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Abstract

To investigate new particle formation (NPF) events in urban and forest environments,
number size distributions of ultrafine particles were measured at an urban site and a de-
ciduous forest site in Sapporo, Northern Japan, during the summers of 2011 and 2010,
respectively. The burst of nucleation mode particles at the urban site typically started5

in the morning (7:00–11:30 local time, LT) with simultaneous increases in SO2 and O3
concentrations and the UV index under clear (sunny) weather conditions. The growth
rates of nucleated particles at the urban site ranged from 5.0 to 7.8 nmh−1 with an
average of 6.3±1.1 nmh−1. NPF events at the urban site were separated into events
with or without subsequent particle growth after the burst of nucleation mode parti-10

cles. This division was related to prevailing wind direction as the subsequent growth of
freshly nucleated particles typically occurred when wind direction shifted to northwest-
erly (from residential and public park areas), whereas it did not occur under southeast-
erly winds (from the downtown area). During the periods with NPF events, elevated
concentrations of non-methane hydrocarbons (NMHC) were obtained under conditions15

of northwesterly winds when compared to southeasterly winds, whereas no difference
in SO2 levels was recorded. These results suggest that variations in NMHC concentra-
tion 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,20

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 urban air masses acted as a trigger for the initiation of the burst
of nucleation mode particles in the deciduous forest.
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1 Introduction

New particle formation (NPF), an important source of ambient aerosols, is frequently
observed occurring worldwide (Kulmala et al., 2004; Holmes, 2007; Bzdek and John-
ston, 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 dry5

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 approximately
1–2 nm are commonly formed via homogeneous nucleation 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 nu-10

cleation (Raes and Janssens, 1985; Yu and Turco, 2000).
It is assumed that organic vapors are required to promote the growth of nuclei clus-

ters into quasi-stable aerosol particles larger than 3 nm by several possible mecha-
nisms: heterogeneous nucleation of water-insoluble organic vapors on the clusters,
activation of the clusters for condensation of water-soluble organic vapors, and chem-15

ical reactions on the surfaces of small clusters (Jang and Kamens, 2001; Zhang and
Wexler, 2002; O’Dowd et al., 2002; Kulmala, 2003). On the 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 ammo-20

nium 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 concentration 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 generally25

high due to elevated emissions from traffic, NPF is less likely owing to the condensa-
tion sink created by pre-existing particles. Yue et al. (2009) found that NPF events in
the Beijing urban atmosphere usually occurred under low number concentrations of
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Aitken and accumulation mode particles, when clean air masses were present 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 condensation and neutralization of sul-
furic acid, together with coagulation, caused the growth of freshly nucleated particles5

during sulfur-rich periods, whereas organic compounds were responsible for particle
growth during sulfur-poor periods. Cheung et al. (2011) reported that freshly nucleated
particles at an urban site in Brisbane, Australia, showed different growth patterns de-
pending 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 observed10

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; Hallar et al., 2011). Nucleation frequency varied depending on
geographical locations: 17 % of measurement days at Mout Norikura (2770 m a.s.l.)15

in Japan (Nishita et al., 2008), 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) radiation
accelerate NPF. However, NPF at the Storm Peak Laboratory in Colorado was not20

related to O3 concentration and pre-existing aerosol surface area (Hallar et al., 2011).
NPF and subsequent particle growth from biogenic emissions 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 secondary organic aerosols (SOA) in25

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 studies, which showed that the formation of bio-
genic SOA can be promoted by anthropogenic influences (Zhang et al., 2009; Froyd
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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
nucleation and the initial growth of nano-size particles.

Isoprene fluxes over the Amazonian rainforest are almost 10 times higher than α-
pinene fluxes (Rinne et al., 2002). Isoprene emissions from mixed deciduous forest in5

the Northern United States are particularly large (>95 % of the total terpenoid emis-
sion) compared to emissions of monoterpenes and sesquiterpenes (Ortega et al.,
2007). However, concentrations of monoterpenes in coniferous boreal forest in Finland
are ∼5 times higher than concentrations of isoprene (Spirig et al., 2004). Although NPF
events have been observed in European coniferous forests, including Finland’s boreal10

forest (e.g., Kulmala et al., 2004) and coniferous forest in Germany (Held et al., 2004),
NPF events have not been reported in the mixed deciduous forests of the Amazon and
the Northern United States, where emissions of biogenic isoprene are abundant (Mar-
tin et al., 2010; Kanawade et al., 2011). Therefore more research is required regarding
the mechanisms of NPF in a deciduous forest.15

To better understand NPF events and the mechanisms of subsequent particle
growth, we continuously measured particle number size distributions using a scan-
ning mobility particle 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 con-
trolling NPF and the subsequent particle growth are investigated. Here, we report NPF20

events at the two sites and discuss in detail the impact of anthropogenic 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 July25

and 9 August 2011) and at a deciduous forest site (between 10 and 26 August 2010) in
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Sapporo, 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 west-
ern part of Hokkaido, the northernmost main island of Japan (Fig. 1). Sapporo is sur-5

rounded by 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; Kitamori et al.,
2009). The campus is surrounded mainly by residential areas, and the urban cen-
ter is located ∼2 km south of university campus. Total suspended particle (TSP) mass10

concentration, atmospheric concentrations of non-methane hydrocarbons (NMHC) and
the criteria pollutants such as O3, NO2, and SO2 close to the urban site were ob-
tained from the Ministry of the Environment of Japan at the Sapporo observatory
(http://soramame.taiki.go.jp/).

Aggarwal and Kawamura (2009) found that photochemical aging was an important15

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 ag-20

ing. On the basis of the size-segregated chemical composition of atmospheric aerosols,
Agarwal et al. (2010) reported that most of the diacids, ketoacids, dicarbonyls, levoglu-
cosan, 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 the25

chemical composition of carbonaceous particles in the Sapporo urban aerosol during
the summer of 2005 (Agarwal et al., 2010).
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2.1.2 Forest site

The forest site was located at the Sapporo forest meteorology research site
(42◦59′13′′ N, 141◦23′53′′ E), which is a secondary hardwood forest site located in
the western part of Hokkaido (Fig. 1). The northern border of the forest faces urban
Sapporo, which is ∼2 km away from the experiment site. As described by Miyazaki5

et al. (2012), the experimental site is covered with broadleaf deciduous trees in a tran-
sitional stage from mature birch (Betula platyphylla) to climax species, mainly Mizunara
oak (Quercus crispula). Needle-leaf evergreen trees are also present in the surround-
ing area. The understory consists of evergreen Sasa bamboo (Sasa kurilensis and
Sasa senanensis), which extensively covers the ground surface. The O3 concentration10

was continuously measured at the forest site. Additionally, the SO2 concentration 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/).

Miyazaki et al. (2012) investigated the seasonal changes in water-soluble organic15

carbon (WSOC) in aerosols from the same deciduous forest site in 2009 and 2010
based on organic chemical composition and the stable carbon isotopic composition of
WSOC. They found that biogenic secondary organic aerosols (BSOAs) accounted for
∼40 % of the highest concentrations of WSOC in early summer and mostly consisted
of α-/β-pinene secondary organic aerosols. They also found that the isoprene SOA20

tracers such as 2-methyltetrols and C5-alkene triols increased sharply during the sum-
mer and fall of 2010 (July–October). However, properties of ultrafine particles such as
their generation mechanism and growth characteristics have never been studied in this
forest site.

2.2 Particle number size distribution25

A scanning mobility particle sizer (SMPS) was deployed at the two sites to measure
number size distributions of ultrafine particles. A nano-differential mobility analyzer
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(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 electro-
static classifier (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.5

The instrument specification for the CPC indicated a 90 % counting efficiency for
a particle diameter of 7 nm. Thus, particle size ranging from 7 nm to 165 nm was mea-
sured using the nano-DMA SMPS at the urban site. However, because the lowest sep-
aration size of the long-DMA is ∼14 nm, particle size ranging from 14 nm to 750 nm
was measured using the long-DMA SMPS at the forest site.10

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 being introduced to the SMPS. Sample and sheath flow rates of the DMA were15

set to 0.3 LPM and 3 LPM, respectively. The SMPS was calibrated using a polystyrene
latex (PSL) standard 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 standard). 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, respectively.20

Mode peak diameter (Mode Dp) was obtained from a log-normal Gaussian fit of par-
ticle number size distribution smaller than 100 nm. The mode Dp was used to calculate
the growth rate of nucleated particles. In this study, the size distribution data were clas-
sified into three groups: ultrafine particles (UFP) (Dp <100 nm), Aitken mode particles
(30 nm<Dp <100 nm), and nucleation mode particles (Dp <30 nm). Because of the dif-25

ferent lowest detectable sizes of the SMPS at the urban and forest sites, total number
concentrations of nucleation mode particles at the urban and forest sites were calcu-
lated by integrating particle number concentrations from 7 nm to 30 nm (Nnuc urban) and
from 14 nm to 30 nm (Nnuc forest), respectively. Similarly, total number concentrations of
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UFP at the urban and forest sites were calculated by integrating particle number con-
centrations from 7 nm to 100 nm (NUFP urban) and from 14 nm to 100 nm (NUFP forest), re-
spectively. Total number concentrations of Aitken mode particles (NAitken) at both sites
were calculated by integrating particle number concentrations from 30 nm to 100 nm.

2.3 Meteorological conditions5

Meteorological data (temperature, relative humidity (RH), wind direction, wind speed,
rainfall, and UV index) during the urban campaign were obtained from the Japan Mete-
orological 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-10

induced erythema on human skin (World Health Organization, 2002). The UV index
was calculated using measured solar irradiance from 250 nm to 400 nm and the ery-
thema reference action spectrum and is a unitless quantity. The UV index used defini-
tions of as low (<2), moderate (3–5), high (6–7), very high (8–10), and extreme (>11).
Local meteorological parameters at the forest site were measured using an automatic15

weather transmitter (WXT-510, Vaisala) (Miyazaki et al., 2012). Additionally, meteoro-
logical data for urban Sapporo during the forest campaign were also obtained from the
Japan Meteorological Agency in Sapporo, which is located at ∼9.5 km north of the for-
est 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,20

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 oc-25

curred (see Table 1).
The dominant local wind directions during the urban campaign varied between

southeasterly and northwesterly with an average wind speed of 3±2 ms−1 (range: 0–
14051
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11 ms−1) (Fig. 2a and Table 1). During the forest campaign, the dominant local wind di-
rections were southwesterly with an average wind speed of 0.5±0.4 ms−1 (range: 0.1–
3.1 ms−1) (Fig. 2b and Table 1). Because the urban site was surrounded by forested
areas (Fig. 1), air masses originating from the surrounding forests may influence the
urban site under southeasterly wind conditions (Fig. 2a). In a similar manner, because5

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 north-
easterly wind conditions (Fig. 2b).

Because two campaigns were conducted in different years (2011 for the urban cam-
paign and 2010 for the forest campaign), meteorological parameters at the forest site10

in 2010 and 2011 were compared to determine if substantial differences 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 values measured at the forest site during 10–26 August 2010.
Very similar UV-B intensity and local wind speed measurements were also obtained at15

the forest site during 10–26 August 2011. In the 2010 measurement period average
UV-B intensity was 0.06±0.13 Wm−2 (range: 0–0.84 Wm−2) and average wind speed
was 0.5±0.4 ms−1 (range: 0.1–3.1 ms−1). The corresponding figures for 2011 was
UV-B = 0.05±0.10 Wm−2 (range: 0–0.70 Wm−2) and wind speed = 0.5±0.4 ms−1

(range: 0.1–7.2 ms−1). These results imply that, even though the two campaigns were20

conducted 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 =
∆ModeDp

∆t
(1)25

where ∆t is the time period of the growth of freshly nucleated particles below 40 nm.
14052
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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
integrating 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)5

where D is the diffusion coefficient and typically is taken as that for H2SO4 in air (Han-
son and Eisele, 2000), βM is the transitional regime correction factor, Dpi is the particle
diameter of size class i , and Ni is the particle number concentration in size class i . The
transitional correction factor (βM ) can be expressed by the following formula (Fuchs and
Sutugin, 1971):10

βM =
Kn+1

0.377Kn+1+ 4
3α

−1Kn2 + 4
3α

−1Kn
(3)

where α 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 dependent λ values can be determined from the following formula (Willeke,15

1976):

λ = λr

(
101
P

)(
T

293

)(
1+110/293

1+110/T

)
(4)

where P is a pressure in kPa and T is a temperature in K. λr is the mean free path
under standard conditions (293 K and 1 atmospheric pressure).
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3 Result 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 involving the burst of nu-
cleation mode particles and the growth of these particles into Aitken or accumula-5

tion mode by condensation and/or coagulation (Kulmala et al., 2004). Particles gen-
erated 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
nucleation mode particles or Aitken mode particles. Because the size of nucleated par-
ticles formed via the gas to particle conversion process is generally smaller than 30 nm10

(Park et al., 2008; Watson et al., 2006), the ratio of the number concentrations of nu-
cleation 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 the
Nnuc/NUFP ratios of >0.5 with elevated NUFP, as shown in Fig. 3.

On the basis of these criteria, 10 NPF events were characterized at the urban site15

(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 nucleation mode particles at the urban site
typically started in the morning (7:00–11:30 LT) (Table 2). However, the burst of nucle-
ation mode particles at the forest site typically started around noon (10:30–14:30 LT)20

(Table 3). The time gap in the burst of nucleation mode particles between the two sites
is discussed in more detail 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 nucleation mode particles as shown in Fig. 4. Average number size distributions25

of freshly nucleated particles at the urban site showed clear unimodal distributions
with peaks centered 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
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additional peaks were often observed in the Aitken mode (Fig. 4b), resulting in relatively
broad particle number size distributions compared to the urban site. A Mode Dp of
nucleated particles was obtained using a log-normal Gaussian fit of the number size
distributions of freshly nucleated particles. The Mode Dp of freshly nucleated particles
at the urban site ranged from 12 nm to 24 nm with an average of 17±4 nm (Fig. 4c and5

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 (2012) 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 peri-10

ods. They found that the g(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 sec-
ondary organic aerosols (Virkkula et al., 1999; Saathoff et al., 2003; Sjogren et al.,
2008). Their results suggest that nucleated particles at the urban site were mainly pro-
duced via condensation of organic vapors into nuclei clusters (Jang and Kamens, 2001;15

Zhang and Wexler, 2002).
Peak number concentrations of nucleation and Aitken mode particles dur-

ing 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. Peak20

Nnuc urban at the urban site ranged from 3500 to 12000 particlescm−3 with an av-
erage of 5700±2600 particlescm−3, whereas peak NAitken ranged from 1200 to
6700 particlescm−3 with an average of 4800±1900 particlescm−3 (Table 2 and
Fig. 4c). Lower peak number concentrations obtained at the forest site were
1300–6900 particlescm−3 (avg. 3300±1900 particlescm−3) for Nnuc forest and 1500–25

5500 particlescm−3 (avg. 3600±1700 particlescm−3) for NAitken (Table 3 and Fig. 4d).
To compare the number concentrations of nucleation 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 particlescm−3 (range: 2300–
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9400 particlescm−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 the urban site

Figure 5 shows diel variations in Nnuc urban, SO2, O3, and the UV index at the urban
site during NPF events. The bursts of nucleation mode particles were strongly corre-5

lated 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 (Kulmala et al., 2007) or by rapid formation of new nuclei clusters during
activation (Lehtipalo et al., 2010). Activation usually occurs when the concentrations of
condensable gases rapidly increase via photochemical process during the day (Bzdek10

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 con-
tribute to the initial growth of nuclei clusters by direct condensation into nuclei clusters
(Yue et al., 2010) or by serving as a catalyst (Jang and Kamens, 2001). Increased
O3 concentrations during the period of high UV index in morning are favorable for the15

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

Figure 6 shows temporal variations in Nnuc urban, TSP, and O3 concentrations, and the20

UV index at the urban site for a selected day with no NPF events (28–29 July 2011) and
with NPF events (1–3 August 2011). During the periods with NPF events at the urban
site on 1–3 August 2011, it was observed that Nnuc urban increased sharply as O3 con-
centrations increased under high UV index conditions (Fig. 6b). However, even though
similar increases in ozone concentrations were observed under high UV index condi-25

tions on 28–29 July 2011, a burst of nucleation mode particles did not occur (Fig. 6a).
A key distinction between the periods with NPF events and with no NPF events in Fig. 6
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is the difference in the mass concentrations of TSP. TSP mass concentrations during
the periods with no NPF events (avg. 49±13 µgm−3) were approximately four times
higher than those during the periods with NPF events (avg. 12±5 µgm−3).

Pre-existing particles can act as a sink for condensable organic or inorganic vapors
of low volatility and for initially nucleated clusters of 1–2 nm particles, thus inhibiting5

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 6:00 and
7:00 LT was calculated for the selected days with no 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 typically started after 7:00 LT (Table 2), particle number size distributions10

between 6:00 and 7:00 LT were selected to determine background conditions. Particle
number size distributions 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 selected15

days with no 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 no 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) occurred20

at the Beijing urban site during the summers of 2004, 2005, and 2006 due to the el-
evated CS level (Yu et al., 2009). The current results suggest that during the periods
with no NPF, abundant amounts of condensable vapors and initially nucleated clusters
might be removed by the pre-existing particles due to the presence of a condensa-
tion sink at a heavily polluted urban site, thus inhibiting the burst of nucleation mode25

particles.

14057

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/14043/2012/acpd-12-14043-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/14043/2012/acpd-12-14043-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 14043–14087, 2012

NPF event in the
Sapporo atmosphere

J. Jung et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.3 Growth of nucleated particles at the urban site

Once formed, nuclei clusters grow to the size at which condensation of organics be-
comes 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 nucleated5

particles range between 1–20 nmh−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 nucleated

particles at the urban site were calculated to be in the range of 5.0–7.8 nmh−1 with an
average of 6.3±1.1 nmh−1 (Table 2), similar to findings at other urban sites: i.e., East10

St. Louis, US (avg. 6.7±4.8 nmh−1) in summer (Qian et al., 2007), the Yangtze River
delta, China (6.4±1.6 nmh−1, range: 3.6–7.4 nmh−1) in summer (Gao et al., 2009),
and Brisbane, Australia (4.6 nmh−1, range: 1.79–7.78 nmh−1) in spring–winter (Che-
ung et al., 2011).

Figure 8 shows diel variations in Mode Dp and wind direction at the urban site during15

the periods with NPF events. Interestingly, two different types of NPF events were ob-
served, those 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 particle diameters of approximately 40–50 nm or larger after the
burst of nucleation mode particles (Fig. 8a). However, the subsequent growth of freshly20

nucleated particles did not occur on 31 July and 2, 3, 5 August 2011 (case 2) (Fig. 8b).
The NPF events were therefore categorized as a burst of nucleation 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 Brisbane, Australia.
The burst of nucleation mode particles with particle growth was found to be associated25

with particle precursors emitted from local traffic exhaust, whereas that without particle
growth was associated with the transport of industrial emissions (Cheung et al., 2011).
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Figure 9 present diel variations in Nnuc 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 (a) and
case 2 (b) periods, respectively. It was observed that NAitken on 27 July 2011 (case 1)
started to increase after the burst of nucleation mode particles (Fig. 9a). The increase
in NAitken was strongly correlated with the increase in Mode Dp. However, NAitken on 55

August 2011 (case 2) was invariant for 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 h. Several peaks of Nnuc urban were observed
on 5 August 2011, indicating that the burst of nucleation mode particles continued to
occur during the case 2 periods.10

To investigate the two different NPF events at the urban site, several meteorologi-
cal parameters and concentrations of gas-phase pollutants such as SO2, NMHC, NO2
and O3 were recorded, as shown in Table 4 and Fig. 8. Because the burst of nucle-
ation mode particles and their subsequent growth usually occurred between 8:00 and
16:00 LT as seen in Fig. 8, this time period was chosen to determine the relation-15

ship between levels of gaseous pollutants and the different particle growth patterns.
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 northeasterly, nucleated particles started to grow after the burst of20

nucleation mode particles (Fig. 8a). However, if wind direction stayed southeasterly,
nucleated particles did not grow for more than 4–5 h (Fig. 8b). No large differences in
ambient temperature and RH were obtained between the case 1 and case 2 periods
as shown in Table 4.

Besides wind direction, relatively large differences in NMHC concentrations between25

the case 1 and case 2 periods were observed, with elevated concentrations during the
case 1 periods (Table 4). NMHC concentrations averaged over 8:00–16:00 LT during
the case 1 periods (0.09±0.07 ppmv) were higher than those during the case 2 periods
(0.06±0.01 ppmv) (Table 4), indicating that concentrations of NMHC were enhanced
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during northwesterly or northeasterly winds (case 1) compared to southeasterly winds
(case 2). Concentrations of NO2 and O3 during the case 1 periods were slightly higher
than those during the case 2 periods. However, SO2 concentrations averaged over
8:00–16:00 LT were similar between the case 1 and case 2 periods with average val-
ues of 1.3±1.0 ppbv and 1.4±1.3 ppbv, respectively (Table 4), indicating that SO25

concentrations were not substantially altered by a change in wind direction.
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 northwest-
erly winds may accelerate the growth of nucleated particles at the urban site. The10

urban site was in the proximity of downtown Sapporo with the residential areas, includ-
ing several public parks, to the north. Thus, it was suggested that emissions from the
residential areas and public parks contained more NMHC than those from downtown
Sapporo. However, the inflow of emissions from the downtown area did not accelerate
the growth of nucleated particles but continued the burst of nucleation mode particles.15

3.4 Characteristics of NPF events at the forest site

The burst of nucleation mode particles at the forest site typically started around noon
(10:30–14:30 LT) during the summer of 2010, which was approximately 3–4 h later than
those at the urban site during the summer of 2011. Figure 10 shows temporal varia-
tions in Nnuc forest, UV-B intensity, wind direction, wind speed, and O3 concentration20

measured at the forest site during the entire measurement period. Wind direction and
wind speed measured at a meteorological observatory in urban Sapporo, which is lo-
cated at ∼9.5 km north of the forest site is also shown in Fig. 10b. Concentrations of
SO2 obtained from an urban observatory in Sapporo located ∼5 km north of the forest
site are also shown in Fig. 10d.25

Elevated Nnuc forest values were observed at the forest site when the burst of nucle-
ation mode particles occurred and are marked as vertical red lines. Interestingly, it was
observed that the burst of nucleation mode particles at the forest was initiated when
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wind direction shifted to northeasterly (Fig. 10c). The shift of wind direction to north-
easterly at the forest site during the periods with NPF events was consistent with the
shift of wind direction to northwesterly at the meteorological observatory in urban Sap-
poro (Fig. 10b). A scatter plot of hourly average Nnuc forest versus local wind direction
at the forest site is shown in Fig. 11, as a function of wind direction measured at the5

meteorological observatory in urban Sapporo presented as a colored bar. Increases in
Nnuc forest were observed during northeasterly winds at the forest site and northwest-
erly winds at the meteorological observatory in urban Sapporo. These results imply
that the inflow of air masses originating from urban Sapporo may play an important
role in initiating the burst of nucleation mode particles at the forest site.10

Because the SOA formation from biogenic precursors is accelerated in the presence
of an 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 initial growth to
detectable size via heterogeneous condensation of organic vapors (Jang and Kamens,
2001; Zhang and Wexler, 2002; Kulmala, 2003). Increased SO2 concentrations at the15

nearby urban observatory, which is located at ∼5 km north of the forest site, were ob-
served during the daytime (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 at20

a study site (Boy et al., 2008). Although there were few NPF events in a mixed decidu-
ous forest in the Northern United States, a NPF event was clearly observed during the
inflow of a sulfur-rich plume (Kanawade et al., 2011).

Isoprene emissions from mixed deciduous forests are particularly large compared to
those of monoterpenes and sesquiterpenes (Rinne et al., 2002; Ortega et al., 2007)25

and show a clear diel variation with dominant emissions during the day (Ortega et al.,
2007; Kanawade et al., 2011). Previous studies suggested that conventional NPF
events do not occur in mixed deciduous forest, where emissions of biogenic isoprene
are abundant (Kiendler-Scharr et al., 2009; Martin et al., 2010; Kanawade et al., 2011).
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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; Surratt et al., 2007; Offenberg
et al., 2009; Jaoui et al., 2010). Because the vegetation of the forest in this study is
characterized by mixed deciduous trees (Miyazaki et al., 2012), the burst of nucleation5

mode particles at the forest site might result from photo-oxidation of locally emitted
isoprene and its acid-catalyzed condensation reactions on nuclei clusters, under the
inflow of anthropogenic pollutants from urban Sapporo.

This hypothesis is supported by measurements of the biogenic SOA tracers at the
same deciduous forest in Northern Japan during the summer (Miyazaki et al., 2012).10

Miyazaki et al. (2012) reported that isoprene SOA tracers such as 2-methyltetrols and
C5-alkene triols at the same deciduous 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 afternoon in the summer of 2001 at the Uryu forest site, which is located ∼200 km15

north of Sapporo and is characterized by a mixed deciduous forest.
The burst of nucleation mode particles did not occur on 10, 11, 15, and 23 August

2010 marked as blue boxes in Fig. 10. During the periods with no NPF events, wind
directions were southerly to southwesterly at the forest site (11, 15, and 23 August
2010) and southeasterly at the urban meteorological observatory (10, 15, and 23 Au-20

gust 2010) and UV-B intensity was also low (11, 15, and 23 August 2010) (Fig. 10a, c).
These results imply that air masses originating from urban Sapporo rarely impacted
the forest site during the periods with no NPF events.

To examine the effect of the pre-existing particles on nucleation burst at the for-
est site, the CS value averaged over 9:00–10:00 LT was calculated for selected days25

with no NPF events (10, 11, 15, and 23 August 2010) (Fig. 12a) and with NPF events
(12, 13, 16, 18, 21, 22, and 26 August 2010) (Fig. 12b). Because the burst of nucle-
ation mode particles at the forest site generally started after 10:00 LT (Table 3), particle
number size distributions between 9:00 and 10:00 LT were selected as a background
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condition. The CS value was calculated using particle number size distributions from
14 nm to 750 nm based on Eq. (2). Average CS values (0.0035–0.0063 s−1) for the
selected days with no NPF events were similar to those (0.0020–0.0057 s−1) for the
selected 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 of5

nucleation mode particles at the forest site during the summer of 2010.
The growth rate of nucleated particles at the forest site was not clearly character-

ized. As shown in Fig. 3b, the burst of nucleation mode particles and the subsequent
growth of these particles occurred almost simultaneously within one hour. This unique
growth pattern, which cannot be well interpreted at present, needs further study with10

comprehensive measurement of the chemical composition of gaseous and particulate
pollutants at the forest site.

4 Summary and conclusion

The burst of nucleation mode particles at the urban site during the summer of 2011
typically started in the morning (7:00–11:30 LT) with peak Nnuc urban values ranging15

from 3500 to 12000 particlescm−3. In total, 10 NPF events were observed at the urban
site, corresponding to 53 % of the measurement days (n = 19). Mode Dp of nucleated
particles at the urban site was obtained as 17±4 nm during the periods 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 under20

clear (sunny) conditions are needed for the burst of nucleation 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 condensation sink (CS) of
condensable vapors and initially nucleated clusters into the pre-existing particles.

NPF events at the urban site were classified into two groups of those with or without25

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 nmh−1 with an
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average of 6.3±1.1 nmh−1. Freshly nucleated particles started to grow after the burst
of nucleation mode particles when wind direction shifted from southeasterly (from the
downtown area) to northwesterly (from residential 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 of5

non-methane hydrocarbon (NMHC) were recorded under conditions of northwesterly
winds when compared to southeasterly winds. These results suggest that the differ-
ence in NMHC concentration 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 201010

started 3–4 h later than 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) with Nnuc forest ranging from 1300 to 6900 particlescm−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 nucleated particles at the forest site was 20±3 nm15

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 di-
rection 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 nucle-
ation mode particles in the deciduous forest, where isoprene emissions were abundant.20

Similar CS values were obtained during both periods with or without NPF events, sug-
gesting 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 anthro-25

pogenic emissions may be a very important factor in NPF in a deciduous forest. How-
ever, very few studies have been undertaken to investigate the interaction of biogenic
and anthropogenic emissions in regard to NPF events in the ambient atmosphere.
More studies including comprehensive measurements of the chemical and physical
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properties of gaseous and particulate components during NPF events are needed,
particularly in deciduous forest sites adjacent to urban areas, in order to better under-
stand the interaction between biogenic and anthropogenic emissions and its effect on
NPF.
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Condensation and coagulation sinks and formation of nucleation mode particles in coastal5

and boreal forest boundary layers, J. Geophys. Res., 107, 8097, doi:10.1029/2001JD001053,
2002.

Dunn, M. J., Jiménez, J.-L., Baumgardner, D., Castro, T., McMurry, P. H., and Smith, J. N.:
Measurements of Mexico City nanoparticle size distributions: observations of new particle
formation and growth, Geophys. Res. Lett., 31, L10102, dio:10.1029/2004GL019482, 2004.10

Edney, E. O., Kleindienst, T. E., Jaoui, M., Lewandowski, M., Offenberg, J. H., Wang, W., and
Claeys, M.: Formation of 2-methyl tetrols and 2-methylglyceric acid in secondary organic
aerosol from laboratory irradiated isoprene/NOx/SO2/air mixtures and their detection in am-
bient PM2.5 samples collected in the Eastern United States, Atmos. Environ., 39, 5281–5289,
2005.15

Froyd, K. D., Murphy, S. M., Murphy, D. M., de Gouw, J. A., Eddingsaas, N. C., and
Wennberg, P. O.: Contribution of isoprenederived organosulfates to free tropospheric aerosol
mass, P. Natl. Acad. Sci. USA, 107, 21360–21365, 2010.

Fu, P. and Kawamura, K.: Diurnal variations of polar organic tracers in summer forest aerosols:
a case study of a Quercus and Picea mixed forest in Hokkaido, Japan, Geochem. J., 45,20

297–308, 2011.
Fuchs, N. A. and Sutugin, A. G.: Highly dispersed aerosol, in: Topics in Current Aerosol Re-

search, edited by: Hidy, G. M. and Brock, J. R., Pergamon, New York, 1–60, 1971.
Gao, J., Wang, T., Zhou, X., Wu, W., and Wang, W.: Measurement of aerosol number size

distributions in the Yangtze River delta in China: formation and growth of particles under25

polluted conditions, Atmos. Environ., 43, 829–836, 2009.
Hallar, A. G., Lowenthal, D. H., Chirokova, G., Borys, R. D., and Wiedinmyer, C.: Persistent daily

new particle formation at a mountain-top location, Atmos. Environ., 45, 4111–4115, 2011.
Hamed, A., Korhonen, H., Sihto, S.-L., Joutsensaari, J., Järvinen, H., Petäjä, T., Arnold, F.,
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Petäjä, T., Kerminen, V.-M., Dal Maso, M., Junninen, H., Koponen, I. K., Hussein, T., Aalto, P. P.,
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Maso, M., and Kulmala, M.: New particle formation in Beijing, China: statistical analysis of
a 1-year data set, J. Geophys. Res., 112, D09209, doi:10.1029/2006JD007406, 2007.

Yu, F. and Turco, R. P.: Ultrafine aerosol formation via ion-mediated nucleation, Geophys. Res.10

Lett., 27, 883–886, 2000.
Yue, D., Hu, M., Wu, Z., Wang, Z., Guo, S., Wehner, B., Nowak, A., Achtert, P., Wieden-

sohler, A., Jung, J., Kim, Y. J., and Liu, S.: Characteristics of aerosol size distributions
and new particle formation in the summer in Beijing, J. Geophys. Res., 114, D00G12,
doi:10.1029/2008JD010894, 2009.15

Yue, D. L., Hu, M., Zhang, R. Y., Wang, Z. B., Zheng, J., Wu, Z. J., Wiedensohler, A., He, L. Y.,
Huang, X. F., and Zhu, T.: The roles of sulfuric acid in new particle formation and growth in the
mega-city of Beijing, Atmos. Chem. Phys., 10, 4953–4960, doi:10.5194/acp-10-4953-2010,
2010.

Zhang, K. M. and Wexler, A. S.: A hypothesis for growth of fresh atmospheric nuclei, J. Geo-20

phys. Res., 107, 4577, doi:10.1029/2002JD002180, 2002.
Zhang, R., Wang, L., Khalizov, A. F., Zhao, J., Zheng, J., McGraw, R. L., and Molina, L. T.:

Formation of nanoparticles of blue haze enhanced by anthropogenic pollution, P. Natl. Acad.
Sci. USA, 106, 17560–17654, 2009.

14071

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/14043/2012/acpd-12-14043-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/14043/2012/acpd-12-14043-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007JD008408
http://dx.doi.org/10.1029/2006JD007406
http://dx.doi.org/10.1029/2008JD010894
http://dx.doi.org/10.5194/acp-10-4953-2010
http://dx.doi.org/10.1029/2002JD002180


ACPD
12, 14043–14087, 2012

NPF event in the
Sapporo atmosphere

J. Jung et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Summary of meteorological data at an urban site and a deciduous forest site in Sap-
poro, Northern Japan, during the measurement periods.

Site Period Temperature Relative Wind Rainfall event
(◦C) humidity speed

(RH) (%) (m s−1)

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

Deciduous 10–26 16–29 45–97 0.1–3.1 11 Aug, 6:00–8:00 LT,
forest site Aug (22±3) (86±10) (0.5±0.4) 11 Aug, 20:00–12 Aug,

2010 13:00 LT, 23 Aug,
10:00–15:00 LT, 24 Aug,
3:00–5:00 LT
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Table 2. Summary of new particle formation (NPF) events at the urban site during the summer
of 2011.

Date Nucleation Mode D1
p Growth rate Peak particle number

burst start (nm) (nm h−1)2 concentration3

(particles cm−3)
N4

nuc urban N5
Aitken

21 Jul 2011 8:30–9:00 LT 17 5.6 3800 5500
24 Jul 2011 8:00–8:30 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 9:30–10:00 LT 15 N/A 5500 6700
3 Aug 2011 9:30–10:00 LT 14 N/A 3500 3700
5 Aug 2011 7:00–7:30 LT 13 N/A 12000 4500
6 Aug 2011 9:30–10:00 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 12000 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.
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Table 3. Summary of NPF events at the forest site during the summer of 2010.

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

N1
nuc urban 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

1 Nnuc forest: particle number concentration between 14 nm and 30 nm.
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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 8:00–16:00 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. 1  911 

 912 

 913 

Urban site

Forest site
 914 

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.
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Fig. 2  915 

 916 

 917 

(b) Forest site(a) Urban site

 918 

 919 
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.
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Fig. 3 920 

 921 

 922 

0

5000

10000

15000

7/21 7/23 7/25 7/27 7/29 7/31 8/2 8/4 8/6 8/8 8/10

N
U

F
P

_u
rb

an
 (#

/c
m

3 )

0

0.3

0.6

0.9 N
nuc_urban /N

U
F

P
_urban

ratio

(a) Urban site

2011

‒ NUFP_urban ‒ Nnuc_urban/NUFP_urban ratio

 923 

0

5000

10000

15000

8/10 8/12 8/14 8/16 8/18 8/20 8/22 8/24 8/26

N
U

F
P

_f
or

es
t (

#/
cm

3 )

0

0.3

0.6

0.9 N
nuc_forest /N

U
F

P
_forest

ratio

(b) Forest site

2010

‒ NUFP_forest ‒ Nnuc_forest/NUFP_forest ratio

 924 

 925 
Fig. 3. Temporal evolutions of log-normal particle number size distributions, the number con-
centrations of the ultrafine particles and the ratios of the number concentrations of the nucle-
ation 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 “#/cm3” represents parti-
cles per cubic centimeter. Nnuc urban and NUFP urban at the urban site represent integrated num-
ber concentrations from 7 nm to 30 nm and from 7 nm to 100 nm, respectively. Nnuc forest and
NUFP forest at the forest site represent integrated number concentrations from 14 nm to 30 nm
and from 14 nm to 100 nm, respectively.
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Fig. 4 926 
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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 con-
centrations 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 high-
est measurements. Mode Dp was obtained from a log-normal Gaussian fit of the number size
distribution of nucleated particles.
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Fig. 5 931 
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 935 

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).
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Fig. 6 936 
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(b) NPF at the urban site

 940 

 941 

 942 Fig. 6. Nnuc urban, total suspended particle (TSP) mass concentration, ozone concentration, and
UV index at the urban site during (a) 28–29 July and (b) 1–3 August 2011, corresponding to
the periods with no NPF events (non-NPF) and periods with NPF events, respectively.
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Fig. 7 943 
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 947 
Fig. 7. (a, c) Average particle number size distributions and (b, d) their corresponding conden-
sation sink (CS) averaged over 6:00–7:00 LT at the urban site on (a, b) 28–29 July 2011 during
the periods with no 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.
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 952 

 953 
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 August 2011 (case 1) and (b) 31 July and 2, 3,
5 August 2011 (case 2). The burst of nucleation mode particles and their subsequent growth
usually occurred between 8:00 and 16:00 LT marked as empty blue rectangle.
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Fig. 9 954 
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 958 Fig. 9. Diel variations in Mode Dp, Nnuc urban, NAitken, and NUFP urban at the urban site during the
periods with NPF events on (a) 27 July and (b) 2 August 2011 as typical examples of the case
1 and case 2 conditions, respectively.
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Fig. 10 959 
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Fig. 10. Temporal variations in (a) Nnuc forest, UV-B, (c) wind direction, wind speed, (d) SO2, and
O3 concentrations at the forest site during 10–26 August 2010. (b) Wind direction and wind
speed measured at a meteorological observatory in urban Sapporo located ∼9.5 km north of
the forest site are also shown. The SO2 concentration was obtained from an urban observatory
in Sapporo located ∼5 km north of the forest site. Blue boxes and solid red lines represent
the periods with no NPF events (non-NPF) and with NPF events, respectively. Two different
Y-axis scales are used for Nnuc forest: 500 # cm−3 increment for 0–2000 # cm−3 and 2000 # cm−3

increment for 2001–8000 # cm−3.
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Fig. 11 963 
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Fig. 11. Scatter plot of Nnuc forest versus local wind direction at the forest site as a function of
wind direction measured at the meteorological observatory in urban Sapporo. The colored bar
represents wind direction obtained at the meteorological observatory in urban Sapporo.
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Fig. 12 968 
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 973 Fig. 12. CS values averaged over 9:00–10:00 LT at the forest site on (a) 10, 11, 15, and 23
August 2010 during the periods with no NPF events (non-NPF) and (b) 12, 13, 16, 18, 21, 22,
and 26 August 2010 during the periods with NPF events. (c) Temporal variation in total CS is
also shown.
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