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Mass Concentration and Size Distribution of
Refractory Black Carbon in Seoul during Summer
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Abstract Black carbon (BC), a primary aerosol emitted by the combustion of fossil fuel and biomass, is the subject of scien-
tific attention as its impacts on atmospheric pollution, human health and climate change. In the present study, the refractory
BC (rBC) measurement method using a single particle soot photometer (SP2, DMT) was validated by developing and optimiz-
ing a precise calibration system. We measured mass and number concentrations and size distributions of ambient rBC in Seoul
during 2019 summer. The mean mass and number concentrations of rBC particles were 0.58 +0.32 ug m~3 and 336+ 190 # cm™,
respectively. The maximum count diameter of rBC was always found at around 70~80 nm, close to the lower detection limit,
and the mass median diameter (MMD) of rBC was 119+ 5 nm on average. The elemental carbon (EC) mass concentration mea-
sured using a thermal-optical method (TOT) was 35% higher than that of rBC, which was likely associated with the differences
in measured size range, refractory properties, and measurement uncertainties between two methods. The results clearly indi-
cate that rBC particles in Seoul during summer was highly subject to urban local vehicle emissions.
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1. 4 =2 A 11 AT Q4 o] It (Boucher ef al., 2013). &
Ao As ZAFE2t ol F A Y, 3 =% 22 1A

EH7H2 (black carbon, BC)> 2= A4et 4] AP o 2 RHE T2 viEE7| wjZo] =4 viE A
azko] o] ti7|Fo g A vlEE = olol2E ARFE o] §Hh Bt HPole B4 di71E Ast=

ojtt. EHFHEL o] 2ZF (aerosol) F 7HAFAS
71 7l St FE&4-5E2 (Bond et al., 2013)

2 g 9lom $%ErF F2 100 nm ©]5tel| J

Qla QI7ke] 7ol AZHet S 7|A= EH2 B
&Itk (Janssen et al., 2012, 2011).
AxAHoz= 3 9 AR diof ot

FH o] Uehtbe Ui Ate] 7] wize] g ti&t =
R G742 447 o]-5Stt (Lim et al., 2017; Zhou et al.,
2012). b A4, 2474 ZR0] A7
2 oplste ofol2® ARoA F1FHs 2y

HiZo] Ba7lE A7) W5 0] 60% oS ARk,
oA 20 WAL o9 olgt Wolrk. oo}
QImo} $7] BalFlR Q194 wiZe] oo
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of df HlE Al F=ollA ] F8 SR HlEL
S =7 wHHE o] 3k Aer Wl AEAAT 4o

Ry

Th(Ni et al., 2014; Wang et al., 2012). ©]2]gt Hj&
o RHE HAIGH Byl o Bl EXo R 03
7178 ASS HERAA 5 PM, 5 AFIIE Hot
ASHAZA 4= Qltkal B 153 Q) (Lou et al., 2019;
Ding et al., 2016).
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354 714V B4 By EHol 346t
I IS PAoHA (Kiselev et al., 2010; Zhang et
al., 2008) 7]- o] E3MAte|7} Wslsich = B

2] o BHRA st oz nE
2 ZA 2} (conservative tracer) 241 2] A2 3|5}
HA 9732 Z7}5}1 (Ohata et al., 2016) FEHEHS-0]
ofsto] ofol2E ol A4 % Al JoiE 4
Atk

B 2L DAY BEY B Hhe
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Hlo] A= WY (laser-induced incandescence) &
WS o]-§5t= single particle soot photometer (SP2,

DMT)24t 7Fs6}t} sp2= #lo|AE 543 & =
HPY ol A e dst= sty &3 7]‘£(refractory black
carbon, ©]3} “rBC”) 9] YA A=k} ¢ =
o2 9 /19 99 A 2o i 59

E5H (thermal method)S HIE® O 2 dfo] T
J_(elemental carbon, ©]5} “EC”)-/] AF=o =
St= E345H4 F11H (Thermal-optical transmittance
method; TOT) ¥ 3352 HEAMH (Thermal- -optical
reflectance method; TOR)¥ E&7H29] 3FZ4A|4
=49 A5 (equivalent BC, eBC)Z gHitsl=
F319H (optical transmittance method)©] AT},
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onf, Ao ® Sp2
ZA35 1BC 5=} 2}o]7} 2rAY St (Sharma et al.,
2017; Miyakawa et al., 2016; Wang et al., 2014). =3t
SP2= in-situ A2 HHA, §] T HhHe O 23 7]
gto]m g2 "E| 2HA| <] 7Hdo] ATt (Lee, 2018; Schmid
et al., 2006; Weingartner et al., 2003). = S37H2
ZAAIL B JastAur v Bsh E S
o]-g5te] =] Qict. F sP27t EYE o] HiF
71291 AT S AA 534 (59) (Oh et al,
2015), A& EFFoA o5 (99) (Park et al., 2019)
o 7] ¥ BC 54 A7t =
2 Aol sp2o] AN ARE 5, A
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2.1 58

KA ABL otete pEthsty A A A 1&
Shubabsk 7= (37°35'N, 127°01'E)oll A sp22] &
W 9 GBS SYSHnh v diet i 55
SgF ERMMAE RS} YRESREE Holal 91,
SAEOE St Sisdo] ARFAL vk 2019
9 79 2945 E 89 9U7HA] SPE ©]-85t] 1BCE,
Sunset =AA|7F EFAB A7 E o] 851o] ECE £=A
SHIt. A= Qlsto] A7 & iAo R 27

& WFAHE 3 olah.

2.2 SP2

Single particle soot photometer (SP2, DMT, USA)+=
o)Az W Wl 7 zsto] AT BCo)
S AU S8t} (Schwarz et al., 2006; Stephens
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et al., 2003). 7t2F5] 7| &sHAHH
Q19 (laminar flow element, LFE)—‘;: 53]
HAYAF= 1,064 nm Nd:YAG o] A 2 o]
saeleA] FoliAE F4, s g
o} rBCO] W A]71d-2 2709] FHH 117 (Photomul-
tiplier tube, PMT; broadband%} narrowband)®f ©]s}
o] ZAE 1, 7 FAurr| 9] A 1d-e Aoz A
3% (low gain, ©]3} “LG") T HAAETAE 571
flote] LG Al 182 108 et A9l 175 (high
gain, °Js} “HG”) 2 T/ o] St mehA, Wld
A'd-2 broadband high gain (BBHG), broadband low
gain (BBLG), narrowband high gain (NBHG)3} nar-
rowband low gain (NBLG) 2] & 4|d 2 8%t of

71 3N
ratio WJ-=9]| broadband detector (BBHGZ} BBLG)2]
ARt o]-gstaitt. Ao At Al 12 avalan-
che photo diode (APD)%} two-element APD (TEAPD)
of oJste SHT AR BCO] YHS B
(Moteki and Kondo,
2010)Q1 FP o= 7Hgsto] AF5719)7 (mass-
AnstRaL
AF U o5 JHREE 242 E wet o
ot

BC & E]:_,] A =
Ao | HA o= g

s9} %

S

narrowband®] -2 signal-to-noise

(void-free density) 1.8 g cm™

equivalent diamter, Dy, ©15F “AAH”)S

[e]
= -

g8 = 1 fg (Dyey =1

Diffusion dryer Neutralizer

Clean air supply

Atomizer

Diluter
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10% o2 B =3 @Itk (Lim et al., 2014; Laborde
et al., 2012; Gysel et al., 2011). & A0 A= fullerene
soot (Alfa Aesar, USA; stock 40971, lot FS12S011)%}
aquadag (Acheson Inc., USA) (Gysel et al., 2011; Mote-
ki and Kondo, 2010) 2.2 SP29] AW W A-8 445}
ZA49] AFEE AFokdd ti7] § BCO] fraY
Tot 71 SALSE fullerene soot®] WAAES o]-gst
of ti7] ¥ rBC A= A& P22 S 9]
£ rBCO] 742 0.3~130fg (Y7 HE] 70~510nm)°| A
1 510 nm °JA&9] 2 AA= 510 nmE 7RSI
FHQ12F (purely scattering particle):= 180~470 nm
73 HelA SH= ). SP2 5E (optics) 58 T
Ferelzp 24 2ol 271 & ko AHfar e
P2 HAaskot iz} sP2 AT Aol
(diffusion dryer)E A X]5t53t.

R
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215t 3 e

2.3 SP2 WF™A|AH

SP2 WS 919 A AEe sfoll A AlAtshelar,
A AE ] mA = 77 137} 2T (Hwang and Ahn,
2017; Lee et al., 2016) L= E B 22 F
71e HAA7E gl AR B2 AlAE Qto g
F =} (clean air supply) AAEF Y] (jet noz-
zle type atomizer) |4 HAYH BEEA A=
7] (diffusion dryer)ol|A] s=&0] A|AELL soft X-ray
ionizerE AHg-0t= YAE27] (soft X-ray neutralizer)
2 gt F8he YAh= 3709] HEPA filter2

Az

Single particle soot
. photometer
Electrostatic
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]
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particle counter

Fig. 1. A Schematic of the precise calibration system for single particle soot photometer.
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UAFBA 7] (dilluter) & AA PP 7]l
7| (electrostatic particle clasmﬁer)i Zelsta,
te 470 At EelEo] vkt AdE 4zt
SP22} -S-EUAHAIS=7] (water-based condensation
particle counter; Hwang and Ahn, 2017) ¥&22 &
o171}, sP2g} SEAAASTINA 2 A% A%
2 vmspa A sp2 WAL A

10, 50, 100, 200, 300 nm 2] TFLYA-E F
o, P2 H7lol s w72 Zegh 9
7332 0] 715FeHA 73 (geometric mean diam-
eter)> 3~4% WollA A5ttt $HH, 10*~10° par-
ticles cm™ H9] 5714 ST ojjo]A] TdJAE F
9, $FAPAGANE ZHT U2 4
R TS SEAAAG] (2 3776)°)
A3k 49 ol 4 QAT Tt 52 A
2 oo} 7k Myl Al ulelo 2 Al
shastsich
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2.4 Sunset OCEC, PM, 52t 7| &%t

SP2 rBCe} &7 &4 A|7F §HAE A 7] (Semi-conti-
nuous OC/EC Field Analyzer, Sunset Laboratory INC.,,
USA) 2 HuBE-g a5kl sp2o] 54 A7
5 sty o] HARA7] FAFol PM, AHolE

= AAJsto] 1 um olshe] YAt ST o
AIZE 45827 AFBH AmE EHsal 1523t
NIOSH5040 Z2EEE 7|22 F7&
carbon, ©]5} “0C”)%} ECE 459 E Q&8 ¢t
AR AP el Hi7] GAE 2 F FAHC
= —EQ%E% =9 g7t dEsE o] sk o]
o _

2~ (organic

= 71111 z2 °ﬂ/‘1 OC7P
=], 98% oﬂel} 2% A4 22304 EC7F 53
A} Qi oR 0C AdEE 2L at % &
—i’%@i /\}'9“6]‘1: 7\]":]' (sucrose: C12H22011)% O]%
of AHER 0Co 54 B == oF 10% Y
Bl oF2~3Y 7HA 0 2 wA|sHGITh ECO] AEE
30%¢©]t} (Sharma et al., 2017; Panteliadis et al.,

e
12

2015).

PM,; s B35 8576 HS5E4 14
L ARE, VVERAeE 718 TET YT 1AL
A58 Aot

3. 2n X v %

3.1 HUmH

ofloj2ZE 2FTSo] A4 SPE 75T Aqua-

dag?} fullerene soot> FREYUEE HHEE= E24
EAHAA 7] 5 rBC} 71 GAFSHe] sP21BC I
Aol 24 EFEHAZ IHA Ut (Gysel et al., 2011;
Moteki and Kondo, 2010). T2}A] o] = B&F4&
WA (Incandescence channel)-2 70~500 nm 'H <

oA 20712] Y7ol thste] = 33], polystyrene latex
spheres (PSL) 2 4AFHAl'd (scattering channel)& & 2
o] wASHAT & Aol AHgRE sP29] 1BC 54
474 9+= LG= 80~510 nm, HG= ~70~320 nm$1
th o]2H 0 R LG w410 71-&7]= HGOl Mgt
108 otof gt} 2 A w7 AglofA Pt HG
WG (x10)9] 7l&ol= BEEE TRl il
LGOl 2t 10% M el A SASHAT (T4 2a).
E3t aquadag WA 7]-27] 7+E] 2tol= 5% HollA]
LA|5FATH(LH 2a).

Aol olstd sp2 MAAE FAT 7oA
aquadag} fullerene soot®] W+ Th2 T} (Laborde
et al., 2012; Gysel et al., 2011; Moteki and Kondo, 2010).
ol AP AT A 8.9fg AA9] [aquadag T F-=01)/
[fullerene soot T T =0]] H]+= F 1.30]ch & A9
oMol T EFEH 7w FEo] Hl= 1288 7|E A
Akt w235k ‘:’r

PSLZ oA a&

3 A8t BEEHolTh 2

A 1,900 mAZ}A] 4TA = HHS}A] 71
of AR oM o] 5 =8 7155k, Al &5
PAAT7 2 555 SA5IA sp2 Ateba
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Fig. 2. Calibration results conducted for incandescence chan-
nel and scattering channel. (a) Comparison of the aquadag
and fullerene soot calibrations, (b) Counting efficiency of 240-
nm PSL, and (c) Counting efficiency of aquadag and fullerene
soot. In (a), the shading indicate the 30% range of 1°' LG cali-
bration of agquadag.

A2 OIS sk Bl Hant QBRE BN 77

= 5 5ol sp2 4retAd 9
PAA T s "a}ﬂ%l‘i%}‘:}(l‘% 2b). F 71717} &
2 9] Aeflgtd, 240-nm PSLef| ti5te] [SP2 451c]/
QAR 5] Bl 19] 79It Bk, A
o] Hli= 1.1 A1 At F=H 2} (relative standard
deviation) ~10% 502 2F2 HEA-S Ho] ¢z}
7;"}K OO] O]—X%ZJC‘):] ] ?:}Z.ﬂoqq- Hi_’é“_]— ;ﬂajo] lJ_-;_
obg o] what H]7} EolA| 1 1,900 mAoI A HTiZES

Ak whebA, dxHAIS '-&ol 2l 1,900 mAS]
A 7] 248 AYstict

HFE4 Aquadag? fullerene soot= ©]-83F Wi
g wAE9]Ql 70~500 nm o A = LG HZ}ﬁH#
B AYS FSHAT (™ 20). AP AT AL}

Z+o] 100 nm ©]5tol| A= F-8°] 2l (Schwarz et al.,
2010), 100 nm ©}/gellA [SP2 E = ]/[FAHAIS7] 4
] Hl= tiA=Z 19 717k 9] AdS 53l sp2
279) A== S Shslo] ABE2 Sl

=
7|17 SO A B L= 2844305, E4&
= 74+15%°] A (1™
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=717 Bt PM, s A8 L+ 17.64£9.1 pg m™
= oiF=E = di71ed 7=
of siiEotqlet. rBC Bt AeFsk= 0.58+0.32 ug

m0]lEH], ol= PMzs Ao 3.2%5 ARt
(£ 1). rBC B 5= 3364190 # cm™>0] At
SP22 Z7J3h HA| ?JX} 70~510 nm rBC2} 180~470
nm AFAAY) 5 F rBCE 32%E AFAISHH
B EC A5t 0824047 pig m™>, o OC &
FeEE 3.4+1.6 ug m 20|23, OC/EC Hl&= B+t
53+5.10|th

2 574717r0] Wt BC s 2018 99 A
< B35S A0M 2 A sE(0.32+£0.18 g m™)
Hr} 80% =UTH(Park et al., 2019). B35S 40

fe) «CFZO» G O «E»
o5 ‘T 52 “HE
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Fig. 3. Time-series of aerosol concentrations and sizes and meteorological parameters for the whole measurement period. SP2
data was averaged for 10 minutes, and the others are 1-h averaged.

{BCE WEEAAZ o] 24 Z7}ete ko] ol
St Hot FH AHFAt o] F P Y] IFS AAE
Ukl HuESIth 2355440 PM,; 2T
= 120458 yg m7 o2 2 7|70 B PM, 5
AET (17.6+9.1 ug m>)HTE Fk=d], PM, 5 5
BC A FFE 27%2 & =77]|7+2] rBC A3 ¢
& (3.2%)H ot ofFF Witk 710 wjEd 9ol
2 AFoA Z74% BC AFEEET B2 olf F
9] Shut= 5 A3 rBC Aol A] fullerene soot 2 T &
Hupr] Al2de] o3zt ~30% =2 aquadag (Sect.
3.1 FX)E ol-gste] sp2E W] wfEolct Ht
H, 2013Lj 59 AlFollA 57 Bt rBC A Eh
(0.69+0.48 uyg m—)= B AY At} 20% =%

(Ohet al., 2015). T 10€ 2] Z4 7|7t &<t 231 9] &

= T v|AH]AEZE skt Bl
ok S 574 TAoA Y] A Aet Hw skl
2 o, & X771 BC AHsrt= B o454
FE9) 30~50% 50|13 (Liu et al., 2019, 2018),
AL&d s Rt oF 108] Ydth(Liu ef al.,, 2018;
Wang et al., 2016; Wu et al., 2016). 121} F= 1.9
219 rBC Ao s Hrt= 2~38 =9I TH(Wang et al.,
2015,2014). =, 2 SA7|7HBC Ao 52
A1A T4l vlE9] Foks 37 BeleE HojEoh
AFeh &gl et 34 HEsiiz dds
Tuto =2 zre] uiEds EHYotA oefol= dHeole
HAZE Qlek whEbA wiEd 4891} 7] % 3]
£ Kot 295t dm 7] fjste] rBC Y1782
A5kl 1BC YHREE Hdrs =93 55

=7 EstEIX| M35 H M 6 &
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Table 1. Summary of aerosol measurements conducted at Korea University in Anam-dong, Seoul during 29 July, 2019~9

August, 2019.

Mean +std 25 percentile 50 percentile 75 percentile
rBC mass conc. (ug m™>) 0.58+0.32 0.35 0.49 0.78
rBC number conc. (# cm™) 335.9+189.8 202.9 288.8 454.9
rBC MMD (nm) 119.5+4.7 116.1 118.9 122.6
PM,5 (ug m™3) 176.£9.1 10 16 22
EC (ug m™) 0.82+0.47 0.42 0.80 1.1
OC(ug m™) 34%16 1.8 3.5 47
OC/EC 53+5.1 29 4.1 59
EC/rBC 1.5+£0.6 1.1 1.5 1.8

4917 (mass median diameter, ©]5} “MMD”) 2.2 &
Atk P aE g2 Y HAaS5HHA K2
Q1 70~80 nm| A4 LERGTE MMD= B+ 11945 nm
A3, HAg Hdg-2 42F 106 nm, 144 nm AT
Z4% 44W (70~510 nm) rBCY] YAHEILE 7
gto g 2 IAFEEE 7145k 10~1,000 nm Y7
HelolA e oz EASHH (119 4), SHHS of
o A9] 1BC A5 EE BC S 5L 14% 1L
(TL9 4b), A 4713 B2 2 2+= °F 10% 3ATh
O3 4p2} Zo| gl2= & AANA dd 2 IA-F
HRZE Holur| & ok e, AR oS
2385t 749 500 nmol| 41 2] SP2 A1}7] 2] E 5} (satu-
ration)2} & 42Fe] A2 F2 THER ISl &
S 7S 4= Qlok mhebA] 2 Aol A= 94

—

_‘

S ARgSHA] ¢kl sp2 SR QoA 9] rBC A=
TS thRgloH, &7 0174”*Hi Qlsto] hAget &

U rBCoF EC &5k 2ol & Fof =253tk
BC9] 10~50 nm £+A|E (spherules)2 HIEH &
Al Z A (aggregates) S B/d5h=tl, vi=ol ==t
Y7o th=tth 7] FollA keatEHA] HeotAl= A
A} 2 ¥ (compacted) FEIE W™ 475 0] AZITHAn-
dreae and Gelencsér, 2006; Wentzel et al., 2003). 415§
Aol = =AY WA Y rBC YHREE O
|57 o2} A2 £ %] rBC MMDE= 200 nm
o]}, WA MMD:E 200 nm A4 Lrebdt}
(Liu et al., 2019; McMeeking et al., 2010; Schwarz et
al., 2008). °|2gF MMDo]|A 9] 2}ol= rBC FQ Hf
2903 U)7] % =9} A olo} PeATT) o2 5

o, #& T4 fresh AHF2} o] 5 AU HiEH
n]= 2| ot 2 AR A T4 9] rBC MMD+=
122 nm G TH (Metcalf ef al., 2012). ¥FH, A1 A 40| A
H|& % m]= gALAC] rBC MMDE 210 nm, AJH]|2]
o}, Zotalol A AAALR HjEE o] FAE]EH
rBC MMD+= 207 nm 1Tt (Kondo et al., 2011). THH,
2016 KORUS-AQ Q1 713+ A5+ 14t (Gosan Cli-
mate Observatory, GCO)lAl Z43 rBC MMD+=
E5 el Agle] 190~220 nm= =429 rBC
MMDXET} gkds] Zith &, A= 25 viEE ot
A Ao BilEH BC= Y7ol 34, 7] Foll
Al ek ag o] ARE Aol ek wetA,
2 AFoA SA A= o154 BC YBEE(E
I MMD 119+ 5nm)= =4 A2 Yadrj@de gy
] HjEH fresh BCO] 5702 27 6] HojErh
-2-2] rBC MMD: 106~144 nm H$E Bk
1BC &5 1.0 ug m™ 0|5l A= rBC MMD7} 3
FZ 22 120 nmP2 LY, 1.0 uyg m™ oA = rBC
MMD7} 130 nm7H] F7Fsh= = EAth (19
4c). o] A A 0.2 -2 rBC HFsoll A MMD
7} S7Vehe A2 rBC YA -84 (coagulation) 2]
7Hsd &2 wiE Y WskE A ARt £5], rBC &
5T 1.0ug m™ o[4o Al rBC MMD7}F A o2
22 HEES Kol F7stlET, ol d7ol
2 rBC7HHEEE L F Y] FF o= mekEnh
3.3 rBC ¥H3Iet ECote| H|w
A £7713kell 2A4 BC skt EC Fsh
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weo] okal |E T (Kim et al., 2018; Kroll and

Seinfeld, 2008).

2 n]E7= EC/rBC H]= rBC, EC 15 =7} LrEht
QA Azte]l 7% k3 rBC MMD LHSIe}L 7 9]
AX|5HTE &, A2} viE2] ko] 71 2 oA
AZEell BC =7t 7P =41, e Ao EC/
rBC H| & 2Lt} ¥ BC 57 22 @5~ A7t

o] At & 2 & EC/rBC H|<} rBC MMD7} 5% ~7}
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ECE &Yl Wz} char-ECS} soot-ECE T-E5}7]
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soot-EC= 7o) 2 Yshdo| At} (Lim et al.,
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T} (Sharma et al., 2017). WatA] o]e} Zro] rBCHTH &
2 25 & 9] ECE OC, EC B4 B8zrt #4712
vt Aojth A2 o2 BCet ECY A 2}o]
%} I3t =3 01743414 ol Ag, 24 Bale
A §g}o] mE

e J;

Atz B,
Anow, Junge vgos

2 79, SP2E ©|-83 1BC

J. Korean Soc. Atmos. Environ., Vol. 35, No. 6, December 2019, pp.713-725



722 AME|, 2RE, olojsl, RaIE, old4, oldS

4.2 &

A& 54E BCO HiEd % t7] § =3RS
olsfatazt 2019 79 2945 -E 8E 947HA] A&
R ks ae{istaol Al spE ol-8ste] rBC
< st °l°ﬂ SFA sp2o] WAHAAES 5
s & st

S, A E e 2o Aal g A
=A717F BC B AF 5T} 5Tl 77t

0.58

+0.32pugm” 39} 336 +190 # cm 0] QUTh rBCY] YA
AT

|

J

I (MMD 119+ 5nm)+= TA oA =25 A15Y
A} H|Z=skginh dRistol A rBCot ECE 244
Tl A g WEke, MMD 4, EC/rBC H] 2
27} YElEd, o] 21= BCVF I ERYdETE &
A =2 H 2HE2) o] F Y] e AA TS
< AA gt 2H, rBC AHFE 7t 1.0ug m™ o]4FS
& Z7FohAA MMD7} 22 522 Ho|HA 57t
st ol 9730l & rBC7T HiEEHE L 9dol
FFo= poteth HW S 7|7 ECY| A e
rBCET} 35% =t o] rBCe} ECY] AFse
Zpol= Aolet 574 AR, ek Ax, 34 &
S of| o5l of7| H vt wtE Tk £, 9] F 7
2= &Y §gte] o A Aotk
AnHoz AU vigo g A2E HEd
S22 EA rBC= AE, AEE BC v ¢
AL AEo] 7155t o] & Fote] HlEH e
7s& Aot 53], BCO #lE A (S A& vs. 9

564w 57 HE U L -8 Holck

mHEI

F

71 &M (1365003069) 2] AP0 g gl
Sh=

o> olo

References

Andreae, M.O., Gelencsér, A. (2006) Black carbon or brown car-
bon? The nature of light-absorbing carbonaceous
aerosols, Atmospheric Chemistry and Physics, 6(10),
3131-3148, https://doi.org/10.5194/acp-6-3131-2006.

Bond, T.C,, Doherty, S.J., Fahey, D.W., Forster, PM., Berntsen, T.,
DeAngelo, B.J.,, Flanner, M.G., Ghan, S., Karcher, B.,
Koch, D., Kinne, S., Kondo, Y., Quinn, PK., Sarofim,
M.C., Schultz, M.G., Schulz, M., Venkataraman, C.,
Zhang, H., Zhang, S., Bellouin, N., Guttikunda, S.K.,
Hopke, PK., Jacobson, M.Z., Kaiser, J.W., Klimont, Z.,
Lohmann, U., Schwarz, J.P, Shindell, D., Storelvmo, T.,
Warren, S.G., Zender, C.S. (2013) Bounding the role
of black carbon in the climate system: A scientific
assessment, Journal of Geophysical Research: At-
mospheres, 118(11), 5380-5552, https://doi.org/10.
1002/jgrd.50171.

Boucher, O., Randall, D., Artaxo, P, Bretherton, C., Feingold, G.,
Forster, P, Kerminen, V.-M., Kondo, Y., Liao, H., Lohm-
ann, U,, Rasch, P, Satheesh, SK., Sherwood, S., Ste-
vens, B., Zhang, X.Y.(2013) Clouds and Aerosols. Cli-
mate Change 2013: The Physical Science Basis, Edit-
ed by T. F. Stocker et al.,, Cambridge University Press,
571-657, https://doi.org/10.1017/CBO9781107415
324.016.

Chung, S.H., Seinfeld, J.H.(2005) Climate response of direct radi-
ative forcing of anthropogenic black carbon, Journal
of Geophysical Research, 110(D11), D11102, https://
doi.org/10.1029/2004JD005441.

Ding, A.J,, Huang, X., Nie, W., Sun, J.N., Kerminen, V.-M., Petdja,
T, Su, H., Cheng, Y.F, Yang, X.-Q,, Wang, M.H., Chi, X.G.,
Wang, J.P, Virkkula, A., Guo, W.D,, Yuan, J., Wang, S.Y.,
Zhang, RJ., Wu, Y.F, Song, Y., Zhu, T, Zilitinkevich, S.,
Kulmala, M., Fu, C.B.(2016) Enhanced haze pollution
by black carbon in megacities in China, Geophysical
Research Letters, 43(6), 2873-2879, https://doi.org/
10.1002/2016GL067745.

Gysel, M., Laborde, M., Olfert, J.S., Subramanian, R., Gréhn, A.J.
(2011) Effective density of Aquadag and fullerene
soot black carbon reference materials used for SP2
calibration, Atmospheric Measurement Techniques,
4(12), 2851-2858, https://doi.org/10.5194/amt-4-




2851-2011.

Han, Y., Cao, J., Chow, J.C,, Watson, J.G., An, Z,, Jin, Z,, Fung, K.,
Liu, S.(2007) Evaluation of the thermal/optical reflec-
tance method for discrimination between char- and
soot-EC, Chemosphere, 69(4), 569-574, https://doi.
org/10.1016/j.chemosphere.2007.03.024.

Han, Y.M, Cao, J.J,, Lee, S.C., Ho, K.F,, An, Z.5.(2010) Different char-
acteristics of char and soot in the atmosphere and
their ratio as an indicator for source identification in
Xi'an, China, Atmospheric Chemistry and Physics,
10(2), 595-607, https://doi.org/10.5194/acp-10-595-
2010.

Hwang, I., Ahn, K.-H. (2017) Performance evaluation of conven-
tional type conductive cooling continuous flow com-
pact water-based CPC (Hy-WCPC), Journal of Aerosol
Science, 113, 12-19, https://doi.org/10.1016/J.JAERO
SC1.2017.07.007.

Janssen, N.A.H., Gerlofs-Nijland, M.E., Lanki, T., Salonen, R.O.,
Cassee, F., Hoek, G.(2012) Heath effects of black car-
bon, Copenhagen, Denmark.

Janssen, N.A.H., Hoek, G., Simic-Lawson, M., Fischer, P, van Bree,
L., ten Brink, H., Keuken, M., Atkinson, R.W., Anderson,
H.R., Brunekreef, B., Cassee, F.R.(2011) Black carbon as
an additional indicator of the adverse health effects
of airborne particles compared with PM;, and PM, 5,
Environmental Health Perspectives, 119(12), 1691-
1699, https://doi.org/10.1289/ehp.1003369.

Kim, H., Zhang, Q,, Heo, J. (2018) Influence of intense secondary
aerosol formation and long-range transport on aero-
sol chemistry and properties in the Seoul Metropol-
itan Area during spring time: results from KORUS-AQ,
Atmospheric Chemistry and Physics, 18(10), 7149-
7168, https://doi.org/10.5194/acp-18-7149-2018.

Kiselev, A., Wennrich, C., Stratmann, F,, Wex, H., Henning, S.,
Mentel, T.F,, Kiendler-Scharr, A., Schneider, J., Walter,
S., Lieberwirth, 1. (2010) Morphological characteriza-
tion of soot aerosol particles during LACIS Experi-
ment in November (LExNo), Journal of Geophysical
Research, 115(D11), D11204, https://doi.org/10.1029/
2009JD012635.

Kondo, Y., Matsui, H., Moteki, N., Sahu, L., Takegawa, N., Kajino,
M., Zhao, Y., Cubison, M.J,, Jimenez, J.L,, Vay, S., Diskin,
G.S., Anderson, B., Wisthaler, A., Mikoviny, T., Fuelberg,
H.E., Blake, D.R., Huey, G., Weinheimer, A.J., Knapp,
D.J., Brune, W.H. (2011) Emissions of black carbon,
organic, and inorganic aerosols from biomass burn-
ing in North America and Asia in 2008, Journal of
Geophysical Research, 116(D8), D08204, https://doi.
0rg/10.1029/2010JD015152.

2 UEEE 2y 723

Kroll, J.H., Seinfeld, J.H. (2008) Chemistry of secondary organic
aerosol: Formation and evolution of low-volatility
organics in the atmosphere, Atmospheric Environ-
ment, 42(16), 3593-3624, https://doi.org/10.1016/
j.atmosenv.2008.01.003.

Laborde, M., Schnaiter, M., Linke, C., Saathoff, H., Naumann, K.-H.,
Mohler, O., Berlenz, S., Wagner, U., Taylor, JW,, Liu, D.,
Flynn, M., Allan, J.D., Coe, H., Heimerl, K., Dahlkétter,
F., Weinzierl, B.,, Wollny, A.G., Zanatta, M., Cozic, J., Laj,
P, Hitzenberger, R,, Schwarz, J.P, Gysel, M. (2012) Sin-
gle particle soot photometer intercomparison at the
AIDA chamber, Atmospheric Measurement Tech-
niques, 5, 3077-3097, https://doi.org/10.5194/amt-
5-3077-2012.

Lee, G.H,, Ahn, K-H., Yu, 1.J.(2016) Testing of nanoparticle release
from a composite containing nanomaterial using a
chamber system, Journal of Visualized Experiments,
117, €54449, https://doi.org/10.3791/54449.

Lee, J. (2018). Corrections and artifacts regarding filter-based
measurements of black carbon, Journal of Korean
Society for Atmospheric Environment, 34(4), 610-
615, (in Korean with English abstract), https://doi.
org/10.5572/KOSAE.2018.34.4.610.

Lim, S., Fain, X., Zanatta, M., Cozic, J., Jaffrezo, J.-L., Ginot, P, Laj,
P.(2014) Refractory black carbon mass concentra-
tions in snow and ice: method evaluation and inter-
comparison with elemental carbon measurement,
Atmospheric Measurement Techniques, 7(10), 3307-
3324, https://doi.org/10.5194/amt-7-3307-2014.

Lim, S., Lee, M., Lee, G., Kim, S., Yoon, S., Kang, K. (2012) lonic and
carbonaceous compositions of PM;y, PM, s and PM; 4
at Gosan ABC Superstation and their ratios as source
signature, Atmospheric Chemistry and Physics, 12(4),
2007-2024, https://doi.org/https://doi.org/10.5194/
acp-12-2007-2012.

Lim, S., Fain, X., Ginot, P, Mikhalenko, V., Kutuzov, S., Paris, J.-D.,
Kozachek, A., Laj, P.(2017) Black carbon variability
since preindustrial times in the eastern part of Europe
reconstructed from Mt. Elbrus, Caucasus, ice cores,
Atmospheric Chemistry and Physics, 17(5), 3489-
3505, https://doi.org/10.5194/acp-17-3489-2017.

Liu, D., Joshi, R, Wang, J., Yu, C,, Allan, J.D., Coe, H., Flynn, M.J.,,
Xie, C,, Lee, J,, Squires, F, Kotthaus, S., Grimmond, S.,
Ge, X, Sun, Y., Fu, P.(2018) Contrasting physical prop-
erties of black carbon in urban Beijing between win-
ter and summer, Atmospheric Chemistry and Phys-
ics Discussions, 1-30, https://doi.org/10.5194/acp-
2018-1142.

Liu, H., Pan, X, Liu, D,, Liu, X., Chen, X, Tian, Y., Sun, Y., Fu, P, Wang,

J. Korean Soc. Atmos. Environ., Vol. 35, No. 6, December 2019, pp.713-725



AN

3|, 474, olofal, 73, old4, 0=

Z.(2019) Mixing characteristics of refractory black
carbon aerosols determined by a tandem CPMA-
SP2 system at an urban site in Beijing, Atmospheric
Chemistry and Physics Discussions, 1-25, https://doi.
org/10.5194/acp-2019-244.

Lou, S., Yang, Y., Wang, H., Smith, S.J., Qian, Y., Rasch, PJ. (2019)

Black carbon amplifies haze over the North China
Plain by weakening the east asian winter monsoon,
Geophysical Research Letters, 46(1), 452-460, https://
doi.org/10.1029/2018GL080941.

McMeeking, G.R., Hamburger, T, Liu, D, Flynn, M., Morgan, W.T,,

Northway, M., Highwood, E.J., Krejci, R., Allan, J.D.,
Minikin, A., Coe, H.(2010) Black carbon measure-
ments in the boundary layer over western and north-
ern Europe, Atmospheric Chemistry and Physics,
10(19), 9393-9414, https://doi.org/10.5194/acp-10-
9393-2010.

Metcalf, A.R., Craven, J.S., Ensberg, J.J., Brioude, J., Angevine, W.,

Sorooshian, A., Duong, H.T,, Jonsson, H.H., Flagan,
R.C., Seinfeld, J.H. (2012) Black carbon aerosol over
the Los Angeles Basin during CalNex, Journal of Geo-
physical Research: Atmospheres, 117(D21), n/a-n/a,
https://doi.org/10.1029/2011JD017255.

Miyakawa, T., Kanaya, Y., Komazaki, Y., Taketani, F., Pan, X., Irwin,

M., Symonds, J. (2016) Intercomparison between a
single particle soot photometer and evolved gas
analysis in an industrial area in Japan: Implications
for the consistency of soot aerosol mass concentra-
tion measurements, Atmospheric Environment, 127,
14-21, https://doi.org/10.1016/J.ATMOSENV.2015.12.
018.

Moteki, N., Kondo, Y. (2010) Dependence of laser-induced in-

candescence on physical properties of black carbon
aerosols: measurements and theoretical interpreta-
tion, Aerosol Science and Technology, 44(8), 663-675,
https://doi.org/10.1080/02786826.2010.484450.

Ni, M., Huang, J., Lu, S., Li, X,, Yan, J,, Cen, K. (2014) A review on

black carbon emissions, worldwide and in China,
Chemosphere, 107, 83-93, https://doi.org/10.1016/
j.chemosphere.2014.02.052.

Oh, J,, Park, J,, Lee, S., Ahn, J,, Choi, J,, Lee, S,, Lee, Y., Kim, H.,

Hong, Y, Hong, J., Kim, J,, Kim, S., Lee, G.(2015) Char-
acteristics of black carbon particles in ambient air
using a single particle soot photometer (SP2) in May
2013, Jeju, Korea, Journal of Korean Society for At-
mospheric Environment, 31(3), 255-268, (in Korean
with English abstract), https://doi.org/10.5572/
KOSAE.2015.31.3.255.

Ohata, S., Moteki, N., Mori, T., Koike, M., Kondo, Y. (2016) A key

process controlling the wet removal of aerosols:
new observational evidence, Scientific Reports, 6(1),
34113, https://doi.org/10.1038/srep34113.

Panteliadis, P,, Hafkenscheid, T., Cary, B., Diapouli, E., Fischer, A.,

Favez, O., Quincey, P, Viana, M., Hitzenberger, R., Vec-
chi, R., Saraga, D., Sciare, J., Jaffrezo, J.L., John, A,,
Schwarz, J., Giannoni, M., Novak, J., Karanasiou, A.,
Fermo, P, Maenhaut, W. (2015) ECOC comparison
exercise with identical thermal protocols after tem-
perature offset correction-instrument diagnostics
by in-depth evaluation of operational parameters,
Atmospheric Measurement Techniques, 8(2), 779-
792, https://doi.org/10.5194/amt-8-779-2015.

Park, J,, Song, I., Kim, H., Lim, H., Park, S., Shin, S., Shin, H., Lee, S.,

Kim, J. (2019) The characteristics of black carbon of
Seoul, Journal of Environment Impact Assessment,
28(2), 113-128, (in Korean with English abstract),
https://doi.org/10.14249/eia.2019.28.2.113.

Schmid, O., Artaxo, P, Arnott, W.P, Chand, D., Gatti, L.V., Frank,

G.P, Hoffer, A., Schnaiter, M., Andreae, M.O. (2006)
Spectral light absorption by ambient aerosols influ-
enced by biomass burning in the Amazon Basin. I:
Comparison and field calibration of absorption mea-
surement techniques, Atmospheric Chemistry and
Physics, 6(11), 3443-3462, https://doi.org/10.5194/
acp-6-3443-2006.

Schwarz, J.P, Gao, R.S., Fahey, D.W., Thomson, D.S., Watts, L.a.,

Wilson, J.C,, Reeves, J.M., Darbeheshti, M., Baumgard-
ner, D.G,, Kok, G.L., Chung, S.H., Schulz, M., Hendricks,
J., Lauer, a., Kércher, B., Slowik, J.G., Rosenlof, K.H.,
Thompson, T.L,, Langford, a.0., Loewenstein, M., Aikin,
K.C.(2006) Single-particle measurements of midlati-
tude black carbon and light-scattering aerosols from
the boundary layer to the lower stratosphere, Journal
of Geophysical Research, 111(D16), D16207, https://
doi.org/10.1029/2006JD007076.

Schwarz, J.P, Gao, R.S., Spackman, J.R., Watts, L.A., Thomson,

D.S., Fahey, D.W., Ryerson, T.B., Peischl, J., Holloway,
J.S., Trainer, M., Frost, G.J., Baynard, T,, Lack, D.A., de
Gouw, J.A., Warneke, C., Del Negro, L.A. (2008) Mea-
surement of the mixing state, mass, and optical size
of individual black carbon particles in urban and bio-
mass burning emissions, Geophysical Research Let-
ters, 35(13), L13810, https://doi.org/10.1029/2008
GL033968.

Schwarz, J.P, Spackman, J.R.,, Gao, R.S., Perring, a.E., Cross, E.,

Onasch, T.B., Ahern, a., Wrobel, W., Davidovits, P, Olf-
ert, J,, Dubey, MK., Mazzoleni, C., Fahey, D.W. (2010)
The detection efficiency of the single particle soot

ZCH7[2EstE|X| M 35 H M 65



photometer, Aerosol Science and Technology, 44(8),
612-628, https://doi.org/10.1080/02786826.2010.48
1298.

Sharma, S., Richard Leaitch, W., Huang, L., Veber, D., Kolonjari,
F., Zhang, W., Hanna, S.J., Bertram, AK., Ogren, J.A.
(2017) An evaluation of three methods for measuring
black carbon in Alert, Canada, Atmospheric Chemis-
try and Physics, 17(24), 15225-15243, https://doi.
org/10.5194/acp-17-15225-2017.

Stephens, M., Turner, N., Sandberg, J. (2003). Particle identifica-
tion by laser-induced incandescence in a solid-state
laser cavity, Applied Optics, 42(19), 3726-3736.

Wang, Q., Huang, R.-J,, Cao, J,, Tie, X,, Shen, Z., Zhao, S., Han, Y.,
Li, G, Li, Z,, Ni, H,, Zhou, Y,, Wang, M., Chen, Y., Su, X.
(2016) Contribution of regional transport to the black
carbon aerosol during winter haze period in Beijing,
Atmospheric Environment, 132, 11-18, https://doi.
org/10.1016/J.ATMOSENV.2016.02.031.

Wang, Q,, Schwarz, J.P, Cao, J., Gao, R., Fahey, D.W.,, Hu, T., Huang,
R.-J., Han, Y., Shen, Z.(2014) Black carbon aerosol
characterization in a remote area of Qinghai-Tibetan
Plateau, western China, Science of The Total Environ-
ment, 479-480, 151-158, https://doi.org/10.1016/
J.SCITOTENV.2014.01.098.

Wang, Q.Y., Huang, R.-J., Cao, J.J,, Tie, X.X., Ni, H.Y., Zhou, Y.Q,,
Han, Y.M., Hu, T.F, Zhu, C.S., Feng, T., Li, N., Li, J.D.
(2015) Black carbon aerosol in winter northeastern
Qinghai-Tibetan Plateau, China: the source, mixing
state and optical property, Atmospheric Chemistry
and Physics, 15(22), 13059-13069, https://doi.org/
10.5194/acp-15-13059-2015.

Wang, R, Tao, S., Wang, W, Liu, J,, Shen, H., Shen, G, Wang, B., Liu,
X, Li,W,,Huang, Y., Zhang, Y., Ly, Y., Chen, H., Chen, Y.,
Wang, C,, Zhu, D., Wang, X,, Li, B., Liu, W., Ma, J. (2012)
Black carbon emissions in China from 1949 to 2050,
Environmental Science & Technology, 46(14), 7595-
7603, https://doi.org/10.1021/es3003684.

Weingartner, E., Saathoff, H., Schnaiter, M., Streit, N., Bitnar, B.,

725

Baltensperger, U. (2003) Absorption of light by soot
particles: determination of the absorption coefficient
by means of aethalometers, Journal of Aerosol Sci-
ence, 34(10), 1445-1463, https://doi.org/10.1016/
$0021-8502(03)00359-8.

Wentzel, M., Gorzawski, H., Naumann, K.-H., Saathoff, H., Wein-
bruch, S.(2003) Transmission electron microscopical
and aerosol dynamical characterization of soot aero-
sols, Journal of Aerosol Science, 34(10), 1347-1370,
https://doi.org/10.1016/50021-8502 (03)00360-4.

Wu, Y., Zhang, R., Tian, P, Tao, J., Hsu, S.C,, Yan, P, Wang, Q., Cao,
J., Zhang, X, Xia, X.(2016) Effect of ambient humidity
on the light absorption amplification of black carbon
in Beijing during January 2013, Atmospheric Envi-
ronment, 124, 217-223, https://doi.org/10.1016/
j.atmosenv.2015.04.041.

Zhang, R, Khalizov, AF, Pagels, J., Zhang, D., Xue, H., McMurry,
PH. (2008) Variability in morphology, hygroscopici-
ty, and optical properties of soot aerosols during
atmospheric processing, Proceedings of the National
Academy of Sciences, 105(30), 10291-10296, https://
doi.org/10.1073/pnas.0804860105.

Zhou, C., Penner, J.E.,, Flanner, M.G., Bisiaux, M.M., Edwards, R.,
McConnell, J.R. (2012) Transport of black carbon to
polar regions: Sensitivity and forcing by black car-
bon, Geophysical Research Letters, 39(22), L22804,
https://doi.org/10.1029/20129g1053388.

Authors Information

QA8 (elthehin A P Teh A7)
747 (Teleheta A2 e et A )
ofml 8] (xefeh et A7 e aetat w4

37 (FA71 Y BT AP
olaba (FY71 TSR B 7173t AT

O] S (Particle Instrument and Engineering 3

J. Korean Soc. Atmos. Environ., Vol. 35, No. 6, December 2019, pp.713-725



	서울 여름철 내화성 블랙카본의 질량과 입경분포 분석
	Abstract
	1. 서론
	2. 방법
	3. 결과 및 고찰
	4. 결론
	References


