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ABSTRACT

In this study, real time measurements of particle
number size distribution in urban Gwangju, coastal
Taean, and industrial Yeosu in Korea were conducted
in 2008 to understand the occurrence of ultrafine
particle (UFP) (<100 nm) events, the variation of its
concentration among different sampling sites, and
UFP formation pathways. Also, to investigate season-
al and long-term variation of the UFP number concen-
tration, data were collected for the period of 5 years
(2007, 2008, 2010, 2011, and 2012) in urban Gwang-
ju. Photochemical and combustion events were found
to be responsible for the formation of UFP in the ur-
ban Gwangju site, whereas only photochemical event
led to the formation of UFP in the coastal Taean site.
The highest UFP concentration was found in industrial
Yeosu (the average UFP number fractions were 79,
59 and 58% in Yeosu, Gwangju, and Taean, respec-
tively), suggesting that high amount of gas pollutants
(e.g., NO,, SO,, and volatile organic carbon (VOC))
emitted from industries and their photochemical reac-
tion contributed for the elevated UFP concentration in
the industrial Yeosu site. The UFP fraction also show-
ed a seasonal variation with the peak value in spring
(61.5, 54.5, 50.5, and 40.7% in spring, fall, summer,
and winter, respectively) at urban Gwangju. Annual
average UFP number concentrations in urban Gwang-
ju were 5.53x10°cm3, 4.68x 103 cm3, 5.32x103
cm~3, 3.99x103cm3, and 2.16x 103 cm~3 in the year
2007, 2008, 2010, 2011, and 2012, respectively.
Comparison of the annual average UFP number con-
centration with urban sites in other countries showed
that the UFP concentrations of the Korean sites were
lower than those in other urban cities, probably due
to lower source strength in the current site. TEM/EDS
analysis for the size-selected UFPs showed that the
UFPs were classified into various types having differ-
ent chemical species. Carbonaceous particles were
observed in both combustion (soot and organics) and
photochemical events (sulfate and organics). In the
photochemical event, an internal mixture of organic
species and ammonium sulfate/bisulfate was identi-

fied. Also, internal mixtures of aged Na-rich and
organic species, aged Ca-rich particles, and doughnut
shaped K-containing particles with elemental com-
position of a strong C with minor O, S, and K-likely
to be originated from biomass burning nearby agri-
cultural area, were observed. In addition, fly ash par-
ticles were also observed in the combustion event,
not in the photochemical event.
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Growth rate, Urban, Particle morphology

1. INTRODUCTION

Fine (< 2.5 wm) and ultrafine particles (UFPs) (< 100
nm) in the ambient atmosphere are of current interest
due to their effects on climate system and human heal-
th. Aerosols scatter or absorb incoming solar light
affecting earth’s radiation balance and play an impor-
tant role in cloud formation acting as cloud condensa-
tion nuclei (CCN), and impair visibility (Andreae, 2009;
IPCC, 2007; Kulmala, 2003; O’Dowd et al., 2002a).
When particles are inhaled by human, they can cause
respiratory diseases (Dockery and Pope, 1994). Espec-
ially, UFPs can deeply penetrate into human respira-
tory and lung system and have high surface area-to-
volume ratio, probably leading to more adverse health
effects on humans (Gwinn and Vallyathan, 2006;
Sioutas et al., 2005; Oberdurster, 2000; Peters et al.,
1997). Typically, UFPs can grow into optically impor-
tant size range (i.e., submicrometer particles) and they
can easily act as CCN.

UFPs are directly emitted from high-temperature
process such as diesel vehicles, biomass burnings, and
industries, and/or are indirectly formed by gas-to-par-
ticle conversion process in the ambient atmosphere.
Precursor gases such as NO,, SO,, volatile organic
carbon (VOC), and etc. underwent a series of oxidation
process with available oxidizing agents (e.g., O; and
OH) produce non-volatile condensable vapors (e.g.,
H,S0,, HNO;, non-volatile organic vapors, and etc.).
The accumulation of these vapors at certain atmospher-



ic condition leads to produce new UFPs or condense
onto preexisting particles by the gas-to-particle con-
version. Since those UFPs exist in high numbers and
experience a rapid physical or chemical transforma-
tion in the ambient atmosphere (approximately several
hours), it is essential to determine their physical and
chemical properties in real time. Many studies on the
UFPs, especially in urban environment, have already
been reported, and they showed that a rapid increase
of UFP concentrations occurred in specific event days
(Park et al., 2008; Qian et al., 2007; Watson et al.,
2006; McMurry and Eisele, 2005; Kulmala et al., 2004;
Dunn et al., 2004; Stanier et al., 2004a, b; Kulmala et
al., 2002; Woo et al., 2001a; McMurry et al., 2000). In
these studies, distinct UFP events were defined based
on particle size ranges with enhanced number concen-
trations and described hypotheses of particle source
and formation pathways.

A continuous measurement of number size distribu-
tion at Atlanta (USA) reported three types of UFP
events (3-10, 10-35, and 35-45 nm) depending on the
sizes, where enhanced UFP concentration was observ-
ed (Woo et al., 2001a). The enhanced UFP concentra-
tion was correlated well with SO, concentration and
UV intensity, suggesting that the UFPs mainly consist
of sulfates produced by photochemical reaction (Woo
et al., 2001a). A similar behavior was also observed
at Mexico city (Mexico) and Pittsburg (USA) (Dunn et
al., 2004; Stanier et al., 2004a, b). UFP events were
reported at Fresno (USA), where the level of SO, con-
centration was low (Watson et al., 2006). These studies
suggested that sources and formation pathways for
UFPs varied with time and locations. Limited studies
on UFP events have been reported in Korea. Park et
al. (2008) showed that traffic and residential heating
lead to enhanced UFP concentration in winter, while
in summer particles formed by photochemical activity
led to increased UFP concentration in urban Gwangju
in Korea. They classified UFP events into “10-100 nm
traffic event”, “50-100 nm residential heating event”,
and “10-30 nm photochemical events”. Lee et al. (2008)
investigated particle formation events at western coa-
stal region of South Korea in 2005. They reported that
the particle formation events occurred more frequently
in cold season and that new particle formation was
correlated with UV irradiation and SO, concentration.
Hung et al. (2010) showed that the UFP concentration
in Seoul was well correlated with NO, concentration,
suggesting that UFPs produced from vehicles and
other combustion sources. Although those studies pro-
vided useful insights into UFP formation event, they
were limited to examine a long-term variation of UFPs
and the characterization of UFP properties among dif-
ferent environments.
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In this study, we report UFP events occurred in urban
Gwangju, coastal Taean, and industrial Yeosu, sites in
Korea during the year of 2008 by continuously mea-
suring particle number size distribution N (13-615 nm).
The UFP events were classified into “photochemical
event” and “combustion event”, based on their charac-
teristics. In urban Gwangju site, data were collected
for the period of 5 years (2007, 2008, 2010, 2011, and
2012) including recent data to observe a long-term
variation of UFP concentration. Also, morphology and
elemental composition of UFPs were examined at such
events to better understand the formation pathways of
UFPs. In addition, NO,, SO,, O3, CO, PM,,, and me-
teorological data were also obtained from a nearby
national monitoring site.

2. SITE DESCRIPTION AND
EXPERIMENTAL METHODS

Measurements were conducted during the sampling
periods of January 16-25, 2008 in industrial Yeosu,
and August 29-September 5, 2008 in coastal Taean
(see Fig. 1). For the study of a long-term variation of
UFP number concentration, measurements of number
size distribution of UFPs were also conducted in urban
Gwangju site during the sampling periods of October
11-24, 2007, May 5-18, 2008, January 29-February 6,
2010, March 22-April 4, 2010, July 29-August 5, 2010,
July 18-24, 2011, October 3-November 14, 2011, De-
cember 26-31, 2011, and January 4-19, 2012. Urban
Gwangju sampling site was located approximately 7.6
km north of the downtown Gwangju city hall and 4.2
km from the Hanam industrial complex. This area was
influenced by a number of sources, including traffic
from a nearby highway (~1.5 km away from the site),
heating systems from residential and commercial areas
(~0.6 km away from the site), and biomass burning
from agricultural areas (~0.8 km away from the site).
The industrial Yeosu site was located about 15 km
away from the South Sea of Korea and 90 km south-
east from Gwangju site. This site was affected by the
largest petrochemical industries and steel works. The
coastal Taean site was located at the coast of Yellow
Sea of Korea, which is considered to be one of the
national background level monitoring sites due to its
good air quality. However, long range transport of air
masses, which depends on seasons, can affect the air
quality of the site.

For continuous measurement of particle number size
distribution, atmospheric aerosols first passed through
a PM, inlet to sample particles smaller than 10 wm,
and then dried by a series of diffusion driers (TSI 3062)
or Nafion driers before being introduced into the scan-
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Fig. 1. Schematic map of sampling sites and major pollutants emission sources of the sites.

ning mobility particle sizer (SMPS). The SMPS con-
sists of differential mobility analyzer (DMA) (TSI 3081,
USA) and condensation particle counter (CPC) (TSI
3022A, USA) to continuously measure particle number
size distribution (13-600 nm) in 125s. For morpholog-
ical and elemental analyses of UFPs, a certain size of
UFPs occasionally during the specific event were
selected by the DMA and then collected on to TEM
grid (Ted Pella Inc., USA, Formvar®/Carbon 200 mesh
Cu grid, 30-50 nm thickness) by using a nano-aerosol
sampler (TSI 3089). Then, morphology and elemental
composition of UFPs were analyzed by a 200 kV field
emission analytical transmission electron microscopy
(TEM) (JEOLJEM-2100, Japan) and an energy disper-
sive spectroscopy (EDS) (OXFORD INCAXx-sight, Ja-
pan), respectively. The beam current and the magnifi-
cation used were 111 pA and 25,000-50,000X, respec-
tively.

3. RESULTS AND DISCUSSION

3.1 Characteristic and Occurrence of
UFP Events
“UFP events” is an increase of UFP number concen-

tration N (13-100 nm) by more than a factor of two
over a time period of 24 h. For a “no event” day, UFP
number concentration does not meet the above condi-
tion (Park et al., 2008). The UFP events can be classi-
fied into different types based on the number of parti-
cle concentration at different size intervals. Atmosph-
eric UFP studies have suggested different types of UFP
events and criteria for their characterization (Woo et
al., 2001b). However, the classification of UFP events
is still somewhat skewed as standardized criteria do
not exist. In this study, UFP events were classified by
considering the size range with elevated concentration,
possible source or formation pathways, and gas pollu-
tant concentration data (e.g., NO,, SO,, CO, and Oj;)
into: (1) photochemical event with N (13-30 nm) and
(2) combustion event with N (13-100 nm). When the
time for enhanced UFP number concentration was
coincided with the maximum level of solar radiation,
high ozone concentration, and reduced traffic activity,
it was classified into the photochemical event. In addi-
tion, the concentrations of CO and NO, (traffic emis-
sions) were at the minimum level during photochem-
ical event. Whereas, the combustion event was defined
by the coincidence of NO, and CO concentration with
enhanced UFP number concentration and usually occur-
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Fig. 2. Diurnal variations of particle size distribution with diameter on the y-axis, time of day on the x-axis, and particle number
concentration (dN/dlogD,) by shading contour for: (a), (b), and (c) photochemical events at Gwangju (May 7, 2008; April 2,
2010; and May 5, 2008; respectively), (d) combustion event at Gwangju (October 31, 2011), (e) mixed event at Gwangju (April

4, 2010), and (f) plume event at Yeosu (January 19, 2008).

red during morning (traffic-rush hour) and evening

(traffic rush hour and residential heating).

Fig. 2 shows typical UFP events recorded by SMPS
measurements in which particle diameter and particle

concentration (dN/dlogD,,) by shading contour are pre-
sented as a function of time for several distinct types
of UFP events: (a), (b), and (c) photochemical events,
(d) combustion event, (¢) mixed photochemical and
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Fig. 3. Diurnal variations of hourly averages of particle numbers in different size intervals (13-30, 30-50, 50-80, 80-100, and 13-
100 nm), NO,, SO,, and O; concentrations in: (a) photochemical event at Gwangju (May 7, 2008), (b) combustion event at
Gwangju (October 31, 2011), (c¢) mixed event at Gwangju (April 4, 2010), and (d) plume event at Yeosu (January 19, 2008)

corresponding to Figs. 2a, 2d, 2e, and 2f, respectively.

combustion events (it is described as mixed event here-
after), and (f) plume events. Geometrical mean diam-
eter (GMD), UFP number concentration, and the fre-
quency of each event were used to characterize the
strength of source. For the combustion event days, the
GMD of UFPs varied from 33 to 86 nm with an aver-
age of 55nm (£9), while the GMD in the photochem-
ical event days was limited to the size range of 13-30
nm with an average of 27 nm. During the observation
period, the UFP number concentration in the combus-
tion event was usually higher than in the photochem-
ical event in the urban Gwangju site. The maximum
UFP number concentration for the combustion event
was 3.6 X 10* cm™ with an average of 1.0 X 10*cm™3,
while in the photochemical event the maximum was
2.1 X 10*cm™ with an average of 9.8 X 10*cm™. On
the contrary, the UFP number concentrations in the
combustion event were significantly lower than that
in the photochemical event at other sampling sites of
Korea (e.g., Taean and Yeosu). The maximum concen-
tration in photochemical events were 1.8 X 10* cm™
and 7.3 X 10* cm™3, while in the combustion events
were 9.4 X 103 cm™ and 3.3 X 10*cm™ in Taean and

Yeosu, respectively. The average UFP number concen-
trations measured at three sampling sites were com-
pared to the maximum UFP number concentrations in
the UFP events, where a significant increase of the
concentrations was observed in all the events. The ave-
rage and maximum concentration of UFP number con-
centrations in the UFP events were 4.80 X 103 cm ™3
and 3.59x 10*cm™3; 2.50 X 10? cm™ and 1.78 X 10*
cm™3; 1.40 X 10* cm ™ and 7.29 X 10*cm ™ in Gwang-
ju, Taean, and Yeosu sites, respectively.

A total of 128 days samples were measured during
different seasons in urban Gwangju (2007, 2008, 2010,
2011, and 2012), industrial Yeosu (2008), and coastal
Taean (2008) sites. In this work, UFP events were iden-
tified and classified into different types by applying
the approach as described above and analyzed the sam-
ples. Among the 87 identified UFP events, the photo-
chemical, combustion, and mixed events were observ-
ed on 20, 61, and 4 days, respectively, in different sites
of Korea.

The photochemical events usually occurred, when
the total number concentration of UFPs is significant-
ly higher than that in other size intervals and mostly
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Fig. 4. Correlations between hourly average UFP number N (13-30 nm) and gas pollutants concentrations for all (a) photo-

chemical (b) combustion, (c), and (d) mixed event days.

during noon when solar radiation is the most intense
(see Fig. 2a). The event was observed in all the sam-
pling sites and seasons except winter season, suggest-
ing that the less intensity of solar radiation reduce the
photochemical activities. Fig. 3a shows diurnal varia-
tions of particle numbers in different size intervals and
gas concentration corresponding to Fig. 2a. The elevat-
ed number of UFPs at around noon coincided with
time for increasing O; concentration. This implies that
the high intensity of solar radiation levels and high
temperature tend to enhance photochemical activities
and to increase the formation of nanoparticles N (13-
30 nm). The NO, concentrations were usually high
before and after the event and depleted during the
event. This suggests that the appearance of elevated
number of UFPs at around noon is believed to be asso-
ciated with the photochemical reactions but not the
combustion one. Fig. 4a shows the comparison of
hourly average UFP number N (13-30 nm) and O; con-
centrations for all photochemical event days (20 num-
ber of samples), which showed a correlation between
them (r=0.54). We occasionally observed the particle
growth after the formation of UFPs in the photochem-
ical event as shown in Fig. 2b and 2c. The growth rate
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Fig. 5. Geometrical mean diameter (GMD) of UFPs as a func-
tion of the time of day when particle growth pattern was observ-
ed in the photochemical events: the growth rate was calculat-
ed as the regression slope.

(dD,/dt) based on the variation of GMD as a function
of time was calculated (see Fig. 5). The growth rate
varied from 2.73 to 3.10 nm h™!, which was lower than
those reported for Atlanta and St. Louis urban sites
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(2.86-22.02 and 6.7 nm h™!, respectively) (Qian et al.,
2007; Stolzenburg et al., 2005). The observation of
the low growth rate in the urban Gwangju site could
be due to the low coagulation or condensation rate
occurred at the sampling site.

Typical contour plots for combustion event, which
usually occurred in the morning (traffic rush hour) and
evening (traffic rush hour and residential heating) in
all the sampling sites and seasons, is shown in Fig. 2d.
Diurnal variations of particle numbers in different size
intervals and NO, and O; concentrations correspond-
ing to Fig. 2d are shown in Fig. 3b. The UFP number
concentration started to increase significantly around
6:00-7:00, reached their maxima at 8:00, due to high
traffic intensity and decreased gradually due to decreas-
ing traffic intensity, and as the mixed layer developed.
Their concentrations were the lowest in the afternoon,
when the morning traffic rush hours were over. They
appeared again to increase from 14:00, peaked around
18:00, and lasted until late night. The elevated UFP
number concentrations were correlated well with in-
creased NO, concentrations, suggesting that those par-
ticles were produced from combustion sources (most
likely traffic of morning and evening and residential
heating). The hourly average UFP number N (13-100
nm) concentration was correlated with NO, concen-
tration (r=0.55) for all the combustion event days as
shown in Fig. 4b. The GMD of particles in the com-
bustion events varied from study to study. Watson et
al. (2006) reported that the traffic and residential heat-
ing events particle were typically <30 nm and 50-84
nm, respectively, whereas 30-60 nm was reported for
traffic event by Park et al. (2008). And, laboratory stud-
ies showed that average diameters for the number size
distributions of particles emitted from gasoline engines
were in the range of 40-80 nm (Harris and Maricq, 2001;
Ristovski et al., 1998). As stated previously, the GMD
for the combustion event particles of this study were
in the range of 33-86 nm, suggesting that the UFPs con-
sisted of a combination of traffic and residential heat-
ing emissions. For these UFPs, the characteristics grow-
th patterns were not observed.

Fig. 2e shows mixed event in which both photochem-
ical and combustion events occurred around noon and
at the morning and evening, respectively, contributing
to the atmospheric particle number concentrations on
the same day. The relationships between particle num-
ber concentrations in different size intervals and NO,
and O; concentrations corresponding to Fig. 2e is shown
in Fig. 3c. High UFP number concentrations were ob-
served around 7:00 and decreased substantially around
9:00 when the morning rush hours were over. Increased
UFPs number concentrations were observed again
from around 13:00 and lasted until 16:00. Correspon-

dence of the NO, and O; with particle number concen-
trations in the afternoon is a clear indicator of the pho-
tochemical contributions. The hourly average UFP
number (13-100 nm) concentration was correlated with
O; concentration (r=0.69) and NO, (r=0.51) for all the
mixed event days as shown in Fig. 4c and 4d, respec-
tively.

A distinct type of contour plot, plume event (see Fig.
2f) was also identified in the sample of industrial Yeo-
su site. The diurnal variations of particle numbers in
different size intervals and NO, and SO, concentra-
tions corresponding to Fig. 2f are shown in Fig. 3d. It
shows steady-state UFP number concentrations for all
particle diameters over the whole day either at low or
high concentration except at the midday where the con-
centration was high. This suggests that the steady-state
UFP number concentration could be due to the large
plume of gas pollutants such as NO, and SO, emitted
at industrial environment whereas, the increase of con-
centration at the midday was attributed to the photo-
chemical emission together with gaseous pollutants.

3.2 Variation of UFP Concentrations

UFP number concentrations, gaseous pollutants, and
meteorological data, averaged by the time of day, ob-
tained in urban Gwangju (2007, 2008, 2010, 2011, and
2012), coastal Taean (2008), and industrial Yeosu (2008)
sites in Korea by continuously measuring particle num-
ber size distribution N (13-615 nm) are summarized in
Table 1. The variation of UFP number concentrations
in three different sampling sites: Gwangju, Taean, and
Yeosu, and seasonal and long-term variations in urban
Gwangju are described as follows.

3.2.1 Spatial Variation

As shown in Tablel, average number concentrations
of UFPs in Gwangju, Taean, and Yeosu during the year
of 2008 were 4.68 X 10% (+1.34 x 10%) cm™3, 3.73 X
10°(£1.44x10%) cm™3,9.71 X 10° (+4.46 X 10*) cm 3,
respectively. This result revealed that a significant dif-
ference of UFP number concentrations among the dif-
ferent sampling sites was observed. The UFP fraction,
the contribution of UFPs to the total number of parti-
cles, calculated as the UFP N (13-100 nm)/N (13-615
nm) concentration ratios, was significantly higher in
Yeosu than in Gwangju and Taean (average UFP frac-
tion: 79% versus 59% and 58%, respectively). This
result suggests that the abundant gaseous pollutants
(e.g., NO, and SO,) emitted from the industry could
be the additional sources of elevated UFPs in industri-
al environment. Indeed the concentration of NO, and
SO, in the industrial Yeosu was higher as compared
to urban Gwangju and coastal Taean (average concen-
tration: 12.0 ppb and 19.6 ppb versus 2.9 ppb and 17.9
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Table 2. UFP events (photochemical, combustion, mixed, and plume events) in different sampling sites during sampling year

and seasons.

Samoli #of # of UFP events Total # of # of frequency
amplin . otal # o
siIt)e & Year Season sampling  Photochemical Combustion Mixed Plume events of UFP event
days event event event  event (%)
2007 Fall 14 0 12 0 0 12 85.7
2008 Spring 14 7 4 1 0 12 85.7
2010 Winter 9 0 6 0 0 6 66.6
2010 Spring 14 3 9 2 0 14 100.0
Gwangju 2010 Summer 8 2 2 0 0 4 50.0
2011 Summer 7 1 2 0 0 3 429
2011 Fall 22 1 11 0 0 12 54.5
2011 Winter 7 0 7 0 0 7 100
2012 Winter 15 0 3 0 0 3 20
Taean 2008 Summer 8 4 0 0 0 4 50.0
Yeosu 2008 Winter 10 2 5 1 2 10 100.0
Total 128 20 61 4 2 87 68.0

ppb, and 2.1 ppb and 5.9 ppb, respectively). Many
atmospheric aerosol studies have shown that elevated
UFP number concentration in industrial environment
was associated with the emissions of industrial plumes
(Young and Keeler, 2007; Brock et al., 2003). How-
ever, the UFP number concentration in industrial envi-
ronment of this study was still lower than those values
reported by Brock et al. (2003) for an industrial plume
(average values: 9.71 X 10° cm ™3 versus 12.0 X 10*cm ™)
(Brock et al., 2003). The strength of industrial sources,
the distance of the sampling sites (upwind or down-
wind), and meteorological data (T. RH, wind speed,
and wind direct) might affect the difference of UFP
concentrations among sites.

Combustion emissions (vehicle and residential heat-
ing) are considered to be one of the major sources of
UFPs in urban atmosphere (Shi et al., 2001). As dis-
cussed previously, the average UFPs number concen-
tration in urban Gwangju was 4.68 x 10° (£1.34 x 10°)
cm™3, which was lower than those in other observa-
tions conducted in urban site (average values: 1.83 X
10*cm™3, 1.77 X 10*cm ™3, and 1.35 X 10*cm™ for Al-
kmaar, Erfurt, and Atlanta, respectively) (Ruuskanen
et al., 2001; Woo et al., 2001b). The possible reasons
for difference in UFP number concentration among
urban sites could be the differences in the strength of
UFP-generated sources in urban environment such as
number of vehicles, types of fuels used in vehicles and
residential heating system, and population density.
Also, the distance of the sampling sites from source re-
gions (upwind or downwind), and meteorological data
(T, RH, wind speed, and wind direct) can affect the
UFP concentration. Biogenic sources from ocean are
reported to be additional source for UFP in coastal en-
vironment (Birmili ez al., 2003; O’Dowd et al., 2002b).

Table 2 shows the number of photochemical, combus-
tion, mixed, and plume events occurred at different
sampling sites. The observation of only photochemi-
cal event in Taean site indicates that photochemical
reaction was the major pathway for the formation of
UFPs in coastal atmosphere. Photochemical event was
usually observed in all the sampling sites, whereas the
combustion event was observed only in Gwangju and
Yeosu sites. In addition, fewer numbers of UFP events
were observed in Taean site as compared to other two
sampling sites (50, 86, and 100% UFP events in Taean,
Gwangju, and Yeosu, respectively) (see Table 2). This
reveals that the strength of UFPs source in coastal
Taean site was weaker than those of urban Gwangju
and industrial Yeosu sites, leading to lower UFP events
in Taean site (Table 1).

3.2.2 Seasonal and Diurnal Variations

Fig. 6 shows comparison of average UFP fraction,
NO,, SO,, O3, CO, and PM;;, mass concentration among
different seasons that occurred in urban Gwangju dur-
ing 5 years. The UFP fraction showed a significant
seasonal variation with peak value in the spring (aver-
age values: 61.5, 54.5, 50.5, and 40.7% in spring, fall,
summer, and winter seasons, respectively), indicating
that the strength of UFPs source in the spring season
was higher than those of other seasons, leading to high
UFP events in spring season (the number fraction of
UFP events: 93.0, 69.4, 52.0, and 47.0% for spring,
fall, summer, and winter seasons, respectively) (see
Table 2). The seasonal variation was associated with
the prevailing meteorological conditions. The moder-
ate average temperature and RH (11.5°C and 57%, res-
pectively) in spring influenced less for the increment
of particle dilution and size, respectively. Therefore,
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Fig. 7. Diurnal variations of UFPs number concentration with NO,, SO,, and O; concentrations in different seasons ((a) spring,
(b) summer, (c) fall, and (d) winter) averaged over the observation period.

the elevated concentration of UFPs was not signifi- The comparisons of UFP fraction with O; concentra-
cantly changed. Previous studies also reported that the tion for all the seasons showed a distinct correlation
maximum particle number concentration was observ- between them, but such correlation was not clearly

ed in Beijing during spring season (Wu et al., 2007). observed among the particles and other concentrations
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such as CO, SO,, and PM (see Fig. 6). Although the
photochemical activities were enhanced at high tem-
perature and strong solar radiation generally in sum-
mer, the photochemical event was more often observed
in spring season (average temperature: 11.5, 15.6, 27.7,
and —0.3°C in spring, fall, summer, and winter seasons,
respectively) (see Table 1). Diurnal variations of UFP
number concentration with NO,, SO,, and O concen-
tration, averaged by the time of year were compared
among different seasons in Fig. 7. The UFP number
concentrations showed apparently different diurnal
patterns in four seasons. The elevated concentration of
UFP number was observed in the morning, afternoon,
and evening (peaked values at: 7:00, 13:00 and 15:00,
and 20:00, respectively) during spring seasons (Fig.
7a), while the concentration decreased in the afternoon,
primarily during fall and winter seasons (Figs. 7b and
7c, respectively). The other study in urban city report-
ed that the elevated concentration of UFP number
occurred in the morning and decreased in the afternoon
during winter and in the spring seasons (Wu et al.,
2007). However, in this study, such diurnal pattern was
observed in winter and fall seasons (peaked values at:
8:00 and 20:00, respectively). In winter season, char-
acterized by low temperature and solar radiation, the
photochemical activities which usually occurred dur-
ing day time as stated earlier, was weak during that
period, and the UFP number concentration decreased
in the afternoon. In addition, the concentration was
higher in the morning as compared to evening during
winter season (average UFP concentration: 7.0 x 103
cm™? versus 3.3 X 10° cm™3, respectively) and in con-
trast to fall and spring seasons (average UFP concen-
tration: 5.5 X 103 cm ™3 versus 6.9 x 103 cm ™3 and 5.4 x
10° cm ™3 verusus 6.3 X 10° cm ™3, respectively). During
summer season, the UFP number concentration, mostly
elevated in the afternoon (peaked values at: 11:00 and
15:00), was lower than that in spring. This might occur
because the higher mixing layer in summer (high dilu-
tion) than spring caused the UFP concentration to de-
crease although comparable photochemical activity
happened (Wu et al., 2007).

3.2.3 Long-term Variation

The particles N (13-615 nm) number concentration
data, collected for the period of 5 years (2007, 2008,
2010, 2011, and 2012) of different seasons in urban
Gwangju site, was analyzed to observe the long-term
variation of the UFP number concentrations. Annual
variations of UFP fraction during five years are shown
in the Box and Whisker plot (see Fig. 8), which clearly
shows a variation of UFP fraction in the Gwangju site.
The UFP number concentration ranged in 2012 year
was significantly lower as compared to other year’s
samples (range: 3.02 % 10°cm™3, 3.41 X 10°cm ™, 5.34
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Fig. 8. Annual variations of UFP fraction. Box-Wishker plot
indicates median and 25% quartile (box), average (square),
5/95% quartiles (whiskers), and 1/99% quartiles (dot).

x10°cm™3, 3.36 X 10°cm ™3, and 1.17x 10°cm™3 in
2007, 2008, 2010, 2011 and 2012, respectively). The
possible one of reasons for the less UFP fraction in
2012 is that the high UFP events occurring in spring
as described previously were absent in 2012 samples.

Annual median UFP number concentrations, showed
annual variation tendency in Gwangju. The median
UFP concentration in Gwangju were 5.11 X 10° cm ™3,
4.08x10°cm™3,4.32x 10°cm™3, 2.95 x 10°cm 3, and
9.83 x 10> cm ™ in the years 2007, 2008, 2010, 2011,
and 2012, respectively Comparison of the annual aver-
age UFP number concentration with observations of
previous studies showed that the UFP number concen-
trations of this study (2.16 X 10° cm™3 (minimum)—5.53
% 10° cm ™3 (maximum)) was lower than those observ-
ed in the Beijing, Alkmaar, Erfurt, and Atlanta (average
values: 1.59 %X 10*cm™3, 1.83 x 10*cm™3, 1.77 x 10*
cm™3, and 1.35 % 10* cm™3, respectively) (Wu et al.,
2008; Ruuskanen et al., 2001; Woo et al., 2001b). As
stated earlier, the low UFP concentrations could be the
difference in the strength of UFP generated sources in
urban environment such as number of vehicles, types
of fuels used in vehicles and residential heating sys-
tem, and population density.

3.2.3 Morphological and Elemental Analysis of
UFPs

Morphology and elemental composition of individ-
ual particles provides important information on their
characteristics and source (Kang et al., 2009). In this
study, morphological and elemental analyses for mobi-
lity-classified UFPs occasionally collected during the
specific UFP event days were performed by TEM/EDS.
The particles on Fig. 9 show TEM images together
with EDS spectra for 20-80 nm particles pre-classified
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Fig. 9. Typical TEM images and X-ray spectra of UFPs: (a) aged Na-rich, (b) agglomerated soot particle, (c) mixture of ammo-
nium sulfate/bisulfate and volatile organic species, (d) fly ash, (e) aged Ca-rich, and (f) doughnut shaped K-containing particles.

by nano-DMA when the photochemical or combustion
activity was intense in urban Gwangju, coastal Tean,
and industrial Yeosu sites. To overcome the interfer-
ence of C and O peaks emitted from TEM grid sub-
strate, the X-ray spectrum of the bare substrate was
subtracted from the spectrum of particles on the sub-
strate. Although a small peak of Cu-L-line is caused
by lateral scattering on Cu bars of the TEM grid, Cu-
containing airborne particles are rarely encountered in

ultrafine ambient aerosol samples. Overall 232 UFPs
were analyzed on the basis of morphological data from
TEM images and elemental compositional data from
spectra, and classified into several types as shown in
Fig. 9. Urban Gwangju areas generally undergo high
pollution load, especially from heavy traffic, emissions
from nearby industrial plants, and intensive energy
consumption, which leads to complex composition of
UFPs. Indeed, a complex composition of 35 nm mobi-
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lity-classified particle from photochemical event was
observed. They look dark in contrast with rough sur-
face on its TEM image and EDS spectrum obtained
from the particle showed C, O, Na, S, CI, and K peaks
(see Fig. 9a), suggesting that the particles were likely
to be the internal mixture of sulfate, chloride, sodium,
and semi and/or less volatile organic species and is re-
garded as aged Na-rich particle. As the particle is sen-
sitive to electron beam, it becomes rough surface with-
in a few second after exposed to electron beam. This
type of particle was occasionally observed in Gwang-
ju site (3 among overall 100 particles) in the photo-
chemical event.

Carbonaceous particles (i.e., obtained from the in-
complete combustion of fossil fuels, biofuels, and bio-
mass (Maskey et al., 2011)), are ubiquitous in the tro-
pospheric atmosphere, and have a significant impact
on atmospheric climate change because of their well-
known radiative forcing effects. Although different
types of carbonaceous particles, such as elemental car-
bon, organic, and biogenic, are diverse in physical and
chemical characteristics, the common characteristic of
these types of particles is that the particle is enriched
mostly by C peak in the EDS spectrum. As the EDS
cannot detect hydrogen, it is not feasible to clearly
identify the chemical species of the carbonaceous par-
ticle and also difficult to differentiate between elemen-
tal carbon and organic carbon. Hence, they are simply
regarded as carbonaceous group. The particle with
irregular shape and complex microstructure was rec-
ognized as soot particle (i.e., elemental carbon by the
observation of strong C peak in its X-ray spectrum)
(see Fig. 9b). Soot particles once emitted into the air,
they are subjected to adsorption or condensation of
gaseous species, coagulation with other preexisting
particles, and oxidation, tending to form aged soot
aggregates. Many studies reported that aged soot aggre-
gates are abundant in urban atmosphere (Vester et al.,
2007; Ebert et al., 2004). The number of carbonaceous
particles was 60 among overall 116 particles analyzed
from combustion as well as photochemical events in
Gwangju.

Particle of microstructures with semi-transparent
appearance was observed in 80 nm mobility-classified
particle from photochemical event (see Figs. 9¢). The
semi-transparent part inside the particle indicates that
some volatile species (such as nitrate, sulfate and/or
volatile organic carbon), sensitive to electron beam,
are vaporized within a few seconds under high vacu-
um and strong electron beam in the TEM (Park et al.,
2008). EDS spectra obtained from such particles pro-
vide limited information about their compositions: the
peaks of C, O, S, possibly N (N peaks often fail to be
detected owing to vaporization). Morphology and EDS

data suggest that the particles were regarded as mix-
tures of semi and/or less volatile organic species and
ammonium sulfate/bisulfate (see Fig. 9c) (Geng et al.,
2010). Approximately 12 over 95 particles were iden-
tified to be of this type in the photochemical event in
urban Gwangju together with industrial Yeosu sites.
Previous studies reported that in urban atmosphere,
ammonium sulfate/bisulfate particles are often inter-
nally mixed with organic matter (Adachi and Buseck,
2008).

A particle with circular in shape of smooth surface,
recognized as fly ash, is produced during high-temper-
ature combustion processes and is mainly composed
of Si, Al, Fe and/or Ca oxides (Maskey et al., 2011).
The TEM image and X-ray spectral data of the particle
observed in a 70 nm mobility-classified particle from
the combustion event in industrial Yeosu (see Fig. 9d)
showed that the particle must be fly ash particle. This
type of particle was occasionally observed in the par-
ticles from combustion event especially in Yeosu site
(about 4 over 74 particles), but such type of particle
was not observed in the photochemical event. As the
particles are produced from high-temperature combus-
tion process (Kutchko and Kim, 2006), such types of
particles could be generated from fuel combustion
occurred in vehicles and/or industries. Moreover, Fig.
9e, shows a 35 nm mobility-classified particle from
photochemical event in Gwangju site. They look dark
and irregular shape with rough surface on TEM image.
The presence of O, S, and Ca elements in its EDS spec-
trum and its morphology implies that the particle was
likely to be aged Ca-rich. About 12 over 116 particles
were identified to be this type in the event.

In addition, a unique morphology of particle of dou-
ghnut shaped, containing strong C peak with lower
intensity O, S, and K peaks, regarded as doughnut
shaped K-containing particle (see Fig. 9f), from photo-
chemical event was also observed in 70 nm mobility-
classified particle in Gwangju. Biomass burning parti-
cles are recognized by the presence of predominant
organic species such as VOCs, PAH, and black carbon
along with minor inorganic species such as K, Ca, CI,
N, and/or S (Reid et al., 2005). As previously stated,
the ambient aerosol of Gwangju area was influenced
by biomass burning particles from nearby agricultural
areas, the K-containing particle were likely to be orig-
inated from biomass burning. Among 100 particles, 4
particles were identified to be of this type in the photo-
chemical event.

4. CONCLUSIONS

We measured particle number size distribution N



(13-615 nm) in urban Gwangju, coastal Taean, and in-
dustrial Yeosu sites in Korea during the year of 2008
to compare UFP among different sampling sites, and
long-term measurements were also conducted during
5 years including recent data in urban Gwangju site to
examine seasonal and long-term variation of UFP num-
ber concentration. Photochemical (13-30 nm) and com-
bustion (13-100 nm) events were identified in Gwang-
ju atmosphere whereas only photochemical event was
observed in Taean site. However, photochemical, com-
bustion, and mixed event were observed in Yeosu site.
In addition, a plume event was identified in Yeosu site.
During the observation period, the UFP number con-
centration in the combustion event was usually higher
than in the photochemical event in urban Gwangju site.
In contrary, the concentrations in the combustion event
were significantly lower than in the photochemical
event at other sampling sites of Korea (e.g., Taean and
Yeosu). On average, the highest UFPs fraction was
observed at industrial Yeosu (average UFP fraction:
79% versus 59% and 58%, in Yeosu, Gwangju, and
Taean, respectively), indicating that high amounts of
gas pollutants (e.g., NO, and SO,) emitted from the
industry and their photochemical activity were respon-
sible for the elevated UFPs in industrial Yeosu. Obser-
vation of the lowest UFP number concentrations in
Taean indicates that the atmosphere of this site was
relatively clean. Seasonally, the highest UFP number
concentration was observed in spring. Annual average
UFP number concentrations in Gwangju were 5.53 X
10°cm™3, 4.68 x 10°cm™3, 5.32 x 10°cm 3, 3.99 x 103
cm ™, and 2.16 X 10° cm ™ in the year of 2007, 2008,
2010, 2011, and 2012, respectively. Comparison of the
annual average UFP number concentration with other
urban cities (Beijing, Alkmaar, Erfurt, and Atlanta)
showed that the concentrations of this study was lower
than in the other urban cities, probably due to lower
source strength in current site. Morphological and
chemical compositional data from TEM/EDS for size
selected UFPs identified various types of particles hav-
ing different chemical species. Carbonaceous particles
were observed in both combustion and photochemical
events in Gwangju and Yeosu sites (60 among overall
116 particles). From the photochemical event in Gwang-
ju site, different types of particles such as a particle of
internal mixture of sulfate, chloride, sodium, and semi
and/or less volatile organic species regarded as aged
Na-rich, aged Ca-rich, a unique morphology of dough-
nut shaped K-containing particle with chemical com-
position of strong C with minor O, S, and K-likely to
be originated from biomass burning nearby agricultu-
ral area, were identified. Particle of an internal mixture
of semi and/or less volatile organic species and ammo-
nium sulfate/bisulfate were also identified in the pho-
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tochemical event in Gwangju and Yeosu sites. In addi-
tion, fly ash particles were also observed in the com-
bustion event in Yeosu site; however, such type of par-
ticle was not observed in the photochemical event.
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