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Abstract. As a part of the IGAC (International Global At- 1 Introduction
mospheric Chemistry) Mega-cities program, aerosol physi-
cal and optical properties were continuously measured fro

March 2007 to March 2008 at an urban site (3787 minus up) irradiance (solar plus long wave; in W#hat the

126.94E) in Seoul, Korea. Spectral optical properties of tropopause after allowing for stratospheric temperatures to

Iong-range_transported Asian dust and poliution aerOSOISreadjust to radiative equilibrium, but with surface and tro-
have been investigated based on the year long measurems (r)spheric temperatures and state held fixed at the unper-

data. Optically measured black carbon/thermally MEeasUreq, haq values” (IPCC, 2007). The aerosol RF depends on

elgmen_t?ll ﬁf‘”ﬁon I(BC/EC) ratio shovx(/je?j cIearI mor?thly.varl—not only their spatial distributions, but also the size, shape,
athn with high values in summer and fow values in wmtgr and chemical composition of the particles. The aerosol RF
mainly d_ug to the enhancement of light attenuation by the Minfluences on various aspects (e.g., cloud formation) of the
tern_al mixing of EC. Novel approqch has pe_en suggested t‘ﬁydrological cycles. The total direct aerosol RF, derived
retrieve the spectral light abgorptlon coefﬁqebgb@ from from models and observations, is estimated to be+-0.8
Aetha"_’”,‘eter raw data by using BC/EC ratio. Mass a_bsorp-Wm_z’ with a medium-low level of scientific understanding.
tion efficiency,abs(= bans/ EC) at 550 nm was determined g ostimates are:0.4+0.2 W2 (sulfate), —0.05£0.05

to be 9.6t1.3, 8.9:1.5, 9.56:2.0, and 10.31.7nf g tin ) 2 (fossil fuel organic carbon), +040.15WnT 2 (fos-

spring, summer, fall, and winter, respectively with an annualsiI fuel black carbon). +0.080.12WnT2 (biomass burn-
mean of 9.4:1.8n7 g~*. Threshold values to classify severe | 9), —0.140 1Wm—2),(nitréte) and -0 3:0(2 W2 (min-
haze events were suggested in this study. Increasing trend %? s (o -

| sinall . Ibedo (SSA) with I h ral dust) (IPCC, 2007). However, there is substantial un-
aerosol single scattering albedo ( ) with wavelengt Wascertainty in the magnitude and spatial distribution of the RF

observed during Asian dust events while little spectral depenby aerosols. One of the largest sources of uncertainty in es-
de_nce of SSA was observ_ed during Iong_-rang_e transport POl ation of the aerosol RF is the Asian aerosol. A mixture
lution (LTP) events. Satellite aerosol optical thickness (AOT) ¢ p 11, heavy air pollution over the Asian continent and sea-

and H_yspllt airmass backward trajectory analy§es as well 3%onal increases of desert dust particles results in very com-
chemical analysis were performed to characterize the deperg

d f | optical . | Resul lex optical properties of the particles gher et al., 2003).
ence o spectra optlcq propert@s on aeroso type. . esult n expected tripling of Asian emissions from 1985 to 2010
from this study can provide useful information for studies on

ional ai litv and 's effect limate ch implies that aerosols and aerosol precursor emissions will in-
regional air quality and aerosols efiects on climate change. ¢ o550 sharply over the next decade, which makes regular ob-

servations an urgent necessity (Jacob et al., 1999).

"Radiative forcing (RF) is defined as “the change in net (down

Radiative transfer models used to predict the aerosol RF

Correspondence tov. J. Kim are based on spectral optical properties calculated by Mie-
BY (yikim@dgist.ac.kr) Theory. While this is a reasonable approach for spherical
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Table 1. Measurement parameters and instrument conditions used in this study.

Measurement parameters Instrument Particle size range Time Interval

Organic carbon/elemental carbon (OC/EC) Semi-continuous OC/EC analyzer (Subggt2.5um 1h
Lab., RT3015)

Black carbon (BC) 7= Aethalometer (Magee Scientific, AE31) D, <2.5um 5min

Light scattering coefficientbgca) of ambi-  Nephelometer (Optec, NGN-2) D,>0pum 2min

ent particle

Light scattering coefficientbgca) of dry  Nephelometer (Optec, NGN-3a) Dp<2.5um 2min

PM 5 particle

Aerosol optical thickness (AOT) Skyradiometer (PREDE, POM-02) Dp>0pum 10 min

PM1q, PM> 5, PM1 g Ambient/\Volatile mass Aerosol Spectrometer (Grimm, 265) Dp<10pm, 2.5um, 30min

concentrations 1.0pum

PM size distribution D, >0.25um 1min

particles like agueous sulfate aerosol, soot particles possesgzz

arather complex fractal-like morphology which makes a reli- = {1 i M e

able modeling of their optical properties much more difficult. ™l :'\'(?.Ts"e'.eﬂ'ne.'v'ifs'ffy ! 5\}

Moreover, the mixing state of EC in the atmospheric aerosol j§ ) 5

is usually assumed to be external, which overestimates thets

above net cooling effect significantly (Jacobson, 2001). Cli-

mate models typically treat EC as the only light-absorbing

aerosol compounds. If spectral dependence of aerosol lighi

absorption is underestimated in models, the aerosol positive

RF will be understated (Bond, 2001). So characterization of

additional aerosol absorption at short wavelength is very im-

portant for the better estimation of the aerosol RF. Heintzen+ig. 1. Area map of the measurement site (37.57 126.94 E) in

berg et al. (1997) pointed out the importance of the single-Seoul, Korea.

scattering albedo in climate models and the essential role of

accurate observational data. Concerning the wavelength de-

pendence of the single-scattering albedo data are still veryrolled trailer on the rooftop of the Science BuildingZ0 m

scarce (Dubovik et al., 2002;dHer et al., 2003). Spectral height) of Yonsei University, which is located in the north-

characteristics of aerosol light absorption and scattering arevest part of Seoul. Sample air was aspirated from the rooftop

not well characterized in part due to the lack of long-term of the trailer to each instrument. The time represents the Ko-

in-situ measurement over Northeast Asia. rean local time (GMT+09:00) unless otherwise noted. An

The objective of this research is to characterize the speceverview of the instrumentation is given in Table 1. All pa-

tral optical properties of long-range transport Asian Dust andrameters in Table 1 were hourly averaged and used in this

pollution aerosols as well as urban aerosols. Seasonal pattestudy.

of spectral optical properties of urban aerosols in the mea-

surement site has been investigated. The source regions a@dl Sunset semi-continuous OC/EC analyzer and

transport pathway of anthropogenic pollution and Asian dust 7-wavelength aethalometer

have been characterized based on a satellite aerosol optical

thickness (AOT) and back-trajectory analysis. Particulate carbonaceous aerosol was measured using a Sun-
set Laboratory semi-continuous OC/EC analyzer (Sunset
Lab., Model RT3015) with thermal-optical transmittance

2 Measurement and method (TOT) protocol for pyrolysis correction and NIOSH (Na-
tional Institute for Occupational Safety and Health) 5040

As a part of the IGAC Mega-cities program, aerosol physi- method temperature profile (Birch and Cary, 1996; Jeong et

cal and optical properties were continuously measured fronal., 2004; Kim et al., 2006). External calibration was per-

March 2007 to March 2008 at an urban site (3787  formed monthly using known amounts of sucrose. For tem-

126.92 E) in Seoul, Korea (Fig. 1). Seoul has population poral resolution of 1 h (44 min of collection) measurement,

more than 10.4 million with over 2.8 million automobiles. the detection limit of EC was determined to be 0.01 pgCm

All instruments were was installed in a temperature con-calculated as three times the standard deviatian) (8f

\NORTH KOREA

CHINA

~
// SOUTH KOREA

B 3
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Table 2. Detection limit and uncertainties of the measurement parameters.

Instrument Parameter Unit Dynamic blank Standard devi®etection limit Uncertainty
tion (o) (30) (%)

Aethalometer ~ (Magee, BC (370 nm) Hg m3 0.105 0.052 0.156 10%
AE31)

BC (470 nm) 0.115 0.054 0.161

BC (520 nm) 0.106 0.062 0.187

BC (590 nm) 0.111 0.071 0.213

BC (660 nm) 0.096 0.076 0.228

BC (880 nm) 0.090 0.088 0.263

BC (950 nm) 0.097 0.094 0.281
Sunset OC/EC analyzer OC pgC 0.317 0.129 0.386 5%
(Sunset, RT3015)

EC 0.001 0.003 0.009

Opt. EC 0.017 0.008 0.024
Nephelometer (Optec, bscat Mm~1 0554 1.441 4,321 10%
NGN2)
Aerosol  Spectrometer PMyg/PMo5/PM; g pgni3 1.0 D29
(Grimm, 265)

D Reproducibility of the aerosol spectrometer in particle counting.

filtered air measurement (dynamic blank). The uncertaintytimated RH enhancement factors for absorptigr(RH)
of this system was reported to be 5% (Polidori et al., 2006).(=bapd RH)/bapddry)) of internally mixed soot up to 1.35 in
Comparison study between our semi-continuous OC/EC anathe RH range of 30%-95% based on the core/shell aerosol
lyzer and 24 h filter samples was previously performed at ammodel. Nessler et al. (2005) estimatg(RH) of internally
urban site in Beijing, China during the CAREBeijing2006 mixed aerosols in summer (0.94 to 1.78) and in winter (0.84
campaign (Jung et al., 2009a). Good correlation was obio 1.53) in the RH range of 0% to 99% based on the core/shell
served between the semi-continuous and 24 h filter basederosol model. These studies demonstrate that the effect of
OC/EC data; i.e., OC with slope (x-axis: filter based, y-axis: water uptake by aerosols on aerosol light absorption is not
semi-continuous) of 1.07R?=0.86) and EC with slope of negligible for internally mixed soot. Higher water uptake by
0.94 (R?=0.94). quartz filter used in the aethalometer can further influence
The 72 Aethalometer (Magee Scientific, Model AE31) multiple scattering within the filter media and also shadow-
measures the optical attenuation (absorbance) of light froming effect, resulting in measurement error of the aethalome-
LED lamps emitting at seven wavelengths (370, 470, 520ter. Thus, this study measured BC under dry condition.
590, 660, 880, and 950 nm) with a typical half-width of Chemical composition of coated shell of BC, size distribu-
20nm (Hansen, 2005). The flow rate was maintained at 4ion of BC, and their exact mixing state are essential parame-
LPM corresponding to a 2.5 um cut-point of B¥cyclone  ters for the core/shell aerosol model. Since those parameters
(BGI inc., SCC1.829). Detection limit of the aethalometer were not measured in this study, RH effect on aerosol light
BC was determined to be 0.16-0.28 pighwith a flow rate  absorption was not considered here.
of 4 LPM and 5 min time interval (Table 2), calculated as
three times the standard deviatiow |®f the dynamic blank.

Uncertainty of the aethalometer reported by the manufacture[. . -~ .

is £5% (Hansen, 2005). To account for the “shadowing” ef- .|ght scattering coeflicientyscar al 550nm of ambient par-
fect due to filter loading (decrease in aethalometer sensitiv—t'\';l; lzs IWNaéNn;eﬁrgedn by a:}n ?rniwr?lletntzréeggel?rmetﬁ)rr (tinrt]ec,
ity), R (ATN), the loading correction was done as suggestedw0 i I ) if rn? dofnera ft r?. ver 126‘h Ct?] naSIgAN
by Weingartner et al. (2003). Even though humidity effect on as usually performed more often (every ) tha

the aethalometer BC measurement was negligible (Schmid as calibration, which was done every_week with HFC-134a
al., 2006), the aerosol was dried to RM0% by a diffusion (Suva 134a). Uncertainty of the ambient nephelometer re-

dryer prior to particle detection ported by the manufacturer #s10% with 2 min time inter-

val (Optec, 1993). For time resolution of 2 min, the detection
Several studies address the effect of water uptake b ©p )

I U liaht. ab ; Red I3fimitof bscatwas determined to be 4.32 Mmh, calculated as
aerosols on aerosol light absorption (Redemann et al.g ¢ dynamic blank.

2001; Nessler et al.,, 2005). Redemann et al. (2001) es-

2.2 Nephelometer and aerosol spectrometer
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Table 3. Multiple scattering correction facto€() of different mixing states of EC in previous calibration studies.

Aerosol type Cc* Reference

Pure or external mixture of soot 1.8-2.2 Arnott et al., 2006=821 nm

Urban (internally mixture) 3.7

Pure or external mixture of soot 2.14 Weingartner et al., 20087582 nm
Soot coated with organic carbon (internally mixture) 3.6

Ambient aerosol (internally mixture) 4.55 Schmid et al., 2006,=832 nm

Pure or external mixture of soot 2.1 Suggested by Schmid et al.at532 nm
Internally mixture of soot 4.0

PM1o/PM2 5/PM1.0 mass concentrations and particle num- 3 Analytical method
ber size distribution in the range of 0.25-32 um were mea-
sured by an aerosol spectrometer system (Grimm Labortecht is well-known that light attenuation coefficienbarn is
nik Ltd., Model 265). The aerosol spectrometer system con-generally larger than light absorption coefficieiysdue to
sists of an aerosol spectrometer (Grimm Labortechnik Ltd.optical interactions of the filter substrate with the deposited
Model 1.108) and a dry air dilution system combined with aerosol (Petzold et al., 1997; Kopp et al., 1999; Ballach et
a heated sampling system. Measurement principle can bal., 2001; Weingartner et al., 2003; Arnott et al., 2005). The
found elsewhere (Grimm, 2002; Grimm and Eatough, 2009).most significant filter-particle interactions and the resulting
Raw particle number and mass concentration were measurgalases are: (1) multiple scattering of light by the filter fibers
every minute under dry condition (R10%) by diluting the  enhances the optical path length, resulting in positive bias on
sample air with dry clean air. Based on automatically con-barn, (2) enhanced absorption of scattered light with increas-
trolled inlet heating system with 112G heating for 15min ing filter loading reduces the optical path length, so called
and no heating for 15 min, the number concentrations of am-shadowing effect”, which reduceissrn, and (3) the filter
bient and refractive aerosols was measured every minute. Exeflectance (scattering in backwards hemisphere) and hence
cellent correlation of PMls mass concentration between the the measured attenuation depends on the optical properties
aerosol spectrometer and 24 h filter based method was olef the deposited particles (biasharn depends on physico-
served during the CAREBeijing2006 campaign with a slopechemical properties of the particles).
of 1.0 (R?=0.98) (Jung et al., 2009a). The detection limit  Because previous studies have already discussed in detail
and uncertainties of the measurement systems are summabout the retrieval obaps from Aethalometebarn (Wein-

rized in Table 2. gartner et al., 2003; Arnott et al., 2005; Schmid et al., 2006),
_ brief description is given here.
2.3 Skyradiometer baps determined by the Aethalometer can be expressed as

. . ) (Weingartner et al., 2003; Arnott et al., 2005)
Aerosol optical thickness (AOT) was determined for every

10 min time interval based on the Skyradiometer (PREDE, baTN bATN — M - bscat

Model POM-02) data measured at 11 channels (315, 3407abs= C-R(ATN) __ C*-R(ATN) 1)
380, 400, 500, 675, 870, 940, 1020, 1600, and 2200 nm).

Skyradiometer has two observation geometries, which aravhere the constant fact@r (>1) corrects for multiple light
principal method and almucantar method (Nakajima et al. scattering effects within the filter am{ATN) (<1) accounts
1996). This study conducted vertical and horizontal mea-for the “shadowing” effect due to filter loading (decrease in
surements sequentially in each cycle based on the princiAethalometer sensitivity).C* and my represent the multi-
pal and almucantar methods, respectively, for 10 min timePle scattering correction corrected for aerosol scattering and
interval. The software code SKYRAD.pack (Nakajima et the fraction ofbsca; respectively (Schmid et al., 2006). The
al., 1996) was used to retrieve AOT from data of direct andattenuation, ATN (=10n(lo/l)) is typically given as per-

diffuse solar radiation. Only cloud-screened and quality-centage value and is defined by the relationship between the
assured data were used in this study. light intensities transmitted through the particle-laden (I) and

a blank spot of the filter ).

The NOAA/ARL HYSPLIT (HYbrid Single-Particle La-
grangian Trajectory) air mass backward trajectory analysis
(Draxler and Rolph, 2003; Rolph, 2003) and Moderate Reso-
lution Imaging Spectro-radiometer (MODIS) satellite image
analysis were used to characterize potential source regions

Atmos. Chem. Phys., 10, 5393408 2010 www.atmos-chem-phys.net/10/5391/2010/
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Fig. 2. Temporal variation of monthly average black carbon 1 I
(BC)/elemental carbon (EC) ratio. Error bars represent standard 05 1 15

deviation () of BC/EC ratio. .
( BC/EC ratio

and the transport pathway of the air mass. Air mass backwarig. 3. Retrieval of multiple scattering correction factar*) for
trajectories ended at the measurement site were computed f@ethalometer measurement based on BC/EC ratio.

500 and 1000 m above ground level (AGL) heights using the

HYSPLIT model. All back-trajectories were calculated at
02:00UTC and 05:00 UTC (local time 11:00 and 14:00, re
spectively) extending to 96 h backward with 1 h time inter-
val. Aerosol optical thickness (AOT) data retrieved by the
new V5.2 version of the NASA MODIS algorithm, called
Collection 005 (C005) (Levy et al., 2007a, b) were used in
this study. AOT data which is part of the MODIS Terra/Aqua
Level-2 gridded atmospheric data product are available o
the MODIS web siténttp://modis.gsfc.nasa.gov/

on a filter, the magnitude of BC is highly influenced by ad-

" ditional absorption by light absorbing aerosols such as dust
particles and organic aerosol as well as the mixing state of
EC. Petzold et al. (1997) argued that, for internal mixtures

of EC and some mainly scattering material, an aethalome-
ter response was enhanced by up to a factor of 2 (for EC
contents of~3%), compared to external mixtures. Weingart-

her et al. (2003) also reported that spectral absorption (370—
950 nm) of an aethalometer was enhanced by up to a factor
of 1.5 for soot coated with organic aerosol, compared to ex-

4 Result and discussion ternally mixed soot with ammonium sulfate. They also found
that almost no enhancement of an aethalometer absorption at
4.1 Retrieval of spectral absorption coefficient of 880nm was observed for externally mixed soot with ammo-
atmospheric aerosols nium sulfate relative to reference soot. Since this study used

BC measured at 880 nm where only EC is absorbing aerosol,
To retrievebgps from aethalometebarn, it is essential to  the change in measured BC value is mainly due to the change
determine the multiple scattering correction facto¥, ac- of mixing state of EC. In contrary, thermally measured EC is
curately which varies depending on the mixing state of EC.independent from the mixing state of EC.
Since it is difficult to determine the mixing state of EC inthe  BC/EC ratio shows clear monthly variation with high val-
atmosphere, internal or external mixture of EC was assumedes in summer and low values in winter as seen in Fig. 2. The
in the most of models and field studies (Naoe and Okadagnhanced BC concentration in summer is mainly due to the
2001; Posfai et al., 1999). Previous calibration studies in- increase of absorption capacity of EC through the internal
volving C* of different mixing states of EC are summarized mixing (or coating) with organic and/or inorganic aerosols.
in Table 3. C* was reported to be 1.8-2.2 and 3.6—4.55 for Snyder and Schauer (2007) also reported the enhancement
the external mixture and the internal mixture of EC, respec-of light absorption capacity of EC through the coating with
tively (Arnott et al., 2005; Schmid et al., 2006; Weingartner secondary organics. Thus, this study used BC/EC ratio as an
et al., 2003). indicator of the mixing state of EC.

Figure 2 shows monthly variation of BC/EC ratio based This study determined™ based on BC/EC ratio, assum-
on optically measured BC and thermally measured EC bying most of EC in summer (highest BC/EC ratio) is inter-
the aethalometer and the semi-continuous Sunset OC/EC amally mixed while that in winter is externally mixed (lowest
alyzer, respectively. Because the aethalometer BC is obBC/EC ratio) with secondary aerosolS* values of 2.1 and
tained from the optical attenuation of light by EC deposited 4.0 were used in this study for external and internal mixtures

www.atmos-chem-phys.net/10/5391/2010/ Atmos. Chem. Phys., 10, 58982010
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6 . . . . . . 1.8 BC by 20% in winter than thermally measured EC while
it overestimated 20, 40, and 10% in spring, summer, and
fall, respectively. These over- or underestimation of BC for
different season can alter aerosol single scattering albedo
significantly, resulted in large uncertainties in radiative
transfer calculation. Thus, proper seasonaty value
should be used for filter based BC measuremeyps at
550 nm was obtained to be %Q.3, 8.9t1.5, 9.5:2.0,
and 10.31.7n?g™! in spring, summer, fall, and win-
ter, respectively. Annual meabgaps of 9.4+1.8nf gt

at the measurement site was slightly lower than that of
10.5+0.7 nf g1 observed at six different locations in Asia

0 ' ' ' ' ' ' ! (Japan, Korea, China, and Thailand) (Kondo et al., 2009).
Mar-07 May-07 Jul-07 Sep-07 Nov-07 Jan-08 Mar-08

—o—370nm —o—470nm ——520nm 590nm
——660nm —e—880nm ——950nm ——aa

1 1.6

114

aa (370-950nm)

1 1.2

Multiple scattering correction factor (C;
w
Angstrom exponent for absorption,

4.2 Retrieval of spectral scattering coefficient of
atmospheric aerosols

Fig. 4. Determination of th@\ngstrbm exponent for absorption) . . .
in the range of 370 nm—950 nm and multiple scattering correctionSince the nephelometer used in this study only measures
factor (C) at the measurement site. bscatat 550 nm, spectrdiscarwas retrieved based drcatat

550 nm and spectral dependencebgfs First, light extinc-

tion coefficient,beyt at 550 nm was obtained from the sum
of EC, respectively, suggested by Schmid et al. (2006). Reof bscat and baps at 550 nm. And therbey at each wave-
trieval of C* based on BC/EC ratio is shown in Fig. 3. Dur- length was retrieved based &mgstrbm exponent of aerosol
ing the measurement period, monthly average BC/EC ratidight extinction, «, obtained from column integrated AOT
varies from 0.98:-0.09 to 1.340.18. Regression equation measured by the Skyradiometer. This study assumes verti-

of C* versus BC/EC ratio was obtained as; cally well mixed aerosols inside boungary layer in calculat-
BC ing the spectral dependencelg; from Angstiom exponent
C* =4.05. e 1.55 2) obtained by the Skyradiometer. Also it can be assumed that

aerosol optical depth is dominated by these particles within
Multiple scattering correction facto€* andAngstiom ex-  the boundary layer at urban sites with high aerosol loading.
ponent of aerosol light absorption between 370 and 950 nm, <

—a,
4(370-950 nm) shown in Fig. 4, (370-950 nm) showed  beyi(A) = bex(550NM) - )
clear monthly variation with low values (1.33—-1.39) in sum- 550nm

mer and high values (1.58-1.65) in winter. This seasonalyhere«, at short and long visible regions were obtained

trend can be partially explained by seasonal trend of particfrom spectral AOT measured by the Skyradiometer as;
ulate PAHs which is one of the major strong UV absorbing

®)

compounds. Previous study in Seoul, Korea reported clea®.-ViS(SW) (4)
seasonal trend of PAHs with high values in winter (Park _  log(AOT(550nm) —log(AOT(380nm))
et al., 2002). They reported that particulate PAHs in win- — log(550nm —log(380nm)

ter were almost 8 times higher than in summer. Seasonal
variations of PAH concentration is generally attributed to in-

creased emissions during the cold season, principally fossik, _vis(L W) (5)
fuel combustion for space heating purposes. Other factors  |og(AOT(870nm)) —log(AOT(550nm)
known to contribute to higher wintertime PAHs concentra- = — log(870nm — log(550nm

tions include lower atmospheric mixing heights, lower tem-
peratures, and decreased photochemical oxidation (Park é€tinally, spectralbsco; was obtained from spectralky; after
al., 2002). subtracting spectrdl,ps Seasonal variations of specttghs
Site specific mass attenuation efficiencyrarn (= and bgcaras well aso, andAngstlt")m exponent obgcay o
batn/EC) was determined based on thermally measured Ehetween 370 and 950 nm are shown in Fig. 6. Higlhgsd
and the aethalometer rabymy data. Mass absorption effi- was observed in winter (34824.2 Mnt 1), followed by fall,
ciency,oaps= baps/ EC) was determined based on thermally spring, and summer. Highest value in winter can be attributed
measured EC anighps Figure 5 shows seasonal variations of to low boundary layer height and increased emission from
spectrabarny andoaps Magee BC in Fig. 5 representgrn low temperature combustion. However, lowest value in sum-
widely used in BC calculation from AE31 aethalometer. mer is mainly attributed to clean southerly wind from Pa-
It was found that the AE31 aethalometer underestimatectific Ocean. Higheshscat(264.6:226.3 MnT 1) in spring is

Atmos. Chem. Phys., 10, 5393408 2010 www.atmos-chem-phys.net/10/5391/2010/
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mainly attributed to frequent transport of pollution and Asian 2003 to the winter of 2004. They reported higher water-
dust aerosols from Asian continent (Kim et al., 2001, 2006;soluble (the sum of sulfate, nitrate, and ammonium) frac-
Park and Kim, 2006; Lee et al., 2007; Kim, 2008), was tion to PMp s mass concentration in summer%7%) than
determined to be 1.13, 1.08, 1.24, and 1.12 in spring, sumthose in fall ¢~44%) and in winter £42%). Thus, lowest
mer, fall, and winter, respectively. Highestin fall indicates  «; in summer is believed to be due to not only the increase
the dominance of freshly emitted fine particle such as postof particle size through water uptake under the enhanced RH
harvest biomass burning (Balis et al., 2003; Lee et al., 2005hut also highly hygroscopic nature of atmospheric aerosols in
Badarinath et al., 2009; Ryu et al., 2006). summer. The HYSPLIT air mass backward trajectory analy-
It has been well known that hygroscopic urban particlesS€S clearly showed that most air masses are from the Pacific

grow in summer as RH increases. During the entire measure2Can in summer. Stagnant synoptic meteorological pattern
ment period pscat Of dry particle was also measured. From Was frequently observeql in Seoul in the beginning of summer
the bscat Of dry and ambient particles, light scattering en- (Kim, et al., 2007b), which may enhance secondary aerosol
hancement factot (RH) (=bscat(RH)/bscat(dry)) was calcu-  formation.

lated as a function of RH and shown in Fig. 7. Average RH
in summer and winter were 74t13.6% and 52.618.2%,
respectively. Average¢' (RH=75%) andf(RH =52%) were
obtained to be 1#0.4 and 1.2:0.2, respectively. Higherav-  gingle scattering albedo, SSA of ambient aerosol was ob-
eragef(RH) in summer indicate increase of particle size by (5ined from the ratio Ofbscat 10 bext(=bscat+ ban) and

water uptake. shown in Fig. 8. Average SSA at 550 nm was G:8807,
Kim et al. (2007a) continuously measured Pdaerosol  0.84+-0.10, 0.82£0.09, and 0.840.06 in spring, summer,
chemical composition in Seoul, Korea from the spring of fall, and winter, respectively, with an annual mean of

4.3 Spectral single scattering albedo of atmospheric
aerosols
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6 SSA for PMig <10 pg nm3 decreased down to 0.%D.12
5 : and 0.72:0.12 under relatively dry and humid conditions, re-

— ; spectively, which reveals that background aerosols are highly
> Sr RH in{summer absorbing. As PNp mass increases, SSA increases up to
% . g 0.90+0.02 and 0.94:0.02 for PM g <200 ugnt3 under the
_g 4 r ; T dry and humid conditions, respectively. It was found that
= ' ' average SSA under the humid condition 4% higher
QI: 3 L : B than that under the dry condition mainly due to the en-
k1 RH injwinter hanced aerosol scattering by water uptake. Interestingly as
_§ 5 | - PMyo increases-100 pgn 3, ASSA sharply decreases from

; : ~0.075 t0~0.035. Since high PhM mass concentration
W : >150 ug nT3 was observed during the Asian dust periods
1t MW : as summarized in Table 4, decreasing trendA&SA un-
i i der high aerosol loading can be explained by increased con-
tribution of hydrophobic dust particles to total R{ymass

f(RH) (

0 1 1 : 1 1

concentration.
0 20 40 60 80 100 Frequency distributions of SSA at 550nm are shown in
RH (%) Fig. 9 for four different seasons. Blue triangle and red dia-

mond represent relatively clean (R{<50 ug m3) and pol-
Fig. 7. Humidity dependence light scattering enhancement factor,/uted (PMio >100 ugnT®) periods, respectively. Bi-modal
F(RH) (=bscat (RH)/bscat (dry)). Error bars representl Bold distribution of SSA centered at 0.82 (first mode) and 0.94
vertical solid and dotted lines represent average RH in winter andsecond mode) are clearly observed in all season. The mass
summer, respectively. Arrows indicate 1 fraction of carbonaceous aerosols, especially EC to total PM
mass concentration dominantly increased during the clean
periods in the megacities of Korea (Kim et al., 2007a) and
0.85+0.09. Itis comparable to 0.86 in Guangzhou (AndreaeChina (Jung et al., 2009a,b), resulting in the dominance of
et al., 2008) but slightly higher than 0.81-0.85 measured at &SA in the first mode. However, secondary aerosols such
rural site of Xianghe in China(70 km southeast of Beijing) as sulfate and nitrate were dominantly increased during the
(Li et al., 2007) and 0.81 in Beijing (Bergin et al., 2001). polluted periods, resulting in the dominance of SSA in the
During the entire measurement period, highest EG/fid- second mode.
tio was obtained in fall (7-£3.8%), followed by summer The highest frequency of SSA in spring is observed in the
(7.4+5.8%), winter (6.22.5%), and spring (4:62.8%).  second mode, which can be attributed to frequent occurrence
Lowest SSA in fall can be explained by the highest EC{EM  of Asian dust and haze events (Kim et al., 2001, 2006; Lee
ratio. Even though similar EC/P) ratios were obtained in et al., 2007; Kim, 2008). In contrary, the highest frequency
spring and summer, higher SSA was observed in summelpf SSA in winter is observed in the first mode, which can
This was mainly due to the enhancig,: under the high e explained by the increased contribution of light absorbing
RH condition in summer. Highest SSA in spring can be at-aerosol and low RH in winter. The frequency of SSA in the
tributed to the enhancement fcatby Asian dust and long-  first mode increases from spring to winter while it decreases
range transport pollution aerosols from Asian continent (Kimin the second mode. Even though average$Mass con-
etal., 2001; Lee et al., 2007). centration was similar between summer and fall, frequency
Angstiom exponent of SSAgss,4 in short visible (370—  distribution of SSA in the second mode was slightly higher
520 nm) and long visible (590-950nm) wavelength for dif- in summer. This is mainly due to enhanced aerosol scattering
ferent seasons are also shown in Fig. 8. Strongest spectraly water uptake under high RH and enhanced formation of
dependence of SSA was observed in winter witk4 in the water-soluble aerosols in summer.
short visible of -0.18. This strong spectral dependence in
the short wavelength was mainly attributed to the increase o#.4 Characteristics of spectral aerosol optical
UV absorbing organic aerosols. SSA at 550nm under rela- properties of long-range transport aerosols
tively dry (RH<60%) and humid (RH60%) conditions are
also plotted as a function Pigmass concentration in Fig. 8. Temporal variation of hourly average Ryimass concentra-
Each data point in Fig. 8 represents average value with onéion at the measurement site is plotted in Fig. 10. During the
standard deviation range for each 10 pgnincremental in-  entire measurement period, several severe haze events were
terval for PMyg <100 ugnt? and for 30 pgm? incremental  observed. These severe haze events were categorized into ei-
interval for PMp >100 pgnt3. The difference of SSA un- ther long-range transport pollution (LTP) or Asian dust (AD)
der the dry and humid condition&GSA) is also plotted in  cases based on the analysis results of MODIS AOT and Hys-
Fig. 8. plit air mass backward trajectories. LTP haze and Asian dust
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events are expressed as red and black circles, respectively, Bl March 2007 are shown in Fig. 11. High aerosol loadings
Fig. 10. Most of Asian dust event occurred in spring exceptwith AOT>1.0 are observed over China. Asian dust layer
is clearly seen over northern China to Yellow Sea with high
AOT of >1.0 and Iow,&ngstrt')m exponent 0f<0.4. Dur-

ing the entire measurement period, Asian dust events were

two cases in winter.

4.4.1 Asian dust particles

Because Korea is located in the downwind area of Asian con

spring (Kim et al., 2001; Park and Kim, 2006; Kim, 2008).

MODIS RGB image, AOT, and Aoﬁngsttt')m exponent on

www.atmos-chem-phys.net/10/5391/2010/

observed five times in spring and twice in winter.

Aver-

age PMgp mass concentration during the Asian dust peri-
3 .
tinent, dust aerosol particles originated from desert regions if?dS ranged 92.3 ugm to 1089.0 ugm®. Severe Asian dust

China are frequently transported over Korean peninsular iffVeNts originated from Nei Mongol desert were observed
during 31 March—1 April 2007 (ADD7) with an average

PMyg of 544.1-250.6 pg n13. Aerosol physical and optical
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Table 4. Summary of aerosol physical and optical properties measured during different Asian dust periods.

Category ~ Period Phb (Mg %) PMps (MgnT3)  PMps/PMig (%) BC/PMig(%) RH (%)  e(340-550nm  e(550-1020nm
AD107  27-28 Mar 2007 253:845.0 86.9-28.0 36.5 2.81.2 69.2:7.6  0.39 0.44
AD2.07  31Mar—1Apr2007 544:#250.6  74.934.0 143 0.20.3 60.5:19.0 0.13 0.11
AD3.07 8 May 2007 173251.1 108.47.9 66.2 3.208 49.4:7.1 056 0.47
AD4.07  25-26 May 2007  252459.2 154.6:48.1 60.2 2.30.6 64.4:16.5 0.18 0.17
AD5.07 29 Dec 2007 303577.0 104.411.2 35.8 0.40.3 52.9:13.7 0.03 0.03
AD108 12 Feb 2008 123118.6 33.4:5.4 27.2 0.80.3 23.6:4.5 0.36 0.36
AD2.08 16-17 Mar 2008 1494613.2 48.5:4.0 325 1.304 43.2£16.1 NA NA
400 : : : : : , were measured during the ADR7 (31 March—1 April 2007),
o | | | | | L ADS5_07 (29 December 2007), ADA8 (12 February 2008),
! and AD208 (16-17 March 2008) periods, indicating the
300 l ! ! ! ! ! ! dominance of dust particles.
Low Angsttdm exponent of aerosol extinction between

200 340-550 nmg, (340—550nn) was determined to be0.40

during the Asian dust periods except ADOZ period. It was
found that Asian dust event occurred in spring frequently ac-
companies with anthropogenic pollutants from urban and in-
dustrial regions of eastern China as well as biomass burn-
ing. It is reported that the coagulation of EC onto the sur-
face of dust particles reduced overall shortwave absorption
by —10% to—40% (Chuang et al., 2003). Thus, Asian dust
accompanying with anthropogenic pollutants can change to-
tal absorption by EC. Care should be needed in calculating
Fig. 10. Temporal variation of Py mass concentration in Seoul, the radiative forcing by the mixture of Asian dust and an-
Korea during the entire measurement period. Red and black cirthropogenic pollutant.
cles represent long-range transport pollution (LTP) and Asian dust bscas babs @and SSA as well as spectral dependence of SSA
periods, respectively. during the Asian dust periods are plotted in Fig. 13 as a func-
tion of wavelength. Decreasing trend kafy,s was observed
during Asian dust periods as wavelength increases. On the
properties observed during the Asian dust events are summather hand psca; during the Asian dust periods was invari-
rized in Table 4. ant with wavelength except for the ADd7 and AD307
MODIS RGB images and Hysplit air mass back- periods, indicating the predominance of coarse mode parti-
trajectories arriving at the measurement site during the Asiartles. Slightly decreasing trend bf.5 observed during the
dust periods are shown in Fig. 12. Blue and yellowish AD1_07 and AD307 periods can be explained by high spec-
green lines represent backward trajectories arriving at 50Qral dependence of anthropogenic fine particles transported
and 1000 m AGL heights, respectively. Most of air massestogether with Asian dust particles.
during the Asian dust periods were originated from northern |t is shown that SSA of Asian dust particles increases with
China near Nei Mongol desert and transported to the meawavelength. Higher spectral dependence of SSA was ob-
surement site. served in the short visible region (370-520 nm) than that in
Air masses during the ADD7 (27-28 March 2007), the long visible region (590-950 nm), which can be partially
AD3.07 (8 May 2007), and ADD7 (25-26 May 2007) pe- explained by additional absorption in short visible region by
riods were originated from northern China and then trans-ight absorbing dust particles (Fialho et al., 2005) and/or or-
ported across eastern China. Transports of anthropogeniganic aerosols (Kirchstetter et al., 2004). After excluding
aerosols from eastern China were also clearly observed duthe mixed cases of ADD7, AD3.07 and AD407, it was
ing the AD107 and AD307 periods. Many hot spots of found that SSA of Asian dust aerosol was relatively high in
biomass burning were observed in eastern coastal areas tiie range of 0.92-0.97 at 550 nm with strong spectral depen-
China during the ADA7 period. Therefore, relatively high dence.
PM,5/PMjg mass ratio and BC/PM ratio during those
periods can be attributed to long-range transport anthro-
pogenic aerosols from eastern China. On the other hand, low
PM, 5/PM1g mass ratio<~0.4 and BC/PMg ratio <~1.3
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Fig. 12. MODIS RGB images and back-trajectories during the Asian dust periods arriving at the measurement site. Blue and yellowish green
are back-trajectories arriving at 500 and 1000 m altitudes, respectively.
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Table 5. Summary of aerosol physical and optical properties measured during different long-range transport pollution (LTP) periods.

Category  Period Phb (Mgn3)  PMps (ugm3)  PMps/PMig (%) BC/IPMig(%) RH (%)  oe340-550nm  ®e(550-1020nm
LTP0O107 23-24 Jul 2007 176440.7 163.7%440.9 92.1 4.61.0 70.2£15.5 0.99 1.38
LTP0207 10-13 Sep 2007 125t27.2 108.%-25.4 86.7 6.1x1.4 72.2£11.8 1.20 1.47
LTP03.07 23-25 Oct 2007 1284622.7 112.320.9 87.2 6.%+1.3 714149 1.05 1.45
LTP0407 6-9 Nov 2007 115:820.8 94.9-18.7 81.7 7.428 54.3t15.4 1.16 1.43
LTP0108 6-8 Feb 2008 1524p4.6 136.6:24.4 89.7 6.51.5 77.410.2 0.85 0.96
LTP0208 11-13 Mar2008 122#411.3 111.¢10.4 90.7 5.80.7 54.9£12.6 1.00 1.40

peninsula. Outflow of severe haze plume is also seen on 23

o - October. In this case, the haze plume emitted from eastern
60 [R 00 | ey China moved to south-east direction and then turned toward
éjz \\\ %300 - Korean pen_insula, resulting in very high AOT over the mea-

23 e 200 surement site on 24 Octobgr. . .

10 Lt TS Y A Observed aerosol physical and optical properties dur-

R ——— S —— ing the LTP periods are summarized in Table 5. Aver-

300 400 Soowa(\ilzloeng"/:(onm)soo 900 1000 300 400 Soowai::)eng::(()"m)aoo 900 1000 age PMO durmg the LTP penods ranged from 757 u_g’%n
o e dva s Ay ey Uy to 225.1ugme.  Most severe LPT events were ob-

1 I— o served during 23-24 July 2007 (LTPOY) and 6-8 Jan-

096 | PR S N uary 2008 (LTP0O108) with average Pl concentrations

ose ///;% 005 of 176.9+40.7 and 152.824.6 ugnt3, respectively. Since
3 0s0 { . 0.00 most of haze events were anthropogenic origin, high

o8 5 005 [ I I I Il PM_ 5/PMjg ratios of >0.87 was observed during the LTP

oo |7 8 W F periods except for the LTP0&7 (6-9 Nov. 2007) pe-

o ) i ] i riod. Average BC/PMp and BC/PM s mass ratios were

Wavelength (vm) 015 = © a@70520mm) determined to be 5472.0% (in the range of 3.6—7.4%) and
© oo oso ot @ 020 8 90/(590-950nm) 6.7+2.6% (4.4-9.2%), respectively, during the LTP periods.

The average of BC/Pl% ratio during the LTP periods is

comparable to 6.9% observed at an urban site in Beijing,
Fig. 13. (a)babg (b) bscas and(c) SSA as a function of wavelength ~ China (Jung et al., 2009a) and’% at an urban site in Seoul,
as well as(d) Angstom exponentd,,) of SSA during the Asian  Korea, respectively (Kim et al., 2007a). High values of
dust periods. 2. (340—550nm and «,(550—1020nm were obtained in

the range of 0.85-1.20 (avg. 1.04) and 0.96-1.47 (avg. 1.35),

respectively, which indicates the dominance of small parti-
4.4.2 Long-range transport pollution aerosols cles in the LTP aerosols.

bscas baps @and SSA as well as spectral dependence of SSA

MODIS RGB images and Hysplit air mass backward trajec-during the LTP periods are shown in Fig. 16 as a function of
tories arriving at the measurement site during LTP periOdSNavelength. Decreasing trend bfca; and baps with wave-
are shown in Fig. 14. Blue and yellowish green lines repre-length was observed during the LTP periods. Due to these
sent backward trajectories arriving at 500 and 1000 m a-Q-'decreasing trends dfscar and baps With wavelength, SSA
heights, respectively. During the LTP periods, most of air showed little spectral dependence during the LTP periods.
masses were originated from the industrial areas of easterpigh SSA was obtained to be 0.94-0.96 at 550 nm during
China (Shanghai to Beijng regions) and transported to thehe LTP periods except the LTP@Y period, which can be
measurement site. explained by relative increase of secondary aerosols such as

During the LTP0207 (10-13 September 2007), LTRO3 sulfate, nitrate, and secondary organic aerosols during the
(23-25 October 2007), and LTP@B (6—8 February 2008) pollution period at urban sites in Korea and China (Kim et
periods, MODIS RGB images clearly show the transport ofal., 2007a; Jung et al., 2009a, b). Lowey was obtained
anthropogenic aerosols from eastern China to downwind arduring the LTP periods than the Asian dust periods. From the
eas. Spatial distributions of AOT over northeast Asia dur-spectral dependence of SSA during the AD and LTP periods,
ing the LTP0307 are shown in Fig. 15. On 22 October it is it is suggested that wavelength independent SSA can be used
clearly seen that severe haze layer (ACII0) lingered over in calculating short wave radiative forcing by anthropogenic
eastern China to Yellow sea and then transported to Koreapollution aerosols. However, spectral dependence of SSA
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Fig. 14. MODIS RGB images and back-trajectories during the LTP periods. Blue and yellowish green are back-trajectories arriving at 500
and 1000 m altitudes, respectively.
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Fig. 15. Spatial distribution of AOT over Northeast Asia during the selected days of LRT period (22—24 October 2007).
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periods.

shown in Fig. 13d should be carefully considered for the cal-tio of <~0.4, BC/PMy ratio of <~1.3%, anda,.(340—
culation of the radiative forcing by dust particles, which can 550:m) of <0.40. However, LTP event can be classified as
reduce uncertainties associated with aerosol radiative prophigh PMp 5/PM1g mass ratio, BC/Ply ratio of >3.6%, and
erties. o, (340—550nm of >0.85.

This study suggests that it is possible to classify haze types

based on the physical and optical properties of aerosol. Asian
dust event can be classified as low PYPM;p mass ra-
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Fig. 18. Volume size distribution ofa) ambient,(b) volatile aerosol, an¢c) volatile fraction to ambient aerosol during the LTP periods.

4.5 Volume size distribution of long-range transport  followed by the droplet mode-2. It is well known that most
aerosols of ammonium nitrate is volatilized under 1310 but only cer-
tain fractions of ammonium sulfate and organic aerosols are

Log volume distributions of ambient and volatile aerosols volatilized. Thus, it can be estimated that higher fractions
during the AD and LTP periods are seen in Figs. 17—18.0f the droplet mode-1 and the droplet mode-2 were mainly
\olatile aerosols in this study represent the aerosols, whictfonsisted of ammonium nitrate and/or high volatile organic
are volatilized under 110C. Tri-modal distributions with the ~ aerosols rather than sulfate related aerosols.
predominance in coarse mode (4-5 um) were observed dur-
ing the Asian dust periods. However, four mode distribution55 Conclusion
peaked at 0.4, 0.6, 2, and 4-5 um corresponding to the con-
densation mode, droplet mode-1, droplet mode-2, and coarsgageq on the aerosol optical and physical properties mea-
mode, r_espectlvely, were observed during the LTP pe”OdSsured for one year at an urban site (37.57 126.94 E) in
Interestingly, the droplet mode-2 was clearly observed dur-geq | Korea, characteristics of aerosol spectral optical prop-
ing the LTP and the AD periods. erties including single scattering albedo (SSA) have been in-
When air mass was originated from China continent, tri- vestigated in this study. From the spectral dependence of
modal mass distribution with additional droplet mode peakedp,.,.under relatively dry and humid conditions, increases of
at 1.0-1.8pum was observed at downwind site in northeasg§SA and particle size were clearly observed through water
China (Liu et al., 2008). Guo et al. (2010) also observedyptake under humid condition-especially in summer. It was
additional droplet modes peaked at 0.8 and 1.4 um based ofpund that aerosol water content is one of important parame-
size-segregate aerosol measurement and PMF peak sepatar to determinéscarand SSA as well as particle size during
tion. From the chemical analyses, they found that the adtumid summer period. It was found that on average SSA de-
ditional droplet modes were mainly consisted of sulfate, ni-creased by 7% due to contribution by aerosol water content.
trate, and ammonium formed by in-cloud or aerosol dropletmass fraction of sulfate and nitrate to total mass dominantly
process. Guo et al. (2010) argued that the droplet mode-Znhcreased during the pollution event periods in the Megacities
was mainly from regional transport. As a result, it can be es-of Korea (Kim et al., 2007a) and China (Jung et al., 2009a, b).
timated that the droplet mode-2 during the AD and LTP peri- Thus, high SSA during the LTP periods was mainly attributed
ods is probably due to secondary aerosols formed by in-cloudo the increased contribution of light scattering by secondary
and/or aerosol droplet process during the long-transport.  aerosols. From the calibration study between thermally mea-
Condensation mode is the result of growth of ultrafine par-sured EC and optically measured BC, clear seasonal varia-
ticles by coagulation and vapor condensation while coarsdion of mass attenuation efficiencyAn = barn/EC) was
mode is mainly from nitrate, sea salt, and soil (Liu et al., observed with the maximum value in summer. Higlyn
2008; Guo et al., 2010). However, droplet modes are fromin summer can be attributed to the enhancement of light at-
particle growth by in-cloud or aerosol droplet process. Vol- tenuation capacity of EC through the change of its mixing
ume distributions of volatile aerosols during the LTP periodsstate. Therefore, it is recommended that a proper seasonal
are similar to those of ambient aerosols. However, volatileoarn value be used for filter based BC measurement.
fraction to ambient aerosols showed different volume size From MODIS satellite AOT and Hysplit air mass back-
distributions with the predominance in the droplet mode-1,ward trajectory analyses as well as chemical analysis, it was
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found that Asian dust event occurred in spring frequently ac-Bond, T. C.: Spectral dependence of visible light absorption by

companies with anthropogenic pollutants emitted from in- carbonaceous particles emitted from coal combustion, Geophys.

dustrial regions of eastern China. Increasing trend of SSA Res. Lett,, 28, 4075-4078, 2001.

with wavelength was observed during the Asian dust periodchuang, P. Y., Duvall, R. M., Bea, M. S., Jefferson, A., Schauer,

while little spectral dependence of SSA was observed except J- - Yang, H., Yu, J. Z., and Kim, J.: Observations of elemen-

below 500 nm during long-range transport pollution (LTP) @ carbon and absorption during ACE-Asia and implications for

periods. Although there still exist large uncertainties in ra- aerosol rad'at'.ve properties and climate forcing, J. Geophy. Res.,

- . .. . . 108, 8634, doi:10.1029/2002JD003254, 2003.

diative transfe_r calculations for de.termlnmg radiative forcing Draxler, R. R. and Rolph, G. D.. HYSPLIT (HYbrid

of atmospheric aerosol, few studies have been done regard- sjngle-Particle Lagrangian Integrated Trajectory) Model access

ing spectral optical properties of urban aerosol and Asian via NOAA ARL READY Website fttp:/Awww.arl.noaa.gov/

dust particle in Northeast Asia based on long-term contin- HYSPLIT.php), NOAA Air Resources Laboratory, Silver Spring,

uous measurement data. Thus, aerosol spectral optical prop- MD, USA, 2003.

erties obtained in this study can provide useful informationDubovik, O., Holben, B., Eck, T. F., Smirnov, A., Kaufman, Y. J.,

for quantifying aerosol’s climate change effects. King, M. D., Tanre, D., and Slutsker, I.: Variability of absorption
and optical properties of key aerosol types observed in world-
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