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Abstract. Air quality of the megacitieis the populated and industrialized regions like East &séfected by both local and
regional emission source&.combined effect of regional transport and local emissions on-aythaze was investigated by
synthetic analysis of PM, sampled at both an urban site in Seoul, South Korea and an upwind baclgjteumdeokjeok

Island over the Yellow Sea, durirrgsevere multiday haze episode in late February 2014. Inorganic components as well as
carbonaceous species of daily PMamples were measured, and gaseous pollutants, local meteorological factors and synoptic
meteorologicalconditionswere also determined. Dominance of fimede particlePM..s/PMio ~ 0.8), a large secondary
inorganic fraction76%), high OCEC ¢ 7), andhighly oxidized aerosoléxygento-carbon raticof ~0.6 andorganic mass
to-carbon ratioof ~1.9) under relatively warm, humid, and stagnant condgiomaracterize the multday haze episodia

Seou] however, the early and late stages of the epishde different chemical compositions of PMHigh concentrations

of sulfatein both Seoul anthe upwind background in the early stage suggesgnificant regional influence on the onset of

the multiday hazeAt the same timehigh concentrations ofitnate and organic compounds in Seoul, whichlacal and

highly correlated with meteorological factors, sugdkstcontribution of local emissions and secondary formation under the
stagnant meteorological conditionttee hazeA slow eastwaremoving high-pressure system from southern China to the East
China Sea inducaberegional transport of aerosols and potential gaseous precursors for secondary aerosols from the North
China Plain in the early stage but provides stagnant corslitimmducive tothe accumulation andhe local formation of
aerosols in the late stage. A blocking ridge over Alaska developed during the episoddimémbers propagation of synoptic

scale systems and extends the haze pedoseveral daysThis study provides chemicahsights ofhazedevelopment
sequentially byregional transport and local sources, ahdws that the synoptic conditiorplays an important roléor the

dynamicalevolution of longlasting hazen the Asian continental outflow region

1 Introduction
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Haze is an atmospheric phenomenon causing visibility impairment primesilfting fromscattering and absorbing light by
particulate matter (PM) in ambient air such as dust, smoke, andootfagric and inorganic aerosot¢éaze often accompanies

the high concentratios of gas pollutants and firmode PM with diameter of 2.5 pum or less (’Mand has adverse effects

on the human respiratory and cardiovascular systems (Pope and Dockery, 2006; WHO, 2006; EPA, 2012). In addition, low
visibility and solar dirming by severe haze coybsehazard to bothlandand airtraffic, reduce crop yields (Chameides et

al., 1999), and affect both meteorology and climate by changing radiation budget (Ramanathan et al., 2001; Wang &t al., 2014t
Recently the East Asian gotries, especially China, have suffered from the regisoale prolonged haze during the cold
season (Tao et al., 2012; Wang et al., 2014a; Jiang et al., 2015), thus have faced serious public health and ecoGamic risks (
et al., 2015). Such severe Iolagpting eventsare driven by the combination of synoptic meteorological conditoand
secondary aerosol formation processes (Zhao et al., 2013; Zheng et al. Ch@hhical speciation and source apportionment
studies haveshown that secondary aerosolather than primary aerosols mostly contribute to the fine particles during the
prolonged haze (Huang et al., 2014; Sun et al., 2014; Zhang et al., 2014). Synoptic meteorological coowlitiaiveto
accumulation of the primary pollutants ageseouprecursors for secondary aerosols, regional transport among the megacities,
and secondary aerosol formation through heterogeneous surface reactions or multiphase aqueous chemistry play critical rols
in development and maintenance of the widespread arabldunaze (Zhao et al., 2013; Wang et al., 20Z#heng et al.,

2015).

The longlasting haze with high PM concentrations has also been a matter of concern in South Korea, the geographical
neighborof China across the Yellow Séidang et al., 2004; Kanet al., 2013; Park et al., 2013; Shin et al., 2014; Park et al.,
2015; Kim et al., 2016). The multiay PM pollution in the capital city of Seoul has steadily occurred during the cold season
(Oh et al., 2015) despite the decrease in PM concentrationts@2000s owing to reduction of diesel vehicles emissions and
fugitive dust (Ahmed et al., 2015; Ghim et al., 2p15

The cause of the multlay haze episodes in Seoul could be quite complex #iecair quality in Seoul and its metropolitan

area (Seoul Meopolitan Area; SMA) could be affected by both local emissiongrandport byhe Asian continental outflow

The SMA is a highly populated and industrialized region with a population of 25 million, 9 million vehicles, and 49% of gross
domestic productGDP)althoughi t i s only 12% of S o uproportithof Sauth &med lsraissidns ar e a
of primary pollutants and secondary aerosol contributors aitéeeinfrom the SMA: 38% of carbon monoxide (CO)%3»f

volatile organic compounds (VOC£6% of nitrogen oxides (NQ, and B% of ammonia (NH) (NIER, 2015. The fraction

of sulfur oxide (SQ) emission in the SMA is small (only 9% of ttalSo ut h  Kmissiena dus téhe expansion of

natural gas and lowulfur fuel usage since the 1dt890s (Kang et al., 2006). Besides domestic emissions, the background air
pollution levels in SMA could be affected by massive emissions in the Chinese eastern coastal region. The emissian intensitie
of the JingJin-Ji (Beijing-Tianjin-Hebei), Shandongliangsu, and Shanghai (a total area of 482,608 km2010 were
estimated as high as 98.1 tkffor CO, 17.4 t krh ?for NOx, 14.3 t kmh %for sulfur dioxide (S®), 13.7 t kmi %for VOCs, and

4.8 t kml %for NHs, and these are much larger than those of S¢atha (an area of 100,200 Rnestimated as 8.4 t Kndfor

CO, 10.6 t krh ?for NOy, 4.2 t km 2for SQ,, 8.5 t km ?for VOCs, and 1.9 t kir?for NHs (Li et al., 2017). The prevailing
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midlatitude westerlies combined with the massive emissio@hinaoftenresult in the transboundary transport of regional
pollutants tathe Korean PeninsulgKim et al., 2007; Lee et al., 2013; Kim et al., 2RI recentsource apportionmentugly

on PMesin Seoulhasestimate that, in averageabout 30%of PM..s masds attributed to regional soursgexcludingpotential
contributians from transportedsecondary aerosprecursos (Kim et al., 2016.

In such a complex source region, synoptic meteorcddgonditiors could be an important factooff thelong-lastinghaze
pollution. A composite analysis for the mutfay high PM episodes in Seoul shows that a strong {piggssure system over

the eastern Chiiig&orean peninsula region, which is slowly developed and moved from the central China, could trap the
pollutants oer China within the boundary layer and gradually spread them into the downwind region by weak westerlies (Oh
et al., 2015). Although Oh et al. focused more on the regional effects caused by such synoptic pattern, the stagnant higl
pressure systerould alo provide a conducivenvironment foraccumulation oprimary pollutantsand secondary aerosol
precursorsSubsidencen the highpressure regiostrengthensan inversionlayer, suppresses boundary layer growaémd
reducesboundary layer heightBLH) (Stull, 1988;Angevine et al., 1994)n addition, bcal meteorological factors like
insolation,temperatureandrelativehumidity (RH), whichaffectthe chemical processes for secondary aerosol formation and
particle aging $einfeld and Pandis, 200@realso controlled by synoptiscale meteorologgSun et al., 2014Zheng et al.,
2015).Therefore, thenfluenceof synopticconditionon the multiday PM pollution need to be considered together with the
local and regional sources.

In the late Februarg014, South Korea experienced severe nudyi haze (Shin et al., 2014; Park et al., 2015; Kim et al.,
2016).We collecteddaily PM samples at both an urban site in Seoul and an upwind backgrouimiBsekjeok Islandver

the Yellow Seaduring the hazand following clean period8ecausd’M in Seoulis significantly affected by the local sousce

while PM in Deokjeok Island is mostly attributed to the regional sa@tbe comparisorbetweertwo sitesis ourapproach

for the source appointmernh this work, we exploreda combined effect dbcal emissionstegional transport, and synoptic
conditionson the prolonged fine particulate pollution in the Asian continental outflow regi@mhemical composition
including inorganic and carbonaceous speofe@M; s at both sitesluring the haze and clean periadsrecharacterizedin
addition,thetemporal evolutiorof the haze episode was examined with changelémical componenendmeteorological

factors Finally, relevant synoptic conditionthatinduced the multiday haze everarefurther discussed.

2 Measurement and data
2.1 Sampling overview

Daily PM; sand PMo sampling wereconducted atheurban sitdocatedinside the Korea Institute of Science and Technology
(KIST) in the northeastern Seoul (37.603°N, 127.047°E, 58 m above sea levehedvatkground sitdocatedon Deokjeok
Island over the Yellow Se@7.233°N, 126.149°E, 185 m above sea lev®jweenFebruary 23andMarch 9in 2014 (Fig.
la). The sampling period includdse multi-day haze pollution in late February atine following cleanair period in early
March. The KIST site is located downwind of the downtaeneand surrounded by a small urbamefst (about 60 ha) and
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residential areal hus,the measurement at this sigpresentshe particulate air quality of Seoul influenced by both local and
regional sources. The Deokjeok diteatedon the offshordslandis about90 kmto thewestsouthwestrom the KIST sitein
Seoul Sincesignificant emission sourse&lo not exisin the island the measurement Beokjeoksite mainly represents the
regionalsource.

The daily sampling started from 09 local time(LT) andwascarried outfor 24 h on each day. The BMsamples fothe
mass measurement atitk ionic analysis were collected on preighted 47 mm Teflon filters (ZefluB¥, Pall Corp., Port
Washington, NY) by usinga Teflenmo at ed al umi num cvyc | ondflowrate dof 16 L mitt (URG i z e
Corp., Chapel Hill, NC). PM with diameter of 10 pum or less {())Mas also collecteth the same way to compare the mass
concentration with Pl¥k. The PM s sample for carbonaceous and organic compounds analyses is datle@@3 mm x 254
mm quartz fiber filters (Whatman Inc., Maidstone, UK) by using a-kiglhme air sampler with flow rate of 1000 L rhin
(Andersen Instruments Inc., Atlanta, GA). All samples were sealed immediately after the collection and &teezdriito
prevent possible contamination.

Note that the PMs samplingconducted irthis study could result iartifactsof carbonaceous species. Firstlye used the
high-volume air sampler for carbon analyses, while the total mass and ion concestregierobtainetly the lowvolume air
sampler.Secondly, we did not employ preceding organic denuder and backup filters in theohigte air sampler for

correction of both positive artifacts (by adsorption of organic vapor) and negative artifactsgtijzatibn of semivolatile

materials) of measured OC. Although the positive artifacts are thought to be larger than the negative artifacts (Chow et al.

201Q Kim et al., 2019, the highvolume air sampler tends to underestimate particle concentratiagteflet al., 2011,
Aggarwal et al., 2013) and thus the measurement by thevbigime air sampler may partly reduce such positive artifacts as
recently estimated by Kim et al. (2016). However, aging and oxidation propaniiesource characteristiof measured
aerosols can still be altered by potential loss of the semivolatile organic compbutitis studytherefore we usedorganic

compoundsnorefor qualitativecomparisondetween differenplaces angberiodsrather tharfor quantitativeanalysis

2.2 Analytical procedure

The mass concentratisof PM,s and PMo were measured by the Mettler MT5 microbalance (Meftleedo, Greifensee,
Switzerland)witha pr e c i s Baftern24 to dtanding of the Teflon filter sample in a desiccator. Then, the sample was
sonicated in a mixture of 0.5 mL of ethanol and 14.5 mL of distilled/deionized water for 30 min to measusslbterion
concentrations in Pl Concentrations of #fate (SQ? ), nitrate (NQ'), chloride(CI"), ammonium (NH'), potassium (K),
calcium (C&"), sodium (N&), and magnesium (Mg) were measured by the Dionex 2000i/SP ion chromatograph (Dionex,
Sunnyvale, CA). To analyze organic carbon (OC) and elememre&EC) in PMs, a piece of the quartz fiber filter (10 mm

x 15 mm) was used with a thermal/optical carbon aemsalyzer(Sunset Laboratory, Tigard, OR) based on the National
Institute for Occupational Safety and Health (NIOSH) method 5040 (BirciCand 1996).

To identify and measure concentrations of individual organic compoundd)atinef the quartz fiber filter was used and

ultrasonicated twice ieach of two 5anL mixtures of dichloromethane and methanol (3:1; vitv)sequential ordereachfor
4
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30 min (total volume of thesolution 100 mL) The filter composite was spiked with 11 isotopicddlpeled surrogated
standards and blown down to 100 mL with a Zymark TurboVap 500 concentrator (Zymark Corporation, Hopkinton, MA)
under pure nitrogen rglam at 40C. This processinduces low recovery rates (~70%)f relatively low molecular weight
compoundge.g.n-alkaneslighterthan G, andPAHSslighterthananthracene)and we rcludedthese compounds from further
analysesThe extracwas f i |l tered by syringe with PTFE membrane fil
New York) and further reduced by gentle solvent evaporation with a stream of high purity nitrogen to a final volume of 0.5 =
0.1 mL. The GEMS analysis was ceded out on a Hewlett Packard 7890A gas chromatograph coupled to a 5975C mass
selective detector (Agilent, Palo Alto, CA) in the sync
injected on splitless mode at 240 The masspectromter was operated on electron impact (El) mode at 70 eV and scanned
from 40 Da to 550 Da at the source temperature of@30

The organic compounds were classified into five groups sudmadkanes, polycyclic aromatic hydrocarbons (PAHS),
monocarboxylic aids, sugars, and dicarboxylic acidéhese areseventeem-alkanes Cyol Csg, fifteen PAHs phenanthrene

(PHE), anthracene (ANT), fluoranthene (FLA), pyrene (PYR), benz[alanthracene (BaA), chrysene (CHR),
benzo[b]fluoranthene (BbF), benzo[e]pyrene (BePhzbga]pyrene (BaP), perylene (PER), 1;8jphenylbenzene (TPB),
indeno[1,2,3cd]pyrene (IcdP), dibenz[a,h]anthracene (DahA), benzo[ghi]perylene (BghiP), and coronene (COR); nineteen
monocarboxylic acidsCgl Cyo including oleic or elaidic acids (1) and cis-pinonic acid; nine sugarsrabinose, ribose,
levoglucosan, xylose, fructose, mannose, galactose, glucose, and sucrose; nineteen dicarboxylhcalacids acid,
methylmalonic acid, maleic acid, methylmaleic acid, succinic acid, methylsucditc famaric acid, glutaric acid,-2
methylglutaric acid, Bmalic acid, adipic acid, pimelic acid, phthalic acid, suberic acidpligbalic acid, ter@hthalic acid,

azelaic acid, sebacic acid, and undecanedioic acid. Detailed description of aforemeasfitemial analyses can be found in

Choi et al. (2016).

2.3 Data

The Korean Ministry of Environment (KMOE) provides 1 h average concentrations of 88, NO,, CO, and ozone (£

at 257 urban sites, 19 suburban sites, and 3 background sites over Samah(M&R, 206). The measurements of each
species are conducted byray absorption method for Pl pulse ultraviolet fluorescence method for,Séhemiluminescent
method for NQ, nondispersive infrared method for CO, and ultraviolet photometric meiro@s. In the present study, we
employ hourly data of PMand other gaseous species measured at the Seongbuk site (1.7 km northwkstRidisampling
siteinside the KISY in Seouland the Deokjeok site (right next to tR&-sampling site) to analyzend compare with the
sampling data (Fig. 1afs shown in Fig. 1b, the mass concentration ofiffkdm daily filter samples in Seoul (KIST) and
Deokjeok are consistent with the daily RMoncentrations measured byay absorptiorin Seoul (Seongbuk) arideokjeok

(r? = 0.99in Seoulandr? = 0.97in DeokjeoR. Also we select 247 sites based on data availability for the analysis period to

explore the changes in spatial distribution of jpMver South Korea during the prolonged haze episode. DailysPM
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concentrations in five Chinese cities of Beijing, Tianjin, Dalian, Jinan, and Yaetaobtained from a public weather website
(http://lwww.tiangihoubao.com/agi/

Hourly meteorological variables such as tempera®ke,wind speed observed at the Seoahther station (8 km southwest

from the KIST site) provided by the Korea Meteorological Administration (KMA) are additionally used in this study (Fig. 1a).
To investigateBLH in Seoul, the European Centre for Medi®ange Weather Forecasts Reanalysis imtéERA-Interim)

data at a grid point within Seoul (37.5°N, 127.0°E, 12.3 km sauotithwest from the KIST site) are employed. To investigate
synoptic condition during the haze period, geopotential height and wind fields at 850 hPa and 500 hPa detivedEfR@m

Interim data together 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 Discussions
3.1 Multi-day haze episode in Seoul

In the late February 2014jaily PMio concentration in Seoul b yray fabsorption)first exceededthe World Health
Organization (WHO) 24 h mean guidelinefe g '3 (iVHO, 2006)on February 20, increased ovke South Korean 24 h
mean standard dfo)0  en'§ (NIER, 2016)from February 2 to 28, andfel | back b & broMarctb20rhez RMio m
concentrati on 'Wwagagaimrecortied fiomMarches4(Fignlh. Daily PM,sconcentration in Seoul (by
filter sampling) shows a similar temporal pattérhe PM..s massconcentrationn Seoulrecorded t s hi ghest val
m'3on February 24 and stayade a r  1'6ubtil Eegruarg 2§Fig. 1b) The measured PMin Seoul exceeds not only the
WHO24 h mean gui tfGNHO,RE06)didt alstheSewt m Korean 24 h m¥MNEIER, st an
2016) for 9 days between February 23 and March 4, except Marith2eokjeok, the high concentration of RMhear or
hi gher t h'&continuédQuntikFgbruary 26, but its RMevel startedto fall down on February 27, when the PM
level wasstill high in Seoul (Fig. 1)
The PM.smass concentration in Deokjewalas generally70i 90% of that in Seouhrougtoutthe measurement periold was,
however slightly higher than that in Seooh a dayin the mid-stageof the haze(February 2pandthenshowedonly 40i 60%
of that in Seouturingthe followinglate stage of the episodEebruary 2vMarch ). A similar trend was reported five
upwind Chinese cities across the Yellow Sehichalso experienced the high B¥concentrations from February 20 to 26
and rapid drop of the PMlevels on February 27 (Fig. JLc
The wind direction during the overadinalysis period was mostly westerly or westthwesterly, except easterlyinds on
February 26Consideringnegligible local emissions in and near the Deokjeok Isldrelhigh PMslevel in Deokjeok ignost
likely dueto the regional transport fro@hing evidenced byhe high PMs leves in the upwind Chinese citi€Big. 1c)and
backward trajectaes during the haze period (Figa) On the other hand, the high BMevel in Deokjeokon February 26
seems to result from the easterly transport of pollutants from the 88/ghown bypackward trajectories passittgough the
SMA before reacding Deokjeok(Fig. 2b. Thehigh PM s levels in Seoul but the IoRM. s concentrationin Deokjed on the
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following 3 dayq(Fig. 1b) as well as the stagnant backward traject{Figs2b) show that thgprolongedhazeperiodin Seoul

did not only result from theeansboundaryranspat of pollutantbut could bealsoaffected bylocalsources

The durable haze widely affect®d levelsover South Koreas representdd the spatial distribution of PMconcentrations
(Fig. 3). Obvious westerthigh/easterdow patternof PMi concentratiorappearsiuringthehaze enhancemetiebruary 22

24), tut suchwestward gradient of PM levels becomesweakerafter the appearance of nationwide high concentration
(February 2527). PMyo concentratioafinally decreaséut still remainrelatively high in the SMA and inland area in the last
stage of the prolayed haze (February BBlarch 1). The westward Piigradientwith the high PM concentrations at Deokjeok
(Fig. 1b)before February 26upports the regional influence on the eatlygeof the haze period. On the other hand, the
weakened westward Pigradient,the high PMo levelsin the SMA andinland areaand the low PM concentrations at

Deokjeok(Fig. 1b) after February 2@nply alocal influence onhefinal stageof the hazeperiodin Seoul

3.2Formation of PM2sin Seoul and background

Chemical speciation of PM and gasouspollutantsin Seoul and Deokjeok during the haze and clean period reveal spatial
dynamics of PM5 influenced by urban and its upwind background in the downwind of East Rstaaverage chemical
compositiors of PMz 5 in both Seoul and Deokjeok for the haze period (Februar2@3and following clean period (March

51 9) are presented ifig. 4 and Tables 1i 2. Different characteristics oPM.s in betweendownwind urbanand upwind
backgroundarerevealedrom the comparisos of PM, s compositiors between Seoul and Deokjeakdsummarized imable

3. PM_ s properties during the haze and clean periods are comparadigamciarizedn Table 4.

3.2.1Local meteorological conditionsin Seoul

Seoul experiencediarm, humid,and stagnant conditiongithin the shallow boundary layeluring the haze perio@able 1

and Fig. 5ei f). The decrease oBLH (~400 m) andlow wind speed~2 m s?) effectively interrupt vertical mixing and
increases PM concentratiomsar the grounty theaccumulation of primary aerosols and secondargsoprecursors (Zheng

et al., 2015)Becauseof the high PM concentrations, daytime visibility in Seoul was significantly reduced to its minimum
value of 1.3 km in the morning on February 25.mentioned in the previous section, wind directiorgse mostly westerly

or westnorthwesterly over the measurement period, except easterly only on February 26. Therefore, the regional influences
on the severe haoanbe inferred from the high concentratiof each chemical compondfiable 1) as well as the backward
trajectories from China (Figs. 2h) during the haze period in both Seoul and Deokjéukthe other handhe tendency of

the lower mass concentration of eaabrosolcomponent in Deokjeok thathat in Seoul (Table limplies the local
contributiors of bothprimaryemissions fronthe SMAandsecondary productions from local and transported precursor gases

to the longlasting haze in Seoul.

3.2.2Gaseousspeciesn Seoul andbackground
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Among thefour gas species investigated in this study, &@ NQ are importanspecies closely related solfate and nitrate
aerosolsThe higler SO, concentration in the haze period in Deokjeok than that in S&able 1) andmuch lower emission
intensity of SQin the SMA (3.1 t krt?) thanthat in the Chinese Yellow Sea coastal provinces (Li e@l7 NIER, 2015)
provide evidence th&0; in Seoulwasgreatly influenced by regional transport from Chi@e the other handjgnificantly
higher concentration of Nn Seoul than in Deokjeakot only during the haze period but also duttimg clean periodTable

1) is attributedto the high NQ emission in the SMA (23.3 t Kf) from vehicles and industrigombustion sources (NIER,
2015).

The high NO, emission in the SMA ipresumablya major factor for different @evels in between Seoul and Deokjetrk
general, Qlevel in Seoul is lower than that in Deokjedle to titration effects by substantial emissions of, MQhe SMA
(Seo et al., 2014)n Seoulthe haze period Qevel is lowerthanthe clean periodne(Table 1)due totheenhanced titration
in high NQ, conditiors. However, Deokjeok shows high@®g concentration in the haze peritthn inthe clean perio@Table

1). This higher Q level during the hazenay result fromthe enhanced ©productiondue to theslightly increasedNO-
concentration by the regional transpdreé et al., 2014and/or theransport of Qitself (Oh et al., 2010; Seo et al., 2014).
CO, which is an incomplete combustion product of fossil fuels or biomass/biofuels, is affected by both local emissions in the
SMA and the regional transport from China and thus shows higher d¢oataamin Seoul than in Deokjeok and also in the

haze period than in the clean period (Table 1).

3.23 Local and regional formation of PMz.s during the haze period

In the haze periy PM,.5/PMyg ratios in Seoul and Deokjeok are high (~0(Bable 1) which shows dominance of the
anthropogenidine-mode aerosols (Kim et al., 200The larger PMs/PMio during the haze compared to the clean period in
both places (Table 1) suggests more influence of the secondary aerosol formation during the haze period (Irei et al., 2015).
The prolonged haze episode is characterized by large proportion of secondauls ae®lh s (Fig. 4). Theaverage fractions

of secondary inorganic aerosol (SIA) spedmdfate, nitrate, and ammoniyrim total PV s massduring the haze perioare
76%in Seouland 65%n Deokjeok while thoseduringthe clean perio@rereduced tat7% in Seouland 51%in Deokjeok
(Fig. 4 and Table ). The sulfur oxidation ratio (SOR rSQ2 '/ [n SO2 "+ n SO;]) (n refers to the molar concentration)
represergthe atmospheric conversion®6; to sulfateaerosothrough the oxidation and partitioning (Squizzato et al., 2013)
The SOR isalsohigher during the haze period than those during the clean period in Seoul (Table 1)

During the clean periodhe SIA fraction in Seoul (47%) ®ightly smalker than that ilDeokjeok(51%) owing tothe smalker
sulfate fraction inSeoul (18%) than that iDeokjeok(26%). During the haze periodn the other handhe SIA fraction in
Seoul(76%)is much larger than that iDeokjeok(65%) mainly due tahelarge nitrate fraction inSeoul(28%) than that in
Deokjeok (13%)Table 1) Thelarge fraction of nitrat@and local emission on NGn Seoulindicate that a majority of nitrate
aerosols is locally produced in the SMA.addition,the large fraction of sulfa@nddominant influences of regional transport

on SQ in Deokjeok indicate thatulfate aerosolareformed secondarily during the losrgnge transport.
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The high OC/EQ> 7)during the haze peridad both Seoul and Deokje¢Kable 1)indicatethelargeproportion of secondary
organic aerosols (SOA) in PMsince EC is a representative primary constituent while OC has both primary and secondary
sources (Turpin and Huntzicker, 1998pproximate primary OC (POC) and secondary OC (SOC) obtained by sitfiple
tracer method (Castro et al., 1999) using the minimum OC/EC values of 2.9 for Seoul and 2.2 for Deokjeok oradtidneh 9
primary OC/ECAs stownin Table 1, EGand thus POConcentratiosin Seoul during both haze and clean pesiadhigher
thanthosein Deokjeok like CO. Thisshowsthat ECand POdn Seoul idargely contributed by local emissiewhile that in
Deokjeok is mostly influenced by regional transpgithough OC concentration is higher in Seoul than that in Deokjask,
secondanyfraction (SOC/OQ is higher in Deokjeokhan in Seoutluring both haze and clean perggrobablydue to the

secondary productioduring the longrange transpotb the backgroundas discussed iBect. 3.3

3.30rganic compmentsin PM2s

In the presenstudy, fve organic compound groups-élkanes, PAHs, monocarboxylic acids, sugars, and dicarboxylic acids)
were foundand analyzedVarious diagnostic ratios from these individual organic compounds are useful markers for
identification ofprimary anthropogenic and biogersource as well as secondary formation and agihgrganic aerosols
(OA). To explore the oxidatin and aging properties A, atomic oxygerto-carbon ratios (O/C) anakrganic mas$o-carbon

ratios (OM/OC) of SOAhave ben widely used (Aiken et al., 2008; Jimenez et al., 2009) cftp@nic mass (OMidentified

in currentstudy is ~5% of total OM estimated by OM/@CEthe identified OM.The averageoncentrations and diagnostic
ratios of the organic compounds are presentedlable 2.Different source characteristics between Seoul and upwind

background and between the haze and clean pat@iled from Table aresummarized and addéd Tables 3 and 4.

3.3.1 Emission source

PAHs are combustion byproducts of all typesoafanic matters, especially related to the incomplete combustion of fossil
fuels and biomass burning (Nisbet and LaGoy, 1992; Bi et al.,)20@8iousdiagnostic ratiosvith individual PAH species

are helpful to search their emission sources (Tobiszewskid Na mi e SThé &eragePAHLr&idsin Seoul and
Deokjeok for the haze and clean periods are summarized in Fig. pneittously reported diagnostic ratiogunker et al.,
2002 Pies et al., 200®e La TorreRoche et al., 200Rkyiiz and C abukZ01Q Oliveira et al., 2011)nterpretation of these
PAH ratiosall together seems ambiguous and contradictory due to mixing of various emission.sdomesger,relative
comparisons oéach ratio betweedifferent places andifferent periods reveal me pyrogenic sources such as fossil fuel
combustion angehicular emissions in Seoul than in Deokjeok (Figschan the overall influence of coal combustion and/or
biomass burningluring the haze period (Figs.i%a and 5d).

Sugars mainly originate frofaiomass burning and numerous primary biological aerosols (Bi et al., 2008; Fu et al., 2012).
Especially levoglucosan, whichomprisesnore than 90% of the total sugdentified, is produced by pyrolysis of cellulose

and regarded as a representativerker for biomass burning (Simoneit et al., 1999). Similar to EC, the high levoglucosan
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concentration in Seoul, even higher thia@ hazeperiod levoglucosan leveils Deokjeok, implies that Seoul is largely affected

by local biomass burning together wittgioral transport.

n-Alkanes havebiogenic sources including particles shed from the epicuticular waxes of vascular plants as well as
anthropogenic sources including fossil fuel and biomass combustion (Simoneit, ABBAYgh the measurements in this

study were conducted in the cold season, conifers that occupy ~40% of forest in South Korea (Lee et al., 2017) can be
biogenic source of organic compound&/hereasshortchain (light) n-alkanes are mostly associated wititomplete
combustion orehicle exhaustGentner et al., 2017hiosynthetic processes resuliamg-chain high molecular weiglfCa7i

Cas3) n-alkanes with distinctive odtb-evencarbon number preferen¢@moneit, 1991; Rogge et al., 199Rptethatn-alkanes

in this study reflect less anthropogenic sources because we analyixeldigh molecular weight-alkanes (@i Css). The

carbon preference index (GR) defined by a concentration ratio of ettdeven numbered-alkanehomologues is higher

than 3 for mordiogenic sourcewhile that is close to 1 for more anthropogenic combustion sources (Simoneit, 1989). Together
with the high percentage of plant wasalkanes (Wax &= [Cy] T m1(+[[G&1]) / 2), the high CRkqin Seoul during the

haze reflects moreidgenic VOCs in Seoul from the urban forédbre biogenicemissionsn Seoulthan inDeokjeokarealso
supported byigher concentrations afs-pinonic acid which is a representative biogenic SOA spettiatoriginate from the

Os reactionsof monoterpene (Zhang et al., 2010)

To sum up with the above diagnostics, both Seoul and Deokjeok are commonly influenced by biomass burning and coa
combustion sources. However, Seoul is more affectdddsyl fuel combustion angehicular emissionsompaed to Deokjeok

andseems t@lsohave local biomass burning and biogesigissionsources

3.32 Secondary formation and agingprocess

AverageOM/OC and O/C in Seoulvere 1.92 and 0.58®r the haze period and 1.83 and 0.52 for the clean péFimile 2)
Although these values may be overestimated because of possible loss of semivolatile coarsigd®mthe measurement

and analysisddressed isects.2.1 and 2.2the higher values of OM/OC and O/C during the haze indid#&evas more
oxygenated. Qusidering the higher OM/OC and OC in Deokjeok of 2.00 and 0.65 for the haze period (Table 2) together with
the backward trajectories from China during the haze (Fidha@e particles were already aged before arriving at Seoul and
mixed with fresh compouds in Seoul.

Dicarboxylic acids could originate from the primary sources like fossil fuel combustion or biomass burning (Kawamura and
Kaplan, 1987; Rogge et al., 1998), but more from the secondary sources {patige partitioning of semivolatile pradts

from the photooxidation of anthropogenic or biogenic precursors and aqueous chemistry in aerosol waters (Rogge et al., 199:
Kundu et al., 2010; Zhang et al., 2010; Zhang et al., 20 8)able2, thelargeproportiors of dicarboxylic acid carban OC

and the higtdicarboxylic acid$D/C during the haze perioslipport thathe SOA has dominantly formed through oxidation in

the stagnant conditioMore dicarboxylic acidgcarbonbasis)in OC in Deokjeokthanthose in Seoul areonsistent with

conclusions from the higBOC/OCin Deokjeok(Table 1)in Sect. 3.2.30A in the upwind backgrounshows more influence
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of agingand secondary productiaiuring the longrange transportvhile those in Seouriginate froma mixture of transported
secondary sours@andlocal primary source

The oxidation and aging of the aerosasuld be further supported by diagnostic ratios of PAH isomers ang C
monocarboxylic acidBenzo[a]pyrene (BaP) is photodegraded more rapidiy fts PAH isomer, benzo[e]pyrene (BeP), and
thus BaP/(BaP + BeP) is close to 0.5 for the fresh particles wihdlesmaller than 0.5 for the aged particles (Oliveira et al.,
2011; Tobi szewski) ThesmaleNBaPiBaPS BeRburing tBebakzeompared tdhe clean periodFig.

5e and Table Zhowmore agingprocesseduring the longastinghaze Monocarboxylic acids (or fatty acids) originate from
the fossil fuel combustions, biomass burning, meat cooking, and biogenic sources esichitagilar plant waxes (Cheng et
al., 2004; Choi et al., 2016\mong the monocarboxylic acids, the ratio of saturated stearic &®igl) to unsaturated oleic
and elaidic acids (fs.1) is higherfor more agedierosols because the unsaturated monocglibacids are rapidly degraded
to fragments via heterogeneous oxidation (Simoneit et al., 1991; Cheng et al. Hifbd).Gs.o/Cis:1 with smaller BaP/(BaP

+ BeP)in Deokjeok than in Seo(Table2) indicatethat OA in Seoul ardresherandthose inDeokjeok are more aged

3.4 Temporal evolution of the multi-day haze

Figures 6 and 7 show the temporal evolution of the concentrations of SIA species and their precursor gases, carbonaceous
aerosol components and CO, and the five individual organic compound groups meabotedSeoul and Deokjeddites

together with the meteorologictctors in Seoul. Correlations between meteorological parameters and chemical components
in Seoul are listed in Tablg to help understanding the role of meteorological factors in the temporal variation of each
component.

Sulfate profiles (Fig6a) roughly follow the trend ofPM; s concentrations that isigher in Seoul than in Deokjedkig. 1b).

A rapid increase of sulfate concentrations between February 23 and 24 in Seoul indicates the introduction of sulfatal by regio
transport. Similar concentration$ sulfatein Seoul and Deokjeok peaking on February 24 and decaying afterveanfitsnca

strong impact of regional transpam sulfate in the early stage of the ha&esharp increase of specific humidiiy February

24 shows abrupthangs in the air massproperty andhussource origin(Fig. 6€). The sulfate concentrations ieokjeok
gradually decreased between February 25 and 28, while those insBa@md3 0 € 3y Thug the prolonged high sulfate

level in Seoul must be affected by local production. Increasing SOR in Seoul despite the decreasing SOR in Deokjeok betwee
Felruary 26 and 28 supports growing local sulfate formation in Seoul during the late stage of thaaynhtize (Fig6b).

Along with the stable and stagnant environmérgwarm and humid air conditions during the haze period @égcould be
alsoconducive to both gaghase and aqueophase oxidation of S(Liang and Jacobsoi999; Seinfeld and Pandis, 2006

SOR showsignificantcorrelatiors with temperaturer(= 0.72) orRH (r = 0.59)as well as windpeed (=1 0.64) andBLH

(r =10.88) Interestingly, the correlation of sulfate witmperaturer(= 0.64) orRH (r = 0.47)are weaker than those of SOR,

due to transport of external sulfate into Seoul during the early stage of the haze.

As illustrated in the previous section, both Neihd nitrate profiles show much higher concentrations in Seoul than those in

Deokjeok owing to large NQemission in Seoul (Figc). The high dependence of M@nd nitrate on the boundary layer and
11
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winds (Table 5)in Seoul reflects significant influence$ such meteorological factors on the species originated from local
primary emissioaand secondary production. For example,.@ncentration in Seoul gradually increased with lowering of

BLH until February 25 and then started to decrease on February 26 with righddafFig. 6f). The high wind speeds on
February 27 and March 2 are corresponding tdatveconcentratiopeaks of N@and nitrate on the same days. In addition,

the high NQ andnitrate concentrations in Deokjeok &ebruary 26nust be affected by transport from the SMA since the
easterly winds were observed only vt dayas referred in SecB.1. The high correlations oRH with nitrate ¢ = 0.53)

(Table 5)implies a role of aqueous chemistry in nitrate aerosol formation in Seoetenthermodynamic model simulation

with smogchamber experiments and measurement data (Lim eh greparation2017) reveals thaNO, photochemistry

under the highRH condtion facilitates hygroscopic growth dderosolsthrough water and HNfuptake cycles with
organonitrate formation in aerosol liquid water (Lim et al., 2Gk&) thuscontributes to the highitrate proportiorto PM..s

in Seoul(Fig. 49).

Temporalevolution of COshows mixed characteristics of $&hd NQ profiles (Fig.6d). Like SO; concentrationsCO levels

gradually increased in both Seoul and Deokjeothe early stage of the haze, and this shows continuous regional influences
during the haze perio®@n the other hand, the concentration differences of CO between Seoul and Deokjeok are large during
the haze period but small on the high wind speed ¢&ygs February 27 and March 2) like B@oncentrations, and this
indicates local influence on the high CO levels in Se&dl.generally showsimilar temporal variation to CO (Figd) that

are highnegatively correlated to wind speed d@idH (Table5).

Althoughthe high O/C and OM/OC of the estimate in bothSeoul and Deokjeaknply thepredominance c8OA, overall

time variation of OM(Fig. 7a)is similar to that of CQFig. 6d) which shows both local and regional influendeéxed
characteristics ofocal emissions of primary OM and SOA precursor gaseSeoul,regional transport of primarynd
secondary OA in Deokjegland more SOA formation during the halissolvesn the temporal evolution of OM.

n-Alkanes, PAHs, monocarboxylic acids, and sugars commonly show the high concentrations in Seoul during the haze perioc
and the low concentration peaks on high wind days (February 27 and March 2), and the high concentration peaks in Deokjeo
on the easterlwind day (February 26) (Figgbi €). These arthelocal characteristicas shown ilNO,. Higher concentrations

of n-alkanes, monocarboxylic acids, and sugars during the haze period than those during the clean period in Deokjeok shov
the regional transpdrcharacteristicas shown inSQG.. PAHs in Deokjeok show low concentrations with small temporal
variability, except high concentration peaks on February 26 associated with transport from the SMA by easterly winds (Fig.
7¢). And this clearly indicate locahfluence of primary organic compounds on the Hig¥ concentrationin Seoul during

the prolonged hazas also shown by the higher proportion of POC in OC as well as the higher concentration of POC in Seoul
(5. 7%egdw of OC,), compar ed WBI%ofQCh(dablel).i n Deokj eok (2. E
As briefly mentioned in Sec8.3, dicarboxylic acidsnainly originate from theecondary source€oncentration differences

of dicarboxylic acidbetweerSeoul andeokjeokaresmallduring the clean perig@hutthose ardargeduring the haze period

(except on February 2®robably due ténfluences oflocal precursoremissios and secondary formation in Sed#ig. 7f).

On the other hand, high concentrasai dicarboxylic acids in Deokjeok during the early stage of the prolongedrhagziebe
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due to theegional transpomf preformed productéFig. 7f). The QC of bothdicarboxylic acidsand total identified OMhat
stayedhigh during both early and latgages othe haze periodn bothtwo placesndicatessecondary productioas a source
of the organic compoundduring the longasting haze(Figs. 7g and 7). To sum these up, the high concentration of
dicarboxylic acids in Seoul during the muday hae is a combined result frofocal emissionssecondary formation, and
earlystage regional transport.

It should be noted thaignificant correlatioawith RH werealso found for dicarboxyliacidsO/C (r = 054) and OC/ECH=
0.51) (Table 5). The stronger and more significant correlatidRHbfvith OC/ECthan that withthe OC concentratiorfr =
0.33)suggests probable agueeuizase processésr the SOA formation during the prolonged hakhis is also supported by
the much stronger correlations®H with dicarboxylic acidgr = 0.53)anddicarboxylic acid€/C (r = 054) than those with
other primary organic compoun{ix 25 <r < 0.38)(Table 5. Hygroscopicityof OA can be enhanced#ith increasing O/Gnd
OM/OC bySOA production and agin@hiken et al., 2008Jimenez et al., 2009 he higher caelations of RH with O/®f
total identified OM(r = 0.54) and OM/OCr(= 0.51)compared tdahat of other meteorological variablesplies hygroscopic
properties of SOA produced during the ldagting haze in Seoul.

3.5Role of synoptic condition on the multiday haze

Local meteorological factors, which play an important role in accumulation of both primary pollutants and semermdaly
precursors as well as the secondary formation processes, are largely controlled by-sgatgptionditions (Zheng et al.,
2015). In addition, some specific distributions of higimd lowpressure systems could providdavorable pathway to
trangort external pollutants (Lee et al., 2011; Oh et al., 204/%&) examined the influence of synoptic conditions on the day
to-day variation of meteorological factors and temporal evolution of the -deWtihazeusinggeopotential height and wind
fields at &0 hPa (about 1.5 km altitud)gether with AOD

From February 19 to 21, a migratory anticyclaleseloped over southern Chinasyaoving eastward from the Sichuan Basin
to the Yangtze River Delta, and the high A@Rasobservedn the North China Plain (Fig). As the highpressure system
movedeastward, a clockwisgrculation transportederosols, whiclhad beemccumulated in the stable and stagnant air mass,
into the North China and therefore resultiecthe rapid rising Pis concentrations in this region (Fig. 1@his highpressure
system slowed down and stayeder the East China Sea on between February 22 and 24. Duripgribd, the Korean
Peninsula waander the direct influence of the slow anticyclonic circulatitomg the northwestern flank of the stagnant high
pressure syste. The anticyclonic flow inducedarm and humid advection along the eastyast of China and accumulated
and producegbrimary and secondary aerosols over the North China and the YellowsSglapwn by the high AOD values
over the regions. Backward trajectories passing through these regions indicate dominant influence of regional tramsport on th
nationwide increase of PM concentrations in South Korea in the early stage of the prolond&isaié 2a,and3bi d).

As a trough develops over southern China on February 25, the northwest&roffidne anticyclone wsa elongated and
stretched toward the Koredeninsula. This pattern providedstable condition wer South Korea, but also cadseeak

transport fronthe west. The anticyclone startexdmove eastward again on February 26, and follgudn-pressure system
13
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resultedn easterly winds in the SMA. The easterly winds indleevarm peak of temperature and a slightly decreasing peak
of specific humidity in Seoul (Fige), related to foehmelated phenomena caused by a nsghth mountain range in the east
of the Korean Peninsula. Staggered backward trajectories over/né&aréss Peninsula until March 1 imply a dominant role
of local emissions and production in the late stage of the haze episode. The synoptic conditions between March 2 and
resemble those between February 20 and 25, henwhkighpressure systemwaslocatal a little bit northward and quickly
movedeastward. Aerosolaeretherefore less accumulated over the North China (Fig. 1¢) and quickly passed through the
Korean Peninsula between March 3 and 4 (Fig. 1b). The high concentrations, afu&e, nitrateCO, and OMin both

Seoul and Deokjeo&n these two day@-igs.6a, 6¢i d, and 7&indicatequick transport ofPM,.s componentérom China

The hazerelatedhigh-pressure systenwhich was slowly developed over China and moved into the Korean Penjrisula
analogouso composite anomaly pattern of 850 hPa geopotential height for thedayltiigh PM, episodes in Seoul reported

by Oh et al. (2015). However, as shownthg difference between two subcases (Februaiyvefich 1 and Marchi3),
duration of thehaze episode and their sources (regional or local sources) also depends on zonal speed of thecajmoptic
systems. One key weather pattern to hinder the eastward adghmeeather systems in the Haititudes is atmospheric
blocking, which usually hasdai pol e structure of equatorwar d c yshapenridge and
(Pelly and Hoskins, 2003; Tyrlis and Hoskins, 00n the geopotential height fields at 500 hPa (about 5.5 km altjtade)
planetary wave ridge appeareder he Gulf of Alaska on February 21 (Fi@). The ridge developed into the omegjzaped
blocking over Alaska (February PMlarch 1)and wagesponsible for the stagnant synoggaale weather systems during the
period by interrupting zonal circulation. In contrast, the zonal propagafiosynoptic disturbances becarfest after
dissipation of the blocking anticyclone (Marchb, and as a reft, the fastmoving highpressure system and following lew
pressure system indutthe quick transport of external pollutants but less accumulation of domestic pollutants in South Korea
on March 34.

4 Conclusions

In the present studyhé evolution ofthe multi-day haze in late February 2014 in thighly-industrializedregion located
downwind of the Asian continegit outflow has beerinvestigated by PMs chemical speciation in Seoul and its upwind
background, Deokjek Island, over the Yellow Se®M. s in Seoulwasdifferent from those in Deokjeok, showing higher
concentrations of primary aerosols, larger nitrate fraction, more biogenic VOCs and precursors, and more pyrogenic source
including fossil fuel combustion and biomass burning, but smalleatsudindessoxidized SOA fractions. Such differences
reflect that PMsin Seoulwasaffected by both local and regional sources while that in Deokjeslaffected by the regional
transport.

During the haze period, PMlevel in Seoulwaslargely increaed by primary and secondary aerosols. In pdaicSIA
species occlpd 76% of total PMs mass, OC/ECQeache 7.29 andO/C and OM/OGwereabout0.6 and 1.9respectively

The increase in primary and secondary aerosols are closely related to the warm, humid, and stagnant meteorological conditic
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during the haze period, which is conducivethie accumulation of pollutants arttie oxidation of precursorsThe higter
correlatons of RH with nitrate, SOR, OC/EC, dicarboxyticids O/C and OM/OC(r > 0.5)compared to those with EC or

other primary organic compounés< 0.4)showarole of agueous processes on the oxidation and formation of the secondary

aerosol species.

Temporal evolution of the PM chemical components in both places shassquential influence of regional and local sources
on the prolonged haze period. High concentrations of sulfate in both Seoul and Deokjeok in the earlytethgeeépisode
indicate a significant regional influence on the high sulfate fraction in Seoul (30%) especially at the onset of tuaynulti
haze. On the other hand, much higher concentration of nitr&eoul(28% of PM..s) than that in Deokjeofor the overall
episode shows local formation and accumulation under the influence of BlLidwConcentrations of organic compounds
show similarbehaviorsto the nitrate concentration. Stagnant atmospheric congigatened the haze period by local
cortributions.

Transboundary transport of external pollutants andtdalay variation of the local meteorological factors are controlled by
synoptiescale condition. Migratory anticyclone in southern Chaosaumulatd aerosols over the North China Plain ahd
Yellow Sea. As the higpressure system slomgoved eastward, weak anticyclonic flainansporédthe accumulated aerosols
into the Korean Peninsula in the early stage of the rdalji haze. In the midand late stages, the eastwandving high
pressue system goveerd the Korean Peninsula amatovided favorable meteorological conditions to accumulation and
secondaryformation of aerosols. Duration of the haze depends on zonal propagation speed of the-syaleptigstems.
During the longlasting hazeeriod, a blocking ridgdevelopedver Alaska hinders zonal flows and the eastward migration
of the anticyclone slosvdown over the East China Sea.

Our findingsshowan important role of synoptic condition tire onset and evolution of the mullay hazen the downwind
region of East Asiavith explicit chemical details dfiazedevelopmensequentially byegionaltransportand local sources.
Since most of the megacities in the populated and industrialized region act as both importer and exportaiutdiratis, jis

air qualitymustbe affected by both regional and local emission soufk®ea synoptic system conduciveaocumulation of

air pollutants and production of secondary aerosases from the upwind regionjrajuality in the downwind regions
affected not only byhe transport of air pollutants from the upwirgtabut also by the propagation sfichconduciveweather
systemitself. Although the multiday high PM episode started with the transport of external pollutants, local end$sion
primary pollutants and secondary precursors and secondary formation of pantithesdownwind region under certain
meteorological conditions exacerbates air quality and prolongs the haze period. For instance, the ddgbefivatiorin
Deokjeok where he local emissionarenegligible,decrease@i 3 days earliethan that in Seoul in the multiay haze episode

in this study.Duration of the pollution episode also depends on the zonal propagation speed leizrfakiorable weather

system, and in partidar, the atmospheric blocking pattern prolongs the haze period.
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Table 1: The average and standard deviation oPM2.s chemicalcompositions,related gasconcentrations and meteorological factors
in Seoul and Deokjeok for the haze (February 238, 2014) and clean (March 89, 2014) periods.

Components Seoul Deokjeok
Haze Clean Haze Clean
Mass PMwo( € q3) m 143+ 25 39 +11 100+ 35 28+11
concentrations PM2s( € d% m 116+ 29 23+10 84+31 18+9
PMz.5PMio 0.81+0.01 057+0.10 0.84+0.03 0.65%0.07
SOZ (e dd) m 349+ 91 39+ 14 292+ 124 47+ 26
NOs' (€ d% m 328+ 84 46+ 42 114+ 85 28+ 30
Cl(ed®dm 11+ 04 03102 06+06 02+01
NHs*( € d3 m 216+43 2716 144+6.0 24+18
K*( € d3 m 09+02 02+01 07+03 02+01
Ca*(eddm 03+01 01+00 0201 01+00
. Mg* (€ d¥ m 01+00 01+00 01+00 01+01
Inorganic . 3
species Na'( € d3 m 01+00 01+00 01+01 01+01
SOR 0.44+0.04 0.15+0.03 0.39+0.04 0.20+0.06
[NH4*/[SO47] 168+0.16 1.74+038 134+030 1.29+0.25
SI'A (g m 89+ 21 117 55 +23 107
SIA/IPMz2.5 0.76 £0.07 0.47+0.09 0.65+0.04 0.51+0.10
SO? IPMz2.s 0.30+0.04 0.18+0.04 0.34%+0.05 0.26+0.03
NO3' /PMz.s 0.28+0.03 0.18+0.07 0.13+0.07 0.13+0.07
NH4*/PMz.s 0.18+0.01 0.11+0.02 0.17+0.01 0.12+0.03
OC (&g m 144+ 25 49+ 08 86+29 27+06
POC( € d%2m 5.7+0.7 39+0.6 25+0.6 14+08
Carbonaceous SOC( € d¥2m 8.7+2.2 10+1.2 6.1+26 1.3+09
species soc/oc 0.60+ 0.06 0.19+ 018 0.69+ 010 0.47+ 028
EC (g m 2.0+ 02 14+02 12+03 07+04
OCI/EC 73+11 37+11 74+ 17 49+2.0
SO (ppb) 106+15 5.0£0.5 11.3+34 45+21
Gaseous NO:2 (ppb) 68.1+11.7 30.0+105 11.1+95 1.1+0.2
species CO (ppm) 11+02 04+01 0.7+ 01 03+01
Os (ppb) 16.8+ 7.6 28.6 + 67 57.3+95 48.6 + 0.7
Temperature C) 6.2+2.1 07+1.1 1 T
Meteorological Relative humidity (%) 55+8 49+ 10 T T
factors wind speed (m's) 2305 3.4+05 T T
Boundary layer height (m) 380+ 60° 1000+ 140° 140+ 80° 980+ 240¢
Daytime (07 18H) visibility (km) 34+x11 171+2.6 T T

aApproximateprimary OC (POC) and secondary OC (SOC) obtaineE®yracer method (Castro et al., 1999) ushrgminimumOC/EC
valuesfor the measurement periad2.88 for Seouland 218 for Deokjeokon March9, 2014

b.c Reanalysis data from tHERA-Interim at® 37.5N, 127.0E (Seoul) and 370 N, 126.0 E (Deokjeok)
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Table 2: The average and standard deviation ofnalyzed organic compound concentrationgnd diagnostic ratiosin Seoul and
Deokjeok for the haze (February 2828, 2014) and clean (March 89, 2014) periods.

Organic compounds Components Seoul Deokjeok
Haze Clean Haze Clean
OM( € d¥%m 27.1+x5.3 9.1£1.2 17.3£6.1 49+1.2
om/oc’ 1.2+00 1.8+ 0.4 2.00+ 006 1.81+ 005
o/Ic” 059+ 003 052+ 003 065+ 004 050+ 0.04
n-Alkanes (ng ri¥) 80+ 19 19+5 34+12 10+4
CPldd 2.0x03 1.7£0.1 1.7+0.1 1.7+0.2
Wax G, (%) 35+5 27+3 28+ 4 28+5
PAHs (ng n?q) 18+12 7+1 9+9 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 0.42 £ 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 0.22 £ 0.03
ANT/(ANT + PHE) 0.09 + 001 0.11 £ 0.01 0.06 £ 0.02 0.10 £ 0.02
Monocarboxylic acids (ng ) 363+ 58 138+ 28 166+ 49 98+18
cis-Pinonic acid (ng i¥) 53+1.7 3.0+1.0 4.4+1.6 1.8+0.2
C18:0Cis:1 59+ 45 72+31 92+30 111+ 29
Sugars (ng ff) 248 + 21 148+ 28 109 + 43 57+18
Levoglucosan (ng ) 229 +18 136+ 23 98+ 39 52+ 15
Dicarboxylic acids (ng hd) 522+ 137 88+ 33 355+ 151 80+47
Dicarboxylic acidsC/OC 0.038 +0.009 0.017 £ 0.004  0.041+0.006 0.028 +0.010
O/C (Dicarboxylic acids) 090+ 002 0.73+ 001 0.92+ 005 0.81+ 0.05

* Averages of daily OM/OC ratios and O/C of total identified OM
A Averages of daily total OM estimated by measured OC and OM/OC ratios of identified OM
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Table 3: Comparisors of chemical and source characteristics of Phkin betweenSeoul and Deokjeok.

Characteristics

Seoul(Downwind urban)

Deokjeok(Upwind background)

Components

Primary aerosols

Higher concentrations
(Local emissions Regional transport)

Lower concentrations
(Regional transpoyt

EC
n-Alkanes, PAHsSugars,
Monocarbaylic acids

Secondary inorganic
aerosols (SIA)

Largerproportionof PM2.s during the
haze periodiue to figher NG'/PM2.sin
Seoul

(Local NO« emissions)

Largerproportionof PM2.s during the

clean periodiue to ligher SO /PM2.sin

Deokjeok
(Regional transport of SGNASQ?')

SIA/PM25
NOs' /PMz2.s
SOZ [PM25

Secondary organic
aerosols (SOA)

Smaller fraction

Larger fraction

OC/EC
Dicarboxylic acidsC/OC

Fresher

More aged

BaP/(BaP + BeP)

Aging, oxidation,
and photochemistry

Less oxidation

More oxidation

Dicarboxylic acids @C
SOR O/C, OM/OC

Shorterresidence time

Longer residence time

C18:0Cis:1

More biogenic VOCs and precursors
(Urban forest)

Less biogenic VOCs and precursors
(Marine island)

CPbdd
Wax Gy
cis-Pinonic acid

More biomass burning
(Local and regional sources)

Less biomass burning
(Regional source)

Levoglucosan

Source
characteristics

Grass, wood, and coal combustion

sources but more fossil fuel combustion

like

Grass, wood, and coal combustion
sources

FLA/(FLA + PYR)

Coal combustion sources, but more
vehicular emissioilike

Coal combustion sources, but more
petrogenidike

BaA/(BaA + CHR)

More pyrogenidike

Petrogenic (Haze period)

ANT/(ANT + PHE)

Petroleum combustion, but more bioma
and coal combustialike (Clean period)

Petroleum combustion, but more
petrogenidike (Clean period)

IncdP/(IncdP + BghiP)
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Table 4: Comparisons of meteorological conditions andproperties of PM2.s during betweenthe haze and clean periods.

Characteristics

Hazeperiod(Felruary 23i 28)

Cleanperiod(March 5i 9)

Components

Meteorological

Warm and humid
More stagnanfLow winds)

Cold and dry
Less stagnar{tHigh winds)

Meteorological factors in

conditions Low boundary layer height High boundary layer height Seoul
Fine mode particles Dominant(> 80% of PMoin Seoul) Lessdominant(< 60% of PMoin Seoul) PMzsPMio
EC

Primary aerosols

Higher concentrations
(Accumulationin the shallow boundary

layern)

Lower concentrations
(Ventilationby the high winds

n-Alkanes, PAHSs,
Monocarboxylic acids,

Sugars
Secondary inorganic Largerproportionof PM2s Smallerproportionof PM2.s ﬁlgsy&zs
~ 0, i ~ 0, i .
aerosols (SIA) (~ 76% of PM.sin Seoul) (~ 47% of PMsin Seoul) SOZ IPMas
Secondary organic Larger fraction Smaller fraction OC/EC

aerosols (SOA)

(OC/EC ~ 7.3 in Seoul)

(OC/EC ~3.7 in Seoul)

Dicarboxylic acidsC/OC

More aged

Fresher

BaP/(BaP + BeP)

Aging, oxidation,
and photochemistry

More oxidation
(Warm and stagnant condition)

Less oxidation
(Cold and ventilation effect)

Dicarboxylic acids @C
SOR O/C, OM/OC

Enhanced photochemistry

Weakened photochemistry

cis-Pinonic acid

Source

Grass, wood, and coal combustion
sources

Petroleum combustiosources

IncdP/(IncdP + BghiP)

characteristics

PetrogenidDeokjeok)

Pyrogenielike

ANT/(ANT + PHE)
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Table 5: Correlation coefficients between meteorological variables and each component in Seoul for the measurement period of
February 23 March 9, 2014.

Relative - Boundary
Temperature humidity Wind speed layer height

PMzs +0.68™ +0.49 10.70" 10.89"
Sle’d +0.64" +0.47 10.61" 10.82"
NO3' +0.68™ +0.53" 710.71" 710.87™
NH4* +0.66™ +0.50 10.67" 10.86"
EC +0.57" +0.03 710.66™ 710.65™
oC +0.65" +0.33 10.79" 10.89"
OMA +0.62" +0.34 10.75" 10.86™
n-alkaneg +0.81" +0.38 10.79" 10.89"
PAHs” +0.32 +0.33 10.45 10.50

Monocarboxylic acid$ +0.81" +0.25 10.87" 10.92"
Sugarg +0.62" +0.26 70.71" 10.81"
Dicarboxylic acid$ +0.62" +0.53 10.63" 10.83™
SOR +0.72" +0.59" 10.64" 10.88"
OC/EC +0.65™ +0.51" 10.72" 10.90"
OIC (Dicarboxylic acid$* +0.71" +054" 1060 10.87"
O/C (Total identified OM)* +0.16 +0.52 10.06 10.37

OM/OCA +0.14 +0.51 10.05 10.35

AData for organic compounds on February 25 are not available.
* Statistically significant at 95% confidence level.
™ Statistically significant at 99% confidence level.
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(a) Geographical locations
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Figure 1: (a) Geographical locations of filtersampling sites (KIST site in Seoul and Deokjeokite), KMOE air quality monitoring
sites (Seongbuk site in Seoul and Deokjeok site), and KMA weather station in Seoul. (b) Daily mass concentrations ofidivid
PM2ssampled at the KIST site in Seoul and Deokjeok site (bars) during the multiay haze epsode and following the clean period
in late February to early March of 2014. Red diamonds and blue squares with solid lines denote-R4verages of PMoconcentration
measured by betaray absorption at the Seongbuk sitén Seouland at the Deokjeok site, espectively. (c) Daily PM.s concentrations
in five Chinese cities of Beijing, Tianjin, Dalian, Jinan, and Yantai [ittp://www.tiangihoubao.com/aqi/).
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(a) Haze period (Feb 23 - 25, 2014) (c) Clean period (Mar 5 - 9, 2014)

110°E 115°E 120°E 125°E 130°E 90°E 100°E 110°E 120°E 130°E 140°E

|7 f
Russia é(
£ i 8z
Al Beijing® i Z o]
Tini Stk - “vp\,h g
<\ alian N 2
AR Mongolia A I\
Jinan © T \x
z el W = \ \
B /Qingdao %5 \KRV/5 N
2
115°E 120°E 125°E China
(b) Haze period (Feb 26 - 28, 2014) 2
110°E 115°E 120°E 125°E 130 B o
] s | 2
100°E T10°E 120°E 130°E
5
< =z
HYSPLIT backward trajectories
Seoul
@
= @ Oh 12h 24h 36h 48h 60h 72h
3 Z @ |
Deokjeok Starting height: 500 m

115°E 120°E 125°E

Figure 2: Backward trajectories from 500 m above sea level over the KIST site in Seoul (red) and thedbgok site (blue) at 09:00
and 21:00 local time (GMT+0900) during (a) the early stage of haze, (b) the late stage of haze, anth@klean period.
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(c) Feb 23, 2014
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Figure 3: Spatial distribution of PM 10 concentration for the period of February 21 March 2, 2014 using data from 247 air quality
monitoring sites (black dots)in the South Korea
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(a) Seoul - Haze (116 pg/m?3) (b) Deokjeok - Haze (84 ug/m?3)
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Figure 4: Mass fraction (%) of each component to the total PMs mass in Seoul and Deokjeok during the haze andean periods.
The size of each chart is proportional to the averaged P mass concentration.OM is estimated by measured OC and OM/OC
ratios of total identified organic compounds (~5% of total OM).
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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/(lcdP + BghiP), and
(e) BaP/(BaP + BeP) in Seoul (red diamonds) and Deokjeok (blud squares) during the haze (filled symbols) and clean (opened
symbols) periods. Horizontal bars indicate standast deviation.
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(a) SO, and nss-SO,2 (b) SOR
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Figure 6: Daily time series of gagphase pollutants (SG, NOz, CO), secondary inorganic aerosol compounds (n&0s# and NOs')
and SOR carbonaceous species (EC and OC), and meteorological factors (temperature, specific humidity, weépeed, and boundary
layer height) during the analysis period.
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(a) Total and identified OM

40 2.0
—&— Seoul Deokjeok Seoul
—B— Deokjeok
& 30 Identified OM r15€
E Total OM )
o =
2 s
s 20 11.00
=) B
s =]
° =
F 109 D/El 1053
0 0.0
T T T T T T T T T T
Feb19 21 23 25 27 Mar1 3 5 7 9
(c) PAHs
40 —&— Seoul
—B— Deokjeok
& 301
€
o
£
2 201
<
o
101
A <
= 3
0 T T T
Feb19 21 23 25 27 Mar1 3 5 7 9
(e) Sugars
350
—&— Seoul
300 —B— Deokjeok
&~ 250 0/0
€
2 200
(4
& 150
(=)
=3
@ 100
=8
50 1
0
T T T T T T T T T T
Feb19 21 23 25 27 Mar1 3 5 7 9
(g) O/C ratios (Dicarboxylic acids)
1.0 —&— Seoul
: —&— Deokjeok
0.9 /
Q
o
0.8
0.7

Figure 7: Daily time-series of(a) total identified OM and estimated total OM, (b) n-alkanes, €) polycyclic aromatic hydrocarbons
(PAHSs), (d) monocarboxylic acids, €) sugars, {) dicarboxylic acids, @) O/C of the dicarboxylic acids and (h) O/C of the total
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identified OM at KIST site in Seoul and Deokjeok site for the analysis period.

34




Figure 8: Daily evolution of synoptic meteorological conditions over East Asia during the mulday 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. Red, blue, and green lines with squared respectively represent backwardjectories from 500 m,
1000 m, and 1500 m above sea level over the sampling site at 21:00 local time (GMT+0900) on each day with endpoints-iof 24

interval.
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