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In the tropics, convection outflow is commonly observed around the height of 14 km and
5 km. This fact implies that the mid (5 km)-level and high (14 km)-level outflows are both
important to the atmospheric circulation. On the other hand, the outflow around the 5 km level

has been recently recognized, and the process responsible for the mid-level outflow is still unclear.

The present paper introduces two candidate processes (inhibition of the convection development

by stable layer and melting cooling), and concludes that the melting cooling plays a critical

role in the mid-level outflow. A few of the essential thermodynamical aspects of individual

cumulus clouds are also reviewed briefly.

Keywords: Cumulus convection; Hadley circulation; Condensation enhanced by melting cooling

1. @3UoIC

BN ZEOHOFHICIE, Figd 1R &) 2fEilE
WEZEZ LBELCEDPECAOND, RADESTRAT
JE& (IRt & Jd, s BB X o TZRALS R NI
WZELDERESN TV LD TH 5, Fig 1 DL 7%
FELZ IR DLW LB O—>T, SRl O fr
HCIERMIZIET S 2 EH% . (BIZIEFig.2). A%
TIEFig1 D &) R —ORELEDIGED X I Z AL %H
A& LT, Fig.2 DX ) \IREELEAERNI T A S 5 Bairi
2BV 2 EBEORELEDFE & Z UG L 72 ik o
KREAEERIZOWT, T LI Lz HWET %,

KEUTKBOINA LTI EEWTH 5720, KBkl
KEEFMY) L CHFRM 2 5D, R0 ZE5I132
OB LY END, —HT, ZBREAFEIBENILDY

oz TEHEIR S TWBEzD, WREH 5@\ i e o
2RI 2 B 72T, HIHHT D2 & DIRFEAERE <
o BEPWZRLITEE L, H72WARIEE Wz, Be
BEDEINWIERDTIZH D DIIREETHY, TORE
ENDLEFIREL R A &, REEEFMETA L) %L
THIAOERE DK 5, ZOREE Y (HH) it e &
B BABNAEOHIZITKEA @R IEO 5hs 2L
T, Fig1 DX ) BREAENIIGET 245, 29 LRI
KEDALEEZFRE L, SHiREIZBW T ETICHMIZZER
% &R B RTINS TH B,
FREA L OMGERE T, KBS L CRE ISV AET
HEB VD720, KEHEDPFDIZA->TL B - S &
Db, BAHMSZ) OKGLAVF—DREARKE N, Z
DIz OFEAF I TIIHEI (ZIUEFCTREDZER) 75 &
DIEOHND Z LI, FELEDISGEIIF&NE 2o T

© 2009 The Japan Society of Calorimetry and Thermal Analysis.

Netsu Sokutei 36 (1) 2009



AT BT BIEALEDIEE L KA DIEER

Wb, FERLEDISEIRKE S 72530, Bk mEN %R
[k 554 % 71k L 72 Fig.3 |2 BV CAREME TS { DA
STHEY, MRIHEIAERIRERE TERETH S Z &
T CE B,

Z 2 CHIERORERE R OZ LA EAL L T, mEdk (FAE)
F O HERBILD KEAEER 12DV TR~ 5, Fig.3 Dkl
2B BiEE e HiiEEhE, Fig.d(a)llR L7z & ) I3RE
T, BED SN TIBOELAAITEILEIZ L) KA LX)
B EEALELTWD 22BN 5, AT EZE~N
& B o PRGBS RN > TWE RS, HED
BRGENC & ) 4 12k LT <o TRCIRERICE
VT DI  REEETE TN & 2 220 T~ OEB) & i 4 %
TN TN H D, ORI THRBEL T X7
ZERITHOFRERANE > T B 2O L) BIERENFL
—EBRE L U° (BRIYIZ Fig.d(a)l2/”T), AL
P EBR Gtk sim s L8 fhEomEE CRET 5 &
I BREOEELEISHIE LT, Fig.d(a)D & 9 121 EVEIORE
HEELTWEEEZLNTE,

PRI C IR E RN TET 5 & ) BEVIELE
72T L, ARETPEORSEOEE (EEES km L) F
TLASEE LW Fig.5 IRT X 9 ZHERFEE S kI Bl
WEND FZIETHRS) e 2D EIFKEIEBROEL T,
MERREZ I L7 WRR S F/EL, N FL—ERO—
HICIZFig ) IR L2 &9 B2 L AVRIOEER S NG S
THY, H% Figd(a)D L) 71 VRO L 13E)
WENBL DD ExRBT L, L, ZORERFEED
R CIRR IS 5.2 I EHBIAET A ) 2
IR S IRD 72D DT, FEA N ZALIZHLT
LRGP TnRwy, BEXY, AfcidFFofick
REIZASHDFEE DA OWTHESL L, 3 8 CHEFELE
DEEBEDOHEZ IOV TEIT 5, 20, 48 THEE
DI B BFEELEDISERES A LML, Rzl
5HIC ERLOBATIC B D HERHEDIGEA /1 = X 412
T 5 HAE OWFERERIC OV TIR 5

2. RKRDMRDFEEDLHEA

KRETCIEFET, HWEEDOISHEOIME L L CKELD S
L7 WEZIES R A 6, KA E T 2 1% % 7R
TEVINET, FHROFEEDMAAIZ DOV THEH T %,

2.1 Bt

FWINZES &P R TREMEL 2 A 2 & D550
M5B L)1, *E TR AR B2 T o TRA L,
ZOEEITE S km 1T & 6.5 KIETH 5o BN VZER
B, W ERRIEE VD, B ORI 7S
EHELVBEDOTICHH I EIIRY), ZORBIIALE
ThabEHI—HEbNs, Lo LBHERRTOMREH

Netsu Sokutei 36 (1) 2009

11

2B, RAOWREIREL, & 52508 (K3 o
JY ORI T AHFIC L ZEERT 22 2 200 E %
b\, UL, mEE ISP LTWE0T, &
5 TR OGN PRI H R, B 02D
HEHYEH I, JBARD L9 IR LATEE T 545
Wb WETAHLE) LI, HTOZAVF— (NED
IANF—) BHEBELT, HY BRI LTHFEETS
L) 2T, fRE LTERIEBE 2 25, HIERRAD
Yity, ZOBHOEFITEHS 1 km I2f1E9.8 KTH 5, Al
5, W EEOSKIE ZDF F E2BEAKEL RIFTwn L,
9.8 K km ! DEETEOLIDREEILHL LT < (Fig.6
DS DLW LB ELEM) o T DOWPERZRD Z & ZH R
W% (dry adiabatic lapse rate) &\, —HT, HI
RO LY DZ25UE6.5 Kkm - TLOETF LAWOT
(Fig.6 DS SV 5 FER), [FUEETIE, TS ki
LCERIHDT G2 eoTLE) s TDOLHITHE
KENIHEIHFAN A L CHEERIZZETH S0
2.2 EEAR

RIZHEIHT  DRERE GALTHEEZ 5, FID
O Z L OISR e KOKZES = (BafZERUE) (&, &R
MIZESEOMBE AR L C, IREDS L% { 2 5 Lili
DTS5 LDl bs oA TRBOKEMOTIA, (T
S0lINc L) EEICEL EiFsns L&, B
IRERDHEALIZ D e VDT, SRR IG - TR
ETFLTWL (Fig.6 DS DS~ L# L A EM). 2D
%, EFICHEREERTICEY, H5EETEMUIHRFT
LRFELAEEFED ) AIANKEREDNF IR b, ZO5
Ex D EIPEEREE (LCL; Lifting Condensation Level)
LV, ENEBA THICRMWAHD LIF S5 TREDT
WhE, BFTEBKRERE LRI HERE L, K
BEL XD, ZOKENETD S, KEZRDHKIH
NOMZAL DB I EEAG B AT S NEAIL 2 RO 5 720,
LCL %82 7258080 LS HE ) T, S rBs
L0 LMENT, KEETIEBBLE1 km 12D &6 KHf
BOMTERE 2D, T2 BB (moist adiabatic
lapse rate) &\ (Fig.6 ®LCL 75 RIZHEDN S ffifh) . —
FCRIDZERIE, BB L26.5Kkm- 1 DFEGTRTT 5
DT, (EHDOZERDIREREE) > (KULOREREE) & 74
DESUE EHT 210N T, B ORKDREIZEVRD &
%, Z LT 5 EETHMOIE & SHDOEEAE L
{ledo COFEELRBHEMREE (LFC; Level of Free
Convection) £\ 9, ZOEELMR S &, THOIEITRE
FAOKREA L b b, TIUFEHDPTHRHOKLA LD b
PAZ ERTERL, ZORN07z01s Gl TH)
FHRERTS LIRS,
SNSRI AT IR R BB B I 5 720,



B -

S H AR LA Z T 5 LRI L TW 2Rk
HREFRETHECR L, BEHEEIC X 2IRORNRAVIE
Bho D72 FETIE, (ZIZWIEMEUEERICT O PR
TRIHOMEIFET LT, Fhud (HIOZRONE
WE) < (KMOREERE) 2 EKL, BY oK e ol
BEEIZEAEANELL LoTWL 72D, HOLBETHEY O
ZEROMELF U b, ZOFIORL % HEEL LNB
(Level of Neutral Buoyancy) &\29, SJRITF25 Eas
STELBOTIOEELIBZ 5725 (Overshoot), ZOE
EL) ETETMEONDME, HHAIICLNB OFE TR
WITELH L 2 &b (FF3 Tl Overshoot FED iz = H]
FERE Tl RIS IEATE H 75 < LNB OFE A EE
D [FEESE] £ L8,
KETTOHRT, HWEAELR EONRMEDOENFKETE S
M ML, FIEBRATEEE S CRL LTS X9 2l
FIHAEAEST B E D DPIZh Do T b —fREYICINIZ &
DI & 25l FH, ARGUE % & OB OBELIZ L
5 BRI SR A RERY D H)5, Z ZTIEEREIIZOW
TIEFGER L2\,

3. BEDRESELI RLA XAV b
FRLA AL

FRRLE RO Z DR bEN RS 0T, FEETIE
2 TR & ) BT DKL E G ALEZIOFS
) EELTOEEIEZ > TWVb, $T4bEMEN
&, i EAhEOZER % KA T E 2 5 ZTHO iR FE~&
Wik 5 L bR DH, RETIIEELEIC X 5 5IOHER
P, FHESEL V)BT OBHT D,

TR EATOBEBOTHEE R b HALD720DI2
FHLEHOPPOMEE B 5 iRE, KESEIEIFALTH
BERET A, FFEOZRRE LRGSR EDRES (Thz
entrainment ;| LY FLA VAV FEWD) FEELLITN
1E, EEEDOIEEEIZ2EHTIRALNB &40, W0
I, KELRE L EHOZEROEE 707 7 4 WIHKEL
T, SHUIETLNB DL A THENEE, Figd d [
%EZE] OXHITKERANEDS S (2D X9 IZ8EH
MOEH) % ST, AFEFANFREDOEN ST Z
L%, detrainment . T hLA VALY NEWVD), Thbb
I NLA VAV RER LS,
4 TLNB O & 25 £ THIERiE S L CTKCE RIS > T
Wl Zkilhb,

LA LEBIZIIERLE R EOFRMEDED E5 LI
BERIZIE, ZOMTETHY OZKEZOHFIZY A F R
BT 5o ORI EAFOLIL Y 67 R
e, T RLA YA MIEIDEILOREL (Fiovnze
HOWRAI L BEERR L, TIOFFOKIHOZETI &

MM DZERIE,

12

Fitiov & 5 BllE

5N RFIC L D) KT 3% (Fig.6 TLFC 225 kI
WS ) o 2072901 )1% 0 Hf%E (LNB) T35
Ll (Fig.6 DLNB ), O Z LIIERLE DI ER
FElE, WO, KFEAE L FHFORKORETT 7 7
ANETTHRLZY M LA YA Y FPIEDIEED BHI D
BAFT AL BT 5,
BFLEORTI Y M LA ¥ X2 ME, BERIRICAER,
ZeBIIC I E IR 5 TV A Z EHEIN T — & 2 5 R
ENTW5E, HIL, LAHOSHOERMEE 2 72IC, 4
TOBETHMEFL L) ICRAZREITHIITD, &T
DFIAF L L) IREZRITHITH v, ZOHT
FELEOZEEE (REIERE) 2o s013, jhex
YhUA AL MEREERL WAL (“Lucky Parcel”) T,
FEERFEIZIZIILNB £ —#T % (Fig.7)o — /4T, LA
IZZy b LA XY P REBRLAIE, AT A5
HEEDPSIBHELT, by hLA YAy NEfgbiL
BHS, W7 EFHOTIIHEIEET, Thb A4y A b
3% (Fig.7)o

P bEo k) icERmfirossi, = bAoA b
DFEERIZ X ) N ENORAFEEE (A REE) <
TRULA AP LACEFRFIIES > T2 EIlh b,
DT L IREERTE S DEDEA) FRNDL LT, M
KMEFHTICH > 7-FIAFEEEICL ) EOBEILEL TV
B DRI 5 2 E ARk D Z L A ERT 5, N
R RUEIKREI T, Bl B 2 EDIEATY) OFEESAIC
DNTIhR 5,

4. BEEICH T AEAELPSDT ML X2 b

Fig.813, EHEE L, ERBEOODIEEZHNT,
BAiridl s BT 5 ZO M BUHEE OSHE A 2 72D O TH
%o Fig.8 THMHEARAITIR L2 L9 12, Fig.8 LMKy
7 A (BETIASSROWER) TIX, ZIHERE & 2D
NTBYRFELEZ GLRAAR (tower cloud) DI
FERLTBY, AREOFODER Y 7 2 (RHFEHAROBET)
TIE, ETHEE & EREEDE BIRDE (layer cloud)
DOHIEE AR L TV, FICHEE, BILE,rSOT
LA VAV M EDEETHEIGRZ 5o TWa i 310K
LTCWbEEZ LT LR,

Fig.8 DGO MBUHRE 2 329K v 7 AP CTIIAFiE S
1215 km A FEDHR L 7> T b, Z 205 DKFES
B OHLAS Y D LBURE %2 R HPORD DR Y 7 ANITH
WThH, BHTEEEITHELDD10~12 km WL TRk &
%o T\wh, Fig8 H B kD 5 &, EES ~6 km fifift
T, MM EFTPROEDT ML A v 2 2 MEHIRKE 2> T
WB T EW D, Bl CER RO TV A & Fig5 1R L
72 &) ITEEES ~6 km WL E TIGET AREAELE  (MEAREE)

Netsu Sokutei 36 (1) 2009



AT BT BIEALEDIEE & RADIEBE

Fig.1 Cumulonimbus developed in a summer afternoon
(Photo by Yasunaga. Place: JAMSTEC Yokosuka
headquarters).

Fig.2 Organized convection developed over the tropical

ocean (Photo by Yasunaga. Place: Republic of
Palau).
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Fig.3 Climatological distribution of rainfall calculated
in JCDAS (JMA Climat Data Assimilation
System).

(a) Classical view of Hadley circulation (1-cell type)
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b)Revised view of Hadley circulation (2-cells type)
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Fig.4 Schematic of the meridional atmospheric
circulation (Hadley circulation) and cumulus

convection in the tropics. Arrows indicate air flow.
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Fig.5 Cumulus congestus developed over the tropical
ocean (Photo by Ushiyama. Place: Republic of

Maldives).
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Fig.6 Temperature change of adiabatically-rising air
parcel and temperature profile of the atmosphere.

BY, B3 ~4 km fhE CHENOA S RIREERNEE (RN
B, EEES km AT O/ S BB (ZEnlE) %
HoZ LD nZ EPHMSNTWE (BlAIELH2), 20D
59 BIREREIEORINE, KD SKNOHZELIZRE S GH
THhbHEELEZLNTWD, T TRELADKNDHZEAL
LEZTI adrolens, B KAUEEES km 3 T0 C
Lo TBY, ZNLY) LOEETIE, KEGDHKND
AR, KEKRDMWEALEFZ 2 B LED D 5,

Z 2 THRBLD FRIPE VKL AR EAZEAL L 72
BEZ D, KKER-TH, FT-L LTHRFITNE VY
BIRFER L FRRICRIL L LICRBIC X 2%, HHRERE
 (BBLZOHRIIFHETEZTEE 0.1 mm) %2 L,
ETHEPREL B DGR OBELTCLE ). HER2D
ETEIILOIIRR A, BFSKAITS - 725525
(FEE) Lads, ZOWR)PHENEFES L (Fhhv
bOD T THAH)o S THETFTHIRE COREE (B4
THCHS km) PATICR 2L, RKMATET TRIENEZED D,

“Lucky” (undiluted) parcel —————I N

Diluted parcel |
T~ ~u

Entrainment—/~ E

Detrainment

Fig.7 Schematic of entrainment and detrainment. (Based
on Raymond and Blyth, 1986, Ref.4).
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Fig.8 Occurrence frequency of clouds (Taken and
modified from Riley and Mapes 2008, Ref. 5).
In the upper panel, left box indicates the
frequency of tower clouds and right box the
frequency of layer clouds, which are schematically
represented in the lower panel.
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___Idealized temperature profile
of the atmosphere

Height

Temperature profile imitating the enhanced
and weakened stability layers that are
commonly observed around the height of
3-5 km over the tropical oceans

Temperature

Idealized temperature profiles
of the ascending air parcel
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BN 3B decroase due to the
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Fig.9 Schematic of detrainment probability depending on the stability (Close-up view of Fig.6).

[7] whibition of convection
L development by the
melting cooling
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Fig.10 Inhibition of the convection development by
the melting cooling.
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Fig.11 Evolution of vertical profiles of cloud fraction
simulated by a numerical model (Taken and
modified from Yasunaga et al. 2008, Ref.9).
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Fig.12 Evolution of relative humidity during the
convective active period (Taken and modified
from Yasunaga et al. 2006, Ref.8). Time = 0
corresponds to the time when heavy rainfall is
observed.
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Tk B ORELES S O E H LISxHn L7z 1 e VRO
FEIT T, KR OREELE 2 S OIRE L IZ b X
o L7 WEB 2 B A2 B VIO E S A L CW AT
REMEZOR CRET 50 5, EEERO 1T B VRION L
— B L ATER L DR VIEROFAEDIRH SN TS (Bl
EICHR 6, 7 7% &) AT CIIBTA T U 12 381 2 L
ENSOREMLOBEHE LT, [%EEIC L AHELEDL
Rl & Dk BIRNOBFRIC & 2 FEELZE O BUREHIH)
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