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Abstract. The air quality of the megacities in populated and
industrialized regions like East Asia is affected by both lo-
cal and regional emission sources. The combined effect of
regional transport and local emissions on multiday haze was
investigated through a synthetic analysis of PM» 5 sampled at
both an urban site in Seoul, South Korea and an upwind back-
ground site on Deokjeok Island over the Yellow Sea during
a severe multiday haze episode in late February 2014. Inor-
ganic components and carbonaceous species of daily PM» 5
samples were measured, and gaseous pollutants, local me-
teorological factors, and synoptic meteorological conditions
were also determined. A dominance of fine-mode particles
(PMy5 /PMjg ~0.8), a large secondary inorganic fraction
(76 %), high OC /EC (>7), and highly oxidized aerosols
(oxygen-to-carbon ratio of ~ 0.6 and organic-mass-to-carbon
ratio of ~ 1.9) under relatively warm, humid, and stagnant
conditions characterize the multiday haze episode in Seoul;
however, the early and late stages of the episode show dif-
ferent chemical compositions of PM» 5. High concentrations
of sulfate in both Seoul and the upwind background in the
early stage suggest a significant regional influence on the on-
set of the multiday haze. At the same time, high concentra-
tions of nitrate and organic compounds in Seoul, which are
local and highly correlated with meteorological factors, sug-
gest the contribution of local emissions and secondary forma-
tion under stagnant meteorological conditions to the haze. A

slow eastward-moving high-pressure system from southern
China to the East China Sea induces the regional transport
of aerosols and potential gaseous precursors for secondary
aerosols from the North China Plain in the early stage but
provides stagnant conditions conducive to the accumulation
and the local formation of aerosols in the late stage. A block-
ing ridge over Alaska that developed during the episode hin-
ders the zonal propagation of synoptic-scale systems and ex-
tends the haze period to several days. This study provides
chemical insights into haze development sequentially by re-
gional transport and local sources, and shows that the synop-
tic condition plays an important role in the dynamical evo-
lution of long-lasting haze in the Asian continental outflow
region.

1 Introduction

Haze is an atmospheric phenomenon causing visibility im-
pairment that primarily results from scattering and absorbing
light by particulate matter (PM) in ambient air, such as dust,
smoke, and other organic and inorganic aerosols. Haze often
accompanies high concentrations of gas pollutants and fine-
mode PM with a diameter of 2.5 um or less (PM3 5) and has
adverse effects on the human respiratory and cardiovascular
systems (Pope and Dockery, 2006; WHO, 2006; EPA, 2012).
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In addition, low visibility and solar dimming by severe haze
could pose hazards to both land and air traffic, reduce crop
yields (Chameides et al., 1999), and affect both meteorology
and climate by changing the radiation budget (Ramanathan
etal., 2001; J. Wang et al., 2014).

Recently the East Asian countries, especially China, have
suffered from regional-scale prolonged haze during the cold
season (Tao et al., 2012; Wang et al., 2014a; Jiang et al.,
2015) and have thus faced serious public health and eco-
nomic risks (Gao et al., 2015). Such severe long-lasting
events are driven by the combination of synoptic meteorolog-
ical conditions and secondary aerosol formation processes
(Zhao et al., 2013; Zheng et al., 2015). Chemical specia-
tion and source apportionment studies have shown that sec-
ondary aerosols rather than primary aerosols mostly con-
tribute to the fine particles during prolonged haze (Huang
et al., 2014; Sun et al., 2014; Zhang et al., 2014). Synoptic
meteorological conditions conducive to the accumulation of
the primary pollutants and gaseous precursors for secondary
aerosols, regional transport among the megacities, and sec-
ondary aerosol formation through heterogeneous surface re-
actions or multiphase aqueous chemistry play critical roles in
the development and sustentation of widespread and durable
haze (Zhao et al., 2013; Wang et al., 2014b; Zheng et al.,
2015).

Long-lasting haze with high PM> 5 concentrations has also
been a matter of concern in South Korea, the geographical
neighbor of China across the Yellow Sea (Kang et al., 2004,
2013; Park et al., 2013, 2015; Shin et al., 2014; J. H. Kim
et al., 2016). The multiday PM pollution in the capital city
of Seoul has steadily occurred during the cold season (Oh et
al., 2015) despite the decrease in PM concentration since the
2000s owing to the reduction in diesel vehicle emissions and
fugitive dust (Ahmed et al., 2015; Ghim et al., 2015).

The cause of the multiday haze episodes in Seoul could be
quite complex since the air quality in Seoul and its metropoli-
tan area (Seoul metropolitan area; SMA) could be affected by
both local emissions and transport by the Asian continental
outflow. The SMA is a highly populated and industrialized
region with a population of 25 million people, 9 million vehi-
cles, and 49 % of the gross domestic product (GDP) although
itis only 12 % of South Korea’s land area. A large proportion
of South Korea’s emissions of primary pollutants and sec-
ondary aerosol contributors are emitted from the SMA: 38 %
of carbon monoxide (CO), 32 % of volatile organic com-
pounds (VOCs), 26 % of nitrogen oxides (NOy ), and 19 % of
ammonia (NH3; NIER, 2015). The fraction of sulfur oxide
(SOy) emission in the SMA is small (only 9 % of South Ko-
rea’s total emissions) due to the expansion of natural gas and
low-sulfur fuel usage since the late 1990s (Kang et al., 2006).
In addition to domestic emissions, the background air pollu-
tion levels in the SMA could be affected by massive emis-
sions in the Chinese eastern coastal region. The emission in-
tensities for Jing-Jin-Ji (Beijing-Tianjin-Hebei), Shandong,
Jiangsu, and Shanghai (a total area of 482 600 km?) in 2010
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were estimated as high as 98.1 tkm~2 for CO, 17.4tkm2
for NO,, 14.3tkm~2 for sulfur dioxide (SO,), 13.7 tkm 2
for VOCs, and 4.8 tkm—2 for NHj3. These are much larger
than those for South Korea (an area of 100200km?) esti-
mated as 8.4 tkm~2 for CO, 10.6 tkm~2 for NO,, 4.2 tkm >
for SO, 8.5tkm~2 for VOCs, and 1.9 tkm~2 for NH3 (Li
et al,, 2017). The prevailing midlatitude westerlies com-
bined with the massive emissions in China often result in the
transboundary transport of regional pollutants to the Korean
Peninsula (Kim et al., 2007, 2014; Lee et al., 2013). A recent
source apportionment study on PM; 5 in Seoul has estimated
that, on average, about 30 % of PM> s mass is attributed to re-
gional sources, excluding potential contributions from trans-
ported secondary aerosol precursors (B. M. Kim et al., 2016).

In such a complex source region, synoptic meteorologi-
cal conditions could be an important factor in long-lasting
haze pollution. A composite analysis for the multiday high
PMj¢ episodes in Seoul shows that a strong high-pressure
system over the eastern Chinese—Korean peninsula region,
which slowly developed and moved from central China,
could trap the pollutants over China within the boundary
layer and gradually spread them into the downwind region
by weak westerlies (Oh et al., 2015). Although Oh et al. fo-
cused more on the regional effects caused by such a synoptic
pattern, the stagnant high-pressure system could also provide
a conducive environment for the accumulation of primary
pollutants and secondary aerosol precursors. Subsidence in
the high-pressure region strengthens an inversion layer, sup-
presses boundary layer growth, and reduces boundary layer
height (BLH; Stull, 1988; Angevine et al., 1994). In addition,
local meteorological factors like insolation, temperature, and
relative humidity (RH), which affect the chemical processes
for secondary aerosol formation and particle aging (Seinfeld
and Pandis, 2006), are also controlled by synoptic-scale me-
teorology (Sun et al., 2014; Zheng et al., 2015). Therefore,
the influence of synoptic conditions on the multiday PM pol-
Iution needs to be considered together with the local and re-
gional sources.

In late February 2014, South Korea experienced severe
multiday haze (Shin et al., 2014; Park et al., 2015; J. H. Kim
etal., 2016). We collected daily PM samples at both an urban
site in Seoul and an upwind background site on Deokjeok Is-
land over the Yellow Sea during the haze and the following
clean periods. Because PM in Seoul is significantly affected
by local sources while PM on Deokjeok Island is mostly
attributed to regional sources, the comparison between the
two sites is our approach for source appointment. In this
work, we explored the combined effect of local emissions,
regional transport, and synoptic conditions on the prolonged
fine-particulate pollution in the Asian continental outflow re-
gion. Chemical compositions, including inorganic and car-
bonaceous species of PM» s, at both sites during the haze
and clean periods were characterized. In addition, the tempo-
ral evolution of the haze episode was examined with changes
in chemical components and meteorological factors. Finally,
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Figure 1. (a) Geographical locations of filter sampling sites (KIST site in Seoul and the Deokjeok site), KMOE air quality monitoring sites
(Seongbuk site in Seoul and the Deokjeok site), and KMA weather station in Seoul. (b) Daily mass concentrations of PM g and PM> 5
sampled at the KIST site in Seoul and the Deokjeok site (bars) during the multiday haze episode and following the clean period in late
February to early March 2014. Red diamonds and blue squares with solid lines denote 24 h averages of PM( concentration measured by
beta-ray absorption at the Seongbuk site in Seoul and at the Deokjeok site, respectively. (¢) Daily PM» 5 concentrations in the five Chinese
cities of Beijing, Tianjin, Dalian, Jinan, and Yantai (http://www.tianqihoubao.com/aqi/).

relevant synoptic conditions that induced the multiday haze
event are further discussed.

2 Measurement and data

2.1 Sampling overview

Daily PM; 5 and PM|o samplings were conducted at the

urban site located inside the Korea Institute of Science
and Technology (KIST) in northeastern Seoul (37.603° N,
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127.047° E; 58 ma.s.l.) and the background site located
on Deokjeok Island over the Yellow Sea (37.233°N,
126.149° E; 185 ma.s.l.) between 23 February and 9 March
2014 (Fig. 1a). The sampling period includes the multiday
haze pollution in late February and the following clean-air
period in early March. The KIST site is located downwind
of the downtown core and surrounded by a small urban for-
est (about 60 ha) and a residential area. Thus, the measure-
ment at this site represents the particulate air quality of Seoul
influenced by both local and regional sources. The Deok-
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jeok site located on the offshore island is about 90 km west-
southwest from the KIST site in Seoul. Since significant
emission sources do not exist on the island, the measurement
at the Deokjeok site mainly represents regional sources.

The daily sampling started at 09:00 local time (LT) and
was carried out for 24 h on each day. The PM; 5 samples
for the mass measurement and ionic analysis were collected
on pre-weighted 47 mm Teflon filters (Zefluor " ; Pall Cor-
poration, Port Washington, NY) using a Teflon-coated alu-
minum cyclone with a cut size of 2.5um and a flow rate
of 16.7 L min~! (URG Corporation, Chapel Hill, NC). PM
with a diameter of 10 um or less (PMjo) was also collected
in the same way to compare the mass concentration with
PM3 5. The PM> 5 sample for carbonaceous and organic com-
pound analyses is collected on 203 x 254 mm quartz fiber fil-
ters (Whatman Inc., Maidstone, UK) using a high-volume air
sampler with a flow rate of 1000 L min~! (Andersen Instru-
ments Inc., Atlanta, GA). All samples were sealed immedi-
ately after collection and stored in freezers to prevent possi-
ble contamination.

Note that the PM; 5 sampling conducted in this study
could result in artifacts of carbonaceous species. Firstly, we
used the high-volume air sampler for carbon analyses, while
the total mass and ion concentrations were obtained by the
low-volume air sampler. Secondly, we did not employ a pre-
ceding organic denuder or backup filters in the high-volume
air sampler for the correction of positive artifacts (by adsorp-
tion of organic vapor) and negative artifacts (by volatiliza-
tion of semivolatile materials) in measured OC. Although
the positive artifacts are thought to be larger than the neg-
ative artifacts (Chow et al., 2010; D. Kim et al., 2016), the
high-volume air sampler tends to underestimate particle con-
centrations (Lagler et al., 2011; Aggarwal et al., 2013), and
thus the measurement by the high-volume air sampler may
partly reduce such positive artifacts as recently estimated by
D. Kim et al. (2016). However, the aging and oxidation prop-
erties and source characteristics of measured aerosols can
still be altered by the potential loss of semivolatile organic
compounds. In this study, we therefore used organic com-
pounds for qualitative comparisons between different places
and periods rather than for quantitative analysis.

2.2 Analytical procedure

The mass concentrations of PMjs and PM;g were mea-
sured by the Mettler MT5 microbalance (Mettler-Toledo,
Greifensee, Switzerland) with a precision of 1 ug after 24 h
of standing on the Teflon filter sample in a desiccator.
Then, the sample was sonicated in a mixture of 0.5 mL of
ethanol and 14.5mL of distilled and deionized water for
30 min to measure water-soluble ion concentrations in PM» s.
Concentrations of sulfate (SOi_), nitrate (NO3’), chloride
(CI7), ammonium (NH})), potassium (K*), calcium (Ca’"),
sodium (Na™t), and magnesium (Mg2+) were measured by
the Dionex 2000i/SP ion chromatograph (Dionex, Sunny-
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vale, CA). To analyze organic carbon (OC) and element
carbon (EC) in PMjy5, a piece of the quartz fiber filter
(10 x 15 mm) was used with a thermal/optical carbon aerosol
analyzer (Sunset Laboratory, Tigard, OR) based on the Na-
tional Institute for Occupational Safety and Health (NIOSH)
method 5040 (Birch and Cary, 1996).

To identify and measure the concentrations of individual
organic compounds, one-half of the quartz fiber filter was
used and ultrasonicated twice in each of two 50 mL mixtures
of dichloromethane and methanol (3:1; v/v) in sequential
order, each for 30 min (total volume of the solution 100 mL).
The filter composite was spiked with 11 isotopically la-
beled surrogated standards and blown down to 100 mL with
a Zymark TurboVap 500 concentrator (Zymark Corporation,
Hopkinton, MA) under a pure nitrogen stream at 40 °C. This
process induces low recovery rates (~ 70 %) of relatively
low molecular weight compounds (e.g., n-alkanes lighter
than Cy and PAHs lighter than anthracene), and we excluded
these compounds from further analyses. The extract was fil-
tered by syringe with a PTFE membrane filter (ID 25 mm;
pore size 0.45 pm; Pall Corporation) and further reduced by
gentle solvent evaporation with a stream of high-purity nitro-
gen to a final volume of 0.5+ 0.1 mL. The GC-MS analysis
was carried out on a Hewlett Packard 7890A gas chromato-
graph coupled to a 5975C mass selective detector (Agilent,
Palo Alto, CA) in the synchronous selected ion monitoring
(SIM scan) mode. A 1puL sample was injected on splitless
mode at 240°C. The mass spectrometer was operated on
electron impact (EI) mode at 70 eV and scanned from 40 to
550 Da at the source temperature of 230 °C.

The organic compounds were classified into five groups:
n-alkanes, polycyclic aromatic hydrocarbons (PAHs),
monocarboxylic acids, sugars, and dicarboxylic acids.
These are 17 n-alkanes: Cy0—Cj3¢ and fifteen PAHs:
phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLA), pyrene (PYR), benz[a]anthracene (BaA), chry-
sene (CHR), benzo[b]fluoranthene (BbF), benzo[e]pyrene
(BeP), benzol[a]pyrene (BaP), perylene (PER), 1,3,5-
triphenylbenzene (TPB), indeno[l,2,3-cd]pyrene (IcdP),
dibenz[a, h]anthracene (DahA), benzo[ghi]perylene
(BghiP), and coronene (COR). There are 19 monocarboxylic
acids Ce¢—C», including oleic or elaidic acids (Cjg.1) and
cis-pinonic acid, and 9 sugars: arabinose, ribose, levoglu-
cosan, xylose, fructose, mannose, galactose, glucose, and
sucrose. There are also 19 dicarboxylic acids: malonic acid,
methylmalonic acid, maleic acid, methylmaleic acid, suc-
cinic acid, methylsuccinic acid, fumaric acid, glutaric acid,
2-methylglutaric acid, D-malic acid, adipic acid, pimelic
acid, phthalic acid, suberic acid, isophthalic acid, tereph-
thalic acid, azelaic acid, sebacic acid, and undecanedioic
acid. A detailed description of the aforementioned chemical
analyses can be found in Choi et al. (2016).

www.atmos-chem-phys.net/17/9311/2017/
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2.3 Data

The Korean Ministry of Environment (KMOE) provides 1 h
average concentrations of PMjg, SOz, NO,, CO, and ozone
(O3) at 257 urban sites, 19 suburban sites, and 3 background
sites over South Korea (NIER, 2016). The measurements
of each species are conducted by the beta-ray absorption
method for PMg, the pulse ultraviolet fluorescence method
for SO,, the chemiluminescent method for NO;, the non-
dispersive infrared method for CO, and the ultraviolet photo-
metric method for O3. In the present study, we employ hourly
data for PMjg and other gaseous species measured at the
Seongbuk site (1.7 km northwest from the PM sampling site
inside the KIST) in Seoul and the Deokjeok site (next to the
PM sampling site) to analyze and compare with the sampling
data (Fig. 1a). As shown in Fig. 1b, the mass concentrations
of PM from daily filter samples in Seoul (KIST) and Deok-
jeok are consistent with the daily PM( concentrations mea-
sured by beta-ray absorption in Seoul (Seongbuk) and Deok-
jeok (r2 =0.99 in Seoul and > =0.97 in Deokjeok). Also,
we select 247 sites based on data availability for the anal-
ysis period to explore changes in the spatial distribution of
PMj¢ over South Korea during the prolonged haze episode.
Daily PM> 5 concentrations in the five Chinese cities of Bei-
jing, Tianjin, Dalian, Jinan, and Yantai were obtained from a
public weather website (http://www.tianqihoubao.com/aqi/).

Hourly meteorological variables, such as temperature, RH,
and wind speed, observed at the Seoul weather station (8 km
southwest from the KIST site) provided by the Korea Me-
teorological Administration (KMA) are additionally used in
this study (Fig. 1a). To investigate BLH in Seoul, the Euro-
pean Centre for Medium-Range Weather Forecasts Reanaly-
sis Interim (ERA-Interim) data at a grid point within Seoul
(37.5°N, 127.0° E; 12.3 km south-southwest from the KIST
site) are employed. To investigate synoptic conditions dur-
ing the haze period, the geopotential height and wind fields
at 850 and 500 hPa derived from the ERA-Interim data to-
gether with aerosol optical depth (AOD) at 550 nm from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
onboard the Terra and Aqua satellites are used.

3 Results and discussion
3.1 Multiday haze episode in Seoul

On 20 February 2014, the daily PM( concentration in Seoul
(by beta-ray absorption) first exceeded the World Health Or-
ganization (WHO) 24 h mean guideline of 50 uyg m—> (WHO,
2006). It increased over the South Korean 24 h mean stan-
dard of 100 ugm™> (NIER, 2016) from 23 to 28 February,
and fell back below 50 ugm~3 on 2 March. A PM( concen-
tration higher than 50 ugm=3 was again recorded from 3 to
4 March (Fig. 1b). The daily PM; 5 concentration in Seoul
(by filter sampling) shows a similar temporal pattern. The
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PM; 5 mass concentration in Seoul recorded its highest value
of 148 ugm—3 on 24 February and stayed near 100 ugm~3
until 28 February (Fig. 1b). The measured PM> 5 in Seoul ex-
ceeded not only the WHO 24 h mean guideline of 25 ug m=3
(WHO, 2006) but also the South Korean 24 h mean standard
of 50 ugm=3 (NIER, 2016) for 9 days between 23 February
and 4 March, except 2 March. In Deokjeok, a high concentra-
tion of PM3 5 near or higher than 100 ug m~3 continued until
26 February, but the PM3, s level started to fall on 27 February
when the PM s level was still high in Seoul (Fig. 1b).

The PM» 5 mass concentration in Deokjeok was generally
70-90 % of that in Seoul throughout the measurement period.
It was, however, slightly higher than that in Seoul on a day
in the mid-stage of the haze (26 February) and then showed
only 40-60 % of that in Seoul during the following late stage
of the episode (27 February to 1 March). A similar trend was
reported in five upwind Chinese cities across the Yellow Sea,
which also experienced high PM» 5 concentrations from 20
to 26 February and a rapid drop in the PM» 5 levels on 27
February (Fig. 1c).

The wind direction during the overall analysis period was
mostly westerly or west-northwesterly, but there were east-
erly winds on 26 February. Considering negligible local
emissions on and near Deokjeok Island, the high PM; 5 level
in Deokjeok is most likely due to regional transport from
China, evidenced by the high PM; 5 levels in the upwind
Chinese cities (Fig. 1¢) and backward trajectories during the
haze period (Fig. 2a). On the other hand, the high PM; 5 level
in Deokjeok on 26 February seems to result from the easterly
transport of pollutants from the SMA, as shown by back-
ward trajectories passing through the SMA before reaching
Deokjeok (Fig. 2b). The high PM; 5 levels in Seoul and the
low PM, 5 concentrations in Deokjeok on the following 3
days (Fig. 1b), as well as the stagnant backward trajectories
(Fig. 2b), show that the prolonged haze period in Seoul not
only resulted from the transboundary transport of pollutants,
but could also be affected by local sources.

The durable haze widely affected PM levels over South
Korea as represented in the spatial distribution of PM¢ con-
centrations (Fig. 3). A clear western-high and eastern-low
pattern in PM( concentration appears during the haze en-
hancement (22-24 February), but such a westward gradient
of PMj¢ levels becomes weaker after the appearance of a
nationwide high concentration (25-27 February). PMq con-
centrations finally decrease but still remain relatively high in
the SMA and inland area in the last stage of the prolonged
haze (28 February to 1 March). The westward PM( gradient
with high PM concentrations at Deokjeok (Fig. 1b) before 26
February supports the regional influence in the early stage of
the haze period. On the other hand, the weakened westward
PMj( gradient, the high PM|q levels in the SMA and inland
area, and the low PM concentrations at Deokjeok (Fig. 1b)
after 26 February imply a local influence in the final stage of
the haze period in Seoul.

Atmos. Chem. Phys., 17, 9311-9332, 2017
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Figure 2. Backward trajectories from 500 m a.s.l. over the KIST site in Seoul (red) and the Deokjeok site (blue) at 09:00 and 21:00 local
time (GMT+09:00) during (a) the early stage of haze, (b) the late stage of haze, and (c) the clean period.

3.2 Formation of PM; 5 in Seoul and background

The chemical speciation of PM> 5 and gaseous pollutants in
Seoul and Deokjeok during the haze and clean periods re-
veals spatial dynamics of PMj 5 influenced by its urban and
upwind background downwind of East Asia. The average
chemical compositions of PM3 5 in both Seoul and Deokjeok
for the haze period (23-28 February) and the following clean
period (5-9 March) are presented in Fig. 4 and Tables 1-2.
Different characteristics of PM, 5 between downwind urban
and upwind backgrounds are revealed from the comparisons
of PM; 5 compositions in Seoul and Deokjeok and summa-
rized in Table 3. PM; 5 properties during the haze and clean
periods are compared and summarized in Table 4.

3.2.1 Local meteorological conditions in Seoul

Seoul experienced warm, humid, and stagnant conditions
within the shallow boundary layer during the haze period
(Table 1 and Fig. Se—f). The decrease in BLH (~400m)
and low wind speed (~2ms~!) effectively interrupt verti-
cal mixing and increase PM concentrations near the ground
through the accumulation of primary aerosols and secondary
aerosol precursors (Zheng et al., 2015). Because of the high
PM concentrations, daytime visibility in Seoul was signifi-
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cantly reduced to its minimum value of 1.3 km in the morn-
ing on 25 February. As mentioned in the previous section,
wind directions were mostly westerly or west-northwesterly
over the measurement period, except for easterly winds only
on 26 February. Therefore, the regional influences on the
severe haze can be inferred from the high concentration of
each chemical component (Table 1) and the backward tra-
jectories from China (Fig. 2a-b) during the haze period in
both Seoul and Deokjeok. On the other hand, the tendency
toward a lower mass concentration of each aerosol compo-
nent in Deokjeok than in Seoul (Table 1) implies the local
contributions of both primary emissions from the SMA and
secondary production from local and transported precursor
gases to the long-lasting haze in Seoul.

3.2.2 Gaseous species in Seoul and background

Among the four gas species investigated in this study, SO»
and NO; are important species closely related to sulfate and
nitrate aerosols. The higher SO, concentration in the haze pe-
riod in Deokjeok than in Seoul (Table 1) and the much lower
emission intensity of SO> in the SMA (3.1 tkm™2) than in
the Chinese Yellow Sea coastal provinces (Li et al., 2017;
NIER, 2015) provide evidence that SO, in Seoul was greatly
influenced by regional transport from China. On the other

www.atmos-chem-phys.net/17/9311/2017/
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Table 1. The average and standard deviation of PM; 5 chemical compositions, related gas concentrations, and meteorological factors in Seoul
and Deokjeok for the haze (23-28 February 2014) and clean (5-9 March 2014) periods.

Seoul ‘ Deokjeok

Components Haze Clean ‘ Haze Clean

Mass PMj (pgm_3) 143 +25 39411 100 £ 35 28+ 11
concentrations  PMj 5 (ug m_3) 116 £29 23+£10 84 +£31 18+9
PM; 5 /PMjq 0.81+0.01 0.574+0.10 | 0.844+0.03 0.65£0.07

Inorganic SO?[ (ugm™3) 349+9.1 39+14 | 292+124 47+£2.6
species NO3 (ugm=3) 32.8+84 46142 11.4+8.5 2.8+3.0
Cl~ (ugm™3) 1.1+04 0.3+0.2 0.6+0.6 0.2+0.1

NHI (ugm—3) 21.6+43 27+1.6 144+6.0 24+1.8

K+ (ugm=3) 09+0.2 0.2+0.1 0.7+£03 02+0.1

Ca?t (ugm=3) 0.3+0.1 0.14+0.0 0.240.1 0.14+0.0

Mg?t (ugm=3) 0.1£0.0 0.1+£0.0 0.1£0.0 0.1+£0.1

Nat (ugm~3) 0.1£0.0 0.1+0.0 0.1+0.1 0.1+0.1

SOR 044+0.04 0.15£0.03 | 0.394+0.04 0.20+0.06

[NHI] / [SO?(] 1.68+0.16 1.74+£0.38 | 1.34+£0.30 1.29+0.25

SIA (ugm™3) 89+21 11+7 55+23 10+£7

SIA /PM3 5 0.76+0.07 047£0.09 | 0.65£0.04 0.51+0.10

SOZ_ /PMj 5 0.30+0.04 0.18+£0.04 | 0.34+£0.05 0.26+0.03

NO; /PMy 5 028+0.03  0.18+£0.07 | 0.13£0.07 0.134+0.07

NHI/PM2_5 0.18+0.01 0.11+£0.02 | 0.17+£0.01 0.12+0.03

Carbonaceous OC (ug m=3) 14425 49+0.8 8.6£29 2.7+0.6
species POC (ugm~3)2 5.740.7 3.940.6 2.540.6 1.4+0.8
SOC (ugm—3)2 87+22 1.0+1.2 6.14+2.6 1.34+0.9

SOC /0c? 0.60£0.06  0.19£0.18 | 0.694+0.10 0.47+0.28

EC (ugm~3) 2.0+0.2 1.4+0.2 1.2+03 0.7+0.4

OC/EC 73+1.1 37+1.1 74+1.7 49+2.0

Gaseous SO; (ppb) 10.6+1.5 5.0+0.5 11.3+34 45+2.1
species NO; (ppb) 68.1+11.7 30.0+10.5 11.1£9.5 1.1+£0.2
CO (ppm) 1.1+0.2 0.4+0.1 0.7+0.1 0.3+0.1

O3 (ppb) 16.8+7.6 28.6+6.7 57.34+95  48.6+0.7

Meteorological ~ Temperature (°C) 6.2+2.1 0.7£1.1 - -
factors Relative humidity ( %) 55+£8 49+£10 — —
Wind speed (ms~1) 23+0.5 34+05 - -

Boundary layer height (m) 380600 1000+ 140° | 140480° 980 +240°

Daytime (07:00-18:00) visibility (km) 344+1.1 17.1£2.6 — —

@ Approximate primary OC (POC) and secondary OC (SOC) obtained by the EC tracer method (Castro et al., 1999) using the minimum OC / EC values for the measurement period
of 2.88 for Seoul and 2.18 for Deokjeok on 9 March 2014. b,c Reanalysis data from the ERA-Interim at b 3750 N, 127.0° E (Seoul) and © 37.0° N, 126.0° E (Deokjeok).

hand, the significantly higher concentration of NO; in Seoul
than in Deokjeok, not only during the haze period but also
during the clean period (Table 1), is attributed to the high
NO, emissions in the SMA (23.3 tkm~2) from vehicles and
industrial combustion sources (NIER, 2015).

The high NO, emissions in the SMA are presumably a ma-
jor factor in the different O3 levels between Seoul and Deok-
jeok. In general, the O3 level in Seoul is lower than in Deok-
jeok due to titration effects by substantial emissions of NO,
in the SMA (Seo et al., 2014). In Seoul, the haze-period O3
level is lower than the clean period (Table 1) due to enhanced
titration in high NO, conditions. However, Deokjeok shows
a higher O3 concentration in the haze period than in the clean

www.atmos-chem-phys.net/17/9311/2017/

period (Table 1). This higher O3 level during the haze may
result from enhanced O3 production due to the slightly in-
creased NO» concentration by regional transport (Lee et al.,
2014) and/or the transport of O3 itself (Oh et al., 2010; Seo
etal., 2014).

CO, which is an incomplete combustion product of fossil
fuels or biomass and biofuels, is affected by both local emis-
sions in the SMA and regional transport from China; it thus
shows a higher concentration in Seoul than in Deokjeok and
in the haze period than in the clean period (Table 1).

Atmos. Chem. Phys., 17, 9311-9332, 2017
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Figure 3. Spatial distribution of PM( concentration for the period 21 February to 2 March 2014 using data from 247 air quality monitoring
sites (black dots) in South Korea.
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Figure 4. Mass fraction (%) of each component to the total PM» 5 mass in Seoul and Deokjeok during the haze and clean periods. The size
of each chart is proportional to the averaged PM; 5 mass concentration. OM is estimated by measured OC and the OM / OC ratios of total
identified organic compounds (~ 5 % of total OM).
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Table 2. The average and standard deviation of analyzed organic compound concentrations and diagnostic ratios in Seoul and Deokjeok for

the haze (23-28 February 2014) and clean (5-9 March 2014) periods.

Seoul ‘ Deokjeok
Organic compounds Components Haze Clean ‘ Haze Clean
OM (ugm—3)° 27.1+£53 9.1+1.2 17.3+6.1 49+12
OM /0cC? 1.92+0.04 1.83+0.04 2.00+0.06 1.814+0.05
o/c? 0.594+0.03 0.52+0.03 0.65+0.04 0.50+0.04
n-Alkanes (ng m~3) 80+ 19 1945 34412 10+4
CPlyqq 20+0.3 1.7+£0.1 1.7£0.1 1.7£0.2
Wax Cp, (%) 35+5 2743 28+4 28+5
PAHs (ngm ™) 18+12 7+1 949 3+1
BaP / (BaP + BeP) 0.34+0.08 0.37+0.03 0.28+0.13 0.32+0.04
IncdP / (IncdP + BghiP) 0.59 +£0.06 0.48+£0.01 0.61+£0.04 0.424+0.05
FLA / (FLA+PYR) 0.55+0.01 0.56 +0.01 0.60 +0.02 0.59 +0.00
BaA / (BaA + CHR) 0.26+0.03 0.28+0.03 0.22+0.02 0.224+0.03
ANT / (ANT + PHE) 0.09 +£0.01 0.11+0.01 0.06 +£0.02 0.10+0.02
Monocarboxylic acids (ng m—?) 363+ 58 138 £28 166 +49 98 £18
cis-Pinonic acid (ng m_3) 53+1.7 3.0+1.0 44+1.6 1.8+0.2
Ci18:0/C18:1 59445 72431 9.2+3.0 11.1£2.9
Sugars (ngm™~3) 248 £21 148 £28 109 £43 57+ 18
Levoglucosan (ng m3) 229+18 136 +23 98 £39 5215
Dicarboxylic acids (ng m~3) 522 +£137 88 £33 355+ 151 8047
Dicarboxylic acids C/OC  0.038+0.009 0.017£0.004 | 0.041£0.006 0.028+£0.010
O / C (dicarboxylic acids) 0.90£0.02 0.73+£0.01 0.92+0.05 0.81+0.05

@ Averages of daily OM / OC ratios and O / C of total identified OM. b Averages of daily total OM estimated by measured OC and the OM / OC ratios of identified OM.

3.2.3 Local and regional formation of PM; 5 during the
haze period

In the haze period, PM> 5 / PMjg ratios in Seoul and Deok-
jeok are high (~0.8; Table 1), which shows a dominance of
the anthropogenic fine-mode aerosols (Kim et al., 2007). The
larger PM» 5 / PMq during the haze compared to the clean
period in both places (Table 1) suggests more of an influ-
ence from secondary aerosol formation during the haze pe-
riod (Irei et al., 2015).

The prolonged haze episode is characterized by a large
proportion of secondary aerosols in PMj 5 (Fig. 4). The av-
erage fractions of secondary inorganic aerosol (SIA) species
(sulfate, nitrate, and ammonium) in total PM; s mass dur-
ing the haze period are 76 % in Seoul and 65 % in Deok-
jeok, while those during the clean period are reduced to 47 %
in Seoul and 51 % in Deokjeok (Fig. 4 and Table 1). The
sulfur oxidation ratio (SOR = n SO2~ /[n SO3~ +n SO1]; n
refers to the molar concentration) represents the atmospheric
conversion of SO; to sulfate aerosol through oxidation and
partitioning (Squizzato et al., 2013). The SOR is also higher
during the haze period than during the clean period in Seoul
(Table 1).

www.atmos-chem-phys.net/17/9311/2017/

During the clean period, the SIA fraction in Seoul (47 %)
is slightly smaller than that in Deokjeok (51 %) owing to
the smaller sulfate fraction in Seoul (18 %) than in Deok-
jeok (26 %). During the haze period, on the other hand, the
SIA fraction in Seoul (76 %) is much larger than in Deok-
jeok (65 %) mainly due to the larger nitrate fraction in Seoul
(28 %) than in Deokjeok (13 %; Table 1). The large fraction
of nitrate and the local emission of NO; in Seoul indicate
that a majority of nitrate aerosols is locally produced in the
SMA. In addition, the large fraction of sulfate and dominant
influences of regional transport on SO, in Deokjeok indi-
cate that sulfate aerosols are formed secondarily during long-
range transport.

The high OC/EC (>7) during the haze period in both
Seoul and Deokjeok (Table 1) indicates the large proportion
of secondary organic aerosols (SOAs) in PM; 5 since EC is
a representative primary constituent, while OC has both pri-
mary and secondary sources (Turpin and Huntzicker, 1995).
Approximate primary OC (POC) and secondary OC (SOC)
were obtained by a simple EC tracer method (Castro et al.,
1999) using the minimum OC / EC values of 2.9 for Seoul
and 2.2 for Deokjeok on 9 March as the primary OC / EC. As
shown in Table 1, EC and thus POC concentrations in Seoul
during both the haze and clean periods are higher than those

Atmos. Chem. Phys., 17, 9311-9332, 2017
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Table 3. Comparisons of chemical and source characteristics of PMj 5 between Seoul and Deokjeok.

Characteristics Seoul (downwind urban) Deokjeok (upwind background) Components

Primary Higher concentrations Lower concentrations EC

aerosols (local emissions -+ regional transport) (regional transport) n-Alkanes, PAHs,
sugars, monocar-

boxylic acids

Secondary inor-  Larger proportion of PMj 5 during the haze  Larger proportion of PMj 5 during the clean  SIA /PM, 5

ganic aerosols period due to higher NO3™ / PM 5 in Seoul period due to higher 5042;_ /PMj s in Deok- NO3 /PMj s

(SIAs) (local NOy emissions) jeok Soi_ /PMj 5
(regional transport of SO, and SOZf)

Secondary or- Smaller fraction Larger fraction OC/EC

ganic aerosols

Dicarboxylic acids

(SOAs) C/0C

Aging, oxi- Fresher More aged BaP / (BaP + BeP)
dation, and

photochemistry

Less oxidation

More oxidation

Dicarboxylic acids
o/C

SOR,0/C,
OM/0OC
Shorter residence time Longer residence time C18:0/ C18:1
Source charac- More biogenic VOCs and precursors Less biogenic VOCs and precursors CPlogq
teristics (urban forest) (marine island) Wax C,
cis-Pinonic acid
More biomass burning Less biomass burning Levoglucosan
(local and regional sources) (regional source)
Grass, wood, and coal combustion sources Grass, wood, and coal combustion sources FLA / (FLA +PYR)
but more fossil fuel combustion
Coal combustion sources, but more Coal combustion sources, but more BaA / (BaA + CHR)
vehicular emission petrogenic
More pyrogenic Petrogenic (haze period) ANT / (ANT + PHE)
Petroleum combustion, but more biomass and ~ Petroleum combustion, but more petrogenic  IncdP / (IncdP +
coal combustion (clean period) (clean period) BghiP)

in Deokjeok, like CO. This shows that EC and POC in Seoul
are largely contributed by local emissions, while those in De-
okjeok are mostly influenced by regional transport. Although
the OC concentration is higher in Seoul than in Deokjeok, its
secondary fraction (SOC / OC) is higher in Deokjeok than in
Seoul during both the haze and clean periods, probably due
to secondary production during long-range transport to the
background, as discussed in Sect. 3.3.

3.3 Organic components in PM; 5

In the present study, five organic compound groups (n-
alkanes, PAHs, monocarboxylic acids, sugars, and dicar-
boxylic acids) were found and analyzed. Various diagnostic
ratios from these individual organic compounds are useful
markers for the identification of primary anthropogenic and
biogenic sources as well as secondary formation and aging of
organic aerosols (OAs). To explore the oxidation and aging
properties of OA, atomic oxygen-to-carbon ratios (O / C) and

Atmos. Chem. Phys., 17, 9311-9332, 2017

organic-mass-to-carbon ratios (OM / OC) of SOA have been
widely used (Aiken et al., 2008; Jimenez et al., 2009). The
organic mass (OM) identified in the current study is ~5 %
of total OM estimated by the OM / OC of the identified OM.
The average concentrations and diagnostic ratios of the or-
ganic compounds are presented in Table 2. Different source
characteristics between Seoul and the upwind background
and between the haze and clean periods derived from Table 2
are summarized and added in Tables 3 and 4.

3.3.1 Emission sources

PAHs are combustion by-products of all types of organic
matter, especially related to the incomplete combustion of
fossil fuels and biomass burning (Nisbet and LaGoy, 1992;
Bi et al., 2003). Various diagnostic ratios with individual
PAH species are helpful in searching for their emission
sources (Tobiszewski and Namie$nik, 2012). The average
PAH ratios in Seoul and Deokjeok for the haze and clean

www.atmos-chem-phys.net/17/9311/2017/
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Table 4. Comparisons of meteorological conditions and properties of PMj 5 between the haze and clean periods.

Characteristics Haze period (23-28 February) Clean period (5-9 March) Components

Meteorological Warm and humid Cold and dry Meteorological

conditions More stagnant (low winds) Less stagnant (high winds) factors in Seoul

Low boundary layer height High boundary layer height

Fine-mode Dominant (>80 % of PM1( in Seoul) Less dominant (<60 % of PMj( in Seoul) PM; 5 /PMjg

particles

Primary Higher concentrations Lower concentrations EC

aerosols (accumulation in the shallow boundary layer)  (ventilation by high winds) n-Alkanes, PAHs,
monocarboxylic
acids, sugars

Secondary Larger proportion of PM; 5 Smaller proportion of PMj 5 SIA/PM; 5

inorganic (~76 % of PM; 5 in Seoul) (~47 % of PM3 5 in Seoul) NO3 /PMy 5

aerosols 50421_ /PMy 5

(SIAs)

Secondary Larger fraction Smaller fraction OC/EC

organic (OC /EC ~7.3 in Seoul) (OC /EC ~3.7 in Seoul) Dicarboxylic acids

aerosols Cc/0C

(SOAs)

Aging, oxida- More aged Fresher BaP / (BaP + BeP)

tion, and pho-
tochemistry
More oxidation
(warm and stagnant condition)

Enhanced photochemistry

Less oxidation

Dicarboxylic acids

Source char-
acteristics

Grass, wood, and coal combustion sources

Petrogenic (Deokjeok)

(cold and ventilation effect) 0o/C
SOR,0/C,
OM /O0C
Weakened photochemistry cis-Pinonic acid
Petroleum combustion sources IncdP / (IncdP +
BghiP)
Pyrogenic ANT / (ANT + PHE)

periods are summarized in Fig. 5 with previously reported di-
agnostic ratios (Yunker et al., 2002; Pies et al., 2008; De La
Torre-Roche et al., 2009; Akyiiz and Cabuk, 2010; Oliveira
et al., 2011). The interpretation of these PAH ratios all to-
gether seems ambiguous and contradictory due to the mix-
ing of various emission sources. However, relative compar-
isons of each ratio between different places and different pe-
riods reveal more pyrogenic sources, such as fossil fuel com-
bustion and vehicular emissions, in Seoul than in Deokjeok
(Fig. 5a—c) in the overall influence of coal combustion and/or
biomass burning during the haze period (Fig. Sa-b, and d).
Sugars mainly originate from biomass burning and numer-
ous primary biological aerosols (Bi et al., 2008; Fu et al.,
2012). Levoglucosan, which comprises more than 90 % of
the total sugar identified, is produced by the pyrolysis of cel-
lulose and regarded as a representative marker for biomass
burning (Simoneit et al., 1999). Similar to EC, the high lev-
oglucosan concentration in Seoul, which is even higher than
the haze-period levoglucosan levels in Deokjeok, implies that

www.atmos-chem-phys.net/17/9311/2017/

Seoul is largely affected by local biomass burning together
with regional transport.

n-Alkanes have biogenic sources, including particles shed
from the epicuticular waxes of vascular plants, and anthro-
pogenic sources, including fossil fuel and biomass combus-
tion (Simoneit et al., 1991). Although the measurements
in this study were conducted in the cold season, conifers
that occupy ~40 % of the forest in South Korea (Lee et
al., 2017) can be a biogenic source of organic compounds.
Whereas short-chain (light) n-alkanes are mostly associ-
ated with incomplete combustion or vehicle exhaust (Gen-
tner et al., 2017), biosynthetic processes result in long-chain
high molecular weight (C,7—C33) n-alkanes with a distinc-
tive odd-to-even carbon number preference (Simoneit et al.,
1991; Rogge et al., 1993). Note that n-alkanes in this study
reflect fewer anthropogenic sources because we analyzed
only high molecular weight n-alkanes (C20—C3g). The carbon
preference index (CPlyqq), defined by a concentration ratio of
odd-to-even numbered n-alkane homologues, is higher than
3 for more biogenic sources and close to 1 for more anthro-

Atmos. Chem. Phys., 17, 9311-9332, 2017
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(a) FLA/(FLA + PYR) (De La Torre-Roche et al., 2009)
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Figure 5. Various PAH ratios of (a) FLA /(FLA+PYR),
(b) BaA / (BaA + CHR), (c) ANT / (ANT + PHE),
(d) IcdP / (IcdP + BghiP), and (e) BaP/(BaP+ BeP) in Seoul
(red diamonds) and Deokjeok (blue squares) during the haze (solid
symbols) and clean (open symbols) periods. The horizontal bars
indicate standard deviation.

pogenic combustion sources (Simoneit, 1989). Together with
the high percentage of plant wax n-alkanes (Wax C, =[C,]
— ([Ch41] + [C,—1]D)/2), the high CPIyqq in Seoul during the
haze reflects more biogenic VOCs in Seoul from the urban
forest. More biogenic emissions in Seoul than in Deokjeok
are also supported by higher concentrations of cis-pinonic
acid, which is a representative biogenic SOA species that
originates from the O3 reactions of monoterpene (Zhang et
al., 2010).

To sum up the above diagnostics, both Seoul and Deokjeok
are commonly influenced by biomass burning and coal com-
bustion sources. However, Seoul is more affected by fossil
fuel combustion and vehicular emissions compared to De-
okjeok and seems to also have local biomass burning and
biogenic emission sources.

3.3.2 Secondary formation and aging process

The average OM / OC and O / C in Seoul were 1.92 and 0.59
for the haze period and 1.83 and 0.52 for the clean period
(Table 2). Although these values may be overestimated be-
cause of the possible loss of semivolatile compounds arising
from the measurement and analysis addressed in Sects. 2.1
and 2.2, the higher values of OM / OC and O / C during the
haze indicate that OA was more oxygenated. Considering the
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higher OM / OC and OC in Deokjeok of 2.00 and 0.65 for the
haze period (Table 2) together with the backward trajecto-
ries from China during the haze (Fig. 2), haze particles were
already aged before arriving at Seoul and mixed with fresh
compounds in Seoul.

Dicarboxylic acids could originate from primary sources,
like fossil fuel combustion or biomass burning (Kawamura
and Kaplan, 1987; Rogge et al., 1998), but this is more
likely from secondary sources, like the gas—particle partition-
ing of semivolatile products from the photooxidation of an-
thropogenic or biogenic precursors and aqueous chemistry
in aerosol waters (Rogge et al., 1993; Kundu et al., 2010;
Zhang et al., 2010, 2016). In Table 2, the large proportions
of dicarboxylic acid carbon in OC and the high dicarboxylic
acids O / C during the haze period support the idea that SOA
has dominantly formed through oxidation in stagnant condi-
tions. More dicarboxylic acids (carbon basis) in OC in De-
okjeok than in Seoul is consistent with conclusions from the
high SOC /OC in Deokjeok (Table 1) in Sect. 3.2.3. The
OAs in the upwind background show more influence of ag-
ing and secondary production during long-range transport,
while those in Seoul originate from a mixture of transported
secondary sources and local primary sources.

The oxidation and aging of the aerosols could be fur-
ther supported by diagnostic ratios of PAH isomers and Cjg
monocarboxylic acids. Benzo[a]pyrene (BaP) is photode-
graded more rapidly than its PAH isomer, benzo[e]pyrene
(BeP), and thus BaP / (BaP + BeP) is close to 0.5 for the
fresh particles, while it is smaller than 0.5 for the aged par-
ticles (Oliveira et al., 2011; Tobiszewski and Namie$nik,
2012). The smaller BaP / (BaP + BeP) during the haze com-
pared to the clean period (Fig. 5e and Table 2) shows
more aging processes during the long-lasting haze. Mono-
carboxylic acids (or fatty acids) originate from fossil fuel
combustion, biomass burning, meat cooking, and biogenic
sources, such as epicuticular plant waxes (Cheng et al., 2004;
Choi et al., 2016). Among the monocarboxylic acids, the ra-
tio of saturated stearic acid (Cjg.g) to unsaturated oleic and
elaidic acids (Cjg:1) is higher for more aged aerosols because
the unsaturated monocarboxylic acids are rapidly degraded
to fragments via heterogeneous oxidation (Simoneit et al.,
1991; Cheng et al., 2004). Higher Cig.0 / C1s.1 with smaller
BaP / (BaP + BeP) in Deokjeok than in Seoul (Table 2) indi-
cates that OAs in Seoul are fresher and that those in Deokjeok
are more aged.

3.4 Temporal evolution of the multiday haze

Figures 6 and 7 show the temporal evolution of the concen-
trations of SIA species and their precursor gases, carbona-
ceous aerosol components and CO, and the five individual
organic compound groups measured at both the Seoul and
Deokjeok sites together with the meteorological factors in
Seoul. Correlations between meteorological parameters and
chemical components in Seoul are listed in Table 5 to help
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Figure 6. Daily time series of gas-phase pollutants (SO;, NO,, CO), secondary inorganic aerosol compounds (nss-SOﬁ_ and NO;') and
SOR, carbonaceous species (EC and OC), and meteorological factors (temperature, specific humidity, wind speed, and boundary layer height)

during the analysis period.

understand the role of meteorological factors in the temporal
variation in each component.

Sulfate profiles (Fig. 6a) roughly follow the trend of PM; 5
concentrations as higher in Seoul than in Deokjeok (Fig. 1b).
A rapid increase in sulfate concentrations between 23 and 24
February in Seoul indicates the introduction of sulfate by re-
gional transport. Similar concentrations of sulfate in Seoul
and Deokjeok peaking on 24 February and decaying after-
wards confirm a strong impact of regional transport on sul-
fate in the early stage of the haze. A sharp increase in spe-
cific humidity on 24 February shows abrupt changes in air
mass property and thus source origin (Fig. 6e). The sulfate
concentrations in Deokjeok gradually decreased between 25
and 28 February, while those in Seoul stayed at 30 ugm—3.
Thus, the prolonged high sulfate level in Seoul must be af-
fected by local production. Increasing SOR in Seoul despite
the decreasing SOR in Deokjeok between 26 and 28 Febru-
ary supports growing local sulfate formation in Seoul dur-
ing the late stage of the multiday haze (Fig. 6b). Along with

www.atmos-chem-phys.net/17/9311/2017/

the stable and stagnant environment, the warm and humid
air conditions during the haze period (Fig. 6e) could also be
conducive to both the gas-phase and aqueous-phase oxida-
tion of SO, (Liang and Jacobson, 1999; Seinfeld and Pan-
dis, 2006). SOR shows significant correlations with tempera-
ture (r =0.72) or RH (r =0.59) and wind speed (r = — 0.64)
and BLH (r = — 0.88). Interestingly, the correlation of sul-
fate with temperature (r =0.64) or RH (r =0.47) is weaker
than with SOR due to the transport of external sulfate into
Seoul during the early stage of the haze.

As illustrated in the previous section, both NO; and nitrate
profiles show much higher concentrations in Seoul than in
Deokjeok owing to large NO, emissions in Seoul (Fig. 6¢).
The high dependence of NO, and nitrate on the boundary
layer and winds (Table 5) in Seoul reflects significant in-
fluences of such meteorological factors on the species origi-
nating from local primary emissions and secondary produc-
tion. For example, the NO; concentration in Seoul gradu-
ally increased with lowering BLH until 25 February and then

Atmos. Chem. Phys., 17, 9311-9332, 2017
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Table S. Correlation coefficients between meteorological variables and each component in Seoul for the measurement period of 23 February

to 9 March 2014.

Temperature  Relative Wind Boundary

humidity speed layer height

PM, 5 +0.68¢ +049  —0.70° —0.89¢
S0~ +0.64° 4047 —0.61 ~0.82¢
NO; +0.68¢  +0.53>  —0.71¢ —0.87¢
NH; +0.66°  +0.50 —0.67° —0.86°
EC +0.57° +0.03  —0.66° —0.65¢
oC +0.65¢ +0.33  —0.79¢ —0.89¢
oMm? +0.62° +0.34  —0.75¢ —0.86°
n-alkanes® +0.81¢ +0.38  —0.79¢ —0.89¢
PAHs? +0.32 +0.33  —0.45 —0.50
Monocarboxylic acids? +0.81¢ +0.25 —0.87° —0.92¢
Sugars? +0.62° +0.26 —0.71¢ —0.81¢
Dicarboxylic acids? +0.62° +0.53  —0.63° —0.83¢
SOR +0.72¢ 4059  —0.64° —0.88¢
OC /EC +0.65¢  +0.51°  —0.72¢ —0.90¢
0/ C (dicarboxylic acids)? +0.71°  +0.54>  —0.60P —0.87¢
0/ C (total identified OM)? +0.16 +0.52  —0.06 —0.37
OM /OC? +0.14 +0.51  —0.05 -0.35

4 Data for organic compounds on 25 February are not available. b Statistically significant at 95 % confidence

level. © Statistically significant at 99 % confidence level.

started to decrease on 26 February with rising BLH (Fig. 6f).
The high wind speeds on 27 February and 2 March corre-
spond to the low concentration peaks of NO; and nitrate on
the same days. In addition, the high NO, and nitrate con-
centrations in Deokjeok on 26 February must be affected
by transport from the SMA since the easterly winds were
observed only on that day as mentioned in Sect. 3.1. The
high correlation of RH with nitrate (r =0.53; Table 5) im-
plies a role of aqueous chemistry in nitrate aerosol forma-
tion in Seoul. A recent thermodynamic model simulation
with smog chamber experiments and measurement data (Lim
et al., 2017) reveals that NO, photochemistry under high
RH conditions facilitates the hygroscopic growth of aerosols
through water and HNO3 uptake cycles with organonitrate
formation in aerosol liquid water (Lim et al., 2016) and thus
contributes to the high nitrate proportion to PM5 5 in Seoul
(Fig. 4a).

The temporal evolution of CO shows mixed characteristics
of SO, and NO, profiles (Fig. 6d). Like SO, concentrations,
CO levels gradually increased in both Seoul and Deokjeok
in the early stage of the haze, and this shows continuous re-
gional influences during the haze period. On the other hand,
the concentration differences in CO between Seoul and De-
okjeok are large during the haze period but small on the high
wind speed days (e.g., 27 February and 2 March) like NO;
concentrations. This indicates a local influence on the high
CO levels in Seoul. EC generally shows similar temporal
variation as CO (Fig. 6d) that is highly negatively correlated
with wind speed and BLH (Table 5).

Atmos. Chem. Phys., 17, 9311-9332, 2017

Although the high O /C and OM / OC of the estimated
OM in both Seoul and Deokjeok imply the predominance of
SOA, the overall time variation in OM (Fig. 7a) is similar
to CO (Fig. 6d), which shows both local and regional influ-
ences. The mixed characteristics of local emissions of pri-
mary OM and SOA precursor gases in Seoul, the regional
transport of primary and secondary OA in Deokjeok, and
more SOA formation during the haze dissolve in the tem-
poral evolution of OM.

n-Alkanes, PAHs, monocarboxylic acids, and sugars com-
monly show high concentrations in Seoul during the haze pe-
riod, low concentration peaks on high wind days (27 Febru-
ary and 2 March), and high concentration peaks in Deokjeok
on the easterly wind day (26 February; Fig. 7b—e). These are
the local characteristics as shown in NO,. Higher concen-
trations of n-alkanes, monocarboxylic acids, and sugars dur-
ing the haze period than during the clean period in Deokjeok
show the regional transport characteristics as shown in SO,.
PAHs in Deokjeok show low concentrations with small tem-
poral variability, except for high concentration peaks on 26
February associated with transport from the SMA by easterly
winds (Fig. 7c). This clearly indicates the local influence of
primary organic compounds on the high OM concentrations
in Seoul during the prolonged haze, as also shown by the
higher proportion of POC in OC and the higher concentra-
tion of POC in Seoul (5.7ugm™3, 40 % of OC) compared
with Deokjeok (2.5 ugm=3, 31 % of OC; Table 1).

As briefly mentioned in Sect. 3.3, dicarboxylic acids
mainly originate from secondary sources. Concentration dif-

www.atmos-chem-phys.net/17/9311/2017/
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Figure 7. Daily time-series of (a) total identified OM and estimated total OM, (b) n-alkanes, (c) polycyclic aromatic hydrocarbons (PAHs),
(d) monocarboxylic acids, (e) sugars, (f) dicarboxylic acids, (g) O / C of the dicarboxylic acids, and (h) O / C of the total identified OM at

the KIST site in Seoul and the Deokjeok site for the analysis period

ferences in dicarboxylic acids between Seoul and Deokjeok
are small during the clean period, but they are large during
the haze period (except on 26 February), probably due to in-
fluences of local precursor emissions and secondary forma-
tion in Seoul (Fig. 7f). On the other hand, high concentrations
of dicarboxylic acids in Deokjeok during the early stage of
the prolonged haze must be due to the regional transport of
pre-formed products (Fig. 7f). The O / C of both dicarboxylic
acids and total identified OM stayed high during both the
early and late stages of the haze period in both places; this in-

www.atmos-chem-phys.net/17/9311/2017/

dicates secondary production as a source of the organic com-
pounds during the long-lasting haze (Fig. 7g and h). To sum
up, the high concentration of dicarboxylic acids in Seoul dur-
ing the multiday haze is a combined result of local emissions,
secondary formation, and early-stage regional transport.

It should be noted that significant correlations with RH
were also found for dicarboxylic acids O / C (r =0.54) and
OC /EC (r =0.51; Table 5). The stronger and more signifi-
cant correlation of RH with OC / EC than with the OC con-
centration (r =(.33) suggests probable aqueous-phase pro-
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cesses for SOA formation during the prolonged haze. This
is also supported by the much stronger correlations of RH
with dicarboxylic acids (r =0.53) and dicarboxylic acids
O / C (r =0.54) than with other primary organic compounds
(0.25<r <0.38; Table 5). The hygroscopicity of OA can be
enhanced with increasing O / C and OM / OC by SOA pro-
duction and aging (Aiken et al., 2008; Jimenez et al., 2009).
The higher correlations of RH with the O / C of total iden-
tified OM (r =0.54) and OM / OC (r =0.51) compared to
other meteorological variables implies hygroscopic proper-
ties of SOA produced during the long-lasting haze in Seoul.

3.5 Role of synoptic conditions in the multiday haze

Local meteorological factors, which play an important role in
the accumulation of both primary pollutants and secondary
aerosol precursors as well as secondary formation processes,
are largely controlled by synoptic-scale conditions (Zheng et
al., 2015). In addition, some specific distributions of high-
and low-pressure systems could provide a favorable pathway
to transport external pollutants (Lee et al., 2011; Oh et al.,
2015). We examined the influence of synoptic conditions on
the day-to-day variation in meteorological factors and the
temporal evolution of the multiday haze using geopotential
height and wind fields at 850 hPa (about 1.5 km of altitude)
together with AOD.

From 19 to 21 February, a migratory anticyclone devel-
oped over southern China and moved eastward from the
Sichuan Basin to the Yangtze River Delta, and high AOD
was observed in the North China Plain (Fig. 8). As the high-
pressure system moved eastward, a clockwise circulation
transported aerosols that had accumulated in the stable and
stagnant air mass into North China, resulting in the rapidly
rising PM» 5 concentrations in this region (Fig. 1c). This
high-pressure system slowed down and stayed over the East
China Sea between 22 and 24 February. During the period,
the Korean Peninsula was under the direct influence of the
slow anticyclonic circulation along the northwestern flank of
the stagnant high-pressure system. The anticyclonic flow in-
duced warm and humid advection along the eastern coast of
China and accumulated and produced primary and secondary
aerosols over North China and the Yellow Sea, as shown by
the high AOD values over the regions. Backward trajectories
passing through these regions indicate a dominant influence
of regional transport on the nationwide increase in PM con-
centrations in South Korea in the early stage of the prolonged
haze (Figs. 1b, 2a, and 3b—d).

As a trough developed over southern China on 25 Febru-
ary, the northwestern flank of the anticyclone was elon-
gated and stretched toward the Korean Peninsula. This pat-
tern provided a stable condition over South Korea, but it
also caused weak transport from the west. The anticyclone
started to move eastward again on 26 February, and the fol-
lowing low-pressure system resulted in easterly winds in the
SMA. The easterly winds induced a warm peak of temper-
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ature and a slightly decreasing peak of specific humidity
in Seoul (Fig. 6e) associated with foehn-related phenomena
caused by a north—south mountain range in the east of the
Korean Peninsula. Staggered backward trajectories over and
near the Korean Peninsula until 1 March imply a dominant
role of local emissions and production in the late stage of
the haze episode. The synoptic conditions between 2 and 3
March resemble those between 20 and 25 February; how-
ever, the high-pressure system was located slightly north-
ward and quickly moved eastward. Aerosols were therefore
less accumulated over North China (Fig. 1c) and quickly
passed through the Korean Peninsula between 3 and 4 March
(Fig. 1b). The high concentrations of SO», sulfate, nitrate,
CO, and OM in both Seoul and Deokjeok on these 2 days
(Figs. 6a, 6¢c—d, and 7a) indicate the quick transport of PM> 5
components from China.

The haze-related high-pressure system, which slowly de-
veloped over China and moved into the Korean Peninsula,
is analogous to the composite anomaly pattern at 850 hPa of
geopotential height for the multiday high PMj¢ episodes in
Seoul reported by Oh et al. (2015). However, as shown by the
difference between two subcases (20 February to 1 March
and 3—4 March), the duration of the haze episodes and their
sources (regional or local) also depend on the zonal speed
of the synoptic-scale systems. One key weather pattern to
hinder the eastward advance of weather systems in the mid-
latitudes is atmospheric blocking, which usually has a dipole
structure of an equatorward cyclone and a poleward anticy-
clone or an omega-shaped ridge (Pelly and Hoskins, 2003;
Tyrlis and Hoskins, 2008). In the geopotential height fields
at 500 hPa (about 5.5 km of altitude), a planetary wave ridge
appeared over the Gulf of Alaska on 21 February (Fig. 9).
The ridge developed into the omega-shaped blocking over
Alaska (24 February to 1 March) and was responsible for
the stagnant synoptic-scale weather systems during the pe-
riod by interrupting zonal circulation. In contrast, the zonal
propagation of synoptic disturbances became fast after the
dissipation of the blocking anticyclone (2-5 March). As a
result, the fast-moving high-pressure system and following
low-pressure system induced the quick transport of exter-
nal pollutants but less accumulation of domestic pollutants
in South Korea on 3—4 March.

4 Conclusions

The evolution of the multiday haze in late February 2014
in the highly industrialized region located downwind of the
Asian continental outflow has been investigated by PMj 5
chemical speciation in Seoul and its upwind background,
Deokjeok Island, over the Yellow Sea. PM5 5 in Seoul was
different than in Deokjeok, showing higher concentrations
of primary aerosols, a larger nitrate fraction, more biogenic
VOCs and precursors, and more pyrogenic sources, includ-
ing fossil fuel combustion and biomass burning, but smaller
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Figure 8. Daily evolution of synoptic meteorological conditions over East Asia during the multiday haze episode in 2014. ERA-Interim daily
mean geopotential height (contours; unit of gpm) and wind (arrows) at 850 hPa are superimposed on the Terra and Aqua MODIS AOD at
550 nm. The red, blue, and green lines with squares respectively represent backward trajectories from 500 m, 1000 m, and 1500 m a.s.l. over
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sulfate and less-oxidized SOA fractions. Such differences re-
flect the fact that PMj 5 in Seoul was affected by both local
and regional sources, while that in Deokjeok was affected by
regional transport.

During the haze period, the PM; 5 level in Seoul was
largely increased by primary and secondary aerosols. In par-
ticular, STA species occupied 76 % of the total PM» s mass,
OC / EC reached 7.29, and O /C and OM / OC were about
0.6 and 1.9, respectively. The increase in primary and sec-
ondary aerosols is closely related to the warm, humid, and

www.atmos-chem-phys.net/17/9311/2017/

stagnant meteorological conditions during the haze period,
which are conducive to the accumulation of pollutants and
the oxidation of precursors. The higher correlations of RH
with nitrate, SOR, OC / EC, dicarboxylic acids, O /C, and
OM /OC (r >0.5) compared to those with EC or other pri-
mary organic compounds (r <0.4) show the role of aque-
ous processes in the oxidation and formation of secondary
aerosol species.

The temporal evolution of the PMj 5 chemical components
in both places shows a sequential influence of regional and
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24 Feb 2014

Figure 9. ERA-Interim daily mean geopotential height (contours; unit of gpm) at 500 hPa. Seoul is marked with a solid red circle, and the
areas for which the geopotential height is higher than 5400 gpm are shaded.

local sources on the prolonged haze period. High concen-
trations of sulfate in both Seoul and Deokjeok in the early
stage of the haze episode indicate a significant regional influ-
ence on the high sulfate fraction in Seoul (30 %), especially
at the onset of the multiday haze. On the other hand, a much
higher concentration of nitrate in Seoul (28 % of PM3 5) than
in Deokjeok for the overall episode shows local formation
and accumulation under the influence of a low BLH. Con-
centrations of organic compounds show similar behavior to
the nitrate concentration. Stagnant atmospheric conditions
extended the haze period by local contributions.

The transboundary transport of external pollutants and
day-to-day variation in the local meteorological factors are
controlled by synoptic-scale conditions. A migratory anticy-
clone in southern China accumulated aerosols over the North
China Plain and the Yellow Sea. As the high-pressure sys-
tem slowly moved eastward, weak anticyclonic flow trans-
ported the accumulated aerosols into the Korean Peninsula
in the early stage of the multiday haze. In the middle and late
stages, the eastward-moving high-pressure system governed
the Korean Peninsula and provided favorable meteorological
conditions for the accumulation and secondary formation of
aerosols. The duration of the haze depends on the zonal prop-
agation speed of the synoptic-scale systems. During the long-
lasting haze period, a blocking ridge developed over Alaska
hindering zonal flows, and the eastward migration of the an-
ticyclone slowed down over the East China Sea.

Our findings show the important role of synoptic condi-
tions in the onset and evolution of the multiday haze in the
downwind region of East Asia with explicit chemical details
of haze development sequentially by regional transport and
local sources. Since most of the megacities in the populated
and industrialized region act as both importers and exporters
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of air pollutants, their air quality must be affected by both
regional and local emission sources. As a synoptic system
conducive to the accumulation of air pollutants and the pro-
duction of secondary aerosols moves from the upwind re-
gion, the air quality in the downwind region is affected not
only by the transport of air pollutants from the upwind area
but also by the propagation of such a conducive weather sys-
tem itself. Although the multiday high PM episode started
with the transport of external pollutants, the local emission
of primary pollutants and secondary precursors and the sec-
ondary formation of particles in the downwind region under
certain meteorological conditions exacerbates air quality and
prolongs the haze period. For instance, the high PM concen-
tration in Deokjeok, where the local emissions are negligible,
decreased 2-3 days earlier than in Seoul in the multiday haze
episode in this study. The duration of the pollution episode
also depends on the zonal propagation speed of such a haze-
favorable weather system, and the atmospheric blocking pat-
tern particularly prolongs the haze period.

Data availability. The raw PMj 5 and PM( data that are measured
and analyzed in this study are archived at the KIST and are available
on request. The hourly data of PM g, SO,, NO,, CO, and O3 con-
centrations can be found on the website managed by the Korea Envi-
ronment Corporation (https://www.airkorea.or.kr). The hourly data
of temperature, RH, and wind speed are available on the website of
the KMA (http://www.kma.go.kr). The ERA-Interim data can be ac-
cessed via the European Centre for Medium-Range Weather Fore-
casts (ECMWF) data server (http://apps.ecmwf.int/datasets/). The
MODIS AOD data can be obtained from the NASA Giovanni portal
(https://giovanni.gsfc.nasa.gov/giovanni/).
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