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Temporal Variations in Optical Properties and Direct Radiative
Forcing of Different Aerosol Chemical Components in Seoul
using Hourly Aerosol Sampling

£
o o
LR EERESDECE Y

(201391 9¢¥ 11 H4,2013

e
S
e
=
ne
»
ox
[\
(]
(98]
rL
e
o
ne
P
8

Sang-Keun Song and Zang-Ho Shon'-*
Department of Earth and Marine Sciences, Jeju National University, Jeju 690-756, Korea
YDepartment of Environmental Engineering, Dong-Eui University, Busan 614-714, Korea

(Received 11 September 2013, revised 10 October 2013, accepted 15 November 2013)

Abstract

Temporal variations of optical properties of urban aerosol in Seoul were estimated by the Optical Properties of
Aerosols and Clouds (OPAC) model, based on hourly aerosol sampling data in Seoul during the year of 2010.
These optical properties were then used to calculate direct radiative forcing during the study period. The optical
properties and direct radiative forcing of aerosol were calculated separately for four chemical components such as
water-soluble, insoluble, black carbon (BC), and sea-salt aerosols. Overall, the coefficients of absorption, scattering,
and extinction, as well as aerosol optical depth (AOD) for water-soluble component predominated over three other
aerosol components, except for the absorption coefficient of BC. In the urban environment (Seoul), the contribution
of AOD (0.10~0.12) for the sum of OC and BC to total AODs ranged from 23% (spring) to 31% (winter). The
diurnal variation of AOD for each component was high in the morning and low in the late afternoon during the
most of seasons, but the high AODs at 14:00 and 15:00 LST in summer and fall, respectively. The direct negative
radiative forcing of most chemical components (especially, NO;~ of water-soluble) was highest in January and
lowest in September. Conversely, the positive radiative forcing of BC was highest in November and lowest in

August due to the distribution pattern of BC concentration.

Key words : Aerosol components, Optical properties, Radiative forcing, Seoul, OPAC

*Corresponding author.
Tel : +82-(0)51-890-2078, Email : zangho@deu.ac.kr

J. KOSAE Vol. 30, No. 1(2014)



W7 F eloles Al gt x|k}
s 9ol Aoz Wrsel Qe F3 on,
AeE ATAPAE WA S el 2

& n)Ae Aow deld gk ool zd A
Moz dgaite Aen AT w As)

F43}7|= 3}ar(Charlson et al., 1992), 752
= $7HTwomey &3 &2 12 P&} +
¥ W3} (Albrecht &3} &2 22 7hy &)

& Has S AT 9719 EAF B3
oJ3F& ZFt} (Rosenfeld, 2000; Albrecht, 1989;
Twomey, 1974). T3 o] 2L AR Fof|A] =84
o] o] 2 & (water-souble aerosol)2 &9 EA}7tA|H
(RF: radiative forcing)-& of7|A|A A F §23}e]
Qo] R uhel, AAdme] 29d Aant 27 5
of] oJa) WAl3}= Y (Soot -2 BC (black carbon))
o gopuale ook Aol o} e mvle
2 © 71t} (IPCC, 2007). 53] BCE 3 d-& A
2 g ohl=E AR 9719 dE F5ste]
A 7-eslol JeFE ok ol sl Ajek 2L o
o2& BSAHENFIADE AREAA W2,
FEA (A TFRDE Feled £33 JFE )=
g} (IPCC, 2007). o]} Zro] ofjez<eo] of gk 3}
s 2ot YAkzrlo) whel vl s e ekt
oz stz AT 71FHEe] B4S
et vl Fo3 ARsE E 5 ok

oejz&e] sty 4l wwe A9A 29l
B =AY wi A = AAA M Az o
oFAF-S w3z glok(Yoon et al., 2005). =A| A of o]
2E (53] A9 ollelz&e #7]84(00)9} BC)
o WiEA=E wWAA G vE dF3] Fow
(Zhang et al., 2007; Poschl, 2005), sllo] 242] 45
9 AgsE =g ARG nG Y FL (108 o
2} 9 o]t} (Seinfeld and Pandis, 2006). A1 7] o] Zo}-4-
Holl A OCe} BCO| y= AA ehig=o] oF 40%
9} 50%% z+zt 2| gk} (Poschl, 2005). IPCC 4215
A6l upkz (IPCC, 2007), 20053 7+ olo]2< A
29 (3414 SO,*, OC, BC, mineral dust) 2] 3
o A EAPAIEe -0.40, —0.19, +0.36, —0.10
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Wm2es 747 ARk vl clejzd 4
A HAZFAG o] WA ool 2E AP G e
A5, A o] W8] ¥ OC D BC 57} %
R EERERO S R ER P
3 AL vl$ Fesjeha Arus o)sh o] ofo]

2&o] 9T APAY 4E 5 )T B
Be A7t A%Hoz s @3 AT, R

3] v 2 BFAAE 7FA 3 glE(IPCC, 2007).
dubg oz, wAl W A9 oejz o] AFAIZE
& 4 ol AF Ffekol] kw2 o] A
FAHen pxa] diel dolzg FrE Al
IR o7 vl=7A B EZ3Io} (Seinfeld and Pandis,
2006). mebr] =A] ofle]2Le] FIEA 9l A &
APZIAE 2 AR (AR, 4, A S)el o
o Awks) ohe 4 gk e S edlEdt Qg
A oloizdol olgt BARAGL Py A - B2
Moz @E FE ol43el 2AHe] v (Yuer
al., 2006), ol o] 24 A8 BAPFA ] AbE 5l W
3 B4 BAE drre] A77b F2 A el
=8tz o] 3= 9o} (Kim et al., 2011; IPCC, 2007,
Kim et al., 2006). o] 2o =, Z-E-o}x]o}2] ACE-Asia
(Huebert et al., 2003), ABC-EAREX2005 (Nakajima
et al., 2007)8} 22 =AFE AEAEE FHM=
w735 o (of], A5 Ah 2] o2& Ahgi ol
245G ot wAR NS AR g RE} A
Holoh. 2ol w F2 AL ez ololzs
o BHwt oz ololzse] 2o, Be 9 Pat
A (oll, Fm2h ARh B4 0 9T wol 44
o] ¢k o} (Kim et al., 2008; Kim et al., 2003), =A]A]
g ez g o AFE ¢ =& (Chu-
barova et al., 2011; Ramachandran and Kedia, 2010;
Singh et al., 2010). £3], ollo] 24 338y T3
7P ool 2d An o 3 BEEA ¥4 9 3
ABAE Aol B8 AT At web 2
FolAE 2010 AgelA) 2R A7 ool
Ats¢} 3w (OPAC: Optical Properties of Aero-
sols and Clouds)$- ©]83}e] ofjo] 2 <& AJRY (water-
soluble, insoluble, BC, sea-salt) 333} 5-4] 2] A| 7+ ¥3}
EABEAL, o] 5 o] &3 FAPAIH I 722 Wi}
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impactor )75 £3le] FHEI|E A vtaz
T 71AA R A 7IAL tRd o §)= WRD

(Wet Rotating Denuder)el] 2]l A% 4 A2} (liquid
film, 0.0035% H,0,)e] ZAHc}. g, vhe =] 27]o]
%a3l= A= SJAC (Steam Jet Aerosol Collector)
igLEi BzE Fx3127] (0.0035% H,0,, 120~ 140

B3}l =A% 2 g0 2 WRDS} SIAC
—i—ra PojA= 84§92 IC (Ton Chromato-
graphy) 3 EA] 84 So]23} ofo]2 oz BA
Het 2 A7l 39 WEAESY] 24 AET
Aol 3t AAF A4S Shon er al. (2013, 2012b)e]]
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AL Hess ef al. (1998)0] 2+ Jeh} g)o) OQFS}
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Fig. 1. Geographical location of an urban monitoring site
at Gwangijin district in Seoul.
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3709] ice clouds, 107]2] oo]2 <&
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A5 (component:
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AME M2 FA71LY 318t A E-E (substances)
ol MyHes Eiteel FAHC S Aoz 7Y
gte} (Hess et al., 1998). of7]A] £]31353e A= o
& 4pel dAoleli Beld Ho sabd st
g0 gige SJujae.

OPAC 292 do] 248 671 3}3HAE &, water-
soluble (SO,*", NO;~, NH,* ), insoluble, BC (<&
soot), sea-salt, mineral dust, sulfate droplets2 ¥-53}
of Z7}e) JABHE AET 5 Aok Po] A
T3 2 ol A= mineral dust®] FQ AE &
)5 (Al), 4 (Si), A (Fe) 5] ZFAHA odsgkx
sulfate droplets®] A& HZo=2 ol 67}A] ol
47} A& (water-soluble, insoluble, BC, sea-salt)e]]
Wate] 7tel BakEae BAsS oA ol
°]5p4 (Lee er al., 2009), AFHAFA] Gl A-&-2 min-
eral dust®] At&Eo] F AALE &I} W] waled vi-9-
27] Wl (F 2ALEES] oF 3.8%), °o|F B3 &
AR (RF) AV 27 F231A] o Aoz AL
g5t} 3 oe]z& AE] =] ExE= PM,; (D,
<25um) FAz87} 712452 AH-E 7] o el
OPAC ®.2el|A] 3125 #] ook

OPAC 222 5131 43 4717 4¥el 4o
F3F AA R A2 o33 Zot 714, insoluble of o]
242 0CH i3t §-7]E2 (OM, organic material)2]
H]E o] g-3le] AA3IH. o]218k OM/OC v]= A
o upgl vt2A AL, A5 ALl 47
2,063} 1.48 (Bae, 2011)S, 1237 23} 7}Sol o3
M T A9 HF(1.77)% o833 Turpin and
Lim (2001) 8+ OM/OCe] H]Z 1.60.2 23] u} )
of 22 B A7) dAAIA—A A= Si, Al Fe 53
e EPRYA) 2Ao] ol Foix7) ko) 2]
37 gholeh mPARYAE A PMy; 5= FolA
ol e 53] (oF 5% lRhE ehel, oA ¥
A7 RS AZo] o] 2 JFe T4 e
Ro=w B 4 glt}k(Moon et al., 2011; Park and Kim,
2004). % WA, water-soluble o] o] 242 JutA o =g
13} Wizl o8l HAEAG 52 A9 A Apl
o Aol JaA 232 YA 2 water-
soluble2- SO,2", NO;~, NH,*, K*, Mg*", Ca’*, 18|21
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AEER TAEY, I8 12 &Y (sea-salt) 2 W)
3} &3 (non-sea-salt (NSS)) water-soluble A 20 & A2
s}algle). 4717 NSS AJ#<el NSS-SO,>, NSS-K*,
NSS-Mg**, NSS-Ca’*¢] Aabrxi o-go| 44,
[ion]ops—[Na] X (Na¥e]l tgk o]22o] Zafn])of 2]sf
A Ak glEE 63714 SO, K, Mg™, Ca**ell wjgt
Z47ke] u]&-< Pilson (1998)e] ]3] A|A1=E 0.252,
0.036, 0.121, 0.041-8 A 83} }. =31 water-soluble
< 12} 7] oo =& (PIA: KT, Mg, Ca*™), 22}
7] elle] 22 (SIA: SO,*7, NOy", NH, 1), 18|31 484
OC= Hr} AN&3} 3}eich Nat, ClI°, 28]3 349
o2 FQ8 o] 252 water-soluble2 R E] Hz]|s}o]
sea-salt A} H-o 2 wlz BF3}c) B oA sea-
salt oo} 2&e] & AaFswi [C]9} 1.47[Na*]e]
gro = AAsled T (Quinn et al., 2004). A Cl 9] =
T Cl/Na @] (=0.80, r=0.32)7} 1¢)] LA}a}ed
s d71d oz AT T =A19] A9H 2
A (&7 A& B2 Clgze ks 712]7] o
of sea-salt ofl {24 3 AFFw thi o537} =
ozt FAET 1= BF8} 1, sea-salt ¢ o]
240 FEE 7[E} g2 RS vlE vj$ 2]
o Foll (A ol 2d AR Fxo] 1.1~2.6% *}A))
EAPIA = ] AbZol] glo] 2 JaFE mIH|A] k& 7
o= FARG T ALlA S35 AP AT (Heo
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[Water-soluble] =[PIA]+[SIA]+[OC]yaer-soluble ()
[PIA]=[NSS-K*]+[NSS-Mg**]+[NSS-Ca**] (1a)

[SIA]=[NO; ]+[NSS-SO,2 ]+[NH,*] (1b)
[Insoluble]={[OC] x [OMJ/[OC]} = [OCluer-sotple  (2)
[BC]=[EC] (3)
[Sea-salt]=[CI ]+1.47[Na*] %)
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OPAC 29& 3Jsle] 4717 3eHA]
3337 (AOD: aerosol optical depth, ‘c)_,_ AAFslI T}
+F 2 N) AzE vl 713 (htp//www.
kma.go.kr/weather/observation/currentweather.jsp) =
BE] Ao Ak ARt A 28 (B)2 p=(1-g/2)
/2 (Sagan and Pollack, 1967)2] ZAI#A S o] -§-3}e]
AArslgl om, ojwf gi= BTfA] W4 (asymmetry para-
meten)2A] OPAC 431 53] oiich. mepa 7
dlolzd Bshre] HE AA BAAY RPLS
oejz&e] FEA At W FHA B o83t
of AREE 4 ik I, BAPIAIE RE) A9
B P3P xm 3} (AT, K)ol A3 77 (T,=ARF)l|
9} (Seinfeld and Pandis, 2006). oJ7]A] A= 7] &w17}
AR} (=2F 0.3K (W m ) eln 912 H3AAZS o
43te 7]22] MEks A&

Table 1. Statistical summary of aerosol chemical components (ug m™%) in PM,; and meteorological variables during

the year of 2010.
Component Spring Summer Fall Winter Total
Water-soluble 31.9+14.7° 28.7+14.4 29.0+18.7 29.0+15.3 29.7+15.9
(32.8+£14.8)° (29.1£14.4) (29.3+18.1) (29.4£14.8) (30.1£15.5)
SIA 24.3+12.7 21.5+124 19.6+14.4 19.5+13.1 21.3+13.3
(25.3£12.8) (21.9£12.3) (20.1£13.9) (20.0£12.8) (22.0£13.1)
NO;~ 142+74 11.2+4.7 10.6+7.0 12.4+8.6 12.1+£7.2
(14.8+£7.7) (11.1£4.5) (11.1£6.9) (12.8£8.3) (12.4£7.0)
NSS-SO,* 6.0+4.5 6.6+5.7 4.7+£49 39432 53+438
(6.2+4.5) (6.9£5.9) (4.6£4.7) (3.9+3.1) (5.6+£4.9)
NH,* 4.1£29 38+34 44+5.1 32427 3.8+3.6
(4.3£2.9) (3.9£3.4) (4.5£5.0) (3.3£2.6) (4.0£3.6)
PIA 1.6+0.7 1.5+0.8 1.5£1.8 1.1+0.5 14+1.1
(1.6£0.7) (1.5£0.8) (1.5£1.8) (1.1£0.5) (14%£1.1)
oC 59+2.7 57+33 79455 8.4+39 7.0+4.1
(5.9£2.6) (5.7£3.5) (7.7£5.5) (8.3£3.5) (6.8+£4.0)
Insoluble 4.7+2.1 6.2+3.5 5.84+3.3 40+1.8 52429
(4.7£2.0) (6.3£3.7) (5.6£3.2) (4.0£1.6) (5.2£3.0)
BC (or EC) 1.5+1.1 19+1.1 2.7£2.0 22+1.8 20+1.6
(1.6x1.0) (19£1.1) (2.5£1.8) (2.3+1.6) 20£1.4)
Sea-salt 1.0+0.8 0.5£0.3 0.4+£0.6 1.2+1.2 0.8+£0.9
(1.0£0.8) (0.5£0.4) (0.3£0.3) (1.3+£1.3) (0.8£0.9)
Temp (°C) 11£7.0 26+3.0 15+£8.0 —-0.8+£6.0 13£11
RH (%) 61£20 7516 68£19 61£19 66+19
WS (ms™) 24+13 1.8+0.7 20+1.1 22+1.2 2.1+£1.1
UV (mW cm ) 0.6+0.5 0.7£0.5 0.6+0.4 0.4+0.3 0.6+0.5

“The numbers are mean= 1o calculated with the data set of concentrations of aerosol components and meteorological variables during the whole

study period.

"The numbers are mean= 1o calculated with the data set of concentrations of aerosol components during the day (06:00~ 18:00 LST for spring and

fall, 05:00 ~ 19:00 LST for summer, and 08:00~ 17:00 LST for winter).

PIA: NSS-K*+NSS-Mg2*+NSS-Ca>*.
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A7) f18te] WA A37|7HE<b(20109) A&H 7+
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Aol Aglo] 4714 A& FollA] water-solubleo] 7}
s %—571] t==)glom, 7 o2 insoluble, BC,
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W (AL)lA 18w (A)7HA] A #H5F A
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sla) =abl 27 hepdek ol 19994 AgAe]
oA B=¢ Az} 2 NO, 7} SO 3 NH, ue} ¥
S L5vlsh Lev) g vebd A3 stk
o] o1 (Park and Kim, 2004), T8} 2001 ~2002d A
A9 A #AZH NO; sx=rt o2 F 243} ¥
wate] vhh BA vebd Adels {AFEE sl e]g]
o} (Lee er al., 2008). 12} A 5A6l gleir:
AeEE MR g8 e 9 gl dE B,
water-soluble:= 23 (32+15 ug m>)¢]], insoluble:=
o234 (6.243.5ug m)ell, BCE 7124 (2.7+2.0ug
m 7)o, sea-salt:= ALA- (1.2+1.2ug m>)e 7} =
° wwg vy A7vIENe) gk B4
BRI 1, 7183 Qe AR 544 el 3
Tgko] 2o, F4E 2o A1 e o
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ehateh Al ohE A ARl wls) o g el

A e 2AE o) A5 delzd 5

= PAE AR A delzde] FREHLS g

Aol ws) ¥Ael A FeST F Aoz oy
A

o g};o] vehd Zloz dabee 474A] AR
] water-soluble ©]-2, OC, BCe] sz o3t =}
| gF 2212 Shon et al. (2012a, b)ol] 2k el g)o}.

£ 2% OPAC 2d& $3)3lo] ALEd oojz&
shshd e A}a}zﬂ—’]\—(ow) FAG (Oy), A
A (1o AAE EA4E vER
& 550nme] SR 70%9]
7t A ALEE AT 70%2] A E=E

OPAC 2d oA H8H 8714 AdE= F 3t
2A 3717 HF (¢ 66%)e M Tk
e At Zleloh AfH oz B AFer oo
24 FAC o8 SBEEAAS BAPMAIEY AR
£ vEIR] k2 Aleo|r)h AubH o= water-soluble
329 At 1—’:\—, 2AHAI 7 M B A G
e (BCO & ﬁl—r A 2)). ¢l & Eo], water-solu-
ble2] AlgbA|4= insoluble, BC, sea-salt®] AltA 4=
9} ¥] w3} 5]“41 T A=B4=(1000) A= o] Fie) g
H, BCE ©jek5ALe] 7RAs3AL "ﬂ&]*%ﬂ] sk
73t BAL FpA ol o3t o] f-2 BCE 54
4=+ water-soluble A &3} B w3sle] =4 (B4 1.9HH

A 7+ 3.6W171A]) FAF AT (EZ 2). o] 2ol =,
water-soluble Z=6l| A SIAS] AAHA| 4= 4714] dlo]=
& AR AHA 242 62% (A1)l A 2%
7 ZRAEH. 18] 3 SIA FelA = NOy &
NSS-SO,* & OC xxHr} ¢ 2u oA =4 e+
(& 1),NO; 9] At 9 ’\’El'l‘ﬂ—r—— T AEe #
o ws] °F 1.5~3. 3“H A A& Aoz 8

Aol A3 0] 3 %ﬂ 0C¢} BC2| &4k
FE 471 AR AA d\_}&ﬁ]—.—/] 17% (2ol A 26%

A)7HA, 4.0% )l A 7.3% ZH)7HA] 242 24
B}oict. Lee et al. (2009)¢]] 2]sp4, v]= BC A%
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Table 2. Statistical summary of optical properties for four aerosol chemical components (water-soluble (SIA, PIA, and
0C), insoluble, BC, and sea-salt aerosol categories) estimated by the OPAC model during the year of 2010.

Optical property

Component
O (Mm™") O, (Mm™") O (Mm™) AOD

Water-soluble 3.8/3.4/3.3/3.3*% 196/176/170/170 200/179/173/173 0.37/0.34/0.33/0.32
SIA 2.9/2.6/2.3/2.2 151/132/119/115 154/135/121/118 0.29/0.25/0.23/0.22
NO;~ 1.7/1.3/1.3/1.4 88/66/68/74 90/67/69/75 0.17/0.13/0.13/0.14
NSS-SO* 0.7/0.8/0.5/0.4 37/42/28/22 38/43/29/23 0.07/0.08/0.05/0.04
NH,* 0.5/0.5/0.4/0.4 26/24/23/19 27/25/24/19 0.05/0.05/0.04/0.04
PIA 0.2/0.2/0.2/0.1 9.4/9.1/8.6/6.4 9.6/9.3/8.8/6.5 0.02/0.02/0.02/0.01
oC 0.7/0.7/0.8/0.9 35/35/43/48 36/35/43/49 0.07/0.07/0.08/0.09
Insoluble 0.5/0.6/0.5/0.4 1.2/1.7/1.5/1.0 1.7/2.3/2.0/1.4 0.02/0.02/0.02/0.02
BC (or EC) 7.4/9.0/12.0/10.6 1.2/1.4/1.9/1.7 9.0/10/14/12 0.03/0.03/0.04/0.03
Sea-salt <0.001 3.9/1.9/1.3/5.2 3.9/1.9/1.3/5.2 0.02/0.01/0.01/0.02
Total 11.7/13.0/15.8/14.3 202/181/175/178 215/193/190/192 0.44/0.40/0.40/0.39

* Spring/Summer/Fall/Winter.

Values were calculated with the data set of aerosol optical properties during the day (06:00~18:00 LST for spring and fall, 05:00 ~19:00 LST for

summer, and 08:00~ 17:00 LST for winter).

o, absorption coefficient, o,.: scattering coefficient, o, extinction coefficient, and AOD: aerosol optical depth.

PIA: NSS-K*+NSS-Mg?*+NSS-Ca’*.
A=550 nm, RH=70%.
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Table 3. Monthly variations of optical properties for each aerosol chemical component during the year of 2010.

Water-soluble Insoluble BC (or EC) Sea-salt Total

SIA PIA ocC Total
Month

NO;~ NSS-S0,% NH,*

0,/0, /0 /AOD  0,/0,/0,/AOD  04/0,/0,/AOD  0,/0, /0 /AOD  0,/0, /0 /AOD  0,/0 /0, /AOD 0,/0,/0,/AOD 0,/0, /0. /AOD  0,/0./0./AOD 0,,/0,/0/AOD
Jan  2.2/138/140/0.26  0.6/36.6/37.2/0.07 0.5/29.0/29.4/0.05 0.1/7.5/7.6/0.01 ~ 0.9/55.6/56.5/0.10 4.2/267/271/0.50 0.4/1.1/1.4/0.021 6.4/1.0/7.4/0.023  <0.001/4.9/4.9/0.019 11.0/274/285/0.56
Feb  1.0/52.6/53.7/0.10 0.3/13.7/14.0/0.03 0.2/12.4/12.6/0.02 0.1/6.7/6.8/0.01  0.8/42.2/43.1/0.08 2.5/128/130/0.25 0.3/0.9/1.3/0.020 8.4/1.3/9.7/0.027  <0.001/3.8/3.8/0.017 11.2/134/145/0.31
Mar  1.5/77.3/78.8/0.15 0.7/36.4/37.1/0.07 0.4/23.2/23.6/0.04 0.2/9.7/9.9/0.02  0.6/31.8/32.4/0.06 3.4/179/182/0.34 0.4/1.1/1.5/0.021 7.5/1.2/8.6/0.026 ~ <0.001/4.1/4.1/0.018 11.3/185/196/0.40
Apr  1.9/101/103/0.19  0.6/32.6/33.2/0.06 0.6/29.2/29.8/0.06 0.2/9.4/9.6/0.02  0.8/39.7/40.5/0.08 4.1/212/216/0.4  0.5/1.4/1.9/0.021 10.0/1.6/11.6/0.031 <0.001/4.5/4.5/0.018 14.6/219/234/0.47
Mar  1.7/88.5/90.2/0.17 0.8/41.9/42.8/0.08 0.5/26.1/26.6/0.05 0.2/9.1/9.3/0.02  0.7/35.0/35.7/0.07 3.9/201/205/0.38 0.4/1.2/1.7/0.021 7.9/1.2/9.1/0.026 ~ <0.001/3.1/3.1/0.016 12.2/206/218/0.44
Jun  1.2/63.8/65.0/0.12 0.7/38.8/39.5/0.07 0.5/25.5/26.0/0.05 0.2/9.7/9.9/0.02  0.8/42.4/43.2/0.08 3.5/180/184/0.34 0.8/2.0/2.8/0.023 9.0/1.4/10.4/0.029  <0.001/2.0/2.0/0.014 13.3/186/199/0.41
Jul  1.2/60.6/61.8/0.12 0.8/40.7/41.5/0.08 0.4/21.8/22.3/0.04 0.2/10.6/10.8/0.02 0.5/27.8/28.4/0.05 3.1/162/165/0.31 0.5/1.3/1.8/0.021 10.2/1.6/11.7/0.031 <0.001/2.0/2.0/0.014 13.8/167/180/0.38
Aug  1.5/79.3/80.8/0.15 1.0/52.6/53.6/0.10 0.5/25.7/26.2/0.05 0.1/5.1/5.2/0.01  0.6/30.1/30.7/0.06 3.7/193/197/0.37 0.5/1.4/2.0/0.022 11.4/1.8/13.2/0.034 <0.001/1.6/1.6/0.013 15.6/198/213/0.43
Sep  1.1/57.5/58.6/0.11 0.4/22.3/22.7/0.04 0.2/12.4/12.6/0.02 0.1/4.5/4.6/0.01  0.5/27.6/28.1/0.05 2.4/124/127/0.24 0.4/1.0/1.3/0.020 13.0/2.0/15.0/0.037 <0.001/1.1/1.1/0.012 15.7/128/144/0.31
Oct  1.3/65.6/66.8/0.13 0.6/30.7/31.3/0.06 0.4/23.0/23.5/0.04 0.1/5.5/5.6/0.01  0.8/39.3/40.1/0.08 3.2/164/167/0.31 0.5/1.4/1.9/0.021 11.5/1.8/13.3/0.034 <0.001/1.6/1.6/0.013 15.2/169/184/0.38
Nov  1.4/72.3/73.7/0.14 0.5/27.1/27.7/0.05 0.5/26.5/27.0/0.05 0.2/12.6/12.8/0.02 1.0/49.4/50.3/0.09 3.6/188/191/0.36 0.6/1.7/2.4/0.022 11.2/1.8/13.0/0.033 <0.001/1.0/1.0/0.012 15.5/192/208/0.42
Dec  1.1/58.4/59.5/0.11 0.4/21.8/22.3/0.04 0.4/19.3/19.7/0.04 0.1/6.1/6.3/0.01 1.0/51.4/52.4/0.10 3.0/157/160/0.30 0.4/1.1/1.5/0.021 8.5/1.3/9.8/0.028  <0.001/6.3/6.3/0.021 12.0/166/178/0.37
Avg  1.4/76.2/77.6/0.15 0.6/32.9/33.6/0.06 0.4/22.8/23.3/0.04 0.2/8.0/8.2/0.02  0.7/39.4/40.1/0.08 3.4/179/183/0.34 0.5/1.3/1.8/0.021 9.6/1.5/11.1/0.030  <0.001/3.0/3.0/0.016 13.4/185/199/0.41

Values were calculated with the data set of aerosol optical properties during the day (06:00~ 18:00 LST for spring and fall, 05:00 ~ 19:00 LST for summer, and 08:00~ 17:00 LST for winter).
O,: absorption coefficient (Mm ™), o,.: scattering coefficient (Mm ™), G,y extinction coefficient (Mm™"), and AOD: aerosol optical depth.
PIA: NSS-K*+NSS-Mg?*+NSS-Ca®*.
A=550 nm, RH=70%.
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Fig. 2. Comparison of monthly AOD (a) between the OPAC model and MODIS observation (http://modis.gsfc.nasa.gov/)
and (b) between the OPAC model and Sun photometer observation (at the Gwangju site) provided by the

AERONET program (http://aeronet.gsfc.nasa.gov/).
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Table 4. Monthly variations of radiative forcing (RF, W m~2) and surface temperature change (AT, °C) for each aerosol

chemical component during the year of 2010.

‘Water-soluble Insoluble BC (or EC) Sea-salt Total

SIA PIA oC Total
Month

NO;~ NSS-SO,* NH,*

RF/AT, RF/AT, RF/AT, RF/AT, RF/AT, RF/AT, RF/AT, RF/AT, RF/AT, RF/AT,
Jan —14.8/—45 -39/-12 -3.1/-09 -0.8/-0.2 —-6.0/—1.8 —28.7/—8.6 0.02/0.005 5.4/1.6 —0.49/-0.15 —5.9/—1.8
Feb -69/-2.1 —-1.8/-0.5 —1.6/-0.5 —-0.9/-0.3 —-5.5/-1.7 —16.7/-5.0 0.01/0.004 4.3/1.3 —0.49/-0.15 —-3.2/-1.0
Mar —5.5/-1.6 -2.6/-08 —1.6/—0.5 —-0.7/-0.2 —2.3/-0.7 —12.6/=3.8 0.01/0.003 1.7/0.5 —0.29/-0.09 —2.8/—0.8
Apr -9.7/-29 -32/-10 —-2.8/-0.8 —-0.9/-03 —-3.9/-1.2 —-20.4/—6.1 0.02/0.005 3.4/1.0 —0.39/—0.12 —4.4/—1.3
Mar —-8.6/-2.6 —4.1/—12 -2.5/-0.8 —-0.9/-0.3 —3.4/-1.0 —19.6/—5.9 0.01/0.004 2.9/0.9 —0.29/—0.09 —4.2/—1.3
Jun -63/-19 -3.7/-1.1 =25/-0.7 -0.9/-0.3 —4.2/—-13 —17.6/=5.3 0.02/0.007 3.9/1.2 —0.19/-0.06 —3.5/—1.0
Jul -3.5/-10 -2.3/-0.7 -1.2/-04 -0.6/—0.2 —1.5/-0.5 -9.1/-2.7 0.01/0.003 1.6/0.5 —0.12/-0.04 —1.9/-0.6
Aug —-3.2/-1.0 -2.0/-0.6 —-1.0/-03 -0.2/-0.1 —1.2/-04 -7.6/—2.3 0.01/0.002 1.3/0.4 —0.06/—0.02 —1.6/—0.5
Sep —1.7/-0.5 —-0.6/—0.2 —0.4/-0.1 —0.1/0.04 -0.8/—0.2 —3.6/—1.1 0.004/0.001 1.4/0.4 —0.03/—0.01 —0.6/—0.2
Oct —49/-15 -23/-0.7 —1.7/-0.5 —-0.4/-0.1 —3.0/-0.9 —12.4/—=3.7 0.01/0.004 3.5/1.1 —0.12/—0.03 -2.2/-0.7
Nov -99/-3.0 -39/-12 -3.7/-1.1 —-1.8/-0.5 —-6.9/-2.1 —26.1/—7.8 0.03/0.008 6.5/2.0 —0.12/—0.04 —4.9/—1.5
Dec —5.3/-1.6 —2.0/-0.6 —1.7/-0.5 —0.6/=0.2 —4.6/—1.4 —14.2/—4.2 0.01/0.004 3.9/1.2 —0.58/-0.17 —2.7/—0.8

PIA: NSS-K*+NSS-Mg?*+NSS-Ca’*.
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Fig. 3. Diurnal variations of AOD for each aerosol chemical component in PM, 5 during four seasons in 2010.
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