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Abstract. PMy, 5 samples were collected at a centrally lo- therefore more likely to increase the incidence of respiratory
cated urban monitoring site in Seoul, Korea, every third dayand cardiovascular disease (Dockery et al., 1993; Schwartz
from March 2003 to December 2006 and analyzed for theiret al., 2002). For this reason, the United States Environmen-
chemical constituents. Sources were identified using positivéal Protection Agency (EPA) promulgated a national ambient
matrix factorization (PMF). A total of 393 samples were ob- air quality standard for particles with a diameter<d?.5um
tained during the sampling period, and 20 chemical specie$PM, ) since 1997, and in 2006 the EPA reduced the 24-h
were measured. Nine PJ source categories were identi- PM, 5 standard to a level of 369 m—3 (US Federal Register,
fied providing physically realistic profiles and interesting in- 2007).
sights into the source contributions to the ambient mass con- Recently, environmental health problems arising from ex-
centrations. The major contributors of Bkwere secondary  posure to fine particulate matter (Bl) have been identified
nitrate (20.9%), secondary sulfate (20.5%), gasoline-fueledn many parts of Korea (Kim et al., 2007). However, P
vehicles (17.2%), and biomass burning (12.1%), with lesselis not properly managed in Korea because of a lack of sys-
contributions from diesel emissions (8.1%), soil (7.4%), in- tematic approaches to study it. The capital city of Seoul has
dustry (6.7%), road salt and two-stroke vehicles (5.1%), andsevere air pollution problems, and a variety of governmental
aged sea salt (2.2%). R levels in Seoul were influenced policies, such as expansion of the use of liquefied natural gas
by both local urban activities and regional-scale transportand low-sulfur fuels and movement of industrial sources out
Conditional probability function (CPF) results identified pos- of the city, have been implemented to improve urban air qual-
sible source directions of local sources such as motor vehiity. As a result, concentrations of ambient air pollutants (par-
cles (gasoline and diesel), industry, and road salt. Potentialicularly S&) have been significantly reduced since 1996—
source contribution function (PSCF) results showed that pos1997. On 1 January 2005, the Korean Ministry of Environ-
sible source areas contributing to the elevated secondary pament established the “Special Act on Metropolitan Air Qual-
ticle concentrations (sulfate and nitrate) in Seoul to be theity Improvement” whose principal objective is to improve the
major industrial areas in China. PMz10 annual concentration in Seoul metropolitan area from
60.g/m?® in 2005 to 4Qug/m? by 2014. However, the Pk
concentrations remains high compared to similar cities in de-
veloped countries (Kang et al., 2006; Kim et al., 2007).
Source apportionment methods provide tools to develop
Airborne partides p|ay an important role in human health efficient and effective PM control Strategies and to develop
effects, visibility degradation, and global climate change.Policy to prevent the general public’s exposure. Positive ma-
Previous epidemiological studies indicated statistical assotrix factorization (PMF) is a development in the class of data
ciations between mortality and morbidity and ambient con-analysis techniques called factor analysis (Paatero and Tap-
centrations of particulate matter (PM), particularly fine par- Per, 1993, 1994), where the fundamental problem is to re-

ticles that can more readily penetrate into the lungs and ar&0Ive the identities and contributions of components in an un-
known mixture (Malinowski, 2002). PMF has been used as

) a source apportionment tool in many air quality studies (Kim
Correspondence td5.-M. Yi and Hopke, 2004a, b; Kim et al., 2004a, b, 2007; Lee and
BY (viseung@snu.ac.kr) Hopke, 2006; Hwang and Hopke, 2007; Lanz et al., 2007;
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Sunder Raman and Hopke, 2007; Ulbrich et al., 2009; Vianna s = ]

et al., 2008). PMF results have been coupled with surface%?l Lj //, S ° i
wind direction data to provide identification of the locations PO My

of local emission sources affecting a receptor site (Lee etal.,o 2 ~ I8}

2006; Pekney et al., 2007). The addition of back-trajectory \\?ﬁ - ) - R f

ensemble methods can help to identify regional sources tha:™ \ i,“j;?é%’iﬁ

contribute to urban Pl concentrations (Lee and Hopke, | = AN

2006; Kim et al., 2007). In East Asia, these trajectory ensem- ;} -

ble methods have been successfully used to identify possibles & & —w % w_

source locations for the dry deposition of heavy metals (Han \\\
et al., 2004) and Pl chemical species (Kang et al., 2006; o Amblentair sampling ite \
Kim et al., 2007). However, in these earlier studies, trajec- @ Netional indusirial complex
tory analysis was not combined with source apportionments. o

Several previous studies have identified possible sources
of PMy5 in Seoul using the chemical mass balance (CMB) Fig. 1. Map of Seoul metropolitan area including the sampling site
model (Park and Kim, 2005; Lee et al., 2005). However, and selected industrial areas relevant to the source apportionments
some of the source profiles used in their CMB models werePresented in this study.
derived from sources in the United States and may not be
directly applicable to Seoul. Unfortunately, source pro-
file measurements are methodologically difficult and time-uum pumps. The flow rate was monitored for each channel
consuming to make. Factor analysis is a different but highlyPY independent dry gas meters. lonic constituents were mea-

effective tool that can be used to apportion sources withougured in the two channels using the ADS that operated using
directly interacting with the chemical profiles. It offers an @ 10.0L/min flow rate. The ADS consisted of two annular

alternative in Korea where there is no local source profile li-denuders coated with sodium carbonate and citric acid to col-
brary. lect acidic (SQ, HNO3) and basic (NH) gases followed by

The objectives of this study were to investigate the source? Z&fluorfilter (47 mm Pall Life Sciencesin pore size) lo-
profiles and the source contributions of P§n Seoul using cated downstream of the denuder. These samples were used

PMF and to determine the impact of the regional transport oft® determine water-soluble ionic species: The Zefluor filters
PM, 5 sources on the air quality in Seoul. The results of thisWere followed by Nylasorb membrane filters (47 mm Gel-
study can be used to establish an effective management strafi@n Science, Lm pore size) for the accurate measurement

egy of the air quality and adverse health effects stemmingOf volatilized nitrate and paper filters (47 mm Whatman In-
from PMy 5 in Korea. ternational Ltd.) coated with citric acid, to correct for the

volatilized ammonium. After sampling, reagent-grade deion-
ized water was used to extract the annular denuders, and ion

2 Experimental methods chromatography eluent solution was used to extract the fil-
ters. Extracted solutions were analyzed with Dionex DX-120
2.1 Sampling and analysis lon Chromatograph.

Teflon filters (25 mm Gelman Teflo,;8n pore size) were
Ambient air samples were collected every third day over acollected at 16.7 L/min flow rate for PM gravimetric mass
24-h period from March 2003 to December 2006. The mea-and for the measurement of trace elements. The £Mass
surement site was located on the roeflf m above ground, was obtained by weighing the Teflon filters using a micro-
37.5 N, 127.00 E) of the School of Public Health building balance (Sartorius, 10 mg reading precision). These filters
at Seoul National University, a mixed commercial and res-were then used to determine trace elements using proton in-
idential area in Seoul, Korea (Fig. 1). Filter samples wereduced x-ray emission (PIXE). Another filter holder with a
simultaneously collected using a 4-channel system. The syslow rate of 16.7 L/min was used to collect quartz filter sam-
tem had two channels using an Annular Denuder Systenples for organic carbon and elemental carbon analysis. These
(ADS) and two channels using filter packs (URG) that col- 47-mm quartz filters were pre-baked at 360for 12h to
lected samples for the analysis of PMgravimetric con-  lower their carbon blanks, and analyzed using the NIOSH
centration, water-soluble ionic species, carbonaceous specidOT (Thermal/Optical Transmittance) method (Birch and
(organic carbon and elemental carbon), and trace elements.Cary, 1996).

The 4-channel system consisted of size-selective inlets, For quality assurance in the analysis of the samples, an-
four cyclones (URG-2000-30EH and 30EN, URG) to pro- other 16 blank filters were simultaneously examined using
vide a particle size cutoff based on the flow rate, the col-the same methods as described above. Background contam-
lection substrates, critical orifices that provided the properination was periodically monitored using field blanks that
flow rate for the desired particle size cutoff, and four vac- were simultaneously processed with the field samples and
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filter blanks. For all analytes, background contamination wasthe methods detection limits (MDL) value were used as the
less than 5% of associated samples. Recovery efficienciegverall uncertainty assigned to each observation. Values be-
were determined by spiking one out of every 10 samples andow the MDL were replaced by half of the MDL, and their
reproducibility tests were performed by replicate analysisoverall uncertainties were set at 5/6 of the MDL. Missing
one out of every 10 samples. Recovery efficiencies varied bevalues were replaced by the geometric mean of the measured
tween 95% and 105%, and reproducibility tests had acceptvalues, and associated uncertainties were set at four times
able results withint:10% for all the chemical species. Detec- the geometric mean. In addition to the standard uncertainty
tion limits were calculated as concentrations correspondingestimation, the uncertainty must take into account the mea-
to two times the uncertainty of each chemical species measurement uncertainty as well as the temporal variability in
sured on the field blanks. the source profiles over the monitoring period.

Meteorological data including temperature, relative hu- In several cases, in order to take the temporal variability
midity, wind speed, and wind direction were recorded everyinto account, larger uncertainties were used to decrease the
5 min using a meteorological tower (Davis Instrument) at theweight of some specific variables in model fitting (Paatero

sampling site. and Hopke, 2003). Uncertainties were increased by a factor
_ of three for OC, EC, and NDfor which the signal-to-noise
2.2 Receptor modeling (SN) ratio were between 0.2 and 2. The estimated uncertain-

deling is based he idea th ties of Ni and Br that had below MDL values nearly 40%
Receptor modeling is based on the idea that mass Conservgry g jncreased by factor of two to reduce their weight in the

tio_n can be assumed_and amass ba'f’*”ce analys_is can be U%%ﬁ'ution. To achieve the optimal solution, the PMF was run
to identify and apportion sources of airborne PMin the atmo'using different initial seeds for the iterative fitting process,

sphere (Hopke, 1991). Positive Matrix Factorization_(PMF) nd solutions with different numbers of sources were exam-
model (Paatero and Tapper, 1994; Paatero, 1997) ',S an aGred. The robust mode was used to reduce the effects of ex-
vanced receptor model based on least-squares techniques t'??éme values on the PMF solution. The estimated uncertain-

uses error estimates of the me‘?‘S“fed data to provide weigh[%s of extreme values were increased to downweight those
in the fitting process. The notation of the PMF is concentrations. To reduce the rotational ambiguity, a matrix
P of FPEAK and FKEY values were used in this study (Paatero

Xij = Zgik - fij +eij, (1)  etal., 2002).

k=1 Kim and Hopke (2004a, b) used an alternative approach
wherex;; is the j-th species concentration measured in theto the conventional multiple linear regression of model-
i-th sample,g;x is the particulate mass concentration from resolved factor contributions against observed mass for nor-
the k-th source contributing to theth sample, fi; is the malization of the factor profiles and contributions in order
mass fraction of the-th species from thé-th source, and to treat the mass closure issue. They included the measured
¢;;j is residuals associated with theth species concentra- PMzs mass concentration as an input variable in the PMF
tion measured in theth sample, ang is the total number — analysis, with the estimated uncertainties of \Woncen-
of independent sources. Non-negativity constraints are usetfations of four times the measured value. PMF then appor-
on the PMF factorsg;, and fi;, to decrease rotational free- tioned the PMs contribution for each source according to
dom. PMF provides a solution that minimizes an object func-its temporal variation. This procedure was used for normal-
tion, Q(E), based upon the uncertainties of each observatiorization in this analysis.

(Polissar et al., 1998). This function is defined as

5 2.3 Hybrid receptor models

p
n_om | KT glgikfkf 2.3.1 Conditional probability function (CPF)
0By =) > |— —| 2
i=1j=1 Y To estimate the local source impacts from various wind di-
rections, the CPF (Kim et al., 2003) was performed for each
whereu;; is an uncertainty estimate for thieth constituent ~ source using the source contributions estimated from the
measured in theth sample. PMF coupled with the surface wind direction data. The daily
The application of PMF depends on estimated uncertainfractional mass contributions of each source relative to the
ties for each observation. The uncertainty estimation methodotal of the sources were used rather than the absolute contri-
provides a useful tool for decreasing the weight of missingbutions to minimize the effect of atmospheric dilution. The
and below-detection-limit data in the solution. The proce-same daily fractional contribution was assigned to each hour
dure of Polissar et al. (1998) was applied to allocate observe@f @ given day to match the hourly wind data. The CPF was
data and associated uncertainties as input into the PMF anafiefined as:
ysis. The concentration values were used for the measured map

data, and the sum of the analytical uncertainty and 1/3 ofCPFas = nag @)
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wherem ag is the number of occurrence from wind sector less than three times the average number of end points per
A0 that exceeded the threshold criterion, ang is the total  cell (Hopke et al., 1995; Polissar et al., 2001):
number of data from the same wind sector. In this study, 16

sectors A#=22.5) were chosen and calm winds{ms 1) 1.0, 1600< n;j

were excluded from this analysis because of the isotropic beW(nij) _ 107, 700 <n;; <1600 ) (5)
havior of the wind vane caused by calm winds. The thresh- 0.4, 500 < n;; <700

old criterion was set at the upper 20th percentile value of the 0.2, 500 nyj

fractional source contributions for each source.

3 Results and discussion
2.3.2 Potential source contribution function (PSCF)
3.1 PMy 5 mass concentrations and chemical

To estimate the likely source locations for long-range trans- compositions

porting aerosols, the PSCF (Ashbaugh et al., 1985; Hopke €A total of 393 samples analyzed for 20 chemical species

2I.,dl993)fwas fr? Icg:\‘jlfd udsit?g tl? € dgilty ;outrcg contrilbutliotnz/ere collected between March 2003 and December 2006
educed from the andbackward trajectories, Calculateq , \,seq in the data analysis. Time series plot of mea-

using the Hybrid Single Particle Lagrangian Integrated Tra-¢ red PM o S . .
. . 5 Speciation data in this study is shown in Sup-
jectory (HYSPLIT) model and gridded FNL global meteoro- plemental Fig. S1 (sebttp://www.atmos-chem-phys.net/9/

'Og.icta' fdtf]ta (Prax'erl"li.”d Rolph, 20;)7)_. '{ a_t(;ajeﬁt%y ?”d 4957/2009/acp-9-4957-2009-supplementipdfhe annual
point ot the air parcet lies in a geophysical grid cefl, the fra- average PMs concentration was 43,59 m-3 that is al-

jectory was assumgd to collect E-M emitteq in that gell. most three times higher than the US NAAQS annuabBM
Once the PMs was incorporated into the. air parcel, it was standard of 1gm-3. The mass fraction of OC, go
assumed to be transported along the trajectory to the MONIS ~—  NHF EC. crustal trace elements. and non-crustal
toring site. PSCEF is the conditional probability that an air 3’ 4: — o 0 o

L th d th h theh cell had a hiah trace elements in Py accounted for 24.2%, 18.6%, 16.2%,
parce that passe throug tm&. cell had a ign Concen- - 1, 14, 7,99, 3.6%, and 3.0% of the total mass respectively
tration upon arrival to the monitoring site and was deflned(Fig S'2) O’C was’ the highest contributor to ég/lmass

as During the study period, high mass concentration episodes
(i.e. smog episodes which exceed the average daily M
PSCE; = @ 4) mass of 65:gm~3) and yellow sand events were observed
nij on 64 days and 21 days, respectively. TheBMnass

concentrations and its constituents during smog episodes

wheren;; is the total number of end points that fall in the ~ Were about two to three times higher than those during non-
th cell, andm;,; is the number of end points in the same cell SM0g episodes. Especially, the mass fractions of secondary

that are associated with samples that exceeded the threshok§rosols §UCh as sulfatg, nitrate, and ammonium during the
criteria. smog episodes were higher than those of the other con-

Typically for long range transport(24 h), trajectories that stituents. Crustal trace elements concentrations were high
y y - ey during yellow sand events due to the long-range transport of

have started at different heights may vary significantly be- . . .
cause backward trajectories started at different heights trac—just particles from Eastern Mongolia and the Gobi Desert.

verse different distances and pathways (Hsu et al., 2003). I% 2 Determination of the number of factors
this study, multiple-heights PSCF was performed to reduce

this uncertainty. The average contribution of each source wasapje 1 contains the summary of statistics for the;Rvhass
used for the threshold criterion. Five-day backward trajecto-concentrations and the 20 chemical species. Because of the
ries starting at every hour at a height of 100, 500, 1000, anthigh correlation between the PIXE sulfur and the ion chro-
1500 m above ground level were computed using the verticajnaiography sulfate, the ion chromatography sulfate was used
velocity model for every sample day, producing 120 hourly iy the PMF analysis. Additionally, all variables with more
trajectory end points per sample. The geophysical regionpan 8o of the values being below their respective detec-
covered by the trajectories was divided into 8400 grid cellstjo imits were excluded from the analysis.
of 1°x1° latitude and longitude, for an average of 550 trajec- | order to select modeling parameters and the number of
tory end points per cell. The sources were likely to be locatedctors, the mathematical PMF diagnostics and interpretable
in the area that had high PSCF values. testing of the plausibility of PMF solutions were explored.
To minimize the effect of smal;; values resulting in high  The PMF diagnostics (model erro, rotational ambigu-
PSCF values with high uncertainties, an arbitrary weightity, rotmat, etc.) were based on Lee et al. (1999). Figure 2
function W (n;;) was applied to downweight the PSCF val- shows theQ-value for the different number of factors and
ues for the cell in which the total number of end points wasthe FPEAK values and the variation of IM, IS, and rotational

Atmos. Chem. Phys., 9, 4954971, 2009 www.atmos-chem-phys.net/9/4957/2009/
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Table 1. Summary statistics and mass concentrations of Plhd the 20 species used in the PMF analysis.

Concentration (ng/®)

Species Geometric  Arithmetic  Minimum  Maximum  Missing + S/IN

Mearf Mean BDLY (%) Ratid
PMs 5 37616 43502 5780 131224 0 -
oc 9468 10522 2126 27927 0 15
EC 2914 3428 704 16 637 0 1.7
o7 5766 8109 13 47976 0 3.4
NOZ 5173 7057 58 41376 0 1.2
NH% 3704 5268 13 25469 0 43
Na 123 150 7.3 624 2.1 5.6
Mg 41 61 1.1 503 5.3 8.7
Al 185 262 18 2191 0 9.5
Si 505 707 52 5956 0 9.5
cl 166 479 0.8 4838 3.4 9.9
K 331 409 46 2171 0 9.2
Ca 143 191 19 1493 0 9.4
Ti 17 25 0.3 192 5.3 9.1
Mn 14 19 0.2 125 0.8 4.9
Fe 300 364 52 2220 0 9.1
Ni 0.9 2.3 0.2 11 44 6.5
Cu 14 17 0.2 82 0.5 8.9
Zn 95 115 18 697 0 9.1
Br 3.8 10 0.5 58 38 6.6
Pb 32 51 0.9 302 9.5 8.6

@ Data below the limit of detection were replaced by half of the reported detection limit values for the geometric mean calculations.

b Below detection limit.
¢ Signal-to-Noise ratio.

freedom for the different number of factors chosen in PMF.3.3 Source identification and apportionment
As the number of factors approaches to a critical value, IM
and IS will clearly decrease. Also, choosing the maximuma comparison between the reconstructed and measured
element in rotmat will be the factor element with the high- ppm, 5 mass concentrations showed that the reconstructed
est rotational ambiguity. There was a significant increase insources effectively reproduced the measured values and ac-
maximum rotmat element from nine factors to ten factorscounted for most of the variation in the BM mass con-
(Fig. 2). Moreover, biomass burning was not extracted incentrations (slope = 0.89.17,72=0.88; Fig. 3). The PMF-
the eight factor model. In the ten factor model, two gasolinegeduced source profiles (prediction values and error bars)
factor profiles were identified. Since the profile and contri- and contributions are presented in Figs. 4 and 5, respectively.
bution of two gasoline factors had similar patterns showing The secondary nitrate factor is characterized by their high
redundancy, the nine factor model was chosen based on i oncentrations of NQ and NI-E (Kim et al., 2003: Lee et
reasonable result;. The nine factor .model and_the value Otil., 2006) and the molar ratio of ammonium to nit'rate is 1.8.
FPEAK:O'O provided the most physically meaningful solu- In this study, secondary nitrate factor accounted for 20.9%
tion and the best agrgement betwgen a calculgieailue of the PMp5 mass concentration at the monitoring site. As
0f 8090 anc_JI a theoreticgl of approximately 7860. For the shown in Fig. 6, high mass concentrations from secondary ni-
FKEY matr|>_<, a FKEY value of four was usgd to moderately trate factor were observed during the spring. In general, sec-
pull ammonium down for the secor?dar.y hitrate and Indus'ondary nitrate formation depends on N®IH3, temperature,
try factor. The average source contnbuyons of each factor. Qelative humidity, OH/radiation, and nighttime chemistry via
the total average Pt mass concentration are presented in NO; (g). Secondary nitrate varies seasonally, with higher
Table S1. concentrations in winter because of lower temperatures and
higher humidity that facilitate the formation of secondary
nitrate particles (Seinfeld and Pandis, 1998). Besides tem-
poral variation by temperature, ammonia availability plays a

www.atmos-chem-phys.net/9/4957/2009/ Atmos. Chem. Phys., 9, 49312009
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Fig. 2. (A) Q-value for the different factor solutions and the change

of “FPEAK” parameter relative to the expect@dvalue. The abso-
lute Q-value (i.e., the degree of freedom of the analysis) is shown
for the nine factor solutions and “FPEAK=0.0(B) IM (the max-
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Fig. 4. Source profiles deduced from Bl samples (prediction

imum mean values of each species obtained from the scaled residyng error bars) in Seoul, Korea.
uals), IS (the maximum standard deviation values of each species
obtained from the scaled residuals), and rotational freedom as a

function of the factors chosen in PMF.

160

Y = (0.89 £ 0.17)X + (2.54 £ 0.83)
R*=0.88

Predicted fine particle mass conc. (ug/m?3)

0 ! L L

120

Measured fine particle mass conc. (pg/m3)

160

significant role in the particle nitrate formation in air. There
are huge amounts of NHin East Asia atmosphere in the
spring because of fertilization of fields (Kim et al., 2006).
For this reason, the average contribution of secondary nitrate
factor was higher in spring compared to winter in Seoul.

The secondary sulfate factor is characterized by its high
concentrations of Sﬁj and NI—[{, and accounted for 20.5%
of the PMb s mass concentration. Its mass concentration was
highest during the summer, suggesting that the formation
of secondary sulfate was enhanced by the increased photo-
chemical reactivity during the summer (Song et al., 2001;
Kim et al., 2007). The molar ratio of NHto SG;~ was
2.5 for secondary sulfate factor resolved from PMF, suggest-
ing that (NHy)2SO4 was dominated sulfate form in P of
Seoul. In addition, the resolved secondary sulfate factor con-
tribution was strongly correlated with the daily concentration
of HNO3 compared to the other factors (Table 2). In gen-

Fig. 3. Correlation between predicted and observed mass concereral, photochemical products such as HN&hd secondary

trations using multiple linear regression analysis.

Atmos. Chem. Phys., 9, 4954971, 2009

sulfate are strongly influenced by $@nd NQ, emissions
from large point sources. Also, secondary sulfate tends to
be higher during warmer than cooler months, reflecting in

www.atmos-chem-phys.net/9/4957/2009/
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Table 2. Pearson correlation coefficients between source contributions and meteorological data and gas concentrations.

Factor Temp RH WS S©® NO, HNO3 CO
Diesel emission 0.04 0.00 -0.21 0.35 0.63 0.28 0.51
Secondary nitrate —0.05 0.05 -0.11 0.38 0.45 0.15 0.36
Industry 0.10 0.09 —-0.08 0.29 0.36 0.15 0.23
Gasoline vehicle —0.06 -0.06 -—-0.46 0.09 0.54 -0.10 0.60
Secondary sulfate 0.22 0.23-0.07 0.30 0.23 0.50 0.21
Road salt/2-stroke engine —0.57 —-0.17 -0.05 0.35 0.36 —-0.03 0.40
Biomass burning —-0.25 -0.06 -0.06 0.45 0.36 0.15 0.46
Soil -0.17 -0.23 0.32 0.16 0.05 0.06 0.04
Aged sea salt -0.29 -0.19 0.37 0.25 -0.01 0.02 0.07

Note that NQ and CO were collected in the national ambient air monitoring site in Seoul, distance 900 m from our sampling site, but
SO, and HNG; were directly measured in our sampling site using annular denuder systems. Summary statistics of gas concentrations are
presented in Table S2.

1/1/03
5/1/03
9/1/03
1/1/04
5/1/04
9/1/04
1/1/05
5/1/05
9/1/05
1/1/06
5/1/06
9/1/06
11/07

Mass Concentration (ug/m

N

1/1/03
5/1/03
9/1/03
1/1/04
5/1/04
9/1/04
1/1/05
5/1/05
9/1/05

1/1/06

5/1/06
9/1/06
1/1/07

part the thermal stability of aerosol NNOg3 in the cooler
months (Liu et al., 2006). The high (NbpSO4 production % : ' :
. . Dlesel emissi
in summer leaves small amount of NFbr the conversion of 0 Mw
HNO3 to NH4NOg resulting in the high correlation between 1 MWMM
the szcondaﬁy sjlfate fact%r and Hb?o - ool b, S
s econdary nitrate -

Two types of motor vehicle factors (gasoline- and diesel- i WMMMMMMNMM 1
powered vehicles) were separated at the sampling site. The ]
source contributions to the P\ mass concentration were ol Indpstry |
17.2% for gasoline vehicles and 8.1% for diesel vehicles. st MWMM’W“WAW%MM/\NM 1 )m A ]

The gasoline vehicle factor is characterized by a higher <>

OC:EC concentration, while the diesel vehicle factor is char- & =t Gasoline vehicle
acterized by a much higher EC concentration and also con- 7 | WMWWMMWWWWM
tribute Ca, Cu, and Zn (Lee and Hopke, 2006). Zn and Ca £ %[ Secondhry sulfate.
arise from the combustion of lubricating oil additives. Cu af -
is emitted from the metal brake wear, and Zn has also beer g | WWMWWUMM ]
linked to brake linings (Lough et al., 2005; Lee and Hopke, 15| Road salt and 2-stroke engine |
2006; Chellam et al., 2005). The EC/OC ratio in diesel " MWA M JMMM Am ]
and gasoline engine emissions is usually much higher for = el A A
diesel engines than for gasoline engines in previous source | Biomass burnifg
apportionment studies (Table 3) and motor vehicle emission ol MMWWWAW I ]
profiles studies (Table 4). In this study, the PMF resolved — ® Sl -
EC/OC ratios for diesel and gasoline vehicles were 1.4 and ;:;

0.4, respectively and this result agreed well with the studies | MMM w MW

listed in Tables 3 and 4. In general, gasoline-fueled vehi- :' Aged sea salt
cles have higher CO emission, while diesel vehicles tend to WWWMWMW
have higher N@ emissions. According to Pearson correla- }

tion analysis between the daily source contributions of motor

vehicles deduced from PMF and the gaseous concentration

data (CO and Ng) (Table 2), there was a high correlation riy 5 Time series plots for source contributions of P¥in Seoul,
between gasoline vehicle factor and CO concentration, whilggrea.

diesel factor was highly correlated with N@oncentration

compared to CO concentration.

At our sampling site, roads carrying a significant amountsimilar to typical gasoline vehicle emissions. As much as
of traffic are closely situated to the east and southeast. Traffive times more OC is generated than EC in the cold start or
fic congestion frequently occurs in these areas. Shah edle mode (stop-and-go) in heavy-duty diesel vehicles. Thus,
al. (2004) reported that diesel vehicles operating at veryhigher OC relative to EC results could represent either gaso-
slow speeds and in stop-and-go traffic produce OC:EC ratio$ine or slow-moving diesel vehicles as the source. Therefore,
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. .. . 14
Table 3. Estimated EC-to-OC ratio in some important source —Total
profiles resolved by the previous receptor model studies. Spring
12 .. HEEA Summer
—~ Fall
Resolved source PMF CMB-MMP  CMBC This study "’E i Winter
i
Diesel emission 1 1.33 1.24 1.4 & 1o N
Gasoline vehicle 0.5 0.025 0.45 0.4 = n
Biomass burning 0.5 0.12 0.06-0.25 0.02 = 1 1
Soil 0.07  0.06 - 0.02 S 5| 1 I |
] 7 7
= 1 7
. . = al wr Wi +
aLju et al. (20086) (study location: Southeastern US) £ . :? ’g' ’ %? !
b Zheng et al. (2002) (study location: Southeastern US) < 6| g % ' ég g gg T g i
Cc FOR %% 7 Wi w ] 4
Zheng et al. (2006) (study location: Hong Kong) (3 é % Ié? é é? ? / ,Ié ;
% %% Wzl 7 74 78 7077
EEd IRl
. . . . < za U I UV b 1]
Table 4. OC and EC fractions of diesel and gasoline engine > g"?ii é % '%' i ? éé ? % é g % Ig g
; 27 %77 5l 7 G 4 B 5 78 W
particulate matter exhaust. 2 ? % ! ? % ? % ? % ] ? % ; .é ! ? % ? %
Vv Vv v v YU
Vv Vv v v YV V) - -
i v v v v Vv Y v
Engine type oc EC  EC/OC LW W WV
- . S
Heavy-duty dieséi 1948 75+10 2.4-7.7 .$§ «*“’% s}ﬁ ‘.\\g\z \@\@ @@ ‘\.\&"o o ‘;3»\‘
Heavy-duty diesel (SPECIATE) 21-36  52-54 1.4-2.7 & Ao‘ \@ & & & & &
Light-duty diesef 3049 6116  1.1-3.7 & & & y" é@’ & e
. . I >
Light-duty diesel (SPECIATE) 22-43 5164 1.2-2.9 S AR
Gasoline (hot stabilize8) 56+11 25:15  0.2-0.9 N
Gasoline (“smoker” and “high emitte®f 76£10 746  0.01-0.2 ®
Gasoline (cold stard) 46+14 42£14 05-1.7
Fig. 6. Seasonal comparisons of source contributions to the £M
&Fuijita et al. (1998) and Watson et al. (1998) mass concentration (meard5% confidence interval).
b SPECIATE database, US Environmental Protection
Agency (1999)
¢ Norbeck et al. (1998) ) o )
Source: US Environmental Protection Agency (2002). the Gobi Desert (KMA-ADC, 2007). A significant reduction

in the Ca:Si value (0.52 on non yellow-sand events compared
to 0.20 on yellow-sand events) for BNl is a good yellow-

some diesel emissions could be included in the contribution$and event indicator in Beijing (He et al., 2001; Yu et al.,
of gasoline vehicles in this study. The average source con2006). In our study, the observed Ca:Si ratio during yellow-
tributions from gasoline and diesel emissions are compare§and events in Seoul was 0.18-0.29, compared to 0.21-0.52
between weekdays and the weekend in Fig. S5. The higi®h hon yellow-sand events similar to the ratios observed in
weekday-to-weekend ratio for the two motor vehicle factorsBeijing. An effort was made to separate yellow-sand events
indicated that these factors were mainly from vehicles pri-from soil factor in this study, but it was not possible to sep-
marily operating on weekdays. Gasoline vehicle factor con-arate them in an acceptable manner. As shown in Fig. S5,
tributed more to the PMs mass concentration in the win- the high weekday-to-weekend ratio for the soil factor indi-
ter, as shown in Fig. 6. Kim et al. (2004b) suggested thatcated that this factor was mainly from road traffic operating
high concentrations from gasoline factors were mainly due toPrimarily during weekdays. The summer (June to August)

the increased condensation of semi-volatile compounds antf characterized by high humidity and heavy rain in Korea.
from reduced mixing and dilution in the mixing |ayer during Thus, the soil factor reflects this seasonal variation with low-

the winter. est concentrations during the summer.

The soil factor was represented by Mg, Al, Si, Ca, Ti, Fe, The biomass burning factor was characterized by high
and K and made up 7.4% of the BN¥lmass concentration. concentrations of OC, EC, and K and accounted for 12.1%
Airborne soil particles could have been resuspended in the aiof the PMy 5 mass concentration, with higher concentrations
from sources such as road traffic, parking areas, constructiom the winter. This factor typically has high levels of Zn
sites, and wind-blown soil dust (Lee and Hopke, 2006). Thisand Pb, which may be caused by residential wood burning
factor showed seasonal variation with higher concentrationand commercial open burning performed in winter. This fac-
in the spring (Fig. 6). The time series contribution of this tor corresponds with the field burning source profile deduced
soil factor was represented in the unique high peaks that ocfrom the CMB model in a previous study of B in Seoul
curred during the spring at the sample site (Fig. 5). This high(Park et al., 2005). In addition, several studies (Kang, et al,
concentration was attributed to dust particles transported ir2004; Park and Kim, 2004) suggested that high levels of OC
yellow-sand events that occurred in Eastern Mongolia andand K contributing to PMs mass concentrations observed
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in Seoul may be related to biomass burning processes sucl 12
as field burning after harvesting, biofuel burning for heat-
ing and cooking, and forest fires that occurred outside of the
Seoul. For this reason, the biomass burning factor identified
from the PMF analysis may also include local activities and
regional transport from field burning.

The industry factor was characterized by high concentra-
tions of EC, Mn, Fe, Ni, Cu, Zn, and Br. This factor made
up 6.7% of the PMs mass concentration. Non-ferrous and
steel-processing factors have source profiles including the
trace metals Cu, Fe, Mn, and Zn, and carbon species (Lee e

—8— Gagoline vehicle
—&— Diesel enission
v— Industry
) A Road salt/2-stroke engine
—&— Biomass buming
—&— Soil
©— Aged sea salt

—
=
)

=}
)

Source contribution (ug/m’)

al., 2006). Oil combustion for utilities and other industries is % 3 n »
characterized by Ni and carbon fractions (Kim et al., 2004a). 0 4 , , , , ,
As shown in Fig. 1, there are national industrial complexes <15 1520 2025 2530 3.035 35<

in the northwest (Paju) and the southwest (Sihwa and Ban-
wol) within 30 km from the sampling site, where metal pro-
cessing, non-ferrous metal smelting, and petroleum chemicaliy 7 primary factor contributions as a function of wind speeds.
process operators are located. Moreover, based on the 2005
Toxics Release Inventory (TRI) data from the Korean Min-
istry of the Environment, Cu, Ni, and Zn are largely emitted 3.4 Conditional probability functions (CPF)
by primary metals and chemical processing in these indus-
trial regions. Therefore, local industrial activities are likely The daily estimated concentrations of the PMF-resolved fac-
contributing to the industry factor of PM in Seoul. tors were coupled with hourly wind direction data to locate
Road salt and two-stroke engine factor was identified withthe identified factors to local sources. The CPF plots rep-
high concentrations of OC, NQ CI, and Na and accounted resent the probability that specific local sources are located
for 5.1% of the PM 5 mass concentration. This factor is in certain wind direction, helping identify the impact of lo-
most apparent in the winter season (Fig. 5) indicating thatcal point emissions to the identified sources. The directional
the likely source is road salt released as a deicer on roadsrigin of regionally transported sources may not be consis-
and other impervious surfaces close to the receptor site. Adtent with the local surface wind data used for the CPF plots.
ditionally, Zn, Br, and Pb were also moderately observed inFigure 8 presents the CPF plots for the study results.
this factor. Zn and Br are normally used as an additive in The CPF plot for gasoline vehicles pointed southwesterly,
lubricating oil (Polissar et al., 1998). In two-stroke engines, southerly, and southeasterly, where major highways are lo-
because fuel and lubricant are mixed and burnt together ircated (Fig. 1). Local roads run through the sampling site
the piston chambers, Zn and Br are emitted in higher quanfrom the northeast to the southeast. This plot indicated that
tities from two-stroke engines (Begum et al., 2005). Also, the emissions from motor vehicles operating on these high-
the Seoul vehicle fleet inventory in 2006 showed that thereways and local roads contributed to this factor. The CPF plot
were about 389 801 two-stroke engine vehicles (13% of to-for diesel emissions showed that all directions contributed
tal vehicles) (KNSO, 2007). Therefore, based on its profilesto this factor, with the northwest and east being most influ-
and seasonal patterns, this factor likely represents the mixedntial. During the sampling periods, there was construction
contribution of road salt and two-stroke engine emissions. to the northwest of the site in 2006. Consequently, diesel
Lastly, aged sea salt factor was characterized by its higlemissions were influenced more by the northwest than other
mass fraction of Na, Mg, K, and OC. The lack of chlorine in directions.
the profile was possibly due to the chloride displacement by In case of soil factor, the samples influences by transported
acidic gases (Kim and Hopke, 2004a). This factor accountedisian dust were omitted to avoid the influence of long range
for 2.2% of the PM 5 mass concentration. transport on CPF analysis. As shown in Fig. 8, the wind di-
As shown in Fig. 7, daily factor contributions were ana- rection for the soil factor, i.e., easterly to southeasterly, likely
lyzed using wind speeds to improve the PMF resolved fac-reflected the contribution of resuspended soil particles from
tors. Figure 7 showed that most primary factor contributionsthe local roads. The CPF plot for biomass burning factor
increased as wind speed decreased (or as the atmosphepointed northeasterly and southeasterly where commercial
condition became stagnant), especially for the motor vehi-and residential areas are located. This factor was likely to be
cles (gasoline and diesel factors). However, the contributionsnfluenced by local residential wood burning and commercial
of soil and aged sea salt factors increased as wind speed irpen burning.
creased possibly due to the resuspension and mixing in the The road salt and two-stroke engine factor showed high
air from sources during the strong wind conditions. contributions coming from the southeast and moderate influ-
ences from the northwest and southwest where local roads

24-hr average wind speed (m/s)
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Fig. 8. CPF plots for the average source contributions deduced from PMF analysis.

are located. This result indicated that resuspended road sal&5 Potential source contribution function (PSCF)
used for de-icing and emissions from motorcycles operating
on local roads contributed to this factor. In this study, to calculate the backward trajectories, half
The aged sea salt factor pointed southeasterly. Seoul lies iBf the mixing heights were used as the trajectory starting
a basin surrounded by mountains to the north, east, and southeights over the study period. The mixing heights were es-
and is open to the west (Kim et al., 2006). The samplingtimated by the measurement data of 2-wavelengths polariza
site is located to the north of the Han River (Fig. 1) and hastjon lidar compared with potential temperature profiles from
steeper topography throughout the west and the north anghe radiosonde. Kim et al. (2007) reported that the mix-
gentler topography in the southeast. Fresh sea salt was likeling heights were approximately less than 300 m under sta-
transported from the sea to the central part of Seoul alongle conditions and about 2-3km mixing heights were ob-
the Han River and may have been converted from NaCl toserved for well-mixed atmospheric conditions in Seoul, Ko-
Na-salts through the interaction with acidic gas. Thereforerea. The spatial variation of the mixing heights calculated
it is possible that the aged sea salt was transported with th@sing HYSPLIT model 4.8 versions were about 2002km
southeasterly air flow along the river to the sampling site.  at the sampling site. Therefore, the PSCF results were cal-
The CPF plot for industrial factor shown in Fig. 8 sug- culated using all end points of trajectories generated at four
gested that this factor tended to impact the sampling sitejifferent starting heights (100, 500, 1000, and 1500 m). Fig-
when transport was from the northwest, consistent with theyre 9 showed the residence time of the backward trajecto-
location of major industrial complexes just northwest of ries passing through the grid cell in the PSCF grid domain,
Seoul. and the trajectory analysis results for four different starting
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Fig. 9. Total number of end points of 5-day backward wind trajecto- Fig. 10. Likely source area of secondary sulfate sources in Seoul,
ries started at four different altitudes (100, 500, 1000, and 1500 mKorea over the study period using PSCF modeling.
during the sampling period.
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heights are shown in Fig. S6. Wind in Seoul region traveled Q
predominantly from the southwest to the northwest and then|-- -
passed through China. .

The PSCF plot of secondary sulfate in Fig. 10 shows the B =
eastern coastal industrial regions in China and the Yellow Sea

as potential source areas and pathways that contributed to th} . ) 3 é
Seoul monitoring site. Shanghai and Hangzhou located on L\p Bp/;/ﬁmf“

the east coast of China are the most developed cities with o s
the largest gross domestic product (GDP) and energy con-J/(/ f Taky
sumption (Wang et al., 2007). The high PSCF values gen- o M
erated in this area may be related to the transformation anc - 3
transport of SQ from thermal power plant, industrial, and

]

b

sgs)  PSCFvalues for
[ Secondary nitrate
035-040

residential emissions located in the coastal area of China| - 5 o 0405
Street_s et aI._(Z(_)OB) reported tha_t zSé)_mssmns fron_1 in- é‘?;ﬂ /ﬁff < =2:;5):2:2
ternational shipping were 1.08 Tg in Asia and that this value s /i I o5 -0

was higher than the total anthropogenic emissions of SO
in South Korea. In addition, Kang et al. (2006) identified Fig. 11. Likely source area of secondary nitrate sources in Seoul,
areas near the Yellow Sea as possible source areas for suforea over the study period using PSCF modeling.
fate in Seoul. Thus, the high probability of secondary sulfate
factor located near the Yellow Sea may originate from the
emissions of international and domestic shipping and fishingarming, and industrial activities, the concentrations ofyNO
vessels on the sea. The PSCF results represent both poteand NH; have rapidly increased (Kim et al., 2006). A com-
tial source directions and locations because PSCF modelingarison of this result to the 2000 ammonia emissions inven-
evenly distributes the weight along the path of trajectoriestory map of Asia (Streets et al., 2003) revealed that most of
(Hsu et al., 2003). This even weighting generates a trailingthe “hot spots” identified by the PSCF map matched with
effect so that areas upwind and downwind of actual sourcesegions of high ammonia emissions. Studies in the United
are also likely to be identified as possible source areas. IrBtates reported that area source ammonia (agricultural) emis-
this study, as a result of the trailing effect, the high PSCFsions help transportation sources contribute significantly to
values of secondary sulfate on the sea were also likely to beegional NH,NO3 concentrations at downwind sites (Lee and
identified as sources. Hopke, 2006; Kim et al., 2007; Zhao et al., 2007; Sunder
High PSCF values for secondary nitrate in Fig. 11 wereRaman and Hopke, 2007). Moreover, high N\ND3 forma-
found in Shanghai, Henan, Anhui, and Daging in China. Intion areas in East Asia (Kim et al., 2006) are located in five
these areas, due to rapidly growing agricultural, livestock-eastern provinces of China (e.g., Shangdong, Anhui, Jangsu,
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Fig. 12. Likely source area of biomass burning sources in Seoul,Fig. 13. Likely source area of soil sources in Seoul, Korea over the
Korea over the study period using PSCF modeling. study period using PSCF modeling.

Henan, and Hebei). This result suggests that the high ammo- The criterion value of PSCF for soil was set to the upper
nium nitrate concentrations measured in the Seoul area werg0th percentile of the source concentration because the con-
likely affected by the transport of ammonium nitrate that wastribution of soil was much higher during the 29 yellow-sand
formed over the high ammonia source regions, or elsewheregvents that were observed during this sampling period. As
during transport. shown in Fig. 13, the high PSCF values for soil at the sam-
The sulfate and nitrate maps show the contrast in seasonapling site were attributed to the Gobi Desert and the Mon-
ity of secondary particle formation and that PSCF reflects thegolian plateau. The Gobi Desert is the second largest desert
combination of emissions, formation, and transport. In sum-in China and is assumed to be the main source of yellow-
mer when photochemical activity is high and S€nversion  sand transported to Korea. As previously described, the ex-
is more rapid, the prevailing winds are from the southwest. Intremely high soil impacts of P in Seoul were mainly due
the winter, when the cooler temperatures lead to the formato yellow-sand events.
tion of particulate nitrate, the winds are from the northwest.
During this period, conversion rates for &re low and thus,
northerly winds do not contribute to the highest concentra-4 Conclusions
tions of particulate sulfate. Thus, known $€burce areas in
Northern China do not significantly contribute to sulfate in PM2 s and its chemical constituents collected at a centrally
Seoul. In the same way, NGource areas of Southern China located urban monitoring site in Seoul, Korea were mea-
do not contribute to particulate nitrate. sured every third day from March 2003 to December 2006,
Biomass burning was predominant in the northwest, andand source identification was undertaken using PMF. A total
its high PSCF values were located along the Russian boref 393 observations were made during the sampling period,
ders with Mongolia and China (Fig. 12). Siberia and otherand 20 particulate chemical species were analyzed. In this
parts of Eastern Russia are the major boreal forest fire arstudy, nine factors were identified providing realistic sources
eas where a huge amount of carbon emissions and smoland interesting insights into their contributions to the am-
plumes occur each year. Extensive fire activities occurrechient aerosol. The PMF predicted that the major contribu-
during the early summer in 2003 across the Siberian bortors of PMy 5 were secondary nitrate (20.9%), secondary sul-
der in Russia between the Amur and Lena Rivers and east date (20.5%), gasoline-fueled vehicles (17.2%), and biomass
Lake Baikal. Smoke plumes from these Russian forest firedurning (12.1%) followed by lesser contributions from diesel
were often transported to Northeast Asia, through Mongolia,emissions (8.1%), soil (7.4%), industry (6.7%), road salt and
Eastern China, and Korea (Lee et al., 2005). In this studytwo-stroke engine (5.1%), and aged sea salt (2.2%). By cou-
the regions with high PSCF values for biomass burning werepling wind direction data with the daily source contributions
consistent with burned biomass areas identified using sateldeduced from the PMF, the relative influence of distant and
lite data and a biomass burning emission inventory (Jaffe etocal PMp 5 sources in Seoul were explored. Effects of re-
al., 2004). Therefore, biomass burning may be influenced bygional sources were also found using PSCF analysis for the
local activities and long-range transport in Seoul. PMF-resolved source contributions. The influences of local
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point sources such as motor vehicles, road salt, residential ume C: source apportionment and simulation methods and eval-
open burning, and non-ferrous smelting were clearly iden- uation, Reno, NV: Desert Research Institute, prepared for Col-
tified at the monitoring sites. Both secondary sulfate and orado State University, Cooperative Institute for Research in the
secondary nitrate factors were regional sources. The eastern Atmosphere, 1998. ,

coastal industrial area of China was a potential source regioﬁ'a”; Y. J., Holsen, T. M., Hoke, P. K., Cheong, J. P, Kim, H., and
for secondary sulfate. The high contribution of secondary ni- Y S+ M- Identification of source locations for atmospheric dry
trate observed in Seoul was likely influenced by ammonium deposition of heavy metals during yellow-sand events in Seoul,

. f | icul | . in Chi includ Korea in 1998 using hybrid receptor models, Atmos. Environ.,
emissions from large agricultural regions in China, includ- 38(31), 5353-5361, 2004.

ing the provinces of Shanghai, Henan, Anhui, and Daquingan, v. -3., Holsen, T. M., and Hopke, P. K.: Estimation of source
Regional transport of biomass burning occurred within the |gcations of total gaseous mercury measured in New York State
Russian borders, including Siberia and other parts of Eastern using trajectory-based models, Atmos. Environ., 41(28), 6033—
Russia, and the northeast plain of China was also identified in 6047, 2007.

this study. The long-range transport from yellow-sand eventdie, K., Yang, F., Ma, Y., Zhang, Q., Yao, X., Chan, C. K., Cadle,
originating in the Gobi Desert and the Mongolian plateau in- S., Chan, T., and Mulawa., P.: The characteristic ofalsMh
fluenced the high soil impacts of PM in Seoul area. This Beijing, China, Atmos. Environ., 35(29), 4959-4970, 2001.
study suggested that the long-range transport must be cortlopke, P. K.: Receptor modeling for air quality management, Else-

. . . vier Press, Amsterdam, The Netherlands, 7, 1991.
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