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Estimations of the Optical Properties and Direct Radiative
Forcing of Aerosol Chemical Components in PM, ; Measured
at Aewol Intensive Air Monitoring Site on Jeju Island
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Abstract

The optical properties and direct aerosol radiative forcing (DARF) of different aerosol components in PM, ;
(water-soluble, insoluble, black carbon (BC), and sea-salt) were estimated using the hourly resolution data
measured at Aewol intensive air monitoring site on Jeju Island during 2013, based on a modeling approach. In
general, the water-soluble component was predominant over all other components with respect to its impact on the
optical properties (except for absorbing BC) and DARF. The annual mean aerosol optical depth (AOD) at 500 nm
for the water-soluble component was 0.14+0.14 (0.04 £0.01 for BC). The total DARF at the surface (DARFggc)
and top of the atmosphere (DARF,,), and in the atmosphere (DARF,,,) for most aerosol components (except for
sea-salt) during the daytime were highest in spring and lowest in fall and/or summer. The maximum DARFgg. of
most aerosol components occurred around noon (12:00~14:00 LST) during all seasons, while the maximum
DARF;, occurred in the afternoon (13:00~16:00 LST) during most seasons (except for spring). In addition, the
estimated DARF. and DARF,,, of the water-soluble component were —20 to —59 W/m? and +3.5 to +14 W/m?,
respectively, while those of BC were —18 to —29 W/m? and +23 to +37 W/m?, respectively.
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2o A4 AT 7] FoA oolzEo] BFBAE
A e B Faatel AT - 7] A28 (7199
EAFRe WAYE aTHE Bein), ] ETe
oolzzo] TEAAC] Bojste] TEAUEo] ol
Aol dFE nAL BIE Do (Albrecht,
1989). WehA oolz Bl oJFt BAAE EHE X

[}
g Hpolt) YRbH O ooj2E 2 AL2HIE ¢
o7& A7IA(CO,, CH, )% 29 2 J (-9
EAAIE S Ul AEZEe] 43E F7)= 5t
H, d8E= FHY EARAEE vEhl At2dst
= FFS Et}. ole EAFAIYEY F Ee= &2
FHFL TR E FEEH G E T4 B)
o 7]R1gttt. A& S0, A4 (nitrate, NO;”), SH4HE
(sulfate, SO,*) 52 =84 (water-soluble) o|o]EZ
AEZ HEEAE At 29 SAPAEE 57
A|71m (A3 28 991), H (black carbon, BC) &
& gFEALE 7| A (top of the atmosphere, TOA)
L 2RY FFsto] G BEARAESE ST (A
T3t €21 (IPCC, 2013).
oo|2F FHEAY 9 EAPIAGEL IE S
APALE BH, giE EANGE FHeZ (YR
EAAY) S EB= Y I CoRE FEE
At BEAAR Y AR @ B B4, 28a 7
A 7137k B A7t = o] Yk Yoon
and Kim (2006)-2 ¥jZ X 21 A|F Aol A ST
7t F71EEE ool2E FEF (aerosol optical
depth, AOD)7} 71519, 19| we} X & (surface, SFC)
o TOAO|A ] EAFAZ o] F71HE Eelstdtt.
Kim et al. (2010)2 2001~2008d A|F AR 9GS of
Ao ool2F FEAL BEAPIAE S A& 2
I}, AOD (675 nm)= FHd 0.12~0.36, EALAH L
SFC} TOAA Z+zF =28, —15W/m*E Vet &
g =9 w9l ofgtu|o} e} WIqtof| A oo
2Eo] g BEAPIAZL SFColA Z+zt —16, —22
W/m?, TOAO|A —11, —12W/m*2 =A% u} 9o}
(Kedia et al., 2010). 3tH ZA| XA Q] APALE

A, AEA S HFLez ool2F &/ F At
e B4 YA RS AdGE 2804
RS SPRA ARbe] JTE P A2 B
v} 1tk (Park et al., 2015). ESF Q1= 9] El2]x] o)
A= do2F 37 5 BC A&l o FHEA
I AHA EAAEE A& v gloh(Singh et al.,
2010). o]QJo &= ooj2F EAFAY F4AE A&
sto] EAGAE S AFES Aol =" (Song and
Shon, 2014), A&X Y A AL Zo)| A water-soluble
A& EALRIL & A& His) M E 719=
£ x5ty en, E3 19 71 231(-28.7 W/m?)
9ol 7H¢ AL 5o EAAIE (-3.6 W/m?)o] 7
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o2& YA 7]of wet df7] F AFAIZE]
oA ¢ ZFFHA] Thefstr] dizel olei=E 5t
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o wet ¢ & 4 9tk (Song and Shon, 2014). 71
Eg ooj2F ISR T2a AR F= o
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CFrdy g7 EARE RS I 24 do2E
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Fig. 1. Geographical locations of Aewol intensive air monitoring site on Jeju Island. JRMA site in the figure represents
the Jeju Regional Meteorological Administration and Gosan site represents an observation site (Sun photome-
ter observation) on Jeju Island provided by the Aerosol Robotic Network (AERONET) program (http://aeronet.

gsfc.nasa.gov/).
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speed))= AHET, By pfo] Bagt 7|44 4Y
AR F AHsEd A &F2 oY AR 3847
gle BAZE AF AL7IAA (Jeju Regional Meteoro-
logical Administration, JRMA)2] 2013 A|7HdH A&
£ ol &stAth(ad ). AAY FZAHY 7135
< 7tEs] A o3 2oh(& 1). 712 AE
A o8 H el 7} (53] 7~89o] B 29°C)
AZH 7P A vebgth(1do] B+ 5°0). 5%
= AZHE 7P Zsta(12€¥o] 44m/s) o FH oF
o WA (64} 8ol 2.5m)s), F A 68 B
7HeE A 7P B ol HSHLH (6¥] F 161
mm), 78 Ex AEH| 7P A2 o] UEhhth(7Y
o & 14.7mm).
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Table 1. Concentrations of aerosol chemical components in PM, and their optical properties at a wavelength of 500 nm estimated by OPAC model at the Aewol

intensive air monitoring site on Jeju Island during 2013.

AOD (1)

0., (Mm™)

Optical property

o, (Mm™)

0, (Mm™)

4 chemical
components
9.32/1.27/0.95/1.14*
4.92/0.57/0.60/1.06

Concentration (ug/m®)

PM, 5
mass

speed
(m/s)

Wind

Relative
humidity
(%)

Temperature
O

Month

0.13/0.02/0.04/0.03
0.07/0.02/0.03/0.03
0.16/0.02/0.04/0.03
0.14/0.02/0.03/0.03
0.28/0.02/0.04/0.03
0.22/0.02/0.03/0.04
0.11/0.02/0.03/0.04
0.12/0.02/0.03/0.04
0.10/0.02/0.03/0.04
0.09/0.02/0.04/0.03
0.13/0.02/0.04/0.03
0.13/0.02/0.05/0.02

59.3/0.48/10.6/4.23
28.0/0.28/7.20/3.79
80.6/0.85/9.91/6.23
69.4/0.67/6.97/4.36
148/1.05/12.0/4.68

58.4/0.35/2.40/4.23
27.5/0.20/1.62/3.79

0.94/0.14/8.22/<0.001

21.50
13.78
28.46
23.65
36.34
15.64
11.07
11.16
11.90
15.27
25.27
27.29

3.7
30

3.1

70
71

5.6
6.2
10
13
19
22
29
29
24

January

0.43/0.08/5.57/<0.001

February
March
April

May

79.3/0.61/2.24/6.23
68.4/0.48/1.57/4.36

1.28/0.24/7.68/<0.001

14.7/2.28/0.88/1.66

71

1.03/0.19/5.40/<0.001
1.91/0.30/9.32/<0.001
1.11/0.29/6.23/<0.001

0.76/0.15/3.98/<0.001

10.3/1.80/0.65/0.92
20.0/3.00/1.10/0.99

3.7
2.7
25

66

146/0.76/2.72/4.68

71

109/0.74/1.82/10.3 110/1.03/8.05/10.3

10.2/2.70/0.75/1.31
7.85/1.46/0.46/2.78

8.20/1.44/0.52/2.51
7.05/1.29/0.53/3.08
6.08/1.91/0.80/0.78

91

June

51.0/0.54/5.14/10.8

50.2/0.39/1.16/10.8

32
25

72
74
74
72
65

July

56.9/0.52/5.61/9.89
45.1/0.44/547/12.0

56.0/0.37/1.27/9.89
44.5/0.32/1.24/12.0

0.82/0.15/4.34/<0.001

August

0.66/0.12/4.24/<0.001

27
33
40
44

September
October

28] PM,; oo 2% 3

38.4/0.71/8.75/3.07
61.2/0.74/9.42/4 .25
63.9/0.76/14.5/2.20

37.8/0.51/1.97/3.07
60.2/0.53/2.13/4.25
62.7/0.54/3.27/2.20

0.60/0.20/6.77/<0.001

19
13

8.1

1.03/0.21/7.29/<0.001
1.10/0.21/11.2/<0.001

10.7/2.18/0.92/1.19
10.9/2.17/1.32/0.65

November

IS
B
ox

M

61

December

“water-soluble/insoluble/BC/sea-salt.
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B A7AE Beude AnS A3 stol
A A} 2 Aerosol Robotic Network (AERONET, http:
//aeronet.gsfc.nasa.gov/)o| A Al FH-2 A ZE0|E (sun
photometer)?] A|7HE AOD (500 nm) #+Z7HS o] 83}
%th. AERONETO|A] Al FEI §l= AODE 1§ &
I AL} 27 A2 3 AF Level 2.0 A&7} 0]
gE9o0, g 9 Azo] 2RAWo] Pt BAZ
7P 77k 3ol X7 (= 28) 574 (Gosan_
SNU, 33°17'N, 126°9'E)2] AOD (500 nm) A2 & °o]&
skt

-

2.2 OlO|2E statyEy B

2 Aol E ofE NS AL 2 20139 of o
2% sishgay BB 245 slstel Fetm
g9l Optical Properties of Aerosols and Clouds (OPAC)
2L o|gahgich. OPAC mlol that A8 % A
3t A2 Hess er al.(1998)0] & e} Qi Q9Fs}
W, OPAC B9 Zoj7l wpgat Arj&wo| 2as
A ool2E W T8 Aie] BREH (F(0,). A
(0,), 24152 (0,,), AOD F)& AFE8te HEZ A, of
o]2= 9 water cloudso]] tfste] 617§ T4 (0.25~40
pum B4, ice cloudso] thsle] 677] 34F(0.28~40 um
HeDoll st BEAY 4b&o] 7HestH, Z 870
9] AEE (0%, 50%, 710%, 80%, 90%, 95%, 98%,
99%) AT FREANG 42T + Aok E
OPAC 242 67 63 9] water clouds, 37l 32 ice
clouds, 107]] §-3& 9] oo] 2= 3}8HAJ & (water-soluble,
insoluble, soot (E= BC), sea-salt 27 mode, mineral
dust 47} mode, sulfate droplets)o] thste] z}zto] Jst
4 HRT & ek o1 o ollz® sy
2 o7 FtrAPES0l YRHLR EFE e A
© 2 7}A3c}(Hess et al., 1998).

ofol2 % 3HdEol tig OPAC RS 9jsf, =t
gzAozE Bl Yo oA ojoi2s B 5 v
3 Aol 03~40 um W] % 247) TFE A
gsigon, AsEt e AHe 2347 g
WA Z JRMAY AIZHE Fdig= A2 S ]85t 4
HEEol wE FHEALS ArEsch E3 of Y A
o)A mineral dust®} sulfate droplets®] Z7o] o]F
oA gol ool 2E SRS 3 47HA Z, 584
(water-soluble), B-84] (insoluble), A (soot = BC),

f
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Xkl
A (sea-salt) o|JRER EFdt] FTEAS A&
3}ttt o]7] A water-soluble2 & 77}A] £, non-sea-
salt (NSS)-K*, NSS-Mg”*, NSS-Ca>*, NSS-SO,>, NO,™,
NH,", 221 =84 OC &2 2 A4 (1)).
o] & 47}A] NSS A2l NSS-K*, NSS-Mg**, NSS-
Ca®*, NSS-SO0,” AFET = [ion],, — [Na] X (3|49
A Na'of| tgt z}+ o] 9] ZAgku]) TA L& ©o]-§3to
A=, Natol] tjgk K, Mg™, Ca®™*, SO,* o]
o] AFH|= ZHzF 0.036, 0.121, 0.041, 02522 &3}
Stk (Pilson, 1998). 3HH, =84 OC= &4 0] o|F o]
A A grol OCE 487 OCE 7}g3tqict. LA A3
Ao W (Park er al., 2014), A& Ao HA|
0C % £8&4 0C7l AAst= HFo| W& =4
(70~90%) &A% 1t ot

ool 2E YA+ insoluble 22 OCo| gt F7]
£ (organic material, OM)&] H|E ©]-&3FHTH(A] (2)).
oluj OC/OM H]= AEe wtet th2A] A-gst3le=d,
HEHL 206, A2HL2 148, B3} 71 H L2 o184
I ALA] Htl 1.77& ©]-&5tth(Bae, 2011). 3t
H, £ A7olA BC A& 5A0] o]Fo|AA] o}
4l £4E EC &S 40 o] &3tath(A] (3). d
T o 2 ek FBYE 2= ECe a3 7 1H9
B4 ztolg 4% o BCE EAA A7 = gt}
(Venkatachari et al., 2006). T3+ APH Lo =
(Salako et al., 2012), -2 uta} EA] (HhA)ell 4] BC/EC
9] F&H|&o| ¢ 1.072 Yeh} £ 4& 7kl & o]
7t f= ALE ARHth npA GO R sea-salt= &
d AR E2E CIriat Na*2 A=Y e, & 2
F 52E [CI]+147[Na’] BA A& o]-&35fo] AAbst
S THQuinn er al., 2004) (&) (4)). WrebA] E7E F 471
A 9] spegEol Aol sl aofstH vt At

[Water-soluble] = [NSS-K*]+ [NSS-Mg**]
+[NSS-Ca?*] + [NSS-SO,> ]

+[NO, T+ [NH, 1+ [0C] (1)
[Insoluble] = {[OC] X [OM]/[OC]}~[OC] 2)
[BC]=[EC] 3)
[Sea-salt] = [CI7] + 1.47[Na*] “)

o17]4, OPAC =& 9| A A=E 3l 4 (D~

D71 INA A 33 A A5 &

7| EAPAE Y Santa Barbara DISORT Atmospheric
Radiative Transfer (SBDART)E ©]-&3}% th(Ricchiazzi
etal., 1998). SBDART X &2 Discrete-ordinate-method
(DISORT)E 7]4ko.2 3to] Thut(0.25~4.0 pum), Fat
(4.0~100 pm), 7 21844 (0.25~100 pm)of| T}
92 B 39 ks 2A AT of7] Eet 29
o e - Wl B A (o, BAAA S AdksHE
Zd2A, & Ao dubd g9l &dte 03~
40pm TP GoA3t TEo] gl Be s 2t
A A& (SFC), th7]AH (TOA), t7] = (atmosphere,
ATM)®] A4 BEAZAIES ARS8ttt o714, o
o] ofgt A9H T AR 5] 78
o] ERE AASRA=H, A &%l 100%<] ARt
EA A ALt YA ) dea= FEol 9
£ 92 3l (cloud free sky), & A +HFE 0% =2 714
stel Aol o] g3teict.

QurH o ofo|2E BaH4 o] B SFC % TOA
o] A2 EAPIAE (DARFsc, DARF,)2 ooj=2
Fo gl A9 BABA PG} ool2Fe] gl

A9 BABHAF, )9 A2 Alko] ol 2 24}
ZY AL net flux & ‘SFFEE A (downward flux) — AF
FEE A (upward flux)’ 2 AAFETH(A] (5)). £3F 7]

%] AR (DARF )& DARF4,2} DARFy2)
apo| 2 AFEITHA] (6)). The-E SEC, TOA, ATMo] A
o ool 24 BAA ) 2HAL Lehdct,

DARFro4 src
= (Fl —F! )TOA,SFC_(Fw/o ! _leo ! )TOA,SFC (5)
DARF,p = DARF,,,—~DARFg; (6)

SBDART 2932 318 24X 7k} 7k (daytime)o]
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re

£ THoll A
4 9| A& ]
= 7re] 7] SRS
FE neste] B4 7R dl= 07~184], o5&
= 06~19A], AL H = 08~17A| 2 E7314t. 09
o|=, SBDART 24 35 93 38 mjrjdee
AOD, A=Y &= (single scattering albedo, SSA),
A3 (phase function), 7] Z21Y (7], 7|,
eEAE 5), AFE gz, e AAZ(solar zenith
angle, SZA) 5o]t}(Ricchiazzi et al., 1998). AOD,
SSA, 9%t 22 FEHS g2 OPAC 249
A A0E olgstglon, rjzend 9 AE &
= 29 Yol Algsh= US62 tf7] =299 (2
3 714aad By 258749 AxgHs &
0]-83} i th(Hess et al., 1998). T3t SZA= EA 9 -
A= g 9 ARk AR Foll wet 2d oA
A= AT (Ricchiazzi et al., 1998).
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o 32
=
N
L
L
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N
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F= 9 500 nm 3o FHH FHEA (0,
O, 0., AOD) 9| Y/AE W3t Uehditt. stshd £
T £ HwW, water-solubleX} insoluble A E-& B3 (&
3~59)9], BC &2 AZE (129)9], sea-salt &
° o2 52 o2 H2(T~9%)] RS BEI} BE
ot F2 B4 =& =7} #=% water-soluble
7} insoluble g2 AT FIH(E3], 3¢} 5€)e=
FAHH (Ko er al., 2016), ALE] B FTHARY]
AME 9 At E Aol 93 A& BC &2
w7} 2718 o2 2R ECH(Streets ef al., 2003).
No=E e FEEA A tal 7P 2A 4
Fe T AR YAHE A}l water-soluble 4
HO2 YEHTHBCY o, A12). BC 29 F5, H
puAbe] ST TAHAME F Faohe Aol
o] 7} 1 WgelE e BCe) 0,7t 714
E=A YeETH(Song and Shon, 2014). ©] £ of| =, water-
soluble J&2] F3EA F 0,9 AOD= 5¥9 7H%

o o of

=}

APH BAPAY 24 A7 463

=A@ 148Mm™, 0.28), 29l 7P WA Uehte
M (28.0Mm™,0.07), Tt2 Aol H|3] €53 =4 F
=%t} Insoluble J& A 540l 7H¢ &4 (Z2
1.05Mm™, 0.022), 290o] 7F8 W7 UERdATH(0.28
Mm™, 0.021), 71 =L water-soluble A EHT} &
2tk E3 BC 429 0,2t AOD= 1249 7H¢ =
(27 145Mm™, 0.05) 78] 7H3 Yolom (5.14
Mm™, 0.03), sea-salt 52 9 o] 7F4 =4 (ZZ 120
Mm™, 0.04) 12 7P A Uebgoh(2.20 Mm™,
0.02). o] 3t ofoj2E JFEHIEE FeHHSY AI7HA
HIH(Y/AE HIh= 2 AEEY 5= #HEe ¢
FrAFSHA UEATHE ).

FEEY F SSAE AEE BEAL] tiste] 4kt
T 5899 A 7 EE Sk ATEA,
At 4G A Ao FAl9] 3hHe H|
ERAH T} (Pokhrel et al., 2016; Adesina et al., 2014).
o B3] EF59f FFo] iAoz ZtoH SSA
AAIL, W2 F59 gl ez a9
SSA ko] ZtopbE ojujgttt. AF7]7t F<eH(20139)
N oA ool2EY] F4 T SSAY HAE
AW E7] 95te, ool2F IR T HAEA &
a9t 71 T¥lo] gl BC =9 55Xt SSAS ¢|
3= vwstETh(aE 4). 2 23, ofd A4 SSA
(500 nm)E= 7€) 7 231(0.94+0.02), 1083} 12¢
of 7H3 A Yehd ¥ (0.87+0.03), BC &9 &
T 1290 7P w31 (1.39 ug/im’), 78l 7Y A
UEFETHO0 47 ug/m®). T3 7~12¢9 59 SSA7} ZHAa
she AFE 2 ) FHASES S M 2
BC 4ol 557k F7Wke A%E derich109e)
SSA A12)). 1080 BC 48] 57} 54 ghgol=
BT TS FE SSAZE LERE RS AeAS (A
hse)7) b2 ol vs) 58 2 water-soluble
Qo] STt uhe Wl (5.67 pg/m’) O 23
HeH(T ™ A9)). o] Zo] BCAHRY =7t w2 1
(& o)) SSA7}F ZolA=(AHAA ) HEL oy AY
AL = FAHAl WrEbg Tt (Panicker ef al., 2010,
Singh et al., 2010). ¢l & &9¢1, A =9 =A]X| Y (Delhi)
oA 8dof 7H #& SSA(0.89)7F YEhE o) 7 @
2 BC5=(326ug/m)E B om, AgH| 71 &
2 SSA(0.74)7} vErE o 71 =& BC X (167
pg/m*)E H A th(Singh et al., 2010).
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Fig. 2. Diurnal variations of concentrations (ug/m®) and aerosol optical depth (AOD, stacked bars) at 500 nm for each
aerosol chemical component in PM,; during four seasons in 2013.
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Fig. 3. Comparison of daily mean AOD (500 nm) between
the OPAC model and Sun photometer observation
(at the Gosan site) provided by the AERONET pro-
gram (http://aeronet.gsfc.nasa.gov/).

3.0 1.0

BC concentration (;,lg/ms)
SSA (500 nm)

1 2 3 4 5 6 7 8 9 10 11 12
Time (month)

Fig. 4. Monthly variations of single scattering albedo
(SSA) estimated by the OPAC model and BC con-
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site during the daytime in 2013. The vertical bars
denote the 1¢ standard deviation from the mean
values.
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aerosol chemical component in PM,; at the Aewol intensive air monitoring site on Jeju Island. The vertical line
represents the uncertainties corresponding to one standard deviation.

o BAZAIEo] teht e Almuch B, SFC
TOA, ATM 2 X9 A insolubled} sea-salt &2 Z}z+
% BAZAEe 17% olsh, 20% o5tz AHoz
o 22 7| =7t 2

o2 sfshE 5 29 DARF| Tt 7]of w7}
71 £ water-soluble J 22 B3 714 &7 7124
of 7b RA FAHAL (™ 5). Yd¥EE 549
DARFqy, DARF,,,, DARF,y, 7} —59, —45, +14 W/m?
2 7P =A yebgen, 7 WA 4% DARFg
9} DARF,, = 1099 =20, —16 W/m?, DARF,qy = 2
Yol +3.5W/m*o] At ¥HH, ] DARFe]| tjgt 7] o
T=7F 7P 2 BC &2 40 7P =4 o8 &2

D71 INA A 33 A A5 &

7HE e 7 @A FHE AT 2= water-solu-
ble &3 wp7tA 2 590 DARFg, DARFq,,
DARF, 7} —29, +8.0, +37 Wim*E 7} =qror,
7H¢ @A F4E DARFg &= 890 —18 W/m’,
DARF,,,9} DARF = 1190] Z+7} +4.0, +23 W/m®
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ofdolN 32 Z4E A 12~14A17 HIAE
Ve, o] thA] sk AFE EATHAE 6).
A& 591,444 F 7P &2 DARFE Ugi= &
A9 £ &9 DARF= A2 —104 Wm’E 713 &
T UERlen, O o2 HX Aadte fEHE B
ot SR EYE A5 HIE EH, water-soluble &
2 4AAE B 235 12~14A]9] DARFg .7} —34~-56
W/m’Z 7H wgeH, 22 A7tdo] BC A&
—25~—=30 W/m?, insoluble &L —10~—11 Wm’E
7V A A=A B3 3 48 2F P A F
AR ALY QAT £ 0T ettt olsh 4t
2 sea-salt J&-2 HHAT LA (10A1A)e] L%
(=79W/mHE Bgen, o] AHe 237t
2] (=7 4~-94W/m* { $)7} Uetitth & Ao
A A% water-soluble A E9] 23 =2 DARF= 2
A Z7bE Bokeh Ao QI3 TEE SO
b Uit 9% ws) sEs 9n Beo] Ik Ao
2 ZA = th(Shon et al., 2013). o]&3t ofo]2 & 3}t

434 DARFS] 9% 95} ol oo 25 o5y
(¢, AOD), @A A|ZHEE SZA), 183 259 5%
W3] Zpolof ot Aoz FHE 4 Ut} (Russell er
al., 1999). 3t#H, TOAo|A 2] & DARF:= E3 A
(10A]7)e] YA A-L @ FAIZE (13~16A])e] 7}
=4 FREAT ™ 7). FEEEE 2, 44
A 2% water-solublel} BC &2 Ao ~14A]9] 7}
ZF =YL (ES], BE 12490 ZHzZF —42, +10 W/m?),
insolubleZ} sea-salt JEL QA (8~104]) T =2
L2F(16~18A)fl #A vrebttt.

# 2+ AU o] APAFolA AEH FAPIA
2 (DARF)¥} & d7Z27eto] s Yedth A=

£ A7 S FH A A G AlFE At A
9] 3}shdEE DARFE H|Z3] EH, 200149 44
water-soluble 429 H4 DARF:.&} DARF .= Z}
7t —43~-9.6 Wm’®} —2.7~-73 W/m’E ZA= 9
© ™ (Yoon and Kim, 2006), Z2 3] 4¢ o2 AyA
Fo A (Kim et al., 2006) water-soluble &2 —10.3
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W/m?, BC &L —10.1 Wm’2 A Ech 2 %
Al Ak A 2010~2014¢ E<F A= water-solu-
ble /J&9] o DARF 2t DARF o= 247 —28~
—58 W/m?9} —22~—44 W/m?, sea-salt &2 Z+7}
—6.5~—8.0 W/m’?} —6.0~—7.4 W/m?0]3ith(Park,
2017). o] 9]0l =, 2005\ 5€ TAR| Y F ofojZFo]
gt B DARFg. 2t DARF o= ZH2F —21 W/m’e}
—8.3 W/m?(Takamura et al., 2007), 2001 ~2008 Z<¢F
ol ZzF —28 W/im*eF —16 Wim*E 24 |9l th (Kim

D71 INA A 33 A A5 &

et al., 2010). T, %] ¥} 7] o412 (oFekulo} 4,
HETh £ ool2&) it B DARF 2} DARF,,,
= Z+ZF —16~-31 W/m’Q} —9~—12 W/m’ZE ArZE]
At} (Kedia et al., 2010; Ramachandran, 2005). ¥ d+
o] o X HoA F4H 2F5HdEE DARF= 59
o2 WFA G vns & o o A4 UEdAY
Ee 7 AR 2ES 2T

e of2] ZAIA Y ooj2ZF 3}3HJ & DARF

£ v|ud EH(E 2), A=A Y water-soluble A& 2



Table 2. Comparison of direct aerosol radiative forcing (DARF) between different studies.

Study period

2RIzl Bllo =l

L10Z S "ON ‘€€ '[OA ' UOIIAUY "SOW}Y 00§ UBAIOY '[

: 2 2
Location (wavelength, jum) Type DARFg;; (W/m?) DARF,, (W/m?) Reference
Aewol, South Korea 2013 Water-soluble -20+13 to -59+31 -16+10 to -45+22 This study
(0.3~4.0) Insoluble -70+38t0-98+1.2 -1.5+05t0-19+03
BC -18+8.6t0 -29+9.3 +44+30to+84+35
Sea-salt -56+1.8t0-93+26 -52+1.6t0-85+23
Gosan, South Korea 2010~2014 Water-soluble -27.7t0 -57.8 -21.6to —44.2 Park, 2017
(0.3~4.0) Sea-salt -6.5to -8.0 -60to-74
Gosan, South Korea Apr 2001 Water-soluble -10.3 - Kim et al., 2006
(0.285~4.0) BC -10.1
Gosan, South Korea 11~13 Apr 2001 Water-soluble -43t0-9.6 -27t0-73 Yoon and Kim, 2006
(0.55)
Gosan, South Korea Mar 2005 Aerosol -20.8+9.0 -83+5.3 Takamura et al., 2007
Gosan, South Korea 2001~2008 Aerosol -28+9.2 -16+4.4 Kim et al., 2010
(0.2~5.0)
Bay of Bengal, India Feb~Mar 2001 Aerosol =31 -9 Ramachandran, 2005
(0.4~0.85)
Arabian Sea Bay of Bengal, India Mar~Apr 2006 Aerosol -16 -11 Kedia et al., 2010
(0.25~4.0) Aerosol =224 -12.0
Seoul, South Korea 2010 Water-soluble -63+32 -48+24 Song et al., 2017
(0.3~4.0) Insoluble -88+3.1 -1.720.6
BC -32.7+189 +8.7+54
Sea-salt -59+22 -55+20
Hyderabad, India Jan~May 2003 BC -33 +9 Badarinath and Latha, 2006
Bangalore, India Nov 2004 to May 2005 BC -20 to -40 +2to +5 Satheesh et al., 2010
(0.25~4.0)
Pune, India Oct 2004 to May 2005 BC -14.1t0-19.5 +3.1to +39 Panicker et al., 2010
(0.3~3.0)
Delhi, India Jan 2006 to Jan 2007 BC -46+8to -110£20 -14+£04to+21%2 Singh et al., 2010
(0.3~3.0)

Flo 28 ERale ETboll “Nd T &=

fc 12

efdve EEE & &al
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kil
H# DARFy 9 DARF,, = 72} —63, —48 W/m?,
insoluble &L —8.8, —1.7W/m?, BC &2 -33,
+8.7W/m’, sea-salt J 22 =59, -55W/m’Z FH
v} Qlth(Song et al., 2017). T3 A= 9] ZA|RFoA
BC A&°l &3t B+ DARF( DARFo= 242
—14 (Pune)~—110 W/m? (Delhi), —1.4 (Delhi)~+21 W/
m? (Delhi)2 $7 %]l th(Panicker et al., 2010; Satheesh
et al., 2010; Singh et al., 2010; Badarinath and Latha,
2006). 53] A=9] H7FAE Q] Delhi A9 9] && &
9] DARF,, &= 2 $7He BC == Q3 ¢ 2
Sl 71908 Aoz 24T 4 qth(Seinfeld and
Pandis, 2016; Singh et al., 2010). o]&3t Z=A|X| g3}
o€ A (& d7)e DARFE H|13] & uf insoluble
I} sea-salt B2 v A $AFSFE A 4L, water-soluble
I BC RS BAA Yol 27 A4 E= ¢ 2 2
ol& HAth (53], &= Delhi® BC A& =&
DARFgoi= ol 213 9] 2|11 64l)). o]} Zro] A2 ok
£ A4 9] DARF ztol= Ao E d47]
Zko] Aot oy} R w&, YA 271, A
E GH|=, BAF 9 (wavelength) 59 o]z <Ql3]
71915 Ao 2 AlR =t} (Liao and Seinfeld, 1998).
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o u ZE

£ Aol 20138 AF U7 2 AWFEH Ll
9 A)e] AZHE PM,, SR FE A2E o] 43}
of o]z bRl 2 FoEY L YHY 2
A AEE A&tz OPACTE SBDART 2@
FE Fl). AutH oz, oojl2F ISR F water-
soluble Ad&o] FBEA ) v = FF(E= 7195%)
ol 7 & A2 2 YethBCY o, A9). AF7IZE
¢ dlolzE FEEA (4, 0,8 AOD)Y &2 4]
= water-soluble®} insoluble Ao T3] F=2 239,
BC &2 AEH ), sea-salt R oJFF E+= 0| &
7HeEol Yehstth FeHEA (o, AOD) Y] AEE 45
HIE 2d, & 2 oFHo e o8 oY =2 %
(18AD)ell HaAE BPon, 7H 9 ASE S A=
25 (A7 Aot 14~15A)] HA7F ek ARt
o2 AIZFhe} Hlwsto] wi-e- mARE Apo] ¢iek. ERE
Sleld £ AODet 59| dF ¥dhe A= (52

D71 INA A 33 A A5 &

2 9] water-soluble A 9]) AHof TAFlo] BE AT
oA A2 FARE fES Bk 8 2o water-
soluble 4 £9] T 45 7MY W2 W, AOD= 2
Aol & AHE= (B 69% 2Tt thd E2 76%)°]
ofat water-soluble 4J32] F44ol <Js) 27k A
o2 S4e 4 St meb ooz SfahyRel of
£ BEHE 7 o) B s ot At
£ Wslo] AEe RS W A0 Aadn.

g @ AN olel2E SR B
DARFY] mA|= ¥ (ke 7|9%)S FeHE4 ot
Z7HA & water-soluble 20| 713 3A Uehgt. A
T713t &< water-soluble &2 59| EAPAIES
B P w1 7 B ALE 7P WA vE
Yo, E3] 549 DARFg., DARF,,,, DARF, =
27+ =59, —45, +14W/m’E 7} =9Fo 0, DARF;
2} DARF o= 109 (—20, —16 W/m?)o||, DARF ;=
29 (+3.5W/mdHo| 7H ekt BC AE-S water-sol-
uble A&7 vpE7tE 54 (59)°] DARF,
DARFE,,, DARF,7} 7F& =31 (2k2F —29, +8.0, +37
Wim'), 015 T 7HEE ] 78 ZA (DARF = 849
o —18 W/m®, DARF,,,&} DARF = 1199 +4.0,
+23 W/m’) A=At 4% HelE B, DARFg=
Ad B AT ET AIQlo] R HLRE 52
Al Arole] 71 2A =3 E W, DARF &= AR
(A A9 LF AR (13~16A)0l 7HE A 4=
itk ol B AThe] v mA Tue Folshgo
2 Q3f| ofo]2E A& (53], water-solubled} AFE
3) F=7F S7Htel wet o] 59 DARF E£3 F713eh
Ao 2T 4 vk ZEH o R, 2 AFoAE o
o]2% 3sHdHo] DARFY| w|A= FgFo] AIZHA W
SHH/AE 9 45 ¥shol met g As &
Qlstgler, ]2t DARF H3l= iAo ooj2&
R Tt S, a9 V1 2 84 =2
A& ¥, A} 27], s Sl g2t 2A4 |
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