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Abstract There is still large uncertainty in estimating aerosol indirect effect despite ever-
escalating efforts and virtually exponential increase in published studies concerning aerosol-
cloud-precipitation interactions (CAPI). Probably most uncertainty comes from a wide range of
observational scales and different platforms inappropriately used, and inherent complex chains
of CAPI. Therefore, well-designed field campaigns and data analysis are required to address
how to attribute aerosol signals along with clouds and precipitation to the microphysical effects
of aerosols. Basically, aerosol influences cloud properties at the microphysical scales, “process
scale”, but observations are generally made of bulk properties over a various range of temporal
and spatial resolutions, “analysis scale” (McComiskey & Feingold, 2012). In the most studies,
measures made within the wide range of scales are erroneously treated as equivalent, probably
resulting in a large uncertainty in associated with CAPI. Therefore, issues associated with the
disparities of the observational resolution particular to CAPI are briefly discussed. In addition,
the dependence of CAPI on the cloud environment such as stability and adiabaticity, and
observation characteristics with varying situations of CAPI are also addressed together with
observation framework optimally designed for the Korean situation. Properly designed and
observation-based CAPI studies will likely continue to accumulate new evidences of CAPI, to
further help understand its fundamental mechanism, and finally to develop improved
parameterization for cloud-resolving models and large scale models.

Key words: Aerosol, cloud, precipitation, interactions, observation, scale

of gk A7k viFH oz Frhstal .

528 (Aerosol-Cloud-Precipitation Interactions: CAPI)

Twomey

(19747} &8 ARAZS FalN FEULLAY

.M B
4478 ANFAZe Yoid Aoizg 1ERA)
2 Fa4ol P2E )52 dol2ETEAS

*Corresponding Author: Byung-Gon Kim, Department of
Atmospheric Environmental Sciences, Gangneung-Wonju
National University, 123, Jibyun, Gangneung, Gangwon 210-
702, Korea.

Phone : +82-33-640-2326, Fax : +82-33-640-2320

E-mail : bgk@gwnu.ac.kr

437

(Cloud Condensation Nuclei: CCN)°] 5718 739 +
E58% (Liquid Water Path: LWP)o] A gt 27
A 1o 22 A719] FERE NG STkl o8 -
E9] HRALE7F 71K (Twomey &3S A|A3E o] 3,
tre] AU AAZ (Feingold er al., 2003, 2006; Kim
et al., 2003, 2008; McComiskey et al., 2009) 2 4



438 NARZLE 5T 4528 (CAPD) A& s A= Wi & 33

HDAHZ (Sekiguchi ef al., 2003; Kaufman and Koren,
2006; Quass et al., 2008, 2009) A+ A7} o1&
Ll |

FH 2o & olloj2E&e] Aol A= G 2o
the] oojR2Eo] ofs A7|7F AT
TEHY a8 7ad WE A A dAde] bt
=2 F3) AT UATE (Albrecht, 1989; Rosenfeld
and Lensky, 1998; Rosenfeld et al., 2001), “JHt=]=
#2434 9 A4S U= ATFE (Ayers, 2005; Lin
et al., 2006; Alpert et al., 2008)%= UTF FEWS =
717F Zobd A9 2 YA A7|E A% L
FEHHIA ] A=A, Z35=2] X8 (autoconversion)
FAo] AAEHA WHIE (freezing level) F7HA]
Festl ol FEEel WA =2 7heAdol
F7Feth. A=, AT vlaste] WA A EAY
she F7HH 9 = (2F 300 kI kg HE o8] 52 A
2] s 7t @43} €@t (Rosenfeld and Woodley,
2000; Rosenfeld er al., 2008). ©]= T CAPI 9+
Lopol|l A Fa gk FAIFY shR oloj2E AX A
3} (invigoration) &2} F-237 9t} o]9} o] t}h
U3 CAPI & AF-E0] IYPHUAM =g 5t
u|AgEo] A T Ut

CAPI WIAUZL dlo]2&, 5, AL 4, 71F
So] 223 gl (feedback) ZHF o) AE A H o
el MAYUE AA 9] whegt AP A olE) 7t o
& SHo] o, SAMEE dojuhe HF Y Al F
5 (process scale)?} A &= s AlF7F R
(analysis scale) o] BUX 2 Q3] f2E= 22 &
FAGs o2 1%k Q2 o] JFEHAL =
Zwo] At} (McComiskey and Feingold, 2012). &
£, Feingold 2012y o2& 7HHas} 3 o
2 Al gk Heojrt EFHEh] wel 2 a4

= EARAE A A Ao R A-g oo
7INkek A= A sieriele] S s vt
AUTh 22 wAYFS] 5 B A8 HHAH S Al
A A & FEREYelY 7|FRY S
H{as 438 29T 3 & AE opE F
Aes T CAPI A2 #+4
(process-level)oll st ol3|7} A& B Q3T A Y
TR 2oy HA Yl S dad JAFH A
AAE st A5 Bl AR A= o
8] Agatato] B, H o dloj2& [ E)
E 2d oA 318 A 9 75 FEoA Y
CAPIE Eshe &85 Hol TR, s 75
Al&"lg I# gk CAPI9| @A o] o]Fojxjo} git)=
Fo] A5EHE AL YT} (Tao et al, 2012).

Sl b o = ) s e R G B S 2 B o
AELARZ, A5 59 o2 H2 WEE0A

T

#2237 43 (2012)

CAPI] Tht o] =7}
7 1%, oo zd W w
g 78 nEe 54 aUlE 23) 9 g%
A gl g A3 ZolSA % Y=

4
N
ol
kJ
%0
e e
o)
ki
>
>
(1
(o3

=

4 (CAPD) 99 < 83 3 A=A A
A CAPI] AlF7HA]] FRE Ejst B&EX
o WY 9 CAPI #350] Zh= g 58 HESA
A #E7NE 52 LS oA 2442 CAPI
I A w2 A gis) A raz) s

2. CAPIQ| CIsH A7 EH|

MEANN AFF dlloj2d 545 FTAE (CAPD
AL ol gL A A7 4= um (10°°m)oll A A
Zate] - km (10°my7HA] 2=A|D ] Ze)7t tiek
107wl 23 Jx=2 WHE W7t Avkes HoA A
ZHdt)y, ENE] $AY 9T sk FEEES
A3l (CCN)2 doj2& (343 CN: Condensation
Nuclei) FolA FF40l I 38H4Q1 S st E0
utgt dH7F CONS2 EopshA Ent. o=k A7)
0.1~1 pm®] 3, FE 3} (supersaturation)ol] Wl 5
7] gkl 93k 4 (condensation) 43 ZHFS A
2 10~20 umZ Ag7gstol, 2] JA 27 7HA A
At 75 HEES TEEE 1o "ol St 9
g & HEAEE AA- £ mme] BEE
dok. AN FEE A8 9 4 SN g
3] MM &2 (microphysical) ¥ G &2 Hahgh
At Al ofdgt A FEEC] B FE AEH
(Z7HFE: 10~100 kme] mesoscale) o2l AHA|
2?1 (macroscopic) H3I}E FRHHA o). o|gA F
A AL BEES AT B =AY 1] A
Ak it glo] ASAEE A AY, 52 CAPI
Bdgol] 2AYe] dXEA] e #F AIHE WY
g A I 2345 20 5 Uk

A=, e gto|} 228t Eoke] A+ (Robinson,
1950) oJ&tH, F=ox P (domainyHell EA|3}
= W HFEE e fold £l R e T
Has FAste FAHAA HFE 7o A

o
£
2
®
o
"

o] #F A 2AGRY ZS A9 A7 (coarse)

= =R QE EA4 FA oA CAPUL AH=E
TR e 7ol Ak A= CAPIY] st
ol & X AA| ddeo] doju= AL o
St ARy dasty, A-e 5 2A4S A 9



olE&d FE EYEB AFZA WEH R
ZA7F A3 E|ojok Stk Anderson et al. (2003)E ol
oNRE AeAg A=AIAE o838k 40-400 km
_4 T.dz%o /\;q] (meso a&ﬂ)ﬂ' /\]ﬂxqo] )\;ﬂoéo
2-48717+0 2 AASE v} A9 Shinozuka and Redmann
Qo1DE W& F2o) HFAe ZANE & ki
A Aol S Slgg nald dee] A3 3y
AsHAl AHAlE e LHHEER 01611*1 oo} 249
Al F7HA 01 u:]E/l—]o] = 7}\ 02 FAEX U ol AT
ool i@ ATE Aot EE PEE F
=9 Fst5 | W&l FFo=HE
QABA] JFS gHe2 v Sn. Kin
et al. (2009) oﬂ<>ﬁ+4 FH F714 #4435, 3
NhE AR GelA] dolzge) Fu WE APl f
AFsHAl el 42 km (mesoscale) T4 €] of of

& WF 7hsAdE ARG BvF AANE Z717E (30d)
o arxel HHE elvlshe e AA Wl
A7 dutstslrledls F27F §

=3 244
11?127
7k

=3, d{E Fdste 75 «l FHAQ FRE
10~100 m, 2-& 2R =9 —TLEUW%FJEE%% T
mmﬂ}XlE Zobd 4= 9l7] Wil whgAIZke] Fe

#Z71717} JEJB_‘EPE} ol 5T F ol 5 Y
F (platform)y 24 A= A 3 FF EFhel
249 FRon »@7 At Ao e A% A
A 725 de AdelA deoluy el 59 5%
& (active) AFDARS 75 B4HA 54 9

ks B0 7 3 BA=A7] (Microwave Radiometer:
MWR, Multi-Filter Rotating Shadowband Radiometer:
MFRSR)= 838 Roz Azt Agd4a5e

& ARelN AF A () o) 2UE A 2
A9 dlolEst 78 S48 48 & e 2ol

Atk 53 & FFAA T lﬂi == oo
z2& a—‘réO] 7}—0}1:}
A =2 A o A x]/\}

7<4 [e=] ,\]

A%l sl

Af{ZE FAF 7

Liquid Wa}er
Content

——

Fig. 1. A simplified schematic diagram of main ground-
based remote sensings suggested in this study. Modified
from Kim et al. (2012).
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Table 1. ACI values with temporal/spatial resolution in various references.

References Method/Instrument ACI* Resolution L**
Feingold et al. (2003) RS (remote sensing) 0.10 20's yes
Feingold et al. (2006) RS (remote sensing) 0(1; _2%)2 6 20 s yes
Garrett et al. (2004) RS +in situ 0.15 30 min yes
Kim et al. (2008) RS + in situ 0.15 5 min yes
Ground  Lihavainen et al. (2008) in situ 0.24 1h yes
McComiskey et al. (2009) RS + in situ 0.16 20's yes
Pandithurai ef al. (2009) RS (remote sensing) 0?02 _1%)1 8 1 min yes
Kim et al. (2012) RS+in situ 0'(1(1 '201‘)29 5 min yes
Twohy et al. (2005) in situ 0.27 10-60 min
Raga and Jonas (1993) in situ 0.09 NA no
Martin et al. (1994) in situ 0.25 30 km
Gultepe et al. (1996) in situ 0.22 ~12 km yes
O’Dowd et al. (1999) in situ 0.20
Airborne gﬁ;fsqfﬁiré%%n in situ 011
Ramanathan (2001) in situ 0(201_207)3 3
Lu et al. (2007) in situ 0.19 30 km
Lu et al. (2008) in situ 0.14 leg means
Pandithurai ef al. (2012) in situ 0.07 6 km no
Nakajima et al. (2001) AVHRR NiN, 0.17 0.5° yes
Bulgin et al. (2008) ASTER-2 FosTa 0.13 1° no
Kaufman et al. (2005) MODIS ro; Al 0.10 1° no
Sekiguchi et al. (2003) AVHRR 7e; N, 0.10 2.5° no
Satellite  Lebsock et al. (2008) MODIS T, AL 0.07 1 km~1° no
Sekiguchi et al. (2003) POLDER Ty Ny 0.07 2.5° no
Quaas et al. (2006) MODIS Ny, 0.04 3.75°%x 2.5° yes
0.01 3.75°x 2.5° no
Quaas et al. (2004) POLDER 1o, Al o o
0.04 3.75°x 2.5 no
0.04 150 km no
Breon et al. (2002) POLDER Vs T Al
Satellite + 0.09 150 km no
Model ) 0.17 280 km no
Chameides et al. (2002) ISCCP + CTM T,
0.14 280 km no

*ACI denotes 0Int,/0InA4 where , is cloud optical depth, 4 can be N, or 7,, such as aerosol proxy.

**Liquid water constraint used.

sH7)deks Ul7] 4227 45 (2012)
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Fig. 2. ACI values from the literature quantifying aerosol-
cloud interactions using Eq. (1), and plotted as a function of
scale/resolution of the study (refer to Table 1). Filled
symbols are ACI values calculated with constraint on cloud

water and open symbols are those without constraint.
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Fig. 3. Relationship of aerosol-cloud correlations (ACC) to
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proportional to aerosol-cloud interactions, the sensitivity of
cloud droplets to aerosol variations. Reproduced from Kim
et al. (2012).
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278 7 AL 7] = x

o
717ke] #ZA5.2} Weather Research and Forcasting
(WRF) 2495 g3l &4 v} Qlrh
1

. Temporal
Property Instruments Variables Resolution

Nephelometer Scattering coefficient (o) 1 min

Aerosol (Ccolilg;msatlon Particle Counter Condensation nuclei (> 3 or 10nm) 1 min
Sunphotometer Aerosol optical depth (7,) at multiple wavelengths 10 min
CCN counter CCN 1~2 sec
Multi-Filter Rotating Shadowband . . .
Radiometer (MFRSR) Cloud Optical Depth (z.) at multiple wavelengths 5 min
Microwave Radiometer (MWR) Liquid Water Path, Precipitable Water Vapor 5 min
E(\;(A\?&C/)};l;and ARM Cloud Radar Cloud Boundaries (Cloud Bottoms and Tops) 2 sec

I(’:rlgélid i‘tg;tion S(X)-band ARM Cloud Radar Precipitation 2 sec

p (SACR) p
Micropulse Lidar (MPL) Cloud Base/Top Height 0.2~2s
Vaisala Ceilometer Cloud Base Height 2 sec
Fractional Sky Coverage,

Total Sky Imager (TSI) Sky Image 30 sec
Radar Wind Profiler at High Horizonal Wind, Vertical Temperature -
Frequency (RWP)

Meteorology T ture. humidity. wind d
Balloon-borne Sounding System emperature, umidity, wing spee 2 sec

and directions, etc.
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ool doj24 2 CON F55 AAoA 2H
#Z5sl, ool2E (34Y) Fere 32 ATl
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ZH oldA eltt. CAPI Aol ag AFLA8S
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H .

| - Rain g ge- (\:.)’
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Spatial Scale

Fig. 4. A simplified schematic diagram of instrument
arranged for the CAPI study in case of dominant westerly

flow such as the mid-Korean peninsula.

O 2 AABAA}; S AL 3FA JdFEH gE =
o] g3t FEo] B gl Fe 7lke A E
dale] A= Aolth (Kim ef al, 2012). ¥
ooj2é&e] 5 AXEYst aHE X3S CAPI
T 2ol 2E e H-e CAPI WAY S 7<)
o3t doj2& A BT E3HE7| o] HSH =
ool=2& Fapgo] Aol o8 AT & dve A
S A7NE W dol2E A (forcing)o] FoAAE
P97 G WHS (response) FH o] wElE= 1ol
CAPI 7ol Hdsit}. AAE (forcing)> 2 2H-3}
= 4 GZ do2E A7), A&, v= )l digt
#53 AAEY AHERE Yehde 9F S
(response)°l] Tt #= (FEUE NeEx, 271, T

R 2 e

Table 3. Arrangement and priority of main instruments needed for the observation-based CAPI study such as Fig. 4.

Property Instrument Forcing Domain Process Domain ~ Response Domain
CCN counter 000 000 O
Aerosol Nephelometer 000 000 O
Condensation Particle Counter (CPC) 000 OO O
Sunphotometer OO OO O
Ka (W) radar O 000 000
MWR OO 000 000
Cloud MFRSR O 000 000
Ceilometer @) OO @)
Lidar O OO @)
Total sky imager O OO OO
L S (X) band radar O OO 000
Precipitation .
Disdrometer O OO OO
Radiosone 00 00 o000
Meteorology ~ 3-D sonic anemometer OO OO OO
AWS O O O

*The number of circle denotes the priority of the instrument at each domain for the CAPI study with core instruments in

filled circle.

sH7)deks Ul7] 4227 45 (2012)



SFUY, A5 el APs TREojop Bt), ol
S8 CAPL @S] A1B7HAQ] AL T A}

Aol 2
A 2APF dast, ZAE e 93F W8 (forcing and
response)S 23] U= A 9 #AZ A2 450
dAoltt. Fig. 4w te SRA o] HXF
Aol A MZEel = olo] 2]
i, F8kE Ao ofloj= Lol 4

g AUe AFel AAF =0Y A5 MEAQ
#=5 EAEE Ui Aot #F 995 A N
-9 (Forcing, Process, Response)> 2 Uro] -1
2 4e% #5377 FE ALFHS S+
A<=91E Table 39 AAEATE gl oz 2
e 4o A 9 (filled circle)> 2 FASAEH,
A (Forcing & Cause) 782 F2 doj2&3} 7]
3 tﬂ—r F7+e] %18 (Process) 192 dAAZETE
5 AL (ACT), 223 93 vk (Response & Result)
?LQ%‘% 75 2 AT 545 E34% CAPIO| ek #
Zo] A Qoﬁok g Zlojt}.

-\ZL

rU

EAZE CAPI WAUF o3& $aie= o8 7t
A 71dEE e FH 3 R, £ F)ol 2

HZE = 5 (noise)S Aoz HAsE & gl
= Al BACEZHN, Ik doj2E Aldlzt 2A st
o T5 2 Aol dFE F= 54 o¥iE 4
o] At} (Tao et al., 2012). <& &9, A2 (ship
track)ell 23l MY T4 L9 HHAEE F7HA]7]=
A4 &#= A=l (Ferek et al., 2000; Coakley et al.,
2000), AHE- 227 Al (Rosenfeld, 1999; Andreae et
al., 2004; Koren et al., 2004), A7t3 th7] e
(Rosenfeld, 2000), A} (Rosenfeld et al., 2001) %—9]
AHIZE & ‘)F ULt stz 9= iiq"ﬂ

T 5E ]/‘1 —ri i)y :@L/‘}‘)r /\]Hﬂﬂ]o} *}
HEol digk A+ 5ol 7k
ol A A A S

4

rE
=
0%
rE
Mo & r

W e ot we
[5

Ly 2o
'L'O?L‘EEJ'H

o e et

2
=2

= o2& 37 o]99 tE JFES AA
sted A717ke] AHEIES At &+
o o3k J5& FolL, °ﬂ°1i—‘* %%C’ﬂ &
9 ] BAAHCE fo3t ﬁl/‘é%

E=&3%= Aolth HFZ Li et al (2011)4 Niu an
Q011)= ARM ZzZa2e] tjg=42e oZetan
Southern Great Plains (SGP)Oﬂ/ﬂ o 1004 3 Zke]
' 245 Sl 53] & ot Seetal, e
F7F0°CSl 735 ollo] 2o «]Eﬁ 5 ALt
FEREE B vk Sk 39 999 A5E
= Aol FHAol7] wie 9494HS5E o] &gt
Quaas et al. (2009), AFF 201N HIAH &
717k ARE o]&et] FARSE {oF FFe

17

o

ol

mln

i fo
nlm r

A2 T8 FAR HE do2EFEAT B
z*—’rﬁ (CAPI) oJsll & 1% BEe Fw 7E 2
AATF 715 mde] 27] 7oy »dw Az}

-4 742 A5E 2857 s 75 2o 24 (cloud
resolving model: CRM)S] X &kof A3l &=
71 9 Aol Id gA] agETh AN A9
H571€E CAPI 5335 4 38 & F& vde
SHAIZE A7) wiEel] ohFek S FONA WA=
S EY] AddS 22k =9 (combination)
CAPI®] E8]3Ql 54 A - I8 2ALE

d

2k AZHgo] aEh B AFoas FAH
Ao B= = ]olo xﬂ/\]—a—}x]{— E3IA 9k A

PN'
o
4

CAPI ©]3]| =] 7]

I3} &1t}
o2& F57T F5AE 2155 FAEAL CAPI

VFe 4T3t

@ A4e) B Zeae ANe

o M A& o2& wAET A s}317]
fleir= CAPI 2AIL % =8|4 54& A48 7
St (well-designed) & T2 133} 2}5 E4o] 9

st S0 R o2& FF, BAF 52 X
o |7k 37 #=3) ARM *LE:LEWO] Hl x| w
F e Z2aoelgt & F o, oojE2E E
59 Al - F7HEQA WEAo] F AeE FHH = g
ol Zulg Hg3l7]o)s EA7F Tk $-41, oo
2& 9 FF A Uigt 71z ZAPE ddE ook
shaz, 01 EdEZ ARM Z=2a3g Fxste] o
St A= ZYE] AAHE sl 4olA] A A S
=g &8al= Zlo] v E Ao Egk CAPI
2 3143 ol CAPIS] 2AY &9 T8 F
W 37 o)FALS 1L CAPI HEW AL Eo|
ol CA PI A 7F A =AY AskE 7Fede 1
WA #ZHAE 2 A5 FAo] o]Fofxof it
& °“':E WA 7= R 7144

R

rL

3

_‘d
Y
e

q

[.

3

-
o H
HE u[m _1

j,—r 3HA CAPI Aol ZAgst 3=
el tigk AbdzAE o Aol
SETE 2 dllejz2E W
g FEEE B BA S48 TR (AC) °JElE
A 7173 9 715 mdo olojm&o] o3t ?L%
Mg 2 =27) Wsh Adsofor & Aotk v
S EF CAPI AF SN = %Oé%%
Hope = w7yl o7 ool

1
=

R s

2 o
e ol
o fo
PN

Bl 2 o ot & [ )

r
to IN rE of

Atmosphere, Vol. 22, No. 4. (2012)



446 o] 2

Zkel ) 9 st olsfo] =S siFolof &
Zoltt. °ﬂ°1i*°ﬂ g g Y 2EAL H2 &
Ao izEI = FAR 94 I3 (teleconnection)

S Fete] SsiMe AL ABSoIY FEES
ek opuel L 498 24T T e A48
A#Z 59 Ef& #HZo] Fasitt

CAPI 75 SollM &8s 5 e s
o] SfUEA ARM o] EHZAI 2" (AMF)9] =]
A5 AlEshe Zlo] dastth. AMFE sdiel] 55
I e ZEEFR] F71E9 ATHd A 29
5EE T2 AR AR 7od Zlolw, A
o7 Sl # ?‘5& CAPI §17-¢] H|2EH = 9?@%
g 3E o= JoEn £3 AMF =ATE &
= ZeaYPe 141 of A=l = CAPI EOk s
Z71e Joks S9 °ﬂ°ﬁ+ SRR A
ofo] A7k A Edst ° PGO AHA] 227}
=2 st

7I-A|. I

2 AF= 718 717471€e71EAF] (CATER 2012-
6050)2] AL AFATEe] AnAFAA LAY
(20120007572)¢] dF Aoz FP=HYFUT =
o] = del 28 2 i ) =S F 9
A AR S58odA AR

F

i
i
rot

A

73, AE g, 2006: A 39 AT
HuI A, o) 7] 85 8/517], 22(2), 235-247.

78}, A2, 2011: $HFE 25 o 4] MODIS S}
NCEP/NCAR A&A A7 5 0] &3 ool 253 &
o] A B, gk)7] 8 87817/, 27(2), 152-167.

2538, A3, AL, 715, 2011: SIS ] o) A]
k3l 7rroll v X = E=A13F a3 57, 21(3), 229-
241.

Ackerman, T. P. and G. M. Stokes, 2003: The Atmospheric
Radiation Measurement Program. Phys. Today, 56,
38-44.

Albrecht, B. A., 1989: Aerosols, Cloud Microphysics, and
Fractional Cloudiness. Science, 245, 1227-1230.

Alpert, P., N. Halfon, and Z. Levin, 2008: Does Air Pollution
Really Suppress Precipitation in Israel?, J. Appl.
Meteor. Climatol., 47(4), 933-943.

Anderson, T. L., R. J. Charlson, D. M. Winker, J. A. Ogren,
and K. Holmen, 2003: Mesoscale variations of
tropospheric aerosols. J. Atmos. Sci., 60, 119-136.

ALE o] &gk oloj < 71

gul

A5, ol

=718 7] A|227 435 (2012)

S 28 (CAPI) A5 93t A= e vz

Andreae, M. O., D. Rosenfeld, P. Artaxo, A. A. Costa, G. P.
Frank, K. M. Longo, and M. A. F. Silvas-Dias, 2004:
Smoking rain clouds over the Amazon. Science, 303,
1337-1342.

Ayers, G. P.,, 2005: Air pollution and climate change: has air
pollution suppressed rainfall over Australia?. Clean Air
& Environ. Quality, 39(2), 51-57.

Ballasina, M. A., Y. Ming, and V. Ramaswamy, 2011:
Anthropogenic aerosols and the weakening of the
South Asian summer monsoon. Science, 334, 502-505.

Coakley, J. A., and Coauthors, 2000: The appearance and
disappearance of ship tracks on large spatial scales. J.
Atmos. Sci., 57,2765-2778.

Feingold, G., W. L. Eberhard, D. E. Veron, and M. Previdi,
2003: First measurements of the Twomey aerosol
indirect effect using ground-based remote sensors.
Geophys. Res. Lett., 30(6), 1287, doi:10.1029/
2002GL016633.

, R. Furrer, P. Pilewskie, L. Remer, Q. Min, and H.
Jonsson, 2006: Aerosol indirect effect studies at
Southern Great Plains during the May 2003 Intensive
Operations Period. J. Geophys. Res., 111, D05S14, doi:
10.1029/2004JD005648.

, 2012: Old and New Paradigms for Aerosol-Cloud-
Precipitation studies. ASR 2012 annual meeting.

Ferek, R. J. and Coauthors, 2000: Drizzle suppression in
ship tracks. J. Atmos. Sci., 57,2707-2728, doi:10.1175/
1520-0469(2000).

Kaufman, Y. J. and 1. Koren, 2006: Smoke and Pollution
Aerosol Effect on Cloud Cover. Science, 313, 655-658,
DOI: 10.1126/science.1126232.

Kim, B.-G, S. E. Schwartz, M. A. Miller, and Q. Min, 2003:
Effective radius of cloud droplets by ground-based
remote sensing: Relationship to aerosol. J. Geophys.
Res., 108(D23), 4740, doi:10.1029/2003JD003721

, M. A. Miller, S. E. Schwartz, Y. Liu, and Q. Min,
2008: The role of adiabaticity in the aerosol first
indirect effect. J. Geophys. Res., 113, D05210,
doi:10.1029/2007JD008961.

777777 , M. H. Choi, and C. H. Ho, 2009: Weekly
periodicities of meteorological variables and their
possible association with aerosols in Korea. A¢mos.
Environ., 43(38), 6058-6065.

Kim, Y. J, B.-G. Kim, M. Miller, Q. Min, and C.-K. Song,
2012: Enhanced Aerosol-Cloud Relationships in More
Stable and Adiabatic Clouds. Asia-Pacific J. Atmos.



)

Sci., 48(3), 283-293.

Koren, I., Y. J. Kaufman, L. A. Remer, and J. V. Martins,
2004: Measurements of the effect of smoke aerosol on
inhibition of cloud formation. Science, 303, 1342-1345.

Lau, K., M. Kim, and K. Kim, 2006: Asian summer monsoon
anomalies induced by aerosol direct forcing: The role of
the Tibetan Plateau. Climate Dyn., 26, 855-864.

Li, Z., F. Niu, J. Fan, Y. Liu, D. Rosenfeld, and Y. Ding,
2011: Long-term impacts of aerosols on the vertical
developments of clouds and precipitation. Nat. Geosci.,
doi:10.1038/NGEO1313.

Lin, J. C., T. Matsui, R. A. Pielke Sr., and C. Kummerow,
2006: Effects of biomass burning-derived aerosols on
precipitation and clouds in the Amazon Basin:
Asatellite-based empirical study J. Geophys. Res. 111,
D19204, doi:10.1029/2005JD006884.

Lu, C., Y. Liu, and S. Niu, 2011: Examination of turbulent
entrainmentmixing mechanisms using a combined
approach. J. Geophys. Res., 116, D20207, doi:10.1029/
2011JD015944.

. S.S. Yum, S. Niu, and S. Endo, 2012: A new
approach for estimating entrainment rate in cumulus
clouds. Geophys. Res. Lett., 39, 1.04802, doi:10.1029/
2011GL050546.

McComiskey, A., G. Feingold, A. S. Frisch, D. D. Turner,
M. A. Miller, J. C. Chiu, Q. Min, and J. A. Ogren,
2009: An assessment of aerosol-cloud interactions in
marine stratus clouds based on surface remote sensing.
J. Geophys. Res., 114, D09203, doi:10.1029/
2008JD011006.

______ and G. Feingold, 2012: The scale problem in
quantifying aerosol indirect effects. Atmos. Chem.
Phys., 12, doi:10.5194/acp-12-1031-2012.

Niu, F. and Z. Li, 2011: Cloud invigoration and suppression
by aerosols over the tropical region based on satellite
observations. Atmos. Chem. Phys. Discuss., 11, 5003-
5017, doi:10.5194/acpd-11-5003-2011.

Robinson, W. S., 1950: Ecological Correlations and the
Behavior of Individuals. American Sociological
Review, 15,351-357.

Rosenfeld D., and I. M. Lensky, 1998: Satellite based
insights into precipitation formation processes in
continental and maritime convective clouds. Bull.
Amer. Meteor. Soc., 79, 2457-2476

, 1999: TRMM observed first direct evidence of
smoke from forest fires inhibiting rainfall. Geophys.

447

i

Res. Lett., 26(20), 3105-3108, doi:10.1029/
1999GL006066.

, 2000: Suppression of Rain and Snow by Urban and
Industrial Air Pollution. Science, 287(5459), 1793-
1796.

and W. L. Woodley, 2000: Deep Convective Clouds
with Sustained Supercooled Liquid Water Down to-
37.5 degrees C. Nature, 405, 440-442.

77777 , Y. Rudich, and R. Lahav, 2001: Desert dust
suppressing precipitation: a possible desertification
feedback loop. Proc. Nati. Acad. Sci., 98, 5975-5980.

___, U. Lohmann, G. B. Raga, C. D. O’Dowd, M.
Kulmala, S. Fuzzi, A. Reissell, and M. O. Andreae,
2008: Flood or Drought: How Do Aerosols Affect
Precipitation?. Science, 321, 1309-1313.

Sekiguchi, M., T. Nakajima, K. Suzuki, K. Kawamoto, A.
Higurashi, D. Rosenfeld, I. Sano, and S. Mukai, 2003:
A study of the direct and indirect effects of aerosols
using global satellite data sets of aerosol and cloud
parameters. J. Geophys. Res., 108(D22), 4699,
doi:10.1029/2002JD003359.

Shinozuka, Y. and J. Redemann, 2011: Horizontal variability
of aerosol optical depth observed during the ARCTAS
airborne experiment. Atmos. Chem. Phys., 11, 8489-
8495, doi:10.5194/acp-11-8489-2011.

Shao, H. and G. Liu, 2006: Influence of mixing on
evaluation of the aerosol first indirect effect. Geophys.
Res. Lett., 33, L.14809, doi:10.1029/2006GL026021.

Stevens, B. and G. Feingold, 2009: Untangling aerosol
effects on clouds and precipitation in a buffered
system. Nature, 461, 607-613, doi:10.1038/
nature08281.

Tao, W.-K., J.-P. Chen, Z. Li, C. Wang, and C. Zhang, 2012:
Impact of aerosols on convective clouds and
precipitation. Rev. Geophys., 50, RG2001, doi:10.1029/
2011RG000369.

Twomey, S., 1974: Pollution and the planetary albedo.
Atmos. Environ., 8, 1251-1256.

Quaas, J., O. Boucher, N. Bellouin, and S. Kinne, 2008:
Satellite-based estimate of the direct and indirect
aerosol climate forcing. J. Geophys. Res., 113,
D05204, doi:10.1029/2007JD008962.

____and Coauthors, 2009: Aerosol indirect effects-
General circulation model intercomparison and
evaluation with satellite data. Atmos. Chem. Phys., 9,
8697-8717, doi:10.5194/acp-9-8697-2009.

Atmosphere, Vol. 22, No. 4. (2012)





