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1. INTRODUCTION

Observations of temperature, winds, and atmospheric
trace gases suggest that the transiton from the
troposphere to the stratosphere occurs in a layer, rather
than at a sharp tropopause. In the tropics, this layer is often
called the tropical tropopause layer (hereafter TTL). TTL
has a bottom at 150 hPa, 355 K, 14 km (pressure, potential
temperature, and altitude) and has a top at 70 hPa, 425 K,
185 km. TTL acts in many ways as a gate to the
stratosphere, and understanding all relevant processes is
of great importance for reliable predictions of future climate
(Fueglistaler, et al. 2009).

By receiving echoes from refractive index irregularities,
VHF wind profilers typically operated near 50-MHz
frequency (6-m wavelength) have the capability to
continuously observe vertical profiles of vertical and
horizontal air winds both in clear and cloud regions. In the
equatorial Indonesia, a 47-MHz Doppler radar referred to
as the Equatorial Atmosphere Radar (hereafter EAR) has
been operated at the Equatorial Atmosphere Observatory,
Kototabang (hereafter KT), West Sumatra (0.2°S,
100.32°E). Using observational results of wind and
turbulence around the TTL observed by the EAR,

Tomoaki MEGA,
Research Institute for Sustainable Humanosphere, Kyoto
University, Gokasho, Uji, Kyoto 611-0011, Japan; e-mail:
mega@rish.kyoto-u.ac.jp

* Corresponding author address:

turbulence features in TTL, which are expected to
contribute airmass mixing there, have been shown
(Fujiwara et al. 2003; Yamamoto et al. 2003). Using
frequency diversity of transmitted radar signals,
atmospheric radars are able to attain higher range
resolution (up to several tens of m) than one determined by
the transmitted pulse width. The technique is called
Frequency-domain interferometry imaging (hereafter FDI)
or range imaging. FDI has been used to reveal turbulent
features around the tropopause in the midlatitude region
(e.g., Luce et al. 2006). In the report, preliminary
observational results of turbulence in TTL are shown using

the FDI observation mode of the EAR.

2. DATA

The EAR has a circular antenna array, approximately
110 m in diameter, which consists of 560 three-element
Yagi antennas. To produce total peak output power of 100
kw, each antenna is driven by a solid-state
transmitter-receiver module with 180-W peak output power.
For the detailed description of the EAR, see Fukao et al.
(2003). In December 2009, we carried out the observation
campaign named the Cloud experiment by Lidar and the
Equatorial Atmosphere Radar (hereafter CLEAR). During
the CLEAR campaign, the EAR was operated with a FDI
mode to observe fine time and altitude variations of
turbulence. On pulse-to-pulse basis, the EAR changed

transmitted frequencies from 46.50 to 47.50 MHz with 250



kHz spacing (five frequencies). In the FDI mode, the radar
beam was pointed to vertical direction (0°, 0°). Amplitude
and phase information of received signals obtained using
five frequencies were used for Capon processing method
(Luce et al., 2001) to derive altitude profiles of clear-air
echoes with high vertical resolutions. Altitude profiles of
clear-air echoes were computed with 5-m vertical intervals.

3. RESULTS

Figure la shows a time-altitude plot of intensity of
received (echo) signals observed by the EAR from 0145 to
0215 LT 18 December 2008. The intensity of echo signals
is expressed in arbitrary unit. Wavy echoes, which reached
to about 15.6 km and had a period of about 7 min, were
observed. Figure 1b shows a time series of Doppler
velocity observed by the vertically-pointed radar beam of
the EAR at 15.22 km. Upward wind of about 1 m st or
larger was observed when upward lits of enhanced
echoes (up to 15.2 km or higher) were observed (around
0146-0148LT, 0153-0155 LT, and 0159-0202 LT). At the
lower altitude (14.77 km), this tendency was still observed,
though it was not clear as compared with one at 15.22 km.

Figure 2 shows observational results of the radiosonde
located at 14.0-15.5 km from 0029 to 0032 LT 18
December 2008 (about 90 min earlier than the EAR
observations). The profiles in Figure 2 are computed with
the interval of 50 m. At 14.60-14.65 km, potential
temperature (hereafter « ) and square of Brunt-Vaisala
frequency (hereafter N2) showed rapid increase with
altitude (Figures 2a and b). Above 14.65 km, » was quite
uniform (Figure 2a). The increase of ¢ just above 14.60 km
and uniform ¢ above 14.65 km indicates the presence of
the airmass mixing. Vertical horizontal wind shear
exceeded 25 m s™ km™ at 14.55-14.75 km (Figure 2c). This
large wind shear was caused by the eastward vertical wind
shear (not shown). Owing to the large vertical horizontal
wind shear and decreased N2, Richardson number
(hereafter Ri) was dominantly less than 0.25 around
14.7-14.9 km (Figures 2b, ¢, and d). The small Ri less than
0.25 indicates that shear instability (or Kelvin-Helmholtz
instability) was easy to occur at the altitudes, and also
suggests that the observed wavy echoes and large
Doppler velocity observed by the EAR were produced by

shear instability. The wavy enhanced echoes observed by
the EAR suggest that the isentropic surface with large
vertical gradient of « , which was the part of billow of shear
instability, was lifted. Uniform « above 14.65 km also
suggests the presence of airmass mixing by shear
instability. Previous study has shown that shear instability
frequently occurs around the tropical tropopause due to
large eastward vertical wind shear (Yamamoto et al. 2003).
However, their results were based on observational data
with the time resolution of 1 h. The wavy echoes and
Doppler velocity as shown in the Figure 1 provide detailed
information on observed scales of shear instability which
occurs in TTL.

4. SUMMARY

In the report, preliminary observational results of
turbulence in TTL have been shown using the FDI
observation of the EAR. The range-imaging technique
(FDI) would be important for exploring turbulence
processes associated with cloud and precipitation. Further,
FDI enables the high-resolution observation of vertical and
horizontal winds, though this report does not show this
capability. We are now carrying out the analyses of data
observed by the EAR and lidar installed at KT, and the
results will be reported in forthcoming studies.
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{a) by (d)
N = | \ )
154 \ k L
152 E — - H>?-.._ ..... _ SN S SN S S
A [
150 - Id | | |
- \ / >
@ ™~ | —
€148 T~ | li
2 L |
i = —
z A > T S~
146 B N — i | I — B S R E—
—
J T | g
144 / ! -
N [ ' [ N
an -
142 ! ! {
| I y ;
\ | | / |
00 201 202 203 204 205 206 02 0 02040608 1 12141618 2 0 5 10 15 20 25 30 075 05 025 0 035 05 075 1
T N2 x10%[57) WA [ms™) Richardson Number
345 350 355 360 365 370 0 20 0 60 80
oK Shear [ms” km™"]

Figure 2. Altitude profiles of (a) T (black) and « (gray), (b) square of Brunt-Vaisala frequency (NZ), (c) amplitude of horizontal
wind (black) and it's vertical shear (gray), and (d) Richardson number (Ri) observed by the radisonde located at 14.0-15.5 km
from 0029 to 0032 LT 18 December 2008.



Do0o0oobobdg  EAROOODOOO
guoouoobooooooonod

O0000000000oooo0 (Doooooopoooo)
0000 (00000 oooon)

1. 000gd

gobbbbouoogobbbbbuoooobbobbbooooogz2oe02b 30
gogobobbobboodooooobbobbooooooobbobbuooood
gbbobobboobobuooboobboobuooboobbboobog3d
goboobooob ockmbO0OO0000O0O00O0OO0ODOOODOOOODOOODOO
gogobb 2000000000000 000obbobobbobouooooon
ggobbbboduoooobbbbboooooobbbboooooobbo
goobobbobbooooooobobbobbouooooobobobobooago
ggbbobuooobobbooogn

000000000000 0ODOD0ODOEARDODOODOODOODODOODOO
gogbobbbbboouoooobbobobbbuooooobbobboooood
gobobboooobbboooobobboooobobooboon

2. 00000

00000 CPEAOOOOOOOOIODDODODODOO (20040 4050) (Fukao,
20060)0000000000000O00O0OO00OCODOO0O0O0OODOO0OODODOOOO
gobbuooobobbblgooooobbooobbuoooobbobbod
gbogo2b000b0boobobobboobobooboboobobbobn
gooobooboboobobobooooboboboobuoboboooblelT
gogobbbbbbuooooobbbbbouooooobobbboboougo
gobobobooogoon

OO0 EAROOOOOODOOOOOODOOODOOOO20D00016LTO
00000000000 000000000Im/sO0000000O0OO000O0O0OO
goon

. ubboooabboboooand

gbobooobobob F,O0b0bdbg pbobobwbooobbo g K,
DDDDDFZ:ﬁ-w—KZ%DDDDDDDDDDDDDDDDDDD K,0O0O
Fukao et al. (1994) O0O0O0OOOOOEAROOOOOOOOOOOOOOOOO
goooooobuooooooobbbobbbbbbbibboooooooooo
gbogbuoobooboobod af/QDDDDDDDDDDDD NODOOO

0.2
Km().l%DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD



~RM20040410

WV(g/m*)  average
20

10 7 T 10

8 - — - 48
’ o (R |

6 E EEEHI H!Ié!i - 16
HE e

Height (km)

0 NIRRT - L
10-2 10-' 10° 10!
24

0O 4 8 12 16 20

LT

0 1: 20040 40 100000000000000000O0O0O00OOOO0OOOOOOOOO
goood

(m/s)

W 20040410
[p, 0

Height (km)

LT

0220040 40 10000C0C0C0OEAROOOOOOOOODODOOOOOODOODOOOO



(m2/s)

K 20040410 edian

1 O ﬁ”mu‘;@;’:!“ ) B 10
b0 Gl 50 | .
Py 8 o :’I;l/” L I — - 8
£ pLETAH L 5 40| ,
G e~ ALl
5 6 :‘!' m-‘!ﬂg‘lmjl zzl) 5“1 I — 6
[ 1 g lgk it 0
T A , ,
S
- 4 J"%'r ) B A
0 ey = I ]
T | ]
2 ‘€ i I ] i:’; 1 O — — 2
O | | O Cond vl O
0 4 8 10-1100 10" 102

0320040 40 10000000EAROOOOOOOOOOOOOOOOOOOOOOOOOO

Total Flux 20040410 average

T T T 1T T T 10

- 4 8

£ I
< I v

o - 1 4
= ¢

l IR

0 | | | | | o Lo og

0 4 8 12 16 20 24 -1 0 1
LT

0 4:20040 40 100000000000000000 EAROCOOOOOOOOODOOOOO
gbooooboooooao



gogobbbobbouooogobbbobodooooobbobobboooooon
gboobgoboobbooboobooboob

20040 40 1000 EAROODOO0OODOOOODOOODOOODOOODDOOODO
O30000CPEAO 100000O0DOOOOOODODOOODOOOOODOD
00000000000000000000000 100kmO00000 m?/s000
goboobobobooMUbOODOODODOOooOOobOobOOobDOooobooboOooon
gboboggbbogoboobbuooobboobboooboobooboab
gboobobo4b00000oobooooooboobobobooooogn 5km
ggboboboooobobooooooboobo

4. 000

EAROODOOOOOOOOOOOOOOODOOOODOOObDOOODbOO
gogobobbobbouoooobboobbooooogoboboooooog
gobooboooobooboooooobD skmboooobOooOODOoDO
gogbobobbbooooooobbbobboooooobboobbboooog
gogoobooodan

good

[1] Fukao, S., Coupling Processes in the Equatorial Atmosphere (CPEA): A
project overview, J. Meteor. Soc. Japan, 84A, 1-18, 2006.

[2] Fukao, S. , M. D. Yamanaka, N. Ao, W. K. Hocking, T. Sato, M. Yamamoto,
T. Nakamura, T. Tsuda, and S. Kato, Seasonal variability of vertical eddy
diffusivity in the middle admosphere 1. Three-year observations by the middle
and upper atmosphere radar, J. Geophys. Res., 99, 18973-18987, 1994.



BaEA Vv FERLESERBEICHITS
EXIHERBIEBEELORRE

B OEH BEA RRFES BACK BE BB A -EA B’
(1. R#BARE-E 2:THK-£E7FHE 3:FRCGC/JAMSTEC)

1. [XCHIZ

WEAEE DY VARY T AT, AREEREFEDE L A— U ElTh HRElA R
FEIZB W T A B L BURIR W HEE /R IR FE 15 (Nishi et al. 2009)IZ- DWW THE L
oo AENXZOBGIONT, T—F 2R - IR U THIT 21T - e R A2 =
97, 2006 4 (238 I B A L 7= 2 COSMIC 12 & % GPS I & AV 7= #E itiA (Anthes
et al. 2008)(Z L % §ZHiE B (Dry Temperature) 7 — % & A=, & OB E Sy iR
BHNAT ADIZENERWREDT =N EN5HZ &N, ZOBNDOFRET
o5,

2. T—4

NOAATEHE D 57 iR FE (2006-2008) 2 IV 5, MRS 1L, JEATROE(L T
FERM AL T I L O TIRELZIFICL D EMREL TRDIZHLDTH D, HES
a7 7 A WX, Z O T %A Radio Holographic(RH) ., |5 % Geometric Optics(GO)
ETOBRINGRO LN TEY , EExHiE S THkEEO &2t
R INTWD, ZNENOEESEREIL, 1km(Kuo et al. 2004) 35 LY
10-100m (Sokolovskiy et al. 2006) T& ¥ . %&FH DIX D 237 o & &m\, Fig LILBLH]
SNTWHESE OB TH DD, T DK D e BR el E X, X Y &1 (10-100m)
INE D ETEE D ORHIEIZ L > TRO LTV D, R ED14.5-15kmTik, 6%
PIENRZORHIZE D707 7 A NTHD, Fo. BEENTT — 21X, 9—1a v
N & —(ECMWEF) O FHi#fT: ERAinterimz Nz, 2 O FET I
COSMICHEIHIHI 25 AT b,

3. #ER
3-1. COSMIC BTk 2 RERBD 3 FEH
Fig.2 X, 2006 4-2008 -2 ¥1F HRE . & 14.5-15km(#J 150hPa)d> 7-8
AL OEIRE AR CTHh 5, MEFRE L7 2007 4F(Fig.2b) & [FAEkD, HIZAT
S ER *ﬁ%#%ﬂtﬁvﬁ:%w%ﬁﬂ%iﬁﬁ&zow&k 2008 b A BN D,
F7-. Figs.3 a-c I&. 60E (23517 D niEi L AR O e 5 EE Wi Cd 5, 2008
ﬁiﬁﬁ@@%Lb%%ﬁ:%ofwémf\mEf@%ﬁ%Ab@%Lk
(Fig.3d), FREIEMFAT, dL¥ERITE BICH DHE DT R COEICHEATN D,
Fig.4 13, Z OWEEERRLERE OEE 14.5km T ORF M RIS & 2 R,



Z DEFETIL, 50-60E fHIICZERENRH D, LR TIILERITS - & EIThiE
L TCW5, 50-60E & 70-80E Z Lt~ THh D &, FHMIT L EEITHIE DOIE O 0
EMWZ STV ETHRWVWA, TOEBEBLRTEDRE Lo TWD, FRBEfHEI
TRERZFNVLFX—% b DTV E L ERE NP OIRESGIZEB T 50, )
TRNAF =N —ETHHNLZEENRELS LD ERELLRDHIEFTROT, 2D
ENBFANTNDONE LW, ZOLRERTHRLNDHEEIOT R )LX—
HIERNERRICRKE LS 2o TWNDHD0E LIV,

COSMIC #iM % & Fe K HM @ ERA interim 7 — & Z f##HT L. 2006-08 4E DL
PEA2 T, Fig.5 1%, £ DT 2002-2008 4 DR FE(HRIRE 2 & DR 7)1
ZROMLIEbDOTHD, MBEE R DRED 60E (T TiE, HFD L 9 IT 6-9
A ERRZEN 100hPa 13, KIRIFZE7Y 300hPa fHTIZ Bl TV D 2 & 2¥b i
% (Fig.5a), F7-. 100hPa i DR HAR 2T~ 5 & (Fig.5b), DT HiLdH
%Y ODIFIEHFR CREIC, ZOFEHOERMENBNTND Z ERNbhd,
COSMIC #lilll> 2006-2008 - IHEHER R FHE A FF > ThH Z & bbb oTo,

ZOREEOREIZONTIX, FEERICONSTZ LTV, ZEE L
> 100hPa (2381 2 MR ZEDS Z DATITIZAFAES D Z LD\ TE EERE
DEVA—=VINBUZ L D e 2 —I8& N OfRE Lo EEEED Flich 5 2
EMDIATE 200, TNRRE 30 ERRED 2 R0 R iptidz b oV -
JE@ L7 DEHBANRHTH D, FHRENDLDOEWRT V¥ v WREPV)RTF
FMEKELEERI LN bEA L, BERBEZIEKT D AREMEL B 2. PV O
%3 Z 72572 (Fig.6), 100hPa Tl > R{¥ED 5-10N (2 PV O & O RIS - B 4L,
XD TOEETEHEIZITNTWDDRDLND, LML, REMTICETIZZO
BiiXaunwawnwiens & E, SRR AT OFE R, 2 E g R ]
& PV BILORREE, R ITIT/NE < 2D A 5 (not shown) Z &6
PV NEBZERIZEICESR L TW DT E /R T 720,

4. FLo

COSMIC #r28ll % 3 HIZIER L, F72 ERA interim 28T L< WD Z & Z
F o T, ALFEREITIRE A FEED RERHRENC 2 5 30 248 N T 2818 Jg O fltfr
TRl 7=, RS eEEIL 3 A L TEERADN., F722 0 3 TERER 72
B e b 2L B LT EnbnoTz, RIRIZOW T O O—#5 2 #7
LT, i E TIZIE S bR DM HE RN LETH 5,

References
Anthes, R.A., P.A. Bernhardt, Y. Chen, L. Cucurull, K.F. Dymond, D. Ector, S.B. Healy, S.P.
Ho, D.C. Hunt, Y.H. Kuo, H. Liu, K. Manning, C. McCormick, T.K. Meehan, W.J. Randel,



C. Rocken, W.S. Schreiner, S.V. Sokolovskiy, S. Syndergaard, D.C. Thompson, K.E.
Trenberth, T.K. Wee, N.L. Yen, and Z. Zeng, 2008: The COSMIC/FORMOSAT-3 Mission:
Early Results. Bull. Amer. Meteor. Soc., 89, 313-333.

Kuo, Y.-H, T.-K Wee, S. Sokolovskiy, C. Rocken, W. Sshreiner, D. Hunt, and R. A.
Anthes, 2004: Inversion and error estimation of GPS radio occultation data. J.
Meteor. Soc. Japan, 82, 507-531.

Nishi, N., E. Nishimoto, H. Hayashi, M. Shiotani, H. Takashima, and T. Tsuda, 2009:
Quasi-Stationary Temperature Structure in the Upper Troposphere over the Tropical Indian
Ocean Inferred from Radio Occultation Data. J. Geophys. Res. in revision.

Sokolovskiy, S., Y.-H. Kuo, C. Rocken, W. S. Schreiner, D. Hunt, and R. A. Anthes,
2006: Monitoring the atmospheric boundary layer by GPS radio occultation signals
recorded in the open-loop mode, Geophys. Res. Lett., 33, 112813,
d0i:10.1029/2006GL025955.



| 08Aug

18 4 Jl o1 | 093NS6S9E |
/1/ i : i i 19Aug

17 4 ! i 2.08N,59.64E | _ __

height(km)
>
L

12

Tttt
195 198 201 204 207 210 213 216 219 222 225
temperature(K)

Fig.l COSMIC IR RET— R [CH b H BB HERE. Rp(CKRE L2 BEICH
(7% ON,60E fHETHDFTO T 74 ILERT.

dT/dz (K/km) 2.55=2.5N Jul-Aug2006 dT/dz (K/km) 2.55-2.5N Jul-Aug2007

e
dT/dz (K/km) 2.55=2.5N Jul-Aug2008

Fig.2 COSMIC T—#2IZ& % 7-8 A FHDOFREE(2.55-2.5N)IZFH (1 5 FHEnEIRE DE
(KIkm)DRES EM@E. (£ L) 2006 &, (FAL) 2007 £, (F) 2008 £.



aT/dz (K/%m) BOE Jul-Aug2006 dT/dz (K/km) 60E Jul-Aug2007

R, —— { {
305 255 205 155 105 55 EQ 5N 10N 5N 20N 25N 30N 105 55 EQ SN 10N 15N 20N 25N 30N

= 5 4 =3 =1 1 3 =7 -8 -5 -4 -3 - 1 3

dT/dz (K/km) 50E Jul-AugZ008

T /dz {K/%m) BOE Jul-Aug2008

134 { 134
35 255 205 155 105 55 EQ 5N 10N 15N 20N 25N 30N 35 255 208 155 105 55 EQ SN 10N 15N 20N 25N 30N

Fig.3 COSMIC T—# 12k % 7-8 AFD 60E (ZH [T 5 FHNERE DE(K/Km)DEE
=EBE. (L) 2006 &, (B.L) 2007 &, (£ T) 2008 F£. AT, 2008 F =A% 50E D
£0,

dT/dz (K/km) 5S—5N 14.5km

2 . . T T T
1JUL 16JUL 1AUG 16AUG 1SEP 16SEP
2007

Fig.4 COSMIC T—4#4 & A& 14.5km, 2007 4E 7-9 BIZ$+ 5 55-5N D 4 th s
(50E, 60E, 70E, 80E) T M #n1E R E BIEE (K/Ikm)D ZE1E.



T (no zonal mean) ON 60E ERA interim

Fig.5 (L) 2002-2008 &£ A F¥ KB (ON, 60E)D BAE = E W E (ERA interim). ()
2002-2008 FE M FRiE, 100hPa [CHITHATFHRE LWIht, FKREHIMCDOITIETR
LTW. E£0EMRMNLATHD,

PV 150hPa Aug2007 ERA interim (5e+6)
e G

by O

A0E GOE BOE 1006 120 T40E

Fig.6 2007 £ 8 A M A FHKRT > L v JLiRE(ERA-interim). (L£) 100hPa, (4) 125hPa, ()
150hPa. FhFh, 1x10°% 3x10°% 5x10° = F L ={EZRL TV 5,



HARIMAU2006 TELH /- A~ b T BINEIBRIZ BT 5 % iE g O R &%

H B BHEA—Y, BHEREE 2 RRFITY, JNBETS Boss Yk
[y 18
1JAMSTEC 2 PFSEBMF 3 b KARENF 4 FURAEGHF 5 EASKANTEREE 6 /7 Kk

1. Introduction

Diurnal variation is one of the fundamental modes of convective activity in the Tropics as
well as intraseasonal variation (ISV). The ISV is widely known to be modulated over the
maritime continent region where the diurnal variation predominates. Thermodynamic
processes, e.g., a charge-discharge mechanism of instability in the lower troposphere, caused
by diurnally developed convections seem to have an important role for the ISV modulation. We
have investigated the diurnal variations by using TRMM satellite over the western Sumatera
Island, Indonesia, and found a diurnal land-sea migration of convective activity which
propagated into inland (offshore) region in the daytime (nighttime) about 500 km across the
coastline (Mori et al. 2004). We also found the diurnal migrations were modulated largely by
the phase of ISV and seasonal phases (Sakurai et al., 2006), and expect significant (thermo)
dynamic interactions between these variations. Such diurnal cycle of convective activity makes
a significant land-sea contrast in rainfall amount especially in the southwestern coastline of
Sumatera Island (see Fig. 1), and much rainfall over the coastal sea region. This rainfall
imbalance is interesting not only for science but also important issue for local community in
agriculture, water resource management, and disaster prevention, however it cannot reproduced
by global circulation model (GCM) even though that model has high horizontal resolution of 20
km (Arakawa and Kitoh 2005, Wu 2006).

Japan Earth Observing System (EOS) Promotion Program (JEPP) Hydrometeorological
ARray for 1ISV-Monsoon AUtomonitoring (HARIMAU) has developed Doppler radars and
wind profilers along the equator in Indonesia since 2006 to investigate convective activities in
diurnal, intraseasonal, and monsoonal variations (Yamanaka et al., 2008), and has provided
real-time rainfall and wind distributions through our web site:
http://www.jamstec.go.jp/iorgc/harimau/HARIMAU.html

We carried out the 1st dual X-band Doppler radar observation over the western Sumatera
Island, Indonesia, in 2006 (HARIMAUZ2006) as well as intensive rawinsonde launchings. Three
dimensional structures of diurnal migrating convections were observed for the first time and
were analyzed in detail.

2. Overview of HARIMAU2006

Figure 1 shows allocation of the radars and sounding stations in the western Sumatera
Island during HARIMAU 2006 with averaged annual rainfall pattern obtained from TRMM
PR (a) and topographical elevation (b). The two X-band Doppler radars (XDR) were installed
at Minankabau International Airport (MIA; 0.79S, 100.30E) and Tiku (0.41S, 99.9E) sites and
operated from 26 October to 27 November 2006. These specifications and operating
conditions are summarized in Table 1. Rawinsondes (Vaisala RS-92SGP) were launched
every 3-6 hours at Tabing (0.88S, 100.35E) during the same period and at Siberut (1.75S,
99.25E) during 03-15 November 2008. In addition, automatic weather stations (AWSs) were
also operated at those 4 stations and recorded surface meteorological parameters every 1
minute.

Outgoing longwave radiation (OLR) and NCEP wind vectors at 850 hPa in late 2006
(including HARIMAUZ2006 period) are depicted in Fig. 2 to show synoptic convective
activity and circulations over the western Indian Ocean and Sumatera Island (5S-5N). A



synoptic disturbance (cloud cluster: CC) with low OLR (less than 180 W m™) was
approaching from the western Indian Ocean to the radar sites (around 100E) in Sumatera
Island after November 10, and then its main body passed through the sites during December
01 and 15. Though the main part of CC has not been arrived over the 100E line, a
considerable cloud region with low OLR (230-190 W m™) was observed there after 12
November. Therefore, the HARIMAU2006 period is identified as so called “ISV break
phase”, however, it can be partitioned into two sub-phases; 1) convective inactive phase (Cl:
26 October - 11 November), and 2) convective active phase (CA: 12-27 November). Though
easterly wind of approximately less than 10 m s™ was dominant in the lower troposphere
throughout the period, wind speed in the CA phase looked stronger than that in the CI phase.

3. Results
3.1 Diurnal variation

Figure 3 shows sequential variation of radar reflectivity in the rectangular depicted in Fig.1
observed by the MIA-XDR throughout the HARIMAU2006. The rectangular is 160 km long
and 20 km width, and set perpendicular to the coastline. The reflectivity at 2 km above
mean sea level (MSL) was averaged over the short axis of the rectangular. Vertical solid lines
at 0 km in Fig. 2, which is the location of MIA-XDR, roughly corresponds to the coastline of
Sumatera Island. Convections were generated approximately 20-40 km inland from the
coastline almost everyday, and some of them migrated toward the offshore side (e.g., 29
October, 07 and 27 November). Frequency of such a migration looks less in the CI phase and
more in the CA phase. It is notable that those convections suppressed once when they crossed
the coastline, and then developed again over the coastal sea approximately 40-80 km apart
from the coastline.

Averaged diurnal variations of radar reflectivity at 2 km above MSL, rainfall intensity,
convective fraction, and topography along the rectangular are shown in Fig. 4. The rainfall
intensity was calculated by using a simple Z[dBZ]-R[mm h™] relation formula

Z=200*R"® (1)

and the convective fraction was estimated by using a technique developed by Steiner et al.
(1995). Convections were generated in the southwestern foothill of mountain range in the
early afternoon (12-15 LT) and developed until 18 LT at the similar position (Fig. 4a). A part
of convections remained over the coastal land region and extended its weak reflectivity field
until the next morning. Whereas, the other part of convections migrated toward the coastal sea
region with a speed of approximately 4 m s™ (thick broken lines), and then redeveloped much
stronger from around 21 LT at 60-80 km far from the coastline. The redeveloped convection
maintained its position and strength through the night and disappeared by the next noon (Fig.
4b). Consequently, rainfall intensity was strong only in the afternoon to evening over the
coastal land region, on the other hand that over the coastal sea region was strong through the
night until next morning. Maximum rainfall amount a day over the costal sea (land) region
was 18 mm (15 mm) at 70 km (10 km) far from the coastline (figure not shown). Though
more than 50 % of rainfall came from convective clouds only 6 hours (12-18 LT) over the
coastal land region, that over the costal sea region maintained more than 12 hours (21-09 LT)
as shown in Fig. 4c. Specific mechanisms are needed to redevelop such convections over the
coastal sea region in the night time and maintain for longtime in the diurnal variation.

Figure 5 shows averaged vertical profiles of wind speed along the rectangular (i.e.,
perpendicular to the coastline; positive value for southwesterly wind) at every 3 hours



observed by soundings at Tabing and a hodograph at 100m above MSL. These wind profiles
can be partitioned into three height regions; 1) northeasterly trade wind above 1.5 km, 2)
southwesterly monsoonal wind 0.5-1.5 km, and 3) land-sea circulation below 0.5 km. The
land-sea circulation was quite predominant around 100 m above MSL as shown in the
hodograph. The sea breeze in the day time helped to generate new convection over the coastal
land region by local convergence at the foothill of mountain range. Whereas, the land breeze
in the night time made favorable condition for new convections over the coastal sea region by
converging with the synoptic southwesterly monsoonal wind. Though these convergences
were not much strong, atmospheric instability during the period was enough for convective
genesis (figure not shown). Furthermore, quite large vertical wind shear of roughly 5 m s*
km™ at 1-2 km high was one of the fundamental factors to maintain the long-lasting nocturnal
convections over the coastal sea. Because the wind speed of convective migration in the
evening corresponded to that of northeasterly trade wind above 2 km, convections seemed to
be advected by the synoptic ambient wind as an averaged view.

3.2 Case studies
We selected three cases of nocturnal redevelopment of coastal convection to examine their
characteristics in detail.

(a) Case-1: 29 October 2006

Figure 6 shows sequential variations of (a) horizontal view of radar reflectivity at 2 km
above MSL, (b) vertical views of radar reflectivity, and (c) Doppler velocity, in the
rectangular (Fig. 1b) on 29 October 2006. Developed convection was observed over the
coastal land region at 0400LT, and then extended toward the coastal sea region though its
main part remained over the land (Fig. 6a). The extended area of convection weaken once
when it crossed the coastline, and then a new small convection was generated at the leading
edge of it over the coastal sea (0530 LT). The new convection developed expanded toward the
offshore region independent from the old convection over the land until 0730 LT, whereas the
main part of old convection depressed gradually at the same time. Consequently, it looked
that the convection as a whole migrated from coastal land to sea regions and redeveloped
there.

Vertical views of reflectivity field (Fig. 6b) show well developed convection over the
coastal land and its anvil cloud extended across the coastline at 0400 LT. A new convection
was generated below the anvil cloud around 0430 LT, and then developed at the leading edge
of the main convection during 0500-0530 LT. The new convection developed more after 0600
LT independently from the main part which had almost disappeared by 0730 LT. It is notable
the new convection was generated under the anvil cloud of main old convection and
developed independently from it. This characteristic looks similar to that rainfall intensified
under middle layer clouds by seeder-feeder mechanism which is widely known mechanism
for generating local torrential rainfall.

At the same time, vertical views of Doppler velocity show trimodal structure in the early
morning (0400-0600 LT); northeasterly winds dominated in the lower and upper layers and
southwesterly existed between them. Though the vertical wind shear over the coastal land was
not so strong, that over the coastal sea was increased much (~ 2 m s™ km™) especially in the
lower layer (roughly 2-3 km) during the new convection developed (0600-0730 LT). Such
vertical wind shear helps to generate and maintain organized convections there.

(b) Case-2: 07 November 2006



Figure 7 is same as Fig. 6 except for that on 07 November 2006. Developed convection (b1)
was observed over the coastal land and extended across the coastline during 0400-0500 LT
(Fig. 7a). A new line shaped convection (b2) appeared from 0600 LT at the leading edge of
original convection over the coastal sea, and then moved toward the offshore region with
developing. Another line convection (b3) was generated at 0700 LT ahead of the old matured
one (b2), and then same lifecycle was repeated until 0900 LT.

In the vertical view of reflectivity (Fig. 7b), the convection (b2) was appeared at 0600 LT
under the bright band echo originated extended from the convection (b1). This was similar
characteristics with the case on 29 October. When that convection (b2) moved southwestward
with developing at 0700 LT, the new convection (b3) was appeared ahead of the convection
(b2). The similar replacements from old to new convections were observed until 0900 LT.

Doppler velocity profiles (Fig. 7c) shows northeasterly wind was mostly predominant all
the height. However, vertical wind shear over the coastal sea was stronger especially after
0700 LT than that over the coastal land region. Quite shallow southwesterly wind was
observed close to the convections (b2) at 0700 LT and (b3) at 0900 LT. It was not clear in this
case, however, convergences between those outflows near the surface from old convection
and ambient winds might help to generate new convections.

(c) Case-3: 29 October 2006

The third case shown in Fig. 8 looks little different characteristics compared with those in
former two cases. Small convections were generated over the coastal land region around 1400
LT, and then developed into a large one with moving toward the coastal sea region until 2100
LT (Fig. 8a). No significant generation of new convection was observed around the original
one during the period.

Small convections over the coastal land region were observed in the vertical views of
reflectivity (Fig. 8b) until 1700 LT. They were organized into a large convection by 1800 LT,
and then migrated into coastal sea region until 2100 LT. Double-layer structure, which was
seen in the case-1 and 2, in this case, was not observed in this case.

Whereas, vertical structures of Doppler velocity (Fig. 8c) shows significant vertical wind
shear between southwesterly wind below 4 km and northeasterly wind above it. Because the
vertical wind shear was much large over the coastal sea region than that over the costal land,
which was common feature in case-1 and 2, it seems to have fundamental role to redevelop
and maintain coastal convections in the nighttime to early morning.

4. Discussion and concluding remarks

We carried out the 1st dual X-band Doppler radar observation over the western Sumatera
Island, Indonesia, in 2006 (HARIMAU2006) as well as intensive rawinsonde launchings.
Three dimensional structures of diurnal migrating convections were observed for the first time
and were analyzed in detail.

Because most of the campaign period corresponded to an inactive phase of the ISV with weak
easterly wind in the lower troposphere, we obtained only the westward propagating convections
in the nighttime. Isolated convections were generated in the afternoon almost everyday at
foothills of a mountain range of Sumatera Island, and then move into offshore region with a
speed of 4 m s™ which roughly corresponded to the northeasterly wind speed above 2 km. They
weakened once when crossing the coastline in the evening, however, developed again and
organized over the coastal sea region in the middle night.

As a result, rainfall maximum lied along the coastline with a distance of 60-80 km. Several
case studies showed that new convections were generated ahead of the propagating old



convections, and developed when large anvil clouds covers the new convections. These double
layer structures suggest that micro-cloud physics including the seeder-feeder process played an
important role for the rainfall enhancement over the coastal sea region as well as gravity wave
and gust front processes generated by the matured parent convections.

Based on sounding data, clear diurnal land-sea breeze circulation was observed below 0.5
km which supposed to be a trigger of convective generation in the daytime over the coastal
land region. Large vertical wind shear observed over the coastal sea region may have an
important role to generate a new convection, develop and maintain it over the offshore region
in the nighttime.

Though we only presented the diurnal variation of averaged radar reflectivity during the
whole period and several case studies, further analyses are required to identify mechanism of
the nocturnal re-development of coastal convection. In particular, variations of radar echo
population, radar echo top height, atmospheric instability, vertical wind shear, and their
relation to the ISV activity are quite important for further study.
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Table 1 Specifications of two X-band Doppler radars and their operating conditions
during HARIMAUZ2006.

Parameter Value

Manufacture Japan Radio Company Ltd. (JRC)

Frequency 9770 MHz (MIA) and 9445 MHz (Tiku)

Peak power 70 kW (MIA) and 40 kW (Tiku)

Pulse width 0.5 micro sec

PRF 1800 Hz (Dual PRF [600/900Hz] for PPI surveillance only at MIA)
Beam width 1.1 deg

Signal processor RVP8 (Sigmet product line)

Application software IRIS/Open (Sigmet product line)

Range 80 km (160 km for PPI surveillance mode only at MIA)
Sampling space 200 m

Antenna rotation speed 30 deg sec™

Elevation angles 0.6 to 50.0 degrees (18 elevations)

Nyquist velocity 16ms*

Time interval Every 6 min
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Fig. 1 (a) Averaged annual rainfall over Sumatera Island, Indonesia, observed with
TRMM PR during 1998-2006. Small rectangular corresponds to an area of panel (b).

(b) Location of two X-band Doppler radars (MIA and Tiku) and a rawinsonde stations
(Tabing and Siberut) in west Sumatera Island with topography. Two circles show
ranges of observation from two radars and a rectangular depicted by red line over MIA
is an area of analysis in section 3. Elevation counters are depicted every 500 m.
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Fig. 2 Hovmuller diagram of OLR and NCEP wind vectors at 850 hPa averaged over
latitude of 5S-5N from 02 October to 31 December 2006. A vertical solid line near
100E shows the location of radar sites. Time between two horizontal broken lines (26
October - 27 November) indicates HARIMAU2006 observation period.
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Estimation Of Raindrop Size Distribution Using Equatorial Atmosphere Radar
And Boundary Layer Radar

Mutya Vonnisa®, Toshiaki Kozu', Toyoshi Shimomai®, and Hiroyuki Hashiguchi?
Shimane University, 2RISH/Kyoto University

I. Introduction

Raindrop size distributions (DSD) define most of rain parameters intervening in a
broad list of application such as, understanding of the microphysical mechanisms
responsible for precipitation formation, microwave attenuation by rain, soil erosion due
to rainfall, and retrieval of rainfall properties using radars and other remote sensing
techniques.

Researchers have attempted to get vertical DSD profiles from various atmosphere
radars data, for example: simultaneous observation of DSD by VHF and L-Band
Doppler radar at Shigaraki (Teraoka T. et al., 1993), estimation of rainfall DSD from
dual-frequency wind profiler spectra using deconvolution and a nonlinear least square
fitting technique (Schafer R. et al., 2002) and many others. Until now still there is no
study using dual-frequency radars in Koto Tabang, West Sumatera, Indonesia. It is the
center of equatorial atmosphere climate.

Estimation of DSD in Koto Tabang have been done using single-frequency
algorithms by (Kozu T. et al., 2003), (Renggono F. et al., 2006), and (Marzuki et al.,
2009). All of them used Equatorial Atmosphere Radar (EAR). Now, this study presents
estimation of DSD using a dual-frequency algorithm with two radars, i.e., Equatorial
Atmosphere Radar (EAR) that operates at 47 MHz to measure the back-ground clear-air
motions and Boundary Layer Radar (BLR) that operates at 1357.5 MHz to provide
precipitation return. Observation of DSD using dual-frequency is first in Koto Tabang
data. We present in this paper a comparison of DSD estimates between dual-frequency
versus single frequency algorithm and a preliminary result of vertical DSD profiles
using the dual-frequency algorithm.

Il. Data and Methodology
2.1 Data and Instruments

Two kinds of radars, Equatorial Atmosphere Radar (EAR) and Boundary Layer
Radar (BLR) are used to estimate DSD. Table 1 lists specifications of EAR and BLR.



The detailed explanation of EAR and BLR specifications systems are given in (Fukao et
al., 2003) and (Renggono F., 2006).

Table 1. Specifications of EAR and BLR instruments in Koto Tabang (0.20°S, 100.32°E,
865m ASL)

Specification Instruments | EAR BLR

Radar system Monostatic Pulse Monostatic Pulse
Doppler Radar Doppler Radar

Center frequency 47.0 MHz 1357.5 MHz

Antenna gain 33 dBi 27 dBi

Antenna aperture area 110 m x 110 m (9500 m?) | 5.9 m?

Antenna beam width 3.4° 4.1°

Peak transmit power 100 kW 1.1 kW

Pulse width 0.5 us 1us

IPP 400 ps 100 ps

2.2 Methodology
1. DSD model

We use the gamma DSD model having the three parameters of DSD; Ny, ¢, and p as
follows:

N(D)=N,D*e"°. 1)

A choice of such parameterization is similar in concept to the “normalized N¢” (No),
proportional to Ma/Dy,* = M3°/M,*, where M is the x-th moment of DSD and Dy, is the
mass-weighted mean diameter (Testud J. et al., 2001). My is given by:

M, =N, [(u+x+1) /A (2)

where » (u+x+1) is the complete gamma function. Choosing two arbitrary moments, My
and My, in this study we use the gamma DSD model which is expressed by the
following equation:

N(D)=m, A"D e ™7, (3)

where m, = My/s (u+y+1) and * ,, = (m/m,)’*™, x = 3.67 and y = 6. DSD parameters are
described by my, ¢y, and . * ,y indicates the scale parameter ¢ obtained from M, and M,.
Retrieval of Eq.3 based on the Doppler spectrum that is proportional to D°|dv(D)/dD|*



where D is the drop diameter, v(D) is the terminal velocity, i.e., the fitting of the
Doppler spectrum can be made effectively by using the DSD parameters having a high
sensitivity to Doppler spectrum (Kozu T. et al., 2003).

2. Doppler spectrum model

According to (Sato et al., 1990), Doppler velocity spectrum of precipitation echo
without atmospheric turbulence and wind Sy(v) is expressed by the equation:

-1

dv(D)] " @

s, (v)=CN(D)D®

where C is a constant, N(D) is the raindrop size distribution, v(D) is the drop velocity.
Gaussian function is used to modeling Doppler spectrum of turbulence echo S , (v):

S, (v) = p, exp[— (VZ;ZV) J (5)

where po is peak of spectral power, w is the mean wind velocity of the radar beam
direction,  is the spectral broadening.

In this dual-frequency study, EAR Doppler spectrum of atmospheric turbulence
Sear(Vv) is given by:

Sear (V) = [St (V)+ P ]*W (V) ' (6)
where P, is the noise level on the spectrum, W(v) is an inverse Fourier transform of the
auto-correction function of the rectangular time window and “+” represents the
convolution integral operation. On the other hand, BLR Doppler spectrum of the
raindrop Sgir(V) is expressed as follows:

Ser (V)=[S, (v)* Sy (v)+ P, W (v), (7)

where So(V) is the normalized form of S , (v) that is expressed by:

exp{— (VZ‘VZ)Z} . ®)

(o}

> (V): (27[)]/2 o

3. Non-linear least square fitting and Dual frequency algorithm
Levenberg-Marquardt method about non-linear least square fitting is used to retrieve

DSD parameters. Eight parameters to be estimated by the fitting are four in EAR
estimation turbulence spectrum i.e., w, *g po, P, and four in BLR estimation



precipitation spectrum i.e., mg, © y, K, and Py. To interface from EAR to BLR estimation
in the dual-frequency algorithm, we have to make a beam broadening correction. As the
result, we have the mean Doppler spectrum (w) and the standard deviation of BLR
spectrum (¢g) from EAR dual-frequency algorithm. After going to BLR precipitation
spectrum algorithm, W is obtained by changing step by step and choose the best u value
providing the minimum RMS error between measured and fitted spectra. Finally, the
three DSD parameters mg, * xy, and p are estimated.

I11.Results
3.1 Comparison of Single and Dual Frequency Algorithm Based Spectra.

VHF wind profiler (EAR) has higher sensitivity in providing the information of
updrafts and downdrafts of the clear air motions. On the other hand, UHF Doppler wind
profiler BLR has more reliability to measure characteristics of precipitation. Single
frequency algorithm means to use VHF Doppler profiler (EAR). The other algorithm is
dual-frequency algorithm that combines VHF and UHF which have different
sensitivities on observation.
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Figure 1. Plot of measured and fitted spectra from weak rain at height 2890 m AGL,
Rainrate from Joss-Disdrometer: 5.138 mm/h. (a) single frequency EAR (b)
dual-frequency EAR (c) dual-frequency BLR. Open circle is measured-spectrum and
thick line is fitted-spectrum.



In this study, we present some results from single and dual frequency algorithms.
Figure 1(a) shows an example of single-frequency fitted spectrum compared with
measured one using EAR. Figure 1(b) also shows measured and fitted spectra, but for
dual-frequency algorithm which is retrieved by EAR, where fitting is only on turbulence
spectrum. Figure 1(c) shows measured and fitted precipitation spectra using the
dual-frequency BLR algorithm. From Figs. 1(a), (b), and (c), we can see that the result
of the dual frequency algorithm is better than the single-frequency algorithm because
precipitation spectrum looks higher, more clear and well-fitted in the BLR spectrum. It
will be used to provide DSD parameters.

b. Strong Rain
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Figure 2. Plot of measured and fitted spectrum from strong rain at height 2890 m AGL,
Rainrate Joss-Disdrometer: 11.097 mm/h. (a) single frequency EAR (b) dual-frequency
EAR (c) dual-frequency BLR. Open circle is measured-spectrum and thick line is
fitted-spectrum.

Figures 1 and 2 show comparisons of single and dual frequency spectra for different
rain rates value according to Joss-Disdrometer data. Figure 1 is a weak rain and Fig. 2 is
a strong rain because their rain rates are 5 and 11 mm/h, respectively. We can see that
peak spectrum of strong rain case in the BLR spectrum is stronger than the weak rain
case.

3.2 DSD Profiles from Single and Dual Frequency Algorithm.



Figure 3 is obtained from April 23 2004 data that shows DSDs the rain rates of
which are between 5 and 11 mm/h. The single-frequency algorithm gives much larger
DSDs than the DSDs from the Joss-Disdrometer in 3340 m AGL. The height is only as
an example to compare DSD. Figure 4 below is the comparisons of DSDs using the
dual-frequency algorithm with Joss-Disdrometer data in the same period and the same
height as Fig. 3. DSD estimation from the dual-frequency algorithm appears to be more
suitable when we compare with DSD observed by the Joss-Disdrometer. The
Joss-Disdrometer has the ability to measure DSD directly. Thus the results shown in Fig.
3 and 4 indicate that DSD vertical profile, which is estimated by using the
dual-frequency algorithm, shows better result than the single frequency algorithm.

o DSD at 3340 m o DSD at 3340 m o DSD at 3340 m o DSD at 3340 m
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=
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Figure 3. Comparison of DSD from Single-frequency and Joss-Disdrometer from 14:04
until 14:24 on April 23" 2004 data.
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Figure 4. Comparison of DSD from Dual-frequency and Joss-Disdrometer from 14:04
until 14:24 on April 23" 2004 data.

3.3 Characteristics of DSD Profiles depending on MJO and Rain Type.

After the development of the dual-frequency algorithm DSD estimation, we studied
some events to get DSD characteristics profiles. As a preliminary result, it is separated



into rain types (stratiform-deep convective) and MJO cases (active-inactive). An
algorithm (Williams et al., 1995) has been used to classify precipitating cloud into either
stratiform, mixed stratiform/convective, deep convective, or shallow convective by
analyzing the vertical structure of reflectivity, velocity and spectral width from
measurement of BLR Doppler profiler which operates at 1357.5 MHz in Koto Tabang.
In this study, we only choose two types of rain event because it is suitable. Koto Tabang
is located in an equatorial region so, to study DSD characteristics depending on MJO is
also important. MJO or Madden Julian Oscillation is the result of large-scale circulation
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cells oriented in the equatorial plane that move eastward from at least the Indian Ocean
to the central Pasific (Madden and Julian, 1994).

Analyzing of DSD characteristics profiles in this preliminary study, we can see from
Fig. 5 that DSDs in MJO inactive (b) is broader than MJO active (a). As for the rain
types classification results, stratifrom event has more DSD variation in comparison with
deep convective, as shown in Fig. 6.

IVV. Conclusions and Discussions

This study is still on going research to be improved. Preliminary results of dual
frequency DSD estimation algorithm have been presented. From some scientific results
here, we observed that the dual-frequency algorithm is better than the single frequency
algorithm to retrieve DSD in Koto Tabang. Using the Joss-Disdrometer data as
reference for this study, dual-frequency DSD profiles fitted better with Joss-disdrometer
data.

Preliminary result of DSD profiles estimates show that DSD in MJO active phase is
broader than in MJO inactive phase for stratiform. Stratiform rain has more variation in
DSD profiles than deep convective.

Although better results were shown using the dual frequency algorithm, we need
more comprehensive studies on DSD characteristics. For example, we need to make a
detailed study on temporal variation of DSD, more study about characteristics DSD
profiles and others, which are important study analyses for atmospheric physics.
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518 < AZHSEMNET D

AAFFETIL 2004~2008 F- DR - EAR - X Wl L— & — - #l LN &GO RHIM T —
X & FAWT, FENEZBIASV) OO RES AT AOFHER, G &R AT LD
FrgelefH & OBIRZR EITOWTHRANTZ, 2238, T TIIXHR S A7 A DT - FEHIC
FIYS 95 10~19 FEDT — X Z B0 -~ 7=,

2. ISV IZBIfR Lok > A7 L DR

X 2 1% i85 4FEM D = b &Ny E22 CEH & 7= OLR(Outgoing Longwave Radiation)
@&Mmaﬂﬁﬁﬂ%rﬁoﬁm >% ISV IEZM, ERkriE ISV MR 2%, 2004
£ ISV RIEFRM LRI OH ERERRE OB N Z TR, ER IR RN 2 5
Hmadb o7, 7o, ISV ORNEFEHNOIERMA~ZNT 554 I 7T, THETD EAR
WP R D R & L L, ZHIUTEONERNESEEIN L T (AR,

M 3 1%, TEREOEEN KR EORBFRE RS, ik, EAR 7 — % OE % 2km O
RPEJRD— A, it 10~19 FRFOFAEMNETH 5, ZOMG, TERIL ISV X
Jin LT —10~20 m/s O TEE L TV 5HH, 30mm LA EDOREKIRFIZIFEENFH < 72> Tu
%o LWFTIE, B8/ NS WERE 30mm L ED 45 OxfjiiA <2 MI2WT,
AT % AT > T2,

X 4 1%, fH % OXFEA X2 RO ISV EZDREDO XA T 7T L5 THhDH, Z DD ISV
ArAH 0~180° [XAFWRIEFM, —180~0" I ANIERMITH Y | ArkH 07 1LRTER N HIEFE
e b ERT, O, FE 30~50 mm DA X2 M, ISV O EDNMAHTH
AL TWDH, W 50 mm LA ETIHEFRBIECEICEST LTRELTWD, £, st 2



T AN TER S 7= (Am/s LA ED) EREEORABEE IOV TR Z A, EOK
KB L RREORH M Z R LT (AR,

WIZ, BERL—2 =8NS, 2 MFSUREDCRA LioxHii v AT A ORHGERR % 2
KA R MZOWTHRARTz, K5 I35 AT AOHWE - RZ L TH D | 1 REFRE D
Bty A7 b & 3.5 RHFHE T o RFMAIE L AT LDTA T7H A 7 HRLTND,
BRIFE T AT DO O R ABEE 42 ISV RIERMIATH(—180~—90° ), AiEFEM]
#%H(—90~0" ). TEFHIFTH-(0~90° ). 1HFHHI% (90~180" NI/ iF TH~=(X 6), =
OFER, NIERIEL LTI LR DINOSHEA R h3ZE AL TH D | IHFEMIRTETIE 2
RFEILL B ORI &2 Fr o xhifi A X2 R Z BV T, 2o ISV (A TIX, FFiC
RERFFHIT AN Do T2,

3. XL AT AMTHIG LTz EEE 2 b

Z 2 TUE, ISV {ERMIACEO RHMAH S AT AOHEFHEEZ 5720, TREEOR
WA LRI Z TN, EORER. X 7 IR T L9 72khiiiA ~ 2 b ORI w7
L NEROBREENE LT Z LN TE T,

<] 7 1% EAR D& 2~8km O B P JE 2 ) UIRZEZ Bl 72 B2 L TH 5, ZDMN G,
PRt 2y 4 B OBEDOIX, RFET AT LD HEBLO R CEEFINZ72 > CHE RS 23 8]
WStz Frlelksfls 3 K OSE@IX, @ & RIBRIZPE RS T 135 5 AL 5 A3 B RF ] 134
K725 T\, R 2 B OBE@IE, Y AT A H BRI ERD & 78 R 5y~
DRI RN DAz, R 2 1 R L 0 EWIGEOIE. @~@D K 5 7255
XA 6T, TSR R O JBUEZE LA E = - TUie,

FroREH @ & @O R THA LA BEEA X, ISV IC L > Tk Sz iR 2~ L,
BRSO R & OB O FEINKIZ K > TRy AT ARRIEFMERF SN B2 ol
(K8 D L =), Fio, FrsehREHI@ o B M IZE L TR & Toin 2 T2 6t itz L D
BB L= ke B2 b (K8 DT/ /%),

X 91X, FREREM@ DO RHEA X2 N IREARFOSNEE & H V5 EURZEO R - BEAAL,
BRI K EORFRZ 2R, ZORNG, M8 TR LK 5 22 Rl s o> vu & & R,
BRIEIIC K 2 BUPE RUR 2Y 15 BREEICE B 2km DL F CA LI, ZHUCPE S ERFiR, £
7o BE 2km LA ETIETE &1L & &R 5 RFMAI S AT LOSREREER Z FiHd 2
ENTETZ,

4, FLH

2004~2008 B S 7= kPR > AT I 45 FHNZ DN T, Z DIETE - MRS ICBETR L
7= WG ORI A T2, ZORER, M AT JMITEEREL O[O E X I2RAEL, ISV
PLFE & OB TIEARIEF I SIERINAT L= B EER BRI 2~4 KRR 92 6t
VAT LRBIN TV, 3 UL EORFMIiy AT A TiX, EAR CTBUH S 7wy



DFFED S | JR HIE B D78 BRL oy & FRBREE S & O T RIS 2 OHERFEI IR < F 5 L
TWbh EEZONT-, £7-. 2 KFMERERG T 25T AT LA TliE, B OxHE /v D%
HNZPIS L7 PRI E B 2 b5 RO MR E NI, —5T, Kﬁ%ﬁﬁﬁ
BRATBN D3I AT LDZ AL 1 FFEILINOEFHMTH Y | Lo X5 ZpEs s ki

Lol kDX oIz, a hFAVDORK - BN L — 4 —RHBIHNIZ L > T, IJ-I@
I T ORI > AT L OHMERFBEAEICBIR L7 B G OIRBEN A LT T 5 2 LN TET,

2 3k
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.
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1.3GHz 7 4 ¥ K77 7 4 5&0“TRMM PR L — & — BT
ICXDIREA ¥ KR T 7B 2 Husiy e fEk HZ AL

SR L, A s L IR AR (LR 2 #RiE— 2,
SErEAEN] 3, T%%/jﬁ Fadli Syamsudin®, Timbul Manik®, Erlansyah®,
Wawan Setiawan® Wilhelm Lasut”

1 BCRAEAERR, 20 Mg rERTIERaZeRs, 3. RIEIRK, 4: BARKHE T,
5: BPPT, Indonesia, 6: LAPAN, Indonesia, 7: BMKG, Indonesia

1 Eﬂ:v'l?'ﬂbi

BT BUINELZ 10 L Ol 2 gL - ai) S8 5 88 2 K>, i RPRIE iR
AR DL WNHIR T RAKRTGELDOEENR DOt E] 2 K7z L Tv% (Ramage, 1968) . € Dl
FERRETIERAHZALAEL TH Y, Bk Tldd fic. ﬁ@ﬂﬂ@ﬁﬁf TR S
RIS TRl aiEEN A e — 7 18T 5 (Nitta and Sekine, 1994) . ZASYRERY BLHI 72
(TRMM) &N L — & —13R1EIC %Hé%*%ﬁ%%$é<% 59/7?5;
ExHEL T b, TRMM Fr2IZFKHZLOAKFN 2 fN 5 DITENTNE 0, V¥
VI NVEBLC O BEEHEMT O®IRAH 5 (Negri et al., 2001) . HEHNICHEAKHZ(LZ AN
LIt Fic B 2 EMiEmBHlo 7T — 2 2 WA 2 e RL VL Thad, 1990 FA\ &
DZNETBIDVEETH 5724~ REX T 7IIBWT WPR & FHW 72BN IF7E0 1
7z. Renggono et al. (2001) ZFAX M IEDT X714 UV FBLPV X UEBANVKRITE
54 RK7ar7 745 (WPR) T—% LV MKHZELOFHZ RN, 2Hise b
BT IR A DS L 72 RIS TR MERE AR DS S 5 2 e 2oR L 72, 2 OFFUEI A V A
TNV AT DT A T ANV =TS, L., FEKEEEHEM 5000 km 1<
B&U. BAKEZCTFERBEO M LI L ) ZHEZHTH L 2 LB ERSHh T
B, hV < B &Y DR RE TIEFE N 2Bk HE(LofFaE s T eh -
7zo 2006 FENBUEFE ST Y= N THD THERBHIS 257 LRHEE TS > o T
KEEV —F—% vy b7 — 27 k] (Yamanaka et al., 2008) Tl RRE FicBWTIEFE
DIFERAL — & — (100.32°E, 0.20°9) IKMATHPS AV E VEBEORY T4 7T
(0.00°S,109.37°E). ATZ U =V EO<F K (124.92°E, 1.55°N), XTI 7EBoJUcH LET
HHETZ (136.10°E, 1.18°S) &k FicH &7 1000km B =12 WPR Ol % v k7 —
7 ZRRL 7z (Fig. 1). AETIEZ O WPREBIHI* v b T =7 DF —F 2T ZTh¥%
hoOHEOBAKAZ(LZ TRz, & 512, ZOREEZ TRMM I & 5 BHIEE & gL 7=,

2 HRT—9 RUBNFLA

21 Y4 vR7O727458LUWNES

ﬁy?47f'?TP'E?ﬁ@“@R@tﬁHﬂﬂhTﬁWéhf%@ ZhZHh 2007
4E2 22 H, 20084F9 H 18 H. 20074F3 H 11 HICEET T L CLIR, kel %217 -
T3, REZERIMREEIXZNZ 14, 100m TH S, WPRIFIEFIZIKZAD 3 RITH



HEBHT 20, WRFICHMNTZaI—2%2E L., AN TOR MEEOME a7 » )V
255, KR ClEZoE a7 A VERWT, £/ ThZhotisicnTzh
ZH 2008 4F 4 F 24 H. 200843 F 3 H. 200941/ 16 H& YV WREHT XK 282175
TW%, ARAFFETIE 2009 4F 6 H £ TICWEEN 2 WPR O [aIRFELUHIA T T 5 IR RS
DT —F &2, WRET — 21330 M GE LT =7 2w, WPR T — 21
30 PRI L 722 Fv 72, WEEHS & ) WESEH S W7z KREIC DWW T, Williams
et al.(1995) DMENE L 727V T Y X L& T Deep convecive.  Shallow convective type.
Mix stratiform/convective, Stratiform ® 4 FRUIKHEAESY £ TR &iT-72, TL T,
TNThOBEKES A THNC 1 KT oK E HZLE L ORRAFEL 0 HELZRD 72,
¥z, BAKBE—-IPEETHLPE2HT LI TV 75— LT, o/yn
PEHE L, REL, Yo 7Y e n EERER 2T 5,

2.2 TRMM

F 9 1998-2008 4E D 11 4E[]4r D TRMM3G68 7 — & & FWT 1 i fE ook H & L%
ROz, 3G68 7 — Z IERFRIMRAE 1 KFf. AFRAE0.5° x 0.5° D7 Uy RTF—4TH
b, YTV TS5 L To/ynxHI Lz, BAKAZELD & IR
WEEDLI-OICEMB D 2A25 T — 7 2z, 2425 T—FI3HUIET — ¥ TZEhZTho
Ty NTU VI IR & BAREOERIE TN, 24231 L VBEKEY 4 T DR
Bonsd, RFFETCIEE YR KFEZ Yy REFEL, 7V vy RZ &I 1 RO KHZE
{E2FX7z, 77Uy Ro¥A X130.1° x 0.1° & Lz, DY A Xl Hirose et al.(2008) 1<
B, 79 MYV R U INVEDNRND 7Y v RCHEHNIC 1 [ DB AR KE %2
ROLWNEDIWTHREL T, SHITHARHAZEEE L TORD SN FED 24 7 =5 D
Gate 1 BRIk E e L, WEGHS & 2BHAHE & WPR < & 2 BUHIRG R % LU L 7=,

3 FRITHR
3.1 WPRBKIUWNEFHAIC L BBKBE

M 2(a) ISR YT 4 7FIZBT 5 WPR & WEEHNT & 2 BAKERMEKEHZE(EZ R, B
KEE— 2713 14-15 LT TN TRMOMAN» 57225, B 2(b)IcRY T4 7FHICBIT 5
WPR & WREHT & 2 BEAERIREASE HZE (L2 /R, 121T Ui 6 ROt o 4
DI LIED 5, BABEME — 27 LIRIFE U 15-16LT \CBAFEI Y — 2 IS L. ZBont
TUHEFEN D25 G-KE W, £ OU & TIRMERE R DB L. 19-20LT I ¥ — 7 1T8
T 50K E L U TEEL 220y, 15LT 206 20LT W2 TR LR A D & TE IR
KANOHATISIETH V. Z DFFIE Renggono et al. (2001) IC & - TIHRARSN TS R
2 IR VY URBICBIAFHECEICTH L, ZDEIITKRYT 4 7T REEE X
L &9 28850 TH 6 1 2 N 22 ok HZ Lo Rl &2 1 - Ty 7z,

M 2(c) 1o~ F RicBIT 5 WEGHE WPRIC & 5 A ERMAR HZE LR RT, 12-23LT
DRERNEL, IRD 683~ M HEw 5, SSICHKRE—Z2313-14LTICH Y, ZF
W - B RO/ BRSO F 5K E N, Z O ORBRKR Y — 7 ITHER TR L



LT —=N=PoHETHDLEEAD, TZZFTORTIEHRYTA4 T7FEUTHBEN, Z
DEDOMEKDOMENTE S 5., M 2(d) ICPERAERIRRARE HELEZRT. TR
DFILAY15-19LTICE =7 2RO, 0.02FE LR T4 7FOE =2 ITHNT1/3 DH
ETHDH, ZDZ &b 13-14LT DR DNTHRUERER 2> & IR TERE R~ O B4 T DBE A 742
{. TR TR KDL MHMNDH 5 E1 5, RIICHKkEOE -7 BR S, otk
KED Y — 2 OBRIJGERIEEAKOFIEO Y — 7 BRSNS, RIJO/NE ki YE — 2,
HH O KR DO KE R E — 2 2D LD 5T Gray and Jacobson (1977) TR &5NT
W5 " Large Island " (K FAT — VA km) AR OBRKHENLTHL L FA 5.
ZDEIT, ¥ F RIFEEIC BT K FAT =Vt km ORISR K HZ(LO R %
Ffo Tz,

X 2(e) ICE 7 7B 2 WEEHE WPRIC & 2 BAER KR HZEERT, 13-14LT
CICK KO E— 27235 0, BRONRIMERENIC L 235 508kE 0, M2(f)ice 7 7IicB
5 WEEFE WPRIC & SRR ARIE HZENZRT, Z okEY — 27 oRICII/EIk
MBEKOFIEOE—271ZASNT, < F REEL &5 IR TR Kb 2t »H 5 &
BAD5. THNIBEAIBIT BKFRT =Vt km OB OFHETH 2 (Gray and Jacobson
1977). & SITARATHICHAROBENE . RN OBEIRE W, 7 7 {ITiE
PR SENC N TN T 7 B oW & W T 2ic g CEY A7 L0 ET 5
(See Fig. 7 in Liberti et al. 2001). ¥7 27 O FHjHFOBEKITZ DFEY 2T Lo &
Z2HD0THY, ZORTYFT REDOEWNEH S, 2D &I, Biak OREAKHZETEWEIC
B BKFERT — )+ ~Bt km OB ORI L N T 7 B oL iES 0 2 © OFH % i
Ffo Tz,

3.2 TRMM &Rl & 5KkBZEL

[ 31% 114E5> (19982008 4F) @ TRMM3G68 7 — #1C & 5 FHIMKHZELEZ IR T, (a)
WKARYT 4 T7F D, (b)ICIFT RD, (0) I 77 DFiREZRT, 3G68 T — ¥ DAKFIrfiR
AEIX 05 TH Y. ZhZNOHETHOWAEAIRER 1(b) - (o) * (d) TERZHRL T
B, RYT 4 7T TIETRICE > T O 0TRMERMKES MU, 2-3 FEFZRICTERMERER
PN A5 RTC. WPR & WEEHT KB KBZE I TWE x5, LAL, F R
L7 7 TIEMHRE DT ROBKEY — 7 BRb IN TR, B 7 7 TOFHjH O
KE—=ZIFRN TS,

Ml 4ixe 7 7 BT 5 11 4ERSr (1997-2008) @ TRMM2A25  Estimated surface
rain ' 12k % 1 FEfjfEoB KRV RY v ME2IRT, HholkBE—-213e7 78, B
FOZOMICHLEVRROFHETH L Z e300, 17LT DIRIIIPER T ok & v S
SN T2 < 72 5.

<F RIZBWTH 77 LIRT[EROFENE S Wiz (MEIK). FE RO A HF O
feokEY — 7 RSN, Y HITEEEICET 2B KOFHEDIHIR TR < b, ZHITKF
27— VI km @ H DK E — 7 OFFHENY 3G68 T — # TlXENRD - 7208 11 4ER 4
® TRMM2A25 7 —Z 12 & D BHNICRN TS Z & 2EIKT 5,

3G68 ZHWTHROMAKBRYE -2 RN STZDIEWPR YA F 287Uy RiRy
72D D) BigENKREREGE DL B 6N, TOFHNE L 5 X HITIE2A25



T BNRETH L, BB K HE I —a B oBERIEUC £ v, BT
TEPSYHFIDT TCOBKE - B3H 5L FELNTNE, RKyT 4 7FHidZ o<
BHolee LU, Wt km &5 RO E CIIEBRICHARBOE -7 23 Y ¥ /51T
(IR EID R 0B,

3.3 TRMM #H & WEHEA DLk

R LICHEENT & 25— H P @R/ ctfttEbE kR & TRMM2A25 57— ZI1I2 &5 —HF
YIofgik/ctmtibek %2R, £72. 24231 & O 0ld/@RkoN KL 1T- 7. WEEHS
L BBEKEICTOVTUEWPRIC L BFEKEY A T WD DB, Deep convective & Shallow
convective Z X HEME. Stratiform & Mix Stratiform/convective % @KL L CEHH L 72,
FHC RGO NTFRMERS AR A TRMM Bl 2 — 345 TH 5., TRMM ASRE CRAK % i\
L T o 2 e (A - 5, 2008) RO AIRERE LTET6he, BEZDZ &
I[Z TRMM 2MEH L TS REKRDORED —D>TH S5, TRMM OEHSEDT —F 2 {5 &
TV TMERE AT NG SN TND Z 2 I DWTOFERENVETH 5,

< 1. ohwtE. EIREBRZhZhicon T, WEEHEH & TRMM B L — & — 8L

(2A25)1C k2 1 HH 72 Y OfEAKE (mm/day) O HER

Pontianak Manado Biak
Type STR | CNV | STR | CNV | STR | CNV

Rain gauge | 2.90 | 6.73 | 2.70 | 5.86 | 3.34 | 7.20

TRMM 2A25 | 1.97 | 2.20 | 1.92 | 3.13 | 3.36 | 2.52

4 FEH

RYT47F <+ K- 7270 WPR &EMEEZHWTZENZhoHICB 5K
HEALZ FNRTz, Ry T 4 733 KRR B 2 iIUH 2Pl o bk H Z Lo il %
Fio Tz, TRbbET N6 Y FIMT THAMNEERL . SRR & IRV
NOBATHIHE CH 572, —HTET 7 &=F IRy T 4 7F i3y, BRI
BEAKIC L B E — 7 IENTHY FE TR, SHRUED & TR MR AN O AT I I IR
T2, 2 oRIIEBENCB O TKERr — V3 a X — MVoBICEL RS A5
BCH D, 19982008 4ED 11 4RI D TRMM 7 — % 2 VT WPR ¥4 MBI B KkH
EALE TR, 9 3G68 T —FZ EHOTHRNLZD, RoF 4 7FICBWTUIWPR & W
BB LR e EHNICERL Tz, L2L, vF R 7 ZIZBWTUIFED
BEARE =7 MENTEST. 3G68 T — M AKHEEZ EMEMNITRL TV EITEAR
W, 3G68 T —E MY F R 7 7BV T AKHELLE ERNICER S 20 5 Iz DIEKF
MRAEME N 2D TH 5 7z, L D KPEMRAENF VR L — & — (2A25) 77— % 2T
BAHZ(LZFRNz AT K- 77 e bicHholokE Y — 7 2SAficEN Tz, &
DFERIZ 1 ERI N D 2A25 T — & Z WS Z 212 & O BENC B K2 DO E ¢



EMNICHCcEs 2 e 2F T 5, Ll TRMM BHNIFEHICWEZEHIL Y b
PITMBERNICE L TE2 00 1206 300 1 BETH S L, TRMM Bl & WEEHEH
DRNITERNREIFET 5, BUED TRMM MR — ¥ —1C & MK EE T V2
) A2 (Version 6) ClIbkE 2Nl 25 2 ENBUEEAIL TOSIHETH Y, Th
2RI R BUEFR T OB E 7V T X (Version 7) DFERBIEE N 5,
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TRIMZRAWE7 U AKRKEICETAEETHOFTEHLEIL
Seasonal Change of Lightning Activity over the Africa based on TRMM Observations
M EE (BWKX -k -5H8 BHSE (8#8X)-2HF AKX (B#HX)
Shingo UCHIYAMA (Tokyo Metro. U.) ,Hideo TAKAHASHI (Tokyo Metro. U.)
Hironari KANAMORI (Tokyo Metro. U.)

eI

B PR R BLI AT 22 TRMM (Tropical Rainfall Measuring Mission) [ 1997 4F 11
H28 HiZfiIb o, I LB LE 11 ERXRBL, 7T—XOEMEN &
& CTd 5, TRMM (2% PR(Precipitation Radar) . LIS(Lightning Imaging Sensor) .
TMI (TRMM Microwave Imager). VIRS (Visible Infrared Scanner)., CERES
(Clouds and Earth’s Radiant Energy System) 23 ## ST\ 5, ®IZ PR IZKEM
DEEMELZILR DI ENARTHY  INETCHETH > 7o EToORKEBHT
HZELAETHD (ME  2006), LIS F4FRIE2 (2001) 12 & - THl LB L T
WA DT YL DN I, EERE X OTD (Optical Transient Detector)
Z EE 2% 10~20km, BAZRICONW T EEPYREORLR TR VAR, R L —F
WCED2BEEDHEDSMEDOEUBRECHENTEZLILAALTHDL EHREL TS, 72,
OTD 7 — X OFEMEMN 5 FEMTHLIDICX L, LISIZZENU LT —2RnEHE I
TW5,

UED XStz > TRMM 07 — % ZH W T, ZHE TITERA RFRENITD
NTWLER, WTFRLOMELENICERLLLONEZL, HFICETLMRERID R0,
LIS # W7z efT#F %8 & L C Takayabu(2006) 1X,1998-2001 4D 3 F % 5 |
TI7UVARETEORENZ WV L
RV HEREZ RS BFRORE LTI
& kh U PEBE RN O R A I R WV AE B
NHHEn RSz, WAL LIS
ZH T, Kodama et al (2005) X
TYTH T AV BITET RO
M (5-10mm/day) & & {E#E & O BLR
R LTc, £ 72 (MR o8& 454 (United
States Air Force 1961) L v, 77V
ARBEFTHRO P THRGENEL K

FLICHBLTWD Z ERRENT Zrl. BENEVEEEE NSV EE R

T 7 U h ke AR E A E O %I 8 9. MREIE 200m & L 1=,



THFELEKICIERICR D72 ® (Matsumoto and Murakami 2000), £h & O FH % 5
OB TOMITrAnE L F 25, LirL, Takayabu (2006) TIIFE ) CTiim L
Ty, E0MOFEMREEGH L bzl LR ILd 72w, £7 . Kodama et al
(2005) ET7VTHSHT AV W EdGLELTBY, 77U REELXTSRE LI
Ei SRR A A

ZZTAMRIEPEET L7 7Y W REE (K1) 26081, E0m00FHElE
HONZTHZEEZHEMET L. ABEEIELEROSMAOFEHF LD E NI OV TH
LT 5,

2. FERT—4%

TRMM @ PR (Precipitation Radar) & LIS % ICfERk & #v72 PRH grid data
(Kodama et al. 2005) ® 5 &, H O AERE (Flash 1) . WEE N &, <t E W
B, ERMERNEALEN TS, MEEIT 2.5° X2.5° THIHHIEIZ 1998-2007 4 D
10 4EMTh D, FEIIZ 1 » A& Ef) (1-10 A) . Hf) (11-20 A). FA) (21 A LK)
D 3 OIKYY, HEHEZROL, BOREET 1kmH7cy 1 AEY OFAEK
(km2-day?l) THYH, BMREIXZ1IRKFHS7ZVORERNEL 24 L. 1YY DK
& (mm-dayl) &L Tkiz, £z, dmMEERE L BREERNEL2 508 TR
Ber & & L7z,

3. 1998-200T ENHRHEHBITE T I2FTRERLBEROLH

¥ 212 1998—2007 F D FERKEMH (A). BEFRE (B). xHmMEREN =& EIRER
WEOZE (C) Oz RT, EREBEOZVHEBIZT AV D KETIEET AV IO
ez e 7ok, 7VTHTIEA Y Ry ERESY L =B, A~ TR,
N T T7T 4 yvaRThy, 77V TOKICKREMETHRDLEZIBEEL TS,
Fo, BEMETREBEILEALHBUEAT, FERETOLBH I L TWD(E 24),
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Be bl boBFBREHZDEWE  ERABE FWMERNE OBKRICD W TIX
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UbELr6, fETIEIBREAL THOEEIBRM SN L, T 7 U U REDERE
i o B Bk L v v b BB D EREKD S OEER &R
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EHp— . RE— 1 ] L (LR L AAKRTE 1. Urip Haryoko? Fadli Syamsudin?®
(1: VEFERFIEBAZE A, - HIERBRBEAEIBHIK; 2: 1 o FR U T [RGB BT
3t A v RR T BANFHMIG A T)

1 BR

A ¥ RRUTWREEBIZEBW T, BARELTIE ENSO & OB Hg M ERCEFIENFET 5 Z
EPWMEDHEIZ LV /RENTE TS (e.g., Haylock and McBride 2001; Hamada et al. 2002).
FRlZ, EROEENPDORE~DEBZETH LHILFEREF R OKFICBWN T, AR E ENSO &
OHBEBRIRVEE TR O, =h=—=a4 (T=—=%4) IRHKEIHED Em) 3 560023
WoNDDIZX L, REOFLTH D ALFEEREATIZOWN T, HEMEND, E721T—HOfEkIC
RONDZENRHBNLTVS., ZHIUTE Y A — 2 ARDOEMEITAE S WEKBEE LW T DK
SHFEAH BAEF OZFitE< (Hendon 2003), M7tk g o sl m i - R & #Ekkeiko #if & o
AYEH D7 & X VIR RAAL SN TS (Chang et al. 2004).

LU, BB CTE NN L BB 72 EREAKETIAEE L ENSO & DS, MJO RJRERKILE
HEEFHNEBORBEKIELT~DH G, S HITIEA v REXA R—1F— R & DR ElZonT
%, ZTETHRITTARDI TRV, #o T, ABFRIZIBW T, WEREEVET DY ¥ U BEAD
FEAKRBAELETNCOWT, ETITRMBOM EfNET — & ZINE B L BAREE ENSO & DB
BIZDOWTHLNTTHZ 2 AN ET 5.

2 T—ARUEBFAZL

A ¥ BRI T RBEEHER YT (BMKG) H kT — 4

BMKG IZX2 Vv VBT Y INVZEN O HBEKET —% 2 ANF L, fATICHW .
BRH R DA 2K 112, BIAIHUSOALE KO —# G2 £ 11”7, ABRKET —2 DfE
FRIFFHZIE, AT 1% £ TOHBKRET —Z OX[EFRL, Th ERAZ ST b OXXHENE L
THotz. £z, FEREZZHLE LEREORMREZRTT20, it LOFE L LT, 5 b R4E
DAHETE 1L LT,

TN === g FERN T =— =Y EOER:

HadISST 7 —# (Rayner et al. 2003) {Z2-3< | Nino3.4 flk (5°N-5°S, 120°W-170°W)
® SST faz (57 ABENEEME) A3, 64 A LA RS LT +0.4°C(—0.4°C) Znd Wiz = rv=—
=z (F=—=%) & LTE L7 (Trenberth 1997). Z Z T Nino3.4 k¥ D SST ZFHiZ 1k
&, W7 — %% F L LTAFLTND 1971 4 ~2000 40 30 B L W FHR L, £0d b OffZE
ELTWD. fREFHIfFR O/ =—= g 434 114 (1976-77, 1982, 1986-87, 1991, 1994, 1997,
2002, 2004 KX 2006) , 7 =—=F4E(I4 12 4F (1973-75, 1983-85, 1988, 1995, 1998-2000 &
2007) ThoT-.

MJO DFatE:

Wheeler and Hendon (2004) (Z & % All-season Real-time Multivariate MJO index Z M7z,
KA DI D IAET 2 HIBIZ K Y 8 DIiZ/BisDd MJIO DFALFARITIVT (FkER - 77 U U
ALAH 1,8; A & FTE: (AR 2-3; Mg RRE: AZAH 4-5; PE AT AZAH 6-7), 44 EHELZIRD Z &2 &
Y, BARREDZERZW T, £, MJO ORIEZD 1.0 & W /NEWRIZOW T, MJO REFH]
& LT, hlk, #dtzi-o 7z




3 fEHTRER

21T J1 v H D Ok M O i O BLAI R CORKZERIZ L & ENSO OAAIZ L5
FEHEAOZERZ/RT. BRINEEYORSE LCE, 1 AZHR0E Uiz LERYIOFELRS, ¥
(ZHE RO R THIECTH 503, N TIIREOHIMIN L v RV AL o5, £/, ZhET
DIFFET/RENTNDE LI, Th=—=g4 (T=2—=%4F) ITBWTIE, BEROEENSH
ZE~OBBFRIREABTD FEMN) TAHEABALLND— T, EOHFNIONTIE, B2
BERR o, 7272 WEEE CTIERZEO B R OBRK OB T ITEVWR L 6572 L, ENSO &
B AKRAELEBOMEOHIRIEZ RE LTS, £, ERELRBETT NV =—=g, To—=y
HELDADEIZHA LN DE R H D (KEL) .

31T Jakarta (23T D4EMKE & FREAK B BORELE 27T, FEEKAROLIMITITRE
W) 22 BB AS B S 4, BRI Jakarta & 4% & 3 5 Ui & QSRR O #S CHE T - 7228,
Bogor X° Citeko 72 ENBEIKOHR TIXA Lo Tz, Fie, BWIFZREK B B OBDBE A
¥ T, ENSO OAANCHE D Bk HEDEEN A b, mh=—=g4 (T=—=x4) [ZFKH
BHDW (V) iR o7-. —J7, BB O BAL 5% O ABKRTER Lz [5WN) LB
JEIZoWTiE, BEHMARETIIAKCIZ a7z (KMEL) .

W% IZ MJO & Jakarata OREAKRHEE OEEEZ K 4 1287, 1 HEZE L TO Jakarta (28T D
Rk H Je ONBR/K B 1, MLIJO (A 9 HAETEEh AL 23 K BEIR R0 5 B 580, Ik b2 < 2 D1IH
MR RONG. —J7, WEOHLTHS DIF HIZOWTH B &, MIO OALFIZEE S ZbiZAE <
372K, EbhnE ) b xR LSRRI CALE 3 5 BT, Bk OS2 o HH BB DMK
VMBS A BID.

4 FLEDHRUVSHRORE

ALY RRSTOVX TR, Px ANZEDO 1970 BRSO A T — & ZIUE - B L, Bk
FeEDRRAFEA T & ENSO & OBEIZ DOV THA, LR DOREREHT-.

e ENSO & L4 //INAE & OFBERPIR TN Z & 2L MFIEL ENSO LS DEIZE <
RonbdZ EmRLTE.

o ZME (UPNIHE) IZBWTIE, K HE, ZERMBIFEE 2 (L) P2 LERLE.
o FRIZHEFIE DI FIZ DOV T, 4EREK B o ME R 23 /L B Tz,

o MJO DOATANZLE 5 BAKEMEDFHIMEIZOW TR L, izl L TRS LM EIZ MJO
KEEFLD 8 DG ET, SERIRARERCREAK (ZN) BUERRKE WD, NI L TIXZEDEN
B2, L LADWZ LR LT,

Atk FRCAREERAZE (DIJF #) OZFEHNETNITIE 5 BEARFREIZ DWW T, MJO 12 5 BRI
2, ABEERN LD a— N RP—VOFBELE DT, LIRS, T b0 ENSO %/ /[
FIZ L DB, BARELB~DOHFEZP]I LM LTS,
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£ 1 DY ANSEDITBT 54 ¥ PR T RERGHERY BT (BMKG) H1 RGBT, H
R, AL R, RREERONREE) R OB IS 7o I 22

WMO No. Name Lon. Lat. Alt. (m) Data Period
96733 Pondok Betung  6.25°S 106.61°E 1975-2008
96737 Serang 6.12°S  106.13°E 40  1978-2008
96739 Curug 6.23°S  106.65°E 46 1980-2008
96741 Tanjung Priok 6.10°S 106.87°E 2 1973-2008
96745 Jakarta 6.17°S  106.82°E 7 1974-2008
96747 Halim 6.27°S  106.88°E 26 1980-2008
96749 Cengkareng 6.11°S  106.65°E 1985-2008
96751 Citeko 6.70°S  106.93°E 1985-2008

96753 Bogor(Darmaga) 6.50°S 106.75°E 250 19852008
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Historical power law Z-R relations
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Figure 1: Three examples of echoing structures likely produced by KHI obtained with the MU radar
in the range imaging (FII) mode during the TANUKI (Turbulent Atmosphere observatioNs Using a
Ka-band radar and other Imaging radars) campaign (October—November 2008). Panel (a) shows
braided cat’s eye or S-shaped structures, (b) shows rarely observed billow-like (overturning wave)
structures at ~1.5 km, and (c) shows a small braided structure superimposed on larger scale

structures around 6.5 km.
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Figure 2: KHIs occurring at cloud bases. (a) Radar reflectivity (dB) after doing the Capon
processing. (b) The corresponding vertical wind velocity measured by the MU radar without filtering.
The black contour shows the cloud contour arbitrarily defined from the -9 dBZ reflectivity level of
the Ka-band FMCW radar operated at the MU radar site. (c) The corresponding FMCW radar
reflectivity (dBZ).
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Figure 3: (a) MU radar reflectivity. The white line in the bottom right corner shows altitude versus
time of the GPS balloon released at 23:04 LT from the MU radar site. (b) Meridional and zonal wind
(dashed lines), wind shear (solid line), potential temperature (solid thick line). (c) N, and (d)

Richardson number Ri.
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Figure 4: Preliminary statistics made from the available 25 days of observations during the
TANUKI campaign. Distributions of (a) mean altitude of KHI layers with and without those
observed during the 3-day events, (b) their maximum thickness, (c) their life time, (d) the wind shear
observed at the layer heights, and (e) the vertical wind oscillation period, respectively. (f) Altitude

versus period and altitude versus horizontal wavelength (= period x mean wind speed).
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1. IZU®HIZ

BB T B AKRESRIE, KB Z POV OERIRTH Y | Bk EEESCT T v VAR B
H L, FERRINEELREOOE DL L THFHICED S, 6> T, TOEMEL, 4 v EBOE
g - [EEICKE REELBXIFY, KE=a T RN Boulder (281 5 KEWENEKRKZIT (NOAA) 12X 581
AT ROKZER Y 7 (FPH) 12 K 5 BHERBLINT — % OFF OMNTIC JauE, s N AaEE o
KRS, 1980 LIRS, 3 0.3—0.7% CTHEML TETHY, HD, 2000—2001 4F = AIZFEEIR DI
NoTzL I TS (Scherer et d., 2008), LrL, ZOEHDOFRK LR TNDHEBZXOLNLHEE T
R RE O KRR OEMEMI OV T, £ LHARLATHRN,

Soundings of Ozone and Water in the Equatorial Region (SOWER) (. 1998 4E/» b HBIfE £ T, BUFHE K
PPECEM T EEICRB W T, KER - AV Y T 2 AW ERBINAZFEIC 1 [FRRESE L TE T
% o IKFRLR OB IX, NOAA FPH, = Dk A > CFH (Voemel et d., 2007) . 3 L O Meteolabor Snow White
REEMEHLTE TS, F£72, NOAA TIIMMA D, 1997 FLIRENC b Bk TV < BB 21T -
TWb, &b, kELaxX ) hodkFE7r Y =7 k TICOSONDE (2 & % CFH % 7= E & 72 k7%
KB 2005 - LV H KT A Z Y BB N TRINTETND, AR TIEL, TEHAERE THED L
KIBZMENB Z 2225 FPH & CFH OF — & % W ¢, 2 TE BB 2B 1T 2 KRR O KA O
HZ2RA2 D,

2. BT —X

Table 1 & 212, B TD FPH, CFH Z W@l % v o R—r 2 ZhEhRd, SOWER LAAT
22V TIE, 1993 4E 3 A IZEVH PR « o KFEEEIZ R\ T, 1997 4E 2, 11 AIZT 7 P LB\ T NOAA A
1T 283 & 5, SOWER 1% 1998 ELAREfAEE T BN Z I Z 72> Th Y . FETBLIIT 2—22 DKZ
R T B LT D, 1998— 2000 I I, BVE FURSEED T X T AGE B TRUI A AT - TV D 73,
2001 FELIRRIZFE L LCA v RR 7 & ZDFENER TR Z1T> TE TW5bH, £z, FPHIZ K 2811
2003 FEETTHK T LTHEY, 2003 FLIFIE CFH Z# HWCTEIIIL TW5, 2 boT—F kv hORE
SR, R - EFEIIITIZARN D & 1994—1996 AT TR Y 1993 FEOBIIT — X DEANPKE WD



&L By o= OZFHID (LFEREAERZNHOD) Hi—Sn TN &, gk s,

112, 2AX Y HITEIT S TICOSONDE 1 =7 MZ k5 CFH Z AW 7-8H% 3, 4R 0DE
B E A 1 ERREOEFARBIR L 237 K TWA, 777 L, 2007 AEORTEICIZBIANILZE Z Zebiu T
b\fcil/‘o

Table 1. List of Tropical FPH Scoundings After 1993

Period Place Project Total Number Number (37 hPa)*
Mar. 1993 W./C. Pacific to Christmas I. CEPEX 13 11
Feb. 1097 Juazeiro do Norte, Brazil NOAA 1 1
Nov. 1997 Juazeiro do Norte, Brazil NOAA 2 1
Mar.—Apr. 1998 San Cristdbal 1., the Galipagos SOWER. 3 2
Sep. 1998 San Cristdbal 1., the Galipagos SOWER. 5 3
Mar. 1999 San Cristobal 1., the Galdpagos SOWER. 2 2
Sep.—Oct. 1999  San Cristdbal I., the Galdpagos SOWER. 3 2
Nov.—Dec. 2000 San Cristdbal 1., the Galipagos SOWER. 6 2
Nov.—Dec. 2001 Watukosek, Indonesia SOWER. 5 0
Aug. 2002 San Cristébal 1., the Galdpagos NOAA 2 2
Jan. 2003 Watukosek, Indonesia SOWER. 3 1
Mar. 2003 San Cristobal 1., the Galdapagos NOAA 1 0

® Number of successful soundings that reach the 37-hPa level for the analysis in Section 3.3.

Table 2. List of Tropical CFH Soundings Under the SOWER. Project

Period Place Total Number Number (100 hPa)* Number (37 hPa)®
Dec. 2003 Bandung, Indonesia 4 0 0
Dec. 2004 Bandung, Indonesia 4 4 1
Dec. 2005 Tarawa, Kiribati 2 0 0
Jan. 2006 Biak, Indonesia 9 8 5
Jan. 2007 Biak, Indonesia 6 6 5

Kototabang, Indonesia 5 4 4
Tarawa, Kiribati 5 4 4
Ha Noi, Vietnam 6 6 6
Jan. 2008 Biak, Indonesia 7 7 5
Kototabang, Indonesia 4 4 3
Ha Noi, Vietnam 5 5 5
Jan. 2009 Biak, Indonesia 4 4 3
Ha Noi, Vietnam 4 4 3

® Number of successful soundings that reach the 100-hPa. level for the analysis in Section 3.2.

P Number of successful soundings that reach the 37-hPa level for the analysis in Section 3.3.
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ZRT (3 — 1 O THERTS), BV, 37hPa Ll EETF—2 8 E b -8l 25Rd (3

—1&3— 20T cEMT D),

3—1. FER . FHiZLdE) L QBO £

X212, AKX Y BIZBITD AEBO CFH T —4% X0 Bk L7z, AKARKIEALO A —&EWm X %
T, AWEHMEAZREE L7z ECERIL CTh D, ALERA TR R im0 2 5 U7 R, JbeEk
B2k B S A & 38 U 7o @R I 2 i E U] & & B I B EINZ EA L T < BRI A
THILD, ZiUIWibp 2 taperecorder signal & FEIZN D & DT, ZREIZLT 2 BV o BB A i AU & Bk
JElE 7 mfEERIC L D BRI E TR SIS dgnd PSS (Mote et d., 1996), A TfE UARS
(Upper Atmosphere Research Satellite) #4# HALOE (Halogen Occultation Experiment) @ version 19 ? /K 7%
R/T —ZICCRBRORZERL LI L7z & 2 A, THEREE oK - fvMEDALE, 3 KO signa O I
AHEIXIZER CCTh o7, —F, LEHE, NEBAEE O KR KIRE OSEMEIL, CFH 7 —#I(C
E2bDDHNKREN-T-, CRH BLHIOERE S fERe I3 2 HALOE Bl L 0 IX2 0 T@mnied, 2ok
IRIBWNRELTZEDEEZ NS,

B4 312, SOWER IZ &L 5 2004 4F 12 A 725 2009 4F 1 H £ TOEF 5 [ Db Ek A& Z « By 1H i
Fy NN KD F v AN R ORIERIR G L - B R OB A 2 T, FHEAERE (80 hPa
725 40 hPaffilr) D/KZSHRKRIE OALED, 2 FEHTET L TW DA R TRV S, R &
D&, KESKKBRIEN EFHFEN L TOWBEFHEA ST —, FHEML TV AFEIEEY T — L7k oT
WHZENRTERND, Ziux, QBOIZE b7 9 FFHfERDOZM (eg., Badwinetal., 2001) & HEH)
Thod, SHIZ, MFEREOKRLTEEICH QBOILHE Y (BRESIRAEICLD) Z#rR o6, 2
AN —4-1% D 30—40 hPafiir O/ NE DREEZ KD TND Z &b A THRILD, 7eds. FEROENHE A H)
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CFH (Costa Rica) July 2005—June 2009

20
E i L
£ 50 - -
Lol m -
[0
= ] L
",
0 i B
L
o . i
%100 + -

50 50
200 | I L T T L T T q

JAN APR JUL OCT JAN APR JUL OCT JAN

2. A RAFYNITEITDH CPH KRAEKBINCS &-5< AVEKERDO A —KEErm X, s —4%
TEEDIE L TR L TH D, ERMOEMERIIHANO T Lo @) (HEALE ppmv), AS8RIE 2.5 ppmv &

3.5 ppmv DZEA{E#R, 4 ppmv LA T OREIZ K (2 Tl -> T D,

20 NN R [N T T T Y A T O I N O T T T B B
) i i
o
S 50 A - 1
o A - )
= ] = A
7)) — = ]
0 | - ]
2 100 - -
o
200 T T T T [ T T T T [ T T T T [T T T T [T T T TT T T T T T T T[T T [ T T T[T T T T[T 1717
1 2 3 4 5 6 -40 -30 -20 -10 0 10 20

Water Vapor Mixing Ratio [ppmv] Zonal Wind [m s~']

20

50

100

200

3. L ERAZEOENETE KEPEIC T A SOWER IZ L A CFH A% v > _X— 2 F—% (Table 2) %/
W, By U= B O KIRGIER . () BIXOWER () OE S, (2006 4 1 F & 2008

F1LAOBRZ AR TRLTH D)



3—2. fR . RHLH)

4|2 FPH.CFH ¥ T8l — % .5 L O HALOE & AURA ## MLS(Microwave Limb Sounder)
BEBLNT — & 2o, FEbkEE (68—37 hPa) D FHIKARKIRE ORERSIK &3, T k& & o
IKFER A 13 tape recorder signal 12 & % BABE 22 Z= Bl A7 0N 8 5 D T, 1%%@?&@%@5 WZixdH 55
FEOROEHEZ L 50N I, —FH T, B U FBIIT —ZI2HonWTid, T—Z 0 LIREFEICIRA
DY, BRI EOEWVWEREW, 0, FHET —FITONTZ 5’7%%;5&&85%5 KT LUV AR
ESNTND, ZNHEBELE LT, TﬁBEJZJ%l%ﬁi‘%@“ZDWLf;E & LT68—37 hPaziAT, X
412k DL, 1990 AERICEHVTIE, 1998 4E 9 H & 1999 45 9 H @ 2 MEFRW\TE 2 UE, FPH V' U7,
HALOE & $1Z. 3.6 ppmv F2E 15 4 ppmv FEE~D P 5o e MA R TR D, 728, KEBED 2 4
DD 9 AL, B MM/ N 2 5 ZREIC S 72 5, 2000 47> B 20022003 420 Tidk, FPH Y
> 7. HALOE & 12, MO 2K WD 13RS T 5, 2004 FELIEIZ DWW Tk, CFH Y > 5 & MLS
LIIFEHIAE) - QBO EF DK A S — /L E TEL —H L THY | 1990 FREFLDMEIZREY 525D LD

IZR 2 %, ZAVET, FHEAJEEOKKRIREDEIZOWTIE, FHIZLH), QBO £ XV R RFH A
= AZOWTIE, RHIEMR LY RIEDYRNER SN TEE L0 RH 5 (eg, Kley et al., 2000) 73,
Fex OBPFERICE Y | 10FREDOBEDOEBL I DAFET 2 Z LB LMNIR T EF X D,

723, 2004 4F, 2005 4i2iE, HALOE, MLS, CFH ORIBFEBAINER L Tz, K406 HRg s
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THEND, LEER-T, 272 &% 2004—2005 42OV Tldk, HALOE DHITEIT 72 A B O FE S A
T ANAE T TWIZAREMER S D, Zi1vE THALOE OJIEMIL, BB KEKBEDOEREL X 2 /s
TXOT, ZORAITZERTHDAIEERH D,
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1. Introduction

A large-scale oscillation called the QBO exists in the equatorial lower
stratosphere. Previous studies have reported that the QBO is driven by atmospheric
waves through wave-mean flow interaction. There exists a broad spectrum of waves in
the tropics, many of which contribute to driving the QBO (Baldwin et al. 2001). A
combination of Kelvin, MRG, other equatorial trapped waves (EQWs), and internal
inertia-gravity waves (for simplify, referred as “internal gravity waves” hereafter) is
believed to provide most of the momentum flux needed to drive the QBO (Dunkerton
1997; Sato and Dunkerton 1997). The relatively small temporal and spatial scales of
internal gravity waves preclude comprehensive investigations of wave forcing over a
wide geographic range using only observational data.

Atmospheric general circulation models (AGCMs) are effective tools with
which to study the roles of atmospheric waves in driving the QBO (Takahashi 1996,
1999; Horinouchi and Yoden 1998; Giorgetta et al 2002, 2006; Hamilton et al. 1999,
2001; Shibata and Deushi 2005a, b; Kawatani et al. 2005). However, the relative
contribution of EQWSs and internal gravity waves in driving the QBO has not well
investigated. Recently, we conducted experiments with a high-resolution T213L256
AGCM. The purpose of this study is to clarify the relative contribution of EQWs and
internal gravity waves in driving the QBO and investigate 3-D distribution of wave

forcing, using outputs from the high-resolution AGCM.

2. Model description

The model is CCSR/NIES/FRCGC AGCM. The equation used in the model is
primitive equation on the sphere (i.e., the model is hydrostatic). The model has a
horizontal resolution of T213 spectral truncation, which corresponds to a grid interval of
approximately 60 km in the tropics (0.5625°). Two hundred fifty-six vertical layers are
represented (L256), and the top boundary is at 0.01 hPa (~85 km). The vertical
resolution is set to 300 m from the upper troposphere through the whole middle

atmosphere. The cumulus parameterization is based on that reported by Arakawa and



Schubert (1974). A relative humidity-limit method is incorporated into the cumulus
convection scheme (Emori et al. 2001). Monthly mean climatological SST and realistic
topography are used as the bottom boundary conditions. This experiment included no
gravity-wave drag parameterization. Thus, gravity waves are spontaneously generated
in the model. The data for wave analysis were sampled every hour as hourly averages

for 3 years.

3. QBO and wave forcing in zonal mean and 10°S-10°N average fields

Figure 1 shows a time-height cross section of monthly mean zonal-mean zonal
wind and the EP-flux divergence due to all wave components at 10°S—10°N for 3 years.
An obvious QBO with a period of approximately 15 months is seen. The maximum
speed of the westward wind at 30 hPa is approximately -25 m s, and that of the
castward wind is 15 m s™' over the equator. The simulated amplitude of the QBO is
consistent with that in the real atmosphere (Naujokat 1986). The westward and eastward
winds extend down to approximately 80—100 hPa in the model. Shadings show EP-flux
divergence (i.e., wave forcing), which corresponds well to the vertical wind shear
associated with the QBO. These results indicate that spontaneously generated waves

resolved in the model certainly drive the QBO.

Fig. 1. Time-height cross-section of
(contour) zonal-mean zonal wind and
(shade) EP-flux divergence at
10°S—10°N. The contour intervals are 5
m s'. The solid and dashed lines
correspond to eastward and westward

winds, respectively.
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Figures 2 shows the zonal wavenumber / frequency spectra of the symmetric
and antisymmetric components of zonal and meridional wind averaged from 82 to 35
hPa in July for the first year (10°S—10°N average). The dispersion curves of EQWs for
the three equivalent depths of 8, 90, and 500 m are superposed under the assumption of
zero background wind. Clear signals of Kelvin waves, MRG waves, n = 0 EIGWs and n
= 1 equatorial Rossby waves can be seen. To extract EQW components, an adequate
equatorial wave filter is needed. The spectral mass of EQWs is found within 1 <s < 11

(Figs. 2a-d). Following previous studies, the wave components with relatively long



horizontal wavelengths (s < 11; Ax> ~3600 km) are regarded as EQWs in the present
study. Figures 2e,f show the spectral domain extracted by the equatorial wave filter.
Dispersion curves with 4, of 2 and 90 m were drawn under the assumption of zero
background wind. The zonal wind is small near the equatorial lowest stratosphere (Fig.
la). The minimum period was set at 1.1 day (~0.9 cpd) to avoid including waves with a
period of 1 day. In calculating the zonal wave forcing associated with EQWs, overlaps
between Kelvin waves and n = 1 EIGWs and between n = 0 EIGWs and n = 2 EIGWs
were avoided. That is, a Kelvin/n = 1 EIGW and n = 0/n = 2 EIGW wave filter was
applied. Fluctuations with s > 12 are analyzed as internal gravity waves. The wave filter

was applied to temperature, wind, and geopotential height.
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Figures 3a and 3b show the time variation of zonal-mean zonal wind, its
tendency, the EP-flux divergence due to all wave components, eastward EQWs,
westward EQWs and internal gravity waves at 30 hPa averaged from 10°S to 10°S. The
tendency of the zonal-mean zonal wind proceeds to the variation of the zonal-mean
zonal wind. In the eastward wind shear phase, eastward wave forcing due to eastward
EQWs is up to ~2.5 x 10" m s day™, whereas that by internal gravity waves is up to
~5.0 x 10" m s day”. The peaks of both eastward wave forcings occur at nearly the
same time. The eastward EQWs during three peaks of strong eastward wave forcing (i.e.,

June of the first year, September of the second year, and October of the third year)



contribute ~53%, 27%, and 43% of total wave forcing, respectively. Westward wave
forcing due to internal gravity waves is up to ~-5.0 x 10" m s day™, and that due to
westward EQWs is up to ~-0.5 x 10" m s day”. Westward EQWs contribute up to
~10% to QBO driving during the weak westward wind phase, but their contribution is
nearly zero during the relatively strong westward wind phase of the QBO. Extratropical
Rossby waves from the winter hemisphere contribute ~10-25% in the westward wind
shear phase; their contribution is larger in the upper level of the QBO (not shown).
Consequently, internal gravity waves play crucial roles in driving the QBO in the
westward wind shear phase of the simulated QBO.

Figures 3¢ shows the time variation of the EP-flux divergence dueto 1 <s <11,
12 <s5<42,43 <s<106, and 107 <s <213 at 30 hPa for 3 years (10°S—10°N average).
In the eastward wind shear phase, eastward wave forcing due to 1 <s < 11 is strongest,
and eastward wave forcings due to 12 <s <42, 43 <s <106, and 107 <s <213 are
comparable. Wave scales contributing to the westward wind shear of the QBO differ
greatly. Westward wave forcing due to 1 <s < 11 makes a much smaller contribution
than do the other wave forcings. Westward wave forcing due to 42 <'s <213 contributes
greatly to driving the westward wind shear phase of the QBO. Internal gravity waves
with zonal wavelength less than ~1000 km provide the main contribution to the

westward wind shear phase.
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4. QBO and wave forcing in zonal mean and 10°S-10°N average fields

Most previous studies have discussed wave forcing in a zonal-mean field,



which seems to be appropriate because the QBO is a nearly zonally uniform
phenomenon. In fact, the stratospheric QBO has longitudinal variation, as discussed by
Hamilton et al. (2004). Because wave generation and propagation depend greatly on
zonal direction (Alexander et al. 2008a, b; Kawatani et al. 2009), wave forcing should
vary zonally. Model investigations of the 3-D distribution of wave momentum flux and
wave forcing should provide useful information for future in situ and satellite
observations, as well as for the development of gravity wave parameterizations (see
McLandress 1998 and references therein).

Figure 4 shows the latitudinal distribution of the EP-flux divergence at 45-25
hPa in July during the eastward wind shear phase and at 35-20 hPa in January during
the westward wind shear phase of the QBO. In the eastward wind shear phase, eastward
wave forcing due to the odd mode of eastward EQWs (i.e., Kelvin waves and n = 1
EIGWs) is confined around the equator (Fig. 4a). Zonal wave forcing due to n = 0 plus
n =2 EIGWs is eastward off the equator but westward over the equator. Consequently,
eastward wave forcing due to eastward EQWs is ~2.0 x 10 m s™ day™ over the equator.
Zonal wave forcing due to internal gravity waves is comparable to that due to eastward
EQWs over the equator and prevails off the equator. Consequently, EQWs contribute to
~38% of total wave forcing in the 10°S—10°N and 45-25 hPa averaged field.
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In the westward wind shear phase, westward wave forcing due to internal
gravity waves is -3.5 x 10" m s™ day™', whereas that due to westward EQWs reaches up
to -0.7 x 10" m s day™ over the equator (Fig. 4b). Thus, the westward EQWs explain



~17% of total wave forcing over the equator, but the contribution of these waves is
reduced to ~8% in the 10°S—10°N averaged field. Westward wave forcing due to MRG
waves is largest among the EQWs. The zonal wave forcing by n = 1/n =2 WIGWs and
equatorial Rossby waves is negligible during this time period. Large westward wave
forcing due to large-scale non-EQWs is obvious in the Northern Hemisphere. The
EP-flux due to large-scale non-EQWs indicated that this wave forcing is mainly due to
the propagation of extratropical Rossby waves from the winter hemisphere into the
equatorial region (not shown).

Finally, we investigate the longitudinal dependence of wave forcing. Recently,
Miyahara (2006) derived 3-D wave activity flux applicable to inertio-gravity waves
(hereafter referred to as 3-D wave flux).
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Figure 5: Global distribution of 3-D wave activity flux divergence due to internal
gravity waves at (a, b) 120-80 hPa, (c) 45-25 hPa, and (d) 35-20 hPa in (left) July
during the eastward wind shear phase and (right) January during the westward wind
shear phase. Zonal wind is contoured with a contour interval of 5 m s. Solid and
dashed lines correspond to eastward and westward wind, respectively. The bold solid

lines indicate the 0 m s line of the zonal wind.

Figure 5 shows the global distribution of 3-D wave flux divergence associated
with internal gravity waves averaged over 45-25 hPa in July during the eastward wind
shear phase, 35-20 hPa in January during the westward wind shear phase, and 120-80
hPa in both time periods. At 120—80 hPa in July (Fig. 5a), large eastward wave forcing

is widely distributed in the Eastern Hemisphere. Eastward wave forcing from Africa to



the western Pacific corresponds well to precipitation (not shown). At 120-80 hPa in
January (Fig. 5b), large eastward wave forcing is located over Indonesia and the Congo
Basin, associated with large precipitation. In the Western Hemisphere, westward wave
forcing widely distributes in both July and January. Zonally inhomogeneous distribution
of internal gravity wave forcing is apparent in the UTLS region.

At 45-25 hPa in July (Fig. 5c), large eastward wave forcing occurs from 10°S
to 20°N in the Eastern Hemisphere, whereas eastward wave forcing is very weak in the
Western Hemisphere, especially over the mid- to eastern Pacific. At 35-20 hPa in
January (Fig. 5d), westward wave forcing elongates more zonally over the equatorial
region with relatively large wave forcing around Africa, Indonesia, and to the west of

South America.

5. Summary

This study has investigated the roles of EQWs and internal gravity waves in
driving the QBO using an AGCM with resolution of T213L256 integrated for 3 years.
The model, which does not use a gravity wave drag parameterizations, simulates QBO
(QBO-like oscillation) and SSAO. The amplitude and lowermost levels of the QBO are
realistically simulated.

EQWs with equivalent depths in the range of 2-90 m from the n = -1 mode to n
= 2 mode were extracted separately in the range of s <11. Fluctuations with s > 12 are
analyzed as internal gravity waves. In the eastward wind shear of the QBO, eastward
EQWs contribute up to ~25-50% to driving the QBO. The peaks of eastward wave
forcing associated with EQWs and internal gravity waves occur at nearly the same time
at the same altitude. On the other hand, westward-propagating EQWs (i.e., MRG waves,
n =1 and n = 2 WIGWs, and equatorial Rossby waves) contribute up to ~10% to
driving the QBO during the weak westward wind phase, but their contribution is nearly
zero during the relatively strong westward wind phase. Extratropical Rossby waves
from the winter hemisphere contribute ~10-25% in the westward wind shear phase;
their contribution is larger in the upper level of the QBO. Internal gravity waves with
zonal wavelength less than ~1000 km provide the main contribution to the westward
wind shear phase. Comparison between T213 and T106 AGCM supports a conclusion
that internal gravity waves with 107 <'s < 213 plays crucial roles to the westward wind
shear in the lower stratosphere.

This study also focuses on the three-dimensional distributions of wave forcing
relevant to the simulated QBO. We investigated wave forcing for two representative

periods: July of the first year, during the eastward wind shear, and January of the second



year, during the westward wind shear phase of the QBO.

In both eastward and westward wind shear phases of the QBO, nearly all
EP-flux divergence due to internal gravity waves results from the divergence of the
vertical component of the flux, which implies that gravity wave drag parameterization
including only vertical wave propagation is suitable, at least for the simulation of the
QBO. On the other hand, EP-flux divergence from the meridional component of the flux
due to EQWs are comparable to that from vertical component around the vertically
sheared zonal wind of the QBO. The present analysis reveals that the distribution of
wave forcing differs widely in the meridional direction.

Second, zonal variation of wave forcing associated with Kelvin waves and
internal gravity waves contributing largely to driving the QBO was investigated using
the 3-D wave activity flux applicable to inertio-gravity waves derived by Miyahara
(2006). Around the altitude of the eastward wind shear of the QBO, the eastward wave
forcing due to internal gravity waves in the Eastern Hemisphere is much larger than that
in the Western Hemisphere. On the other hand, in the westward wind shear phase,
westward wave forcing does not vary much in the zonal direction. Zonal variation of the
wave forcing distribution in the stratosphere results from three factors: (1) the zonal
variation of wave sources in the troposphere, (2) the vertically sheared zonal winds
associated the Walker circulation, and (3) the vertical wind shear of the QBO.

This study analyzed the outputs of an AGCM integrated for 3-years with a
climatological boundary condition. In the real atmosphere, wave forcing might show
distinct interannual variation associated with tropospheric variability, such as El
Nifno—Southern Oscillation (ENSO) events. To investigate interannual variation of wave
forcing in the model, analysis over longer periods is required. Further studies using the
AGCM in conjunction with observations are required to better understand global wave

activities and their roles in the middle atmosphere.

See Kawatani et al. for much more details and references.

Kawatani, Y., K. Sato, D. J. Dunkerton, S. Watanabe, S. Miyahara, and M. Takahashi:
The roles of equatorial trapped waves and internal inertia-gravity waves in
driving the quasi-biennial oscillation. Part I: zonal mean wave forcing, J.
Atmos. Sci, DOI: 10.1175/2009JAS3222.1, in press

Kawatani, Y., K. Sato, T. J. Dunkerton, S. Watanabe, S. Miyahara, and M. Takahashi:
The roles of equatorial trapped waves and internal inertia-gravity waves in
driving the quasi-biennial oscillation. Part II: Three-dimensional distribution of
wave forcing, DOI: 10.1175/2009JAS3223.1, in press



MST L — & — & DS
FEKEAREE  EE

1 1ZC®IZ

MST L — & —#8HTik. K&ELFB AR T 5 Radio Refractive Index (RRI) @
irregularity IC X A3 BFBEDTa—%2ZEL. EDO Ry 77 —HEZHET S,
ZD Ry 7T —HERRKRIOEEREEIC—FKT I, MST V—F— X RKNFE
BRIOB N 2EMIZ 25, EEE, WARETIE, ZOVv—F—HAKRLETF2
VUTBARERNRTIZD I —HKTHRZLEREREIENLTWS (Luce et al,
2001), ZD &S REBBRSELVEREE,. PHETH Z0BRINELNE T
rIh T3,

72038, Z @ RRI irregularity 23, K&ELFRE & i, KRKDOTWIIZR > TEITNLD
BRI E L 5 2TV ey, 5% % RRI irregularity 2540 (2 EL R
TERENDZD), ELLBEEINLTHWRWEES, &512. EFHM RRI 0
RERTH 5 FHETIE, FHIEHRD, 2Tk, ERNBPETOESR
ICRELSFEETLINDOTH D,

pE3. RRI irregularity I, MR, KKFOLEZTH, G L F—E&h% 35 &
RESNTE, ZTOREZREL, HbL7-H T, ZORBHRIEDOEAITN
PEZTWERES,

2  RRI irregularity /30 J)MZ4ERE X4 5 77,
RRL n, BFKROX5IZEZBND,

n= 1+3.73 - 101 (e/T2) +7.76 « 105 (P/T)—(Ne/2Nc) (1)

ZZiZ e, T,P,Ne, Nc iZZ2nFh, AEKE (mb), BE (K). KE (mb)

BETHEE (m3) , ST AEEE=1.24-102 {2(m?3 { =EEKLE/MHz)
ThHbd, I1LITRENTWSEIZ, nDEHn JIHE z TR->TAfLE R -
TW3, 2%V dnl/dz#0, RN6400135 XK IIT, no i ENDG z L3Iz, K
AR RIJEBEORVICI VBT, REE LR G, ETHEE L IEITH
N4 % (Rastogi and Bowhill, 1976), 2£9Y 40— 6 0 k mDEHET, n I3
INZZRoTEBY, nOBELZOEETHLS RoTWBEHIUTHD, L—F—
Ta—DREEInDOEHO2FE |An|? THHTEINDL, Ta—bIORE



TIHEDLDTHSR2>TVE Z EPBBRINO BHLNITR>TWS (Kato, 200
5),

n OFEEAEIZIH > T, ELIES n OBBERT ZE SO, nlIFRFMBICEENT
%, xtE. THRBE TIldn DERDIIKER LRI TFTHY, =a—4&
RiL. MEHZOEFEORXEZHANT, ROLH IR TE S, V ZIEREES
FAREE LT

on/dt=-V (n V)=-Vz (dn,/dz ) + (small terms) (2)

100 PP BT EEPEPEPT &

Free electron

Height (km)
ES
1

Water vapor

- Ty TP -
Hasiguti 10® 10* 107 10 10 10™* 107°

n—1 2
K1 (n1) OBESM (Hasiguchi, 19959)
BF LB IIBRERKEFETSH, 22 TiE, 400MHz (k< L—F—) ;50
MHz (FVv¥R— L—F—) OBEETRT,

(2) ITBWT, V—F—EHIA r—LNTIIREEZ—ELE 2 DI, ELIEHR
DIRFEIZ XL Y (Batchelor, 1953; Tatarski, 1971)
VV=0 (3)

€T, —a—correlation time t () BOFEFTITEIV|[An|=
IVz(dno/dz) c | # 0Bz a—DERPE 25,

3. gt XEE. LSBT T/ RRI irregularity DEBIEEDVIZ—FK



787
Following particle expression (Holton, 1992) ZMH\ ., (3) ITXVWEBIT

Dn/Dt = 0 (4)

54, RRI irregularity OEBNN KK EE & —FT 52 LA TX 3B,
2FY (3) DRREHBRBOLETSEHETH D,

20, (4) 3. REE THICERATE 528, REE L. PRBICIRE
ATERV, 22 TIBEL T2 - TR L &2V BT RRI irregularity
EWRT L0, bLETHERNORET, ETEE L KJEH N KL
BHE, Vv—=F—BlRRRL L2 2%,

4. BFOEEPAKKEEIC—FT B 0JREIEIZE VD,

HFPERR D FIIA T NTHEEL, A 28T, TORE, A VIR E
120kmlUTTIE, A FVIEIRIFERI S FLECEIZS 95, —F.
BFIE7 0 k mPh BT, #IBRBES Bo (TR 2 DIV THHERR S F DB TENT
72\ (Kato, 1980),

ZORWT, HLAZFTVR, BFIZ, PERKLEITEIZSLT5HL, £DF
MICEFEEARENSHNIE. 7ES Ep BHEL, BEO/NSIWEFIIAF v
IZ5| 28 iV Bo DEENGRKE I A AV EEFIT BN Z LIt B,
Ep IIBFHREARICIR> TR I 520, Epid. #IICIX, z FRAICH> TRE
T35, B, (2) WrRT X1, BLIRICE D Ne oELABIINDS &, ELEEIX
TRTOFMCABLEZFEODT, Ne bRRICABRZIEVH L, Ep bTXTDF
MIZHEL S DRBERD, FITFTFAYEZOBZ DALY, T
KOTMTH, BRMFENELEND L, RELRSBESNEDICRAE LFH
EROBMERDH BB, ZOFRER EptViBo=0 I[ZEL. A 4V BETHE Vi, e
i

Vi=Ve=V (5)

L7225,
U EZ#ETIIEEHRE, REBzZE0T

Dn/ Dt =0 (6)



DRV SLOFREMITRV, R, MRETIE, n, PMRMTHDHZ L. B
GREPFICH LN b, FRIBHROKEIX, TREX VK250
I./hfxlf\o

5. By

PLED#ERMN D, MST L—F —BRIAER Y S5

1. dn,/dz+#0 ,

2. divV=0

3. V=Vi=Ve

Thd.

ZO&HEL, 2, 305b, 1 BT a—FEORIUTHY ., E<HMbALTNS
BHEEE, 213EFMEmAA (KKOFI) 12> TEIINIEODORGETH
508, FERABRILIIELFERIZIERY S (Batchelor, 1953), 2V, ThEI I T
bEAT S, ERNO, ZOELIE, BT, Vv—F—LFFF YT
DO BB O—B THIEE SN TW5 (Luce et al. 2001),

SIXEREE 7 A~WEFENL DT (Kato, 1980) 72, ZHIZBIL THKSD
HEREMONTEBHEENDH S, ThiE, EHETHOETEESANORD
LBNEETFTEEDENDART AR, EBLMEEATITODOL—KTHZILE
(Lehmacher et al., 2006) .

BE IR

Batchelor, G. K., The theory of homogeneous turbulence, pp. 46 and 114-132,
Cambridge Monograph on Mechanics and Applied Mathematics, Cambridge Univ.
Press 1953

Hasiguchi, H., Development of an L-Band clear-air Doppler radar and its
Application to planetary boundary layer observations over equatorial
Indonesia, p. 10, Ph. D. thesis, Kyoto Univ., January 1995.

Holton, J. R., An introduction to dynamic meteorology (3rd edition),
p. 47, Academic Press, San Diego, New York, Boston, London, Sydney,
Tokyo, Toronto, 1992



Kato, S., Dynamics of the upper atmosphere, (a) pp 141-150 (b) pp 213-215,
Center Acad. Pub. Japan, D. Reidel Pub. Co Dordrecht « Boston « London.
1980.

Kato, S., Middle atmosphere research and radar observation, Proceeding of
the Japanese Academy, Ser. B, 8, 306-320, 2005.

Lehmacher, G. A., C. L. Croskey, J. D. Michell, M. Friedrich, F.-J. Lueben, M.
Rapp, E. Kudeki and D. C. Fritts, Intense turbulence observed above a
mesospheric temperature inversion at equatorial latitude, Geophys. Res. Lett., 33,
8, L08808, DOI 10.1029/2005GL 024345, 2006

Luce, H., S. Fukao. M. Yamamoto, C. Sidi and F. Dalaudier, Validation of winds
measured by GPS radiosondes during the MUTSI Campaign, J. Atmos. Oceanic
Tech., 18, 817-829, 2001

Rastogi, P. K., and S. A. Bowhill, Scattering of radio waves from the mesos
phere-2, Evidence for intermittent mesospheric turbulence, J. Atmos. Terr.
Phys., 38, 449-462, 1976

Tatarskii, V. 1., The effect of the turbulent atmosphere on wave propagation,
National Technical and Information Service, pp. 74-76, Springerfield, Va.
1971



EAR £ESAF—IZLBHEA - HADHKEFRER

WWAEZ - fRE?- EERE - AR’

BoEz - uARE

REE—B° - K

1D RBXRZFEFEMER, 2: BHMKFERE,

3 BHIEXKE 4

1. INTRODUCTION

Shallow-layer clouds are confined to shallow layers of air
in which the rate of cooling resulting in cloud formation is
rather slight (Houze, 1993). Though shallow-layer clouds
can occur quite locally, they can also be very widespread,
covering mesoscale or even synoptic-scale regions. This
prosperity of shallow-layer clouds to cover great areas has
a major impact on the climate of the earth through the
absorptive and scattering effects of these cloud layers in
the earth's radiation balance (e.qg., Liou, 1986).

Though mean vertical air motion in shallow-layer clouds
is smaller compared with ones in convective clouds,
previous numerical computations have shown that vertical
air velocity (hereafter W) plays a crucial role in the
formation and maintenance of shallow-layer clouds (e.g.,
Starr and Cox, 1985). By receiving echoes from refractive
index irregularities, VHF wind profilers typically operated
near 50-MHz frequency (6-m wavelength) have the
capability to continuously observe vertical profiles of vertical
and horizontal air velocities both in clear and cloud regions.

Ground-based lidars and millimeter-wave radars, which
are able to detect small-sized cloud particles, are useful for
observing shallow-layer clouds. Therefore lidars and/or

* Corresponding author address: Masayuki K. Yamamoto,
Research Institute for Sustainable Humanosphere, Kyoto
University, Gokasho, Uji, Kyoto 611-0011, Japan; e-mail:
m-yamamo@srish.kyoto-u.ac.jp

milimeter-wave cloud profiing radars have been
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additionally used for observing turbulence and air velocities
in shallow-layer clouds. Using a VHF wind profiler and
scanning cloud profiling radar, Wada et al. (2005) have
shown the development of midlatitude frontal cirrus in the
presence of shear instability and background upward wind.
Recently it has been shown that a combination of VHF
wind profiler and cloud profiling Doppler radar is useful for
retrieving particle fall velocity in cirriform clouds (Yamamoto
et al., 2008). Using a VHF wind profiler and lidar in India,
Kumar et al. (2001) have shown a preliminary report on
turbulence and winds in upper-tropospheric tropical cirrus.
Using a VHF wind profiler and lidar in Japan, Yamamoto et
al. (2009b) have successfully shown the detailed wind
motions around the top of midlatitude cirrus. In this study,
observational results of W and turbulence in and around
midlevel shallow-layer clouds are presented using a VHF
wind profiler and a 532-nm Mie lidar.

2. DATA

A VHF wind profiler (hereafter wind profiler) used in this
study is a monostatic pulse Doppler radar which is
operated at 47.0 MHz. The wind profiler is referred to as
the Equatorial Atmosphere Radar, and has been operated
at Kototabang, West Sumatra, Indonesia (hereafter KT,
0.2°S, 100.32°E, 865 m above the mean sea level). For the
detailed description of the wind profiler system, see Fukao
et al. (2003). During the period focused on (from 8 to 9 May
2004), the wind profiler was operated with two observation
modes; a 1-beam mode to observe W and a 5-beam mode



to observe horizontal wind. Two observation modes were
alternatively carried out. Because of the signal-to-noise
ratio improvement of the frequency power spectra, W was
computed from the first-order moment (Doppler shift) of
frequency power spectra observed by the vertically-pointed
radar beam of the 1-beam mode. Horizontal wind was
computed using Doppler shift data obtained by the 5-beam
mode. Pure observation times of the 5-beam and 1-beam
modes were 81.92 s and 78.6432 s, respectively. Because
of additional time necessary for storing observational data
into hard disk drives, vertical profiles of W and horizontal
wind were produced every 166 s. Spectral width, defined
as the square root of the second-order moment of the
frequency power spectra, was used as a proxy of
turbulence within the sampling time and volume. Because
the two-way half-power full width of a radar beam and
vertical resolution were 2.4° and 150 m, respectively, the
wind profiler observed 300-m X 150-m volume at 8-km
altitude. Avrtificial contributions to spectral width data due to
processes such as wind shears across the sample volume
and the effects of finite beamwidth were removed using
horizontal wind profiles observed by the wind profiler.

A lidar was operated at KT with a laser wavelength of
532 nm, pulse energy of 20 mJ, and pulse repetition
frequency of 10 Hz. A Schmidt-Cassegrain telescope with a
diameter of 20 cm, a photoncounting photomultiplier tube,
and a multi-channel scaler were used to detect
backscattered signals from atmospheric molecules,
aerosols, and cloud particles. Altitude profiles of received
signal intensity (hereafter Pjqa) were recorded with 150-m
and 10-min intervals. Using the characteristic that Mie
scattering by cloud particles is much greater than molecular
Rayleigh scattering, cloud-bottom and cloud-top altitudes
were estimated; the altitudes with significantly larger Pigar
than below (or above) were considered as cloud regions.
For details of the method to determine the cloud regions,
see Yamamoto et al. (2009a).

3. RESULTS

Figure 1 shows a time-altitude plots of W and spectral
width obtained with the vertically-pointed beam of 1-beam
mode (hereafter « ). Within ~500 m below the estimated

cloud-top altitudes, downward W was dominantly observed.

« w was almost always larger than ~0.3 m s™ within ~500 m
below the estimated cloud-top altitudes. w in the upper
part of clouds further showed that not only downward W
but also upward W existed within the sampling time and
volume, though W averaged over the sampling time and
volume was downward.

To quantitatively describe W variations in the top part of
clouds, time series of W and ¢ w at 8.07 km from 1600 to
2300 LST 8 May 2004 are shown in Figure2a. When
estimated cloud-top altitudes were located around 8.44 km
(1930-2150 LST 8 May 2004), W at 8.07 km was
dominantly downward and ranged from -0.83 to 0.26 m st
Averaged W and ¢  at 8.07 km were -0.21 and 0.51 m s’l,
respectively. These results further confirm the fact that not
only downward W but also upward W existed within the
sampling time and volume, though W averaged over the
sampling time and volume was downward. These results
indicate that VHF wind profilers have a capability of
continuously observing W and its turbulence, which is
impossible by other observation means.

w frequently exceeded 0.5 m st in the middle part of
clouds (~500-1000 m below the cloud tops), which shows
that W in the middle part of clouds was highly turbulent
(see Figure 1). To quantitatively describe time variations of
W in the middle part of clouds, time series of W and « w at
7.62 km from 1600 to 2300 LST 8 May 2004 are shown in
Figure 2b. During 1930-2150 LST 8 May 2004, W at 7.62
km showed large changes even every observation
intervals (166 s). W at 7.62 km ranged from -2.22 t0 0.97 m
s' and standard deviaton of W computed during
1930-2150 LST 8 May 2004 (0.68 m s’l) was much greater
than that at 8.07 km (0.28 m st Figure 2a). These results
suggest that turbulence in clouds passed over the wind
profiler had small-scale changes in time. Clouds advected
~1179 m within the observation interval (166 s), because
horizontal wind velocity observed around 7.62 km was ~7.1
ms* (not shown). As seen in the upper part, * w, which is a
standard deviation of W within sampling time and volume,
was large. « w at 7.62 km averaged during 1930-2150 LST
8 May 2004 was 0.66 m s™.

Figure 2c shows time series of W and ¢ in or near the
estimated cloud bottoms (7.02 km). During 1930--2150
LST 8 May 2004, averaged W and « w were much smaller



compared with those in the middle (7.62 km) and upper
(8.07 km) part of clouds. They were 0.03 and 0.24 m st

respectively.

4. SUMMARY

This study has described the initial results to
demonstrate that a combination of VHF wind profiler and
lidar is useful to observe wind variations in and around
midlevel shallow-layer clouds. Using the altitude profiles of
Pidar, cloud regions were estimated. Using the wind profiler,
W motions in midlevel shallow-layer clouds have been
shown with 150-m vertical and 166-s time resolutions. W
and «w observed by the wind profiler have shown the
presence of enhanced turbulence in the middle and upper
part of the shallow-layer clouds. Further, continuous
downward W in the top part of shallow-layer clouds has
been shown. For more details of the case study presented
in the paper, see Yamamoto et al. (2009a).
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Figure 1. Time-altitude plots of W (upper panel) and «w
(lower panel) from 1600 LST to 2300 LST 8 May 2004.
Thick black curves in each plot indicate cloud boundaries.
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Figure 2. Time series of W (circles) and « w (error bars) at
8.07 km (top), 7.62 km (middle), and 7.02 km (bottom) from
1600 to 2300 LST 8 May 2004.
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Abstract

First observations of large-scale wave structure (LSWS) and the subsequent development of equatorial
spread F (ESF), using total electron content (TEC) derived from the ground based reception of radio
beacon signals from the C/NOFS (Communications/Navigation Outage Forecasting System) satellite, are
presented. Selected examples of TEC variations, using measurements made from Bac Lieu (9.2°N,
105.6°E geographic, 1.7°N magnetic dip latitude) and Kototabang (0.20°S, 100.32°E, 10.36°S
dip lat) are presented to illustrate two key findings: (1) LSWS appears to play an important role
in the development of ESF (2) LSWS can appear before E-region sunset.

Introduction

Equatorial spread F (ESF) is a generic name, which refers to the presence of a wide
spectrum of field-aligned irregularities in the equatorial nighttime F-region that can extend over
nearly seven orders of magnitude. Though the occurrence of ESF is climatologically related to
the post-sunset rise (PSSR) of the F-layer - which is often regarded as the most important pre-
requisite for ESF- it can appear to be unrelated to ESF when examined on a day-to-day basis
[Hysell and Burcham, 2002]. In an alternative approach, Tsunoda [2005] reported that the
presence of a large-scale wave structure (LSWS) in the bottom side F-layer actually dictates the
subsequent development of ESF. The LSWS can be identified as a quasi-periodic modulation (of
zonal wavelength ~400 km) in the altitude of isoelectron density contours in the bottomside F-
region, superimposed on a mean slope that increases in altitude from west to east; the latter is
consistent with the PSSR.  LSWS is not easily detectable with overhead measurements using a



sensor at a fixed location, at least not during its early growth phase, mainly because it initially
grows in amplitude without significant zonal drift. In this context, the beacon transmitter namely
CERTO (Coherent Electromagnetic Radio Tomography) on-board C/NOFS satellite provides a
unique way to measure the longitudinal structure of TEC which can be used to detect the LSWS. We
report the observations of LSWS and subsequent ESF development using radio beacons on board
C/NOFS satellite.

Observations

Recently, we have installed GNU Radio Beacon Receivers (GRBR, see Yamamoto, 2008
for details) at Bac Lieu(9.2°N, 105.6°E geographic, 1.7°N magnetic dip latitude), and
Kototabang (0.20°S, 100.32°E, 10.36°S dip lat). The C/NOFS as well as the other low-earth
orbiting satellites like the Cosmos and OSCAR have been continuously tracked and the line of
sight relative TECs are obtained from the differential phase information, using the 150 and 400
MHz transmissions. As the C/NOFS orbits close to the equatorial plane, we obtain the
longitudinal variation of relative TEC and the perturbation component was derived by
subtracting a 2.5 minute running average, which corresponds to a zonal distance of ~1000 km.
The FMCW sounder data from Bac Lieu, and Chumphon (10.7°N, 99.4°E, 3.3° dip lat) and the

30.8 MHz VHF radar observations from Kototabang are also used.

Figure 1 (a-d) shows the TEC observations from four passes of C/NOFS on 22 January
2009. The blue curve in each panel represents the variation in perturbation component of TEC
with ionospheric penetration point (IPP) longitude. The beginning of the first pass (Fig.1a) was
at 12:19:33 UT (LT=UT+7 hrs at Bac Lieu), and at 95°E IPP longitude, the solar zenith angle
was 97.5°, which means the solar shadow height was 55.9 km, and the E-region was still sunlit.
The presence of LSWS is evident even at this time. The zonal wavelength was found to be ~500-
700 km. The next pass (Fig.1b) shows that LSWS still persisted and small-scale irregularities
started to appear. The ESF onset, determined from ionograms taken at Chumphon, was at 2020
LT. The ESF continued even after midnight. The ESF onset at Bac Lieu was at 2125 LT, which
also continued into the post-midnight hours. The next satellite pass (Fig. 1c¢) shows well-defined
plasma depletions in TEC, with the most severe depletions between 100°E and 105°E. The last
pass (Fig. 1d) shows that the plasma depletions persisted over this region even after mid night.
The VHF radar at Kototabang showed the field aligned irregularity (FAI) echo from 0030 LT



(next day) which lasted up to 0300 LT (Fig. 1e). The comparison shows that small scale
irregularities existed over this longitude region at close to midnight and post-mid night hours,
and had an extent up to ~10°S magnetic latitude. From several days of observations, it is also
seen that the amplitude of the TEC variations is larger along the zonal direction than along the
meridional direction, due to the field-aligned nature of the perturbations, and the LSWS is absent

on days when the ESF is not observed [Thampi et al, 2009].

Figure 2 (a-d) shows the TEC observations from Kototabang using four passes of C/NOFS on 01
October 2009. The presence of LSWS is evident in the first pass (Fig. 2a), and the subsequent
pass shows the presence of irregularities (Fig. 2b) while the VHF radar shows the presence of
FAI. Even though the FAI disappeared at ~2215 LT, the larger scale irregularities continued to
be seen in TEC even later (Figure 2c). The equatorial region along this longitude sector also
showed the presence of irregularities from ~1930 LT to midnight (not illustrated). This is the
first observation of the LSWS signature from an off-equatorial station, and shows that in its
well-developed form, LSWS may be detected at off-equatorial regions also. However, more

observations are needed to confirm this aspect.

Conclusions

The first observations of LSWS and subsequent ESF development by ground based TEC measurements
using radio beacons on board C/NOFS satellite are presented. The observations indicate that the LSWS

can form much before the E-region sunset. These observations further confirm that the presence of

LSWS is a necessary pre-requisite for the subsequent ESF development.
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Figure 1 (a-d) TEC observations from four passes of C/NOFS on 22 January 2009. Plus symbols
indicate the region viewed by the VHF radar, and the times inside (b) indicate the onset of ESF
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Equatorial F-region as an indicator of
prompt penetration electric field
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Abstract: An additional layer called F3 layer has been known to develop in the equato-
rial ionosphere during daytime mainly due to the vertically upward Ex B drift (or eastward
electric field). The development of the F3 layer observed by ionosondes in three longitudes
(Indian, Brazilian and Japan-Australian) during the 26 intense geomagnetic storms (Dst
< -150 nT) in 1998-2008 is reported recently. The results suggest that the rapid de vel-
opment of the layer, with large reduction in peak electron density, during the main phase
of the storms can be used to monitor the occurrence of daytime eastward prompt penetra-
tion electric field (PPEF) irrespective of season and level of solar activity. Following an
introduction, this report contains one example each for the three longitudes of the rapid
development of the F3 layer during the main phase of super storms.

1. Introduction

An additional stratification of the daytime equatorial Fy layer has been known since
1950s though the stratification could not be explained. A topside ledge was also discovered
in 1960s. Later in 1990s, the modeling studies of the equatorial plasma fountain and its ef-
fects using the Sheffield University Plasmasphere-lonosphere Model (SUPIM) revealed the
existence of an additional layer in the equatorial F-region [Balan and Bailey, 1995]. The
additional layer has been called F3 layer because its chemical composition is found to be
same as that of the Fy layer.

The physical mechanism of the F3 layer and topside ledge [e.g., Balan et al., 1998] is
simple: While the existing daytime Fy layer drifts upward and forms F3 layer, a new F,
layer develops at lower heights through photochemical and dynamical processes. The up-
ward drifting F3 layer becomes a topside ledge when its peak density becomes less than that
of the new Fy layer. The formation of the F3 layer ceases after sunset due to the absence
of photoionization but topside ledge can continue to exist after sunset. The main driver
of the F3 layer and topside ledge is the upward ExB drift, with neutral wind (and waves)
acting as a modulator. The equatorward wind reduces or stops the downward diffusion of
plasma along the geomagnetic field lines through Ucosl effect, with U being the magnetic
meridional wind velocity and I dip angle. Under magnetically quiet conditions, the Fj
layer is predicted to occur during daytime (/08:00-16:00 LT) within about £10° magnetic
latitudes, distinctly and frequently on the summer side of the geomagnetic equator at solar
minimum. The layer takes about 4 to 5 hours from the start of its development until it be-

comes a topside ledge under quiet conditions when the upward drift is up to about 25 m s=*.

A number of observations have been reported on different aspects of the F3 layer and
topside ledge [e.g., Batista et al., 2002; Ramarao et al., 2005; Uemoto et al., 2006; Thampi
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et al., 2007; and references therein|. The layer occurs frequently (up to 75% of the days)
and distinctly on the summer side of the geomagnetic equator though it also occurs on the
winter side [e.g., Ramarao et al., 2005]. Batista et al. [2002] and Ramarao et al. [2005]
showed that the frequency of occurrence of the la yer decreases with increasing solar activity
as predicted.

Most of the earlier studies have been during magnetically quiet conditions. Recently,
the occurrence of the Fj layer during geomagnetic storms has been reported [Paznukhov
et al., 2007; Balan et al., 2008; Sreeja et al., 2009]. These observations show the Fj layer
rapidly drifting to the topside during the main phase of the storms when IMF Bz remains
negative. The observations suggest the possibility of the main driver (upward ExB drift)
of the F3 layer being strengthened by the penetration of eastward electric field from high
to equatorial latitudes. Modeling studies [Balan et al., 2008] using strong daytime upward
ExB drift also supported the observations that the F3 layer rapidly drifts to the topside
with a large reduction in peak electron density. These observations and modeling suggest
the possibility of using F3 layer as an indicator of daytime eastward PPEF.

Recently, we analysed the development of the F3 layer using digital ionosonde data from
three longitudes during the 26 intense geomagnetic storms (Dst < -150 nT) in 1998-2008.
The results reported elsewhere [Balan et al., 2009] suggest that the rapid Fj3 layer devel-
opment can be used to monitor the occurrence of PPEF. In this report we present one
example each for the three longitudes of the rapid development of the Fj layer during the
main phase of sup er storms.

2. Rapid F3 layer mechanism

The daytime eastward PPEF strengthens the upward ExB drift (main driver of Fj
layer) much above the normal daytime upward drift. The large upward drift during east-
ward PPEF makes the F3 layer mechanism rapid. The existing Fy layer rapidly drifts to
the topside as topside ledge; as the layer drifts upward its density decreases due to vertical
expansion and diffusion of plasma along the field lines. The ionization produced at lower
heights, which is needed to build up a new Fy layer [Balan et al., 1998], is also rapidly
drifted upward by the strong drift. In short, the rapid F3 layer mechanism during eastward
PPEF raises the F5 layer peak rapidly to the topside with large reduction in peak electron
density. The mechanism can be so rapid that the usual Fy layer and F3 layer separation
may not be observed during all rapid F3 layers.

3. Observations

Figure 1 shows the rapid F3 layer development at Sao Luis (2.6°S, 44.2°W; 1.7°S) during
the super storm of 29 October 2003 (Dst = -353 nT); five ionograms are superposed in the
figure. Until about 15:00 LT the ionosphere was behaving normally with the Fy layer peak
at around 500 km (virtual) height and critical frequency about 14 MHz. Then the layer
rapidly drifted to the topside (beyond the reach of the ionosonde, 1200 km) in about 2
hours with the critical frequency reducing to about 8.5 MHz; the drift became more rapid
as the layer drifted higher in heights. The rapid F3 layer occurred when IMF Bz turned
from positive to highly negative (up to -25 nT) during the main phase of the super storm,
which caused a large eastward PPEF [Balan et al., 2009].
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The ionograms superposed in Figure 2 show the development of the rapid F3 layer over
the Indian station Trivandrum (8.5°N, 77°E; 0.5°N) during the main phase of the super
storm (Dst = -221 nT) of 24 November 2001. The layer drifts beyond the range of the
ionosonde (800 km) in about 1.5 hours during noon (11:00-13:00 LT) when the critical fre-
quency reduced from about 14 MHz to 8 MHz. During the period of the rapid F3 layer, IMF
Bz turned highly negative (up to -30 nT, panel 4) and there was strong eastward PPEF as
indicated by the equatorial electrojet strength [Balan et al., 2009].

Figure 3 shows part of the repeated occurrence of rapid F3 layer over the Australian
longitude station Vanimo (12.6°S, 141.4°E; 2.7°S) during the main phase of the super storm
(Dst = -373 nT) of 08 November 2004. The observations are not complete because there
is data gap before 11:00 LT. As shown by the superposed ionograms in Figure 3 (panel 1),
a high altitude layer (which might have been a rapid Fj3 layer drifted to the topside before
11:00 LT) drifts downward and merges with the newly produced F5 layer during 11:15-12:05
LT; the downward drift, which is unusual during daytime, could be caused by westward
electric field due to penetration and/or disturbance dynamo. By 12:15 LT the layer reaches
its lowest height (Figure 3, panel 2). Then the layer drifts upward and reaches beyond the
range of the ionosonde by 14:00 LT, with the critical frequency reducing from about 12
MHz to 7.5 MHz. This should be caused by an eastward PPEF event.

The statistics of the rapid Fj layer during the 26 intense storms [Balan et al., 2009
seems to confirm that the rapid F3 layer development observed by ionosondes can be used
to monitor the occurrence of daytime eastward PPEF, especially during super storms irre-
spective of season and level of solar activity. The result is important because incoherent
scatter radars that can directly monitor PPEF are not available (except the radar at Ji-
camarca); even hi gh resolution magnetometers from which PPEF can be inferred through
equatorial electrojet are also not available for all longitudes. The monitoring of PPEF is
important because it largely modifies the low and mid latitude io nosphere.
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University, Japan) for supporting the attendance in the EAR-2009 meeting.
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Fig.1: Five ionograms recorded at the Brazilian equatorial station Sao Luis (2.6°S,
44.2°W; 1.7°S) during the super storm of 29 October 2003 (Dst = -353 nT) are superposed;
local times of the ionograms are noted. The superposed ionograms illustrate the rapid Fj
layer mechanism.
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Abstract: Day-to-day variability of equatorial plasma bubbles and spread-F is one
of the unresolved problems in ionospheric physics. We are studying the variability using
multi-instrument observations and modeling. Preliminary observations have been presented
in the EAR-2009 symposium. In this report, following an introduction, we present sample
data from the EAR facilities of RISH in Indonesia and MST radar facilities of NMRF in
India to illustrate the variability. Plans to model the variability using a theoretical model
are also presented.

1. Introduction

The most interesting physics in the equatorial F region takes place during the evening
hours. At this time, (1) the prereversal increase of the zonal electric field enhances the
upward ExB drift, which raises the F layer temporarily to high altitudes where collisions
are low, (2) along with the upward drift, its fluctuations are also amplified, (3) beneath the
F region, the E region reduces rapidly due to the absence of photoionization a nd hence
(the E region) loses its capacity to lq‘short circuit” F region irregularities, and (4) the
bottomside of the F region also reduces rapidly (due to the absence of photoionization),
which results is steep bottomside electron density gradient.

In short, the postsunset F region is in a state of delicate equilibrium. The F layer is in
a situation similar to the lifting and lowering of a system consisting of a heavy fluid resting
on top of a light fluid. Any disturbance caused by background noise, neutral winds, gravity
waves, or some other source can disturb the equilibrium and generate plasma irregularities.
If conditions (see below) are favourable, the irregularities will grow and manifest as spread
F an d plasma bubbles [e.g., Kelley, 1981; Patra et al., 2005]. Further studies showed that
the height of the F layer, prereversal upward ExB drift, and bottomside electron density
gradient are the favourable conditions for the onset of equatorial spread F and pl asma
bubbles and deplet ions.

Using an HF Doppler radar [e.g., Balan et al., 1980] and ionosonde at Trivandrum in
India we have shown that the height of the F layer (h), determined by the time history
of the prereversal upward drift velocity (Vz), is the most important parameter for the
onset of equatorial spread F (ESF) and plasma bubbles, with little contribution from elec-
tron density gradient (dNe/dh) [Jayachandran et al., 1993]. The density gradient becomes
unimportant becomes as the layer rises in altitude, the elec tron density profile elongate in
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height and hence density gradient decreases rather than increases.

We have also shown (Figure 1) that fluctuations in the drift velocity, caused by the fluc-
tuating electric field (due to internal gravity waves), can cause corresponding fluctuations
in the electron density, which, in turn, can act as the seed for the gen eration of plasma
irregularities [ Balachandran et al., 1992; see also Thampi et al., 2009 and references therein].

2. Observations

Figure 2 shows the day-to-day variability of the plasma irregularities on four consecu-
tive days observed by the radar at Gadanki in India. Of the four consecutive days, plasma
irregularities blow up (as flumes or bubbles) on one night, irregularities start developing
but do not blow up on two nights, and irregularities do not develop on the fourth night.
Before the appearance of F region irregularities, there seems to be breaks (or less signal
strength) in the E region.

On the 07-08 night of strong irregularities, as observed by the radar and a nearby
ionosonde at SPL in VSSC, the irregularities start appearing in the bottomside (develops
where 7) at around 19:45 LT; they quickly extend to the F region peak (with a rapid height
rise of 100 km), and blow up as flumes or bubbles (20:30 LT). After about 21:15 LT, the
F region descends, and irregularities in ionosonde decay while flumes continue until 23:30
LT. Then the ir regularities disappear, first at the high frequen cy end (23:30 LT).

Figure 3 shows the variability of the irregularities in the E- and F-regions observed by
the EAR radar on four consecutive days in 2004. Irregularities of varying intensity occurred
on the four consecutive nights. Irregularities seem to start at E region and extend to F
region. E- and F-region irregularities appear discontinuous, may be due to the poor SNR
in the plasma depletion region.

List the observations:

(1) The irregularities reach the ionospheric peak and blow up as plasma bubbles and flumes
only when the F region raises in height, suggesting that height is the main parameter that
determines the occurrence of bubbles.

(2) Before the appearance of F region irregularities, there are breaks in the E region, sug-
gesting that the irregularities may originate in the E region.

(3) The irregularities appear discontinuous from E to F region, may be due to the poor
SNR in the plasma depletion region. In fact continuity could be seen in some cases.

(4) In one unusual case, postmidnight spread F started at the ionospheric peak and ex-
tended downward, with a large height rise of over 200 km in two hours - seems to be due to
PPEF during the main phase of a moderate geomagnetic storm. It was interesting to see
the irregularities continuing near the F region peak at sunrise while bottomside F region
builds up.



3. Modelling plans

As mentioned above, the main drivers of the irregularities include (1) height (h) of the
irregularity generation layer, (2) upward velocity (Vz) of the layer and (3) electron density
gradient (dNe/dh) of the layer. The variations of these drivers, especially of h, can account
for major part of the variability of the generation and growth of plasma irregularities,
bubbles and spread F. However, full understanding of the variability requires other factors
that affect the evolution of the irregularities to plasma bubbles flumes and spread F. For
example, (4) downward velocity of the layer, (5) solar activity, (6) transequatorial neutral
wind,(7) equatorial ionisation anomaly (El A), (8) midnight temperature maximum, and (9)
magnetospheric forcing.

The full growth rate of the R-T instability will be calculated using the observations and
SUPIM model. The steps to be followed are:

(1) The EAR and Gadanki facilities will be run continuously for one equinox season to
observe plasma bubbles, spread F and the parameters needed in the calculations.

(2) Calculate the flux-tube integrated values of the quantities from one E-region to the
conjugate E-region using measured parameters and SUPIM.

(3)Using the flux-tube integrated quantities, calculate the growth rate of the irregularities on
all continuous days of observations, and compare with the continuous observations.

(4) On the days of plasma bubbles, study the relative importance of the parameters and
obtain the range of variations of the important parameters.
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Fig.1: One minute resolution vertical drift velocity data measured by an HF Doppler
radar at the equatorid station Trivandrum in India (top), and the difference between
the drift velocity and its 30-minute running mean (bottom). Fluctuations of period
between 20- 30 minutes (due to gravity waves) get amplified dong with the
prereversa enhancement of the drift velocity.
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