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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.
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71 @Ee] B oR dojupy] wiEo) o]& ¢
HalA ols)3l7]# o] H Tk (Madden and Julian, 1972;
Zhang, 2005). dtiA| 1 ¢] ek i RAGS dnbao
2 giFgse] 7P AeliAle FFolA e &SR
MJOE & yehl= 4% &9 HAKOLR: Outgoing
Longwave Radiation)& ©]&3}e] 43k 71& Mad
TEE 53 ¢ F Udheg., Lucas et al, 1994; Seo
and Son, 2012). =R A=ty Me|HAde OF
dFo] Zsr] wiol| vt ow, F5o gk
S7IFE Qltd Aol FF7HA FAE F SlojA

OLRe] 27l YePdthFig. la). W, tlF&5°] 3
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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)E °|213F dth#|Y oj
TS 9983 AAHH g3 225 A9 ©]
g 4= ¢l7] wj&ol| F-&3ck(Neelin and Held, 1987;
Emanuel ef al., 1994). GMSE Guix|9 F4 7o
ZHEY] AL @ 82 forcing?} 9] 1¥H-S v
Note WFE AT dFe AAS IA Zsie e
Tt e HAE A
Folt}. o A] o]Fe wE} gFEEFol
F719 e desie AET 4 JojA iR
GMSE oldsle A2 ¢ F23lth. GMS+
GEAH AN BEE= o' WL o] Fof thiF
9] A715 UEd F de FE 7 A EHEH
7HA] QF AEste] 7 s UHTFE Ae2 A
Th(Raymond er al., 2009). tHEZ S 2 L2}3}ol
FHEH N BHEHE F88 2 AR (Moist
Static Energy; MSE)L} & SIEZ3|(moist entropy)
9] o|FHE, EEFY= UFe ZVE Y= ©
AT A Z¥ X (mass flux ) 7571 S 3

o

il o ofrt o Lo,

e Ao ox ek oy 1R Hov (B b

%

249 23 (2014)

e vehlie] GMSE skl "k ey ol 7
GMSe] A= B33, GMSE A 2l3hs Wl
v~ thF3lthe.g., Neelin and Held, 1987; Yu et al.,
1998; Frierson, 2007; Raymond et al.,, 2007). Neelin
and Held®] WS 2% mdlo] 7iddstd tf7]olA A
sh5-9] Wiko]l M2 Rie] Bset 7Pgske YT
ZE 7 A3 Ui71E 7R Wizl A& A
g7 &2 dlFE 7 1A Zahe
slEl A2 Aele A S 4
o] k. z2ar o] W2
Juk GMSell W= A F
A o}, B3 Yu ef ald] WY
Jo] A& O 2 moist adiabat S
g 3EE A g7]e] Af=EE FE
A Sshes S Hola it ¥, Raymond
et al. (2007)& moist entropy °©|F9} %57 FEE
o]-g3l] GMSE <]t} Moist entropy= reversible
3}3L adiabaticet AN = HEHE 98 HS
2R 73715 X3 371H ] AEZIEA H9H
FT A= AxF7e 75719 JUAE ¢
Hslal, MSERTE F8TE7golA oS 2 nEd
g #e 4 thRaymond ef al, 2009). B3+ moist
entropy= MSE AW 210 2 HE L Hpo]7] o
ol YA 7F B =k MejE gl 2 7S
YRl FElH Y cold tongueollA 22 e el
e MSE #3298k #e] fAFetth(Fig. 1b~c). o2&
GMS9] A= "lF&se] e oA GMS7T G
EFFeld 7l HshEIYsH3E] 2l moist
entropys WE(FY)ste AS ouigitt. oAl s
OF&Eo] EA8te o= EFAIEL 7357 9
2 o] EAjste] ERI}e] fo= FUIAY, 2
T571 FE] A=ol wet EA431 moist entropy®]
olF ZAo] YA BE GMSe] HI F7] 9A &
g1 A "ok 22y o] GMSel tis] Ay AHA|
X F7HdS &8st tiFEdEol sl BAe 4
T7F itk
weh] B Ao A= Raymond er al (2007)°14]
AAISE GMSE AMEsle] AL FEuixge] uiFgd
TS AHE ST SHREES FAHSE o] AYKE
Qo gk B R, B9k R AEY EAS 7Y,
AR FZRE Fot] AvRT 9ty 52 A5l
Aoz FEsIIA}F s} g o] GMSE 14 9]
TS olygt 3 o|{IAS ¥ EAS
A 7] wWZoll GMSe] 387 8 A& F A7 o
3k olal|l & wlgte 7 AA GMSE &4 stAl sk
a8 dRiF o R gREsS Yl dAEEE
ol-gste] GMSE Fall UEhd At tiRdEo
B4 S8R st e riR g miE 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
ACCESSI1-0 Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau of 17
Meteorology (BOM)
ACCESSI-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
MIROC5 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

Hslo] mE GMSe] Wske AR Al gt}
2. Xzet 2MEUY

2 AFM s A9 GMS FHEEE ol
3}7] 9181 ECMWF (European Centre for Medium-
Range Weather Forecasts)o|lAl Alg-sl= AEA A=
(Era-Interim)®] ¥ AFEZE 2.5°x2.5° AR
2 Aaste] AMeEea, RE HeES 15719 =5
ZHRITH1000, 925, 850, 775, 700, 600, 500, 400, 300,
250, 200, 150, 100, 70, 50 hPa). H=3F, A=<
GMS$} A#E 4% £XE Uehr] 918 CMAP
(Climate Prediction Center Merged Analysis of
Precipitation) €% AEE 2.5°x2.5° HAAHAHL R
Widsle] ARg-sldTt. 18]322 NOAA (National Oceanic
and Atmospheric Administration)o|A] A|F %= OLR
(Outgoing Longwave Radiation) €%« X855 A3}
of 7]2AQl dHFEES olsfistdirt. dhAGe] oy
Faao] @A = 108 5H o538l 4871 AE

H717+2 1979937E] 2010474 & 32 A8 o)
3 B8 43519 tH(Xie and Arkin, 1997; Simmons
et al., 2007).

A F2dstel] WE GMS Fxo| ujstel sy
Lolr 7] $814 WCRP (the World Climate Research
Programme)2] CMIP5 (Coupled Model Intercomparison
Project phase 5) RCP8.5 (the Representative Concentration
Pathways 8.5) AlU2]2 5 &85 th(Taylor et al,
2012). CMIP5 RCP8.5 AR E £ Q3 HeE wE
AFsta e 227 RS AR ste] dFESFA
ALH 717 104958 o538l 4€7HA] ASAE<}
SYsHAl AN, AA7IFE YER= 20069
B 202597H4] & 209S 21417] Aoz njEr) 3
£ YeldlE 208195H 21009714 F 203 214
7] FRto 2 AAste] A4S w2 A7l
A AR 227 2o gk ARAISH ArES Table |
ol Al BAIEA

A S o] GMS 7S A=l 7] 918 & A+
A}E Raymond ef al. (2009)04 AA| & WS AL

oo 2
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AL 2 2 ook ek
_ Tg[V-Vs + o(0s/0p)] 1
B —L[V-rV] ’ @

L7

F1 Aol AlLksle Tre Atske GMSE HeRl L,
ve 9 vk ¥E, oe 94 &%, 12 F37) 3
ghl, AR DE AFUTE oiFaAHE7A
Gk A4 Awste g ov|gth. e T
3L 2= (reference temperature)Z4] 273 KZ 742513
LS AA SaEEM ik 25 % 10°7 kg ' o ® 7
Ae 4 Q). 53] 58 JEZIE Y E 5 (moist
entropy)= FaHEIH NN HIE L, ofgfjel ZFo]
yehd 4= lth(Raymond et al., 2007):

s = C,In(T/Tg) = RIn(P/Py) + Lr/ Ty, )

Y o

oA7lA T= F719] &x0la, p= 7t Ixe] 7%
< Yehth C= HIES YERl A, RS TRV,
Pre 331 719 (reference pressure)>-Z 4 1000 hPaZ
golstoint. =g 2 GMSE T GMS9te g8l &
HolFars EFstal Avhe Axlo] Utk (1)AolA
e GMS ALk S #3AES dFReRE &
Fote] UERE ot

 TRlV-Vs]
ey y 7 3)
_ Tplo(0s/0p)]
IV @

2] AellA AstE Ty %82 moist entropy ©]F
o 2%k GMS, I''= 944 moist entropy ©]Fol 2
3t GMSE 9Jv|sit}, AxH o2 GMSE ©] F &9
AaiEQl A710) o8 A4E 4 Aok 28Il EAL,
Bro| Tt 1S FalEo=m zHzte] @97t W m™
2 ZolA GMSE Fxatdo] Ht)

2 AFofA= B & GMS F7HEEE A
el H 7R AAREF ZAPE FE530 AA
e B, BRE WA Hadd o, T g

Axrstant. FARZ, 09 7H7he 2
of F2 7] fd 57 Y= &
o] 5| W m Rt 2 AR
A= GMS kel AltEA] RS s th(Benedict
et al, 2013). AMAZ, o7} AEHF hFAAH|
Al ol 2 3he YEeR ] Wi, He dAFo]
FES ALY W 7 I=oA oF 022 7PE3IA
th 23y 09 97 Z2adS Yeld gof= &
o] F ZNEE YERNATKFig. 5). PRI E, A4
HEE RE PES 4 AAES THeZ 15 &

grolgdwkA AFH(sliding-box smoothing)S ©]-8-35}

[¢)

-

>Nt [‘[}{Nl

—

37 4kels] gl7] #1249 235 (2014)

(a) GMS_H ERAJ 1979—2010 Oct—Apr
20N E—7

Ton e TSR SR

AN ; 5
205 2 A + T
30E 60E 90E 120E 150E 180 150W 120w gow 60w

200 (b) GMS_V ERAlI 1979—2010 Oct—Apr

A : ’J‘/*’;‘;—“\_ﬁ\

4

E 60E 90E 120E 150E 180 150w 120w 90w 60W

208,
3

son (€)_GMS_T ERAI 1979-2010 Oct—Apr

10N 8 g & :
EQ : : £ . . . . :
108 K/_/:‘—\/{A\é % %

205 NA A SR L\,

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™").

3.1 GMSe 41 _,

AMEelA 41 A A 2R iR 3

AF F2E 7P FAs 28 Y 5 2= Raymond

et al. (2009)°] WS #-&3to] AT ©] GMS
b

o)
FEERE AAS] HoFe ATE AR
slth. kA E B Ao = GMS e AlAre o o
A Bk ARSI ZAE 4838l GMSe] B E

o)
OMS e FHAEs A44Be Foz eh

Yk oluEl =% GMS
A &3 Fesit) 2
A Ty T T8 37HEEZ Uehfo] o33 &E9
EX43 GMSE olallstazat &FSith(Fig. 2). YRl
GMSE évlsdte I 4571 B A9l tiA =
FTE HERIAIRE o9l A Eo] Uit vl
FE9 Y D<= 2] (Intertropical Convergence Zone;
ITCZ)C. 2 4mm day”’ o]4e] ZFEEE 1Yo
T ETSHL Ie oaks UERlTh w8 9A 2
g SEIEYG ITCZ A o] dFoz 3t iy
(cold tongue)o] EA|st=H], o] A HolM = F7F &
2 Ado] opdolz B3l I[7F FFaks HER
o} o] gt Aol FHOFFS EFele IeF 94
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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™. Thick solid
line denotes October-April climatological mean precipitation
(units: mm day ™).
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B el A et #5719 o] EAIEL 8§ mm
day™ o]de] ARt Ao dxg). o FHA Y
3} shallow convection®] YEh}= SEIEY ITCZE
Wb E 4mm day! oo AeEES # A5}
= AL AT 4 A, cold tongue A FoA=
%%L%O] A9l 71 wiol 571 Wito]l vehdt
o] F-&kol thsl ”ﬂi‘ﬂ &<l ‘:"oUr Al 3 el A
m01st emropy: 297 o]2dl dFA o]E BE 7
L tF(deep convection)oll &3l FH P o 2 W=
Hrh. 22y 7 3 F AFA olFfr X A
ERES 1% 4 Q). ©]Z1-2 deep convection
Aol oJal] 22 ANUAE WEAA 2 X994 &
HgE7)e HEE 2 WS (Chou er al., 2013).
18] 37 shallow convection®] YEN = SEIH Y ITCZ
w2t 34 o] Fell oal moist entrOpy7} W&y
b A2 o]FE moist entropyE FUAITE
738Fo] ZstAl vebdth SEE Y ITCZE a2
2 fF&Ee] ol 713 W olYAZE o] moist
entropys FUA7IE olF7F S A0E oA
T3, diFgEe]l A9 fle cold tongue A elX =
FHA, AFHOE TE moist entropy’} FUEL

FHolFAH AFelRIS BT Fste] R ?
ol FelA 7 =LA moist entropy”F fr == A
< @ & AUrh wEA, ARG FEHEY cold
tongue A9 2 5o} vl A7]19] GMS #e
YERAAIRE, Fig. 3004 & & dxol FEHHEY cold
tongue 7<1°ﬂ-4 Exlea Brgke nw o2 el
W7l w2 AAEe Ae S 75104 02 €93
A g 7] =8 s Jeilie A

rtr it

g
kY

3.2 GMSe| Y&y FZ7H 24

O]'/H /\L‘lq_ﬁ;_ GMS-Q]' J_:rL_L_’ _E«x}‘o :":
Ao ) {FAAE7EA] A4 A st
o 7] AA2]l moist entropy ©]F | 9
Wato] e E Qe 2 oHE 7] WollA AF A
2+ o g moist entropy ©]FS 571 X W
AP EEE YA Gotr A, A AEE o 4
o} vl w2z} sty A BEE Lol At
deep convection®] A= ME|HYF X
140~170°E), shallow convection®] WAYsl= FEIH Y
ITCZ S-Z(0~10°N, 230~270°E), thF&50] Sats}x|
AT GMS #ol A YElht+= cold tongue A
(7.5°S~0, 230~270°E)yS AAste] F7HH o= s}
of Al Aol thal BlaL FA skt

MEEF A9 YA 7 A9 9w HAS i}
o] & AxdiollA A A siES YER Y, &
3] 7.5°S~001A Q= #e AFRExe} HHYG A
oAl w9 frAtsHAl UEbEThE A, wEbA
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(a) horizontal adv. [lat : 7.55-0]
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(d) horizontal adv. [lat : 0—10N]
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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™.

o Al
g mRoM T Sedle] FEEe ddo] g
A= 190°E 28-S 71F2 o
[e]

A Ae o] sigshs 190°Ee] M&S HH, A%
HEE oF 600 hPaZkA] FH & F57] Y& FHO
EAste] F717 el AluX]7F Brh(Fig. 1b). et
A1 600 hPaf-E] 457F4 moist entropy®] WEo] A
Ao A9 AS &+ ok 28y 82 moist
entropy?] ©]FE %A Fig. 3904 %E & 4 d%o] o
A o)lFHT A OR oFgy] wiiel] AXEXE
TSk gro] mHEs & Atk FEE Y cold tongue
Ae EIdstE 190°ES] $FH S == 800 hPa't-H
600 hPaZbA] oFet 257] o] EAlshA R, A|32H
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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).

wite] B4 sl vebd.

FH50] oLk Aofe] obde & 4 9, of
-

entropy’} FHACE FUES & F 3L, 600 hPa
2o A HE AFF7EA] moist entropy ©]F-7F A2 4]
o2 fdse Aol AsA Rt

8% L2 0~10°N 9% Ht35tdA shallow
convection &5°] Yelt= SHME Y ITCZ] 7t &

H AHEEE dolr iz stk vRIAE diR
5o o] Wal= 200°EE 71FoE AFREEI}
O s HAS ¢ F Utk HA Deep convection
gFo| 78k Me|H Y-S L= 200°E] H&e o
A ARE A% ddd HwEle W sk 757
92 7ol 23 ¢ FAES &+ IAT A
HHARl AR EEE A9 Bl YERtr] ool

4 7S & Tk 200°E %ol
ZHU 25 9 €2 F

& 4 Qo ¥y 57
600 hPa7bA] B Th= ofspA|Rt oj= A= 713
Z7] E8 2 Wito] EAlsitt. wEkA F71= ol o
YA 7} Ho]x slEoll A= moist entropy”} 2] H o
2 7 frdshs WEeR olFH oA FH
HF ITCZoNA AZeho] HF87 Aol R] (moist static
energy)E FrHskeE A dudEslE Aolga &
4= A ThBack and Bretherton, 2006). ]2 A A2 o|F
o] FHolFgRT X 2 e /R= AL dF

Weko 29| moist entropy W3l7F o] Z7] wjFoltt
(=" mAAD.

GMSE dske 2t 59 dd7xE dvee
22 oA A E Al Gl tiste] diREsolv 2
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