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Abstract

The statistical characteristics of aerosol~cloud interactions over East Asia were investigated using Moderate Resolution
Imaging Spectroradiometer satellite data. The long-term relationship between various aerosol and cloud parameters was
estimated using correlation analysis, principle component analysis, and Aerosol Indirect Effect (AIE) estimation. In correlation
analysis, Aerosol Optical Depth (AOD) was positively Correlated with Cloud Condensation Nuclei (CCN) and Cloud Fraction
(CF), but negatively correlated with Cloud Top Temperature (CTT) and Cloud Top Pressure (CTP). Fine Mode Fraction
(FMF) and CCN were positively correlated over the ocean because of sea spray. In principle component analysis, AOD and
FMF were influenced by water vapor. In particular, AOD was positively influenced by CF, and negatively by CTT and CTP
over the ocean. In AIE estimation, the AIE value in each cloud layer and type was mostly negative (Twomey effect) but
sometimes positive (anti-Twomey effect). This is related to regional, environmental, seasonal, and meteorological effects.
Rigorous and extensive studies on aerosol—cloud interactions over East Asia should be conducted via micro- and macro-scale
investigations, to determine chemical characteristics using various meteorological instruments.
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27 T A7 BEa A e FoA] o FolR]aL
UARE A AAE c = 5o B AAgoln A
W& EF A7z Apuich chE SAE ek oot
(Levin and Cotton, 2008). 9|& 54, S=rolA+= At
4 ¥ B9k ololzo] Sk <ls) 7RO AR
o] ZHditk= Z3E UER%la(Rosenfeld et al.,
2007), 75 7 = Hae FEUA 1E ST
1735 SV A7 e A2 (Kawamoto, 2008) %= 9}
t}. o|g% AHtels A ATEE v S8R, <l
- 71l WS ffeliME el tieh 712t 2
2A40] ZF2ER=(WMO, 2018), 3871 SopllAE
ofloj2Z Aol theh 7|2 A= 87 HERE Aol

7= kel | wfizol ek e g Agstr| 7t 44
orom B3F21A)S Y35}l It Wilks, 2006). T8 2
2 o257 TAE AAA s Hist] 9
it A S 8-Sk T FANE SA1A W
HE Sl A EAozy {ougt AuE I
5= ek dulolA= ole|2E- A5 EAE FAIA
5 g2 B35} 9 HH(Jones and Christopher, 2010), Q1%
ol-=MODIS 9135 o83t ofloj=Zat -511e] 3
A A& o2 2451 A= Itk Balakrishnaiah
et al, 2012). 914 AR o}51o] AP ofolzz
o] FAJEEA AT L(Zubko et al., 2007)L} ThoFst ofjo]
2= IBHRRE o835t 22184 d+4(Zhou et al.,
2004) = o] Fojxl vz} Qlet

FoPAlo} 2|9 9] 79 T 2L, TRt 71 &
5o] WstH, A7 A=E o83t oo} A9 9]
oflofmEZat HhF 14> 710 FAIEH e AR olF
o}%lci(Jung et al., 2013). E3E FH0pAo} X]92] of
o= thE Ao HIg]| &2 olol2E FeE 7HA
T gl S shelsiglo, Ao 8ol tet
Qs REstel 9 A YRR AR, B B
2 o) 77} 7k o Bagh AgelckYum et al.
2011).

s 2 AtoA= riAlE T E sl | H k= of
oj2&-5 ol tisl 291 WSt kS dop
3} gk 2 gie] BHL Soplol elol ups}
= o)z} 754 710) BAY B4E 2SR}
S Zlolck, 3, SopAlol Aelol Uehis 2o
w}e ool THIAT SARAS Siojo] AT 4

o154l -

229k - A7) - o] it

21 M=

ol =Ea} - F 0] S-S o] fiste] 2001
~2015 7|7ke] R tjA(moderate resolution imaging
spectroradiometer : MODIS) 94 Al=2& o]835lo] &
Mgk olol=e] B4 sotsp] §ls) HAt W
4= of| o] 2Z3YSHE7|(Aerosol Optical Depth : AOD),
A& ]8(Fine Mode Fraction : FMF)o]al, G115+
= FE-3- A3 Cloud Condensation Nuclei : CCN), &
2}(Cloud Fraction : CF), 274-25%(Cloud Top Temperature
: CTT), 247|(Cloud Top Pressure : CTP), SHY
%7 |(water vapor in cloudy : WV_Cloudy), B>
Z%7|(water vapor in clear sky : WV_ClearSky), -
22 21x]E(Cloud Ice Radius : CIR), TLEEHIX|E
(Cloud Water Radius : CWR), AA7E34357(cloud
optical depth of total : COD_Total), 21543+
Al(cloud optical depth of ice : COD_Ice), 545335}
F7|(cloud optical depth of water : COD_Water), &
S7E35HCloud Ice Path : CIP), EE3HCloud
Water Path : CWP)E 459t

B 9i70] 0 P4 Klefel Foblo} el 1)
20-50°, 7 100-150°0.2 oI5} sl &
Sjick o] el 3%, £, ARG waake FolAlo}
Ao, TRt SFebA] 24, IAF 7| w3, 71deH
54 7L Qlrar At solli] T2 Au=Sict
(Park et al., 2010). Fig. 12 K=& 7|0 & 47[19]
Bo= Asto] ghite |99 ool TR A vt &
Aslgon, AA|HPS R1(35-38°N  124-126°E),
R2(35-38°N 127-129°E), R3(35-38°N 130-132°E),
R4(32-34°N 125-128°E)olc}. R1-S Afajor |oloa
T A2 o= Qa7 wiell HAEl 23t of
O0]2£9] kS W= X]<(Chung and Park, 1995)9]
31, S RS R2= TR R Hof| visf] sk W
FA|H0] BMS 7= ofej2Eo] WY(Jung et al.,
2014)3Hch= £7430] Qlek R3 A2 3o x| o=
gholla] WA QIAFS] ol Esh SR At <
2 A%t X 9(Lee et al., 2010)0]H, F3let x|l
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Fig. 1. The map of Korea with selected regions from R1 to
R4.
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?Oﬂ A= AR RS B A, 4
A hﬂ"ﬂ‘ﬂi HHAETE ALl 4
(Correlatlon Analysis : CA)2 T HbE7]E]
°1h o] WSS 7HR=A EWE}% AV eR
A, B Atollx] Fe] ARgER= WPReltk A=
0.9~1.0 Heie] Be= ol %—5%, 0.7~0.9& ¥,
0.3-0.712 37 0.1~0.21= G Aol Qleka 2
A5}, 0.0-0.1 ks T 1] AFAY} e stk
51 eIk A ofe] B4 WY % T o)
Tee Aboir] kAo AL Told A
Algx(Pearson correlation coefficient)S AR5} O™,
ol % w4} Bl Wi o) v Weks o)

H] 2 AR
FAEE A (Principle Component Analysis : PCA)
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© e RS B AelA 2 ANgEE $4
o], AiziAle] Ul ol gl FEE 2

QRS FE5H RAYHOITE. ol Hlolel ke
HHE QO WSS o] EAfSK: TS wloh

ﬂlﬂl

S

i

fglog Fo|A] o= ¥ $AH W Wb
AA, Z& 7NdS 57481l Sk WE0] Ut &
Qo Hol=x) Selat 4 Utk B Aol LSl
SRS I3t £ *|2](Statistical Package for the Social
Sciences : SPSS) 2719 skaslel om ujjg|mA
H(Varimax method)2- ©|-8-3}0] ofjo]2=a} L=} 3
2 chaet B4 QLS e Ak ARE BAsie
=3

of|o] 2= 7Pd a3 Aerosol Indirect Effect : AIE)+=
oflols% Falrlel THAANAES) vl Al
= Xge2A oo} e Ao g AXEIcKFeingold et
al., 2003).

dlnr,

AlE= dlnr,

A7 r. = AERENRIEOIH, 7, ollol2Ege)
FAE oulgitt 52 54 atefet ARt ofloj2
= a3} AES flstd, dlol=E 1RdantE Akt
Al T EFH Y B B2 AR 02 Lol
7hg oflol2F T avtE AR | AA 3k 4Fdst
9it}t. Feingold et al.(2003)o]A] Ag3h AXkPHE

AODo] e Ag3to] 1 BeHIES Wast 9]
o1}, ool THIIIE APSH £83 WHoR

= QlollA] S8l

Houze(2014) TEHg AR 2512008 129 11
Hslod At Rossow and Schiffer(1991, 1999)
= 24 94 FE 7]F HA|(International Satellite
Cloud Climatology Project : ISCCP)oj|4] CTP2} COD

2 07l) 75 B TRk WIS ARSI 78
o] SLEO] AS CTP 50~440 hPa HOP= A9
o WRQ 710 TIFQ) 440~680 hPa W9 229
(1AL, 128, W==2), 680~1000 hPa = 31=%-
TEettE &% e A
(S A48, 22, 3.6
~23 W= S AQ(ESE, L& 349, 23~379
el & AGGES s 58 5)2= 4
gtk =2 Aok G B8-S FREsto] oflol=E 1t
Havs ALkt

O =xRO =
‘le’__‘; OZ‘IT_T_‘ 01__)

COD 0~3.6 H$j= &e-
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3. Zih Y nF

3.1, A 2N

oflolm 3} 750) B4 AAFS0) ARAIE Tiolsl
3t 2.1780014 Az 107]2] B4 QIAFEC] A
& S5tk WA, AODS} FMF] AlkbAE 4
JA g A H, SRoA = oojeEe] W v
AldARRTEo] A UL, siellr= miMIdR e
o] ubA| Uedeimot shown). o= £2Jo] 2h2 919}
oflol=E, sl A}17|Ue] & oojmEo] Er] wiE
o]gk= Aol 7 (Seinfeld and Pandis, 2006)2} B]2=5}
Sajzimlolck SUoH 44T FAERA st el
‘& SlaiA olol=E 5/ 9IAIR] AODSFFMFE 7]
o AR S,

Fig. 21= AODS} F-Sui5-571e] Akt 22 1}
ER|d, 22} AOD&} (a) CCN, (b) CF, (¢) CTT, (d)
CTP, (¢) WV_Cloudy, (f) WV_ClearSky, (g) CIR,
(h) CWR}O] At Hg ojujgic], Feme oF
O AJRHA, FEME o) A S UEhie, 59
o] AT APPA £ &-& oJujgick AODE}CON
] /FA|(Fig. 2(a): MODIS CCN Alz= A
O AT AR = 0.65 2 dljfoll A= ool 2Fo] ghes
= B8] Z7Ritke AL olnleln, ojolzEo]
TEE SEAAN = Yo Fadt A8 dtk= &
UERATE Fig. 2(b)iz ollolzso] Bass gao] 57}
(0.34)31e- oJu|ghy, Q=rX]4(0.42~0.51) Hhk=
O 2 glo] VRl ARSI v 4
of o] ARRAZ THIT G BRI 5 ek
(Quass et al., 2009; Balakrishnaiah et al., 2012). T3},
oojEEo] WESHrE %, 4710 W7t 7]
50l FAEE7] 91 2195 AODE} CTT, CTP
o] o] eAFig. 2(c), (d))yE Sl IS 4= e
w, AlsgeiTel SR TS Wtk Myhre et al.
2007; Quass et al., 2009; Balakrishnaiah et al., 2012).
Q)R 23 puAak} UEEZR] $(40-42°N, 100-105°E)
Q-2 MODIS 4FEAfR oA ofl2)7} EAfehe Ao
2 ZRIFEt(Warner, 2009). AOD2} WV_Cloudy,
WV _Clearsky®] ATEHA|(Fig. 2(e), ()= SA]ollA
57 17F Bau( e AR sl 57171 A
= Hi(F0] ) oflej2Fo] Sk vEhiH, &

O

o)
T

-

O:

e}

1 At - ) - ol

Aol 0] Aik= 7]Eo]| I o] Aol YAjst
= 78S Holti(Balakrishnaiah et al., 2012). o]+= -
A1) 44d AJEE B HA(dust) S A E=
U2 5574 olojzEol o8 IEo] HH e
/g2o] ua1(Shi et al., 2008), F57/d ollol=Ee 5
=, 35 T 250 T2 78t waeo) Jrks ot
e 7Y e st 5dE Awdtt
(Aloysius et al., 2009). o|+= 2-R]of|A]= ofjo]=Fo] W
ST TR 7SR, sl s
FHBAE 7HAA Eok(Fig. 2(g), (h). ofloj=E -
B 54 QAR A S FEl 7] 5 = (5
7152 Hizho] ofloj2E Ak FekwAl, =71, 3t}
24 58 ek ZRsh W) Hka 8 4 gt
(Alam et al., 2010).

Fig. 3-& FMFe} -5 549 RS9 oA &
S e, AT (a) CCN, (b) CF, (¢) CTT, (d)
CTP, (e) WV_Cloudy, (f) WV_ClearSky, (g) CIR,
(h) CWREPS] A HHHAIS Lehdlit}. FMFQF CCN(Fig.
3(a))> o] AR sdelrs v
= CCNo| S71ke Uehim, o= sfollA w9 v
U(sea spray) 50| CCNO2 28517 flZo e 359
4= ItK(Seinfeld and Pandis, 2006). <=+ 552k}
A Hollx] SO AP Heh = 2 = WS
Ao zHE olFs ooj=E 5 Q1914 nMleddd
A1) 71047}k =7] whizolctk. o]ek Pstod, S4] A%
T o® nA YR E o] oFel IS HAL
L, sdellde o AHEAIE Yehdlick(Fig. 3(b)).
FMF2} CTT, CTP(Fig. 3(c), (d))= HIF-2 <] A
AR mAAREe] s 20} 7] &
Al yehdths omjolw, 717F 2R FEYS 42
T2} 7190] 7] whizol mMIAEo] F-5-2] rstol
P A= 54 QRS Bkl 4= Qi o= Fig.
2(c), (d)olA] HAE AOD2] Ao} 2jo|5 Hol=d],
TEoAY T A2 2719 oo|2E AL FES ¥
gal7loll Saet A A5 FA] 3 Ao
st o= Qltk FMFS} WV _Cloudy, WV_Clearsky
(Fig. 3(e), ()= SA A& FH= #5717 ESS
5 A gRHREe] SIS Uelie, 571 5 71
Aol Fke ot ofojzEo] 3 Aow Helr
(Aloysius et al., 2009, Balakrishnaiah et al., 2012).
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Fig. 2. The distribution of correlation coefficient between AOD and cloud parameters (a) CCN, (b) CF, (c) CTT, (d) CTP,
(e) WV_Cloudy, (f) WV_ClearSky, (g) CIR, and (h) CWR.

T d2dAket A WAl S ulA|dAEo]
255 A JEom(29] A, Figo 3(g),
2(h)), o= Q= A|99] £447K(Balakrishnaiah
et al., 2012)2} SARSIA|GE ZHEA 0 2 o7} vko Akt
TAE Heplich o= S WSo 25 E 2 Q1914 o
o 2Z0] oJgt FFo & sAet 4= Qlrt

3.2 ZAEEN

T o
o Hoj| A= A S 53] AH o= ofoizZET}t
TEY B4 IS WS EAEIIAL 2 Holae
of IS0l ofelRE} 7520 B4 Al =
A AREA] HRISaA; F A sl
SRS B ARE AL Y] SHHSE Hlo]
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Fig. 3. Same as fig. 2 but for FMF and cloud parameters.

S 2214 siE =5 o Sle A A
o, 2k 0] W FroflA A7 = SIS dstet 4
= olti(Wilks, 2006). 2 Atollils F/dwiA]
= 53l G 5 AL w2 ofs)
ARG AR IS TSI Al wet
oflolzzze] sjekd W el S4o] thw 157} 74
9] gAof| kS n|A|A| E|H(Seinfeld and Pandis,

2006), s W2 -5 S4do] thErkar d#A 3l
CHWarren et al., 1986; 1988). ©]= vfgto 2 fjoku}
SA| Ao FEsto] SRS eRgsel o, A8
7-2] ¥ (Jones and Christopher, 2010)-2 2315}
ofloj2F ]3] AODQ} FMFE =/ d# = A4
Sjo] AR Sl

Table 1-> AOD®} 5 54 IAES] F4w24]
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Table 1. Weighting coefficients of AOD produced using PCA that are used to generate the new PC variables. First row of
values in the amount of variance explained by the corresponding PC variable

Total Land Ocean
PC1 PC2 PC3 PC4 PCl PC2 PC3 PC4 PC1 PC2 PC3 PC4
Var (%) 31.56  18.63 13.61 935 3193 1929 1385 9.33  32.05 17.25 14.80 9.08
COD_Total 0.91 -0.27 0.92 -0.26 0.90 -0.31
COD _Ice 0.89 0.89 0.89
CIP 0.87 0.21 0.87 0.22 0.86 0.21
CWP 0.83 0.83 0.84
COD_Water 0.80 -0.40 0.80 -0.41 0.79 -0.42
WV _Cloudy 0.95 0.94 0.95
WV _ClearSky 0.93 0.92 0.95
AOD 0.46 -0.25 0.53 0.26 -0.34
CTT 0.23 0.89 0.21 0.89 -0.22 0.27 0.86
CTP -0.20 0.84 0.88 -0.32 0.78  -0.25
CF 0.23 -0.60 0.37 -0.61 -0.72
CIR 0.80 0.81 0.78
CWR -0.24 0.75 -0.26 0.75 0.21 0.74
A7kE Ueel, Sollol 87, sl PEslo £ AODE-39] ZhS Uehic o150l & 9 Uik
At Auks At solck. A], Foprlof A o] sy Z1& AOD7} 2 o CF= $75 CTT, CTP= Hadks
A AOD2| F224 Avk= 4719] QA= yeptom, oujsie] 7] 2 F-50] Wol FAEtks Zhe ATt
o

A QAL 3 73.2% A= el 4 gl Ao g B
ULt o] F o) 2E AP 23R A= F 274
2 Ueton, 1 F HlEo] w& k= PC2E F
18.63%2] H|E-Z A 4= 9= 202 Yeith PC2
o] iFsh= ¢1A} Fof|A= WV_Cloudy, WV_ClearSky,
AOD QIAFE0] & Joke MR = 202 Yt
AHE 0.95, 0.93, 0.46). 0] 37}2] B4 QIR S0] 2o
7 Uel= 718 Balakrishnaiah et al.(2012)2] 413}
Aot FARE EA AT oo XA HolA AODS] 5=
AJEEA Ak AR AR 5 74.4%9] 478 wlEol A
4|l om, “sobA|ot AA G At fAksHAl PC2 Q1A }
AODZ} 23 1A} - =2 93H(19.3%)S v|A|= A
O 7 FAEICE E3L FopAlot MA| P} FARHA
WYV_Cloudy, WV_ClearSky, AOD ¢Ix}=0] =& 7t
= eItk vpRfoR, sokR| Aok o) SRR A
= AARIAL 5 73.2%9] HAEEe Helow, CTT,
CTP, CF, AOD7} 2% PC3 AP} &2 HIF
(14.8%)& B9k o] & CTT, CTP: %] 32, CF,

I8 E AOD$} CFi= 9Fo] 7|, CTT, CTPL 20
BAE YeRJH, o]= Balakrishnaiah et al.(2012)2]
AP AT A} BlE=SHA| LRt

FoMAoF AR P} SAA| S92 AOD= 5719}
THAE 54 QAR gk ke Hh, si9kA| 2] AOD
= T AgA 0 & T Wl 5, 2T, &
7107 B2 QA ofa Fake - Ae EeIe 4=
Utk o= Myhre et al.(2007)0] Awgt ofo]2E2] &
TP 7S Qo)T TE LA Z7hAA,
SH7IGRS WSkl | Zrjo} gl

Table 2= FMF2} 715 E4 QAR5 A44EEY
AE LR, nRR7IA| R SotA|oF AP, SA4,
Se TSIt HAIA oA FMFE] F/di-aA
Ak AR 5 74.1%0] S Helom, o] F
297 Q1A= 18.2%9] Arg s Hlal, Foitol 4
Ao] FMF=WV_Cloudy, WV_ClearSky Al&o] H]
WA 8 kS ek, o] mjHIgIRIer 457] E
S5z ofufgh Q1o ool RS WL S ofulgie,
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Table 2. Same as table 1 but FMF
Total Land Ocean
PCl PC2 PC3 PC4 PC1 PC2 PC3 PC4 PCl1 PC2 PC3 PC4
Var(%) 3233 18.17 14.34 924 3328 18.74 14.61 9.18 31.81 17.18  15.10 9.09
COD_Total 0.91 -0.28 0.91 -0.27 0.90 -0.31
COD_Ice 0.89 0.89 0.89
CIP 0.87 0.20 0.88 0.87 0.21
CWP 0.82 0.82 0.83
COD_Water 0.80 -0.41 0.79 -0.42 0.79 -0.43
WV_Cloudy 0.93 0.93 0.93
WV_ClearSky 0.93 0.93 0.94
FMF 0.59 0.67 0.37
CTT 0.30 0.87 0.27 0.87 -0.23 0.29 0.87
CTP 0.87 0.89 -0.28 0.81 -0.25
CF -0.59 0.28 -0.63 -0.71
CIR 0.80 0.81 0.78
CWR -0.25 0.75 -0.25 0.76 0.75

A JAES oflol2E = =rhd o= Balakrishnaiah
et al.(2012)9] Q1= Au}e} viSzsA| Uedt). ofloj=
Z0| vHIRES 719 WRlE 54 xRt of
Yk 282 2% 9 27190 75 54 AT
=22 AAE 7L 95 SmIRitt. o] Shi et
al.(2008)°] Arget A AJEE whs 22 719 ©f
ol2ZE Fo| K Ti= FHA ollolRE
[ g o o] Bio] 59| el 2
|RIehs AR Re] Ak et ARt 24 Ao
FeEEAE Bl ololRE, 75 71 dHe A
2 AP} S-S ERIGIITE AODSFFMF2] S4EE
Al Ay, FR2 557190 IR B4 Qo] gk i
2 BIE 4 Qlek E=3h s ¢S] AODE 53
A oR P Wl 7 R, 2970t
L APl ofaf Pk e A =AU 4= ek o] A]
H ooj2E 15 A7E I AAEY A 24
atiats T4 o] 78 A o' Azt

;

33. #89 o2& ZiEs
T2 ol et ofolzse] ZHaTE A
o), FHEEAS Bo) P R ST 18 S
QAFE7O] ARRAS WA Ao, TS

O 4749] oS Il GoPER SHL mefste]
B319T). Fig. 4= %J)4 (a) CF-AOD, (b) CF-CIR,
(c) CF-CWR, (d) CTP-CIR, (¢) CTP-CWR, (f)
CIR-COD, (g)CWR-COD E4 0lz}50] 22 U}
Witk Fig. 4(a)E &3l olol2E 57t 75 &
go| WoltlE s, 53] R1(Z8A]9)), R2(3HHe
W) A YollA o] 1.09] 79 ofol2E4s A=
0.8 2 =& glo] Ueyith o= = 554199 394
EHE F0E Q1914 oloj2F YRt Fakoletar &
I Uk o= R13}F R22|H 9] 25710 we 54
YRR A7|7F 2 Fo=m o= 743K (Fig. 4(b))ell
= Q3RS vtk R3(F3X]9), RA(HBIA]S) %<0
A AR 0 R FaolA fiERs oflol2E9] gkl
A2 Ao e ANl LEEUAke] 2717t &
gol| MRz P TEES YA} T T2 A| ek
R2A| ol A= 25F0] SVt 524k 7P A%
PAR UEtou 71er A Yolal= A9 gl 2eR
Uepsitt o= didt tE e {EA| Y] s e
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