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Abstract

Aerosol indirect radiative forcing of climate change is considered the most uncertain forcing of climate change
over the industrial period, despite numerous studies demonstrating such modification of cloud properties and
several studies quantifying resulting changes in shortwave radiative fluxes. Detection of this effect is made difficult
by the large inherent variability in cloud liquid water path (LWP); the dominant controlling influence of LWP on
optical depth and albedo masks any aerosol influences. Here we have used ground-based remote sensing of cloud
optical depth (1.) by narrowband radiometry and LWP by microwave radiometry to determine the dependence of
optical depth on LWP, thereby permitting examination of aerosol influence. The method is limited to complete
overcast conditions with liquid-phase single layer clouds, as determined mainly by millimeter wave cloud radar.

The results demonstrate substantial (factor of 2) day-to-day variation in cloud drop effective radius at the ARM
Southern Great Plains site that is weakly associated with variation in aerosol loading as characterized by light-
scattering coefficient at the surface. The substantial scatter suggests the importance of meteorological influences on
cloud drop size as well, which should be analyzed in the further intensive studies. Meanwhile, it is notable that the
decrease in cloud drop effective radius results in marked increase in cloud albedo.
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(Kiehl and Briegleb, 1993; Charlson ef al., 1992).

PR AR = o oje] &l FEIHS] AFsAtgel HE
AA 8 ols 7} B&F A ool2lE ZHH A}
EgAN o] dlojld A A (oLl AAHA
W Algtashuet 37 =He, o] AT dgHes
WA o ole] o] 7| Fol] viR]E el T A
o) H7+2 o] A 31 ¢lo}(International Panel on
Climate Change, 2001).
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7R Qe H, T $2Y 988 s oleid
%9 Z71= FE2U 43k (Liquid Water Path;
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739 (black carbon -2 soot) 0. 2. o] Fo]% AR T
o) B} HALE Fogon A8 L FaAE
aste oelel4e) FA4 &o} (semi-direct effect)zh
3 x=273 9)vd(Ackerman et al., 2000; Hansen er al.,
1997). Al @4 oflelels 12} 2|3 23 P&t
AT A BAA71E wde) SRR ET R |
7} 22E Z7H7IE &3t AE
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1989). kA9t ©@7)zke] oFe] AFHEHE FIAE
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al., 2002; Nakajima et al., 2001; Wetzel and Stowe,
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1999; Han er al., 1998)= F# 9|3}t e 152 &
23 4 93, gl olc} (radart helv} (lidar) 58 ©]
48 AALARAE oj 43 wA " AR st
A)ur A7) A2E 22T 5 o} (Garrett er al.,
2004; Feingold et al., 2003; Kim et al., 2003). 3}x]5k
ekt FFE FollA] ololefd 2P A B &
ojgt AiH ez FAF FEE A AdM+=
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and Stokes, 2003).
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Kim er al. (2003), Feingold ez al. (2003) 28]
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29849 yre AI9HQ Fo 37 WIAAE 3
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7 =53 7)o el obr|ofA|Hel el
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(INDOEX)el| A= 8 o] 23o] wi&4] 287}t oh
2 A8 EFE vl 9A Y wpdErbA] ol Fdhe A
£ #<l3} B} glon|, Aerosol Characterization Expe-
riment-Asia (ACE-Asia) 22 78-& EdM = F3o}
AlopAl o] elej2l& ol B B4 dF A= sl
= odF7} R38=E 9 (Huebert et al., 2003). ACE-
Asiate AL A 7] 7Hgel] Al A o) A2, §1AHe)
7\ RE ol HF ol E B JFHEE 7
oejeld AAazte] BHAANE Folt d 7|4F%
up =g} AR o] 52 ool el 23 AAHAH<
Atadas F2 didoz § A2 FEoM
of |G| A] el & 7hA EF}e] A AT oA
n] &8 AA ejet

22 B A7 Sl def2ide] 152 mA
EeAS WA 78 A4S WA
59 71249 d7hES oldsly] g 71z AF
AT2H F4T 5 UL 7ok 53] FHopA G
A HZ AREA DR e Ak F5e] A
k2 Q% AN LFEA 7= A YA 7]
Fuistel] At kg vAl Aoz FAHI gle
o, ol Al o|shAA T W} AAFH FA
M= FF F23 AFAAZE 2 Aol o]F
dujste] eyt E gF FAZ o2 ol #
HE A7 +4T F U vHE e 5H
ofrle} A HelA olofeld(F2 AU 249EA
of & wjNIgRY Ftel @ 5 mAEY W
v 7153 5L s st at g

BEE A ARz FAEE 9,233 37
M oleleld P EI BME 9T Al AR
I 2 A7E A% AGAA—RANY A8E 2o
430 A = A& T8 B9 72 9 B 5
Aol s AHgtet s dzER 75
AEe 5432 A3 ¥4 5o FAFHIT nHF
oz AF 20F W F AT wikE D) AME
st} gt

2. AT Y

B oAFA] AH2E A E5S F2 ARM X2 7
o] doJe] o] (archive)sl| A 43 = %o (hitp
: //www.archive.arm.gov), ARM Z& Tao]|A] -§-o]=

A AAHAE o] 47 ool hyas 47 237

¢l North Slope Alaska (NSA), Southern Great Plain
(SGP), Tropical Western Pacific (TWP)9] 37 #3534
ZFoAAM F2 F48 A8 v]F LFetante] 94
3t SGP "js 23] 4 (super site; 97°48'W, 36°61’N)
2RE AR SGP #F32E w5 d 5 F4ld
AR sl AT A &2H el A gy T
F EA& s Xelnt

fojeld THEIE WA HAAME fARE
TE F4 BE 7H o)A o3 A Aoz A
3 24 FEE FRH oz A HAe] FLed)
A et 4 Felag S8 doizl 7o AA
gk AAd B FaA WA 223 s v
Ay 44 FES $AFeR AA%AeH, Kim
et al. (2003)F= ] e} 29 ole]zE HalF
I FEFHE nM e pee] AR E FRE)
AsiA 24 (cloud top)o] AdelA 2km ojstal 7
AZ 24 3 2AeRe Aoz RN
o 223 gAE Boh ests] M AR
WHew 4% 7EE ¥l ALY 78
9] A+ Millimeter Wave Cloud Radar (MMCR),
micro-pulse lidar (MPL), 28] ceilometerE %3
2499 78 AAARE Fshd AT (Value-
Added Products) 5= d), ]2 Active Remotely Sensed
Cloud Locations (ARSCL)etxr H-2c}, tjiio] 3}
235 sl ¥ &45%+ MMCRE 35GHz &
9] ARTE dxoz Wl T whbE
(cloud reflectivity)#} o} Fx2] £4 (cloud bottom)
2} A4 (cloud top)& &3 3} MMCRSE] %] 34}
T1= o} 45 mo]}(Clothiaux ef al., 2000).

daloz »HE 5 $EFALWP)Y AL 2}
= Microwave Radiometer  MWR)22E] o)At}
Az wlsko 2 238 GHze} 314 GHz F3tgriofA]
253 MWR (WVR-1100)e A 247} 273
(water vapor)3} 33 42818 (liquid water)& &3t
ok LWPS] 3+ 23H= 200g m™ o3}l A= 20g
m 2] 1, 200 g m™? o] AFell A} 10% o]} (Liljegren er
al., 2001). | Fo] FEFEA (1) Multi-Filter
Rotating Shadow-band Radiometer (MFRSR)ol] 2]3j
A FlA = b o] W2 FEWe] B3R gl (pho-
ton diffusion)®} &37])7]¢] ul-& Ao} (field of view)
o] Tgo] %A s HGE AT (overcasy
4 Aol P T A= ¥AE S8
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Table 1. Summary of primary instrumentation and value-added products®.

[nstrument Measured quantities

FRSR (Multi-Filter
Rotating Shadowband
Radiometer)

Cloud optical depth
(1)

Comments

MWR (Microwave
Radiometer)

Liquid water path
(LWP)

Temporal

. References
resolution

Measures direct and
total-horizontal 20s
irradiances at 415 nm.

Min and Harrison (1996)

Uses microwave brightness
temperature, 20s
Accuracy 30 g m

Liljegren ez al. (2001)
-2

Scattering coefficient

Nephelometer
P ()

At 450, 550, 700 nm
for the size of aerodynamic 1 min
diameter less than 1 um

Sheridan et al. (2001)
http://www.cmdl.noaa.gov/
aero/data/.

ARSCL (Active
Remotely-Sensed
Cloud Locations)

Cloud boundaries

Best estimates from MMCR,
Ceilometer and Lidar

10s Clothiaux er al. (2000)

*Value-added products refer to data sets resulting from assimilation and analysis of data from multiple instruments.

N

I8 habee] Uzteg A5 4 gl 415mm
2] A2 E o]43s}elel. MFRSR-S 219 (block-
ing) W& o] 8-3led Al YLk A A=

sty ¥ AN He ALUAPe 78
S 78 B FAE B2R A EHE A
3 HALEE olgstd TE 4 gl ® AR
EA AN ] HARS (irradiance) ZHE] A4 T
29o) BAEAL oz 825 vl (inversion)
3 AAsHl 9o 22y FEWE RS
()& Mie ol g0] 2As] 24 Bee AsT
HE A B9 AH QolAA Wk (Kim er al,
2003; Min and Harrison, 1996; Harrison and Michalsky,

R —l) mlo

!

1994). -9 A3t5A, LWP 183l r, 5 5 -8
o] 3& W45 MFRSRY <3| Ajof (field of

view, 120°)8} LWP2] &3] Ao} (4.5°)9} ox]s)=
Alzb el v 58 HFalg s PR
dezEd FE54e= Y39e 759 429
(CCN) HjAlell 2F 0.1 ~1.0ume] ol o] &2 (accumula-
tion mode)& v 2 o &} (Nephelometer, TSI Model
35632 olestel 2R T el I zvieis
4% 2718 B dolele Nslne Uy 4+
A Q= (proxy) & 37§2) 3}AHY (450, 550, 700 nm)
A Ajgel G2 oelEd Y AR A (o) T
223 38)9] v} (Sheridan et al., 2001). ¥ QTF-o| A= 550
nm el A] 27 &g Ha3b] A A

&)

For1R A A2 A2E

HEE7} 40% o3l Az dejE&e] AWASE

o] g3k} 18l 3 el A oz gt of o] 3] &) 3“
B 1.0um )3k =7\l FHAle] 17| wjFel o
HE} S Sall v YRS MEF oz 233 o)y
g el A 7F el f3lHE dolEes
£F 5 3l sl dd g&e] A" = A,
3 2] §-27|el Nephelometerd ®alated 533k
0,9 A% BEE ARE 27 A4lH A5F o,
o} H7) 8129 0,9 AFRAle]l Z Aoz et
(R?=0.9, 71-&7]=0.99; Andrews ef al., 2004). Z12] 31
ol el AT #E AREe] FAA AFE E 1
ol AlA skt

opsAl AEaRE ola] e FEUR
o =7) pxg WA dojof A o AR A
A 27 A BN 7B Al 4T FEUE

= dE A% ol aeEe
AT Al 2l
& g Bel e

5
7} Sleh o] e A 13} o] FENFEE =7
Hzeo] 34 maleld W 24 wdiele] ujgs =
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Table 2. Episodic average cloud (cloud base and top, LWP, 1, and r,) and aerosol properties for each analysis period.

Date Duration Clotl:l;) ase Clo(k:;i)top Thx(crl:lr)\ess (Ig‘\z,lz) T, 1, (Lm) O (Mm™")
1999/02/01 16:00~23:00 240+40 890+70 650 78+34 22.1£55 72407 48.5+3.2
1999/03/23 16:00~22:00 390+ 140 1010+ 140 620 93438 275193 6.610.9 41.7+59
1999/04/28 14:00~20:00 210+90 3304130 120 119423 392472 54+03 42.61+6.8
1999/05/17 16:00~18:30 280160 1160£210 880 2594103 459+16.3 10.0+1.1 7.940.8
2000/02/18 14:20~23:00 2204130 1070+220 850 143455 41.5+17.6 5.8+0.7 73.7%£10.5
2000/03/15 14:00~17:30 180+80 890+ 170 710 164153 335489 7.8+09 68.5+6.8
2000/03/19 13:30~17:00 41050 920+ 180 510 109+ 50 31.8+15.0 5.6+0.6 283423
2000/04/13 13:00~18:30 410£90 9104100 500 104433 277499 6.2+0.7 50.5+25.9
2000/05/19 15:00~19:00 610360 1000+ 390 390 172116 34.0+16.6 78+1.7 20.3x10.2
2000/07/23 13:00~16:30 190490 740+130 550 128 +59 35.5%15.5 5.7%0.5 458 k5.1
2000/10/05 18:30~23:00 430+ 60 580+70 150 4401103 89.84+20.5 79417 12.2+49
2000/10/21 14:00~19:00 320+ 150 1060 £ 400 740 144 £79 31.3+£20.2 79+1.4 122.7+13.7
2000/10/26 14:20~19:00 240+ 150 910330 670 291+116 46.9+22.7 102+1.6 65.4+23
2000/11/06 15:30~22:00 5004230 800160 300 240+ 155 30.0%10.1 12.1+52 42+1.6
2001/05/31 16:00~21:00 67080 1400 £170 730 10670 25.1%16.1 8.8+4.5 15.1+£4.5
2001/11/24 19:00~20:00 1150+50 131060 160 368497 7824152 8.1+0.7 02114

*Event-averages of cloud base and top height, LWP, 1., 1, and o, are shown together with their standard deviations.

f . f N(r, 2)r’drdz
re=——— )
f r f NGy, Drdrdz

O

71 N(r, 22 F8UEe] 7|42, rd 8%
£29] viAE, 181 7= Ixelth +F We Y
Age 78 eel Bed 7 wARRE 7B
whe-9] thirA o 2 71 ¥ (weighted average)ﬂﬁ}
Aol s A SR A
gemlyzurs e o 98 ARAS
(Hansen and Travis, 1974). o] W4 239 o
Aoz A $£TFAWP)H FF F3}
(cloud optical depthy2} = o] gl dl, o]& AT
317] Yste] LWPE F-gahge] 73 olztx 7 &
74 o A 29 o] LWPE AT F Ut

—

FU -

47
LWP= Y pwfrfzr3N(r, 2)drdz (2)
7|4 p B WU=old) o9} A T
Agrxrs 9w 759 FEAE FAE ¢ e

d, 729 FEFAE 9
o) &, o=y e ey
Zro) AXHT}

A Q) FEHE
ol 2J3) o} s}

7= frf Q.7r’N(r, z)drdz 3)

714 Qi B9 AatagEy weo] z7], Yo
s, ael3 FARA e o7 g4l < o, 7R
Aed o] (Mie AHbed el A= A2 22 714 E 4 3l
o 72 .2 LWPA )¢t 1533hes (4] 3)9)
vl 24 Jebd 4 gluh(Stephens, 1984; A] 4).

3 LWP
2p, T

4)

r=

& =
L

19993 XE] 200197HA] AA=We] AA 28 &
2 2 gola] A overcast Aef7t 1A1ZE o]
149 Aee AR A9t 43 T
G2 BERe] FAS e ‘;}‘Z‘T—-\—é He F
Mol x| &)t on], AT RE D8] 915
FE2) =7} 0°C o)l ﬂw—% A uﬂ@

N

3k} 337 AR FollA] FEAH|FE
167 d¥a=s AA3gT 2 729 F3}
= 20) AA g}

T2 A9 eATEE Zht o 100~1,200m,
300~1,400m Axz AAZ el F=2 $1A8E Q)
oo, J7 F5 FEx 100~900m H==2 "
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Fig. 1. Time series of cloud boundary and reflectivity, cloud optical depth (z.), LWP, effective radius of cloud droplet
(r.) and aerosol light scattering coefficient on February 1, 1999. The color scale in the top panel, proportional to

cloud reflectivity, indicates the cloud drop size.
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Fig. 2. Same as in Fig. 1 except for March 19, 2000.

A=l T2 F-A&YAE (effective radius)] A
3 BT/ LWPe= @] W3 AH=r)

AL ozd Fadhe 5A4E Btk 39 e
%2 AR (o) TEHE FEUAFe] 7
A% o 2718 Al (Twomey effect)olgh= oAbzt
€] sk 548 B3, o olfE: 4Y
7 g1le] AlAE 5 sl& Aotk 1 AR 7]
Fol ok dolzle drpe 7Y LAY
(Cloud Condensation Nuclei; CCN)©. 2 2}83}= 7]
o) ohi7] dhols, 2 ThE FT o9 FEY
& =] WEel 78 FHel Az o JaEsl
dse F7) ROl SIF BH AAS 43 o4
A2 A AR B 4
FEUE Sl A T 2] 2And
(spectrumyd3b7t AR Aoleh. oish @A 29 |
A ok 4 9ol AAZUAN Bekshe B FY
Zd AN F2 B=HE= oF3 drizzled] ¢f3Foz
LWP7h 204 ol o) T8¢ vAEe 54
o Jspg w37 Dok Ao e TR A

B ©-9] (entrainment)ol)

E.' —VEH]_

Hed] wE FESAUe] 43} Ao} P2
Wioz AzEd,
28 23= 20004 39 199¢) 1 137 o] 7=

9 ARz} AabA BEAe Jehd AQd), 28 |
= 2] ceilometers]| A A3 A =9} ) ojc}
oAl A3 LA TEr) B A8t Q= AL &
4 Qe w2 o] ARHe A= drlzzle°] HAZ=) 7]
olore-S omgit} 19 13} vl 29 3

}EAL LWP7F Zobelm 2ol Z7kskw LWP7)
e whebd grashs A% B, BRTAL
Yoz Lwpel sl AAHT Qe & 4 9
o} whde) i FEAS LWPS 2 %o} el
H)E] d¥ 77HE AQElus AdRoezr dAFe
d 5 slek A AAYIEE WESE HEY 9y
overcast -2 A% of Fol $HHo2 W} A=
b AHeg & 4 ek B 29 19 w2 o)
oelé % ABASE ok dBe) A How
vehget. ool Aol 2 ARz ofofel &3
FE2) vl B s ARAe BT S 9

J. KOSAE Vol. 22, No. 2(2006)



80
601
v 40
20r + 2000/02/18 A
+ 2000/10/21
« 2000/10/26
0 1 — 1
0 200 400 600 800

LWP (g m™2)

Fig. 3. Scatterplot of cloud optical depth (t.) against cloud
LWP for the selected days (February 18, October 21
and October 26, 2000) when the systematic seg-
regation can be represented. Lines denote cloud
optical for the indicated constant values of effec-
tive radius (r,).
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Table 3. Comparison of indirect effect values for each study.

AFLARALE o] 43 ololelE gas A7 245

IE values Remote sensing Area” Aerosol surrogate?
Kim et al. (2003) & this study 0.07~0.19 Ground-based SGP O
Feingold et al. (2003) 0.02~0.16 . Ground-based SGP Ocp
Garrett ef al. (2004) 0.13~0.19 Ground-based NSA Oy
Breon e al. (2002) 0.04~0.08 Satellite Global area, AP

YSGP indicates Southern Great Plain, Oklahoma USA, and NSA indicates North Slope Alaska USA.
Z‘Gsp represents aerosol light scattering coefficient, while 6., represents aerosol light extinction coefficient.

YAl means aerosol index is proportional to column aerosol number, which can be retrieved from the satellite.
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