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CHET, BICIST 5 AR - THERERE (UTLS) DI DFE AT O
P13 <ATHILTE 7= (Tsuda et al. 1994; Dutta et al. 1999; Alexander et al. 2000; Dhaka et al.
2003; Alexander et al. 2004; Alexander et al. 2006) . L72>LZiL 5 D% < (L HLEA BRI D1 X
v MEST OB A O S DT o7, Filt, Alexander et al. (2008)<° Dutta et al. (2008) (%
A RNENRRHTE L FORIAL—FT — % O TRYIM O ERCER &I 217> 72
0, TAIHITH R EHH R O ROMIT TH o 7.

AL T, FRERRLV—4 (EAR) TEMI SIS UTLS ORMIFOSERT — % &

VY, RPRTEED D O bkl S 415 A 12 KR LL T O R HIHEELIC OW T, 2 b o HJEZ kI
HEHET 2 (Kozu et al. 2008). ZAUZ X - T, XRIEENC K 2 FEWIE K OFRA - A5FF I
DNWTELELZRA D, HEAZMIZERT201E, ZNETOT—FMTIZELY, =3 h&Z A
VIR ORITIEBI N Flk L, BEERREK B AR 5D Z L1285 (Kozu et al.
2006) . F-BE L TEHNZLIZOWTHIAND. ZhiE, FRERK E RS (CPEA)
7Yz bOHE 1 ATy = (2004 £ 4~5 ) OFT =SNG, MIO OXHiE
L NG TN OMIE, BRAEME, WRMESMR EICREREMNRAON

(Kawashima et al. 2006; Kodama et al. 2006; Kozu et al. 2005), UTLS O & /3% i S5 & L

IZHIR SR e Te b Th D.

I NEARNAZBITLRIMIEEO®ELBET D &, REXRE TR, hERAENIEN
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Bl 2 SN HEELD, THEEE THLEND R H D Z LITEENRLETH D.
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AL CEICHERT D D1E, = b Z/32 EAR BUHIFT (0.2°S, 100.32°E, 865 m ASL) [Z#%
BINTHLEARBEIOX ANV RBERL—XOT7—2Thd. £7c, KREBESLOEE &
L C, OLR anomaly {7 %.

EAR DOSHE AT — # 13, FFIZ 14~ 16km {00 CTELHIC X 22O BRI 232 U (Alexander et al.
2008) AT, ZZTIE, UT ®7F—% & LT, llkm, 12km, 13km (ASL), LS OF—¥ &
LC, 17km, 18km, 19km @ UT, LS ZiLE4L 3 DD REEDHRDIZENETRAE) w D53

AT 5. A L - T, 12km B L OV 18km B —@EE DT — X Oftr bR 5.



— 07, X3RRI L — 27— 41, 3km
CAPPI ® Z [ F7 5, Z =200R" DRI Sp. Power, OLR -2.5 - +2.5 Lat. 97.5 - 102.5 deg E
long, 1999-2006 incoh av=36, Hamming
Ko THARME R ICEBL, B 40
60km OO P REIE T d5 1 2 245 [k RN 5 2
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DL L THWA. ¥72, OLR anomaly
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BMRC T anomaly (22544 L 7= % @ (BMRC
@ Dr. M. Wheeler 2> bfle S iu7z) % H
WTUN DL 1999 4E72 B 2006 4= £ T OLR
anomaly % XU A K7 Z ARAT L 7255 K
Z 1R i 36EloA ak—
LY MERZ LTI DO TH Y, EEfRE
T8 17% E RS 615, > 7T 30~40
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DE—71%, MEAMIAEREEZEZON5.
D, LI, KHEBEILSL O L
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Spectral power (arb. Unit)

Period (day)

1. OLR anomaly DO-XYU F K7 Z L

(1999~2006 ; f#JE 2.5°S~2.5°N, %
97.5°E~102.5°E OFiFHDFE)) . (Kozu
et al. 2008)

3. UTLS $AEFEBAEK (w*) OEHHRE
3.1 B

212, 11~13km & 17~19km (23515 % w2 OEMZH %, 1 A D OLR anomaly & »
R w2, ART (0~12LT) @ w? 4% (12~24LT) O w2 ICH i TRLTVS.
Fibb 1 BN E FHRO 250w BEHEEN, K21, ZORMERZFLELOD
ThD. ThICEY, W oBRElE EHNES, HxOEHEER E O RN R
HZENTED. 2 D(a) & (b)lE, 2004 FEDK BT LT A, FHEH 11~13km,
17~19km IZOVWTRLELDTHS. ZHELOEME, w’ iXHAKEEH LTINS
L, RO W BERIOWE L) KE WD L bhs. A OEEEBENZT, &
HNEEZ LT < LB OMRK 2(c)TH Y, 2004 4 1 FRIOEEZ R L THD. X 2(c)
no, Hﬂ%ﬁ‘ﬂ?&iéﬁﬁ?‘]?i%ﬁ%ﬁéof“él3:, L2L, #7 L b Z4E OLR anomaly
LAIBAR L < RN Z EAVRIE S NS, UT 12515 w? 0 BEZIZ>\TIE, CPEA—I %
¥ =2 (2004 4 4~5 H) OF —F &~ T, Alexander et al. (2006)3% D{FFEZ R~ L
e, AEEb - EEHNCED, ZOFRMEZFHRL L ET5.
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TR 7T E LT, T 1 HDORND 6 Kl Am vy h& &0, ZOF0LEZ %2 2 K

SOPLERBD, W DLILETST. ZOME, 12LT 2T LT, w? DX S5
W2 LT 5 Z & H3VHB L7z (Kozu et al. 2008) . 11E> T, LA T DT CTIiX 0~12LT & 12~24LT

D 2 SORERIHEZ 41 7= w? DMB AR5 2 L L35,
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23, w? LHZERI IR (Ry) OFIB : 2RI, AR %. HIR 2004
4 A ~2005 4 3 H. (Kozu et al. 2008)

B BNE, FEOFTHFERRENRKE <, KR 11~13km [ZB W THBREN KE < 2o T
WD ZENDND. 17~19%km IZDOWTIE, FHEOHBIREIITRNCHAS TETEWIRE T
HY, 02~025 LfEE LTIELS 2o TS, ZHlE, EAR A OXHRIEENIE K3 5 #
GLUA DR Y, LT TERELBRoTWAHTEDEEZ NS, UL, FHEMREO XEHE
EEITI &, S5%EEXMIZEWT, MEFREIIWTILOHRAHIEICZ2>TEY, EAR A
WOBHOEENTRENG. £, w> OBRMSHE, 2003 55 2005 0 3 1T &
STFRERNS, w? OF Il (median) 1, 12 km ORI & % THEILEI, 2.4x107 m%/s?,
3.6x107 m*/s’, E£7- 18 km D/FRT & P14 TEIEN, 0.9x107 m/s%, 1.2x107 m*/s” ThH -7,
CERT W AT B P W OEISIE, 12km 12BN T 15, 18km IZBWT 1.3 &, &F 12km
DFIFBRREV. ZHUE, 12km IZBWT, HEZEMOKRE 2250 iiEE OB 2 HH# T 57
HEEBEZBNS.
3.3 FHNEL

AIR D X 912, ZOFILTIX 9 HD LPF %227 7= OLR anomaly %, XFRAEGHEIEEN OIS
FE DL LTHWS. OLR anomaly 725+10 W/m* & W K& 72 & =% [OLR RIEFEH),
—10W/m* L /h&7 L &% TOLRIERY) LRI L2456, ZHE TOBMBIZER R
5, MJO OIE3E, RIEFRMNTHHST 2 FEMFHEDZ L (Kawashima et al. 2006; Kodama et al.




2006; Kozu et al. 2005; Morita and Takayabu 2006) [Z/02 T, SIZEEH O KHALEEL (SCC)
WZxF ST 2 BRI D2 L A 40TV % (Shibagaki et al. 2006) . 7> T OLR OiEFEH],
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TR TR, ZOREX 4 187
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F7, BRMELEET 5 &, ALNICTFEOFDBBERMENRREN ENbd. £
FRITCIEL, OLR {EFH], MNERWIOZEITA SRV, FH T, ERIICIEeRICRER
MK E VOIE LT, RIERBICIE, KHOMROEFRRERLLNS. KIS, w’ &0
MBI 2 5527 5. MHBREOREEZTTY &, OLRIERMOFRITL, OLRIGEFHMIFH% D
17~19km Ti¥, WHBEOIRREZEET D Z ENTE R0 o7=. —J7, OLR RiEFEMITIT,
BTCOr—AT, HRBEFFHIICAETHL LWV IHIFERIGLNZ. ZiUE, OLR A~EF
HIZH T, EAR JAHOIEENC L5 UTLS $MEFIEELD, KTVHLNTHDH Z L &R



L TW5. £72, OLR REFRH D 728 OLR {E3H L 0 fHEMRE A E T E W OIE, RiE3E
WD FH, UT 6 LS ~OBENPEHA L VA TH D Z &, HDHE, OLR RIEFHHIZ
BT, X0HEOEVIREL 17~19km BELZ KE SETWDLZ EEZRBLTWND.

4. £&0

EAR CHELII & 417 UTLS OMEFHAET S w? %, EAR JE0 0% FES) & o B
WAz, SHIEEhOFERE L LClE, X N RER LV —# 15RO 517z 3kmCAPPL 7
— B B MR IC A L, R 60km O FJEAEEL - 2 H (FEldH D VITF%) SEE OB R
B . 3 RO BT — 2 A0 LR, R0 w 13RO w O 13~1.5 &
B 5N F D DRGRERBEILN KREWZ EB3bhoTz. o 1 FE/OT— % O G
VTR & w? ORBR b AR O H BB D L B bAo7-. EIZ 9 B LPF #7037 OLR
anomaly % FEYEIZ L7z “OLR IEHH” B L “OLR RIEFEM” 1201 T, BEITEE & w? O
FHRE 2 75 F, OLR RIEFHHIO G BHENE TRV &b olz. 2L, OLR R
WERIITFHNT, BAR FUOXIEER, L0 RC w2 T8 5 2 L 2RIR LT,
ZDO X9, OLRIEFEM & NERBICE VT, BT ow? BEoEnniabini. LL.
W2 BIRDRE S&HAB L, ZOBNINEL, L b hEAVICBOTE, Wk
B & RIERGNCB N T, BEREFECHR ) OFEDNDRRO LD DK LT, w’ OKE &%
FREE LRSI ons. Linl, ZOX) REMNEBFEL, 2 XS0k 57l
EIRLAL, B 2 030 EO A e T I e 0 B D Z E NP S, WEEKRETIE, B
FHC L~ C, B2 BEZA - ZENEZ RS ERERL - EE M E DR A4 U<
WHZENTRREND.
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P REFEDBERTTRE R (TTL) 12815 Cirrus D&

RRIIER (EERT) | ezt (BIR0)  lAKE (ESCBREIMIERT) |
FfE— (bEERY) . HAHEA GUERT) . RAESIE (EHEERT) |
FAH—RB - AN R (ENZEREEAIZEAT) . AR CGRALR) . PasEs - AR TR,
Yo (EMEE RS . SKRIRFK GEEEDTTER FERAS)

1. 1ZLOIZ

BH i @ (Tropical Tropopause Layer, TTL) %, xHiEOzeK 0 E@E ~MFAT 5 E=5
ABTHY, HEBEACF OISR L ST 2 2 CTH 5, FERIIC, KEKIRE % pEE o EIz £
TULIE 2@, DA, 2FEH SATE Y | 2R AR 2 0 2 smfE s A L TndiEd Th
HEVHBLRT TTLICE T 2l - /1 mfe Of%im 2 /e S TE TW\W5b [e.g., Holton et al., 1995],

LU, ED L9 Rgsidfe « Sl s & ORREBAKIZEHIN TN DDy, WEEIZE LTV, TTL

(23T % Cirrus 1%, BKBFROLERY TH 5 L FRIRFZ, )7 ThHdh@ft4im L ChERZ 2> e —)L
LTW3 &%z 5. Cirrus 2AfICi Az REZ=a L fr— L LTWSHE S H 5 [e.g., Cortiet al., 2006],
Fo, B RKEEROBIHINEIZED > T\ b & DiEim b 5 [e.g., Comstock et al., 2002], L L,
B - %%#itm&< EE OB A D= X LZOWTHENEA THD EEFSVRn, £
2T, RBFETTIEL, MEERTZEBR S OV HIERAF TR/ “Z2 H W 1T K 2 BVES P9 RS 3 e D 7 1 &
— BT — % O 21TV, KBRS & OBIfR %7 L <@ U7- [Fujiwara et al., 2008],

2. BHLT—

ENCERBEAFSEAT ClX, 2R (1064 nm, 532 nm) Z#FEHEEHIE (532nm) b A[EER T A ¥ —%
“IBW TRERE L, WL OnoBHIME CEM LT\ [e.g., Sugimoto et al., 2002], Z DT A X —
(XD BT T 3 [ OE B S Z e bz, “ A B W B E 5 MR0O1-K05 (LL#% MRO1)
/% 2.0N, 138.0E (2T 2001 “F® 11 A5 12 A, MR02-K06 (LL#% MR02) (% 2.0N, 138.5E (ZT 2002
T 11 Anb 12 A, MR04-08 (LLt% MR04) 1L 7.5N, 134.0E (2T 2004 412 A» 5 200541 AT
botz, FBMBMT, MITEFE NS DERICNTZ, TA4 X —BHNL, SR ORI 1 7 AR,
E&’&F‘ﬂb‘f@’ﬁfﬁbhto AHFFETIX, 1 E#F"ﬁq:iﬁ FRIEL 150 m 14 L 7= 1064nm L —H—IT%f
T ORI BT BEREZ , BEOFEOHEIERT 5, od. 74 X —DEEIX MR01 225 MRO4 (272>
T TE<78->TEY, MRO4 IZEHEWEIZEENR D D, JENEICBEL T, 7—% OBITHHER O
T2, M izl TiE, ABIEIHT, 1 B 8. 3RMBEOER T A Y LT BN bIThII,
MRO1 & MRO02 Tl Vaisala t:> RS80H 73, MR04 T Vaisala 10> RS92 2MEH &=, 4V Vv
DT —FZEE 10 m T EITEEM L ETHITFICHWS, &6, a—my "PREITHRE s ¥ —
(ECMWF) ORBUFENTT — 20, KEMEHERSZIT (NOAA) (2L D4 m & RN T — 4 BN
bR BRI X D BRI RE T — 2 & [RBHOMITICHN S

3. B RO



K1, €2, K322 MROT, MR02, MRO3 (2351 % 1064nm ORL{-1% J5 8 ELAR S o e 81
FEWrHE X A<, SHEREONE &, 4 AROBAL L~V boRd, 1RAZ 350K 1L TTL O FiD O & > D
FEIETH D, B, MMEETE - PEICSEVWERFELESS, L=V —FDOREICL > TTTIL D&
FW’%émmmm74&—7~& R Z TV WA ﬁ#%é LSRN, HHEEL Y K& WE
BEURRIE A2 OZB N D - T2 5E. ZO LZEOBRIIRE L E 2 T, BOKAETERES TV,

MRO1 (B4 1) ZBWTIEL, TTLIZIEEARMIZENFEE T, W Db 5 Sub-Visual Cirrus
(SVC FFHIE S 0.03 Kiifi & EFe) N S 47, Z OfitifE D SVC (25T, lwasaki et al. [2004]
CEDFTTITHELWHRER RSN TS, MR02 (M 2) IZBWTIEL, TTL OREEREEDS 20 H JE SR
T“jt% KEBHLTEY, BUHIHIREHIZACBEREN Y Y T L TWDIONRATEND, ZiLiTiAl
RARET IVE AR DV T TH D, TTL @ Cirrus 1. Z DGO E LT A8 %~ LT
W5, MR04 (X 3) 128\ TiL, Cirrus (£12 H 21 H Z AL x_u”jfﬁl/\ T D%, IR W visual’7Zz, HIZ
RADENHEL TWD, Bl S BTRERBO O B S > TOFRE S 13201 205 0.3 FREE
Tholc, HIT, 1A BAIZIEL, EOF WK 2> 6T J71200F T TTL EE25 &EE 10 km A~
LTI D (& THE 10 cm/s FRED) &) HEEH 72 AR BLIHl S iz,
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WIZ, ABPHVERRICIT 5. TTL NO KBRS - BELIST O R4 . ECMWF &81fEIT 7
—HIZHESNTE LD TEL, ETREE LT, TIL T E ORI W T H KB HiET 2
BINEBL TR, ZEAERREFNVEVETHDL EBEX LD, MROTIZEW T, MORER
O TTL TiE, KRB = o2& o MRS, RICHETe > 7 vidd £ 0 R Clde o 72, MR02
IRV TR, BIRRZR KB ROER 2 2 TR0 | BUEIM X OEO 2 WGEBIX, K OB ARERIZ 3G
LT\, MRO4 IZEWTIE, HERIZR2R0ONA TN SO0, ERHE L 12 4 21 H ZAICED
FENARIB O EZRICBIE L Tve, 1 AICAD & STo O ORI M EZBIC0- TE M, 7
AX—BIENC LD & TTLNICIEE LA LY GEWERHBLL T e, IROHEITIE, & MiiE CEllll sz
TTL @ Cirrus OZE®Z & 726 L2 PRI OV TEE L <& L T <,

4. BLRHE R OMR
4—1. 2001 FoOBLH] (MRO1)

MRO1 18T AL, 728 TTL WICIFEEARINICEN R o720 0, L0 H 2 ETh D, TTL B
WZBW TN 21T > 72 & 2 A, LI LIRAEPER TR O N E R O OB R H > 72 2 L 3oy
mole, EXKILOKIRBREAZM T2 L 2 A, FRIBIEIR%ZE T, ZRILOXIRMEMELS, 7»2, 1 H
515 BLUNIZKERRIBIK T2 L TWD N ynol-, LinL, 74 X —Bllckiux, =
D X 9 R KIREREIL Cirrus FERIC IR R Tl v o 7o, EHIS, RT v ¥ ¥ VIR AT DT 217 -
=& A, RIBEZEKOETH S 2 pv-unit (pv-unit = 10° K m? kg s™) O%EH#A, MRO1 IZHW
T OB AT, ML 2RI Z LA L T2 Ehbhotz, 2%V, MROT TiF, 1t
HEER R O T AR B D & DR LT ZE KSR OEE N HEICH Y, 2O LR, T ORI TTL NICE
BIEEAEGFE LR ST EDFRRE R B2 b5,

4—2. 2002 FOELH (MR02)

MRO2 DT VA Y 77— koK ME L /ERRAZ 2L 2 A, A 20 HREEDIEF
(CHIRR R IREN S R C & Tz, BT — 2 DD at Mo Te O RFE T A 7 —1X, BTV E I ORE
HEZ LA 2 enmhode, 6o C, TTLICKEREME 72D LEEBILIIRES VEVETH D
LERD, TTIL NOEL, 7B EOFENAHTISERICHEL L T\ ebil Th 5, Boehm and
Verlinde [2000]X° Immler et al. [2008]iZ & ¥ #55 LTV D 7 L B EHEFNC T, IR\ L5 00
REMDST-ONZDORHMTH D,

4—3. 2004-2005 EDOEH (MR0O4)

MRO4 IZBT HREIL 2 2> T, O &L, 7o TTLIZHJEW Cirrus 2NHBLL 72070, & 5 O
EOUX, FRZ1 AICRONTEEF R B EZEDO A D =X AFRII0, Thb, 7. F1OREIZON
TIE, §F IR S 2 O AR RS 7 — & % F O CEVH P9 PR O3 O i W FEZE OBEFE 0 A & iR
RZENS OB & e LT, ZoOfER. 2o, M LEEERR Ty U END =2 —F
=7 B EEPo D EHMEL T, BV REE (South Pacific Convergence Zone, SPCZ D fE#R)



WCERZELTERY ., MTEBHISNIZSEWVWHEICR 2 5 Cirrus 1%, SPCZ fEIB O/ L 7-FEERE 2 )R &
LT HEPB15 BRETTILNZ KA FE SN TELRBMEARAERICED2 LD LN ZERSho Tz,
DED | —MRICEFORERET AT AT, TTL O®EBICHRIE S LBk L IRERr A E— K A2 b 2
DI THDLN, T T, FRER A E—ERREOMAIICIB W TKRERRERL % L0 @fEE~ L6
ETDH, LWV T AR ERIBRILI-E VWS 2L THD,

—J7, #2 OME, ¥EF2EES (W TTL B2 56 10 km T2 TEF) A =X
DZONWTIE, 2 DOAREMENH D, O & Dlx, SPCZ OXHiHEEID HZEE) (BT 7 ICHRK) BN
ACERBTRFIZ BRI ST L2820 Cirrus BB L L CBIIIS N E W AIEEETH D, L LR b,
BUHSR EZ ZI2BT 5 KOHHEIRTH D SPCZ & O EEEIX 2000 km »ZENLL EH Y, H»>, TTL ND
ACERUCIZIRWVRNE > 7 — (7= & 21, 16 km THEE O 30 m/s, 14 km THEHEOE 20 m/s) &
RE72RHES) (1-2 HREOE M TR 10 m/s FREDOES) NRONDH720, FEERICEEICHTZ> T
H% & BULRIZIBN TR =B Z A LI HE S 7z & 9 72 Cirrus BB 2 AE D DITR S TlEgnwZ
DD, SPCZ fElILH < F THEIFNIITWKRER » 7o 28504 E 7 I 22D~ L7z o7
EFEZDHFNEGNE LivZewy, § 9 OEDOREEMIX, K& [e.g., Alexander and Tsuda, 2008;
Zeng et al., 2008] <° 24 FE[HJEHAE /13 [Kawatani et al., 2003] (2& & 72 9 0 —h L7 KIEO HZAE#C
L5260 ThD, EBRIZ, FVFY T T2 EHOTRIRO A ES) - HNE#hZHH~7-L 25, 12
H30H751H10 HIZRBWTIE, #1FR 6 & 23km £ CHIRZ B R BMl S vz, & ORIE &7
& B & i BEssxitiE & TR AR o Tl migrating diurnal tide & SR S du7z,  sehi B R e
BB\ T, RIEVIFFICRE NS R 5720, SPCZ flkic I 5 H AR ENIC L v bk
Stz 24 BEREME A > TO D AMREMES RIB S Lz, 2O X ) RRIBEE N, RO L 9 7E
T Cirrus ZENZ A G LI WREMR B 5, T 5, BRI mAmi3ciEm s & 22> TR Zhn
Cirrus TR Z 9 22N L7228, FEB TTL TIEBRAE L o> TW e T, EIZBREMNTICE EEoTz, —
F. RN, BRI REBK & 7o TV e T2 2Tl Cirrus I3RS UL o 7o hd, I
TTLIFER AT 7D T, B FLTELER IR SN, 262X D HORWREEE LT
JAZNT T TTL EEA S & E 10 km 35~ Cirrus D% FVE L T2 2 ERNEERICITFRB SN D,
7272, FETTLICRT 5 HEBORIEIZ Y L T0.2-04K TH Y, B R mER T 1 KIRET
bololod, B—JVIRKIRO AZEEIST CRAICHMTLOHEG TIERNEB X bND, ERITH
I 272D, Zih, KEBH - KR HEE & Vo 2 JIEBfRICiN . T, EMpEhEe & dhaie
LERETHULERD D,

WETERIERRFZEAD “AH D\ O T A X —B LT U4 Y 712 L 2B KRR T 3 [B 0 f#]
HIRTIEIC X0 . KRR KB OB SI2B W T, TTL @ Cirrus ORISR A X AT 2 1R & LTk
DHLONHDZ ENFhoT- (1) BEMKIZL D TTL ~OKER, EBROfEEE, (2) AFEEIC
L%, KAER, BRLTOATEE - AKEBHR (B2, RiEe A C—EREDKERE) . (3) KHHE
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1. [FL®HIC

ENCH it P8 S i BRI (Tropical Tropopause Layer, TTL) i3k 2> & pic)E 12 22580
(KEBZREET) DRATHIEOELLHAANTH D, KEEA Y B E G 2 5 KEKIR
BHAEIX, TTL WO EGR0mik G OB 22T 5, Thb 17 - ik, AV A
b —VAREL (RIREE; TR 22 DRBIBLA 7 —)L (FRE 7L E B, Matsuno-Gill /3% —
V) DEFIZ X o THHENTWD, AFEOAMIZ, THHRA T —NVDHRRLZ Tt X
N TTL NOKESKIEAHAEIC G 2 9 280 R %, TNENERENCTHET 2 &icbd, =
DHBIDEIITNS IR A — NV OBELE RE A7 — VOBELEZ RIRFIC KRBT 2 L EBER D
LB, TNETOBFDET NV TIZENRARARETH o7, LHL, TFEZD X 5 ki
AT 2T ADRBINTZ, EIBANISE T T 5 E7 /L Nonhydrostatic ICosahedoral
Atmospheric Model (NICAM) T 5, HiEKS I 2 L—& — L COKIEIZER % ST HIBKER
Bours 47 —THEESNZ NICAM X, B ki &V 9 BV T, 2o
BERICT =203 A0, LD A7 — VDRI ABEELO R Z FIRIZEMT A Z &3 T
x5,

AT, KRBRESM N CHEINE T —# 2L, U FOZ LE&ERT 5. (1)
EHEEOHFAIRHT, (2) TTL NTHET 2#EL., £ LT, (3) TTL NOKEKRLTIZ
MLTTH B,

2. T—4

NICAM IZEFFI PR REMEH L, MEARTFAZ V-V a VR LRV, B1-E
FATHY, BROILE 20 HERKFE2HEHLTWS, ZOKRF2EHTIHRIT, BERT
KRR 72 67204, CFL RAIRIC L - TRIFER AT v 7 2 Wil 2 4 < 3 B L EEH 72
WZ LiZ&H D (Tomita, and Satoh, 2004), K PMAHEEIIHIIRS R = L—F — L TRET S
Y&, 14km,7km,3.5km &, FEFITHN T2 LN TE 572D, 10 km BLF OXFIRED
5%%1000 km ORI L2 ERE CTRIFIZY I 22— FT& 5%, ETAO by FIEEE 40
km T, 254 TRRINTWD, SHEMREE L LERHGERE TH 700 m Th D, Efsl
WL LT, AR B, W, F2ERBE L TH-> TV (Grabowski, 1998),

SENIARBREIBROT U N7y N —Z O R EZ R~ T, KBEEIZRD SST H53AR 13 Hr
W—HET, RETRK27 ° C, ME LMD TE0MTH D, KGHIHIE RS /K5
EIRELTWD,

EBTNVORGIZENTIE, CCSR/NIES/FRCGC version 5.7 (Numaguti et al., 1997; K-1
Model Developers, 2004) @ T42L59 fEEE D RK[ARIEERET V% 3.5 R LIcikt& D 3
FEM ORI R Z 14 km #TFOMHEE LTH X, 90 FMBED S ¥ 5, &AID 60
HEIZA BT » 7 C, B#ED 30 AMEMITICER T 5, £/, ZO60 HHDOT—%% 7
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km ¥ 7O E LTRAL, 30 B S®5, 2030 BT —ZI3fEATicfEf]T 5, 7
km#g 77 —2D20 HH, DFE VRN LHZHE 80 HHADT —% % 3.5 km ¥ D HIIIME
ELTHZ, 10 BMMES T2, 35 kmEFT3RITET—ZB/HNIENTWEDIE, Bx )
FEFDOSHHE, DEVENINPOLHEHAHES HEDATHD, Fiz 2L snapshot 7 —#

L3720, AlENEZ o 85 A B (BA% DAYS5) @ 3 kIt snapshot 7 — 4 & 7.0 km ¥ 17 —
B BT LT R 2T,

F9. BOLERT, K1iX3.5 km k&7 —F D OLR OAKVGAMK () & 7.0 km 4
7 —4 O OLR OFFHREREX E (F) 2R LTWD, 7.0 km ReRFIT—2 215 & |
DAY 012, #E 0°-30°E 2K A7 —/1 3000 km FREEDOHRE L CWAEREH D, TDE
IXDAY 28120° CTHZTW5D, L, ZZTIEA—/—27 57 N7 T X & — (Super Cloud
Cluster A; SCC-A) EFES, ZHUTHK LT, DAY 1412 SCC-A OFMNZFR CRRED R Ir—
NVOEBBINTWD (SCC-B), FUT—% &AM L7 THFSE Nasuno et al. [2007] i
XpL, ZOEHTAERMXIEHRELTND500 km A7 —AD7 T 7 K7 T A —THERE
N TE Y., Nakazawa [1988] T/RENTREEIRAEZ /R LTS, ZHUT. ZOET AR
B R B OXMELZFHI L TWVWDHZ L EZEK L TW5AS, DAY 2212 SCC-B o H Mz,
FHELTWAHERA Y RT—LOENENTND, ZOEIZIA—— aL_XTT 17 « R
7 A (Super Convective System; SCS) &FES, ZODEITKRE R 2 DOOFHELETHEINT
HORWKIIRETH 5,

3. #ER

3.1 ETEEE DM R

ZOHITIX, EZ35 km T THONTET—FE2HWD, KIZRE R0, SCC-A D
EHTFICHES km UL RIZELTEY, Jc Lo TIEE 14 km IZHET 5, SCC-B
HIRBRICEEAEES km L ETH Y, BFFNZ L > TEEE 16 km [ HET D, EREOTEM
L0 LMD TTBRHICETEN T, ZHUH LIERRENEFORMA/EL N TV D EE
WaEE<KLTWD, SCSITFEE 14 km ML EDOFEIELET, BANCL > TEEE 18 km 12
EL. BT RsHiEE R 4 — = 2— L TW5D, X 21E, XFHRAEETEFE 22 s
(-180°-180°, 5°S-5°N, ) T L7l KIDFE LR, £ L T2 OHEBNDOEIHS
EOREDORESMHTH D, S/IKIIERE 182 km IZdH Y (/NI TERR L 725k
SR B E) . BERKUTHAR T km BEV, [AEERO e 7 7 AV X0 TTL il
REE (B (Lapse Rate Minimum; LRM) TEZ) 1X11.2 km ThH D Z & 230D
5, EEEEOHEIX, BWE2 km EE 12-14 km LD 2 2D E—2 (bimodal i) %
RLTWD, TiEITE S EWERE, %813 TTL Fusbi it 0L E g OFEIR G LT
HEEZ D (KL TWARIRIEERICHIN), &2 T, BixEHEY (E KK +5+
F)>0.01 g/kg TERFE L7z, BUIRIRWA, 7.0 km FERFNT —F TliL, 5 km T2 32
DO —7 BRIV (K92 %DHEE), trimodal HiEEZ TR T H O H D, T OORERIT, EIH
BEDSANEENRREZE LLSHHRLTWAZLEZRLTWS, mE11.2km 28z 5
EHEEIX25.3 %, T LTHEE182km 2B X 2H)E120.14 % Th 5, BVEE TIEW
72 TTL #NICERMRALTWE Z L Bbnd, ThbDEOL  IIRHEE T/ FEIcE
JEZE L OMFETH -, Tk, K2 (h) RS bHETH B, X2 (F) TG
SN DN ELFR DREHIE |w| DREEEICKTT 2BESMXTH D, 10 ms™! BER D IRVEREDR
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((LFFRIZHIER) 15 0.001 % DSEE TR 16 km, Z LT 1 ms™! 2z 28EFIZ 0.1 %D
BEE TR 16 km IZH. 6D, ZOREERIT. B 16 km L ETIX 10 ms™! 28z % 58O
ERITHREHANIEE A EFE LRV L 2R LTS, ZOFT LOEGH: L E%HiE D /K
R 15 ms™! THH DT, TTL ZENEFIS HAACERD BBl LTV D HEIR & v 5 ARk
DERTHEZ A2 61E, 16 km 2 TTL PR EEICHST 5B 2 b5, TR
BWRTEHZELZTTL FMERAEE LD 45 km BV, 2 5OF L, HEEN TTL NO
177« BAKIZRET D REEE R LTV 5D,

6.2 TTL NTE#T SHEBEL
WIZ TTL N CHBS 2 BEL 2R~ 5, 272 L, Eo#HE L. 7.0 km 75— 24/
LTHRLNIERBROAEFRT S, K 31T PR3N mEE CTh 5 R E 18.2 km @
RO b ORIRMRZE (F2) L AKRAKIESE () OFRFEREWRXZRL TS (Ebb
% 5°S-5°N FH LT\ 3B), KO/ ZRAE, £ LT /MRKARRIRS i e LT
5o ORI 1 () T/RL7ZSCC-A, SCC-B, &L TSCS DI TH DA, il
DY T F DI ROTDAFNIE, T DT 7 FIVTHRE 7V E I ONFEIRES & T
ZLTEY, B> THERINTRERD TIERWZ ERbhotTz, £, RAARKIE
B HREIITARE 7 B R OB (BEEDK) TIiEZe < BEAAREBIZ S LHHE L T
o 72, RWKAKIRA HLOSIRIE 7V B U OBRAAREIZ )G LTV D Ohi, 3.3-2 i
T3,

3.3 TTL ADKFESKEE)

3.3-1 TTL NDOKESBESLEDHE (3.5 km EFT—42 ZHH)

B 4 P ZAEIOTEE) L 7o KR AR RIR G L (SE8R) . SR KZRSURAE (BB ) DERELSARIXITh 5,
BRI (£2), T VE U EOEMAE (1), £ LT B EORNARE () D 3 >DH
AT TSI R & oo T D, BIERK TIX, KAEKIEA AR X 5 i 43 T
Nl BB LY EEThIMNIEML WO TWb, LaL, ETLVD
AARZIRGHAITREE L v EEcHIEP LTnd, ZOETATIE, 7K
ST OKIRIC KAL) TH o 72728, FOFENAEE TITEEFRE MK T T D 2 & A3
FFESlen, L L7zE2ic2 2 THRMThoTe, Lo LAT NV E IR OBRNAHH D )7
DRI L TN D 2 ERNbad, ERFEIRO BT 2 FHN R K AKIRS X
BT T4 - 5 x 1077 kg/kg TH DM, TIUT EHf LI ZBREBEREBLAK TART 2
(2%, 100 hPa THAUT, 174 KL F ORI A LETH D, KIITRI 20V, ZhuEE
DARIR 72 BT T L O H T HARD TRV T LA B ALV (15°5-15°N ,-180°-180°
D 0.01% FREDOFEK), Zibik, YIHIMHED EEE O KZEKIES 3w TR L TW\WD Z
LIEIFLTWB Z Enbrole, DFE D, BEE O A2 K3 i b L f AT o KRS
LFoTHEBHENTE LT, BOMEMNEN L ICER L TYEEICS s ESNTWS, =
ORI, Mote et al., 1994 ThiEim s TR Y, T V& O TR HEATDAER
BAEMEZERTIZLOHLEIEZRL TV,

3.3-2 TTL HDKZEKZEE (7,0 km BRI T—2 #EH)

5 (a)(b) IXZFNENK 3 (&£) TR LT, double/single Kelvin waves fHIRIZIBWT, &7
JVE I O EIRIRZEICHEN AT B K ERE CHRNZIAR 5 72912, double Kelvin waves
Ik (65°E-130°E; 462 #15) & single Kelvin waves ik (-180°-50°W; 925 Hii1) I8V T,

3



KRR THAREI D B ORIMRZED +2 K OFEiiEZE %2 7R LR HRi%Z 6 H 323 VR
Uy b LIERRTH D, KEKIEAMEDI/IMEIT double/single Kelvin waves il T, €L
Zilag +12 KFfHE], lag day +1IZAE T TWBD Z ERNbn5, FFZ, #i# Tlidlag day +5 T
HFH O/ NOKARSIREA MR EC TS, LavL, Wl s big/MIELZE, <1
KRAETIEAHAEDOBMA R 55, L, lag day -4 (B0 A4E & bl L CligElk & b
T ONTKRAERIRA AR WD LTND Z ERbnd,
ZNENDI/NDKIETIRA AR AT TOBRE, X5 (c)(d) 22 &, kEkE D HIED
WEGHRBIHR L TWAEZ ERb0nd, THIIZ IV E RO FITENONAIT AR R 7
HEEDPWZER BB LR & kb LTW5, 3.3-1Hi CIRR7ARIZ, ZOET IV TORLE
B OIE IR T LIRD T, & L CIRBLEMICHIRE L TWD 7D, FAE VIO N AN
DRLFICLEY BRI P > & LR ZE A8 L Bk PE RS S 7= MR (7L o B DRI
TliX, KAREAHIZIBD TR 2o T LE-2TW5, ZOETFTILDOFILE L IEDOFEN
TS CURERE BRI CE RO L, EREE D D ORZER ORI, AT RS A3 R
L TWDZENRFERNER->TND, X6 DKEKIRAGHAEDOSEI A E D & )= E D
5 DR ZER OB ZBEIZE LTV D P, /N DKARKIRA AT EE S kT b
DI T, BEL1T-18 km IZALE LTW5D, ZOREY, Z i Cramsd T b E s
AL TS, ZORINDKEZIRG IEDOARKITIZ, 50O TEEULE D BIROR N EE L
TWADTIERVNEBZ 2 bILD, FIEE DO DRIRZEK OB & RO FEED 2 5
DNREDINDEG DD ERNDKERIBA M E R L TND BN, 72720, KD
KRABKIRAG AL Z A 2 1215, FOKAKESHMESHEML CNDZ LE2BEX D ErLE Y
WIX7 L—F% 0 F U TR 72 B2 [ DL 21T/ o T2 ol TldZe <. K& Ze$hiE &AL
REUSERERITRELEE2 NS, LL, Bl LE X 51T lag day-4 ICHA_7 L ELED
HIRHEAEKREIIE- TV D7D, BIROZIRR X, 7 L —F 0 7T X ARk
2L THAREREZD (£ Z0BIOFIRA~IEST D2 7E0) ST LR > TS
DB ENTR, T, BICE 2R THLI0NIFACHERT ILERD D,

4. F&H

NICAM DOKBERER, 35 km#B T —F & 7.0 kmB T —FZfifr L. LLFORR%E

N e . B N
TSI TTL 1B AT B SR E IR G R EIR D 25.3 %. 7 L CHE 18.2 km %

2 HBEIL0.14% ThoTz, .
o TTLINTITRE S WV E VB HB L TEB Y, TTL NOKIRE KA IR L TX

R Toh o7, o o ‘ )
o I/NDKATIRA WAL, 7NV E D FHENONMANTFE, RE D b iR2eA

DMATBHZETHELINTWE, £72, 22 TIEIBRD THRWERNAET TR,
DB ORNIR TKRAKEICEE L TWD R D 5,
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(1:FREPKRBE - 2. mZHEK-£FHE 3: JAXA 4:FRCGC/JAMSTEC)

1. [XC®IC

JEEREFOE L 2— I TH HARET A > FEEIC IS T BRI e 1
REMGEZ WS L, REFIRTIX, 204U DAz, MR E
AECEMERFT 2 Z XLV, Lov L, 2R CTH RHBICIZM R 72 IR R A &
EOHTZ LT TE T, 2N HITREEEESDEREOBLENOEETH D,
2006 4= Z5E B4 L 7-ff 2 COSMIC (% GPS HIN 2 F 7= il 151 K D IR
T — 4 & 495 (Anthes et al. 2008), COSMIC (%, 6 fHOKEER RSB S
NTNDTZOIZ, ETE VIZD N HOBRIEZITH Z &N TE D, ZOWE
TlX, COSMICIRET —# ZHz, BBt 22 &2k, WA
REETHWE SNEREBORM L Zhg L) £ ERBEIC OV TRRD,

2. T—4

R COSMICIZ & 2 fEilIE 8L TS 5 AL 7= NOAATZ it D H28R J& (Dry
Temperature: 2006-2007)Z FV 5, Z OWREEIL, BHTHREOZb N0 E LB BEE O
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Abstract

The present paper investigates the relationship
between the skin sea surface temperature (SSTskin)
and precipitable water (PW) observed over the tropical
Indian Ocean. PW is derived from shipborne Global
Positioning System (GPS) data.

Composite diurnal variations show that the
afternoon peak in PW and convective activity are
associated with a pronounced increase in SSTskin
during the undisturbed period. Variations in water
vapor and temperature profiles indicate that
mixed-layer growth and moisture transport by dry
convection associated with SSTskin rise play a critical
role in the observed PW increase.

1. Introduction

The sea surface provides sensible and latent heat
to the atmosphere, and variations in sea surface
temperature (SST) have a large impact on weather and
climate. Temporal variations in SST occur at various
scales ranging from 24 h to several years. The SST
diurnal cycle, resulting from radiative forcing by the
sun, is one of the most fundamental and pronounced
cycles.

SST diurnal variations are prominent in
undisturbed (mainly clear), light-wind conditions (e.g.,
Johnson et al. 1999). Light wind condition indicates
suppressed turbulence; accordingly, it is likely that
turbulent heat transfer from the ocean to the
atmosphere is inhibited during undisturbed periods
and that at such times the atmosphere is not
significantly influenced by SST diurnal variations.
However, it has been reported that the diurnal
amplitude of the skin SST (SSTskin) exceeds 5 K in an
extreme case, and can lead to an increase in net surface
heat flux from the ocean of 50-60 Wm=—=2 during the
daytime (Kawai and Wada 2007).

It is well known that over tropical oceanic regions
free from continental influence, convective activity
peaks in both the afternoon and early morning during
the undisturbed period, whereas it shows a diurnal
cycle with a peak in the early morning during the
convectively active period. Therefore, it is considered
that the enhanced heat flux associated with large
diurnal SST rise plays a role in driving convection
during the undisturbed period (e.g., Webster et al.
1996; Chen and Houze 1997; Sui et al. 1997; Sui et al.
1998; Johnson et al. 2001).

The sensible and latent heats provided from the
ocean directly affect the structure of the atmospheric
mixed layer and water-vapor content in the lower
troposphere. It is therefore necessary to investigate
changes in these heat transfers related to the diurnal
SST variation in order to understand the impact of this
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Fig. 1. Diurnal variations in GPS-derived PW observed during
MISMO. A 2-hour running mean is adopted to smooth the
data.

variation on convective activity during the undisturbed
period; however, only a few papers have studied the
evolution of the atmospheric mixed layer over the
tropical open ocean during undisturbed conditions
(Serra et al. 1997; Parsons et al. 2000; Johnson et al.
2001). Moreover, no previous investigation has reported
details of diurnal variations in moisture, partly because
of the difficulties involved in undertaking precise
observations of water vapor over the open ocean.

Some radiosonde humidity sensors continue to
suffer from dry bias, especially during the daytime of
the undisturbed period (e.g., Vomel et al. 2007;
Yoneyama et al. 2008a), and temporal resolution is
usually insufficient (four times per day) to enable a
detailed examination of diurnal variations. PW can be
retrieved from GPS observations with high accuracy
and high temporal resolution (e.g., Rocken et al. 1993).
Accordingly, thousands of ground-based GPS sites have
been established all over the world. It has also been
shown that PW derived from shipborne GPS is of
similarly high quality to ground-based GPS (e.g.,
Rocken et al. 2005; Fujita et al. 2008).

The present study arose from a field experiment
conducted in the central equatorial Indian Ocean
during October—December 2006 aboard the research
vessel Mirai of the Japan Agency for Marine-Earth
Science and Technology (The Mirai Indian Ocean cruise
for the Study of the MJO-convection Onset (MISMO);
Yoneyama et al. 2008b). During the intensive
observation period (IOP), the diurnal variation in
GPS-derived PW showed a clear maximum in the
afternoon (Fig. 1). The present investigation examines
the influence of the SST diurnal variation on the
afternoon peak PW (The predawn peak is not focused
on, although the peak is also prominent). To the best of
our knowledge, this is the first paper to accurately
describe diurnal variations in water vapor over the
open ocean.

The remainder of the paper is organized as follows.
In Section 2, we present a brief description of the data
and meteorological conditions during the observation
period. A composite analysis is undertaken in Section 3
to examine the influence of SST on PW variations.
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Diurnal variations in rainfall and development of the
mixed layer are also considered. The main results of
the present study are summarized in Section 4.

2. Data sources

The data utilized in the present study were
obtained by stationary observations over the Indian
Ocean (around 0°NS, 80.5°E) from 26 October to 23
November 2006 (29 days) during the MISMO
observational campaign. During the IOP, various
measurements were conducted in addition to the
monitoring of surface meteorological conditions.
C-band Doppler radar was operated to obtain the
spatial and temporal distribution of rainfall within a
160-km range every 10 minutes. Atmospheric sounding
by radiosonde was carried out every 3 hours (02, 05, 08,
11, 14, 17, 20, and 23 LT), and PW was measured using
a shipborne GPS (Fujita et al. 2008). An infrared
sea-surface temperature autonomous radiometer
(ISAR) instrument was mounted on top of the ship’s
foremast to measure sea skin, sky, and tow internal
blackbody temperatures using a narrow field-of-view
IR radiometer (Donlon et al. 2008). Individual samples
of ISAR were taken every 2 to 3 seconds; an entire
sweep required about 3 minutes. Samples were
processed to a standard 10-min averaging time.

Figure 2 shows the infrared equivalent blackbody
temperature (TBB) measured by METEOSAT during
the IOP. Westward- and eastward-propagating
convective areas reached the observational site during
the first and second halves of the IOP, respectively.
According to Madden—Julian Oscillation (MJO)
monitoring undertaken by the National Oceanic and
Atmospheric Administration/Physical Sciences
Division, USA (http://www.cdc.noaa.gov/),
eastward-propagating convective areas in the late IOP
are identified as an MJO signal. The MISMO
observational campaign corresponds to the transition
period from the MJO inactive phase to the active phase.

3. Results

3.1. Diurnal variations in SSTskin and rainfall

During the convectively suppressed period, the
SST exhibits prominent diurnal variations (Fig. 3).
Diurnal variations in SSTskin observed using the ISAR
instrument are especially pronounced, with the
amplitude exceeding 1.5 K on occasion. To clarify the
role of SSTskin in the PW afternoon peak, we sample 9
days with either prominent or negligible SSTskin
diurnal variations (red and blue dots in Fig. 3).

Figure 4 shows the composite of the SSTskin
diurnal variation. In the case with prominent SSTskin
diurnal variation, SSTskin peaks at around 1400 LT
and the mean amplitude is about 1.5 K. In the case
with negligible SSTskin diurnal variation, the
amplitude is 0.2 K or less. Figure 5 shows the
composite diurnal variation in the coverage of C-band
radar echo for reflectivity factors of >15 dBZ at 3 km
within a radius of 160 km. Radar echo is classified as
either convective or stratiform type following the
method proposed by Steiner et al. (1995). When the
SSTskin diurnal variation is prominent, the convective-
and stratiform-type echo coverages show major peaks
in the afternoon (Fig. 5a); in contrast, when the
variations are negligible, major peaks are found in the
predawn (Fig. 5b). These results agree with those
obtained in previous works (e.g., Sui et al. 1997).

3.2. Diurnal variations in PW
Figure 6 shows the composite diurnal variation in
the GPS-derived PW. In the case of prominent SSTskin
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Fig. 2. Time-longitude cross-section of infrared equivalent
blackbody temperature. Solid line indicates the longitude of
R/V Mirai during the IOP.
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Fig. 3. Evolution of SSTskin (green line) and intake port
sea-surface temperature (black). SSTskin was measured using
the ISAR instrument (see Section 2). A 2-hour running mean
is adopted to smooth the data.
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Fig. 4. Composite diurnal variations in SSTskin. Solid and
dashed lines represent cases with prominent and negligible
diurnal variations in SSTskin, respectively. A 2-hour running
mean is adopted to smooth the data.

diurnal variation, PW shows a pronounced peak around
16 LT, and the amplitude is 1.5-2 mm. In contrast, no
clear peak is found in the afternoon in the case of
negligible SSTskin diurnal variation. The error
involved in GPS-derived PW is about 1 mm (Fujita et al.
2008), meaning that the amplitude obtained in the case
of prominent SSTskin diurnal variation is likely to be
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significant.

At times when SSTskin diurnal variation is
prominent, the convective-type echoes coverage peaks
at around 17 LT, following the PW maximum, and the
peak of stratiform-type echo coverage follows the
convective-type peak (Figs. 5 and 6). The observed
sequence of development strongly supports the
proposal that SSTskin diurnal variation controls
afternoon convective activity over the open ocean
during the undisturbed period, as discussed in previous
works (e.g., Webster et al. 1996; Chen and Houze 1997;
Sui et al. 1997; Sui et al. 1998; Johnson et al. 2001). PW
shows a minimum at the peak time of stratiform-type
echo coverage, resulting from the consumption of water
vapor by rain production.

3.3. Vertical transport of water vapor and development
of the atmospheric mixed layer

Figure 7a shows radiosonde-derived diurnal
variations in the vapor mixing ratio in the case of
prominent  SSTskin  diurnal  variation. The
vapor-mixing-ratio data are corrected, making use of
the  Meteolabor  Snow  White  chilled-mirror
dew/frost-point hygrometers (see Yoneyama et al.
2008a). The water vapor starts to increase at around
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Fig. 7. Composite diurnal variations in water-mixing-ratio
anomaly (a), potential temperature (b), and heat flux (c) for
cases with prominent diurnal variations in SSTskin. In panel
(a), the daily mean value is subtracted to obtain the anomaly.
In panel (b), the contour interval is 0.1 K, and the color-shaded
area shows the vertical gradient of potential temperature
(K/km). In panel (c¢), the solid and dashed lines represent
sensible (left axis) and latent heat flux (right axis),
respectively.

the 950 hPa level at 14 LT, while a dry anomaly is
found near the surface. The positive anomaly area is
extended to the 900 hPa level at 17 LT, associated with
the PW peak and development of convection (Figs. 5a
and 6). Following further upward extension of the
positive anomaly area, the vertical transport of water
vapor ceases, in agreement with observed variations in
radar echo coverage (Fig. 5a).

The vertical gradient of potential temperature can
be considered an indicator of the mixed layer. When the
SSTskin diurnal variation is prominent, temperature
in the lower troposphere increases after sunrise (Fig.
7b). Associated with this temperature increase, the
mixed layer extends upward, reaching a maximum at
around 14 LT. The development of the mixed layer
corresponds to the PW increase (Fig. 6). The deepened
mixed layer is maintained until 17 LT, when a peak is
observed in convective-type radar echo coverage. The
distinct diurnal variation in the mixed layer is similar
to that over land, and the SSTskin diurnal variation is
likely to exert a strong influence on the development of
the mixed layer, as discussed by Johnson et al. (2001).

The level at which water vapor starts to increase
(around 950 hPa in Fig. 7a) is situated just above the
top of the mixed layer (around 950-960 hPa). This
coincidence indicates that dry convection in the mixed
layer is responsible for the moisture increase at the 950
hPa level, which is also consistent with the dry
anomaly observed near the surface. Moisture supply
from the ocean would immediately counteract the dry
anomaly near the surface. A rough estimate can



account for the observed PW increase of 2 mm. In this
calculation, the change in the mixed-layer depth and
mean vapor-mixing ratio in the mixed layer are
assumed to be 100 m and 1.7 g kg1, respectively.
Therefore, growth of the mixed layer and moisture
transport by dry convection (and immediate moisture
supply from the surface) associated with SSTskin rise
play a critical role in the afternoon PW peak during the
undisturbed condition.

The sensible and latent heat fluxes show a clear
diurnal cycle (Fig. 7c); however, our rough estimate
indicates that the value of latent heat flux (40-80 W
m=2) over 6 hours (08-16 LT) yields a PW increase
(0.35-0.7 mm) that is too small to account for the
observed increase (1.5-2 mm). The sensible heat flux
provided over 6 hours (2-8 W m2 —0.1 to 0.5 K) is also
smaller than the temperature increase (about 0.6 K) in
the mixed layer. In the calculation, the mixed-layer
depth is assumed to be 300 m (from Fig. 7b), and the
surface fluxes were obtained according to the
techniques of Fairall et al. (1996). The
parameterization might tend to underestimate surface
fluxes in the wundisturbed condition. Further
investigation is needed to evaluate the relative
contributions of large-scale convergence and surface
fluxes to the evening PW peak.

4. Summary

The present investigation focused on the evening
PW maximum observed over the tropical Indian Ocean
during MISMO, a field experiment conducted in the
central equatorial Indian Ocean during
October—December 2006 aboard the research vessel
Mirai. PW was derived from shipborne GPS. This is the
first paper to accurately describe diurnal variations in
water vapor over the tropical open ocean.

During MISMO, a pronounced diurnal cycle in
SSTskin was found in the undisturbed condition. To
clarify the role of SSTskin in the evening peak of PW
and radar echo coverage, we sampled 9 days with
either prominent or negligible diurnal variations in
SSTskin. Composite analysis clearly demonstrated that
the evening peak in PW and development of convection
are associated with a pronounced increase in SSTskin
during the undisturbed period.

Radiosonde-derived variations in the vapor mixing
ratio and temperature in the mixed layer indicated that
mixed-layer growth and moisture transport by dry
convection associated with SSTskin rise play a critical
role in the evening peak of PW; however, the surface
fluxes calculated using the techniques of Fairall et al.
(1996) cannot completely account for the observed
increase in water vapor and temperature. Further
investigations are required to assess the relative
contributions of large-scale convergence and surface
fluxes to the evening PW peak.
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Dipole Antenna Orthogonal Loop Antennas Monopole Antenna
Observation target E-field of lightning B-field of lightning atmospherics E-field of standard-
atmospherics time radio waves
Size of ant. Element 2 m length 1 m x 1m square 2 m length
Obs. Frequency 1-40 kHz 100 Hz - 40 kHz 100 Hz - 10 kHz 40,60 kHz etc
Recording system PC 1 (Desktop) PC2 (Desktop) PC3 (Laptop)
Sampling 100 kHz, 16-hit resolution 20 kHz, 16-bit 200 kHz, 16-hit
Data amount ~500 GB/year (4 MB/record) 215 GB/year 15 GB/year
Power Average: ~400 W (max: 800 W)

VLF FERGNBLH & W17 LT, AR TIZBEED CCD I A T & F—F 5T AT L laE - =
T LEFERKL —F = HEICHK 75 km BfifL7- Padang (2R E L., JERIC AT 2 —FEXr—
NDEFET=H) T HITH, KA IRTHEY ., Padang 22k DT < \ZHFLERFZER R HERE (JAMSTEC) @
BT D MIA L—X—H A FBTELE L, 3100 km (2381 2 BEARIREE DB 21T > TV 5, FRiE KK
L—F— X2 D MIA « X N> R L —Z—OBIEFHICALE L TR Y . mEOMMIRBC LY, Y%
ARSI 2 Bk & RGE S DR ZE R &S 2 FEMICIE 2 D 2 LN TE D, AFEEOEBI S A 71X MIA
L—F—H A MIEBEL, RERK L —F—OMET L HAZENT 5 (X5%5258), ThEhol
— =l Lo THBONDEIERBT —Z EARADATICE > THEONDENT —F 2+ 5 2 & T, HBiGH
& Bk - JEUEYS & ORREFEINICIEZ D, W AT VAT NI/ ERE CCD A F ., GPS 7
THROZFEE, ©TF XA LA V=% ETET vIxnbR0 ., ZO#TEE 2R, BT
HARBERR L —F — DI AT REERKIRALN > TEB Y | WEBRIOREE L 25T oA
THNFET D, X—7 v b THDENRIIETITHARTHICHDLWEHRTIEH 50, 8BS %
TELRV A ESEDI-0, B ATORITICY A7 OKE &2 RIS E2RCE L. KB OE M
HEEN 2 & D T RET, £7o. HFRICH AT LEE) L CHBIMICK D 21T 5 FEEkim L o
Rz, BEREMDRVBIRINFRECH D, T — stk e L CEMA L HDD B 4
L a—X—|Z500GB D K&E72T —#KF&E2A L, BLHlEEZ MPEG-4 JE£i#i L CIRIFT 5720,
RO 2 REEGBHN AR TH D, £z, FEXREDOBONEABRGE NS LFOHRT — X %
FLEkT S, MU —GlERT— FEOFH LB Z1T ) 58123, 1Y EA T U AN G0
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K 2. RGBT AT LD
Observation target Lightning flash (IC & CC & CG)
Field of View 57 deg (hor) x 43 deg (ver)
Number of Pixels 720 pxls (hor) x 480 pxls (ver)
Sampling frequency 30 flames per second
Data storage 500 GB

# 3. ThETORIEEAHRDTIE (2008 4 10 H HAE).
Year 2007 2008 2009
Month mlw2(l|2|3|4|s5|6|7|8|9|10]11|12|1|2]3
Preparation | Spralurn | Sayabur Ponfiangk
Installation | 2irapn] Padang SaraByui Pontiana
Observation >
Maintenance sziang ’]‘a}'gan
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AL, 1 HIC10 VT —2 085 6nb 2 b 50, LIZLIEEW A X2k >TSINBEL
SHEHLDHZ ENHLMNI o772, NCKU BNHiNHLLEBICALE L, FHTIZiEvyy 2 A RPRNFET D Z &N
FIREZz bb7-H, 200845 A L 9 AIZ&4 oo B EmM I 2 THE LU-, FORE, mfihnd
30 km 1 FEEN - TN FH EEVNER O R EEAFIHT A Z ENAETHY . /A AL~ h Rz b
IHEDND BV, BIFE, 2008 4F 11 A FHICHESEA v T F o 2k k- BREEXDEREZ FE L T\ 5,
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21T TWND,
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Do

B, W AT & 1O VLF & A7 A(Tainan) OFXENKET L, B Z kG Ch 5, 4. Saraburi
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Comparison study of lower-tropospheric horizontal wind over West
Sumatra, Indonesia using NCEP/NCAR reanalysis, operational
radiosonde, and the Equatorial Atmosphere Radar

Tri Handoko Seto'?, Y. Tabata', M. K. Yamamoto', and H. Hashiguchi1

'Research Institute for Sustainable Humanosphere, Kyoto University, Japan
Agency for the Assessment and Application of Technology, Indonesia

1. Introduction

The Indonesian Maritime Continent (hereafter IMC) is mainly composed of five large
islands (Java, Sumatra, Borneo, Sulawesi, and Papua) and many small islands surrounded by the
sea with high surface temperature. Due to local circulations caused by its topography, IMC is one
of the regions where deep cumulus convection occurs most frequently (e.g., Yamanaka et al., 2008).
Because cumulus activity over the Indian Ocean, IMC, and the western Pacific is also modulated
by synoptic-scale disturbances such as intra-seasonal variation (ISV), many studies have
investigated synoptic-scale wind disturbances over it using global objective analyses (e.g.,
Matthews, 2000). However, over IMC, atmospheric observations used as inputs of objective
reanalysis are sparse. Though IMC has longitudinal extension of ~4000 km, only 12 radiosonde
observation sites cover this region (Yamanaka et al., 2008; Okamoto et al., 2003). Therefore the
wind quality over IMC reproduced in objective reanalysis needs to be examined by observational
data.

At West Sumatra, there is radiosonde observation site (Padang; 0.88°S, 100.35°E, 3 m
above sea level) as well as VHF-wind-profiling-radar site (Kototabang; 0.20°S, 100.32°E, 865 m
above sea level). Radiosonde data observed at Padang are reported through Global
Telecommunication System (GTS) and hence have chances to be assimilated in objective
reanalyses. Sumatra is located at the eastern edge of the Indian Ocean and has a high mountain
range along its southwestern coastline. Nitta et al. (1992) reported that this topography prohibits
smooth eastward propagation of cumulus activity and lower-tropospheric westerlies associated with
ISV. Murata et al. (2006) also reported that dry intrusion from Indian Ocean suppressed convection
over Sumatra. Therefore knowing wind variations over Sumatra is important to understand the ISV
behavior. In this study, using observed horizontal winds, it is demonstrated that wind observations
over Sumatra contribute to improve wind quality reproduced in National Center for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis.

2. Data and analysis method

Zonal and meridional winds analyzed in NCEP/NCAR reanalysis have time and horizontal
resolutions of 6 hours and 2.5° x 2.5° respectively. For details of NCEP/NCAR reanalysis, see
Kalnay et al. (1996). The level of 700 hPa, at which lower-tropospheric wind is strongest and
dominantly changes with intraseasonal scale (30-60 days), was selected. Horizontal wind data at
the closest grid (0°, 100°E) to radiosonde and radar sites were used for the analysis. NCEP/NCAR
reanalysis is useful to know statistical feature of synoptic-scale phenomena in and around the IMC
like intraseasonal variation (ISV) (e.g., Jones and Carvalho, 2006). Radiosonde data at Padang
available from National Oceanic and Atmospheric Administration Earth System Research
Laboratory (NOAA/ESRL) database were used. Number of radiosonde data reported through GTS
during 2001-2007 is listed in Table 1. 1562 observations were reported during 2001-2007, but only
radiosonde data at 00 Z were used before 2005 because most of the observations at 12 Z were
carried out by pilot balloons. Radiosonde data both at 00 Z and 12 Z were used after 2005.
Okamoto et al. (2003) reported that radiosonde winds reported through GTS contain unrealistic
winds. Because unrealistic winds exceeding 50 m/s were also found in the dataset used (not shown),
screening of radiosonde data was carried out. By removing wind data where difference between
radiosonde wind and wind analyzed by NCEP/NCAR reanalysis (hereafter analyzed wind)
exceeded 10 m/s, 27 radiosondes data were removed from our dataset (Table 1). In 110 radiosonde
reports, data at 700 hPa were not recorded.



Table 1. Radiosonde observations at Padang during 2001-2007. 'Reported' is number of data reported through
GTS. 'No 700 hPa' is number of data which do not have available data at 700 hPa. 'Screened' is number of
data screened. 'Available' is number of data available for data analysis.

Year 2001 2002 2003 2004 2005 2006 2007 Total
Reported 74 94 96 36 112 495 655 1562
No 700 hPa 4 7 4 1 13 39 42 110
Screened 3 2 1 0 1 15 5 27
Available 67 85 91 35 98 441 608 1425

A VHF wind profiling radar, referred to as the Equatorial Atmosphere Radar (hereafter EAR), is
operated with a center frequency of 47.0 MHz. For details of the EAR, see Fukao et al. (2003). One
beam of the EAR is pointed vertically and four others are tilted to the north, east, south, and west
with zenith angles of 10° to observe vertical and horizontal wind velocities. In the standard
observation, time and altitude resolutions are ~90 sec and 150 m, respectively. To compare 700 hPa
winds obtained by NCEP/NCAR reanalysis and radiosondes, zonal and meridional wind observed
by the EAR were averaged over 2.8-3.5 km altitudes and every 6 hours. 6-hour averaging was
selected to match the time resolution of NCEP/NCAR reanalysis. Average of geopotential height of
700 hPa level was ~3.15 km. Note that changing altitude average (to 3.0-3.3 km) did not
significantly change findings in this study. The EAR has been continuously operated since July
2001 except some data gaps due to power failures or system troubles.

3. Result

Horizontal winds observed by the EAR and by radiosondes were compared to examine their
differences. The distance between observation sites is ~100 km. Fig. 1 shows scatterplots of zonal
and meridional wind observed by radiosondes and the EAR. For zonal wind, correlation coefficient
and slope of radiosonde to the EAR were 0.87 and 1.04, respectively. For meridional wind, they
were 0.74 and 0.75, respectively. This result indicates that horizontal winds observed by
radiosondes and the EAR show good agreement, and hence horizontal wind observed by the EAR
can be used as a proxy of winds around 0°, 100°E. Previous studies have shown that zonal wind
observed at Kototabang is modulated by synoptic-scale disturbances such as ISV (Seto et al., 2004;
Seto et al., 2006; Shibagaki et al., 2006). It is noted that meridional wind observed by radiosondes
is considerably larger than that by the EAR. Due to the fact that amplitude of meridional wind was
smaller than that of zonal wind, contributions of local-scale phenomena would be greater for
meridional wind than zonal wind.
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Fig. 1. Scatterplots of (a) zonal and (b) meridional winds observed by radiosondes and the EAR. r is
correlation coefficient, dev is standard deviation of distances of data points from the regression line,
and n is number of data.

Analyzed wind is compared with that observed by the EAR. Fig. 2 shows scatterplots of
zonal and meridional wind between the EAR and NCEP/NCAR reanalysis. It can be seen that there



is a good correlation between them. For zonal wind, correlation coefficient and slope of the EAR to
NCEP/NCAR reanalysis were 0.84 and 0.74, respectively. For meridional wind, they were 0.69 and
0.88, respectively. These results indicate that analyzed wind is smaller than observed wind.
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Fig. 2. Same as Fig. 1 except for winds observed by the EAR and reproduced in NCEP/NCAR
reanalysis.

Fortunately, two observation sites exist near 0°N, 100°E, and only radiosonde data at
Padang had chances to be assimilated to NCEP/NCAR reanalysis. Relationships of wind observed
by the EAR and analyzed wind were investigated by separating the period when radiosonde
soundings at Padang were reported (Period A) from the period when radiosonde soundings at
Padang were not reported (Period B). Fig. 3 shows scatterplots of zonal wind by the EAR and by
NCEP/NCAR reanalysis in Periods A and B. Correlation coefficient in Period A (0.90) was better
than that in period B (0.79). Slope in Period A (0.82) was better than that in Period B (0.66).
Standard deviation in Period A (1.58 m/s) was better than that in Period B (2.07 m/s).
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Fig. 3. Scatterplots of (a) zonal and (b) meridional winds by the EAR and NCEP/NCAR reanalysis in
Periods (a) A and (b) B.
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Fig. 4. Same as Fig. 3 except for meridional wind.



Fig. 4 shows scatterplots of meridional wind by the EAR and by NCEP/NCAR reanalysis
in Periods A and B. Coefficient correlation in Period A (0.77) was better than that in period B
(0.63). Slope in Period A (0.96) was better than that in Period B (0.80). Standard deviation in
Period A (1.25 m/s) was better than Period B (1.62 m/s). These results indicate that assimilating
radiosonde data to NCEP/NCAR reanalysis contributes to improve wind quality of NCEP/NCAR
reanalysis at West Sumatra, though Schafer et al. (2003) have suggested that different spatial and
temporal characteristics of observed and analyzed wind cause discrepancy between them.

4. Summary

Horizontal wind at 700 hPa over West Sumatra analyzed by NCEP/NCAR reanalysis was
compared with wind observed by a VHF radar at Kototabang during 2001-2007. Radiosonde data
at Padang, near radar site, were reported through GTS and had chances to be assimilated in
NCEP/NCAR reanalysis. To examine if radiosonde observations at Padang improve wind quality
of NCEP/NCAR reanalysis, dataset of radar wind were divided into the period when radiosonde
observations were reported though GTS (Period A) and when they were not reported (Period B).
For Periods A and B, NCEP/NCAR-reanalysis wind was compared with radar wind. In Period A,
both zonal and meridional winds showed better correlation coefficients (0.90 and 0.77) than in
Period B (0.79 and 0.63). Amplitudes of NCEP/NCAR-reanalysis zonal and meridional wind in
Period A were 82% and 96% of EAR winds, respectively and hence showed a better agreement
than in Period B (66% and 80%). These results indicate that wind observations at West Sumatra
contribute to improve wind quality of NCEP/NCAR reanalysis there.
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Model Data Regions - All
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Lecture series 1 Aug 11-15

Theme: Cloud science and radar observation of the atmophsere
Lecture 1a: Prof. Yashushi Fujiyoshi, “A short course in cloud science”
Lecture 1b: Dr. Masayuki Yamamoto, “Radar observation of the atmosphere”
On-site training Oct 14-17
Theme: Wind and temperature observations using the Equatorial Atmosphere
Radar
Lecturer: Dr. Junichi Furumoto
Lecture series 2  Nov 10-14
Theme: Optical observation of clouds and the atmosphere

Lecture 2a: Dr. Suginori Iwasaki, “Optical observation of clouds”
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Lecture 2b: Prof. Takuji Nakamura, “Optical observation of the atmosphere”
Workshop Mar 2-6
Joint program with the JSPS program “Prevention and Mitigation of Meteorological

Disasters in Southeast Asia”, lead by Prof. Shigeo Yoden

31T 8 HOEPHERFFDOTEH &2 HHT D,
HFEIET 1 7T L E LTIRE TE L TWD/EfiFH»Th L,
® MU L —&— /HPRK
Anandan (NARL, India) & Tsuda, Furumoto (RISH) 2008 4 7 7 (S #)
7 —= : 3D wind imaging and momentum flux measurement by using MU radar
® MU L —%— ~EREE
Patra (NARL, India) & Yamamoto (RISH)
o &N
A v FRUT-HEE LX) i thd

SHOFHE

21,22 FEEIIRD LD 270 7T LaFEhid 52 & aHaf L T o,
(1) % : H21, H22 £ & b H20 M L RERICR TR EZ A P U7 (N Ry
Ty IF) Chfk,

(2) HLFEME . MU L—%— EAR OEFRILEFIH & ek

(3) YAV UL (BFH)
H21 2 11 AICHECTEEES VAR YU A& Bl (R AR T AT
7£) International Symposium on Radar and Modeling Studies of the Atmosphere
(tentative) LAPAN, NARL, Oklahoma-U
H22 4£f£: AOGS (Hyderabad, Aug 2010) D g% (Z NARL (Tirupati) TV —7 ¥ 3 v
77 B, WINDS ZFIH L. NARL-5UKR-/3 0 R LRI TT V& Eiii,



144° E
@

Ka

Ku

RISH( )

Joss-drizzle
Jt

20dB

DSD

6/4GHz 10GHz
10GHz
@
Ku 10GHz
RISH EAR
2003 2006 4 C
Ku 14/12GHz
2008 C 143°
30/20GHz WINDS
Ku C
DSD
Marshall-Palmer MP Joss-thunderstorm
(€]
DSD
Jt EAR( )
Jd Jt
3
2003 2006 RISH EAR
3
@ (b) DSD MP
4 DSD

ITU-R

Jd

(  RISH) ( /' RISH)

15dB



Ku Ka
Ka WINDS
OECU
N-STAR 19.45GHz 49.5°
G Ka 2003 2006
N-STAR OECU
GHz 41.4°
DSD Jt MP Jd 3 Ku
N-STAR N-STAR
DSD MP ITU-R “
Ka Ka
Ku
DSD
BS N-STAR 110°
N-STARa 2006 N-STARb  136°
1
Ka WINDS
RISH EAR
Ka WINDS
(@ (b) WINDS
28.05GHz  18.25GHz
MBA EAR
RISH EAR
(@ 2004 8 17 RISH (b) 2006
WINDS Ka
RISH Jt EAR Jd Ku
RISH EAR 90mm/h
Ku 15 20dB Ka
30 75dB
Ka WINDS RISH EAR
2003 2006 DSD
(@ (b)
0.01 60mm/h 85mm/h
Ka @
Ku ITU-R
EAR 0.01 ITU-R

CS-2 CS-3

BS 11.84

BS Ka
Ku
20GHz

132°
30°

2003 2005

Ku

RISH
APAA
(6)
16 EAR

DSD

RISH EAR
ITU-R

Ka

Ku



RISH Ka

0.01 50dB  25dB 0.001 80dB  40dB
ITU-R
0.01 0.004 OECU
N-STAR
Ku 14/12GHz RISH
EAR 2003 2006 Ku
Ku Ku Ka (20GHz
) OECU Ka
ITU-R DSD
Marshall-Palmer MP
DSD
RISH EAR
Ku Ka
Ka WINDS
2003 2006 EAR RISH 0.01 ITU-R
WINDS
(1) 430 ., 1977.
2) B-1-13 2008.

(3) Maekawa et.al., J Meteor. Soc. Japan, \Jol.84A, pp.211-225, 2006.
(4) ITU-R, Recommendation P618-8, 2005.

(5)
(6) “WINDS

AP08-75 2008
( ) 2006.



~—~
QD
~—

Time Percentage [%]

RISH, Japan (Superbird C)

N
(63}

- N
9] o

—
o

LB B B B LI N R R B B S S B B B |

PRI [N T Y N N N T T T T [N T T

Aug.26,2003 |
4 Jul.31,2005 A
X Jul.14,2006 7]

(@,

Up—link (14GHz) attenuation [dB]

0 5 10 15 20 25
Down—link (12GHz) attenuation [dB]

0

1 RISH Ku
RISH, Uji, Japan b EAR, Sumatra, Indonesia
Jan.2003 — Sep.2006 (b) Jan.2003 — Sep.2006
T T T T T T T T T IUFI)_Iliﬁll< T T T T T T T T T T T T T T 'Uﬁ_iinl;’ T T T T
1E a&— Down-link . '§‘ 1F a—a Down-link .
£ --- DSD at each event 13 — E --— DSD at each event 3
E ~-=- Marshall Palmer o C ~ Marshall Palmer
i —-— MU-R ] g 3 1
0.1k - S 0.1F -
E 3 8 F E
E ] o F ]
C ] o - ]
- i (]
0.01 E & 0.01 ¢ N 3
E E = E N E
C L N . = C N I L . NS ]
0 5 10 15 20 0 5 10 15
Attenuation [dB] Attenuation [dB]
2 (a)RISH (b)EAR Ku

OECU, Neyagawa, Japan
Jan.2003 — Dec.2006

T I TTTT I TTrTrT I TTr 1T I T I TTr 1T I Tr T
1k e—o CS (19.45GHz) .
I E ‘\ a—=a BS (11.84GHz) 3
— EoA RS --- DSD at each event 4
) L N —--—- Marshall Palmer ]
=y I
2 0.1k =
C = 3
9] F ]
o C ]
5 C ]
Q L i
0 0.01F - =
€ E Req 3
= C RN
NPT IRPIFIFE EEFEPID WPEFIN I IR I X W

0 5 10 15 20 25 30 35
Attenuation [dB]

3 OECU Ku Ka

N
o



(a) (b)
WINDS: Rain at RISH WINDS: Rain at EAR
. — ‘ Aug 17, 2004 , Sep 16, 2006
E 50 E 50 “"J,;
[l [l
E’GZOE S\..H ! ﬂ.l\ w_____M M i ESZF | | L i
4 (a)RISH (b)EAR Ka WINDS
(a) (b)
WINDS at RISH WINDS at EAR
Jan.2003 — Sep.2006 Jan.2003 — Sep.2006
10 T T T T T T T 10 B T T T T T T T
— P e—e Up—link (28.05GHz) —_ o—e Up—link (28.05GHz) ]
» 1 R s— Down-—link (18.25GHz) { 3¢, )L &—= Down-—link (18.25GHz) 1
o) ?\\\\ —-——— ITU-R (28.05GHz) 3 [ : —-—— ITU-R (28.05GHz) 3
8‘ - 3 ———- ITU-R (18.25GH2)E g’ - ITU-R (18.25GH2)E
& 0.1F 4 & 0.1 ™ 5
o It 3 R
[ : (3 ) ~
a s o : W
o 0.01F 3 o 0.01F 3
£ : ~ S £ g o
— L 8 \\\\ = - \\ \\\
0.001 . . L I~ 0.001 ! X N | N
0 20 40 60 80 100 0 20 40 60 80 100
Attenuation [dB] Attenuation [dB]
5 (@RISH (b)EAR Ka WINDS



CloudSatU OO0 O0O40OoDoOOOonOd Split-window D O 00O
ooobobbooooobboooooon

*0O0 000 0Oooooooooo

1. Jogo

goobobbdodoooouobobbuoooog
goobobobdddddooooououououooog
O (e.g., Houze 1997) 0000000000000
O Upper-Tropospheric Stratiform Cloud; UTSC
goboooobbobtbooooououooon
00000000000000000000
urscoopoooonooboooonoonoon
OoooouTrsCco0ooooooooooonn
0000000000000000000000
gboooobooobooboobooboooboon
O00000000000000 (Hartmann et al.
2001) 0000000000000 00O000O0
gooourscooonoooonooooonoon
0000000000000000 (e.g., Suet al.
2006)00000000000000000000
0000000000000 0OO0OOOonOuTse
0000000000000000000000
00000000
0obooooooooobooono kmOOQd
00000000000000 10000000
000 (e.g., Chen and Houze 1997) 000000
ursCconooooooooooooooooon
00000000000 000000000000
0000000000000000000000
goooursCcooonooooonoooooon
000000000000000000Te0OOO
00000000 (eg., Udelhofen and Hartmann
1995; Mace et al. 2006)0 0 0000000000
TgOOOOODO UTSCOOOOOO0OD0OO0O0O
urscogooooooogogo urscoooo
gooboooooooon
000000000000000000000
gbogboboboobobobobooboooon
oooono 108 pm0O 12 pm O TgO OO OOO
0T, T,O0000O0000O00O split-window O
(Inoue 1985, 1987) 00 0000000 0OOOOO
gooboboooboooboooboooouooog
0000000000000000000000

goboooboogobooooboobooboooog 170
AT:=T;—-T, 000000 (e.g., Cooper et al.
2003)00 00000000 Osplit-window Tg O O
0000000000 (Inoue 1987) 000000
0000000000000 (eg., Minnis et al.
1995) 00 0000000000000 000O0
ggooooobobobtboododdoouooouogug
0000000000 (Stephens and Kummerow
2000 0000000000000 OoODOOOO

bdbobobobobuobobuoboboo
goursconooooooooooooooon
uoogoooobooooooboboboooogoon
00oooooo ~3mmd000 ~95 GHzOO O
oooOdooooogoggourscooooooon
000 OHamada et al. (2008) 000000000
OO0O00o0oo0oogonO GMS-5 split-window Ty
ggoobobbododoooooooouuoog
ggbobooooooooooobobbooboooog
bdbobooboboboboboboboobg
ooobogoooogog2060 400000000
O CloudSat O O (Stephens et al. 2002) 0 0 00O
gbobobobobooooooooooooo
oooooooooboooogddcCloudsat OO
gd20b0000000000000000D0O0
O0O0OD0OD0OD0OODODO MTSAT-1R split-window Ty
booobooboogoboooobooooooon
gooooboobod

2. 0000oooobonbooo

O0O0OooonD 1goMTSAT-1IROOOODOO
b 1020000000000 TgO00O0O0
gboboooobooboobooobod 10.8 pm
oo 12,mdbOooOooobooboonoong
gobooobobooo1og 20000 TgOOOO
o1y, TL,O0OOOOOOoOOooOTgOO Ty —Ty O
ATOO0OODOT, 000 ATO 20000000
gbooboooooboobooboooboobooo
00 (140°E, 0°N) 0 ~4 km 000000000
0.05°c00000000O0DODOOCOO0O0O0O0OOO
U300KOUOO ~01KOODOODOODOOOOO



0002210 KOOO0OO ~03KOOOO
00000000 CloudSat0D OO0 OO0 OOO
0000000 00oooOodonddfootprint O
0000 ~14x~25km0000000 ~240 m
O00O0CloudSat0 000000000 OOOO
oo0oodoooo3odon 1330000000
OdooOo0ooooooOooooooooon
O0000002B-GEOPROFOOOODOOOO
000zZMOOOOOO0O0OO0DODOO2B-CLDCLASS
O0D0oOd2B-TAUOODOOOOOOOOGd
ogoooo
0000020060 700000 20080 6000
00200000000 100°E-180°E, 25°S—25°N
gooodoooooooouooooooouoao
0000000000000 0MTSAT-1IRODO
odododeodOdODnODOOO CloudSat O
dodoooooooooooooooooon
odoooodooooooooooo T,o0d
ATOODOO 400 Ty, To,OO0O0O0OOOOODO
0000ooooooooon MTSAT-1IRO O
OCloudSat0 00000000000 OO00OOO
0000 13118000000
Ooodoooooooooooooog 2B-
CLDCLASSODOO0O0OOoOooooDooooono
doooboooooooooooooooooaon
CloudSat project 20070 0000000 4000
odo0oo0oooooooooooooag
1. O0000O0OOH-NR-typell OO OO OO0
dodooooooooooooooooa
odoooooooooo
2. 0000000L-NR-typelDl OO OO QOO
dodoooooooooon
3. 0000R~typelOOOO0ODOOOODOOODO
ogooo
4. OO0 C-typeM O OO
00000 H-NR, L-NR, R, C-type OO OO OO
000000 43925, 18838, 11247, 5717500000

3. 0O
3.1. 0000 TZ,-ATOOOODOOODOO

o000 T,-ATOO0O0DODODODO0O0OoOoOoooon
goooooooooooooobooboooogo
T:-ATODDOO0DO 2000000000PDFO
O0D00o0oouoooool 00 Epanechnikov
00000 Th0O ATOODDODODDODOOOOO
000000 (Silverman 1986) 0 OO O PDF O

0o0oooPDFOOOOODOOOOOOODOOO
gdooododououooooobouoobooo
000 (hr,, hat) O OH-NR, L-NR, R, C-type O
00000000 (1.61, 0.20), (1.25, 0.29), (3.14,
0.25), (L12 K, 0.30 KO OOOOOOOO PDF
ooooooood Ty-ATOO0O0ooooooon
OCRy(T, AT)OOODODOOOOOOO

NyPDF(Ty, AT) Q)
S, N;PDF;(Ty, AT)

OCRy(T1, AT) =

00 k:00000NOOOODOOOOoOoobooo

Fig. 10 OH-NR, R, C-type(] 000 0 200 PDF
0O T-ATO0O0O0OOOH-NR~typeO0 OO OO0 0O
000 Ty, ATOODODOODOOODOODOODOODO
O0ATODODODODOODDOOOODODO TyO000O
gooooboboT, =2rr KOOOOOOOO
AT~35KO00000 TZO0O0ODOOoOOoOOoOo
0O000o0obodOR-typeOOOOOooooon
T, 0000000000000H-NR-type OO
00 T,0000000000ATDODODOODO H-
NR-type 000 00000000000O00OOAT
bobooboooo T =200 KODOO ~0K
o000, d0boooboooogooogo
C-typeUOUOOUOOOOOOOOOO T >270K
O0D0D00000000ATOODOOH-NR-type
00o0doooooobooonod L-NR-type O
0000000000000 ATOOOO0OO
gooooooooo

Fig. 10000 ATOODOODOODOOOOODO
0000000 0DD0D0OD0ODAT<ODODDODOODODO
gbobooboooooooboT,ooboooo
000 ATODODODOO0O0ODODOO0O0OO00O0DOO
OO0 ATOOO0OD0ODO0ODODO split-window 0 00O
0000000000 00000 ATODOODO
(e.g., Chepfer et al. 2007)0 0 O O O MTSAT-1R
gboobooboooboboobobouoboog
goooooobooon

HNROOO R-typeOOOOOOOOOOO
OATO0OO0OD0DOOODDOMTSAT-1R split-
window Tg OO OOOO0OO UTSCOOOOO
O00000Fig. 200(1)00000 H-NRODO
U R-typeUUOOODODODOOOH-NR-type O OO
OO00OFig. 2200071, <270 KOOOOO ATO
O000oooooooooooooso%uon
O0000ooo0D0220<T; <270 KO ATO
oooooooooooboooono Ty > 280 K



ATy_o [K]

-3.0

-3.5

Fig. 1

-4.0

0000000000000000000H-NR-typed 00 O00R-typed 000000 C-typed O

0ooooooooooD 200000000 PDF(T,, AT)ODUOO T,O0000 ATOOUOOPDF
oooooob-400o05000000000000O

000000000 00oo0ooDooog C-typed
00 Ltype 0O O0ODODOOOOO0OODODO
OFig. 100Fig. 20000000 50 %00000
00 T,O0O0oOoooo TZ,Oooooooooooo
000oooooooooooooT, 00000
00 ATOODO0O0OO0O0000O000o0O0oooon
00000 (eg., Luoet al. 2002)0 000000
00000000000 0ATDODDODOO0 T,000
0000000 Zoooooooooooooo
00ooooooooooooooon

R-type DO OO OOFig 2b000000 Ty O
00 ATOO0D0O0DDODODO0O0O00oDoOooooO0g
T;>220KO0000000 ATOODDOODOODO
ATDO0O0DO0O0OO0O0OOO0ODOO0O0OO0DO0O0O0
000 Osplit-window Tg O 00 00O GPIO GOES
Precipitation Index; Arkin and Meisner 19870 0
000o0oo00oooooooooooooooon
00ooooooooooooooon

3.2. 00ODOOOOO

000000000 o0o0oooooongdezpO
0 MTSAT-1R split-window Tg DO D0 0000
OOH-NROOO R-typeUDOODODOODODOOODO
oo0oDoo00 Thy0O ATDODODOODODODOOOO
Nadaraya-Watson estimator U0 0O OO O OO
00000 (Seott 1992) DO ODOOOODOODO
POFOO0ODODOOOOOOODOOOOOODO

000 2000000000000 (Scott 1992)
gboooobooboboboooooboboboon
(215 K, 025 K)DOOOO

Fig. 3all z2 O 0O0O0O00O000zp OO DODOODO
oooooO0O0 T, 000 ATODOOOODOOO
oboooooboooooobooobooogo
goooboooooooooboboogoooo
oo00O000O0T, 000 ATOOOOODOOO
ooboooobooooooooooooboooob
O00OD0 ATOODODOODOODOOOT, =255 KO
000 ATOOOOO0OO0O03kmOO0O0O000OO

z7O0O0O0O0O0OFig 3a; D000 DO0O0OOOOO
ooooooboooooooboooon 11 kmO
oooooooooooooobo0 1 0kmOOO
OD00Fig. 3b00T; =240KO0O 2z OO OOODO
0000000000002 0000 ATOOOO
O000O0O0O00OO0OOsplit-window TgO OO OO
booooooobobooooooooooon

AT=000002z0000000D0OOOO
O0O0oooO0o0ooooATOOOOOODOODO
gooboooooooooobL yooooooo
gdogooooooooooooooogooon
oo, 0oo0obbbdz000000D00
oooooooooobooooooooooooo
oooooooo220KO0O000 125 km0O00
O000T;=220K, AT=0KOOOO zp OO



[%]
100

ATy_o [K]

90

80

70

60

50

40

30

[%]
100

ATq1—o [K]

Fig. 2

(a) HNR-~type 0 OO (b) R-type D0 D0 OT,-ATOOD0DO0ODO0O0O00OOOOOOOOO

000000 10%000000 PDFO Fig. 1000 log(XxPDF,) 0 —430 0000000000

ooo

00000000 1.5 km 000 OSherwood et al.

(2004) 000000 GOES-8sOUO0O Ty000O
gobobooooboobboooooooooo
0000 Split-window Tg OO O0OOO0O0OO0O
goboboooobooboboooooboooooo
goooooooo

Fig. 3a0U0000 zz 0000000 T, 000
goooooooooooobbooogb T

000000000 ISCCP (Rossow and Schiffer
1991) 0 00000000ATO0O0OODOOOOO
goboooboogoobooooboboooooooo
O0OOOAT=0KOOOO 2z 0000000
gooobooooooooooooooooon
gogoobobobtbododddoooooouuogug
gbooooboobobobooooooooboon
ugdn



ATy [K]

AT, [K]

Ztop / Estimate,Stdev (H—type)

8 AR RN RN A R RARRS RN AR EARRA RARAN RAREN EAARY RAN [km]
r I I I I I I I \,‘3'\\2 | I I
7 s D A el P
Eo l
6 -4 -4 4--
r I I I I
L I I I I
E 14
JE P
E I I I I I
E i i i i ut1o for T1=240.0+£2.1K
3 S B T 10 16 T T T T T T T T T
n 1 I ! -]
o | ] 12 151
P -
Eo 140
L[ - 11
r < E‘,},
0k 13 &
E : ] 10 ,\"?'2’
-1 ' 1
2 F I 0 I I : : ] 9 nr
n 1\ \r \'\5’\\4 ‘\ﬂ | T : \T | | j\ ] 10 b
_z b dee b b de bbb b S
I I I Leerol I I I I
180 200 220 240 260 280 300 B S T R S
Ty [K] AT1- [K]
(a) (b)

Fig. 3 (a) HNR-type 000 Rtype 0000 0000000000000 T, 000 ATOOOOO
000000000 z20000000000000000000000000000000000
0000000 02km0000000000000H-NR-typeD OO R-type D PDFO Fig. 100
0 log(PDFy.ng + PDFR) 0 —4.300000000000000

(b)T; =240 KOOOO z2 00000000000+1,00000000000000000
00000000000000000000

Tvis / Estimate,Stdev (H=NR—type)

30.0

20.0

15.0 Tvis (H=NR—type)

uxlo for T1=240.0+£1.7K
25 T T T T

10.0
5.0

3.0

ATq-p [K]

(a) (b)

Fig. 4 (a) H-NR~type OO0 UOOOO0O0OOO0DO0O0OOO T, 000 ATOOOOOOOOOOOOOO
UOrns 0000000000000 0DOO0O00O0O0OOO0OO0ODO0DO0OOO0ODO0ODbO0ObO0ObO0O0On
1

O
b) T, =240K0000 s 00000000000 +1e000000000000O0O00O0OO
oboooboobooooooobooboo



Vertical wind 2006/12/28

16 [ecm/s]
15
14
13
e 12 5
X 17
10
T 9
9 8
L7 -5
T 6
5
4
3 ‘ =
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time [UTC]
Fig. 5 20060 120 2800 0000000000 0O0OEARODODOOOOOODOOOO-0O0O0O

00000000000000000000 45, £20ems~!0000000000O0OCOO0O0O
goooOo0OOO0OO0OOODODODOOOO0O0O0ODO0O0OO0O+2,000AO0O0O0DO 1000000
0000000000000 0000x0O0 EARODOOOODOOODOOOOO CloudSatO OO0

gooooooo

3.3. Uooonooono

0000000000000 0ODDOMTSAT-
1R split-window T 0 OO OOOOO 1 000
b0 Fg 40000000000D0OODOOO
goooooooboboOoon H-NR-type O O
gogooooboogoboobooobbboogg
gobooooooooooobobobobon
O000000O0oooooooo (127K, 0.25 K)
goood

s 000000000000 To000 ATOO
gooooopooogobbooobooooobo
gobooooooboooooboboboboon
O00T; >250K, AT <2KOOOOOOOOO
s 0000000000000 00000
gooooooooobooooobOboUOdn split-
window Tp O OO OOOOO0O0O0OOOOODOO

Tis 000000000000O00 ATODOO
goooooboboboooobogoobooooboon
0002000 60%000000000Fig.4b00
Ty=240KUOO ryps UOOODOOODOOODOOO
O0000ns 0000 ATODODDOOODOODOO
OO0 0Osplit-window Tg O OO O OOUOOOOO
gbobooooobobooobooooon

4. 000

goboooooobobooooboooooooon
U00Fig. 50020060 120 2800000000
O0O0OOODDEAROOOOOOOOOOOOOO-O

OODOOOOOEAROODO MTSAT-1R TgOO

oob43000000000000004 Fig. 3al

goooobbboogououoooooDD

U+2s,0000000 1000000000000

0000 ADDOOOOOEAROODO 06 UTCO
oooooooocooooooooovuTCcoo
ooooooboboboooooooooboo
O00000Nishiet al. (2007) 00000000
gboooboobooogboooooooobon
gobooooobool1oboogoogoogooon
gboooboobobobooooooooboon
boooboobobobooobooooboon
gboooooobobooboooooooooo
OO000OD0OO0OOxDO0O0OCloudSat0 OO EARDO
ggoboboooobiso0goooooooon
gooooooobooooboobgonboo TgoDb
OooOooooooosUuUTCOOOoOooOOOOO
gboooooobooog

5. OO0

0000 MTSAT-1R split-window Tg OO
uboboooboobooboboobboooooog

gursCcooooooooooooooooooon

gboooobooogboooooooobon
OO0O00dO0OCloudSatO00O OO0 2000000
voogooooooooobooboobobogogoon
goooogoog
O0O0O0O0OOOOOOODOODOOMTSAT-1RO



T,000 ATOCOOO 200000000000
0000000 UTSCOH-NR-typeO OO OODO
OT-ATOD0000000000OODOOOCOO
O0R-typeD OOOOOO ATOOOOOOOO
O0000OoOO00oOoooooooDooo ATOgoOo
oooogoooob uyurscogooooooog
ooooooobooourscooooooogoo
gooooooogooobooooooo 1,004
gobooboooooooobooobobooobog

gboobgoobooboobbo Tvooo
ATODODOOODOOODOOOODODOODOODOOD
o000 NkmOO00OO00ODOODOOOO 1 km
O000000ATOODOOOOO T, =250K0O
OO0 kmDOOODOOO00ODOOODOODO ATO
gobooboboooooboooboon

oogoo urscoobooooooooooono
7,000 ATO0O0D0O0OO0OOOOOOOoDDOD
O00000000000000D0 2000 60%0
O00000O0000 ATOOOOOOOOO0O
O000obOOoO0o0ooooOoooooonD ATgooo
gooobooboboooogo

Acknowledgments

MTSAT-1IROOOOOOOCDOOOOOOOD
gboooooooooboobooobonooboo
gogd

References

Arkin, P. A., and B. N. Meisner, 1987: The relation-
ship between large-scale convective rainfall and cold
cloud over the western hemisphere during 1982-84.
Mon. Wea. Rev., 115, 51-74.

Chen, S. S., and R. A. Houze, Jr., 1997: Diurnal vari-
ation and life-cycle of deep convective systems over
the tropical Pacific warm pool. Quart. J. Roy. Me-
teor. Soc., 123, 357-388.

Chepfer, H., P. Minnis, P. Dubuisson, M. Chiriaco,
S. Sun-Mack, and E. D. Riviere, 2007: Nitric acid
particles in cold thick ice clouds observed at global
scale: Link with lightning, temperature, and upper
tropospheric water vapor. J. Geophys. Res., 112,
doi:10.1029,/2005JD006602.

CloudSat project, 2007: Level 2 Cloud Scenario Clas-
sification Product Process Description and Inter-
face Control Document. 50 pp.

Cooper, S. J., T. S. I’Ecuyer, and G. L. Stephens,
2003: The impact of explicit cloud boundary in-
formation on ice cloud microphysical property re-
trievals from infrared radiances. J. Geophys. Res.,
108, doi:10.1029,/2002JD002611.

Hamada, A., N. Nishi, S. Iwasaki, Y. Ohno, H. Ku-
magai, and H. Okamoto, 2008: Cloud type and top
height estimation for tropical upper-tropospheric
clouds using GMS-5 split-window measurements
combined with cloud radar measurements. SOLA,
4, 57-60.

Hartmann, D., J. R. Holton, and Q. Fu, 2001: The
heat balance of the tropical tropopause, cirrus, and
stratospheric dehydration. Geophys. Res. Lett., 28,
1969-1972.

Houze, R. A., Jr., 1997: Stratiform precipitation in
regions of convection: A meteorological paradox?
Bull. Amer. Meteor. Soc., T8, 2179-2196.

Inoue, T., 1985: On the temperature and effective
emissivity determination of semi-transparent cirrus
clouds by bi-spectral measurements in the 10pm
window region. J. Meteor. Soc. Japan, 63, 88-99.

, 1987: A cloud type classification with NOAA 7
split-window measurements. J. Geophys. Res., 92,
3991-4000.

Luo, Z., W. B. Rossow, T. Inoue, and C. J. Stuben-
rauch, 2002: Did the eruption of the Mt. Pinatubo
volcano affect cirrus properties? J. Climate, 15,
2806—-2820.

Mace, G. G., M. Deng, B. Soden, and E. Zipser,
2006: Association of tropical cirrus in the 10-15-
km layer with deep convective sources: An observa-
tional study combining millimeter radar data and
satellite-derived trajectories. J. Atmos. Sci., 63,
480-503.

Minnis, P., D. F. Young, D. P. Kratz, J. James
A. Coakley, M. D. King, D. P. Garber, P. W. Heck,
S. Mayor, and R. F. Arduini, 1995: Clouds and the
earth’s radiant energy system (CERES) algorithm
theoretical basis document, Volume III: Cloud anal-
yses and radiance inversions (subsystem 4). Cloud
Optical Property Retrieval (Subsystem 4.3), vol-
ume 3, pages 135-176.

Nishi, N., M. K. Yamamoto, T. Shimomai,
A. Hamada, and S. Fukao, 2007: Fine structure of
vertical motion in the stratiform precipitation re-
gion observed by a VHF doppler radar installed in
sumatra, indonesia. J. Appl. Meteor. Climate, 46,
522-537.

Rossow, W. B., and R. A. Schiffer, 1991: ISCCP cloud
data products. Bull. Amer. Meteor. Soc., 72, 2-20.

Scott, D. W., 1992: Multivariate Density Estima-
tion: Theory, Practice, and Visualization. Wiley-
Interscience Publication, 317 pp.

Sherwood, S. C., J.-H. Chae, P. Minnis, and
M. McGill, 2004: Underestimation of deep convec-
tive cloud tops by thermal imagery. Geophys. Res.
Lett., 31, doi:10.1029/2004GL019699.

Silverman, B. W., 1986: Density FEstimation for
Statistics and Data Analysis. Chapman & Hall,
175 pp.

Stephens, G. L., D. G. Vane, R. J. Boain, G. G. Mace,
K. Sassen, Z. Wang, A. J. lllingworth, E. O’Connor,
W. B. Rossow, S. L. Durden, S. D. Miller, R. T.
Austin, A. Benedetti, C. Mitrescu, and The Cloud-
Sat Science Team, 2002: The CloudSat mission and
the A-TRAIN. Bull. Amer. Meteor. Soc., 83, 1771—
1790.

,and C. D. Kummerow, 2007: The remote sens-
ing of clouds and precipitation from space: A re-
view. J. Atmos. Sci., 64, 3742-3765.

Su, H., W. G. Read, J. H. Jiang, J. W. Waters, D. L.
Wu, and E. J. Fetzer, 2006: Enhanced positive wa-
ter vapor feedback associated with tropical deep
convection: New evidence from Aura MLS. Geo-
phys. Res. Lett., 33, 10.1029/2005GL025505.

Udelhofen, P. M., and D. Hartmann, 1995: Influence
of tropical cloud systems on the relative humidity
in the upper troposphere. J. Geophys. Res., 100,
7423-7440.




CloudSat*CALIPSO- FREXKL —F —THRSh -3 TRE DR

HEMBAA - EERB 2 IUAREZ 2 5AEZ - TEEE - FRE +- XFH— - IURKRFES
VEHRBEHREE 2 AR FEFERER - BRXREFREGETFE-
TEBRZEDRT LT A ZR5 B RRFE RS

1. [FC®IC

AVRRITBRREIHER E TREMROFHR LGB THY (Ramage, 1968), M THATE
SEIFHRAREESICHSTAELIMBOBERDELEEZZTH-EEMFRNFRICELTLS
(Mori et al. 2004, Arakawa et al. 2006), — A . FBERRITHEITRED HFEHN - MY B
FEMIBHIE. TEREOBKORIEVVOALGLT ELENOBECLCERRAZEHANTSHIL
NEETHL M EBRAADEL—F—OSMF —(FERFE VM- M D AR TEHAIT
BHIEMNTIRETH AN, TEIZBITABKHNFLEDBREDEZEEZTEHT-6H . BREEIXR
ZEDQLEHEZHBTHIEFELL,

CloudSat 21 HIN TS 94GHz EL—F—ITE TZEHAL. TROBERAFOREE
ZRITHEGKELIZERANTHENFRETH S, CloudSat (TR ED ILEMTFZE 14 B
(HAEEIC 16 BATEAL., BREICHIT5 MG E DR RED R FBELZH AT IHES
DHd, —AFBRRIL—F—(FRTISEUEMTHICE TERRENDRERZEH BT HIL
NTE BRRKICEVWTEARIMLZBKEERARKUCHRETAILICIYRRENERAR
DIMEFREMBZEMNTES(Wakasugi et al. 1986), 1. EarthCARE(Earth Clouds,
Aerosols and Radiation Explorer) @23y 3> NN FHEERE(ESA). FHMZEMEHEHE
BEJAXARTEREEABREBEBNICDICI>TEHONTHY ., BEHIND 94GHz EL—
A —IF CloudSat [ZIFHEWVRY TS5 —REEH R EENEH SN TLV S (Battric et al. 2004), L1z
MNoT, ARENDEIEREMSDEIE EarthCARE THRAISN SRV TS—EEDHEZE
BLETEETHD, AMETIL CloudSat Z(FLHET HRELFERRL—F—ZIELHET D
W EREML—F—ZHlAEHE T A BUEBFICETEFREDFKEFBEZICDONT
E I R

2 AT —4

CloudSat IZ##H SN TLVBEL—4 —(CPR)IEHR/MNRBIKE-30dBZ. FE7 I8 1.1km, $A
E 5 fEEE 500m(240m Y F1) %) T A(Stephens et al. 2002, Im et al. 2005), CloudSat
B#ET—42704 9k 2B-GEOPROF O %L —4 —RERF(Z)T—2EF ALz, TR
FIO—FMYRKRE, EIO—EEERDD=HIZ. EXRYT—4EHETHAL,

FERTRL—F—(EARIZEKH 4TMHz(EE 6.38m) T, AV RROTEITRS MR/
> (FA#& 0.2°, B#Z 100.32°, 125 865m)IZEHEEN TV A (Fukao et al. 2003), SREFR(MEK
ERTAT7AILIE 90 R CTIRE(T—292TI2T 828, T—2RFESHIL. SnE S fEAE



(X 150m TH 5,

E5IT, EAR YA MAEEDRKED D HERANSO . X NURL—F—DOT—2%FALT-,
X N\URL—45—(3EKE# 9.74GHz GE &K 3.08cm) T, EAR YA/ FRIZHRESIN TS, Bt S
fZHEIX 500m T. BEEE 10km ZH1THRE (L 6.1dBZ TH5,

F-. BEEHODKERHZEFENS=6. MTSAT-1R @ IR1 F¥RILD Tes T—2%FIHL
f=o Tee hOEDNDEEZRELSH-0. CloudSat E# T —47704 4+ ECMWF-AUX ®
CloudSat B EICR>T=BRET—2EMBL. EEEZFELT:,

3 BinkaR

F9. T T—2ZAVTRAYIS BILEMFEOES OB ELEANz. K 1(2)ICHh K
Z. B 1(0)-(dDIZ 2007 F 4 A 19 B 12:50(t 458, LLTFELC). 13:50, 14:50 1235144 Tes DK

ERETRT . 12:50 [Z(&, Tee Y 230K A F D EIFILEH TIEBBISN TLVEL, 13:50, F
HHB CloudSat A EAR YA MbiEZ@BL71= 13 2 RIZIX, Tes A 230K L FOEHAILEH
HICFEZELIRD., TesHY 220K L TDEI R T LA EAR YA LDFTCEBEY IZH DT, 14:50 (2
[F. BEVRTLIFESSIZHEZL, ILEHTFDED Tes [FSSITETI5EEH12Z 230K LT D FEE
[FESITHEKR LTz, LML, 18:50 IZ EAR A DI CRBEVICHOF-ES AT LITHERLIZH.
HLLEFBEL TGtz CO&IITFRICIUEMFTRWVIIEDRTLOFKETHILIE, XY
FSEILEMFICE TS HEAPHOEEZBOHRE M/ \2—> THSMori et al. 2004),

CloudSat (& EAR ¥ /+® 4.0km REIOFEFERE 14:02:57 ITEBLI-(BEZEE 1(c)I
~9). B 1(e)I CPR T 14:02:27-14:03:25 IZ& ISz Z&x T~ . B 1(@©ZFR5L. 3 DD
K RTF LhY 1.3°8-0.7°S, 0.4°S-0.1°N, 0.2°N-0.5°N [ZFEEL T S, $$IZ. 0.4°S-0.1°N (&
5dBZe. L EDITO—HEE 11km FiAFE TERUTLIT, KT 14.6km(0.26°S) D EEFE THUY
TWD, Tz BAKSRATLIZINA T, -5dBZe # FEIS/NEWVNTII—AEE 10km LLEIZHEFEL

THEY. BENFEETDIEEZLND, 0.2°N-0.5°N TlE, TRIZEBKE., LRBICEENEFET
%2 BHEEEHENBAIINT=,

1(e)IZ, 13:50 IZH1T5 Tee MO EL-EHSEZHE TRT . T FTI—TEEELYL
BITELGSTLAN., ThIE Tes Mo BONIESERTLELEARTEEONSTHS
(Sherwood2004), Iz £, 0.45°-0.1°N [ZHFE T HE K AT LTIE. CPR OII—HAFE
10km FTCHELTWS—A. Tes M oitEL-ESEIL CPR OII—TEEELY$ 1km 5L
BTG-S TNVS, 2 BIEEDEN RSN TLVS 0.2°N-0.5°N Tld. Tes TEHELEEESEE
6-8km T. TEBOEBKELATLOFEIZIEVWS, CHIZEBIZEENHEINLTHD, DK
312, CPR TI& Tee TIEFIM TELRVNIILGEHLGIE K AT LOMNERBEZERATESILEN
Y (1 i

(Z(ZREFZIIZ CALIPSO B2 EH A ¥ — 2K BANERIN Tz, BIISIERIALA,
CALIPSO & CPR ELLELT-#52 . CALIPSO O TO—TEEE (X CPR &FF—HLTULV =,

RIZ,BKDKERREBBEILERARDH. X NURL—F —D@EfE{To1=, 13:02 (<



[F. L= —RFEF(DH 30dBZ LLEDEKES EAR B b®D 10-30km LEIZFELTLY
= (RIZFRLTULVELY) . Z4HY 30dBZ LI EDEEIFEFREEDIZEAY, 14:00 LHIZIEX EAR H
ANEABEBESKSITHSTz, B 2 2 X NV RL—F—T 13:50-14:54 IZBBISN - ZD R HFETR
9. BELE 2(a)- (@XM 6.1°, B 2(d)-OIENA 29.6°TH 5. B 1(c)ITRLIZ&LIIZ, 13:50 IZ
H17% Tee X EAR B A DO FTCRAIT 220K UL TFELG-THY . GVENFEL TSI EERL
T3, B 2(a)IZRd K312, 13:50 1Z1&, EAR YA REBTIE, ZH50dBZ & L[E S K573
FROBKIO—AILBEICEERERANBEUTLS, NUMROTO—([FPoKY LR EITEAT
EAR YA h£E&L), 14:22 [Z[E EAR ZF K TAVRRIO—DFELTLA(R 2(0b), 14:30
ZBELHLEEKIO—T 50dBZ # LEISEDIFEEZ. 14:50 [CIEBEKII—DIFLEALF
50dBZ ZTEI->TWLA(E 2(). —ABWMIATHS 29.6°DT—FTIE, 13:54(F 2(d))+°
14:26(B 2()IZBNWTIENAUFKBKITI—DHD—H. TIAMAURIEBRBEICIEFELEL,
Z D% 14:54 (TR HEBIRMEERDIBIZL DT SAMNURENEE 4.5km [THELF(E 2(0),
Ft= . TSAMNURKYTIZHENT, Z A 50dBZ LLEIZH>TWSFEEAIFIFEZ TLSIEM
P otz, 14:50 1I2H1F5D TeelZkdé EAR A bDTCRAIOFVEIERELE 1(d). 2D
BVEDHERBEBKS AT LOERBRNRIEL TS,

HRERNICHTDLAROBFERARS20. EAR THAlSIhTz WOBHFETo>1z. K 3
(2 14:00-14:27 KU 14:50-15:00 IZ EAR TEBIENT- WETRT . EAR YA rDILRICERA
BEL.XN\UFL—5—0 ZH 50dBZ LLETHS. 14:00-14:09(E 3(a) TIEEICHFRED T
BIZEWWTOAHENERRAFEL TS, LERIEFFHT 4Am/s # EE>THY. 2m/s Z EES
EERIEEE 6km UTOAFELTLD, BKEATEREICENE, EAR LZEE -1z 14110
LIRZIZHEWNTIE. 6-11km OB EDQ LFRAEMLTO=(E 3(b)-(c), 14:10-14:18 [Z[E, 2m/s
AL EFRIISE 11km TTHEIZEASN . SE 9-11km TIXEFT 4m/s Z EE@>TLV=
(B 3(b), ZDEFE 5km UTFICBWTEFRIF/PEAEY, 14:119-14:27 IZHWVTIE. 2m/s &
LTEZERFRIEIEE 6.511km OHAIZHFEL. LEBROXESIEEFHT 3m/s Z LE>TULV=(E
3(0), mE 6.5-11km [ZHI1T5 L F &, 14:30 LIEILHERL . BRERRE 20) N EASHh
1= 14:50-15:00 [CEWTLEFERIFIFEAEHRBIEINT EAR HAMIBWTREFHIIKRELS:
EEZZBND (B 3(d). 2D&SIZ. EAR TEHAISN - ERRENVFKROL—F —Ta3—H &K<
L. 1 BECKOVDDRBRAT—ILEF DBRKBRREHRTHIEN TS,

E5IZ, CPRTHAISN-Ta—TEEEL EAR THASh -RENDEE IO I7 L ELHLE T
%, 14:00-14:27 [ EAR THBISN - LRRITEE 11km FTHEL. BE 11km L ETIEHH
RTERICE>TLS(E 3(a)-(c), EAR THRBISN-REARITEE 11-12km THEUVEEAR
DERZFETHFEEL, REIESE 11km LT TIEIEFEELALE 10m/s LT THSH . BE 11-12km
DEITREDKEIA 5m/s LLEEARL TS (BIZIFRLTLMELY) , —7 CPR Tld 5dBZ KL
EDOXREG Z.DEESABREE 11km OFEFETIELTLS(E 1), THHE FEXR
MNEE 11km FCHNELZOSETCHRARDIRE L 7HEZ RO TS,

BFMIZIFEVII—ELIYENEEETEEL TS, Z ¥ 5dBZ. # LEI> TS K5 T



O—I[%0.16°S TIXEE 13.3km [TELTHY. 0.26°S TIXEE 14.6km FT:ELTLS(K 1(e)),
— 7T, CloudSat A@iBLT= 14:00-14:09 IZH 15 WITEE 11km KL ETIETFRERIZHE-T
WA 2(a), CD &SI, 5dBZ. # LESITO—H, TEROFETHEE 11-14.6km (2177
ELTWSA, IhiE, BVEEFBOELEN EAR YA FORAICHELELTVENLEEEZD
n3E 1), Tes DR HERDE. EAR YD 17km FAIZHELT, TesAS 214.7K, BEIC
HELT 13.0km 1245 E53GEOVEMN 13:50 (ZEFEELTL=(E 1(c), CPR TEAISh TS
5% BE 11km KLY ETOEHTF(0.2°S FiH) &, EAR HArORAIZHLIESWLEDREBIC
HHEERARICES>TIkm LVIEEEFTEL, RAICKEINTEARYAMNETETWDEE R
Y (S

4 F&H

CloudSatB 2 HEL —4 —(CPR)PEARIZES T, AV S ED R RED K EBIEOHRE
MEETA—DHISEFRZERLIz, CPRIESRBE CTIHBATEGRWLSGEM G EBELR
DK AT LOBRZEITL., EE11-14.6kmETEET IRMELIRA=(E1(e), X/\UFL
—H—TIEEREAESI/N\VFRIO—ZE8AL(E2). EARII2m/sTHBADSARELLRRESE
11kmFETEHAIL=(K3), LR RDE)ESEILCPRTHIBZU LD ZAEBBILI-RKSE LI
FRICLTH>T=

ORI BEREL—F L LREBERL—F—ZHlAEHLEII LI RTBEOHKRT
8T 5 L TERATHS, EarthCARE CPRIZFYTS—EEDERZETSFETHY. K5t
BEDEAMTTHENN SR FETRELWORMZERANT 5, FRKOT7ILITVXLRAFETIE
2m/sZ LES ERROGFEEZERICANDILENH D,

BEDOHRTIHAVRRSTHBEKREICS TABEEMRIIBANLEGOHELT . ZEHHNE

B EDRKELGRRT—ILDEEHCL>THLEEEIN TV S(Yamanaka et al. 2008), S & EHIE
BIAEZ TUKIZRL. RS BILEEICHE T RREDOHETHAEHMICOWTEEET ST
ETH5,

S5 30k

Arakawa, O., and A. Kitoh, 2006: Rainfall diurnal variation over the Indonesian
maritime continent simulated by 20 km-mesh GCM. SOLA, 1, 109-112.

Battrick, B. ed., 2004: EarthCARE - Earth Clouds, Aerosols and Radiation Explorer.
ESA SP-1279 (1), ESA Publications Division, Noordwijk, The Netherlands.

Fukao, S., H. Hashiguchi, M. Yamamoto, T. Tsuda, T. Nakamura, M. K. Yamamoto, T.
Sato, M. Hagio, and Y. Yabugaki, 2003: Equatorial Atmosphere Radar (EAR): System
description and first resus. Radio Sci., 38, 1053, doi:10.1029/2002RS002767.

Im, E., C. Wu, and S. L. Durden, 2005: Cloud Profiling Radar for the CloudSat Mission.
IEEE A&E Systems Magazine, 20, 15-18.



Mori, S., J. I. Hamada, Y. I. Tauhid, M. D. Yamanaka, N. Okamoto, F. Murata, N.
Sakurai, H. Hashiguchi, and T. Sribimawati, 2004: Diurnal land-sea rainfall peak
migration over Sumatera Island, Indonesian maritime continent observed by TRMM
satellite and intensive rawinsonde soundings. Mon. Wea. Rev., 132, 2021-2039.
Ramage, C. S., 1968: Role of a tropical “maritime continent”in the atmospheric
circulation. Mon. Wea. Rev., 96, 365-370.

Sherwood, S. C., J.-H. Chae, P. Minnis, and M. McGill, 2004: Underestimation of deep
convective cloud tops by thermal imagery. Geophys. Res. Lett.,, 31, L11102,
doi:10.1029/2004GL019699.

Stephens, G. L., and Coauthors, 2002: The CloudSat mission and the A-train. Bull.
Amer.Meteor. Soc., 83, 1771-1990.

Wakasugi, K., A. Mizutani, M. Matsuo, S. Fukao, and S. Kato, 1986: A direct method for
deriving drop-size distribution and vertical air velocities from VHF Doppler radar
spectra. J. Atmos. Oceanic Technol., 3, 623-629.

Yamanaka, M. D., and Coauthors, 2008: HARIMAU Radar- Profiler Network over the
Indonesian Maritime Continent: A GEOSS Early Achievement for Hydrological Cycle

and Disaster Prevention. J. Disaster Res., 3, 78-88.



(a) Topozraphy (rm) (b MTSAT-1R, 1260 LT

s X

LTy
\9
%3 :

1200 : : :

1800

Latituds (degress north)
o

,1 ..... ¢ ..... 600 71 ...............
72 .......... 72 .........................
i
_ 5 v 0 3 5 3
97 93 99 100 101 10z 103 97 98 99 100 101 102 102
() MTSAT-1R, 1350 LT Tk . () MTSAT-1R 1450 LT
‘ ; : 270 - P ! ;
2 260 2
1} 250 4
{240

230

Latituds (dsgrees north)
o

3 : p v : -
97 93 99 oo 101 102 103 i HE el TEE RET h0R TER
Longitude (degrees east) Longitude (degrees east)
le) CloudSat Equivalent Radar Reflactivity Factor, 14:0227-1403 26 LT

T T T T T T T T T T T T T T T T T T T T |
MTSAT Equivalent Cloud Top Altitude, 1380 LT Lo
== Surface Elevation :

Altituds (krm)

. : - N : : .i ,, . i -
=2 ~15 =] -05 0 0b 1 15

1007 100.8 1005 1004 1003 1002 1001 100
Longitude (degrees sast)

1: (a) EAR Y/ +EIDIZES , CloudSat DENEZE AR TRI . EAR YA +%E XEI TR, (b) 2007
F 4 8 19 B 12:50. (¢) 13:50. (d) 14:50 IZ MTSAT-1R TELBIEN 1= Tes D%, (e) 14:02 [T
CloudSat TEBISNI-FML —F —REFEF, Tes Mot EL-EESEEZEHRTTI,



(a) 2007/04/19 13:50:49 EL 6.1

(b) 2007/04/19 14:22:58 EL 6.1
30

(©) 2007/04/19 14:26:56 EL 29.5
30

(C) 2007/04/19 14:50:49 EL 6.1
Ed 30

(f) 2007/04/19 14:54:46 EL 29.5
30

157 156 107 107 156 156
20
30 30
dBZ
0 10 20 30 40 50 60

10.7

2: X NURL—F—O{MfA 6.1°(ac). 29.6°(d-DTEHAIShI-L—F —REEF. (2)13:50. (b)

14:22 (¢)14:50. (d)13:54. (e)14:26. ()14:54, MED M FILL >

(km)%&RY,

o

Tkm), HBOBFIIES

(a) 2007/04/19 14:00:55-14:09:47 (b) 2007/04/19 14:09:55-14:18:47
[ : L T T T T T T T T agss a1 ]
12 12 3 247
1o} 10
g 8_ 8_
z L L
2 F r
£ 6 6
4- 4-
ol 2f 1 v
.12....-8....4..‘ 0..‘4.‘..8...‘12 - g - 0 - - =3
{c) 2007/04/19 14:18:55-14:27:47 (d) 007/04/19 14:50:24-15:00:46
EERE ER S R T e T RS RS R o R * s Ry
12 ’”"’“;”’"”;‘" ’“‘-""""”‘:’:;%?‘SSTM; 1 ; 14.53:24:'14:5
: ' | 1424555+ 14:26:1 7+ 1 12:56: .y:ua;sns-
TSSO 3 <5 178 M — j1amashisoose
L S B R e 5 S A I S . S T
S R i i
S — . S T N -
PSSR SN S -~ NS SN [ SHN SN S . N S L
of b T AR R S A T -
-12 -8 -4 0 4 8 12 12 -8 -4 4 8 12

Vertical air velocity [ m/s ]

Vertical air velocity [ m/s ]

3: EAR THABShEHEROSETOT 74, (2)14:00-14:09. (b)14:09-14:18 .
(c)14:18-14:27, (d)14:50-15:00,



00000000 (EAR)D 000000000000

oooo'ooool'ooool'oooo?ooo003ooo0t
l0ooooooo000,?200000000,300000000)

1 00

gooboogoooboooooooo
goobboooobobooouoboboo
ggobboooobobooooboboo
ggobboooobobooooobod
000000000 (00D)oo0o0oOoo
gbobobobobooobooboobo
00 [1JD0000000o0ooooooo
ggoboboooobobooooobod
gogobboooobobooouoboboo
gbogbobdoboooooooooboa
ggoboboooooboooooobod
goobboooobobooouoboboo
ggobboooobobooooboboo
ggobboooobobooooobod
gogoboboooobobooooobod
goobboooobbooouoboboo
ggobbooooobooooobod
ggoboboooobobooooobod
gogobboooobobooouoboboo
OO0 400 MHz OO 1.3 GHzOOOODO
ggoboboooooboooooobod
goobboooobobooouoboboo
0000DoO0ooooooogooso0 MHz O
o00o0o0ooOoboOo VHEFDOODODOD
gogobboooobobooooobod
goobboooobobooouoboboo

odoooooooboboooooooo
Uo0oboobobooobooodd mm O
ggoooooooboboooooogg
gododooooodooooooooo
gooooooooobooooooogo
ggooooooobbooooooogo
ggooobooobbbbobooooooo
0ooooooboooboooooooon
ggoooooooobooooooooo
0000000000000 VHFOODO
00000000 Equatorial Atmosphere
Radar; EAROOOOO0O0O0OOOOEAR
ggodoooooboboooooooog
gbododooooooooooooon
gooooooooobooooooogo
ggogoooooooon
O0OCEAROCOOODODOOOOOODOO
O0O000 (FDI)DOODOOO0OOEARDO
ggooooooobobooooooogo
O00Os0mO000MO0000 150m 0
0000 [2@¥0FDIDO0O0DNDN000
0000000 46.5 MHz OO 47.5 MHz
OO0 250kHzOOOODODDODOOOODOOODO
gbododooooooooooooon
O0OOOEARO FDIOOOOOOOOO
gogooooooon



2 0OobOoooo

00000020070 40190000
00000020050 100 1900000
0000000000000 EAROOO
0000000000000000000
ooooo
21 00000

20070 40 19000000 00EAR
0000000 XO0000000000
0000000000000000000
0000000000000000000
0013:50 000 15:00 00000 EAR
0000000000000 14:50000
0oOooooooo

0 1(a)00 1(c) 0000000000
00D0000000000000000
0000000000000000000
000000000 1(x)0000000
00000000 2-55km 0000000
000000000000000000 6
kmO0OO0OO 5m/s00000000
000000000000000000
0000000000000000000
000000000000000000
0000 1(b)0 X0OOOOO0OO0O0 60
dBZO0O00O00D0000 EAROOOD
000000000000000000
25kmO00 12km0000000000
00000 4kmO00000000000
0000000000000000000
0000000000000000000
000000000000000000O0

0000000000 1(a) 0000 10.6
kmOO 1(b) 0000 11.5 kmOO 1(c) O
095kmO000000000000000

020010000000 EAROOO
0000000000000000000
0000000000000000000
0000000000000000 2(a)
000000000000000 2(b)0
000 11kmO000000000000
000 2c)0(d)0000 6kmO000
0000000000000000000
0000000000000000000
0000000000

00000000 3020050 100 19
000000000000000000 3
000020070 40 1900000000
0000000000000000000
000000000000000 3(a)0
00000000000000 3(b)00
0000 25km00 11kmO000000
00000000 3(h)00000000
00000000000000000
20050 100 1900 20070 40 190
0000000000000000000
0000000000000000000
0200000000000000000
0000000000000000000
000000000000000000
22 00000

04020050 100 190 19:06:59-
19:08:17 00000000000000
00000000000000 4.25 km
0000000000000000000



ALTITUDE [km]
ALTITUDE [km]

ALTITUDE [km]

DOPPLER VELOCITY [ms”

(a) 14:02:25-14:03:47

5
DOPPLER VELOCITY [ms"]

(b) 14:12:55-14:14:17

DOPPLER VELOCITY [ms"]

(c) 14:20:25-14:21:47

01 20070 40 190 O0O0OOOODOOQOO0ODOCOOOOOOQOUOODOOODOOXO
gbobooboobooboooboboobobooboobon

2007/04/19 14:00:55-14:05:17 2007/04/19 14:09:55-14:14:17 2007/04/19 14:18:55-14:23:17 2007/04/19 14:23:25-14:27:47
18, 17 ¥ B RN ] B i+ 447

1201 o % ‘\l b ]
i T . =Y 1
E». sy o3 ;\;‘ 4
33 o éi‘ p= ]
3 %

4 k. \{:1 ]
g : g i g e B { ]
2 1 E E 2 b 1
] 4 ] i ] ] M 1
N S ES % £ 7 £ ]
K éﬁ'""':‘, o 1a¥ ‘?g X ]
S 3 B ]

4 3 = 3357 %
| i SR ::,;, ) ]
AT S SIIP 5 I B BRI ]
-12 -8 -4 0 4 8 12 -12 -8 -4 0 4 8 12 -12 -8 -4 o 4 8 12 -12 -8 -4 o 4 12

Vertical air velocity [ m/s | Vertical air velocity [ m/s ] Vertical air velocity [ m/s ]

Vertical air velocity [ m/s ]

(a) 14:00-14:05 (b) 14:09-14:14

(c) 14:18-14:23 (d) 14:23-14:27

02 200040 190 000OO0OOODOOODOOOOODO

0000000000000000000
00000000000000 7km0O0
0000000000000OOO0OOOOO0
000000000000 0 1.0m/s00
3m/s000000000000 0m/sO
0000000000000OOOOOO0
D000006kmO00000O00O0
000000000000000 0.6 m/s
0000000000000OOOOOO0

gobobogooboboooboobooood
dooboooobbuoooboboogn
goboboooobobuooobobooad
gobobooooobuoooboboooad
00000000000 0.5m/s000
gooboooooo



ALTITUDE [km]
ALTITUDE [km]

ALTITUDE [km]

DOPPLER VELOCITY [ms

(a) 17:00-17:02

DOPPLER VELOCITY [ms”

(b) 17:33-17:34

DOPPLER VELOCITY [ms"]

1
2 4
1

(c) 17:38-17:40

O3 20050 100 190 D0oO0oOO0OO0OO0O0O0O0DODOOOO0O0ODODOOO0OOoOOO 10000

3 00000000 (FD)OOO

FDIOCOOOODOOOOODOOOOOO
goobboooobbooouoboboo
ggobbooooobooooobod
ggoboboooobobooooobod
gogobboooobobooouoboboo
oooQoOooOorDIOOODODODODDOD
0000000000000 4jo0o00o
goobboooobobooouoboboo
ggobboooobobooooboboo
ggobboooobobooooobod
gogoboboooobobooooobod
goobboooobbooouoboboo
ggobbooooobooooobod
ggoboboooobobooooobod
gogobboooobobooouoboboo
ggobbooooboboooobobod
ggoboboooooboooooobod

0000000000000000000
0000000000000000000
0000000000000000000
afulaluls
00000000000000000
00000500 80000000000
004000 500000000000
0040000000 47250 kHz O OO
0000000 5(c)(d)00 6(b)00 7(a)
0000000000000000000
00000000000 200800 100
1600100 1700 100 2100 300
00 100000000100 17000 4
0000000000000000000
000040000000000000
0000000000000000000
8000000000000000000
0000000000000000000
0000000000000000000



ALTITUDE [km]

DOPPLER VELOCITY [ms]

O 4 2005 0 100 19 O 19:06:59-
19:08:17 OO OO0OO0ODOOOO0ODO
oooooooooooobo 10000

ggobboooobobooooboboo
O0000Ob0Oo00 80b0O00OnO 1 MHz
gogobboooobobooooobod
gogobboooobobooouoboboo
ooboo0oboOoooO0oooOOoOooooof
ggoboboooobobooooobod
goobboooobobooouoboboo
goboobobooogoooboboooogon
gbooboobdoboooooooanobog
goobboooooboooobooboo
ogn

Beam 00 46750(kHz) 46500(kHz)

(a) 46500-46750 kHz

1400

Beam 00 472 Hz)
1200
1000
800
600
400
200
0

n - T n

(c) 47000-47250 kHz

Beam 00 47000(kHz) 46750(kHz)

(b) 46750-47000 kHz

1400

1200
1000
800

600
400
o

(d) 47250-47500 kHz

05 00000 250kHz2O000O0O0OO
goooo

Beam 00 47000(kHz) 46500(kH2)
700
600
500
400
300
200
100
0
B2 0 a n n

(a) 46500-47000 kHz

8Bggggzesgs
B

(b) 46750-47250 kHz

(c) 47000-47500 kHz

06 00000800 kH2O0ODODOODO
goooo

4 JUOooooooon

EAROOOOOODOODODOODOOOO
0000000000000 EAROOO
000000000000 6kmO000O
OO0 12km0000000D0DO0OO0ODO
OO0DOooo20070 40 19000000



Beam 00 47250(kHz) 46500(kHz) Beam 00 47500(kHz) 46750(kHz)

650
600

3s(
300

200
4 o 4 n B 4 ) wa

(a) 46500-47250 kHz  (b) 46750-47500 kHz

07 00000770kHz2O0O000O0OO
goooo

Beam 00 47500(kHz) 46500(kHz)

4 o 4

(a) 46500-47500 kHz

08 OOOODO 1000kHzO00ODOODO
gooooo

0000000000000000000
0 (0000000)08m/s00000
0020050 100 190 00000000
02007040 190000000000
0000000000000000000
0000000000000000000
0000000000000000000
0000000000000000000
0000000000000000O0O0O0
0ooooooooo

EARO FDIOOOOOOO0O0O0O0O00O

opooooOorFDIODOODOOOODOO

00000 5(a)0(d) 000000000
0000000000000OOO0OOOOO0
0000000000000 60000

gbogboooboobbooboooboon

FDIOOOOOOODOODODODOOOOO

OO0O0ORFOODOODODOODODOOD
gbogboboboboooooood
O0O000DO0O0O FDIOOODOOOO
dooboooobbuoooboboogn
O0OEAROOOOOOO FDIOOOOO
goboboboooooboboooooo

goog

[1] Houze R. A, Cloud Dynamics, Aca-
demic Press, 268-273pp. 1993.

[2] Sato T., and R. F. Woodman, “Fine
Altitude Resolution Observations of
Stratospheric Turbulent Layers by
the Arecibo 430 MHz Radar,” J. At-
mos. Sci., 39, pp. 2546-2552, 1982.

[3] Vasseur H. and D. Vanhoenacker,
“Characterisation of tropospheric
turbulent layers from radiosonde-
data,” Electr. Lett., 34, pp.318-319,
1998.

[4] Luce H., M. Yamamoto, S. Fukao,
D. Helal, M. Crochet, “A frequency
domain radar interferometric imag-
ing (FII) technique based on high-
resolution methods,” J. Atmos. and
Sol.-Terr. Phys., 63, pp. 221-234,
2001.



Vi A~ b7 LHEHIBIZ 61 2 oK TR S & TR & o BE6%

SEEBCRIERR), HHEFERE - FEEEGERN), B0 2K RISH), #EHM—
- BME—JJAMSTEC), L RKFJAMSTEC/HK), 28 —R Ok RISH/HIER)

1. [ZC®IZ

A ¥ RV T WBPERBEII ARG BI O R IR O —>TH Y . KB HHINEUC L 0 B &S
NE#T 5, Mori et al. (2004)/Z TRMM #£#if5M L — % —7 — X ZH\CTA~ b 7 JED OB
O3AR D BRI 2 T 16 BT IS XM S 2 ~ & Z RO (LR AT L, 4 BT
IZENN A~ FTHFEOMWHEIZT T M2 REBEER KD B Z{bZ2WE Lo, 70, S
(2008) Tix, FAA~ LT « 2 XN D EAR VA MIEE SN X ANV RBERL—F—7—%
ZHWT, A~ N7 ORBFERAKIBIZLE S 1L )E 0 0 B EREZ R <7, 2 oER, ILE
18Tl 40dBZ Ll EORER O Fe K mfE A 18 RFEIZBLAL, /= = — O BLIE 1L F8 0O #3471
BREBBICBEBRL TS EB X b, AR TIL, 2004~2007 F0D 4 FH O = M F 2
JoHRERL—4%—& EAR - BLR 7 —# T, @ a—HBREO FEE O B 2R 2 51~
77

2. BT — %

JEE T — & DAL, mAE L » b B (LD R E WHRPEET — % 2 vz, EAR - BLR
Lo THI 90 BCHROLNRERT —Z 1, 1 FEFEPES%, R M Toi, JBEO 3 EEE
L1 AJAHIERSY ORNE & P ROMKEEZI AR D Hiviz, = Z S BALET 5 LTI,
T TR & FF D RHIPEER N AET H EE X b DT, I 2 ClEE RS OMKREZNE
HU7Z, £745FEMITCHWSEEX, SCC HimFIT EWHRER AR E < ZT 5 EE 1.9km
& HEAMZALNEE 2 EE 1.83km TH Y| BIEICIE EAR 7—%, %&I2IE BLR 7 —4% 2
77

By L — & — O Tld, S Skm THEL 30km LA O LHEHilZ & = = —(40d BZ) i f& 73
10km > VL EBN = FH % B o7z, 723, ZOHIKCIEE T a—X 1THICE— 2 2FH>HJE
WML E R LTV D (E]RX 1),

3. w2 —HELFEO g E o B JE B

X 2 1%, AT L ET o —HBFFOEE 1.9km CTOHPEEO B - & 76 R A2 O K L)
TR, AT TP RS ORI RIE RN LW, E o — BT
SERI RS VE RO A 1E 24 FEEIZ PRy OB KR EF U, SRS TR OB A X 8 Rin 5 4 K
(VG RSy DR R AN 34 LTz,

WIT, W= a—H 13~17 KD T 1 KL, 2 REEILAN, 3 LA BFRpe 3 2 55 51050 (T i
Wratr-72(% 3), ZTOfER, ME 1.9km TlIET 2 —2% 1 KEUNOSA, EHRAHEE - 7
JELZ BAfR 72 < 16 RE~4 KRSV IRy OFBER 235504 LTz, @ 2—28 3 RERI DL L Rei 3 535
A SRR E R TIEA R M L, RUR T 12 R & 24 RREIC 2 02 4078 R 53 DO FBR



DAL, B 1.3km BT, BKORHIERTA 1 BRI TIE EO@E & K& 258
72 <L 3 RERILAE TP RS HUR & PERCZ 24 16 I & 24 RIS P AL 5y ORiR % 7R L C
Wi, ZIT, @E = 3R L TEEEARBOSAICER L, ME 1.3km & 1.9km T
OV RO K L % bl U= (K] 8), FDREEMND . KA A XY MILLFED 8 71— 124558
S,

D) Z—7 A PR ASEN B R 7 R

2) 7 —7 Br FREICHILS HE T R

3) ZN—7 C: A BIERITHID E P

KWK A R N OBZEMBL AR 25, S —T A TEBHOIN LIkt AR, 7

N—T"B TIHEEOB AN OER S NTR Y AT ARl Sz, 7 v—7 C Tk, —DDOK
TR IV DR D RS AT ADGHER ST (A W),

4. Kt AT LD EAEE
Z 2Tl BEARA X MBI P AR 7E 2 SR D composite AT AT o 72, X 5~T 1%, &7 —
Z1ZB1T %5 EAR + BLR O RURZDFREH « @SEA L L4514 X2 b a—mEEORMZ T
bo, ZN—7 ATIE, 12~20 REZHR T - TREGEE 4km 2UT) CTROERA S B2 B, 2
AUZKIS LTI ST, & TE - TR PE - EEGEE 5km L) TR 232 D 2 FIRg
72 B EALERE SRR S Tz, ZV—7 B TiE, 12~16 B2k FEGEE 1.1~ 1.6km) | PE R %7
DELIL, U LBV TRAIBRDEDR > T D, HE - BEORGE N NZ — 37 v—7 A LU
TW5H2, FTREEE 2-4km) TIE ETFORE L ITR R T AZ(bEZ R LT, 77— C TiL,
SCCIZfE 9 Fh &2 2 < H D ATV DAER, e T T CTIERFHIC OV PR 32 B,
16 WRFEEO PSS DR E O AICEWRIRFER B S vz, £72. o RERIE Mo 7 v—7
DR L 1T . EJEE TR > Tz,

5. £&®

2004~2007 BRI SN -ER L —4# —& EAR - BLR 7 —# Z W C, stk a—n H#
& RHIPEER DIRFENT OWTIH AT, EORER, HEDA Y vty AT L, DAY v kit
VAT ADDBIER S A Y BRIV AT A JINE LTZ A Y BHRTE Y AT ADE TN DORHEE
FRICHE L7t PR - TREOREREK D ORBENEH LT DI ENTE I, 5%, I DI~
DREIRA X NTOWTHNT 21T 5 TETH D,

2 3k
1. Mori, S., J. Hamada, Yudi I. T., M. D. Yamanaka, N. Okamoto, F. Murata, N. Sakurai, H. Hashiguchi, and T.
Sribimawati, 2004: Diurnal land-sea rainfall peak migration over Sumatera Island, Indonesian maritime continent
observed by TRMM satellite and intensive rawinsonde soundings, Mon. Wea. Rev., 132, 2021-2039.
2. SREMAEFICRE®RAR), dEFEE, TREE, Brike, EEM—, RME—JAMSTEC), iKY, wEE—
BB, FRIERR L —4— « Bl L — & — BN I DWWl 2~ ~ 7 ORKEEMEIC R 2898,
F1RRERR L —F =2 R Yy L fEE (2008)



13 ~176F
—_—

=
o o

ETd—

Frequency (%)

— ] [#s]
o o O
L L s

0

0 2 4 6 8 1I0 1I2 1’4 1'6 1'8 2'0 2.2 24
Timge (LST)
11 3 b Z SR CBLN S 4172 40dBZ @ & — = —(EfE 10km > L1 1= & 20dBZ DA% T =1 — i
100km > OFA D A 21k,

Phase (hour)

2: () &I & (b) i = =2 — HHBLRF O 5 1.9km TOFI & P8 JRS K R4 00 53 A7

BIO—(13-176F 183 283E] 3eFfELL E
32 32 y 32
o L] L]
28 oo ° o 28 ° 28 o 92
— 8§ uuu o - o o8 — ° 050‘1% &
524 olo®m o™ 524 & o [° 524 ° ° “e
] 00 od® ® a °Q . _EJ__‘;
4 ® 8, @ 2 oo ®°°© ® 151/=
204 © & 20 . 0 s e 19K
a of° o do _ o H ° @ ° 3 o7l . ~KM
o
18 2 090 o Z18 a°° | & 18 ol »| (EAR)
LY °o ° &£ ©
124{ © « 12 ° 12 o 4
@ ® & o @
8 ° e o | ®
8 Hio B 8 8
-0 -5 0 5 10 -0 -5 6 5 10 -0 -5 0 5 10
U (m/s) U (m/s) U (m/s)
32 32 P 32
28 R 28 28
—_ q — —_ Sloo =
e % He4 ° e o$ oo ==
2 £ 2 Y0 2 8, 1.3km
= %’%«9 1 S5 e O R .
~ 20 o ~ 20 . o !ﬂ (BLR)
H ® @ 2 o 0@ H o 2qd
216 %o fos 218 ©odly 216 oo,
) ®
N c%m “‘u° A bD Q’D = aDgOBE
12 o o 12 R 12 L
8 8 2 8
10 -5 © 5 10 10 -5 © 5 10 -0 -5 © 5 10
U (m/s) U (m/s) U (m/s)

3 BT a— ORI 5O T R & v JERR K REZ] & o B R,
ERE TR, FNFENEE 1.9km &5 1.8km OB PG E S,



B1r——— ISViE 8
£ B e c
o 28 1 (@ .' °
Faa] o ° o0 O | asrsuEnC
= /e © BN 2 FEEE
=] |
520 o B IC TN 5 L)
— o 758 e
b 16 1 /
2 o C: ¥ HNERMBENG
5121 o /B R
o]

8

8 12 16 20 24 28 32
U-Phase (hour) at13km
4: FFE 1.83km & & E 1.9km O P EWE KL O BEFR,

AR m/8)

o
Ej
=)

cmowmomowo
[

Altitude (km)
MWk O 2 ® ©

@

Lol L I I+ L ]

Altitude (km)

@
—
oo
—
o]
[
=
o
L
]
o]
[ ]
o

o

(=3
I’Ej

Echo area (km-~2)
Na

8 12 16 20 24 28 32
Local time (hour)

5. =7 A OFWRRZAZ DGR « mEESAT & S5 A X2 b OR= 2 — O RFFZAL,



HREIRE

10 (m/s)
T
9 v . . 2.0
B - J— 15 DA
_a 1.0
S 0.5
g 0.0
— - -1.0
e
1.5
20 32
AI‘B -
) "W / “
S1.4
il
Z1.2-
Z1.1

12 16 20

28

=]

(=]

o

__/A \

X 6: 7 )L—7 B ORPEJERAZDRH « mEE

Echo area (km-~2)
vag

8

Local tlme (hour)

28

az

JEGAT LA Rt O a—E RO R EZA,

10 HRERE (m/s)
C g - 4 - 2.0 FER,
-~ 8- - 1.5
g 1.0
& 7 0.5
Y 6- . 0.0
2 5 -0.5
= -1.0
2 44 ¢ - -1.5

3 2 -2.0 A
2 A i : i , —— —
8 12 16 20 24 28 32
=1.6 —_— — S
§1.5 ‘
o 1.4
s ik |
U1
21.2 ‘
Z1.1+4 . ; . : . |
8 12 16 20 24 28 32
&e0]
o 40 -
220:
o 0] i : . — T
g 8 12 16 20 24 28 32

Local time (hour)

7 ZV—"7" C ORI AR A DR « S &5 A N b OmT 2 — R ORHRIZAL,



HARIMAU2006 HifsithIZER RIS -B BRAEI TR EIT 5
KR ATLOREBERUVBEIAHD=XLIZDINT

Namiko SAKURAIY, S. MORI}, M. KAWASHIMA?, Y. FUJIYOSHI?, M. Ohi?,
HAMADA J.1.}, H. FUDEYASU*, Y. TABATA®, F. SYAMSUDIN®, EMRIZAL’,
M. D. YAMANAKA'® and J. MATSUMOTO?,
(1)JAMSTEC/IORGC, (2)Hokkaido University, (3)J-Tsu Co., Ltd.,
(4)IPRC, (5)Kyoto University, (6)BPPT Indonesia, (7)BMG Indonesia,
(8)Kobe University, and (9)Tokyo Metropolitan University

1. Introduction

Indonesian maritime continent is one of the most
rainfall area in the world. Diurnal cycle of convective
activity is one of the dominant phenomena in the
tropics. There is distinct contrast of rainfall peak time
between land and sea: rainfall amount has a peak in
the evening over the land, whereas rainfall peak has in
the morning over the sea (Mori et al. 2004). The
rainfall peak contrast between land and sea is caused
by cloud system migration. Convective activity gets
intense in the western part of Sumatera Island in the
daytime, and cloud systems migrate westward and
eastward from the western part of Sumatera Island for
several hundred kilometers during the night.
Convection is active over the sea around Sumatera
Island in the morning.

So far, this diurnal cycle was investigated using
mainly satellite data such as TRMM PR data and IR1
data (Mori et al. 2004; Sakurai et al. 2005). These
previous studies using long-term data clarified the
climatological characteristics of the diurnal cycle over
Sumatera Island. Coupling Process of Equatorial
Atmosphere project (CPEA) installed an X-band
Doppler (XDR) radar in the mountainous area in the
west Sumatera, and internal structure of precipitation
systems in west Sumatera with high temporal and
spatial resolution was investigated (Fukao 2006;
Kawashima et al. 2006; Sakurai et al. 2009). However,
the XDR did not cover the sea area off the western
coast and could not obtain three-dimensional wind
field in precipitation systems.

HARIMAU project (Hydrometeorological ARray for
ISV-Monsoon AUtomonitoring) has been running
since 2005. The HARIMAU project carried out an
intensive observation with two X-band Doppler
Radars (XDR) and rawinsondes in west Sumatera
during October and November, 2006 (Fig.1). The
purpose of this study is to understand the migratory
and maintenance mechanisms of precipitating cloud
systems which migrate westward over Sumatera
Island with a diurnal cycle using the HARIMAU data.

2. Observation and data description

An intensive observation (so called HARIMAU2006),
dual X-band Doppler radar observation and rawinsonde
observation, was performed during 26 October and 26
November, 2006 in west Sumatera by JEPP-HARIMAU
project (Fig.1).

Corresponding address: Namiko Sakurai, JAMSTEC in
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2.1 X-band Doppler Radar (XDR)

An X-band Doppler radar was Installed at MIA
(100.30°E, 0.79°S) and another XDR from the Institute
of Low Temperature Science, Hokkaido University,
was moved from Sungai Puar (100.41°S, 0.36°E) to
Tiku (99.92°E, 0.40°S) in October 2006 by
JEPP-HARIMAU  project. Dual Doppler radar
observation was carried out during HARIMAU2006.
Each XDR obtains a volume scan data regarding the
reflectivity and Doppler velocity every 6 minute over an
83 km radius. The volume scan data consists of 18 (19)
elevation data from 0.5° to 50° at MIA (Tiku).

2.2 Rawinsonde

HARIMAU2006 carried out intense rawinsonde
observations at Tabing (100.35°E, 0.88°S) for one
month (from October 26 to November 26) and Siberut
(99.20°E, 1.58°S) for 13 days (from November 3 to
November 15) (Fig.1). Tabing and Siberut were located
near the western coast of Sumatera Island and the
eastern coast of Siberut Island, respectively.
Rawinsondes were basically launched 4 times daily at
approximately 0030, 0630, 1230, and 1830 LST
(LST=UTC+7) during HARIMAU2006, whereas
rawinsonde observation was conducted 8 times daily at
0030, 0330, 0630, 0930, 1230, 1530, 1830, and 2130
LST during 4-14, 25, and 26 November, 2006 at Tabing
station. Rawinsonde data at Tabing is used for the
analysis.

2.3 Automatic Weather Station (AWS)

Surface data was obtained during HARIMAU2006
at MIA, Tiku, Tabing (since November, 2001), and
Siberut (since September, 2002). AWS at MIA was
installed at the end of October, and AWS at Tiku was
installed in November 2006. AWS can obtain
temperature, relative humidity, pressure, wind speed,
and wind direction on the surface ground. Time
resolution is 1 minute. Surface wind data at Tiku is
used for the analysis.

2.4 Multi-functional Transport Satellite (MTSAT)

In this study, the cloud top temperature obtained with
MTSAT is analyzed to examine convective activities
over the whole of Sumatera Island. Temporal and
spatial resolution of the black body temperature (Tgg)
are an hour and 0.05°x0.05° grid points, respectively.



3. Convective activities over the whole of Sumatera
Island

Fig.2 shows horizontal distribution of Tgg on
November 10, 2006. Convection got active around 13
LST and cloud systems grew up to several hundred
kilometers in horizontal in the west coast of Sumatera
Island. The cloud systems migrated westward and the
core of the cloud systems reached over the sea off
around 20 LST. Around 00 LST on November 11, the
core of the cloud systems were over the Mentawaii
Islands at a distance of about 150 km from the west
coast of Sumatera Island.

4. Wind Variation

Fig.3 is a height-time cross section of horizontal wind
at Tabing during 06:30 LST on November 10 and 03:30
LST on November 11. Local circulation was observed
below 2 km in height: westerly (easterly) wind in the
daytime (nighttime) below 1 km. From 2 km up to 14 km,
easterly wind component was dominant and wind
speed was stronger at higher altitude. Above 14 km,
wind direction changed and westerly wind was
observed.

Fig.4 shows surface wind speed and direction at Tiku
site on 10 November, 2006. The surface wind speed
increased from 08 LST and had a peak around 16 LST.
Maximum wind speed was 7.7 m/s. After 16 LST the
surface wind speed decreased. Southwesterly wind
blew during 08 and 17 LST and changed to
southeasterly after 17 LST. The surface wind seemed
to change from sea breeze to land breeze around 17
LST.

5. Internal structure and time evolution of
migratory precipitation systems

In this section, characteristics of internal structure of
precipitation systems in the migratory cloud systems
are shown. From 12 LST convective cells developed
around Lake Maninjau (LM). The convective cells
organized into precipitation systems with a horizontal
scale of about 30 km, and the precipitation systems
migrated northwestward. The migratory direction of the
precipitation systems corresponded with the wind
direction at a height of around 2 km (Fig. 5(a)). New
convective cells in the precipitation systems generated
northeastward, which corresponded to the wind
direction below a height of 1 km (Fig.5(b)).

From 16 LST wind direction below a height of about 4
km changed around LM. In the west of LM, the wind
direction changed clockwise, on the other hand, wind
direction in the south of LM changed counterclockwise
(Fig. 6). These winds converged in the southwest of
LM. The precipitation systems which migrated
northwestward changed the migratory direction and
migrated clockwise. After the precipitation systems
reached the southwest of LM, they migrated to the sea.

Convective activities got active over the sea from 19
LST. Precipitation systems from the land were
accompanied with strong easterly or northeasterly wind
in the lower troposphere (Fig.7). Precipitation systems
which  generated over the sea developed
northwestward with southerly or southeasterly wind in
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the lower troposphere. The precipitation systems from
the land and those developed over the sea organized
into larger precipitation system than those over the
land. The horizontal scale of the precipitation system
was more than 100 km in long axis which was on a
parallel with the west coast of Sumatera Island (Fig.
8(a)).

The precipitation system migrated
west-southwestward after 19:30 LST (Fig. 8). The
migratory speed was about 5 m/s. Echo top height of
the precipitation system was about 13 km. Convective
precipitation was observed in the leading edge of the
precipitation system and stratiform region with updraft
from the ground up to 12 km with a horizontal scale of
20 km was observed in the rear of the convective
region. Downdraft was observed below 1 km in the
leading edge of the precipitation system. An inflow
turned to an updraft above a gust front derived from the
downdraft (Fig. 8(b)). After 30 minutes (20:24 LST), a
downdraft was predominant below 5 km in height in old
convective cells and an updraft was observed in new
convective cells (Fig. 9(a, b)). The new convective cells
developed in front of the old convective cells.

From the rawinsonde data analysis, lifted
condensation level (LCL) was about 500 m and level of
free convection (LFC) was less than 1 km, which
indicates that convection can easily develop if surface
wind converges and generates an updraft. Figure
10(upper panel) shows trajectory results of air parcels
in developing stage of convective cells. In the
developing stage of convective cells, air parcels below
2 km were transported downward, on the other hand,
air parcels above 3.5 km were transported to upper
troposphere almost vertically.

The convergence in the leading edge of the
precipitation system was generated by background
wind over the sea (southerly or southeasterly) and gust
derived from a downdraft in convective cells in
precipitation systems. As a cause of gust in the
convective cells, vertical transportation of horizontal
momentum is considered. We put air parcels in the
dissipating stage of convective cells and traced the air
parcels backward and forward each for an hour (Fig.
10(lower panel)). In the dissipating stage of the
convective cell, air parcels below 4 km were
transported downward and an air parcel at a height of 7
km was transported to upper troposphere (Fig.
10(upper panel)). It is considered that downward
transportation of horizontal momentum below 4 km in
the dissipating stage of convective cells strengthened
the convergence in the leading edge of the convective
regions, which contributed to the migration and
maintenance of precipitation systems.

7. Summary

In this study, migratory and maintenance mechanisms
of precipitation systems with a diurnal cycle observed
over Sumatera Island were examined with dual Doppler
radar analysis, rawinsonde, and surface data obtained
by HAIMAU2006 and MTSAT data. During 12 LST and
16 LST, new convective cells in precipitation systems
over the land were successively generated in
sea-breeze front and the precipitation systems were



advected by background wind at a height of around 2
km. During 16 LST and 19 LST, the precipitation
systems changed the migratory direction clockwise
affected by background wind in the lower troposphere.
After the precipitation systems migrated to the sea,
they organized with other precipitation systems
generated over the sea and became larger
precipitation system than those over the land. The
precipitation system migrated further offshore at a
speed of about 5 m/s, which roughly corresponded to
the background wind direction and speed in the lower
troposphere.

Successive generation of convective cells and an
advection by background wind in the lower troposphere
are considered as migratory and maintenance
mechanisms of precipitation systems over the sea. The
convective cells were successively generated by the
convergence between a wind over the sea and gust
derived from downdraft in dissipating stage of
convective cells.
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MJO DMFAET B (ALFH 2 ROV 3) IZEEF L TWB, —J, MJO OF LA A~ b T 8% i
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Sondrestrom 67 =51 75 -40 O Heinselman 1998
Poker Flat 65 -147 77 27 A Collins 1996
Winkefield 54 -1 68 -4 X Gibson 1971
Haute Provence 44 6 60 -1 X Megie 1977
Illinois 40 —-88 69 -1 X Senft 1989
Tokyo 35 139 48 -6 O Nagasawa 1995
Wuhan 31 114 45 -5 @) Yi 2002
Haleakala 21 -156 39 10 © Kane 1993
Mauna Kea 20 -155 37 10 © Kwon 1988
Arecibo 15 —67 47 =11 © Kane 1993
Gadanki 14 79 10 -5 O Kumar 2007
Kototabang 0 101 =20 -2 @) Shibata 2006
Alcantara -2 -44 0 -20 A Clemesha 1998
Sao Jose dos Campos =23 -46 =31 -19 A Batista 1989
Syowa -69 39 -64 -47 - Nomura 1987
South Pole -90 =73 =27 - Collins 1994
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FOEBGNRO R E RT, BN RETIIREREZIZRVD, SR EETH 5 5T, OPO
FAPERTH D, Fox TBIE BLRBEHOFEH T OPO L—F AR L TEY ., Zxii
sz licky, @i co CaA A BllZHE LT\,



# 2 BUR® Ti:Sapphire L—¥ 5 (L) &, FHEiF® OPO L—H 5= (F) ox=x/L

F—. P RU— ZhEROL

1

Nd:YAG Nd:YAG Ti:Sapphire Ti:Sapphire
1064nm 532nm 770nm 393/372nm
Energy (10Hz) 600mJ 300mJ 60mJ 13mJ
Average Power 6.0W 3.0W 0.6W 0.13W
Efficiency 50% 10% 2.2%
Nd:YAG OPO OPO SHG OPO FHG
1064nm 1572nm 786nm 393nm
Energy (200Hz) 80mJ 20mJ 8mJ 1.3mJ
Average Power 16.0W 4.0W 1.6W 0.26W
Efficiency 25% 10% 1.6%
5. ¥¢®

TRIBIZF T DB R b5 OB R sporadic Na J& OFRMEIZHFEE & B2 v | JRERD
sporadic Na JBDFEAMEREITPREE L B2 D Z L AVRMB S L=, —J7 Sporadic Na JEF/EMEE D%
FEEERREE D T A 2 — 8L 0D Fise il Sl ONC BRI 2o i EBLAGS B2 5 . Sporadic Na B34k
L EBEE O sporadic E JEDIEA L OFHEAN @ &V D RERD EIRN RSN A FRERDE LT,
L2rL. Local Time FpMECARFIRFIEICITHIEE Z L IE WA H Y . ZDH 72V |Z Sporadic Na & D%
EREORRMHAOL U FREINTWD Z ENRHEREINDS, %I OREFOIIEIT 21D 5,

BIZHHEAR T T A v VAT ARTT 4 v V7 JEOBMRER R DD CaA A DTA X
—BUAINEETHY , HBEELT A X — DN E LA LT\ TiiSapphire L —WIZ&b b |
1.5 u m % OPO L — ¥ OFIHAREMEIZ DWW TRGGT L. @t /1{k OPO L —H 23 g HEL 7 1 4 — H
KPR & L CHRIHAMRECTHD Z EER LT,

2% R

Clemesha, B. R. et al., J. of Atmos. and Solar-Terr. Phys., 60, 1773, 1998.
Fan, Z.Y. et al., G.R.L. 34, LL15808, 2007.

Shibata Y., et al. J. Meteor. Soc. Japan, 844, 317, 2006.
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Propagation of gravity waves to the thermosphere: Basic

understanding on saturation, breaking, instability and viscous
dissipation of gravity waves

Susumu Kato (Kyoto University, kato@rish.kyoto-u.ac.jp)

Abstract

Gravity waves excited near the ground propagate upwards, growing
exponentially, but eventually become saturated due to nonlinear effects and
also unstable. Further, gravity waves in the thermosphere are affected by
viscosity and attenuated. These effects make the propagation of gravity
waves complex beyond the mesopause and we understand little as yet about
the situation.

It seems significant to discuss basic problems relative to the gravity wave
propagation to the thermosphere.

1. Introduction

We understand well about gravity waves (GW, hereafter) propagating from
the ground up to the mesosphere, thanks to linear theory and radar
observation.

However, our understanding on the propagation above the mesosphere is
very limited because non-linear and viscous dissipation effects on GW
become remarkable with heights. These effects are very difficult to treat but
must be better understood since the effects may control GW propagation
beyond the mesopause, probably contributing significantly to the
thermosphere general circulation. .

We attempt below to discuss the basic problems on the propagation of GW to
the thermosphere under non-liner and viscous effects. The relative
importance between the two effects varying with altitudes is the main
subject of our concern.



2. Non-linear and viscous effects.

Non-linear and viscous effects impede the exponential growth of GW during
upward propagation. Our discussion on these effects starts with the
Navier-Stokes equation. For our purpose viscous effects can be treated
simply with the form which is strictly valid for incompressible fluids as
follows :

DV/Dt= aV/at+(V -V )V= uV2V-(1/p) V p+g+F(Ve,i) (1)

where V is GW velocity-vector, t time, p density, p kinematic viscosity, p
pressure and g gravity; F(Ve,i )=collissional force dependent on velocity of
ions and electrons, Vi,e, important only in high-latitude thermosphere. For
simplification we consider GW , in plane atmosphere, neglecting the Coriolis
force effect, propagating horizontally (x-direction) and vertically (z-direction,
upwards positive) . Each term containing V in (1) has the order of magnitude

as follows :
| 9Vz/ot| ~ | wVz|; | (V -V )Vz|~ |mV.2]|;
| uVVz | ~| (&K24+m?) pVz|~|m2uVz| 2

where @ 1s frequency, k and m wave- number horizontal and vertical
respectively; k2 << m2-

Due to non-linearity the saturation of velocity occurs (e.g.Kato, 2005) with
| Vx| ~| w/k|or|Vz|~]| w/m | 2)

as obtained by comparison between the linear and non-linear term as given
in the first and second relation in (2) ; the viscous effects with

| Vz | ~ | mpy | (3)
in the second and third relation in (2).

The saturation of GW velocity implies that the momentum flux of GW (o



VV) tends to decrease with height, to be released to background winds for
acceleration, either positive- or negative- wise, as in the lower atmosphere
with p= 0 (e.g. Kato, 2005). Simply regarding the momentum release, in
time average, to be a stationary process and also neglecting horizontal
convergence of the horizontal momentum flux , we have

D W/ Dt =0 4)
o(V -V )Vx= 9 (pVx Vz)/dz (5)
0U/Idt + p1 9(poVxVz)/dz=0 (6)

where W is the total velocity of winds plus GW and the under-line shows
time-averaging and U (zonal and x-direction) winds. If the saturation is
complete, Vx Vz= constant with z and (6) gives

0U/dt=-p1 9(pVxVz)/dz=VxVz/H (6)

which amounts to numerically 10-50 (m/s/day) which is consistent with radar
observation (Nakamura, 1991). Note that we consider Vx = 10-50 (m/s) and
Vz to be obtained by the dispersion relation of GW (see (13) below).

Actually, we have an incomplete saturation and p#0, depressing the GW
momentum release to the background winds for acceleration. Generally, GW
1s no stationary process and tends, besides saturation, to break into
turbulence for dissipation in the presence of viscosity, as understood by

u V2V~ n | (k2+m2)V, producing all wave numbers in coupling with

V V)V in().

However, we know little as to how these processes, as the wind acceleration
and the breaking into turbulence, do share in receiving the total momentum
release from GW. It is likely that the processes should depend on the GW
scale; the smaller the GW scale is, the more efficiently the turbulence
production goes. The turbulence theory (Batchelor, 1953) shows that the
minimum scale of turbulence increases almost inversely-proportional to .
The size of GW, if able to travel upward without being unstable, tends with



height to approach closer the minimum scale of turbulence, eventually
entering the viscous range of turbulence spectrum leading to heating. It is
important to know that p in the thermosphere attains as huge as 10 10
times or more than that on the ground..

The saturation and breaking with | Vz | ~| w/m | in (2) accompany an
important thermodynamic process i.e. .initiation of a convective instability
since the GW tend to produce a temperature perturbation which can exceed
the adiabatic lapse rate I'. The equation of continuity gives

dp’ 1dt=-div(pV)=(1/2)(p o Vz/H) @)
which results into
| o7 | =(1/2) (g/Cpy/(y-1)} | Vz/(0To) | 0o (8)

where Cp= heat capacity ratio of constant pressure, ¥ =heat capacity ratio

and To =static temperature.
With adiabatic relationas T’ /To=(y-1)( o’ /p0),and I'=g/ Cp=9.5°,

T |=(y/2) T |Vz o | )
Then, with Vz=(2/v) (0/m)~1.4 (0/m) and |Vz|~| o/m|
| 9T /0z|>|T m | =T (10)

showing an initiation of convective instability although actually dTo /dz ~6 °
in the lower thermosphere and, accordingly, the instability should occur at
higher altitude. Note that instability (m2<0) inhibits any further upward
propagation of GW whilst viscosity works only for depressing the exponential
amplification but allowing propagation. It seems plausible that the
instability may contribute to produce isotropic turbulence due to the
convective instability which tends to weaken the gravity effect to realize an
isotropic velocity field shown in (1).



3. Relative importance between saturation-instability and
viscous dissipation

We define Vs and Vv which are measures for saturation-instability and

viscous dissipation, respectively, with the velocity dimension. The two

measures are positive and increase exponentially with heights as follows:

V= | Vz (0) | exp(z/2H) (11)
V= |m| u (0) exp(z/H). (12)

where u (0)= 2+ 10®° (meter?/s) by Standard Atmosphere (e.g. Kato. 1980);
Vs(0) can be estimated from scarce observation by micro-barograph (Beer,
1970) with dynamical equation of motion (e.g. Kato, 2005) as

Vs0) = | (kim) (k/w) (p” /p0) | =] (0/N) (/) (C¥y)p’ /po) | (12)
which is based on a simplified GW dispersion relation as

m = (N/o) k (13)
and

| p> /po|l ~2+105 atz=0 (14)

Assume | w/k | =60 m/s (similar to the mesospheric winter-westery ) which
gives | w/m | =10 (m/s); | (w/N) | =1/6 ( assume , » is of 30 min in
period and m= 3.4+ 10¢ (meter?). Then, | Vz(0) | =5 - 103 (m/s) and, with
H=7km. Vs(106 km)= | w/m | =10 (m/s). Since V{106 km) =
3:102 (m/s) << Vs(106km), the viscous effects cannot suppress instability;
the wave is broken, unstable, being unable to propagate higher.

We remark that at 189km as Vs(189km)=Vi{189km) =3650 (m/s) with m=
3.4+ 10% (meter?l) provided that GW can travel as given by linear theory
with such an unrealistic exponential growth. It implies that the wave tends
to be broken, unstable at a lower height where Vs(106km) = | w/m | or
Vx2+Vz2*N2/m? .



Generally, Vs(a)= | o/m| gives a=2HIn | (w/m)/ Vz(0) | and
Vv (b) =Vs (b) gives b=2H1n | Vz(0)/(m x (0) | .

Then,
a-b=2H1In | {0 u O} [Vz(0]2) | (15)

Since w<N<0.1(c/s), | (o u(©) |<<I[Vz(0]2)and
a-b <0 (16)

implying that GW may become unstable, breaking into turbulence without
further upward propagation before suffering serious viscous dissipation. A
GW momentum release to winds as in (4) seems more significant than
viscous heating. However, for our detail understanding we have to know
about the excitation source spectrum function fas [Vz(0]2 = f(w, k) .

4. Discussion

We recapitulate the main point of the discussion above. Initially, GW, excited
near or at the ground, grows exponentially with height in propagating
upwards to certain height as shown by linear theory. However, eventually,
the growth becomes saturated by non-linear effects and also the temperature
perturbation by GW grows, tending to exceed an adiabatic lapse rate,
producing instability. Under the circumstances the GW momentum is partly
released to background winds for acceleration and partly, in the presence of
viscosity, lost into turbulence for dissipation, finally leading to heating. Note
that the kinematic viscosity increases exponentially more rapidly than the
growth of GW as given by linear theory..

Although our main concern has so far been on viscous heating ( Pitteway and
Hines, 1963; Lindzen and Blake, 1970, Vadas and Fritts, 2004 ), we now
must consider seriously the momentum release to winds in addition to
turbulence dissipation in the thermosphere.

Besides TID, GW may be manifested as electron density irregularities of



various scales. Mechanism for producing the irregularities is known to some
extent but far from complete as yet. However, wind-shear theory by GW (e.g.,
Whitehead. 1961) seems to show that GW production is more efficient than
plasma instabilities for irregularity production. Since we expect now that
GW of various scales may be much more abundant than known so far in
ionospheric heights, we can expect that ionospheric irregularities are mainly
produced or seeded by GW arriving from below.
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Abstract

Parameters of the equatorial electrojet along 210° Magnetic Meridian have been evaluated from
Onwumechili’s thick current shell format of continuous current distribution model of equatorial
electrojet for the first time. Ground based data obtained from MAGDAS/CPMN/210MM
magnetometer chain of magnetic stations managed by Space Environment Research Center
SERC and Solar-Terrestrial Environment Laboratory STEL were used in fitting the model. The
current and distance parameters obtained are peak intensity of the forward current at its center,
peak intensity of the return current, ratio of the peak return to the peak forward current intensity,
total forward current flowing between the current foci, half of the latitudinal width or the focal
distance from the current center, distance of the peak return current location from the current
center, half thickness of the peak current density, latitudinal extent of the current from its center,
and dip latitude of the electrojet center. The parameters can be validated using radar and other
facilities.
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1.0. Introduction

The study of the various components of Global Electric Circuit including the equatorial
electrojet has continued to attract interest, mainly through available of unprecedented
observations from satellites and ground-based networks (Kobea, et al., 1998; Rycroft, et al.,
2000; Siingh et al., 2007). The equatorial electrojet EEJ exhibits structural variability as well as
temporal variability which jointly vary with longitude (Doumouya et al. 2003; Jahdav et al 2002,
Luhr, et al., 2004). Previous works had evaluated the parameters of EEJ at South American,
Indian and West African sectors using models that employed ground based data (Oko et al,
1996; Onwumechili 1997; Rigoti et al, 1999; Doumoya et al, 2003; Rabiu and Nagarajan, 2007).
Rigoti et al, 1999 determined the parameters of parameters in the south American sector using a
data set obtained from an array of magnetometers, while Oko et al., (1996) and Rabiu and
Nagarajan (2007) among others obtained the parameters of the equatorial electrojet EEJ along
the 75°E geographic meridian of the Indian sector. The India EEJ sector appears to be the most
studied obviously due to large accumulation and history of geomagnetic database in the region.

There is a growing interest in studying the equatorial ionosphere along the 210° Magnetic
Meridian MM. A number of recent works which include Fang et al (2008) have been reported
about the Equatorial Electrojet along 210 MM. Recently Uozumi et al (2008) developed a new
index know as EE index using data from 4 equatorial observatories including Davao which is
along the 210MM. There has been no effort to monitor or compute the electrojet parameters
along the 210 MM apparently due to lack of sufficient ground based data unlike the Indian
electrojet and the purposeful campaigns reported by Rigoti, et al., (1999) which led to the
evaluation of EEJ parameters in American sector. Acquisition of geomagnetic data along 210
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MM for up to a decade has been made possible by CPMN and MAGDAS project groups
(Yumoto,et al., 1996, 2001, 2006, 2007). These data are archived at the Solar Terrestrial
Environment Laboratory, STEL, of Nagoya University and Space Environment Research Center,
SERC, of Kyushu University. Rabiu and Nagarajan (2006, 2007) employed the thick current
shell format of the current distribution model of EEJ by Onwumechili (1997) named OM66 to
obtain the characteristics of EEJ over the Indian sector. This model has capacity to evaluate both
the thickness and width of EEJ from an autonomous set of data. This present effort employs the
methodology described by Rabiu and Nagarajan (2007) to evaluate the electrojet parameters
along the 210 MM (Philippine sector) using an autonomous set of ground based geomagnetic
data from the thick shell format of the continuous current distribution model and attempt to
study the transient variations of the landmark parameters of the EEJ

2.0. Evaluation of parameters
Onwumechili (1966a, b, c; 1967) presented a two dimensional model of the continuous current
distribution responsible for EEJ as:

Jo a’ (a2+ax2)b2(b2+ﬂzz)
Jj= (1)
(a2+ xz)z(b2+ 22)2

Where j (1A m™) is the eastward current density at the point (x, z). The origin is at the centre of
the current, x is northwards, and z is downwards. The model is extensible to three dimensions by
introducing the coordinate y or longitude @ or eastwards local time . j, is the current density at
the centre, a and b are constant latitudinal and vertical scale lengths respectively, « and f are
dimensionless parameters controlling the current distribution latitudinally and vertically
respectively. It is a meridional plane model which in this simple form has to be applied to
specific longitudes or local times. Once the 5 parameters j,, a, «, b, [ are determined by fitting
observational data, a number of physical parameters of the current and its magnetic field can be
calculated from them.

Onwumechili (1966¢) used the Biot-Savart law to obtain the northwards X and vertical Z
components of the magnetic field variation with latitude on the horizontal plane (v = constant)
as a result of the current distribution in (1) as follows:
4, 1 2
(sg.z) P X_Ek[(l +B)(v+av+2aa) u+b)
+2(1-B)v+av+4a—-20a)lu+b)
+(1+p)(v+av+2a)va)] )
-(sg.x) P* Z:%k[(1+a)(l+ﬂ)(u+b)3 +(1+a)(1+ B)u+b) +

+(1+ B)v+av+3a—aa)v+a)u+b)

~(1-B)b(v+av+3a—aa)v+a)] 3)

Where P° = (u + b)> + (v + a)’ 4)
k = 0.17abj, (5)

u= /x/and v=/z/ (6)

sg.x = sign of (x/u) and is = 1 when x = 0 (7)

sg.z = sign of (z/v) and is = | when z= (0 (8)



Equations 2 and 3 give the horizontal and vertical magnetic field variations respectively, due to
thick current shell format. In the neigbourhood of dip equator northwards component X and
horizontal component H are approximately equal as the inclination is very small, therefore AX =
AH. AZ and AH are measurable field components at observatories, where v is the current altitude
taken to be 106 km (0.96°) as determined by rocket and satellite measurements (Onwumechili,
1997), u is the dip latitude of the point of observation.

3. Methodology

A look at equations 2 and 3 reveals that each of H and Z which are measurable quantities at
magnetic observatories are expressed in terms of &, a, a, b, and f, as well as v and u. The centre
of the equatorial electrojet does not necessarily coincide with the dip latitude (Onwumechili,
1967). Oko et al., (1996) introduced x, as the dip latitude of the electrojet centre and thus
presented the dip latitude of the stations as u = 8 - x,, where 0 is the dip latitude of the
observatory. Substituting 6 - x, for « in the equations 2 and 3 and rewriting them yield:

(sg.z) PPX-%k[(I+P(v + av +2aa)@ - x, +b)’
+2(1- p)(v + av + 4a -2aa)(0 - x, +b)
+(1+ B+ av + 2a)(v + a)°] =0 9)

- (sgx) P Z- %o k [(1+ a)(1+ B(S - x, + b)’ + ((I+ &)(1+ B(S - x, +b)’
+({+ v+ av+3a-aa)(v+a)(©-x, +b)
-(l-pbv+av+3a-aa)(v+ta)]=0 (10)

The first five parameters (k, a, &, b, and ) are the model parameters; x, is a parameter of the
current; 0 and v are known values at any point of observation. Equations 9 and 10 thus reflect a
non linear function F (, a, o, b, B, x, ) of magnetic field variations in each components X and Z
can be written such that

F(k, a, o b, B x,) =0 (11)

For each hour, we applied equations 9 and 10 to a set of simultaneously derived electrojet index
pairs H; and Z; for a set of four data stations each at dip latitude u; (i =1-4), so we have a set of 6
non linear simultaneous equations. Hence the model parameters are over-determined.

Simultaneously recorded hourly horizontal H and vertical Z field values were obtained from 4
stations whose coordinates are shown in Table 1. These hourly horizontal and vertical
geomagnetic field intensity values were treated for hourly departures, non-cyclic and Dst
variations to ensure absolute quiet condition as required. The electrojet index was obtained by
subtracting the hourly values of worldwide Sq as obtained at Muntilupa, a station just outside of
electrojet, from other three stations that fall within the electrojet influence.

Table 1. Coordinates of the geomagnetic observatories

Station Code Geog Coordinates_ Dip latitude
Lat. °N long °E (°N)
Muntinlupa MUT 14.4 121.02 6.79
Yap Island  YAP 9.5 138.08 1.70
Davao DAV 7.0 125.40 -0.65

Langkawi LKW 6.3 99.78 -1.88




The current distribution described an external field and so it became necessary to separate the
internal field from the external field. It is known that the observed values of H and Z are
algebraic sum of the external ionospheric current and internal effects, such that:

AH. + AH; = AH (12)
AZ. - AZ;=AZ (13)

Onwumechili (1997) reported the ratios of 0.28 + 0.08 and -0.17 + 0.02 for AHj/AH. and
AZi/AZ. respectively, found in excellent agreement with Davis ef al.,, (1967). We used these
ratios to filter out the internal field from the observed values such that AH and AZ reflect the
variation field due to external source of interest, the ionosphere. We therefore generated a hourly
profiles of EEJ index in H and Z due to external current system of equation 1 for selected quiet
days (Ap < 4) during the Whole Heliosphere Ionosphere campaign between March 23 to April
23 of the year 2008. We obtained the hourly means of the equatorial electrojet strength on each
day.

The hourly values of the model parameters &, a, «, b, f, and x, were evaluated employing some
subroutines in MATLAB environment using optimization method engaging equations 9 and 10
as described above.

4.0. Results and Discussions

Figure 1 presents the diurnal variation of Sq at the four stations on 2™ April 2008. The enhanced
magnetic field variation at the three Electrojet stations is due to the fact that the observed field
within the electrojet strip is a combination of the worldwide Sq and the electrojet component.
Figure 2 presents the diurnal variations of the peak intensity of the forward current at its centre
(bottom panel left axis), total forward current flowing between the current foci (bottom panel
right axis), half of the latitudinal width or the focal distance from the current centre (middle
panel right axis), half thickness of the peak current density (middle panel left axis), latitudinal

extent of the current from its centre (top panel left axis), and dip latitude of the electrojet centre
(top panel right axis). It is obvious that that all of these parameters undergo diurnal variation.
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Fig. 1. Sq variation on 2" April 2008
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Figure 2. Diurnal variations of the peak intensity of the forward current at its centre (bottom panel
left axis), total forward current flowing between the current foci (bottom panel right axis), half of
the latitudinal width or the focal distance from the current centre (middle panel right axis), half
thickness of the peak current density (middle panel left axis), latitudinal extent of the current from
its centre (top panel left axis), and dip latitude of the electrojet centre (top panel right axis).

The EEJ thickness decreases from about 0.0664° at dawn to the minimum at about 1100 hr LT
and then begin to increase towards the dusk. While the width increases from about 2.35° at dawn
to maximum at about 11 hr local time. Similar variation patterns have been deduced at Indian
electrojet (Rabiu and Nagarajan, 2007). Anandarao and Raghavarao (1987) noticed that a
positive (negative) wind shear decreases (increases) the width (thickness) of the jet, and that
zonal wind shears can decrease or increase the width of jet by as much as 100% depending upon
their direction, strength and altitude. Assertion of Anandarao and Raghavarao (1987) that “if the
width of the jet is increased, then the thickness would decrease and vice versa”, fitted our
observation as reflected in the middle panel and earlier works reported for the Indian electrojet
by Rabiu and Nagarajan (2007). Anandarao and Raghavarao (1987) have found negative
currents due to wind shears centred at about 6° on either side of the dip equator. This lends
credence to the claims of the strong wind effects. Some authors have explained the structural
variability of equatorial electrojet in terms of wind effects and migratory tides (Anandarao and
Raghavarao, 1979; Forbes, 1981; Jadhav et al., 2002, Rabiu and Nagarajan, 2006; Kawano-

Sasaki and Miyahara, 2008)

The forward current intensity Jo and the total forward current of the EEJ increases from dawn
towards noon when it maximized and begin to decline towards the setting of the sun in
consistency with the augmentation of the dynamo theory by the solar activity as observed by
Onwumechili and Ezema (1977). The dynamics of the variation of electrojet intensity and
thickness shows that electrojet shrinks as its intensity increases.



The variation of the dip latitude of the center of EEJ described a northwards shift towards the
dip equator from the rising of the jet at dawn and becoming closer to the dip equator at the peak
intensity period of the jet after which it begins to recede southwards towards the dusk..
Magnitude-wise this diurnal observation is in consistency with the Orsted satellite observational
results (e.g. Jadhav et al, 2002). With mean value of -0.192 + 0.005°, it is obvious that the
center of EEJ is not necessarily at the dip equator. This further implies that the equatorial
electrojet axis does not coincide with the dip equator. Obviously the center of the jet is, however,
close to the dip equator at about local noon and always coincides with the hour of occurrence of
the maximum total forward current. Richmond (1973) showed that a meridional wind of 10 ms™
shifts the jet center by 0.8 km. Using theoretical models, Anandarao and Raghavarao (1987)
observed that meridional winds shift the center of the jet either southwards or northwards
depending upon whether the wind is northwards or southwards; a steady northward wind of 100
ms™ is capable of shifting the center of EEJ southwards by 0.5°.

Average values of the EEJ parameters along 210 MM during WHI are as follows: peak intensity
of the forward current at its centre, 112.12 &= 4.33 A/km; peak intensity of the return current,
33.80 %= 6.82 A/km; ratio of the peak return to the peak forward current intensity, 0.300 ==
0.052; total forward current flowing between the current foci, 32.67 = 1.54 kA; half of the
latitudinal width or the focal distance from the current centre, 2.62 == 0.25°; distance of the
peak return current location from the current centre, 5.13 == 0.32°; half thickness of the peak
current density, 0.062 == 0.004°; latitudinal extent of the current from its centre, 9.23 == 2. 57°;
dip latitude of the electrojet centre -0.192 %= 0.005°. Table 2 compares some of our results with
those obtained using the same continuous current distribution model for Indian and Brazil
sectors. The dip latitude of the electrojet centre is south of the dip equator as in the other sectors.
McCreadie and Iyemori (2006), using scalar measurements from over 14,000 CHAMP satellite
passes, also found the dip latitude of electrojet centre to be south of dip equator in December
regardless of longitude.

Table2. Comparison of EEJ at 210 MM with Indian and Brazil sectors

Peak intensity Ratio of the peak | Total forward
of the forward |Peak intensity [return to the peak| current flowing
Longitude Sector| current at its | of the return | forward current between the Dip latitude

centre current intensity current foci of EEJ
Jo A/km Jm A/km Jm/Jo Ifwd kA center (°)
210 MM 112.13 33.80 10.30 32.67 0.192

(our results)

Indian Sector
(Rabiu and 66.23 -16.53 -0.25 21.1 -0.187
Nagarajan, 2007)

Brazil Sector
(After Rigoti et al 148 -43.7 -0.29 67 -0.189
1999)

Conclusions

The values of the electrojet parameters have been evaluated at the 210 MM sector by using a
ground based magnetic data obtained during the Whole Heliosphere Ionosphere WHI campaign
(March 23- April 23, 2008) to fit a thick shell current model of Equatorial electrojet. Average
values of the parameters are: peak intensity of the forward current at its centre, 112.12 = 4.33



A/km; peak intensity of the return current, 33.80 &= 6.82 A/km; ratio of the peak return to the
peak forward current intensity, 0.300 == 0.052; total forward current flowing between the
current foci, 32.67 &= 1.54 kA; half of the latitudinal width or the focal distance from the
current centre, 2.62 = (.25° distance of the peak return current location from the current centre,
5.13 == 0.32° half thickness of the peak current density, 0.062 &= 0.004°; latitudinal extent of
the current from its centre, 9.23 == 2. 57°; dip latitude of the electrojet centre -0.192 == 0.005°.
The parameters can be validated using radar and other facilities.

The equatorial electrojet axis does not coincide with the dip equator, but lies in the south of it
during the period of study. The equatorial electrojet center is observed to migrate northwards
towards the dip equator from the dawn such that it is closer to the dip equator at about local
noon and then reclined southwards towards the dusk.

The thickness decreases from dawn to the minimum at about local noon and then begin to
increase towards the dusk. The width increases with the sunrise, reaches maximum at about
1100 hr LT and then begin to decrease towards the dusk. The interplay between the variation of
electrojet intensity and thickness shows that electrojet shrinks as its intensity increases.
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