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ABSTRACT

To improve the understanding of secondary organic 
aerosol (SOA) formation from the photo-oxidation of 
anthropogenic and biogenic precursors at the regional 
background station on Baengnyeong Island, Korea, 
gas phase and aerosol chemistries were investigated 
using the Proton Transfer Reaction Time of Flight 
Mass Spectrometer (PTR-ToF-MS) and the Aerodyne 
High Resolution Time of Flight Aerosol Mass Spectro
meter (HR-ToF-AMS), respectively. HR-ToF-AMS mea-
sured fine particles (PM1; diameter of particle matter 
less than 1 μm) at a 6-minute time resolution from 
February to November 2012, while PTR-ToF-MS was 
deployed during an intensive period from September 
21 to 29, 2012. The one-minute time-resolution and 
high mass resolution (up to 4000 m Δm-1) data from 
the PTR-ToF-MS provided the basis for calculations 
of the concentrations of anthropogenic and biogenic 
volatile organic compounds (BVOCs) including oxy-
genated VOCs (OVOCs). The dominant BVOCs from 
the site are isoprene (0.23 ppb), dimethyl sulphide 

(DMS, 0.20 ppb), and monoterpenes (0.38 ppb). Tol-
uene (0.45 ppb) and benzene (0.32 ppb) accounted 
for the majority of anthropogenic VOCs (AVOCs). 
OVOCs including acetone (3.98 ppb), acetaldehyde 

(2.67 ppb), acetic acid (1.68 ppb), and formic acid 

(2.24 ppb) were measured. The OVOCs comprise 
approximately 75% of total measured VOCs, sug-
gesting the occurrence of strong oxidation processes 
and/or long-range transported at the site. A strong 
photochemical aging and oxidation of the atmo-
spheric pollutants were also observed in aerosol 
measured by HR-ToF-AMS, whereby a high f44

 : f43 
value is shown for organic aerosols (OAs); however, 
relatively low f44

 : f43 values were observed when 
high concentrations of BVOCs and AVOCs were avail-
able, providing evidence of the formation of SOA 

from VOC precursors at the site. Overall, the results 
of this study revealed several different SOA forma-
tion mechanisms, and new particle formation and 
particle growth events were identified using the 
powerful tools scanning mobility particle sizer (SMPS), 
PTR-ToF-MS, and HR-ToF-AMS.

Key words: HR-ToF-AMS, PTR-ToF-MS, Baeng-
nyeong Island, Volatile organic compounds, Photo-
chemical reaction

1. INTRODUCTION
Particulate matter can be comprised of a large 

amount of organic materials at not only urban/regional 
area, but also remote sites (Jimenez et al., 2009; Zhang 
et al., 2006; Andrews et al., 2000; Chow et al., 1994). 
During the past decades, there are significant develop-
ment of the characterization of organic aerosols (OAs) 
along with their emission sources and effect on the 
environment. Previous studies have improved the 
understanding for the contribution of organics to fine 
particulate matter, and the negative corresponding 
health effects have consequently been elucidated 

(Ostro and Chestnut, 1998). OAs play an important 
role in the Earth’s radiation balance by scattering or 
absorbing sunlight in direct and by acting role of cloud 
condensation nuclei in indirectly (Charlson et al., 
1992). Further, the existence of organic materials in 
atmospheric aerosol enhanced the ability of the inter-
nally mixed aerosol particles to serve as CCN due to 
its hygroscopicity (Kumar et al., 2003; Prenni et al., 
2003, 2001; Giebl et al., 2002; Raymond and Pandis, 
2002; Corrigan and Novakov, 1999).

Because OAs influence on both air quality and cli-
mate, it is worthwhile to distinguish the anthropogenic 
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contribution from the natural background in order to 
address the future regulatory guidance that may be 
implemented to lower the emissions contributing to 
the OAs burden. Usually, regulation targets the control 
of various kinds of emissions such as secondary 
organic aerosol (SOA) precursors, nitrogen oxides 

(NOx), mass concentrations of sulfate or particulate 
matter. Before the implementation of emission con-
trols, chemical transport models (CTMs) are used at a 
regional and/or global scales to evaluate the effects of 
changes in emissions on the OAs burden. In large 
scale CTMs, OAs have commonly been classified into 
two groups, as follows: essentially non-volatile spe-
cies emitted as primary organic aerosol (POA), and 
volatile compounds that oxidize and then partition to 
the condensed phase in the atmosphere as SOA (Hoyle 
et al., 2007; Tsigaridis and Kanakidou, 2003; Chung 
and Seinfeld, 2002). According to recent studies, POA 
is more volatile than SOA (Huffman et al., 2009; Rob-
inson et al., 2007), but the designation of POA as un-
reacted and generally reduced primary emissions is 
still valid (Donahue et al., 2009). A source-based clas-
sification of anthropogenic POA (APOA) and anthro-
pogenic SOA (ASOA) were investigated, and pro-
posed a set of measurable distinguishing characteris-
tics for the carbonaceous aerosols in these groups 

(Fuzzi et al., 2006). Typically, anthropogenic OAs 
emitted from fossil fuel combustion, meat cooking, 
biomass burning, and other human activities that lead 
to the emission of both fossil and modern (i.e. not fos-
sil) volatile organic carbon. As a result, modern OAs 
should be distinguished between anthropogenic and 
biogenic fractions. However, even if it is determined 
that a fraction of modern volatile organic compounds 

(VOCs) is actually being emitted from anthropogenic 
sources, it does not capture the whole human influence 
on the OAs budget, as it ignores any possible enhance-
ment, through anthropogenically emitted compounds, 
of the SOA formation from true biogenic precursors.

Despite the level of understanding for the formation 
process of SOA are still low, SOA forms from oxi-
dized VOC precursor gases, mainly by OH radicals for 
anthropogenic VOC (AVOC) during the daytime, and 
NO3 and O3 for biogenic VOC (BVOC) during night-
time (Matsui et al., 2009). The oxidation process adds 
functional groups to the organic gas molecules, result-
ing in decrease of their vapor pressure. This process 
partly results in gases that are again volatile and do not 
contribute to the aerosol formation; however, if the 
ambient conditions are favourable, another semi-vola-
tile part of the reaction products might condense to 
form aerosols.

The current SOA models, however, are hard to simu-
late characteristics of measured OAs concentrations 

(Heald et al., 2005; Tsigaridis and Kanakidou, 2003), 
and smog chamber experiments form SOA that is sub-
stantially less oxygenated and therefore less hygro-
scopic than aged atmospheric OAs (Aiken et al., 
2008). There is growing evidence that these and other 
atmospheric observations can be explained, at least in 
part, by multiphase SOA formations involving aque-
ous reactions in clouds, fog, and wet aerosols. Predic-
tions and experiments by several researchers provide 
strong support for the following. Alkene and aromatic 
emissions are oxidized in the gas phase, including in 
the interstitial spaces of clouds; their water-soluble 
products partition into atmospheric waters (wet aero-
sols, clouds, and fog) where they react further, form-
ing low volatility products including organic acids, 
organosulfates, and oligomers; after water evaporation 
these products remain in the particle phase, at least in 
part, forming SOA. The SOA formed from aqueous 
reactions is more hygroscopic than smog chamber 
SOA. It has an O/C ratio similar to that of an aged 
atmospheric aerosol, and it is formed through precur-
sors that are different from those of the traditional 
SOA. Thus, adding this process to models increases 
the atmospheric burden, and the spatial and temporal 
distribution and properties of the predicted SOA are 
changed. SOA formation through aqueous chemistry 
has been included in a few modeling studies. Although 
the uncertainties are large, these regional (northeastern 
U.S.) and global CTM studies estimate that SOA 
formed through aqueous chemistry is comparable in 
magnitude to that formed through the traditional path-
way. Although several types of atmospheric measure-
ments provide evidence for this process, its large pre-
dicted impacts on aerosol concentrations (and proper-
ties), both regionally and globally, provides strong 
motivation for comprehensive field studies to seek 
evidence of this process and provide data for broader 
scientific use.

In this paper, we summarized the concentrations of 
atmospheric gaseous VOCs and non-refractory fine 
particle (PM1; diameter of particle matter less than 1 

μm) compositions including nitrate, sulfate, and 
organic matter concentrations. Further, new particle 
formation and growth events are investigated, and the 
mechanisms of formation of SOA are discussed.

2. METHODS

2. 1  Measurement Site
The field measurements were made at the Baeng-

nyeong Island atmospheric research supersite, Korea 

(37.97°N, 124.63°E, 100 m above sea level), operated 
by the Korea National Institute of Environmental 
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Research (NIER). The supersite is located in between 
west coast of the Korea, and Shandong Peninsula in 
eastern China (Fig. 1). The measurement site is suited 
for monitoring the characteristics of background aero-
sol level, because it is located at the top of a hill apart-
ed from the island’s sparsely populated area. The mea-
surements were conducted from February to Novem-
ber 2012 including an intensive period of September 
21 to 29, 2012.

2. 2  ‌�Instrumentation and Measurement 
Technique

Non-refractory sub-micron aerosol (PM1) composi-
tion was measured using HR-ToF-AMS. The operation 
of the Aerodyne HR-ToF-AMS has been described in 
detail elsewhere (DeCarlo et al., 2006; Drewnick et 
al., 2005; Jimenez et al., 2003; Jayne et al., 2000). 
Ambient air was drawn through a URG cyclone (D50

 

(mass median diameter) = 2.5 μm, 3 L/min). Perma 
Pure dryers (MD-110-24, Perma Pure LLC.) were used 
to control the sample humidity, and the uncertainties 
from the bounce-related changes in the collection effi-
ciency and the particle transmission through the aero-
dynamic lens were therefore both reduced. Detailed 
descriptions and procedures for the calibration of the 
AMS at Baengnyeong Island atmospheric research 
supersite are given in Lee et al. (2015). In this study, a 
six-minute time resolution was used to determine the 

non-refractory fine particle composition, including 
nitrate, sulfate, ammonium, and organic matter con-
centrations.

The PTR-ToF-MS was deployed to collect the VOC 
mixing ratio at the site. The basic principle of this 
instrument has been described elsewhere in detail 

(Graus et al., 2010; Jordan et al., 2009). The gas sam-
ple inlet was heated to ~60°C to prevent the wall loss 
of VOCs. During the intensive period, the drift tube of 
the PTR-ToF-MS was operated at a temperature of 
60°C, a drift voltage of 600 V, and a pressure of ~2.2 

hPa, as controlled by software. These conditions corre-
spond to an E/N (electric field to number density of air 
ratio) value of ~138 Td. Ions were pulsed every 60 μs 
into the time-of-flight region, and they were detected 
by the Multi Channel Plate (MCP) at 0.2 ns resolution. 
Data were stored every one minute in the compressed 
HDF5 format. The data processing for the determina-
tion of the mass calibration, ion fitting (e.g., peak 
shape, peak height, and peak width), and transmission 
efficiency by standard gases was carried out according 
to the Igor routine.

The aerosol number concentrations were measured 
by using a scanning mobility particle sizer (SMPS, TSI 
model 3034) with Nafion® dryer. The SMPS was 
operated with an aerosol flow rate of 1.0 L/min 
through the Kr-85 neutralizer, and a sheath airflow rate 
of 5.0 L/min. The size range was set as 10-470 nm for 

Fig. 1. Map of Korea showing the sampling location at Baengnyeong Island. The satellite images were obtained from google 
map.
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the mobility diameter, with a measurement interval of 
5 minutes. The general principle and operation of the 
instrument has been described in detail elsewhere 

(Kim et al., 2013; Kulmala et al., 2004).
The measurements of gaseous pollutants (O3, NOx, 

CO, and SO2) were conducted on an hourly basis. The 
general details for the instrument has been described 
in Lee et al. (2012). The hourly relative humidity data 
were obtained from an auto weather station (AWS; 
operated by the Korea Meteorological Administration) 
at a distance of 0.5 km in a northwest direction.

The NOAA HYSPLIT model (GDAS1) was used to 
analyze the aerosol composition and the VOC by com-
puting four back-trajectories per day for the air masses 
arriving at the sampling site with a receptor height of 
150 m, which is the same as the height of the site. The 
back-trajectories were run for 72 hours.

2. 3  ‌�Positive Matrix Factorization (PMF) 
Analysis

The timeline of AMS aerosol mass spectra was ana-
lyzed using positive matrix factorization (PMF), a mul-
tivariate factor analysis tool (Paatero, 1997; Paatero 
and Tapper, 1994). We used the Igor Pro-based PMF 
evaluation tool (PET) (Ulbrich et al., 2009). PMF was 
performed upon the V-mode AMS data after applying 
the error preparations outlined in SQUIRREL and PET. 
The PMF is described in detail in Lee et al., 2015.

3. RESULTS AND DISCUSSION

3. 1  ‌�General Characteristics of Submicron 
Aerosol and Volatile Organic 
Compounds (VOCs)

Fig. 2a depicts the timelines of the concentrations 
measured between February and November, 2012, and 
Fig. 2b presents a time series of the concentrations that 
were observed during the intensive study period of 
from September 21th to 29th, 2012. Organic matter 
and sulfate were generally the most abundant aerosol 
components, and they exhibited maximum concentra-
tions of 30 μg/m3 and 29 μg/m3, respectively (Fig. 2a). 
The nitrate concentrations peaked at 25 μg/m3, but 
they were typically much lower than the sulfate and 
organic matter concentrations. The period from Febru-
ary to June and October featured the higher concentra-
tions of the organics, nitrate, and sulfate, with the 
lower concentrations observed from July through Sep-
tember due to the relatively clean air masses that gen-
erally reach the site during those months of the year 

(Lee et al., 2015). Another interesting observation is 
the variation of the nitrate concentration at the site 
according to the different months. Nitrate reached a 

low concentration when the temperature reached a 
maximum in the summer time period of July to Octo-
ber, supporting the theory that temperature has an 
impact on the gas-particle partitioning of nitric acid 
and NH4NO3 dissociation (Lee et al., 2008a, b; Yu et 
al., 2006).

Mass peaks with signals above the noise were iden-
tified, and include major primary ions (e.g. (H2O)H+, 
(H2O)2H+, and water clusters), impurities such as O2

+ 
and NO2

+, and ammonium ions. In this paper, we 
focus on the 17 selected ion species shown in Fig. 3. 
The detectable biogenic VOCs (BVOCs) from the site 
were isoprene (m/z 69.071), 2-methyl-3-buten-2-ol 

(MBO, m/z 87.077), dimethyl sulfide (DMS, m/z 
63.071), and monoterpenes (m/z 81.070, 95.086, 
137.131), with the averaged mixing ratios of 0.24 

ppbv, 0.25 ppbv, 0.20 ppbv, and 0.38 ppbv during the 
intensive study period, respectively. Toluene (m/z 
135.116, 0.45 ppb) and benzene (m/z 79.054, 0.32 ppb) 
comprised the majority of the anthropogenic VOCs 

(AVOCs) with the averaged mixing ratios of 0.45 ppb 
and 0.32 ppb during the intensive study period of Sep-
tember 23 to 29, respectively. For the oxygenated 
VOCs (OVOCs), acetone (m/z 59.048), acetaldehyde 

Fig. 2. Timelines of PM1 organic, ammonium, sulfate, and 
nitrate concentrations measured using HR-ToF-AMS during: 
(a) February to November, 2012 and (b) the intensive study 
period of September 21-29, 2012.

(a)

(b)
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(m/z 45.033), acetic acid (m/z 61.027), formic acid (m/z 
46.997), and methyl vinyl ketone and methacrolein 

(MVK + MACR, m/z 71.048) were measured.
MVK + MACR are well known major secondary 

products from the atmospheric oxidation of isoprene. 
The mixing ratio of MVK + MACR was measured 
between 0.01 and 1.81 ppbv at the site. Acetone is 
ubiquitous in the atmosphere and has a variety of 
sources including terrestrial vegetation, anthropogenic 
emissions, and photochemical productions. Acetone 
was the most abundant VOC with an average of 
approximately 4 ppbv, but its range is from 0.96 to 
17.53 ppbv, which is very similar to the ranges found 
in previous studies (Park et al., 2013; Yuan et al., 
2013). Acetaldehyde is emitted by live leaves, and its 
sources are similar to acetone. The acetaldehyde was 
measured with an average of 2.67 ppbv with mixing 
ratios between 1.09 and 12.48 ppbv. Acetic acid was 
among the top three measured species with mixing 
ratios ranging from 0.01 to 28.34 ppbv, and an average 
of 1.67 ppbv. OVOC may be a result of the oxidation 
processes of BVOC and AVOC in the atmosphere. 
Acetone, acetaldehyde, acetic acid, and formic acid 
were measured for approximately 74% of the total 

measured VOCs, suggesting strong oxidation process-
es at the site (Fig. 3).

The total BVOCs shown in the lower panel of Fig. 4 
include isoprene, MBO, DMS, and monoterpenes. 

Fig. 3. Averaged mixing ratios (labels in each bar) for 17 
selected ion species during the intensive study period of 
September 23-29, 2012.

Fig. 4. Timelines of the intensive study period of 9/23-29, 2012 of gaseous pollutants (CO, NOx, O3, and SO2; upper panel); O/
C, f44

 : f43 ratios for PTR-ToF-MS and relative humidity (middle panel); and major anthropogenic VOCs (toluene and benzene and 
total biogenic VOCs) and organics (bottom panel) (Note: (a) aqSOA formation, (b) gasSOA formation, and (c) nighttime 
aqSOA).

(a)

(b)

(c)
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MBO is emitted from certain pine trees (Holzinger et 
al., 2005). Isoprene, MBO, and monoterpenes were 
measured for approximately 7.4% of the total mea-
sured VOCs (Fig. 3). The measured BVOCs showed 
that emissions were at a maximum during the daytime 
around 14:00 local time (Fig. 4). The highest concen-
trations of BVOCs were observed at the beginning of 
the intensive study period with a maximum of ~2 

ppbv, and with concentrations decreasing to 0.5 ppbv 
at the end of the study (Fig. 4).

The highest concentrations of toluene were observed 
from September 25 to 27 when concentrations of 
BVOCs were low. In general, benzene was measured 
at low concentrations, with a maximum of 0.89 ppbv 
during the entire intensive study period. The AVOCs 

(toluene and benzene) were measured for approxi-
mately 5.4% of the total measured VOCs. Fig. 4 dem-
onstrates an interesting relationship between toluene 
and benzene. Benzene is predominantly derived more 
from vehicles, and it is well-correlated with other aro-
matic VOCs such as toluene when the main source of 
aromatic VOCs is vehicle exhausts. The benzene con-
centration trends were similar to those of toluene on 
September 23 to 24, indicating that toluene and ben-
zene may be derived from the same source, as follows: 
local motor vehicle exhausts. Periods of relatively high 
toluene concentrations were, however, observed on 
September 25 and 27 along with the lowest concentra-
tions of the benzene. This is associated with the trans-
port of polluted air masses to the site, as shown Fig. 5. 
The air mass trajectories in Fig. 5 show that air masses 
on September 27 spent time over industrial areas in 
Korea before arriving at the site, while air masses 

passed over China until 12:00 LST on September 25, 
when the high concentration of toluene was observed.

3. 2  ‌�Determination of Secondary Organic 
Aerosol Formation Mechanisms

It is well accepted that SOA forms through the parti-
tioning of semivolatile products of the gas-phase pho-
tochemical reactions of VOCs and atmospheric oxi-
dants (Pankow, 1994a, b). This process has been stud-
ied extensively in smog chambers. According to parti-
tioning theory, the major factors are considered to be 
the volatility of gas-phase oxidation products, the or-
ganic mass in the pre-existing particles, and tempera-
ture. Precursors must be large (>C7) to produce high 
SOA yields, because they must produce products with 
low enough volatility to partition substantially into the 
organic matter in the particle phase. Because precur-
sors are large and only a few oxidation steps are need-
ed to form condensable products, the O/C ratio of 
“smog-chamber” SOA is modest (0.3 to 0.4; Aiken et 
al., 2008). Higher SOA yields typically occur in lower 
NO experiments (higher VOC/NO), because the prod-
ucts from high NO are smaller and more volatile. Par-
titioning theory is a fundamental tool in the modeling 
of SOA (Donahue et al., 2006; Odum et al., 1996; 
Pankow, 1994a, b).

While clearly important, it fails to consider that, in 
many locations, the liquid water in aerosols, clouds, 
and fog may be a more accessible medium than organic 
matter for the partitioning of gas-phase oxidation pro
ducts (Turpin et al., 2000). Lim et al. (2013) explained 
that glyocal (C2), methyglyoxal (C3), and acetic acid 
have great potential to form SOA via aqueous chemis-

Fig. 5. Back trajectories of air masses arriving at Baengnyeong Island for (a) 9/25 and (b) 9/27, 2012.
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try in clouds, fogs, and wet aerosols. For aqueous SOA 

(aqSOA) formation to be substantial, the precursor 
compounds must be highly water soluble. This suggests 
that aqSOA will have high polarity and O/C ratios (O/
C) = 1-2, 1.5, and 2 for glyoxal, methyglyoxal, and 
oxalate, respectively, and O/C = ~1 at aerosol relevant 
concentrations (Perri et al., 2009; Altieri et al., 2008).

To gain further insight into the mechanisms of for-
mation of the SOA at the Baengnyeong Island sam-
pling site, several cases were considered. Fig. 4 also 
shows the timelines of the gaseous pollutants, and the 
relationship of the O/C and f44

 : f43 ratios with precur-
sor VOCs and OAs during the intensive study period. 
The values of f44

 : f43 describe ambient OA oxidation. 
The relative abundances of the key OA ions at m/z 44 

(CO2
+) and m/z 43 (C2H3O+) distinguish the semi-vol-

atile oxygenated OA (SV-OOA) from the low volatility 
oxygenated OA (LV-OOA). The low f44

 : f43 values 

(≤~1) suggest that the bulk of the observed OA is 
slightly aged/oxidized, and likely resembles the previ-
ously reported SV-OOA from the SOA formation 
chamber studies for relatively fresh aerosol, whereas 
the high f44

 : f43 values indicate that the OA is very oxi-
dized or very similar to previously reported reference 
spectra of POA emitted directly from anthropogenic 
sources. The timeline of the f44

 : f43 ratio shows that the 
observed OA was relatively oxidized from September 
23 to 25, while the OAs was more likely to be fresh 
aerosol in SOA. The ratios of O/C and f44

 : f43 decreased 
with the increasing availability of the precursor BVOCs 
and AVOCs. Different chemical pathways have been 
proposed here for the mechanisms of formation of 
SOA based on the O/C ratio described by Ervans et al. 

(2011). In this study, the aqSOA formation was inves-
tigated during both the daytime and the nighttime, as 
in cases (a) and (c), respectively, and the SOA that was 
formed in the gas phase and was then partitioned to an 
organic phase (gasSOA) was also examined, as in case 
(b) (Fig. 4). Cases (a) and (c) showed an aqSOA for-
mation with an O/C ratio of more than 0.5 when a high 
concentration of VOCs (BVOCs and AVOCs) is pres-
ent. On the other hand, the O/C ratio of less than 0.5 in 
case (b) suggests a possible mechanism of gasSOA 
formation. The time series of the relative humidity 
during the intensive study period did not, however, 
show a significant variation, except during the last 
gasSOA episode (after September 28, 12:00). The 
mean relative humidity of the aqSOA and gasSOA epi-
sodes were 78.7% and 73%, respectively, which were 
relatively high due to the geographical location. Com-
pared with the aqSOA episode, the gaseous pollutants 

(especially SO2 and O3) and the toluene rapidly 
increased during the gasSOA episode. It can therefore 
be easily deducted that Baengnyeong Island was domi-
nated by aqSOA due to a high relative humidity, except 
when the gaseous pollutants and VOCs (especially tol-
uene) increased to cause the formation of gasSOA.

3. 3  ‌�Positive Matrix Factorization (PMF) 
Analysis of AMS Data Set

To identify the reasonable factors, the oxygenated 
OA (OOA) components in the triangle plot are trans-
formed into the Van Krevelen diagram, which can 
indicate bulk changes in oxygenation in ambient data-
sets, and it may also be used to explore the reaction 
mechanisms in isolated airmasses (Fig. 6a). The data 

Fig. 6. (a) Van Krevelen -triangle diagram for the OA components from the organics with HR-AMS data. The mass spectra of 
the two OA factors ((b) SV-OOA and (c) LV-OOA) were determined on the basis of PMF analysis of the HR-AMS data from 
September 2012.

(a)
(b)

(c)
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points in the apex of the triangle area (higher O : C and 
lower H : C) indicates highly oxidized particles on the 
van Krevelen-triangle diagram (Ng et al., 2011). The 
SV-OOA located in 1.3-1.6 for H : C and 0.1-0.6 for O 

: C, whereas the LV-OOA is more oxidized, with lower 
H : C than SV-OOA at 1.2-1.5 (Aiken et al., 2008, 
2007). Therefore, we concluded that there is no POA 
from the intensive period of this study, and it would be 
reasonable to divide into the two factors of SV-OOA 
and LV-OOA.

The results from the PMF analysis of AMS observa-
tions consequently yielded the two factors of SV-OOA 

(46% of OM) and LV-OOA (54% of OM). Both SV-
OOA and LV-OOA were indicated by a higher signal 
at m/z 44 (CO2) than m/z 43 (C3H7

+ and CH3CO3
+), 

whereas an LV-OOA that is highly oxidized has a more 
dominant peak at m/z 44 than SV-OOA. The LV-OOA 
factor has a fractional m/z 44 (f44) of 17% and a frac-
tional m/z 43 (f43) of 3%, similar to the typical LV-OOA 
factors that are based on the aerosol volatility (f44 = 12-
15%, f43 = 5-7%) determined in previous studies (Ng et 
al., 2011, 2010; Zhang et al., 2011; Hildebrandt et al., 
2010). The SV-OOA factor is distinguished by a much 
lower fraction of m/z 44 (f44 = 12%) than seen in LV-
OOA, indicating less oxidized (Ng et al., 2011). Typi-
cally, SV-OOA and LV-OOA have characteristics that 

are well correlated with nitrate and sulfate, respective-
ly (Zhang et al., 2011). Indeed, the two factors were 
highly correlated with nitrate and sulfate, with high 
correlation coefficients of 0.93 and 0.91, respectively, 
according to the AMS (not shown).

Fig. 7 shows the time series of the fraction for SV-
OOA, and the O/C ratios and concentrations of SV-
OOA and LV-OOA during the intensive measurement 
period. The thresholds of the O/C ratio (0.5) for the 
distinguished gasSOA and aqSOA, and the negative 
correlation shown by the fraction of the SV-OOA (R =  
~-0.55) with the O/C ratio all need to be considered 
here. It should also be noted that the fraction of SV-
OOA in the aqSOA was relatively low compared with 
that in the gasSOA, whereas the fraction of SV-OOA 
rapidly increased in the gasSOA, especially in the first 
and second gasSOA periods, when the concentrations 
of toluene, benzene, and total BVOC was highest dur-
ing the intensive period. For SV-OOA, the highest 
concentrations were indicated during the first and sec-
ond gasSOA periods. The fraction and concentration of 
SV-OOA then significantly decreased for the nighttime 
aqSOA. However, the third gasSOA period showed an 
increase in the fraction of SV-OOA. Though aqSOA 
was dominant at Baengnyoung Island, this phenome-
non can be interpreted as the activation of gasSOA by 

Fig. 7. Time series of fractions of SV-OOA and O/C ratio (upper) and SV-OOA and LV-OOA (bottom) during the intensive mea-
surement period (Note: (a) aqSOA formation, (b) gasSOA formation, and (c) nighttime aqSOA).
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gaseous pollutants and VOCs, resulting in an increase 
of SV-OOA.

3. 4  Observation of New Particle Formation
During the intensive period, we observed several 

days (September 18 and 19) of increases in number 
concentrations of the smallest measured particles, along 
with a succeeding development of the aerosol size dis-
tribution (Fig. 8a). It is similar to the new particle for-
mation (NPF) events shown in previous studies (Kim 
et al., 2013; Levin et al., 2012; Boy et al., 2008; Kul-
mala et al., 2004). Boy et al. (2008) divided the events 
according to nucleation and growth. For the NPF 
events, nucleation mode particles (3-10 nm) were 
clearly observed at the event, while new particle for-
mation events (particles smaller than 6 nm) were not 
observed. They explained that the nucleation started 
upwind with a subsequent particle growth as the aero-
sol population was transported the site. Even though 
our measurements do not extend to particles smaller 

than 10 nm, there was no significant extension of the 
particle number distribution around 10 nm, as shown 
in Fig. 8b. The events on September 18 and 19 are 
more likely to be “new particle formation”. The previ-
ous studies often observed NPF under high concentra-
tions of gaseous VOCs. However, our measurements 
showed that there was no new particle formation dur-
ing the times of high concentrations of gaseous VOCs 
on September 25 and 27 (Fig. 8a). This supports that 
gas to particle conversion by absorption and adsorp-
tion involves interaction of the gaseous VOCs with the 
pre-existing aerosol particles in polluted conditions. 
Because concentrations of the VOCs from the PTR-
ToF-MS are not available, NPF on September 18 and 
19 cannot be clearly explained. However, a back-tra-
jectory analysis shows that the air masses that arrived 
on September 18 and 19 passed through the relatively 
clean environment of the northern parts of China and 
Korea (Fig. 9a and 9b), while the air mass of Septem-
ber 28 passed through relatively polluted regions (Fig. 

Fig. 8. (a) Time series of aerosol number distribution by SMPS, and concentrations of organic and total VOCs (biogenic 
VOCs + anthropogenic VOCs) measured by HR-ToF-AMS and PTR-ToF-MS, respectively, at Baengnyeong Island, and (b) aero-
sol number distribution evolution during a new particle formation event.

D
ia

m
et

er
 (n

m
)

C
on

ce
nt

ra
tio

ns
 (μ

g/
m

3 )

D
ia

m
et

er
 (n

m
)

Date

Date

	 9/19	 9/21	 9/23	 9/25	 9/27	 9/29

	 00:00	 06:00	 12:00	 18:00	 00:00	 06:00	 12:00	 18:00	 00:00
	 9/18				    9/19				    9/20

1000

100

10

8

6

4

2

0

1000

100

10

(a)

(b)

	0	 10	 20	 30	 40× 103

dN/dlogDp (#/cm3)

Organic aerosol (*0.5)

Total VOCs (BVOCs + AVOCs)

	0	 10	 20	 30	 40	 50	 60 × 103

dN/dlogDp (#/cm3)



Secondary Organic Aerosol in Baengnyeong Island      309

9c), and a high population of large size particles (~30 

nm) was observed (Fig. 8a). It was hypothesized that 
the NPF began upwind with the subsequent growth as 
the aerosol population was transported to the site from 
the ocean, and that a clean condition is very important 
for the NPF at this site.

4. SUMMARY AND CONCLUSIONS
The chemical composition of non-refractory submi-

cron particles (PM1) was measured at an air quality 
supersite on Baengnyeong Island during the period 
from February to November 2012, and VOCs includ-
ing BVOC, OVOC and AVOCs were also measured 
during an intensive study period from September 23 to 
29 using PTR-ToF-MS. The mixing ratio of MVK +  
MACR was measured in a range of 0.01-1.81 ppbv at 
the site, and the average mixing ratios of the acetone 
and acetaldehyde are ~4 ppbv and 2.67 ppbv, respec-
tively. The OVOCs except MVK + MACR were mea-
sured for ~74% of total measured VOCs, suggesting 
the occurrence of strong oxidation processes at the site. 
The total BVOCs including isoprene, MBO, DMS, and 
monoterpenes were measured for 7.4% of total mea-
sured VOCs, and the maximum emissions occurred 
during the daytime at around 14:00 local time. The 
highest concentrations of toluene were observed from 
September 25 to 27 during periods of low BVOC and 
benzene concentrations, indicating an association with 
the transport of polluted air masses to the site.

The observed OA was relatively oxidized from Sep-
tember 23 to 25, with the OAbeing more likely to be 
fresh aerosol in SOA formation. This might be caused 
by the different chemical pathways in the mechanisms 
of formation of SOA based on the O/C ratio, which is 
shown by the aqueous SOA (aqSOA) formation during 
both the daytime and the nighttime. It was also formed 
in the gas phase, and it then partitioned to an organic 

phase (gasSOA). The aqSOA formation showed an O/C 
ratio that is more than 0.5 when a high concentration 
of VOCs (BVOCs and AVOCs) was present. On the 
other hand, an O/C ratio of less than 0.5 suggests that 
gasSOA formation is a possible mechanism. Since the 
relative humidity values of the aqSOA and gasSOA 
did not show any significant difference, the concentra-
tions of the gaseous pollutants and VOCs could be a 
main driver in the determination of aqSOA or gasSOA 
formations under high relative humidity conditions at 
Baengnyeong Island. Moreover, the concentration and 
fraction of SV-OOA was significantly increased in the 
gasSOA when the concentrations of the gaseous pol-
lutants and VOCs were high.

In relation to the “new particle formation” events 

(September 18 and 19), particles smaller than 6 nm 
were not observed, but nucleation mode particles (3-10 

nm) and particles of more than 6 nm were observed. 
This could be explained if the nucleation started upwind 
with the subsequent particle growth as the aerosol 
population was transported to the site, although our 
measurements do not extend to particles smaller than 
10 nm. There was no new particle formation during the 
times of high concentrations of gaseous VOCs on Sep-
tember 25 and 27, which might be an effect of the gas 
to particle conversion by absorption and adsorption 
that involves the interaction of the gaseous VOCs with 
the pre-existing aerosol particles under a polluted con-
dition. It was hypothesized that the new particle for-
mation began upwind with the subsequent growth as 
the aerosol population was transported to the site from 
the ocean, indicating that a clean condition is very 
important for new particle formation at this site.
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