous and particulate
pollutants at the forest site.

4 Summary and conclusions

The burst of nucleation mode particles at the urban site dur-
ing the summer of 2011 typically started in the morning
(07:00–11:30 LT) with peakNnuc urban values ranging from
3500 to 12 000 particles cm−3. In total, 10 NPF events were
observed at the urban site, corresponding to 53 % of the mea-
surement days (n = 19). Mode Dp of nucleated particles at
the urban site was obtained as 17± 4 nm during the peri-
ods with NPF events. Diel variations in gas-phase pollutants
and meteorological parameters suggest that increases in SO2
and O3 concentrations and the UV index in the morning un-
der clear (sunny) conditions are needed for the burst of nu-
cleation mode particles at the urban site. However, elevated
concentrations of the pre-existing particles at the urban site
inhibited the burst of nucleation mode particles due to a con-
densation sink (CS) of condensable vapors and initially nu-
cleated clusters into the pre-existing particles.

NPF events at the urban site were classified into two
groups of those with and without subsequent particle growth
after the burst of nucleation mode particles. The growth rates
of nucleated particles at the urban site ranged from 5.0 to
7.8 nm h−1 with an average of 6.3± 1.1 nm h−1. Freshly nu-
cleated particles started to grow after the burst of nucleation
mode particles when wind direction shifted from southeast-
erly (from the downtown area) to northwesterly (from resi-
dential areas and public parks). However, if wind direction
stayed as southeasterly, the subsequent growth of freshly
nucleated particles did not occur. During the periods with
NPF events, elevated concentrations of non-methane hydro-
carbon (NMHC) were recorded when northwesterly winds
dominated. These results suggest that the increase in NMHC
concentrations may play an important role in the subsequent
growth of freshly nucleated particles at the urban site.

The burst of nucleation mode particles at the forest site
during the summer of 2010 delayed by 3–4 hours compared
with that at the urban site during the summer of 2011. The
burst of nucleation mode particles at the forest site typically
started around noon (10:30–14:30 LT) withNnuc forest rang-
ing from 1300 to 6900 particles cm−3. In total, seven NPF
events were observed at the forest site, corresponding to
47 % of the measurement days (n = 15). Mode Dp of freshly
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nucleated particles at the forest site was 20± 3 nm during
the periods with NPF events, which was similar to the value
at the urban site. The burst of nucleation mode particles at
the forest site usually started when wind direction shifted to
northeasterly winds. These results imply that the inflow of air
masses originating from urban Sapporo acted as a trigger for
the initiation of the burst of nucleation mode particles in the
deciduous forest, where isoprene emissions were abundant.
Similar CS values were obtained during both periods with
and without NPF events, suggesting that any condensation
sink of condensable vapors on the pre-existing particles did
not significantly affect the burst of nucleation mode particles
at the forest site during the summer of 2010.

The present study suggested that the interaction between
biogenic and anthropogenic emissions may be a very im-
portant factor in NPF in a deciduous forest. However, very
few studies have been undertaken to investigate the interac-
tion of biogenic and anthropogenic emissions in regard to
NPF events in the ambient atmosphere. More studies includ-
ing comprehensive measurements of the chemical and phys-
ical properties of gaseous and particulate components during
NPF events are needed, particularly in deciduous forest sites
adjacent to urban areas, in order to better understand the in-
teraction between biogenic and anthropogenic emissions and
its effect on NPF.
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