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Abstract. As a part of the IGAC (International Global At-

mospheric Chemistry) Mega-cities program, aerosol physi-

cal and optical properties were continuously measured from

March 2007 to March 2008 at an urban site (37.57◦ N,

126.94◦ E) in Seoul, Korea. Spectral optical properties of

long-range transported Asian dust and pollution aerosols

have been investigated based on the year long measurement

data. Optically measured black carbon/thermally measured

elemental carbon (BC/EC) ratio showed clear monthly vari-

ation with high values in summer and low values in winter

mainly due to the enhancement of light attenuation by the in-

ternal mixing of EC. Novel approach has been suggested to

retrieve the spectral light absorption coefficient (babs) from

Aethalometer raw data by using BC/EC ratio. Mass absorp-

tion efficiency, σabs(= babs/EC) at 550 nm was determined

to be 9.0±1.3, 8.9±1.5, 9.5±2.0, and 10.3±1.7 m2 g−1 in

spring, summer, fall, and winter, respectively with an annual

mean of 9.4±1.8 m2 g−1. Threshold values to classify severe

haze events were suggested in this study. Increasing trend of

aerosol single scattering albedo (SSA) with wavelength was

observed during Asian dust events while little spectral depen-

dence of SSA was observed during long-range transport pol-

lution (LTP) events. Satellite aerosol optical thickness (AOT)

and Hysplit air mass backward trajectory analyses as well as

chemical analysis were performed to characterize the depen-

dence of spectral optical properties on aerosol type. Results

from this study can provide useful information for studies on

regional air quality and aerosol’s effects on climate change.

Correspondence to: Y. J. Kim

(yjkim@gist.ac.kr)

1 Introduction

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

minus up) irradiance (solar plus long wave; in W m−2) at the

tropopause after allowing for stratospheric temperatures to

readjust to radiative equilibrium, but with surface and tro-

pospheric temperatures and state held fixed at the unper-

turbed values” (IPCC, 2007). The aerosol RF depends on

not only their spatial distributions, but also the size, shape,

and chemical composition of the particles. The aerosol RF

influences on various aspects (e.g., cloud formation) of the

hydrological cycles. The total direct aerosol RF, derived

from models and observations, is estimated to be -0.5±0.4

Wm−2, with a medium-low level of scientific understanding.

The estimates are: −0.4±0.2 Wm−2 (sulfate), −0.05±0.05

Wm−2 (fossil fuel organic carbon), +0.2±0.15 Wm−2 (fos-

sil fuel black carbon), +0.03±0.12 Wm−2 (biomass burn-

ing), −0.1±0.1 Wm−2 (nitrate) and -0.1±0.2 Wm−2 (min-

eral dust) (IPCC, 2007). However, there is substantial un-

certainty in the magnitude and spatial distribution of the RF

by aerosols. One of the largest sources of uncertainty in es-

timation of the aerosol RF is the Asian aerosol. A mixture

of both heavy air pollution over the Asian continent and sea-

sonal increases of desert dust particles results in very com-

plex optical properties of the particles (Höller et al., 2003).

An expected tripling of Asian emissions from 1985 to 2010

implies that aerosols and aerosol precursor emissions will in-

crease sharply over the next decade, which makes regular ob-

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

Radiative transfer models used to predict the aerosol RF

are based on spectral optical properties calculated by Mie-

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 (Sunset

Lab., RT3015)

Dp<2.5 µm 1 h

Black carbon (BC) 7-λ Aethalometer (Magee Scientific, AE31) Dp<2.5 µm 5 min

Light scattering coefficient (bscat) of ambi-

ent particle

Nephelometer (Optec, NGN-2) Dp>0 µm 2 min

Light scattering coefficient (bscat) of dry

PM2.5 particle

Nephelometer (Optec, NGN-3a) Dp<2.5 µm 2 min

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

PM10, PM2.5, PM1.0 Ambient/Volatile mass

concentrations

Aerosol Spectrometer (Grimm, 265) Dp<10 µm, 2.5 µm,

1.0 µm

30 min

PM size distribution Dp >0.25 µm 1 min

particles like aqueous sulfate aerosol, soot particles possess

a rather complex fractal-like morphology which makes a reli-

able modeling of their optical properties much more difficult.

Moreover, the mixing state of EC in the atmospheric aerosol

is usually assumed to be external, which overestimates the

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 light

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-

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

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 very

scarce (Dubovik et al., 2002; Höller et al., 2003). Spectral

characteristics of aerosol light absorption and scattering are

not well characterized in part due to the lack of long-term

in-situ measurement over Northeast Asia.

The objective of this research is to characterize the spec-

tral optical properties of long-range transport Asian Dust and

pollution aerosols as well as urban aerosols. Seasonal pattern

of spectral optical properties of urban aerosols in the mea-

surement site has been investigated. The source regions and

transport pathway of anthropogenic pollution and Asian dust

have been characterized based on a satellite aerosol optical

thickness (AOT) and back-trajectory analysis.

2 Measurement and method

As a part of the IGAC Mega-cities program, aerosol physi-

cal and optical properties were continuously measured from

March 2007 to March 2008 at an urban site (37.57◦ N,

126.94◦ E) in Seoul, Korea (Fig. 1). Seoul has population

more than 10.4 million with over 2.8 million automobiles.

All instruments were was installed in a temperature con-
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Figure 1.  

 

 
 

Fig. 1. Area map of the measurement site (37.57◦ N, 126.94◦ E) in

Seoul, Korea.

trolled trailer on the rooftop of the Science Building (∼30 m

height) of Yonsei University, which is located in the north-

west part of Seoul. Sample air was aspirated from the rooftop

of the trailer to each instrument. The time represents the Ko-

rean local time (GMT+09:00) unless otherwise noted. An

overview of the instrumentation is given in Table 1. All pa-

rameters in Table 1 were hourly averaged and used in this

study.

2.1 Sunset semi-continuous OC/EC analyzer and

7-wavelength aethalometer

Particulate carbonaceous aerosol was measured using a Sun-

set Laboratory semi-continuous OC/EC analyzer (Sunset

Lab., Model RT3015) with thermal-optical transmittance

(TOT) protocol for pyrolysis correction and NIOSH (Na-

tional Institute for Occupational Safety and Health) 5040

method temperature profile (Birch and Cary, 1996; Jeong et

al., 2004; Kim et al., 2006). External calibration was per-

formed monthly using known amounts of sucrose. For tem-

poral resolution of 1 h (44 min of collection) measurement,

the detection limit of EC was determined to be 0.01 µgC m−3,

calculated as three times the standard deviation (3σ) of
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Table 2. Detection limit and uncertainties of the measurement parameters.

Instrument Parameter Unit Dynamic blank Standard devia-

tion (σ )

Detection limit

(3σ )

Uncertainty

(%)

Aethalometer (Magee,

AE31)

BC (370 nm) µg m−3 0.105 0.052 0.156 10%

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

(Sunset, RT3015)

OC µgC 0.317 0.129 0.386 5%

EC 0.001 0.003 0.009

Opt. EC 0.017 0.008 0.024

Nephelometer (Optec,

NGN2)

bscat Mm−1 0.554 1.441 4.321 10%

Aerosol Spectrometer

(Grimm, 265)

PM10/PM2.5/PM1.0 µg m−3 1.0 1)2%

1) Reproducibility of the aerosol spectrometer in particle counting.

filtered air measurement (dynamic blank). The uncertainty

of this system was reported to be 5% (Polidori et al., 2006).

Comparison study between our semi-continuous OC/EC ana-

lyzer and 24 h filter samples was previously performed at an

urban site in Beijing, China during the CAREBeijing2006

campaign (Jung et al., 2009a). Good correlation was ob-

served between the semi-continuous and 24 h filter based

OC/EC data; i.e., OC with slope (x-axis: filter based, y-axis:

semi-continuous) of 1.07 (R2 = 0.86) and EC with slope of

0.94 (R2 = 0.94).

The 7-λ Aethalometer (Magee Scientific, Model AE31)

measures the optical attenuation (absorbance) of light from

LED lamps emitting at seven wavelengths (370, 470, 520,

590, 660, 880, and 950 nm) with a typical half-width of

20 nm (Hansen, 2005). The flow rate was maintained at 4

LPM corresponding to a 2.5 µm cut-point of PM2.5 cyclone

(BGI inc., SCC1.829). Detection limit of the aethalometer

BC was determined to be 0.16–0.28 µgm−3 with a flow rate

of 4 LPM and 5 min time interval (Table 2), calculated as

three times the standard deviation (3σ ) of the dynamic blank.

Uncertainty of the aethalometer reported by the manufacturer

is ±5% (Hansen, 2005). To account for the “shadowing” ef-

fect due to filter loading (decrease in aethalometer sensitiv-

ity), R (ATN), the loading correction was done as suggested

by Weingartner et al. (2003). Even though humidity effect on

the aethalometer BC measurement was negligible (Schmid et

al., 2006), the aerosol was dried to RH<40% by a diffusion

dryer prior to particle detection.

Several studies address the effect of water uptake by

aerosols on aerosol light absorption (Redemann et al.,

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

timated RH enhancement factors for absorption, χ (RH)

(=babs(RH)/babs(dry)) of internally mixed soot up to 1.35 in

the RH range of 30%-95% based on the core/shell aerosol

model. Nessler et al. (2005) estimated χ (RH) of internally

mixed aerosols in summer (0.94 to 1.78) and in winter (0.84

to 1.53) in the RH range of 0% to 99% based on the core/shell

aerosol model. These studies demonstrate that the effect of

water uptake by aerosols on aerosol light absorption is not

negligible for internally mixed soot. Higher water uptake by

quartz filter used in the aethalometer can further influence

multiple scattering within the filter media and also shadow-

ing effect, resulting in measurement error of the aethalome-

ter. Thus, this study measured BC under dry condition.

Chemical composition of coated shell of BC, size distribu-

tion of BC, and their exact mixing state are essential parame-

ters for the core/shell aerosol model. Since those parameters

were not measured in this study, RH effect on aerosol light

absorption was not considered here.

2.2 Nephelometer and aerosol spectrometer

Light scattering coefficient, bscat at 550 nm of ambient par-

ticles was measured by an ambient nephelometer (Optec,

Model NGN2) with an open air inlet. ZERO air calibration

was usually performed more often (every 12 h) than SPAN

gas calibration, which was done every week with HFC-134a

(Suva 134a). Uncertainty of the ambient nephelometer re-

ported by the manufacturer is ±10% with 2 min time inter-

val (Optec, 1993). For time resolution of 2 min, the detection

limit of bscat was determined to be 4.32 Mm−1, calculated as

3σ of the dynamic blank.
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Table 3. Multiple scattering correction factor (C∗) of different mixing states of EC in previous calibration studies.

Aerosol type C∗ Reference

Pure or external mixture of soot 1.8–2.2 Arnott et al., 2005 at λ=521 nm

Urban (internally mixture) 3.7

Pure or external mixture of soot 2.14 Weingartner et al., 2003, at λ=532 nm

Soot coated with organic carbon (internally mixture) 3.6

Ambient aerosol (internally mixture) 4.55 Schmid et al., 2006, at λ=532 nm

Pure or external mixture of soot 2.1 Suggested by Schmid et al. at λ=532 nm

Internally mixture of soot 4.0

PM10/PM2.5/PM1.0 mass concentrations and particle num-

ber size distribution in the range of 0.25–32 µm were mea-

sured by an aerosol spectrometer system (Grimm Labortech-

nik Ltd., Model 265). The aerosol spectrometer system con-

sists of an aerosol spectrometer (Grimm Labortechnik Ltd.,

Model 1.108) and a dry air dilution system combined with

a heated sampling system. Measurement principle can be

found elsewhere (Grimm, 2002; Grimm and Eatough, 2009).

Raw particle number and mass concentration were measured

every minute under dry condition (RH<40%) by diluting the

sample air with dry clean air. Based on automatically con-

trolled inlet heating system with 110◦C heating for 15 min

and no heating for 15 min, the number concentrations of am-

bient and refractive aerosols was measured every minute. Ex-

cellent correlation of PM2.5 mass concentration between the

aerosol spectrometer and 24 h filter based method was ob-

served during the CAREBeijing2006 campaign with a slope

of 1.0 (R2 = 0.98) (Jung et al., 2009a). The detection limit

and uncertainties of the measurement systems are summa-

rized in Table 2.

2.3 Skyradiometer

Aerosol optical thickness (AOT) was determined for every

10 min time interval based on the Skyradiometer (PREDE,

Model POM-02) data measured at 11 channels (315, 340,

380, 400, 500, 675, 870, 940, 1020, 1600, and 2200 nm).

Skyradiometer has two observation geometries, which are

principal method and almucantar method (Nakajima et al.,

1996). This study conducted vertical and horizontal mea-

surements sequentially in each cycle based on the princi-

pal and almucantar methods, respectively, for 10 min time

interval. The software code SKYRAD.pack (Nakajima et

al., 1996) was used to retrieve AOT from data of direct and

diffuse solar radiation. Only cloud-screened and quality-

assured data were used in this study.

3 Analytical method

It is well-known that light attenuation coefficient, bATN is

generally larger than light absorption coefficient, babs due to

optical interactions of the filter substrate with the deposited

aerosol (Petzold et al., 1997; Kopp et al., 1999; Ballach et

al., 2001; Weingartner et al., 2003; Arnott et al., 2005). The

most significant filter-particle interactions and the resulting

biases are: (1) multiple scattering of light by the filter fibers

enhances the optical path length, resulting in positive bias on

bATN, (2) enhanced absorption of scattered light with increas-

ing filter loading reduces the optical path length, so called

“shadowing effect”, which reduces bATN, and (3) the filter

reflectance (scattering in backwards hemisphere) and hence

the measured attenuation depends on the optical properties

of the deposited particles (bias in bATN depends on physico-

chemical properties of the particles).

Because previous studies have already discussed in detail

about the retrieval of babs from Aethalometer bATN (Wein-

gartner et al., 2003; Arnott et al., 2005; Schmid et al., 2006),

brief description is given here.

babs determined by the Aethalometer can be expressed as

(Weingartner et al., 2003; Arnott et al., 2005)

babs =
bATN

C ·R(ATN)
=

bATN −ms ·bscat

C∗ ·R(ATN)
(1)

where the constant factor C (≥1) corrects for multiple light

scattering effects within the filter and R(ATN) (≤1) accounts

for the “shadowing” effect due to filter loading (decrease in

Aethalometer sensitivity). C∗ and ms represent the multi-

ple scattering correction corrected for aerosol scattering and

the fraction of bscat, respectively (Schmid et al., 2006). The

attenuation, ATN (=100·ln(I0/I)) is typically given as per-

centage value and is defined by the relationship between the

light intensities transmitted through the particle-laden (I) and

a blank spot of the filter (I0).

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, 5391–5408, 2010 www.atmos-chem-phys.net/10/5391/2010/
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Figure 2. 
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Fig. 2. Temporal variation of monthly average black carbon

(BC)/elemental carbon (EC) ratio. Error bars represent standard

deviation (1σ) of BC/EC ratio.

and the transport pathway of the air mass. Air mass backward

trajectories ended at the measurement site were computed for

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

HYSPLIT model. All back-trajectories were calculated at

02:00 UTC 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 on

the MODIS web site http://modis.gsfc.nasa.gov/.

4 Result and discussion

4.1 Retrieval of spectral absorption coefficient of

atmospheric aerosols

To retrieve babs from aethalometer bATN, it is essential to

determine the multiple scattering correction factor, C∗ ac-

curately which varies depending on the mixing state of EC.

Since it is difficult to determine the mixing state of EC in the

atmosphere, internal or external mixture of EC was assumed

in the most of models and field studies (Naoe and Okada,

2001; Pósfai et al., 1999). Previous calibration studies in-

volving C∗ of different mixing states of EC are summarized

in Table 3. C∗ was reported to be 1.8–2.2 and 3.6–4.55 for

the external mixture and the internal mixture of EC, respec-

tively (Arnott et al., 2005; Schmid et al., 2006; Weingartner

et al., 2003).

Figure 2 shows monthly variation of BC/EC ratio based

on optically measured BC and thermally measured EC by

the aethalometer and the semi-continuous Sunset OC/EC an-

alyzer, respectively. Because the aethalometer BC is ob-

tained from the optical attenuation of light by EC deposited
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Figure 3. 

 

 

  

Fig. 3. Retrieval of multiple scattering correction factor (C∗) for

aethalometer measurement based on BC/EC ratio.

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-

ner 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-

ternally mixed soot with ammonium sulfate. They also found

that almost no enhancement of an aethalometer absorption at

880nm was observed for externally mixed soot with ammo-

nium sulfate relative to reference soot. Since this study used

BC measured at 880 nm where only EC is absorbing aerosol,

the change in measured BC value is mainly due to the change

of mixing state of EC. In contrary, thermally measured EC is

independent from the mixing state of EC.

BC/EC ratio shows clear monthly variation with high val-

ues in summer and low values in winter as seen in Fig. 2. The

enhanced BC concentration in summer is mainly due to the

increase of absorption capacity of EC through the internal

mixing (or coating) with organic and/or inorganic aerosols.

Snyder and Schauer (2007) also reported the enhancement

of light absorption capacity of EC through the coating with

secondary organics. Thus, this study used BC/EC ratio as an

indicator of the mixing state of EC.

This study determined C∗ based on BC/EC ratio, assum-

ing most of EC in summer (highest BC/EC ratio) is inter-

nally mixed while that in winter is externally mixed (lowest

BC/EC ratio) with secondary aerosols. C∗ values of 2.1 and

4.0 were used in this study for external and internal mixtures

www.atmos-chem-phys.net/10/5391/2010/ Atmos. Chem. Phys., 10, 5391–5408, 2010
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Figure 4.  
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Fig. 4. Determination of the Ångström exponent for absorption (αa)

in the range of 370 nm–950 nm and multiple scattering correction

factor (C) at the measurement site.

of EC, respectively, suggested by Schmid et al. (2006). Re-

trieval of C∗ based on BC/EC ratio is shown in Fig. 3. Dur-

ing the measurement period, monthly average BC/EC ratio

varies from 0.90±0.09 to 1.37±0.18. Regression equation

of C∗ versus BC/EC ratio was obtained as;

C∗
= 4.05 ·

BC

EC
−1.55 (2)

Multiple scattering correction factor, C∗ and Ångström ex-

ponent of aerosol light absorption between 370 and 950 nm,

αa(370–950 nm) shown in Fig. 4. αa(370–950 nm) showed

clear monthly variation with low values (1.33–1.39) in sum-

mer and high values (1.58–1.65) in winter. This seasonal

trend can be partially explained by seasonal trend of partic-

ulate PAHs which is one of the major strong UV absorbing

compounds. Previous study in Seoul, Korea reported clear

seasonal trend of PAHs with high values in winter (Park

et al., 2002). They reported that particulate PAHs in win-

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 fossil

fuel combustion for space heating purposes. Other factors

known to contribute to higher wintertime PAHs concentra-

tions include lower atmospheric mixing heights, lower tem-

peratures, and decreased photochemical oxidation (Park et

al., 2002).

Site specific mass attenuation efficiency, σATN(=

bATN/EC) was determined based on thermally measured EC

and the aethalometer raw bATN data. Mass absorption effi-

ciency, σabs(= babs/EC) was determined based on thermally

measured EC and babs. Figure 5 shows seasonal variations of

spectral σATN and σabs. Magee BC in Fig. 5 represents σATN

widely used in BC calculation from AE31 aethalometer.

It was found that the AE31 aethalometer underestimated

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 seasonal σATN value

should be used for filter based BC measurement. σabs at

550 nm was obtained to be 9.0±1.3, 8.9±1.5, 9.5±2.0,

and 10.3±1.7 m2 g−1 in spring, summer, fall, and win-

ter, respectively. Annual mean σabs of 9.4±1.8 m2 g−1

at the measurement site was slightly lower than that of

10.5±0.7 m2 g−1 observed at six different locations in Asia

(Japan, Korea, China, and Thailand) (Kondo et al., 2009).

4.2 Retrieval of spectral scattering coefficient of

atmospheric aerosols

Since the nephelometer used in this study only measures

bscat at 550 nm, spectral bscat was retrieved based on bscat at

550 nm and spectral dependence of babs. First, light extinc-

tion coefficient, bext at 550 nm was obtained from the sum

of bscat and babs at 550 nm. And then bext at each wave-

length was retrieved based on Ångström exponent of aerosol

light extinction, αe obtained from column integrated AOT

measured by the Skyradiometer. This study assumes verti-

cally well mixed aerosols inside boundary layer in calculat-

ing the spectral dependence of bext from Ångström exponent

obtained by the Skyradiometer. Also it can be assumed that

aerosol optical depth is dominated by these particles within

the boundary layer at urban sites with high aerosol loading.

bext(λ) = bext(550nm) ·

(

λ

550nm

)−αe

(3)

where αe at short and long visible regions were obtained

from spectral AOT measured by the Skyradiometer as;

αe vis(SW) (4)

= −
log(AOT(550nm))− log(AOT(380nm))

log(550nm)− log(380nm)

αe vis(LW) (5)

= −
log(AOT(870nm))− log(AOT(550nm))

log(870nm)− log(550nm)

Finally, spectral bscat was obtained from spectral bext after

subtracting spectral babs. Seasonal variations of spectral babs

and bscat as well as αa and Ångström exponent of bscat, αs

between 370 and 950 nm are shown in Fig. 6. Highest babs

was observed in winter (34.8±24.2 Mm−1), followed by fall,

spring, and summer. Highest value in winter can be attributed

to low boundary layer height and increased emission from

low temperature combustion. However, lowest value in sum-

mer is mainly attributed to clean southerly wind from Pa-

cific Ocean. Highest bscat (264.6±226.3 Mm−1) in spring is
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Fig. 5. Seasonal variations of (a) specific attenuation efficiency of aethalometer BC and (b) mass absorption efficiency of EC as a function

of wavelength.

 6 

Figure 6. 

 

 

 
(a)

Winter
b abs = D·λ-1.57

Fall
b abs = C·λ-1.46

Spring
b abs = A·λ-1.416

Summer
b abs = B·λ-1.32

0

10

20

30

40

50

60

70

80

300 400 500 600 700 800 900 1000
Wavelength (nm)

b
ab

s  (
M

m
-1

)

Spring Summer Fall Winter (b)

Spring
b scat = A·λ-1.13

Winter
b scat = D·λ-1.12

Summer
b scat = B·λ-1.08

Fall
b scat = C·λ-1.24

0

100

200

300

400

500

300 400 500 600 700 800 900 1000
Wavelength (nm)

b
sc

at
 (M

m
-1

)

Spring Summer Fall Winter
 

Fig. 6. Seasonal variations of (a) light absorption (babs) and (b) light scattering coefficient (bscat) as a function of wavelength.

mainly attributed to frequent transport of pollution and Asian

dust aerosols from Asian continent (Kim et al., 2001, 2006;

Park and Kim, 2006; Lee et al., 2007; Kim, 2008). αs was

determined to be 1.13, 1.08, 1.24, and 1.12 in spring, sum-

mer, fall, and winter, respectively. Highest αs in fall indicates

the dominance of freshly emitted fine particle such as post-

harvest biomass burning (Balis et al., 2003; Lee et al., 2005;

Badarinath et al., 2009; Ryu et al., 2006).

It has been well known that hygroscopic urban particles

grow in summer as RH increases. During the entire measure-

ment period, bscat of dry particle was also measured. From

the bscat of dry and ambient particles, light scattering en-

hancement factor, f (RH) (=bscat (RH)/bscat (dry)) was calcu-

lated as a function of RH and shown in Fig. 7. Average RH

in summer and winter were 74.7±13.6% and 52.0±18.2%,

respectively. Average f (RH = 75%) and f (RH = 52%) were

obtained to be 1.7±0.4 and 1.2±0.2, respectively. Higher av-

erage f (RH) in summer indicate increase of particle size by

water uptake.

Kim et al. (2007a) continuously measured PM2.5 aerosol

chemical composition in Seoul, Korea from the spring of

2003 to the winter of 2004. They reported higher water-

soluble (the sum of sulfate, nitrate, and ammonium) frac-

tion to PM2.5 mass concentration in summer (∼57%) than

those in fall (∼44%) and in winter (∼42%). Thus, lowest

αs in summer is believed to be due to not only the increase

of particle size through water uptake under the enhanced RH

but also highly hygroscopic nature of atmospheric aerosols in

summer. The HYSPLIT air mass backward trajectory analy-

ses clearly showed that most air masses are from the Pacific

Ocean in summer. Stagnant synoptic meteorological pattern

was frequently observed in Seoul in the beginning of summer

(Kim, et al., 2007b), which may enhance secondary aerosol

formation.

4.3 Spectral single scattering albedo of atmospheric

aerosols

Single scattering albedo, SSA of ambient aerosol was ob-

tained from the ratio of bscat to bext(= bscat + babs) and

shown in Fig. 8. Average SSA at 550 nm was 0.88±0.07,

0.84±0.10, 0.82±0.09, and 0.84±0.06 in spring, summer,

fall, and winter, respectively, with an annual mean of

www.atmos-chem-phys.net/10/5391/2010/ Atmos. Chem. Phys., 10, 5391–5408, 2010



5398 J. Jung et al.: Spectral optical properties of long-range transport Asian dust and pollution aerosols

 7 

Figure 7. 

 

 

 

0

1

2

3

4

5

6

0 20 40 60 80 100

RH (%)

f(
R

H
) (

=b
sc

at
(R

H
)/b

sc
at
(d

ry
))

RH in winter

RH in summer

0

1

2

3

4

5

6

0 20 40 60 80 100

RH (%)

f(
R

H
) (

=b
sc

at
(R

H
)/b

sc
at
(d

ry
))

RH in winter

RH in summer

  

Fig. 7. Humidity dependence light scattering enhancement factor,

f (RH) (=bscat (RH)/bscat (dry)). Error bars represent 1σ . Bold

vertical solid and dotted lines represent average RH in winter and

summer, respectively. Arrows indicate 1σ .

0.85±0.09. It is comparable to 0.86 in Guangzhou (Andreae

et al., 2008) but slightly higher than 0.81–0.85 measured at a

rural site of Xianghe in China (∼70 km southeast of Beijing)

(Li et al., 2007) and 0.81 in Beijing (Bergin et al., 2001).

During the entire measurement period, highest EC/PM10 ra-

tio was obtained in fall (7.8±3.8%), followed by summer

(7.4±5.8%), winter (6.2±2.5%), and spring (4.6±2.8%).

Lowest SSA in fall can be explained by the highest EC/PM10

ratio. Even though similar EC/PM10 ratios were obtained in

spring and summer, higher SSA was observed in summer.

This was mainly due to the enhanced bscat under the high

RH condition in summer. Highest SSA in spring can be at-

tributed to the enhancement of bscat by Asian dust and long-

range transport pollution aerosols from Asian continent (Kim

et al., 2001; Lee et al., 2007).

Ångström exponent of SSA, αSSA in short visible (370–

520 nm) and long visible (590–950nm) wavelength for dif-

ferent seasons are also shown in Fig. 8. Strongest spectral

dependence of SSA was observed in winter with αSSA in the

short visible of -0.18. This strong spectral dependence in

the short wavelength was mainly attributed to the increase of

UV absorbing organic aerosols. SSA at 550nm under rela-

tively dry (RH<60%) and humid (RH>60%) conditions are

also plotted as a function PM10 mass concentration in Fig. 8.

Each data point in Fig. 8 represents average value with one

standard deviation range for each 10 µgm−3 incremental in-

terval for PM10 <100 µgm−3 and for 30 µgm−3 incremental

interval for PM10 >100 µgm−3. The difference of SSA un-

der the dry and humid conditions (1SSA) is also plotted in

Fig. 8.

SSA for PM10 <10 µg m−3 decreased down to 0.71±0.12

and 0.72±0.12 under relatively dry and humid conditions, re-

spectively, which reveals that background aerosols are highly

absorbing. As PM10 mass increases, SSA increases up to

0.90±0.02 and 0.94±0.02 for PM10 <200 µgm−3 under the

dry and humid conditions, respectively. It was found that

average SSA under the humid condition is ∼7% higher

than that under the dry condition mainly due to the en-

hanced aerosol scattering by water uptake. Interestingly as

PM10 increases >100 µgm−3, 1SSA sharply decreases from

∼0.075 to ∼0.035. Since high PM10 mass concentration

>150 µg m−3 was observed during the Asian dust periods

as summarized in Table 4, decreasing trend of 1SSA un-

der high aerosol loading can be explained by increased con-

tribution of hydrophobic dust particles to total PM10 mass

concentration.

Frequency distributions of SSA at 550nm are shown in

Fig. 9 for four different seasons. Blue triangle and red dia-

mond represent relatively clean (PM10 <50 µg m−3) and pol-

luted (PM10 >100 µgm−3) periods, respectively. Bi-modal

distribution of SSA centered at 0.82 (first mode) and 0.94

(second mode) are clearly observed in all season. The mass

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

China (Jung et al., 2009a,b), resulting in the dominance of

SSA in the first mode. However, secondary aerosols such

as sulfate and nitrate were dominantly increased during the

polluted periods, resulting in the dominance of SSA in the

second mode.

The highest frequency of SSA in spring is observed in the

second mode, which can be attributed to frequent occurrence

of Asian dust and haze events (Kim et al., 2001, 2006; Lee

et al., 2007; Kim, 2008). In contrary, the highest frequency

of SSA in winter is observed in the first mode, which can

be explained by the increased contribution of light absorbing

aerosol and low RH in winter. The frequency of SSA in the

first mode increases from spring to winter while it decreases

in the second mode. Even though average PM10 mass con-

centration was similar between summer and fall, frequency

distribution of SSA in the second mode was slightly higher

in summer. This is mainly due to enhanced aerosol scattering

by water uptake under high RH and enhanced formation of

water-soluble aerosols in summer.

4.4 Characteristics of spectral aerosol optical

properties of long-range transport aerosols

Temporal variation of hourly average PM10 mass concentra-

tion at the measurement site is plotted in Fig. 10. During the

entire measurement period, several severe haze events were

observed. These severe haze events were categorized into ei-

ther long-range transport pollution (LTP) or Asian dust (AD)

cases based on the analysis results of MODIS AOT and Hys-

plit air mass backward trajectories. LTP haze and Asian dust
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 Fig. 8. Seasonal variations of (a) aerosol single scattering albedo (SSA) as a function of wavelength and (b) SSA at 550 nm wavelength as a

function of PM10 mass concentration under relatively dry (RH<60%) and humid (RH>60%) conditions, respectively.
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Fig. 9. Frequency distributions of SSA at 550 nm during (a) spring, (b) summer, (c) fall, and (d) winter, respectively. Blue triangle and red

diamond represent relatively clean (PM10<50 µgm−3) and polluted (PM10 >100 µgm−3) periods, respectively.

events are expressed as red and black circles, respectively, in

Fig. 10. Most of Asian dust event occurred in spring except

two cases in winter.

4.4.1 Asian dust particles

Because Korea is located in the downwind area of Asian con-

tinent, dust aerosol particles originated from desert regions in

China are frequently transported over Korean peninsular in

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

MODIS RGB image, AOT, and AOT Ångström exponent on

31 March 2007 are shown in Fig. 11. High aerosol loadings

with 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 low Ångström exponent of <0.4. Dur-

ing the entire measurement period, Asian dust events were

observed five times in spring and twice in winter. Aver-

age PM10 mass concentration during the Asian dust peri-

ods ranged 92.3 µgm−3 to 1089.0 µgm−3. Severe Asian dust

events originated from Nei Mongol desert were observed

during 31 March–1 April 2007 (AD2 07) with an average

PM10 of 544.1±250.6 µg m−3. 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 PM10 ( µgm−3) PM2.5 ( µgm−3) PM2.5/PM10 (%) BC/PM10 (%) RH (%) αe(340−550nm) αe(550−1020nm)

AD1 07 27–28 Mar 2007 253.8±45.0 86.9±28.0 36.5 2.8±1.2 69.2±7.6 0.39 0.44

AD2 07 31 Mar–1 Apr 2007 544.1±250.6 74.9±34.0 14.3 0.9±0.3 60.5±19.0 0.13 0.11

AD3 07 8 May 2007 173.7±51.1 108.4±7.9 66.2 3.7±0.8 49.4±7.1 0.56 0.47

AD4 07 25–26 May 2007 252.2±59.2 154.6±48.1 60.2 2.1±0.6 64.4±16.5 0.18 0.17

AD5 07 29 Dec 2007 303.6±77.0 104.4±11.2 35.8 0.4±0.3 52.9±13.7 0.03 0.03

AD1 08 12 Feb 2008 123.8±18.6 33.4±5.4 27.2 0.8±0.3 23.6±4.5 0.36 0.36

AD2 08 16–17 Mar 2008 149.6±13.2 48.5±4.0 32.5 1.3±0.4 43.2±16.1 NA NA
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Fig. 10. Temporal variation of PM10 mass concentration in Seoul,

Korea during the entire measurement period. Red and black cir-

cles represent long-range transport pollution (LTP) and Asian dust

periods, respectively.

properties observed during the Asian dust events are summa-

rized in Table 4.

MODIS RGB images and Hysplit air mass back-

trajectories arriving at the measurement site during the Asian

dust periods are shown in Fig. 12. Blue and yellowish

green lines represent backward trajectories arriving at 500

and 1000 m AGL heights, respectively. Most of air masses

during the Asian dust periods were originated from northern

China near Nei Mongol desert and transported to the mea-

surement site.

Air masses during the AD1 07 (27–28 March 2007),

AD3 07 (8 May 2007), and AD4 07 (25–26 May 2007) pe-

riods were originated from northern China and then trans-

ported across eastern China. Transports of anthropogenic

aerosols from eastern China were also clearly observed dur-

ing the AD1 07 and AD3 07 periods. Many hot spots of

biomass burning were observed in eastern coastal areas of

China during the AD4 07 period. Therefore, relatively high

PM2.5/PM10 mass ratio and BC/PM10 ratio during those

periods can be attributed to long-range transport anthro-

pogenic aerosols from eastern China. On the other hand, low

PM2.5/PM10 mass ratio <∼0.4 and BC/PM10 ratio <∼1.3

were measured during the AD2 07 (31 March–1 April 2007),

AD5 07 (29 December 2007), AD1 08 (12 February 2008),

and AD2 08 (16–17 March 2008) periods, indicating the

dominance of dust particles.

Low Ångström exponent of aerosol extinction between

340–550 nm, αe(340−550nm) was determined to be <0.40

during the Asian dust periods except AD03 07 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

the radiative forcing by the mixture of Asian dust and an-

thropogenic pollutant.

bscat,babs, and SSA as well as spectral dependence of SSA

during the Asian dust periods are plotted in Fig. 13 as a func-

tion of wavelength. Decreasing trend of babs was observed

during Asian dust periods as wavelength increases. On the

other hand, bscat during the Asian dust periods was invari-

ant with wavelength except for the AD1 07 and AD3 07

periods, indicating the predominance of coarse mode parti-

cles. Slightly decreasing trend of bscat observed during the

AD1 07 and AD3 07 periods can be explained by high spec-

tral dependence of anthropogenic fine particles transported

together with Asian dust particles.

It is shown that SSA of Asian dust particles increases with

wavelength. Higher spectral dependence of SSA was ob-

served in the short visible region (370-520 nm) than that in

the long visible region (590-950 nm), which can be partially

explained by additional absorption in short visible region by

light absorbing dust particles (Fialho et al., 2005) and/or or-

ganic aerosols (Kirchstetter et al., 2004). After excluding

the mixed cases of AD1 07, AD3 07 and AD4 07, it was

found that SSA of Asian dust aerosol was relatively high in

the range of 0.92-0.97 at 550 nm with strong spectral depen-

dence.
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Fig. 11. (a) MODIS RGB image, (b) AOT, and (c) AOT Ångström exponent during the Asian dust event on 31 March 2007.
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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 PM10 (µgm−3) PM2.5 (µgm−3) PM2.5/PM10 (%) BC/PM10 (%) RH (%) αe(340−550nm) αe(550−1020nm)

LTP01 07 23–24 Jul 2007 176.9±40.7 163.7±40.9 92.1 4.0±1.0 70.2±15.5 0.99 1.38

LTP02 07 10–13 Sep 2007 125.4±27.2 108.9±25.4 86.7 6.1±1.4 72.2±11.8 1.20 1.47

LTP03 07 23–25 Oct 2007 128.6±22.7 112.3±20.9 87.2 6.1±1.3 71.7±14.9 1.05 1.45

LTP04 07 6–9 Nov 2007 115.9±20.8 94.9±18.7 81.7 7.4±2.8 54.3±15.4 1.16 1.43

LTP01 08 6–8 Feb 2008 152.0±24.6 136.6±24.4 89.7 6.5±1.5 77.7±10.2 0.85 0.96

LTP02 08 11–13 Mar 2008 122.4±11.3 111.0±10.4 90.7 5.0±0.7 54.9±12.6 1.00 1.40
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Fig. 13. (a) babs, (b) bscat, and (c) SSA as a function of wavelength

as well as (d) Ångström exponent (αω) of SSA during the Asian

dust periods.

4.4.2 Long-range transport pollution aerosols

MODIS RGB images and Hysplit air mass backward trajec-

tories arriving at the measurement site during LTP periods

are shown in Fig. 14. Blue and yellowish green lines repre-

sent backward trajectories arriving at 500 and 1000 m a.g.l.

heights, respectively. During the LTP periods, most of air

masses were originated from the industrial areas of eastern

China (Shanghai to Beijng regions) and transported to the

measurement site.

During the LTP02 07 (10–13 September 2007), LTP03 07

(23–25 October 2007), and LTP01 08 (6–8 February 2008)

periods, MODIS RGB images clearly show the transport of

anthropogenic aerosols from eastern China to downwind ar-

eas. Spatial distributions of AOT over northeast Asia dur-

ing the LTP03 07 are shown in Fig. 15. On 22 October it is

clearly seen that severe haze layer (AOT>1.0) lingered over

eastern China to Yellow sea and then transported to Korean

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

October. In this case, the haze plume emitted from eastern

China moved to south-east direction and then turned toward

Korean peninsula, resulting in very high AOT over the mea-

surement site on 24 October.

Observed aerosol physical and optical properties dur-

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

age PM10 during the LTP periods ranged from 75.7 µgm−3

to 225.1 µgm−3. Most severe LPT events were ob-

served during 23–24 July 2007 (LTP01 07) and 6–8 Jan-

uary 2008 (LTP01 08) with average PM10 concentrations

of 176.9±40.7 and 152.0±24.6 µgm−3, respectively. Since

most of haze events were anthropogenic origin, high

PM2.5/PM10 ratios of >0.87 was observed during the LTP

periods except for the LTP04 07 (6–9 Nov. 2007) pe-

riod. Average BC/PM10 and BC/PM2.5 mass ratios were

determined to be 5.7±2.0% (in the range of 3.6–7.4%) and

6.7±2.6% (4.4–9.2%), respectively, during the LTP periods.

The average of BC/PM2.5 ratio during the LTP periods is

comparable to 6.9% observed at an urban site in Beijing,

China (Jung et al., 2009a) and ∼7% at an urban site in Seoul,

Korea, respectively (Kim et al., 2007a). High values of

αe(340−550nm) and αe(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-

cles in the LTP aerosols.

bscat,babs, and SSA as well as spectral dependence of SSA

during the LTP periods are shown in Fig. 16 as a function of

wavelength. Decreasing trend of bscat and babs with wave-

length was observed during the LTP periods. Due to these

decreasing trends of bscat and babs with wavelength, SSA

showed little spectral dependence during the LTP periods.

High SSA was obtained to be 0.94–0.96 at 550 nm during

the LTP periods except the LTP04 07 period, which can be

explained by relative increase of secondary aerosols such as

sulfate, nitrate, and secondary organic aerosols during the

pollution period at urban sites in Korea and China (Kim et

al., 2007a; Jung et al., 2009a, b). Lower αw was obtained

during the LTP periods than the Asian dust periods. From the

spectral dependence of SSA during the AD and LTP periods,

it is suggested that wavelength independent SSA can be used

in calculating short wave radiative forcing by anthropogenic

pollution 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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Figure 15.  
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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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Figure 16.  

 

 

(a)

0

20

40

60

80

100

120

140

300 400 500 600 700 800 900 1000
Wavelength (nm)

b
ab

s (
M

m
-1

)

LTP01_07 LTP02_07 LTP03_07

LTP04_07 LTP01_08 LTP02_08 (b)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

300 400 500 600 700 800 900 1000
Wavelength (nm)

b
sc

at
(M

m
-1

)

LTP01_07 LTP02_07 LTP03_07

LTP04_07 LTP01_08 LTP02_08
 

 19 

(c)

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

300 400 500 600 700 800 900 1000
Wavelength (nm)

S
S

A

LTP01_07 LTP02_07 LTP03_07

LTP04_07 LTP01_08 LTP02_08
(d)  

  

 

-0.20

-0.15

-0.10

-0.05

0.00

0.05
LT

P01
_0

7

LT
P02

_0
7

LT
P03

_0
7

LT
P04

_0
7

LT
P01

_0
8

LT
P02

_0
8

αω

αω(370-520)
αω(590-950)

Fig. 16. (a) babs, (b) bscat, and (c) SSA as a function of wavelength as well as (d) αω during the LTP periods.
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Figure 17.  
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Fig. 17. Volume size distribution of (a) ambient, (b) volatile aerosol, and (c) volatile fraction to ambient aerosol during the Asian dust

periods.

shown in Fig. 13d should be carefully considered for the cal-

culation of the radiative forcing by dust particles, which can

reduce uncertainties associated with aerosol radiative prop-

erties.

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 PM2.5/PM10 mass ra-

tio of <∼0.4, BC/PM10 ratio of <∼1.3%, and αe(340 −

550nm) of <0.40. However, LTP event can be classified as

high PM2.5/PM10 mass ratio, BC/PM10 ratio of >3.6%, and

αe(340−550nm) of >0.85.
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Figure 18. Volume size distribution of (a) ambient, (b) volatile aerosol, and (c) contribution of volatile fraction to ambient aerosol during 

the LTP periods. 

 

Fig. 18. Volume size distribution of (a) ambient, (b) volatile aerosol, and (c) volatile fraction to ambient aerosol during the LTP periods.

4.5 Volume size distribution of long-range transport

aerosols

Log volume distributions of ambient and volatile aerosols

during the AD and LTP periods are seen in Figs. 17–18.

Volatile aerosols in this study represent the aerosols, which

are volatilized under 110 ◦C. Tri-modal distributions with the

predominance in coarse mode (4–5 µm) were observed dur-

ing the Asian dust periods. However, four mode distributions

peaked at 0.4, 0.6, 2, and 4–5 µm corresponding to the con-

densation mode, droplet mode-1, droplet mode-2, and coarse

mode, respectively, were observed during the LTP periods.

Interestingly, the droplet mode-2 was clearly observed dur-

ing the LTP and the AD periods.

When air mass was originated from China continent, tri-

modal mass distribution with additional droplet mode peaked

at 1.0–1.8 µm was observed at downwind site in northeast

China (Liu et al., 2008). Guo et al. (2010) also observed

additional droplet modes peaked at 0.8 and 1.4 µm based on

size-segregate aerosol measurement and PMF peak separa-

tion. From the chemical analyses, they found that the ad-

ditional droplet modes were mainly consisted of sulfate, ni-

trate, and ammonium formed by in-cloud or aerosol droplet

process. Guo et al. (2010) argued that the droplet mode-2

was mainly from regional transport. As a result, it can be es-

timated that the droplet mode-2 during the AD and LTP peri-

ods is probably due to secondary aerosols formed by in-cloud

and/or aerosol droplet process during the long-transport.

Condensation mode is the result of growth of ultrafine par-

ticles by coagulation and vapor condensation while coarse

mode is mainly from nitrate, sea salt, and soil (Liu et al.,

2008; Guo et al., 2010). However, droplet modes are from

particle growth by in-cloud or aerosol droplet process. Vol-

ume distributions of volatile aerosols during the LTP periods

are similar to those of ambient aerosols. However, volatile

fraction to ambient aerosols showed different volume size

distributions with the predominance in the droplet mode-1,

followed by the droplet mode-2. It is well known that most

of ammonium nitrate is volatilized under 110 ◦C but only cer-

tain fractions of ammonium sulfate and organic aerosols are

volatilized. Thus, it can be estimated that higher fractions

of the droplet mode-1 and the droplet mode-2 were mainly

consisted of ammonium nitrate and/or high volatile organic

aerosols rather than sulfate related aerosols.

5 Conclusion

Based on the aerosol optical and physical properties mea-

sured for one year at an urban site (37.57◦ N, 126.94◦ E) in

Seoul, Korea, characteristics of aerosol spectral optical prop-

erties including single scattering albedo (SSA) have been in-

vestigated in this study. From the spectral dependence of

bscat under relatively dry and humid conditions, increases of

SSA and particle size were clearly observed through water

uptake under humid condition-especially in summer. It was

found that aerosol water content is one of important parame-

ter to determine bscat and SSA as well as particle size during

humid summer period. It was found that on average SSA de-

creased by 7% due to contribution by aerosol water content.

Mass fraction of sulfate and nitrate to total mass dominantly

increased during the pollution event periods in the Megacities

of Korea (Kim et al., 2007a) and China (Jung et al., 2009a, b).

Thus, high SSA during the LTP periods was mainly attributed

to the increased contribution of light scattering by secondary

aerosols. From the calibration study between thermally mea-

sured EC and optically measured BC, clear seasonal varia-

tion of mass attenuation efficiency (σATN = bATN/EC) was

observed with the maximum value in summer. High σATN

in summer can be attributed to the enhancement of light at-

tenuation capacity of EC through the change of its mixing

state. Therefore, it is recommended that a proper seasonal

σATN value be used for filter based BC measurement.

From MODIS satellite AOT and Hysplit air mass back-

ward trajectory analyses as well as chemical analysis, it was
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found that Asian dust event occurred in spring frequently ac-

companies with anthropogenic pollutants emitted from in-

dustrial regions of eastern China. Increasing trend of SSA

with wavelength was observed during the Asian dust period

while little spectral dependence of SSA was observed except

below 500 nm during long-range transport pollution (LTP)

periods. Although there still exist large uncertainties in ra-

diative transfer calculations for determining radiative forcing

of atmospheric aerosol, few studies have been done regard-

ing spectral optical properties of urban aerosol and Asian

dust particle in Northeast Asia based on long-term contin-

uous measurement data. Thus, aerosol spectral optical prop-

erties obtained in this study can provide useful information

for quantifying aerosol’s climate change effects.
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