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Characteristics of Concentrations of Aerosol Chemical Components
and their Direct Radiative Forcing Estimates in the Haze Events
during 2013~2016
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Abstract The concentration characteristics of four aerosol chemical components (water-soluble, insoluble, black carbon
(BC), and sea-salt) and their direct radiative forcing (DRF) were analyzed using the daily or hourly data (PM, ;) measured at
urban (Yeonsan, Gwangbok, Hakjang, and Gijang in Busan) and background sites (Aewol in Jeju Island) during haze events,
based on a modeling approach. Overall, the concentrations of water-soluble component and its impact on the DRF were
predominant over all other components at most of the sites (especially at Aewol, Gwangbok and/or Hakjang). The DRFs at the
surface (DRFgec), top of the atmosphere (DRFyp,), and the atmosphere (DRF,py) for most aerosol components (except for BC) at
most of the sites (except for Yeonsan) were high in spring or winter and low in summer or fall. Meanwhile, the DRFs at
Yeonsan were highest in summer (for DRFyq,) or fall (for DRFse¢c) and lowest in spring (for both). These seasonal DRF
characteristics in the study sites might be closely related to the seasonal patterns of aerosol component concentrations and/
or meteorological conditions (e.g., relative humidity). In addition, the positive DRFyry of BC in the study sites was highest
among the all aerosol components due to strong radiative absorption. The differences in DRFs for water-soluble component
between haze and non-haze periods were largest in the all study sites. In particular, the DRFyoa (and DRFsc) of water-soluble
at the sites of Gwangbok and Aewol during the haze periods were higher by a factor of 1.8 and 2.3 (and a factor of 1.9 and 2.4)
than those during the non-haze periods.
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A 2|5 Yzt3tol| 7]ofsh= W, shA A m o] Eehd
A4o] 95 EAY5H= AW (black carbon, BC)-S Ej
FEAFE Fohe Aol 9lol &9 DRFE 924
23lo] 7]oJgte} (IPCC, 2013, 2007). 3+, oflo]&2
9] 7+ 4 RF 42 ot B#E524= (89 &
T W g7 )9 At B o= <
3] DRF 4K} &4 B335}t (IPCC, 2013; Rap et
al., 2013; Mahowald et al,, 2011).

ofo2Z0] FEALRI| FFS = 71Ed
AF= FHEFE (relative humidity, RH) 75% ©]5t
oA ti7] Fof it 22 A7l 2 WA 5o =
Ho| #5719} A SHEHA, A& 1~10km
T2 37 FAAZlE B0l Tt (Lim et al., 2004).
A= O AFs A Sl A o] Eehdda B4
(Clitelea, Hat 5)& EFSkL glo, 4Rt
+ 1pm FE = Aol Hs] v 22 27 = HA0
7182 T 257 AE FEAIA AR AL
A BAR2 AZE L Itk (Yang et al., 2015; Lee et al.,
2014; Quan et al., 2014). T3+ ALFAFL TA] Tj7]
S A=HY] e HUC & ol WA= sk wAH
2] @goeg, F=2 BC 7714 (organic carbon,
0C) A& 9| 57t =& Holt}(Singh et al., 2010).
webA] o] gt AR MiE LT 5 EAA G
Hj7d (= Al Aol H]al oflo] 2E0] BALR T
=7 Webdth (Song et al., 2017; Singh et al., 2010).
oA E =01, 2006~2007d Q&L 9] Delhiol 4] BC &
©] DRFE= A X (surface, SFC)OIA Z|L -110 W/m?,
R4 (top of the atmosphere, TOA)A Z L
+21 W/m? 22 =7 Yebgth(Singh et al., 2010). &=
2+ 200349 1~3% Q1%=9] Hyderabadol|A BC 422
i DRFE SFCOF TOAOIA ZHZF -33 W/m?, +9
W/m?e 2 A% QIth(Badarinath and Latha, 2006).
2] (dust) Q] A2, 2004 109 ~2006 3Y o|HE
O] =& Cairo°f|A] SEC} TOAIA 2] DRFE 22t

a

0PN ofy

SHEE ST SX U AEN BALNE £ o 199

-121 W/m?, =57 W/m?2. & 1] =7 =A% q]ct
(El-Metwally et al., 2011). $HH, 2001~2008'd Hi 74 #]
A (AT 4hellA oo} 2ZE9] DRF= SFCOlA] -28
W/m?, TOAOA] —16 W/m? S &2 T AR o] B]a] A
tfA o 2 W2 &2 Yt (Kim et al., 2010).

SHuels Ao R Fro] FotSe] YAt
o] QR ZHE | o} A =UHlE S71E <Qlal,
2008~20157F A2 2] A7 L7 1009 ©]
Ao g T3] WAL Tk (Shi et al, 2016). FAT
A2 Aol v FxozFEH W Ao glom
SIS TR AZoll ke E6Hl, E2 717H(2011d
Aol #A 49, o 95U 2] AR7} EAYste] A
29 35~70% AT 50| 3UTH(KMA, 2008 ~2015).
A, St oA HEE AR o 4EE (S0,5),
AAE (NOyT), ¥:E (NH )T 22 23t F7]0fof
g2Zo] H|ARo| H]of| oF 6Hlf ol F7ol= EA4E
H At (Kang et al., 2004). T3+ Kim et al. (2014)2 o
71 A=A Lol AL gle wiBAq AT
Aholl A A5 AF| Al PM, o1} PM, 5 =7} B ¢15E]]
H|5l Z¥z} 2.08), 2280 Ak 57k 2o = Bt ut
etk wheba ARel T2 713 el whet oloj2E
o] spetx/de ot 1o WE Fk 54T FAL
BIE B A2 A9 7183 715 Al
o] % Z Q351 & 4= Atk (Ko et al., 2016).

A AT AA ™, A9 T SFeH el o
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AR B2 7|19 /ste] EAS ot H glof v
< =qot AR &85 4 Ak (Yoon ef al., 2005).
Ty A oflojmEo] FeEAN EARR ]
g AT = F= B A TS O R o]FolA gko
™ (Takamura ef al., 2007; Kim et al., 2006; Won et al.,
2004), EAIA[ Ao A 0] o]t AL AR HAIE
A eJstale o 6] go] =53t Holoh, 3t ofloj =
= DRFO|| et U 9] 152 T2 ofoj=E AA
ZF (PMy, PM,5)2 0|83 77} iR Eolglom,
et R ko) uht oflo]2Ee] FEE
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Fig. 1. Geographical locations of the measurement sites (four sites in Busan and one site in Jeju Island) for aerosol chemical

components in PM, 5.
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2013~2016'3 A Al2|2]| O{2Z St

S s 7172 2016 F 0|t} 9HHE, A5 of
g2 t71eAHE5449] 2013~20149 AZF
% ﬂfi.”‘&_ FLARE o853t o714 ARgRE
PM, s S22 & 87119 o2&
(0,27, NO;~, CI', Nat, NH,*, K*, Mg?*, Ca*")7} 2
78] §FAAHE (0C, YAEA (element carbon, EC))
ot} FA4HY] ooz F SR AmE FAMA] B
F AL 1Al A=A A 0 PR Ame
SHEF LA & T 3o, A 4l
2]/4d BF7tol thet =R 5 (Quality Assurance, QA)
T =32 (Quality Control, QC)7} &7 43 =| 1L
Atk

dutd o g oolaE A2 F
4 dlolzE2 AHEE RH)7 57185 Hi7] F
oo 2& 3F5HF7 (aerosol optical depth, AOD)7} 5
Tk Akl ol Gg Fol, B ool 29
DRF &7} 93kg n)d 4= Utk (Park ef al., 2015;
Yoon and Kim, 2006). & @ o4& Bt Hast 2
AL Qs A B A7 2 IE5 RY AR E 0]

45te] oo]2& F5Id (Optical Properties of
Aerosols and Clouds, OPAC)°l| A-83}3tt. &, FA4t
4 A3 (d4h FE, oH, 7172 Hhe 2ol 1|5t
= 5714 TEA] A H (Automated Weather Station,
AWS)S] RH Zt= (2013~2016')E 213 ©]-85H3
I, AT ofLAH L ST Qe BAR AFAY
71747 ASOSS] RH 2t= (2013~2014)E ©]-85H%
T & ofloj = Eof o7t A A aavhS 185}
Ash F+52 BE A=, A2l 100%
(AR 3R ARt FA A Ajstal v A]
Zoll disfiA= 50l e W2 ohs (A= 0%)=
7+ 8FI o} (Kim et al., 2010; Singh et al., 2010). T4t
473 8] AWSOlM = 2ol TEEA] grot Al of
LA mR7 A = 71737 ASOSOllA BE37t 27
Az s o]8St3th o]efotk, ofoj2E FotrH o
A3} (4, AOD)E #H55H7] ol Aerosol Robotic
Network (AERONET) ][4 Al-3-5]= AL E1]E (Sun

photometer)2] ¥ AOD (500 nm) #Z3-S AHE-S

AT} e T

SEEC A LIRCE

=AIAE 53 o7 201

o, o]7| 4 AFET 9= AODE AERONET
Level 2.0 (587 A|A 4 4 B3H A=) 2t=

ot} (http://aeronet.gsfc.nasa.gov/). FATZ] &2 LA

W2 AERONETOIA Al-Fch= SHA7F 3 X
glof Aol Al Alelste, AT f BRI (Sg B

AL gixuhe 71 7k 1A 2 A (33.39N,
126.2°E)2] 4 AODE ©|&5}to] OPAC 2E 2

AODS} H] S} H.

2.2 O0Z2E AF™ SAIZAE (DRF) A 4

etz o g ofoj2Ze] whE SFC E TOAS] 24
2 BEAPIAE (DRF)Z oloj2F0] &= 9 &
AFEE A (F) 9} Qi 90 BAREE A (F,,) 9 A=
Aitst, 7 BARZH AL oo]2E fFo WE A
T} olF BAREHAO] A (net flux=SFFEH A -
BEFEY L) E ALRITHA (1), B3 7] S (atmo-
sphere, ATM) DRFi= TOAS} SEC] DRF #}o|2 7|
AR (2] (2)). Tha-2 2 Aol ©o]-8% TOA, SFC,
Z19]31 ATMO)I 4 €] DRF 74 A1& LrehdTt,

DRFro4, sic
=(F' -F! )toa, sic — (Fuo b- Fuio ! Jroa,sec (1)
DRFypy = DRFrga = DRFggc (2)

A4E AR ALY olojzE sl R ohE
DRFE F743517] 9fste] 2| Loltfjstil-Santa
Barbara©l| A 7J4et o 7] BARAE 2 9 (Santa Babara
DISORT Atmospheric Radiative Transfer, SBDART)
2 0|85}tk (Ricchiazzi et al., 1998). & 4342
A3t 8 JdEHASTE AOD, TR (single
scattering albedo, SSA), 91’38 (phase function), #]
7 e, 7l zg2ud (712, 719 5), 2 1%
Z¥ (solar zenith angle, SZA) S°ltt. YT F
AOD, SSA, S1/3etrot 22 3ol ¥4+= OPAC 24l
o] AEEIE ol g5t oH, A o} T 7] =
B2 Bd YofA AlEgchs 25 o] I
ot use2 Zautd (slFgAHe] 15 71das A
2 el Skt olLjelz, SZAE 2
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=, A (Julian day), A1ZHUTC) 5ol 28] At

SBDART 2] ¢l 2tz ol o]z 6_}%1,\_
£ Axtstr] $lal] AHg-E OPAC o] oigh A2

=3 Zt}h OPAC 2dl2 Foi7] 117 (0.25~40
um Ate]€] 6171 o7} 87H] RH (0%, 50%, 70%,
80%, 90%, 95%, 98%, 99%) 7oA ofoj=E U +
2 AgHo| st S= (AOD, At B 54 A4 5)5
AFEShe m o], 2 107]9] doj2E g+

(584 (water-soluble), =84 (insoluble), BC, sea-

ﬂoﬁ

salt (27 mode), mineral dust (47 mode), sulfate
droplets)f| thall FEHHFE A5 5= T} (Hess et
al., 1998). & AFoM= A HoNA L] oojzE
27 Aze) @Az e 10717 ool 2E 42 F 4
7}A] A (water-soluble, insoluble, BC, sea-salt) 2.2
ERato] 22te] Yehasg PESHAC o)A &
F8 H sfebgRe] 2ol del aorstel g
T} 2y, WA, water-soluble 422 & 77H4] &, 47}t
Z] H]5H4 (non-sea-salt, NSS) 4+ NSS-K*, NSS-
Mg**, NSS-Ca’*, NSS-s0,2~ ¢} NO, ™, NH,*, &84
OC ZEo& FAHTHA (3)). & AFNA = 471
NSS o] 24d22] AFE=E [ion]qy, — [Na] X (SH=]l
A Na*ofl tigt 2z} o] 2] Aeku]) BAA S T3 Al
4F5F3 0 ™ (Pilson, 1998), 5874 OCY| Ztm FAf =
ols OCE =84 OCE 7435ttt (Park et al.,
2014). th3 2 & insoluble AJ+-2 OCo W 471&
% (organic material, OM)2] H|E ©]-855=] (4]
(4)), Aol wet 242 th2 Al (915: 2.06, A 1.48,
= 7he: o5 A= Bt 1.77) A8kt
(Bae, 2011). EgF & Ao)|A= BC &2
o]Fo]2]7] ¢ol, £ H EC HE & Aokt
(A (5)). FFA O 2 sea-salt AE-2 484 o] A4 H
oA 22 Na*e} CI'® 35t t (Quinn et al,
2004) (21 (6)).

2ol

[Water-soluble] = [NSS-K*] + [NSS-Mg**]
+ [NSS-Ca?*] + [NSS-S0,27 ]+ [NO; ]
+ [NH4+] + [Oc]water—soluble (3)

(Insoluble] = {[OC] X [OM]/[OC]} = [OCl\ater-soluble

(4)
(BC] = [EC] (©)
[Sea-salt] = [C]"] + 1.47 [Na*] (6)

o714 oo 2Z FotH4E AHESH] flol aFohd
H AeFs (ug/m’)
o] gt EEote
212) ] ((ugm (partcefem & A5 47
2] A8 2] 45 (number density, particle/cm?) 2 A4
A5} 2™ (Hess et al. (1988)2] E 1¢), ©]& OPAC
el Q% ARE A8, £t olol2E YA
7] B3 (size distributions)+= ofefje} o] ZF A&
of gt 221 A1 EE (lognormal distributions, 2]

(7))7}F H-2= I tH(Deepak and Gerber, 1983).
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Table 1. Mean concentrations (ug/m?3) of four aerosol chemical components in PM, s and their optical property (AOD, 550
nm) calculated by OPAC model at several study sites during haze periods.

(a) Mean concentrations and optical property (AOD) of four aerosol chemical components

Concentration (ug/m3)

Optical property

Region Site Period Megz)RH
Water-soluble Insoluble BC Sea-salt AOD (1)
Busan Yeonsan 2013 16.7 29 1.5 0.5 0.16/0.02/0.04/0.02* 50
2014 21.0+3.0° 43+0.8 2.1+0.8 0.2+0.1 0.21/0.02/0.05/0.02 57
2015 21.1£8.1 29+1.0 2.0+0.6 04+0.3 0.18/0.02/0.05/0.02 55
2016 228+94 35+1.7 1.5+0.7 1.8+1.4 0.23/0.02/0.04/0.03 61
Gwangbok 2016 33377 35+1.7 1.7+£0.8 1.2+0.9 0.34/0.02/0.05/0.03 63
Hakjang 2016 27.7+8.2 39+1.6 1.9+£0.9 1.6£1.1 0.29/0.02/0.05/0.03 63
Gijang 2016 18.8+5.3 32+1.6 1.2+£0.6 1.3+£22 0.20/0.02/0.04/0.03 61
Jeju Aewol 2013 385x154 54+22 29+1.6 1.6£1.1 0.40/0.02/0.06/0.03 64
2014 46.0+13.1 56+0.9 3.1+£13 2.0+0.8 0.49/0.02/0.07/0.03 67
(b) Mean concentrations of several components of water-soluble aerosol
Secondary inorganic aerosol (SIA) Pri . .
Region Site Period rimary inorganic oc
Al NO;~ NH,* NSS-50,2 aerosol (PIA)
Busan Yeonsan 2013 124+1.4° 5.1 25 4.8 06+0.2 3.8
2014 15.0+4.9 0.6+0.9 41+£0.8 103+1.2 0.4+0.1 56+1.0
2015 11.6+2.1 1.9+1.1 36+14 6.1+£1.0 0.4+0.1 6.1+£2.1
2016 174+2.0 5656 39+1.8 79+3.8 0.6+0.2 49+2.2
Gwangbok 2016 27527 10.2+£7.0 6.1+£2.0 11.2+45 0.7+0.1 53+24
Hakjang 2016 213x23 7850 45+1.7 9.0+4.1 0.7+£0.1 58+23
Gijang 2016 17.6+8.6 4.1+41 41+£1.6 94+33 0.7+0.2 45+19
Jeju Aewol 2013 285+26 9.7+£7.7 6.8+2.8 12.0x4.5 1.1£0.3 9.1+£4.2
2014 352+28 11.8+£8.0 8.9+3.2 145+6.9 0.7+0.3 10.1£3.3

#Water-soluble/Insoluble/BC/Sea-salt.
"Mean + 10.
PIA: NSS-K* + NSS-Mg?* + NSS-Ca?*.
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Fig. 2. Seasonal variations of the concentrations (ug/m?) of four different aerosol components in PM, 5 at several study sites
during haze periods of the study period (Yeonsan: 2013~2016, Gwangbok, Hakjang, and Gijang: 2016, Aewol: 2013~2014).
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Fig. 3. Comparison of daily AOD (500 nm) between the OPAC
model (at Aewol) and Sun photometer observation (at Gosan)
provided by the AERONET (http://aeronet.gsfc.nasa.gov/).
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J5-9] DRFgrc, DRFyop DREgpyS
Z¥Z} -87 W/m?, —66 W/m?, +22 W/m?=2 AA] A|H
% 7P &okom, 20134 AR g W
DRFE X AtHZ2 -52 W/m?, -39 W/m?, +13 W/
m?). T3 2016 F4+0] W )2 9Ql 772 ThE 37
Aol vl T4 X2 DREZF FAE T 3HE, AlF
N G232 wiF A ol Skl 2013~20141
s+ DRF7}F /3] =3kt 55 2014
water-soluble 32| DRFgc, DRF s, DRFypy 2t
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23t DRF FE2 22 & (2013~20144) FAF
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] sea-salt <=2

] water-soluble %

Table 2. Mean direct radiative forcing (DRF, W/m?) of four aerosol chemical components estimated by SBDART model at sev-

eral study sites during haze periods.

Direct radiave forcing (W/m?)

Region Site Period Water-soluble Insoluble BC Sea-salt
TOA?  SFCP ATM®  TOA SFC ATM TOA SFC ATM TOA SFC ATM
Busan  Yeonsan 2013 -389 -515 +126 -13 -106 +93 +128 -386 +514 -60 -64 +04
2014 -475 -633 +158 -11 -109 +98 +160 -471 +63.0 -57 -6.1 +04
2015 -422 -537 +115 -21 -103 +82 +107 -407 +514 -62 -66 +04
2016 -50.1 -652 +151 -16 -106 +9.0 +10.7 -357 +464 -74 -79 +06
Gwanbok 2016 -655 -870 +215 -17 -105 +88 +11.1 -379 +490 -70 -75 +05
Hakjang 2016 -60.2 -793 +191 -17 -107 +90 +116 -357 +473 -82 -90 +0.7
Gijang 2016 -454 -586 +132 -16 -104 +88 +99 -322 +421 -69 -74 405
Jeju Aewol 2013 -548 -726 +178 -18 -88 +70 +103 -386 +489 -68 -72 +04
2014 =587 -77.7 4191 -19 -84 +65 +115 -451 +566 -74 -79 +04
2TOA: the top of the atmosphere.
BSFC: the surface level.
“ATM: the atmosphere.
SHE7|etEstEX| K36 E M2 &
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Fig. 4. Seasonal variations of direct radiative forcing (DRF, W/m?) at the top of the atmosphere (TOA) for each aerosol chemi-

cal component in PM, 5 at several study sites during haze periods of the study period (Yeonsan: 2013~2016, Gwangbok,

Hakjang, and Gijang: 2016, Aewol: 2013~2014).
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