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Abstract This study investigates the characteristics of the Gross Moist Stability (GMS) over
the tropics. The GMS summarizes the relationship between large-scale entropy forcing due to
radiation and surface fluxes and the response of smaller-scale convection. The GMS is able to
explain both to where moist entropy is advected by the atmospheric circulation and how deep
the moisture flux convergence is in the tropical region. In the deep convective region, positive
GMS appears over the warm pool region due to the strong column-integrated moisture conver-
gence and the ensuing export of moist entropy to the environment. The vertical advection of
moist entropy dominates over the horizontal advection in this region. Meanwhile, over the east-
ern tropical ITCZ region, which is characterized by shallow convective area, import of moist
entropy by horizontal winds is dominant compared to the vertical moist entropy advection.
Future changes in the GMS are also examined using the 22 CMIP5 model simulations. A
decrease in the GMS appears widely across the tropics, but its increase occurs over the west-
ern-central equatorial Pacific. It is evident that the increased GMS region corresponds to an
increased region of precipitation, implying that strengthened convection in the future due to
increased entropy forcing exports the enhanced moist energy to stabilize the environment.

Key words: Gross moist stability, moist entropy, moisture convergence, convection

w
StH(Simpson et al., 1988). wekA £t
A olsiske A wg F83HA

o>‘

*Corresponding  Author: Kyong-Hwan Seo, Department of
Atmospheric Sciences, Pusan National University, 30 Jangjeondong,
Geumjeong-gu, Busan 609-735, Korea.

Phone : +82-51-510-2181, Fax : +82-51-515-1689

E-mail : khseo@pusan.ac.kr

141

o2
°1E %

L

T MJO (Madden Julian Oscillation)S £33}
7HA] @AEC] EFH R dojupr] wEo
HalA olaf|sl7]# o] tH(Madden and Julian, 1972;
Zhang, 2()05) odEHX]Oﬂ,/] 7]—6‘]— r’H‘r‘l‘ /\1—0 %H]—X‘]O
2 i {FEEe] 7P AeiAle FoolAe] AFE=
MJIOE Z Yehll= 43 49 BAKOLR: Outgoing
Longwave Radiation)& ©]-&3}e] 48 71& MaA
TEL 53 & & dthe.g., Lucas ef al, 1994; Seo
and Son, 2012). X—4,_‘::_12'1——2 01‘:"&4} /\1Eﬁlﬁ°k—— uIE=3
gFo] Astr] Wil vt o, 359 A 4
S71FE Qlet Ago] FF7HA FAE F SlolA
OLRe| ZA Yepdth(Fig. la). ¥, tiF&so] A
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(a) OLR, —omega500

Fig. 1. Climatological mean distribution of (a) outgoing
longwave radiation (shading, units: W m™>) and —o at
500 hPa (green contour, units: Pa s™), (b) the column-
integrated moist entropy (units: W m), and (c) the moist
static energy at 925 hPa (units: 10° J kg ™).
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Gross moist stability (GMS)& ©|2]3 iAo tf
FEGE 9983 AAZH 93 25 FAl °]
gk &= 317] wjFel| 583} (Neelin and Held, 1987;
Emanuel ef al, 1994). GMSE GUiA|Y FH 40
2REY EAL F 22 forcing HFO] w3 1)
Nete HFE A R/ B8-S 4R Xt
T FH UrE $3e] BAE dYE E 5 de
Hazo|t}, oy o]Fol g} tjFEEo ¥
F 3713 o] Aeste A 5 gloja diA
o] GMSE oldlst= AL ml$ 235t GMSe
SHGEFAGNA BEHE oj'l WG9 o] 7o} hiF
59 715 Y & Jde 4 47 A EHRE

B A7 AEste T 3s AT R A
ol¥th(Raymond er al., 2009). THEH O 2 E=3}o|

= Fadd AN BEEE F8Y4 AUA (Moist
Static Energy; MSE)'} &+ <NIEZ3|(moist entropy)
o] o]F{ztE, HEF= R A71E Ueple &
AHHG A ZY 2 (mass flux) 57 Y= @

k=71 4k8ks] ] A247 23 (2014)

22 Jehlo] GMSE A3k "tk 2 olelgh
GMS?| A= Bk, GMSE A olshs a2
-9~ thslth(e.g., Neelin and Held, 1987; Yu et al.,
1998; Frierson, 2007; Raymond et al, 2007). Neelin
and Held®] "2 23 299 7idslE di7|oA 4
s45e wWale] A Wl ek gskE AUT
%2 7K1 A4 Ur1E s wel A%l 7

5ot &e gF7FE AN IHH] Esh= § 2
Z9] 7idstE A7 Aele ddo Bl Ags vk
G & gl dHo] ot 2L o] WL A4 o]
Foll ok A7t GMSell g Eo] I 43 o] F
Aol xgE o] A &t} TS Yu ef alo] WHS
2E g XYo] A2 22 moist adiabat FHS w}
e 78S 3tEE A 719 AREE S8
g ebA] Rshe S Holal gtk g, Raymond

et al. (2007)2 moist entropy °]F9 571 FHE
olg3le] GMSE “g2l3ISith. Moist entropy reversible
S}3L adiabatic3t FFolME HEHE G5 WS
A 757158 T 37194 dERTEA d9d
FF FHARETY AdxF7)e 75719 AdUAE ¢
H&lal, MSERT H$8TEAA A oS & 2EH
oL st 4= th(Raymond er al, 2009). Z=3F moist
entropy= MSE A7 24 0 2 HE -2 Hgro]7] uf
ol AUA7E B JA=SH MejE g & s
UelZ Fel¥ Y cold tongueolA 2He 7S el
W= MSE 239} A9l fAFsIthFig. 1b~c). o|21&
GMS?] A el= tiFdso] e X GMS7H &
EF)eld t71E HdskERMEshsk ] 918 moist
entropys WE(FW)ste AL gttt oA L)
F&E0] A o= ERAAES 757 Y
2 o] EAste] £ RIS Bi= FUAY, 2
T57] 78] A=l wet 2] moist entropy©]
olF 7o) GEABE GMSe] Hau A7) 9 &
Z2A "ok a2y o] GMSell tlisl GRS A
NN FIHEE EEste] fRGF] tisf A A
T7F {1tk
wahd E At Raymond e al. (2007)91A4]
A G GMSE AHgste] AL iAo bR
TS AU E ST FHRGS THOE o] ATE
ok T3k E R, A R8s 5AS 7%,
AAFZE Foto] AFE A5HE T Al
s om PRkt vk g o] GMSE 94 o
TR ofyet £ o] /IS x3ete 5AHS T
2171 el GMS®] R A At AFF] Aol
gk ol 8 vy oZ AA GMSE #4staA) st
o dubd o g gREES Uil A3EEE
o GMSE &3l Yehd gAY 725
= S8 staat ik miA e g g 7%
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Table 1. A list of the 22 coupled models in the RCP8.5 scenario from the CMIP5 archive.

Model Name Modeling Center (or Group) Level
ACCESS1-0 Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau of
17
Meteorology (BOM)
ACCESS1-3 Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau of 17
Meteorology (BOM)
BCC-CSM1-1 Beijing Climate Center, China Meteorological Administration 17
BCC-CSM1-1-m Beijing Climate Center, China Meteorological Administration 17
BNU-ESM College of Global Change and Earth System Science, Beijing Normal University 17
CanESM2 Canadian Centre for Climate Modeling and Analysis 22
CMCC-CESM Centro Euro-Mediterraneo per I Cambiamenti Climatici 33
CMCC-CM Centro Euro-Mediterraneo per I Cambiamenti Climatici 17
CMCC-CMS Centro Euro-Mediterraneo per I Cambiamenti Climatici 33
CNRM-CM5 Centre National de Recherches Meteorologiques / Centre European de Recherche et 17
Formation Avancees en Calcul Scientifique
INM-CM4 Institute for Numerical Mathematics 17
IPSL-CMS5A-LR Institut Pierre-Simon Laplace 17
IPSL-CM5A-MR Institut Pierre-Simon Laplace 17
IPSL-CM5B-LR Institut Pierre-Simon Laplace 17
MIROCS Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for 17
Environmental Studies, and Japan Agency for Marine-Earth Science and Technology
MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research 35
Institute (The University of Tokyo), and National Institute for Environmental Studies
MIROC-ESM-CHEM  Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research 35
Institute (The University of Tokyo), and National Institute for Environmental Studies
MPI-ESM-LR Max Planck Institute for Meteorology 25
MPI-ESM-MR Max Planck Institute for Meteorology 25
MRI-CGCM3 Meteorological Research Institute 23
NorESM1-M Norwegian Climate Centre 17
NorESM1-ME Norwegian Climate Centre 17

H3lo| wE GMSe] W3}

2. Xtget EMUY

]

A v2; g}

H717HS 19799 %E 201097k & 32d 229l o)

8 48 433} tH(Xie and Arkin, 1997; Simmons

et al., 2007).

A2 dste] W2 GMS 2o mjwste] s

2 d7elMe EoiAlg e GMS FREREE ol
3171 918l ECMWF (European Centre for Medium-
Range Weather Forecasts)ollA A|F3h= AEA 215
(Era-Interim)2] €3 AFEE 2.5°%x25° FAR7H4 L
2 Uit ARSI, BE MFES 15719 52
ZHETH1000, 925, 850, 775, 700, 600, 500, 400, 300,
250, 200, 150, 100, 70, 50 hPa). T3, Grz|<<]
GMSe} Ate ZaF BxE Yehtr] 918l CMAP
(Climate Prediction Center Merged Analysis of
Precipitation) ¥ AEE 2.5°%x2.5° AAHo =
atsled AMgslsith 2832 NOAA (National Oceanic
and Atmospheric Administration)*| 4] A& %+ OLR
(Outgoing Longwave Radiation) €% At&5& A3}
of 7|24l F&ES olsfistitt. A o
Fe&so] ddsiA= 108958 o5l 4€97HA AL

olr 7] 9314 WCRP (the World Climate Research
Programme)2] CMIP5 (Coupled Model Intercomparison
Project phase 5) RCP8.5 (the Representative Concentration
Pathways 8.5) AlU2| 25 &85t th(Taylor et al,
2012). CMIP5 RCP8.5 A8 E 5 T Q3 HEE 1%
Agstr e 2271 Bd& st HEstaAT.
A&d 7172 10858 o3 48714 #3588t
FdaA dAsa, dA7IFE UERE 2006
B 20259714 F 2092 214)7] MRte g, wE)r) &
£ UehlE 20819FE 21009714 F 2032 214
7] FRro 2 dAste] E4S Fsigint & A7
A AR 2270 2dlo) thEk A4A| g A Table |

oA EAIskA T
A 8] GMS #he A= 7] Sl
H

3 2 Aol
& Raymond et al. (2009)014 #| A3k WHH S

A
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9] 2ollA Axete e Bske GMSE Yeh L,
Ve 9 vl WY, o 93 &5, r2 57 &
], AHZS( D AEHHH dFaAErA 4
Frte A4 HEse AL st T8 T2 3
3 2= (reference temperature)ZH 273 K2 4 2|3}
S LS A SndEA thEF 25 % 1000 kg o2 7
AE & Yo 53] 57 dEZHE YEE s (moist
entropy)= FaT@IZAA BHEE I, ol o]
yehd 4= lth(Raymond et al., 2007):

s = C,In(T/Ty) — RIn(P/Py) + Lr/Ty, )

=~ L

og7)oA T F7)¢] %ol P 7t 31%¢] 79t
< Yeiith G = HES YR, RS V1AV,
Pp 231 7)Y (reference pressure)>-ZA] 1000 hPaZ
goatdnt. T B GMSE thE GMS9= g
HolFaS st Atk Aol Atk (1)2elA
YeER GMS ARS8 dRdREeR &

Folel Yeplw ohes 2ok

 TRlV-Vs]

H IV %)
_ Talo(0s/0p)]

vV ®

2 Aol Alsksle Tye %2 moist entropy ©]F
o 93t GMS, I')= A4 4 moist entropy ©]Fol 2
g GMSE oJr|dith. A3H o2 GMSE ©] F 39
A =710 os) A-E 4 Atk 2 24,
2RO T LS Falao2n Z7ke] T/t W m”
2 oA GMSE fakele] #Hrt

2 Ao B & GMS FHEE
7] a2 7 AREES 24P A8

2
>
A m'm'
ol
=

=3

S #e A, ERE WA HId o
< U] Fro] Akttt FRAR, 0ol 7
< #Ho=E o] F2 @71 flE 7571
S Uehe E2do] |5 W mPRu 22 Az
A= GMS Ftel AR R=F 3H Th(Benedict
et al, 2013). ARAZ, o7} AFEAZ} hFAAH
A ol 2R ke JERiY] wiel], Held o]
FIE AR o F I=M oF 022 7PF3IA
ot 28y 0f] 94 23S YERE goll= 7S
o] 3t 22 E YeRAth(Fig. 5). vIREe R, A4
ARE RE PES 24 AR E THOR 75 &
o1k AR (sliding-box smoothing)S ©]-8-3}
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Fig. 2. Climatological mean distribution of (a) the horizontal
GMS, (b) the vertical GMS, and (c) the total GMS. Thick
solid line denotes October-April climatological mean
precipitation (units: mm day ™).
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(a) horizontal adv. ERA] 1979—2010 Oct—Apr
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(b) vertical adv. ERAl 1979—2010 Oct—Apr
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Fig. 3. Climatological mean distribution for (a) the horizontal
moist entropy advection, (b) the vertical moist entropy
advection, (c) the total moist entropy advection, and (d) the
moisture flux divergence. The units are W m 2. Thick solid
line denotes October-April climatological mean precipitation
(units: mm day™).
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T doh 2y & YR
(shallow convection)’} ZAY3I= |9l FEHUY ITCZ
A Iyt 43 558 detdlol, Iy 94 &
e Uepith olggk o' wFolHol HREE
o] A7} Zgk A9} oFgk X Jellx GMS Htel 2k
o7} b= AL & 7+ Utk B3 A% SEHE YA
< gREso] A9 gl AYUde i&se 2
717v 7%k A3 vls=g s el A4S IR0
T AUtk
olg gk ApolE MBS Polr 7| flate] AL
Fa JERY o|FfaH R 557 2
Ahake EEste] mE JeplithFig. 3). Z2F 29 E
& A AEste] YERaL, GMSE ot Ao R
A2FsE7] $13l AFE-3F smoothingS Fig. 39 -85
RUth. WA Fig. 3d= 357 F82& #4he A%
AEste] UERlnh tiFgsol st =g A
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g el et 5719 FHo] EASL 8 mm
day™ o]e] AaiEe) Ao dAsith 2 FHA Y
3} shallow convection®] UElUI= FEIHY ITCZE
s 4mm day ' o] AgREet & UX)E}
= AL AT 4 33, cold tongue A G E T
F&sol A9 gl7] "ol 571 Wite] yehdt
ol F ol tis AWEW, FAEGFT ATE] FellA
moist entropye T34 ©lF¢t A&H olF BT Z
S 5 (deep convection)ol] &5 FH PO W=
dAoh 2y 7 & F AFA olFfs X AIsH
PSS 818 = At o] 22 deep convection 3
ol oz ARl AqUAE WEAA 2 A9 tr|&
SHgsirl e TS S oJn|st(Chou ef al., 2013).
Z12]3L shallow convection®] UER = FEIH Y ITCZ
wel A o]Fol €3] moist entropy’l &
v, A& Z o]F = moist entropyE FUAT]=
ol ZsHA vEhdth SRR Y ITCZ= A e
o FgEe] ol 713 W AlUAZE Ao moist
entropys FUAI7I= olF7F S A0RE AT

fil o rr

‘?T‘ = O
TR, AHH R BT moist entropy’l UL,
FHoFEHA dHolRIS BF dot] yEhd F
Al moist entropy”} FUHE A9
= & F vk e, AEREGE FHEY cold
tongue A 9> 7H2 F5 o} H]S=3 A7]9] GMS #He
UFERHAIRE, Fig. 3014 & 4 %ol SEIE Y cold
tongue A9 ¥Ag EREe nE 255 e
W] el dARE MEEdt A de 9%

4 9 O)7) &8 AEE deile gt

3.2 GMSe| AN ZZHE 24

%A AFE GMS9F £E, BAte] FHEXE AR
Holl A i {FAAE7IA] A2 AEste] el 7] 7
o th7] A< moist entropy ©lFSF 571 ZH
ko] IHEATE 2T ] Wellx] A A
2+ o3 moist entropy ©]FS 5 el
2 BEXE JERER golRa, A7 4EE o A
o} vws| By} Fvh AFH BEE Yolr ux}
deep convection®] WAYSI= AEIEYF 2] (5°S~5°N,
140~170°E), shallow convection®] WA} SE 3 %
ITCZ ¥2(0~10°N, 230~270°E), tlF-&50] &slx]
29 GMS Ftel ZA YERFE cold tongue A
(7.5°S~0, 230~270°E)S AA sl F7HH o2 o3}
o] Al Ao sl Bl A s

MBS A9 YA F A9 Qe g 7t
o] e ZA=iellA A9 fAle sHS YERY, &
3] 7.5°S~0°4] =St AXEE} G A
oA g FAFHAl YERATHE RIAA. kA
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Fig. 4. Longitude-height cross sections for (a), (d) the horizontal moist entropy advection, (b), (¢) the vertical moist entropy
advection, and (c), (f) the moisture flux divergence. The meridionally averaged range is [7.5°S~0] (left) and [0~10°N] (right).

The units are W m ™.

FHE oM A=E
7F A= A I
ARE Zt7 9% Hatste] Ax
o B 9}tH(Fig. 4). Flgur 49] ¢
A& moist entropy ©|F&3 557

e 7
=

714 GE GMS #e i3
Zog fs}o% 7.5°S~02} 0~10°N®]|
of W2 AXEEXE A
éé -LH u o /‘~_1;1 zq,

o3

Ry

[e)
| Ee2 WA

7.5°S~00l thall 9= Hatske] 145}‘1“_ agolth Al

g BFoA i Szl “41 gFo] Ado] gt
AL 190 2P J1F0R AR GEe &
T UL, ‘3] A2 2 moist entropy olF &} 571
EE 2 oA 2 2ol 7} FElatA vrebdth W

sh=7)4eks] U] #2473 23 (2014)

A MelE gl FsE 190°ES] MES HH, A E
HWILE] oF 600 hPa7lA| FE-& 537 gaé /‘{-3:]0]

EA8te] F717 Wl =7t Wrk(Fig. 1b). wheh
] 600 hPa®*B] 5714 moist entropy2] WEo] A
RO 7 73 AL & 4 Y}, j_E]L]- 32 moist
entropy®] °]F= S Fig. 3“‘“/\1E & 7 el <
A o]lFHTl FHAORE oFgr] wiie] dAAEE
T gto] PnhS & 4 Aok FEIE Y cold tongue
A9e 3= 190°ES] %2 2E 800 hPak-H

600 hPa7}kx] °F3t =%7] =8 o] &A1, X FH
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Fig. 5. Vertical profile of the moist entropy (dashed lines, units: J K™ kg™") and —» (solid lines, units: Pa s™) averaged over (a)
the western Pacific (5°S~5°N, 140~170°E), (b) the eastern Pacific (7.5°S~0, 230~270°E), and (c) the eastern Pacific ITCZ

(0~10°N, 230~270°E).
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e 7RIS o Ik 200E sF= &

ZRY 25 4§ ¢ 757 Y& FHo| EATS
& ok ZEY 7] FE AR AT
600 hPa7}A] T B th= oFabA|Rt o= =

7] FE 2 Wike] EAg). wEka] F713 el
U7} Fo]A 5ol A+= moist entropy’} T2 AL
2 s ks wEe =z ojfHt). oA FH
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