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Abstract. The influence of intraseasonal variation (ISV) convective activities were suppressed over Sumatera. Fea-
on convective activities over Sumatera (or Sumatra) is studtures of convective activities found over Sumatera generally
ied by using data derived from the Equatorial Atmosphereagreed well with those found in Tropical Ocean and Global
Radar (EAR), the Boundary Layer Radar (BLR), the surfaceAtmosphere/Coupled Ocean-Atmosphere Response Experi-
weather station, the Geostationary Meteorological Satellitement (TOGA COARE). However, local circulation played an
(GMS), and NCEP/NCAR reanalysis. In June 2002, con-important role in the formation of convective activities over
vective activities over the Indian Ocean, the maritime con-Sumatera in the inactive phase of ISV.

tinent, and the western Pacific were significantly modulatedK . .

) ey words. Meteorology and atmospheric dynamics (con-
by the ISV. Blackbody brightness temperature observed byvective processes; precipitation: tropical meteorology)
GMS (Tgg) showed that two super cloud clusters (SCCs) de- ' '
veloped over the Indian Ocean (70=%) in the first half of
June 2002, and propagated eastward from the Indian Ocean
to the western Pacific. Convective activities were enhanced |ntroduction
over the western Pacific (130-16B) in the latter half of
June 2002. Convergence at 1000 hPa, which prevailed ovahtraSeasonal Variation (ISV) is a dominant mode of convec-
the Indian Ocean in the first half of June 2002, propagatedive anomalies in the tropics. It is characterized by eastward-
eastward to the western Pacific in the latter half of Junepropagating convection and circulation anomalies with a pe-
2002. Zonal wind observed by EAR and surface pressurgiod between 30 and 60 days in the tropics (e.g. Matthews,
observed at the observation site suggested the existence 2000; Madden and Julian, 1994; Hendon and Salby, 1994;
a Kelvin-wave-like structure of ISV. From temporal varia- Rui and Wang, 1990). A hierarchy of convective system
tions of Tgg, zonal wind at 850 hPa, and vertical shear of exists within ISV. The large-scale envelope of convection is
horizontal wind between 700 and 150 hPa, we classified theharacterized as an eastward propagating disturbance which
observation periods into the inactive phase (1-9 June), acpredominantly has a zonal wave number of 2 and is confined
tive phase (10-19 June), and postwesterly wind burst phasgver the Indian Ocean and western Pacific. Synoptic and
of ISV (20-26 June). During the inactive phase of ISV, con- mesoscale convective activities are enhanced within the wet
vective activities caused by local circulation were prominentphase of the large-scale envelope (Hendon and Liebmann,
over Sumatera. Results of radar observations indicated th@994). Nakazawa (1988) showed that eastward-propagating
dominance of convective rainfall events over the mountain-cioud systems within the large-scale envelope of ISV are
ous area of Sumatera during the inactive phase of ISV. Dur-composed of several eastward-propagating cloud clusters
ing the active phase of the ISV, cloud clusters (CCs), which(SCCs). Each SCC has a scale on the order of 1000 km, and
developed in the convective envelope of SCC with a period ofconsists of smaller cloud clusters (CCs) that propagate west-
1-2 days, mainly induced the formation of convective activ-ward. Each CC has a scale on the order of 100km, and a
ities over Sumatera. Results of radar observations indicateflfetime of 1-2 days.
that both convective and stratiform rainfall events occurred suymatera is located at the eastern edge of the Indian
over the mountainous area of Sumatera during the activgycean (see Figl). In the west side of Sumatera, there are
phase of ISV. In the postwesterly wind burst phase of ISV,many high mountains with a height 61000 m (see also

Fig. 16 of Nitta et al., 1992). Many studies suggested that
Correspondence tdvl. K. Yamamoto Sumatera plays an important role on the eastward propa-
(m-yamamo@rish.kyoto-u.ac.jp) gation of ISV. Weickmann and Khalsa (1990) showed that
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Fig. 1. Geographical map of the Indonesian maritime continent. “+” indicates the location of the observatior26it&(00032° E, 865 m
above sea level).

eastward-propagating SCCs are accompanied by local flarezlassification by the Boundary Layer Radar (BLR), Reng-
ups of a convective event near Sumaterdl@C E). On gono et al. (2001) showed that diurnal variations of convec-
the other hand, ISV is temporarily depressed over the martive activities are prominent in the mountainous area in Su-
itime continent (e.g. Dunkerton and Crum, 1995; Nitta et al., matera. They showed that convective clouds tend to develop
1992). Nitta et al. (1992) showed that eastward propagationfrom 13:00 LT to 21:00 LT, and that after the decay of con-
of SCCs are blocked by the surface topography over the marvective clouds, stratiform clouds develop until early morn-
itime continent (especially over Sumatera) when they reacting (~06:00 LT). From observations by GPS-derived precip-
over it. In some cases, no new system can develop in thé&able water, radiosondes, and surface weather station, Wu et
western Pacific after the convective systems are damped ovel. (2003) showed that a rainfall event often occurs as inten-
the maritime continent. However, in some other cases a nevgive showers during a short period in the late afternoon and
SCC is generated to the east of Borneo (see Fig. 19 of Nittaarly evening at the mountainous area of Sumatera, and sug-
etal., 1992). gested that the evaporation of water from the surface by the
Diurnal variation is also one of the dominant modes of Strong solar heating and horizontal transport of water vapor
convective activities in the tropics. From the satellite ob- by thermally induced local circulation play an important role
servation of brightness temperature’ Hendon and Woodberryn diurnal variations of convective activities. Recently, Mori
(1993) showed that diurnal variations of tropical convective et al. (2004) showed time and spatial variations of rainfall
activity appear in all seasons, and the intensity of diurnal@round the west coast of Sumatera by using data observed
variations of convective activities in the tropics are relatively by Tropical Rainfall Measuring Mission (TRMM) satellite
weak during the Northern Hemisphere summer season. Nitt®recipitation Radar (PR). They showed that the peak of rain-
and Sekine (1994) examined diurnal variations of convec-fall in the daytime and nighttime migrate with time, starting
tive activities in the tropical western Pacific by using infrared from the southwestern coastline of Sumatera into the inland
equivalent blackbody temperature data derived from the Geoand offshore regions, respectively. They also used rawin-
stationary Meteorological Satellite (GMS). They showed thatSonde sounding data at two stations (coastline and mountain-
large diurnal variations of convective activities exist over 0us area of Sumatera, respectively) and showed that diurnal
continents, large islands, and their adjacent sea regions. Thériations of wind, humidity and stability in the lower tropo-
intensity of convective activity reaches its maximum in late SPhere agree well with the migration of rainfall peaks over
afternoon to evening over land regions, and in the morningoth the inland and the coastal sea regions.
over the adjacent sea regions (see Fig. 4 of Nitta and Sekine, Several studies suggested the relation between convec-
1994). They also showed that diurnal variations of convec-tive activities over Sumatera and atmospheric waves (Kelvin
tive activity are very prominent over Sumatera and the adja-waves and ISV). From the spectral analysis of horizontal
cent sea region. Other studies also showed that diurnal variwinds observed by BLR, Widiyatmi et al. (2001) showed
ations of convective activities are prominent over Sumaterahat oscillations of zonal wind with a period of10 days
by in-situ and satellite observations. From the cloud-typeare prominent over Sumatera, and suggested that these
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Fig. 2. Time-longitude plot of bandpass-filteregd with cutoffs at 25 days and 60 days (shaded) and daily-averaggdsblid) averaged
over 25° S—25° N in 2002. Solid contours begin at 260 K, and decrease with the interval of 10 K. The horizontal solid line shows the
longitude of 100 E and 105 E.

oscillations are related to Kelvin waves and/or ISVs. Theat the Kototabang Global Atmospheric Watch (GAW) station
relation between diurnal variations of convective activities which is~300 m away from the EAR site.

over Sumatera caused by local circulations and large-scale In this study, we focus on the ISV event in June 2002.
convective activities by SCCs was discussed by Murata eDuring this period, SCCs, which developed over the Indian
al. (2002). From the case study during the boreal fall seaOcean (75-90 E) within the large-scale envelope convec-
son (September—October 1998), they showed that diurnal angive activities in ISV, passed over Sumatera96—105 E)
quasi-10-day variations of convective activities are promi-without significant diminution, and continued their propaga-
nent over the mountainous area of Sumatera, and precipitaion to the western Pacific. ISV’s influence on convective ac-
tion events are frequently observed during the weak westtivities over Sumatera in June 2002 will be presented in this
erly phase of quasi-10-day variations of low-level (1-3km) study. In Sect. 2, we present the data used in this study. In
zonal wind. They suggested that eastward propagation ofect. 3, we present the overview of ISV events near Sumat-
SCC is blocked at the mountainous area of Sumatera, angra in 2002, and then present temporal and spatial variations
that precipitation at the mountainous area of Sumatera if convective activities associated with the ISV event in June
caused mainly by the diurnal oscillation of local-scale cloud 2002. Similarities and dissimilarities of convective features
systems along the mountain range. However, observations ajetween our case study over Sumatera and studies in Tropical
Sumatera are not enough even now, and further studies a®cean and Global Atmosphere/Coupled Ocean-Atmosphere
necessary to understand the interactions between convectiResponse Experiment (TOGA COARE) are also discussed in
activities over Sumatera and ISVs. this section. In Sect. 4, we show the different convective fea-

A VHF radar can observe three-dimensional winds in thetures during the inactive and active phases of ISV by using
whole troposphere with fine time and height resolutions (e.g EAR, BLR, and GMS data. In Sect. 5, we present discussions
Larsen and Bttger, 1982; Gage, 1990; Thomas, 1999). In @nd conclusions.
the tropics, VHF radar observations have been performed
over the tropical Pacific (e.g. Gage et al., 1991), and in In-
dia (Rao et al., 1995). However, an observation throughouf Data
the whole troposphere by a VHF radar has never been per-
formed over Sumatera. The Equatorial Atmosphere RadaEAR operates at 47.0 MHz with a maximum peak and an av-
(EAR), installed near Bukittinggi, West Sumatera, Indonesiaerage transmitted power of 100 kW and 5 kW, respectively.
(0.20° S, 10032 E), can observe three-dimensional winds in EAR is located near Bukittinggi in West Sumatera, Indone-
the whole troposphere and the lower stratosphere (2—-20 kmgia (020° S, 10032° E). EAR and other instruments used in
with fine time and height resolutions ef90s and 150 m, this study are installed at the mountainous area in the west-
respectively (Fukao et al., 2003). EAR has been operate@rn side of Sumatera (see Fig. 1). Fukao et al. (2003) de-
continuously since July 2001. Beside EAR, the surfacescribed the details of EAR. One beam of EAR is pointed ver-
weather station and BLR have been continuously operatedically and four others are tilted to the north, east, south, and
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Fig. 3. Time-longitude plot of Eg averaged over?S—1° N in June 2002. Longitudinal resolution is29. Thin horizontal broken lines
indicate the longitude of 10 and 108 E. Thick broken lines show the propagation of SCC1 and SCC2, while thick solid lines show the
propagation of CCs.

west with zenith angles of 2Go observe three-dimensional Horizontal wind data derived from NCEP/NCAR (Na-

wind velocities. Vertical wind is derived from the Doppler tional Center for Environmental Prediction/National Center

shift measured by the frequency spectrum in the vertically-for Atmospheric Research) reanalysis (hereafter NCEP hori-

pointing beam. In standard observations, time and verticakontal wind) are also used for examining temporal and spatial

resolutions are-90 s and 150 m, respectively. Wind data in variations of ISV. NCEP horizontal winds are also used for

November 2001 and in June 2002 are used in this study.  comparing them with the horizontal winds observed by EAR.
A UHF-band wind profiler can observe winds and hy- During 1-28 November 2001, intensive radiosonde obser-

drometers in the lower troposphere, including the planetaryations were carried out at Kototabang GAW station (Mori

boundary layer (PBL) (e.g. Carter et al., 1995; Ohno, 1995;et al., 2004). Height profiles of temperature and humidity

Reddy et al., 2000). BLR is installed at Kototabang GAW obtained by radiosondes are used to compute the K index

station, which is~300m away from the EAR site. It is (a convective index), which is compared with the time and

operated at a frequency of 1357.5 MHz with a peak trans-height variations of the variance of vertical wind observed

mitted power of 1 kW (Renggono et al., 2001). BLR is de- by EAR.

signed to observe winds in the lower troposphere, including

the PBL with time and vertical resolutions ef1 min and

100 m, respectively (Hashiguchi etal., 1995). Although BLR 3 Eastward-propagating convective systems in June

is designed to observe winds in the clear air, earlier studies 2002

showed that BLR can also be used to detect hydrometers.

From BLR observations at Kototabang GAW station, Reng-3 1 |ntraseasonal variations in 2002

gono et al. (2001) have shown that BLR can classify precip-

itating cloud types by slightly modifying the algorithm pro- T4 pegin with, we discuss convective activities around Su-
posed by Williams et al. (1995). matera and its relation to ISV in 2002. Because Madden
Surface data (rainfall amount, pressure, solar radiation(1986) reported a wide variety of the period of ISV, we ap-
temperature, and relative humidity) observed at Kototabanglied a band-pass filtering with cutoffs at 25 days and 60 days
GAW station are also used in this study. During June 2002to0 Tgg data and examined the activity of ISVs. Figue
surface data were recorded every 1 min. shows time-longitude plots of bandpass-filteregk Twith
Blackbody brightness temperature data observed by GMSutoffs at 25 days and 60 days (hereafter 25—60 gy and
IR1 sensor (11.pm) (hereafter Eg) are used for investi- daily-averaged gg in 2002. Both of band-pass-filteregd
gating the horizontal distribution of cloud tops. The original and daily-averagedgk are averaged over2 S—25° N. Su-
spatial and time resolutions ogg are 0.05x0.05 and one  matera exists between 10& and 105 E near the equator,
hour, respectively. as is indicated by solid lines.
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Throughout the year, active ISV signals, defined by 25-60 (a) 4-6 June
day Tgg, develop over the Indian Ocean with an amplitude < s FETFCEETF 7|
of <—4 K. Part of the ISVs propagate from the Indian Ocean %;
to the western Pacific without significant diminution over the g
maritime continent (100-12(), as seen in cases during 20 =5
April-20 May, 1 June-1 July, and 1 November—1 Decem-
ber. Meanwhile, other active ISV signals over the equator%
dissipate near Sumatera or over the Indian Ocean (especiaI[E 0
around~ 100 E longitude), as seen in the case during 5-25% L
January, 10 March—1 April, 1—20 July, 25 July—10 August, 20 -
August-10 September, and 20 September-10 October. Wang
and Rui (1990) showed that part of the ISVs which propagates
eastward at the equator in the Indian Ocean turn northeast td ° 13
the northwest Pacific (NE mode) or southeast to the south= _5 :
west Pacific (SE mode) over the maritime continent. These (d) 24-26 June
modes contribute to dissipations of ISVs near Sumatera. ~ 5T & 1 = 9 ¢
Over the Indian Ocean (70-10B), daily-averaged dg
with high cloud tops 0f<260K (or higher than~7 km) is
observed during the active phase of ISV. Although the en-S_5 % ‘
hancement of convective activities are observed over the In- 80E 100E 120E 140E 160E
dian Ocean, even in the inactive phase ISV (e.g. 10 to 31 Longitude (%)
October), the enhancement of convective activities over the m():
Indian Ocean (70-10() as is seen in daily-averageg@gl (K)
generally occurs in the active phase of ISVs. Dunkerton and
Crum (1995) showed the consistent result by using outgoingrig. 4. Longitude-latitude plots of gz averaged ovea) 4-6, (b)
longwave radiation (OLR) data. In this paper, we focus on10-12,(c) 15-17, andd) 24-26 in June 2002. “*” in each panel
the ISV event where convective activities over Sumatera aréndicates the location of the observation site.
significantly modulated by the ISV. In June 2002, the enve-
lope of the active phase of ISV with cloud tops €260 K
develops over the Indian Ocean, then propagates eastward
the western Pacific with a slight diminution over Sumatera
(100-105 E). Hereafter in this paper, we focus on the ISV
event in June 2002, and investigate features of convective a
tivities over Sumatera in difference phases of ISV.

5

291d exists over the maritime continent (100-1E)p during
10-12 June. Meanwhile, a second SCC (hereafter SCC2) is
formed around 70-3E during the same period (Figb).
(buring 15-17 June, SCC1 further propagates to the western
Pacific (140-160E), and SCC2 propagates eastward from
the Indian Ocean to the maritime continent (Mg). Dur-
ing 24—-26 June, SCC2 further propagates eastward, and ex-
3.2.1 IR blackbody brightness temperature observed bysts over the western Pacific (Figd). We defined CC as a
GMS westward-propagating cloud cluster witlgglof <255K, a
spatial scale of-200 km, and a time scale of1 day. During
Temporal and spatial variations of IR blackbody brightness 10-14 June, CCs withgg <255K develop in the envelope
temperature of SCC1, and pass over Sumatera with an interval of 1-2

Wi ine t | and tial variati f . days (on 10, 11, and 14 June). During 16—-17 June, enhanced
. (_e_examlne empo_ra and spatia var|z_;1_|ons 0 c_onvec V€ onvective activities with B <255K exist over Sumatera
activities over the Indian Ocean, the maritime continent, an

th tern Pacific during J 2002 by Using Tata. Fi q/vithin the envelope of the active phase of SCC2. Convec-
€ \:/sveshern tﬁc' ;C urlmg .tur:je lot fy usieg o ad '9- " tive activities over Sumatera are enhanced several times with
‘1268 ;I\?\g’s . eJlme—ggglzuslpo ofeh Iaveragfe rc])ver dTBB <240K (~10km). Their lifetimes are<1 day, and
conv_ective l;rtl:siti::svith T ' - Zggg; (ené/ i;g’i;;snosgfe do not show clear westward propagation. However, when
B ~ 11 o
. ) SCC2 reaches the western Pacific (1302 clear west-
the Indian Ocean~70-90 E) in early June. It propagates W ific ( 0 W

eastward in the middle of June, and reaches the western Pzgjgduggot%algggglgfzgiif é; observed (&.g. from"50n
cific (~130-160 E) in the last half of June. We defined SCC

as an eastward-propagating cloud cluster with 3-day averfemporal variations of IR blackbody brightness temperature
aged Bp of <260 K and with a spatial scale 6f1000km.  gyer Sumatera

Figure4 shows the longitude-latitude plots ogg averaged

over 4-6, 10-12, 15-17, and 24-26 in June 2002, respec- We classify the observation period into three periods to
tively. During 4-6 June, first SCC (hereafter SCC1) existsdiscuss features of convective activities over Sumatera in dif-
around 70-90E (Fig.4a). SCC1 then propagates eastward ferent phases of ISV. Figuishows time variations ofgg,

3.2 Intraseasonal variation over Sumatera in June 2002
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Fig. 5. Time variations ofa) Tgg, (b) zonal wind at 850 hPa, ar(d) vertical shear of horizontal wind between 700 hPa and 150 hPa. Wind
data are derived from NCEP/NCAR reanalysis. In pdaglTgg is averaged over 10E-105 E longitudinally and $ S—1° N latitudinally.

Thick solid curve shows dg smoothed by 2-day running mean, and thin solid curve shaygsdbserved every one hour. In panéi3 and

(c), zonal wind at 850 hPa and vertical shear of horizontal wind between 700 hPa and 150 hPa are averagetBv&0Fd longitudinally

and 2.8 S-2.5 N latitudinally. Zonal wind at 850 hPa and vertical shear of horizontal wind between 700 hPa and 150 hPa are smoothed by
2-day running mean.

zonal wind at 850 hPa, and vertical shear of horizontal wind During 10-19 June, increase of westerlies, increase of ver-
between 700 hPa and 150 hPa derived from NCEP/NCAR retical shear of horizontal wind, and intensified convective ac-
analysis over the equatorial area of Sumatera. We selectetivities by SCCs are seen over Sumatera. When we define
levels of 700 hPa and 150 hPa to compute the vertical shear dhe longitude at which the highest cloud top is located as the
horizontal wind in the troposphere, because vertical shear ofocation of the center of SCC, the center of SCC1 and SCC2
horizontal wind between 700 hPa and 150 hPa has the largesgtass over Sumatera on 11 and 17 June, respectively. During
correlation with variations in the Geostationary Operational 10-13 June, westerly at 850 hPa increases up2dmst
Environmental Satellite (GOES) precipitation Index (GPI) with the passage of SCC1 over Sumaterag Tecreases
during TOGA COARE (Saxen and Rutledge, 2000). Zonalrapidly until it reaches to~219K (~12.5km) on 11 June
wind at 850 hPa and vertical shear of horizontal wind be-with the passage of a well-developed CC within the enve-
tween 700 hPa and 150 hPa are smoothed by a 2-day runnirigpe of SCC1 (also see Fi@). After 13 June, westerly
mean. at 850 hPa decreases until it reachesms™ on 15 June.
) ] 1 Convective activities inferred fromgg become weaker dur-

During 1-9 June, weak zonal wined ms™) at 850hPa  jng 1315 June. Westerly at 850 hPa increases again with
and a gradual decrease obgl are seen over Sumatera. {he passage of SCC2 over Sumatera after 15 June. With the
Smoothed g decreases fromy280K on 2 June t6-270K  jncrease of westerly at 850 hPagglrapidly decreases un-
on 9 June, with several convective events witl <265 K. til it reaches a peak 0243 K (~9.7 km) on 17 June, when
Vertical shear of horizontal wind between 700hPa andie center of SCC2 passes over Sumatera. After the passage

(15055)"" in)creases fromlOms™* (on 2 June) to~20mMs™ ot the center of SCC2 over Sumatera, westerly at 850 hPa
on 9 June).
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reaches a maximum ef3 ms ! during 17—-18 June. Though (a) Zonal wind

westerly increases only up te3ms! at 850 hPa, a west- 10 T T T T T
erly wind burst of>12m s is observed at 2—-3 km altitude
during 17-18 June (see Fig). Westerly at 850 hPa is large
(>8ms 1) in the Indian Ocean (70-9) in the first half of ~ —~ 5r
June, but it is weakened over the maritime continent (100—
120 E), probably due to the topographic effect (not shown). =

Convective activities over Sumatera rapidly weaken with the > L Ny
occurrence of a westerly wind burstgg gradually increases
during 17-18 June, and reachest280K on 19 June. Ver-

ms

Veloci

tical shear of horizontal wind between 700 hPa and 150 hPa 2 T e ]

continues to increase from 10 June, and reaches the maxi- [ /7 ' ¢

mum of 32ms? on 19 June. 10 1 1 1 1 1
During 20-26 June, a decrease of westerlies, a decrease

of vertical shear of horizontal wind in the troposphere, and (b) Meridional wind

a suppression of convective activities are seen over Sumat- 10 x x x x x

era. Strong westerly of2ms 1 at 850 hPa prevails during
20-22 June, then it decreases until it reack@mston
26 June. Vertical shear of horizontal wind between 700 hPa |
and 150 hPa decreases from 19 June, and reach the minimurg
of 14 ms 1 on 26 June. Convective activities are suppressed _
over Sumatera during 20—26 June as inferred from high T
of >270K. After 27 June, with the increase of westerly at S
850 hPa, the gradual enhancement of convective activities>
over Sumatera is observed again, as inferred from temporal
variations of g over Sumatera. 10
From temporal variations ofgk, zonal wind at 850 hPa, 01 06 11 16 51 o6
and vertical shear of horizontal wind between 700 hPa and
150 hPa as mentioned above, we classify the whole observa- June 2002
tion period as follows:

city

Fig. 6. Time variations of(a) zonal and(b) meridional wind de-

— Period 1 (1-9 June): Zonal wind at 850 hPa is weakrived from EAR and NCEP/NCAR reanalysis. Solid and dotted
(<1m gl), and cloud tops increase gradually with sev- curves show EAR winds averaged in 3—4.5 km and NCEP winds av-
eral enhancements of convective activities. The verticaleraged in 700-600 hPa closest to the observation sifé,(000° E),
shear of horizontal wind between 700 hPa and 150 hp4esPectively.
increases from-10ms! to ~20msL. This period is
classified into the inactive phase of ISV.

) ) of the organization of SCCs (Lau et al., 1991). Henceforth

— Period 2 (10-19 June): During 10-17 June, westerly;, s paper, we discuss temporal variations of convective
at 850 hPa increases twice with passages of SCC1 ang; ities over Sumatera by using the classification of Periods
SCC2, and high cloud tops withgg of <270K are .
dominant. From 17 June, awesterly wind burst 0CCUIS  1o110414) variations of convective activities over Sumatera

and convective activities weaken rapidly. The vertical by ISV have features in common with those found during
shear of horizontal wind between 700 hPa and 150 hPal-OGA COARE. They are summarized as follows:

increases from-20ms 1 to ~32msL. This period is

classified into the active phase of ISV. — During the inactive phase of ISV (Period 1), convective
activities as inferred from gg gradually strengthen.

— Period 3 (20-26 June): Strong westerly-e? ms at This suggests that some mechanisms that gradually
850 hPa prevails during 20-22 June, then it decreases  moisten the middle and upper troposphere exist. During
until it reaches~Oms™* on 26 June. Convective ac- TOGA COARE, isolated convective cells which repeat-
tivities are suppressed. The vertical shear of horizon- edly penetrate into the middle and upper troposphere

tal wind between 700 hPa and 150 hPa continues to de-  and moisten the air play an important role in creating
crease. This period is classified into the postwesterly  favorable conditions for the organization of large-scale
wind burst phase of ISV. convective systems (Redelsperger et al., 2002; Demott

and Rutledge, 1998a, b).
The enhancement of convective activities, which exists in g )

organized SCCs, lasts10 days (10-19 June) in our case. — The maximum intensity of convective activities as in-
This is consistent with the typical time scale (10-15 days) ferred from Tgg occurs during 10-17 June, and it
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Fig. 7. Time-altitude plot of zonal wind observed by EAR in June
2002.

precedes the maximum of the westerly wind burst (17—
18 June). This is consistent with model studies (e.g. Lau
et al., 1989) and observational studies over the wester

Pacific during TOGA COARE (Rickenbach and Rut-

ledge, 1998; Lin and Johnson, 1996). Moderate vertical

shear of horizontal wind (20-30 m¥) plays an impor-

tant role in the organization of mesoscale convective ac

tivities with a horizontal scale of 100 km (Saxen and
Rutledge, 2000; Rickenbach and Rutledge, 1998).
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Fig. 8. Time variation of zonal wind anomalies averaged in 2—4 km
(solid curve) and 10—12 km (dotted curve) observed by EAR in June
2002.

the grid closest to the observation site (180 0° N) during
June 2002. The distance between the observation site and the
closest grid of NCEP reanalysis (108, & N) is ~40 km.

r?\ICEP horizontal wind is averaged over 700-600 hPa levels,

and EAR horizontal wind is averaged over the equivalent al-
titude range (3—4.5km). Note that EAR was not operated
during 1-2, 8-9, and 23 June 2002, mainly due to power
failures. Though the amplitude of EAR horizontal wind
tends to be larger than NCEP horizontal wind, its tendency
of time variations agrees well with NCEP horizontal wind.

Our case study during June 2002 shows similar featuredt should be noted that operational rawinsonde observations
found in TOGA COARE. However, a dissimilarity is also are carried out at only three stations on Sumatera. They
observed between our case study and TOGA COARE. Durare located at Padang (0788, 100.38 E), Medan (3.57N,

ing TOGA COARE, mesoscale convective events are ob-98.68 E), and Pangkal Pinang (2.18, 106.13E), respec-
served 2-5 days after the maximum of the westerly windtively (Okamoto et al., 2003). Routine rawinsonde soundings
burst (Rickenbach and Rutledge, 1998). However, in ourare carried out once every two days, and observational results
case study, a well-organized convective event is not observe€f routine radiosonde soundings are used for NCEP/NCAR
during the postwesterly wind burst phase of the ISV (Pe-reanalysis (Mori et al., 2004). Though observations carried
riod 3). Furthermore, different features may exist in our caseout for NCEP/NCAR reanalysis are very scarce over Sumat-
study because Sumatera is located at the eastern edge of tR&, horizontal wind observed by EAR and that derived from
Indian Ocean and has the high mountainous range in its westNCEP/NCAR reanalysis show a good coincidence. Also, it
ern side. Interactions of the ocean and land may cause difcan be concluded that horizontal wind observed by EAR well
ferent features of convective activities within ISV from those represents the large-scale§2x2.5°) wind field as derived

in TOGA COARE, because observations of TOGA COARE from NCEP/NCAR reanalysis.

are carried out over the open ocean in the western Pacific._ ) o )

Henceforth in this paper, we will also focus on dissimilarities TIMe and altitude variations of zonal wind observed by EAR
of convective activities associated with ISV between TOGA

COARE and our case study. Figure 7 shows the time-altitude plot of zonal wind ob-

served by EAR during June 2002. Zonal wind is averaged
every 4h. During Period 1, zonal wind at 2—4 km altitude
(hereafter low-level zonal wind) is easterly or weak westerly.
During Period 2, low-level westerly continuously increases,
and westerly wind burst is observed on 17-18 June. The
westerly wind burst has a maximumsfi2 mst at 2-3km

We examined time and height variations of zonal wind ob- altitude. During Period 3, westerly 6f4 m s prevails at 2—
served by EAR during June 2002. Before investigating them4 km altitudes. To further investigate time variations of zonal
we first examined whether horizontal wind observed by EARwind in the lower troposphere and upper troposphere, we
agrees well with that derived from NCEP/NCAR reanaly- computed the zonal wind anomalies averaged over 2—4 km
sis. Figure6 shows time variations of daily-averaged hori- altitudes (lower troposphere) and over 10-12 km altitudes
zontal wind observed by EAR and NCEP horizontal wind at (upper troposphere). Zonal wind anomalies are computed

3.2.2 Zonal wind observed by EAR

Comparison of horizontal wind derived from EAR and
NCEP/NCAR reanalysis
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Rainfall Table 1. Averaged values of surface data at the Kototabang GAW
L station in June 2002.

70t ]

60| Pressure 917.2 hPa
_ Specific humidity 16.1 g kgt
‘%\ 50¢ 1 Solar radiation 177 W m?
T 4ot i Air temperature 293° K
% 30t

201 1
107 I'_I_H_I_L 1 However, rainfall events are not observed at the observation
oLl H_I_L‘m““x“.—H

site on 17 June, though cloud-tops withglof <255K are
01 06 1 16 21 26 observed over Sumatera. During Period 3, no rainfall is ob-
June 2002 served. Though the rain gauge over the observation site can-
not observe all of the rainfall events which exist over Su-
Fig. 9. Daily rainfall amount observed at Kototabang GAW station matera, rainfall events observed over the observation site are
in June 2002. strongly modulated by ISV. Rainfall rate changes greatly de-
pending on whether a rainfall event is convective or strati-
form. During Period 1, convective rainfall events caused by
s a cevitonfom he montny sverage valuescbserve b S SIEUSons v domnari v e obseristonste On
EAR during June 2002. The result is shown in BgNeg- T . .
are observed during period 2. On 11 June, the stratiform

ative correlation between zonal wind averaged over 2—4 km . all i d by th f Il-developed CC
altitudes and one averaged over 10-12 km altitudes are verg)a infall event caused by the passage of a Well-aevelope

clear. During Period 1, when convective activities are grad—:aﬁgzgr\éEdﬂ?ger;::aogsgfr?g%g Saltrz o\évgjcgg';{aﬂ]gvggzr_
ually strengthened over Sumatera (see Ba), anomalous y P 9

easterly at 2-4km is observed. When enhanced convectiv}éation site (15-16 June), both shallow and deep convective
activities with Teg of <270K are continuously observed events are observed. In the next section, the relationship be-

over Sumatera (1117 June; see Figsand 5a), anoma- tween rainfall rate and precipitation types over the observa-

lous easterly gradually changes to westerly. During Perio%On site are examined in detail by using data observed by

3, anomalous westerly is dominant at 2—4 km altitudes, an AR, BLR, and GMS.

convective activities are suppressed over Sumatera. Both Figure 10 shows temporal variations of anomalous pres-
changes in convective activities are associated with changestre, specific humidity, solar radiation, and temperature ob-
in zonal wind at 2—4 km altitudes, and the negative correla-served by the surface weather station at Kototabang GAW
tion of zonal winds between the lower troposphere and uppeftation in June 2002. Anomalies of surface data are com-
troposphere agree well with the structure of the moist Kelvinputed as a deviation from the monthly average values shown
wave shown by many other studies (e.g. Wang, 1988). On thén Table 1. Diurnal variations are prominent in all anomalous
other hand, the meridional wind oscillation has a period ofPressure, specific humidity, solar radiation, and temperature
~7 days, and is independent of eastward-propagating SCC&ieasurements. Surface pressure is significantly affected by

(see Figs3, 5, and6éb). ISV and two SCCs which pass over Sumatera during Period
2. As seen in Figl0a, low surface pressure is dominant
3.2.3 Surface meteorology during Periods 1 and 2 (1-19 June). Conversely, high sur-

face pressure is observed during Period 3. Fidurshows
We further investigate temporal variations of surface datathe longitude-latitude plots of divergence at 1000 hPa aver-
(dally rainfall amount, pressure, specific humidity, temper- aged during Periods 1 and 3. Horizontal wind at 1000 hPa
ature, and solar radiation) in June 2002. Figaishows the  are derived from NCEP/NCAR reanalysis, and band-pass fil-
daily rainfall amount observed at the Kototabang GAW sta-tering, with cutoffs at 10 days and 60 days, and°&®
tion during June 2002. During Period 1, rainfall events arerunning mean are applied. During Period 1, convergence
observed every day except on 3 and 4 June. The largest raiprevails over 75-13%E. Relatively strong convergence of
fall amount of 73mm day! is observed on 2 June, and a >5.0x10"/ exists over Sumatera. Divergence prevails over
relatively large amount of rainfall{15mm day?') is also ~ 150-180 E longitude. During Period 3, convergence field
observed on 8 and 9 June. During Period 2, rainfall eventgprevails over 145-18C, and divergence prevails over 80—
are observed when CCs which develop in SCC1 exist ovel4Q° E. Divergence of-5.0x10~7 prevails over the Indian
the observation site on 10-12 and 14 (see Bjg. A rel- Ocean and the western side of Sumatera. Both the existence
atively large rainfall amount of 18 mm day is observed of convergence during Period 1 and the divergence during
on 11 June. Rainfall events are also observed on 15 an@eriod 3 agree well with observed low surface pressure dur-
16 June, when convective activities are enhanced in SCC2ng Period 1 and high surface pressure during Period 3. It is



3908 T. H. Seto et al.: Convection over Sumatera, Indonesia
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Fig. 11. Longitude-latitude plots of divergence at 1000 hPa av-
(c) Solar radiation anomaly eraged duringa) Period 1 andb) Period 3. Horizontal wind at
6 h b 1000 hPa are derived from NCEP/NCAR reanalysis, and bandpass
‘S i 1 filtering with cutoffs at 10 days and 60 days antx®° running
s 4 l k t mean are applied to it.
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(d) Temperature anomaly tivities are intensified gradually over Sumatera (see bag).
9 \ \ Temporal changes of surface specific humidity are affected
v 6 by both large-scale convective activities (ISV and SCCs) and
2 3 local-scale solar heating of the land surface. High specific
N humidity is observed throughout Period 1 (Figb). High
é‘] solar radiation and surface temperature are simultaneously
*Z observed during Period 1 (FigéOc and d). This indicates

that strong solar heating of the land surface induces the in-
crease in evaporation of water from the land surface during
Period 1. These conditions are favorable for the occurrence
Fig. 10. Anomalies of surfacéa) pressure(b) specific humid- of convective events in the mountainous region of Sumatera

ity, (c) solar radiation, an¢d) temperature observed at Kototabang by Ioc_al circulation (Wu et &_u"_2003)' During 11-13 June, the
GAW station in June 2002. Thin curves show values averaged everjl€dative peak of solar radiation and surface temperature are

hour, and thick curves show smoothed values by 24-hour running?Pserved due to the coverage of high cloud tops by CCs with
mean. Tee<260K (see Figsha, 10c, and10d). From 13 June, sur-

face specific humidity increases again until it reaches a pos-

itive peak on 16 June. The increase in solar radiation is also

observed during 13-16 June. During 17-26 June, surface
also consistent with the Kelvin-wave-like structure of ISV in specific humidity is anomalously low, though solar radiation
zonal wind observed by EAR (see F&). and surface temperature do not differ much from those ob-

Temporal changes of surface pressure are also affected bserved during Period 1. It indicates that solar heating of the

passages of SCC1 and SCC2 over Sumatera. Prior to the aland surface is not the only cause for the increase in evap-
rival of the center of SCC1 on 11 June, surface pressure desration of water from the surface. As we described above,
creases gradually until it reaches a negative peak on 9 Junsurface pressure and zonal wind are largely affected by large-
Hendon and Salby (1994) have shown that surface converscale pressure and wind field caused by ISV and the Kelvin-
gence precedes the center of enhanced convective eventsivave structure of SCCs (see Figsand 10a). Therefore,
the structure of ISV, and our result is consistent with theirshigh surface pressure and low-level westerly are observed
(see Figss and10a). Then surface pressure increases rapidlyduring 17—-26, while low surface pressure and weak low-level
until it reaches around the average on 12 June with the paszonal wind are observed during Period 1 (see Fjs7, and
sage of the center of SCC1 over Sumatera. After 13 JunelOa). It suggests that pressure and/or zonal wind affected
it decreases again until it reaches a negative peak on 15 Jur®y ISV are important factors for the enhancement (and sup-
with the approach of SCC2 to Sumatera. The second negativpression) of convective activities over Sumatera. As a mech-
peak of surface pressure on 15 June also precedes the arrivahism for the suppression of the increase in water vapor, a
of the center of SCC2 to Sumatera on 17 June. High surfac@enetration of dry air from the Indian Ocean to Sumatera at
pressure is observed during 18-30 June. However, during low level may play an important role (Murata et al., pri-
27 to 30 June, surface pressure decreases and convective agte communication). Wu et al. (2003) suggested that local

June 2002
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VVW composited by K index

Table 2. Daily rainfall amount at the radar site classified by K index I T S S S
during November 2001. =0 | (m®s™®)
.ps . . ”1/_/\-
classification number of days rainfall amount = i 0.08
K index <30 4 3.4 mm day? 15 = 0.07

30<K index <33 10 5.6 mm day?
33<K index <36 11 7.9 mm day?! 0.06

-

K index >36 2 4.8 mm day? E— | 005

: 0.04

. . . . | 0.03

circulation plays a role in the increase of water vapor at low

level. Dominance of westerlies at a low level caused by ISV 0.02

may suppress local circulation. 5
7» ——

Surface temperature during Period 3 does not differ greatly
from that during Period 1 in our case study, because the -
amount of solar radiation during Period 1 does not differ o8 30 92 34 38
much from that during Period 3. On the other hand, during K index
TOGA COARE, sea surface temperature decreases during
the post-westerly wind burst phase of ISV, due to the reducegtig 12 Atitude profile of daily variance of vertical wind (VVW)
incoming solar radiation, enhanced evaporation and mixing composited by K index in November 2001.
and deposition of cold water at the ocean surface by deep
convection (see Fig. 4 of Chen et al., 1996). It shows that
temporal variations of surface temperature caused by ISV are
different between the land and sea region. whereT is temperature]y is dew point temperature, and

In this section, we showed that convective activities over850 hPa, 700 hPa, and 500 hPa indicate pressure levels. A
Sumatera are significantly modulated by the ISV during Jundarger K index denotes a larger potential of convective ac-
2002. Furthermore, we show that surface data show a gootivities (Hart and Korotky, 1991). We compute the K index
agreement with temporal changes in convective activitiesfom radiosonde data launched at 12:00 LT, when convective
over Sumatera modulated by ISV. In the next section, weevents generally begin to develop in the mountainous region
further investigate the convective activities over Sumatera inof Sumatera (e.g. Mori et al., 2004; Wu et al., 2003; Reng-

detail, by using observational data by EAR, BLR, and GMS. gono et al., 2001). The K index is an indicator of convective
potential. We compare the K index with actual convective

activities by using daily rainfall amount observed at Kotota-

Altitude (km)
=

4 Convective activities over Sumatera in June 2002 bang GAW station. Daily rainfall amount is classified by the
K index. The result is shown in Table 2. With the increase
4.1 Variance of vertical wind observed by EAR in the K index, the daily rainfall amount also increases, ex-

cept for one case when K index36. Considering that the

4.1.1 Comparison with K index computed by radiosondedaily rainfall amount when theK index36 is computed us-
data ing very few samples (2 days), K index can also be used as

an indicator of the intensity for actual convective activities.
As an index of convective activities, we introduce the vari-  Figure 12 shows the altitude profile of daily VVW com-
ance of vertical wind (VVW), which is computed by using posited by the K index in November 2001. Throughout
the vertical wind obtained from EAR. Vertical wind gener- the troposphere, daily VVW becomes larger with the in-
ally fluctuates within very short periods<(0min). How-  crease in the K index. Large daily VVW appears<a@ km,
ever, it would be a good indicator for the intensity of con- ~10km, and~14 km altitude. Large daily VVW at3kmis
vective events throughout the whole troposphere, because itsaused by both moist convective activities and the planetary
variance must be large if intense convective activities existboundary layer turbulence resulting from buoyancy overturn-
We define daily VVW by a variance of vertical wind in one ing. Large daily VVW at~10km and~14 km altitudes
day. To examine the usefulness of VVW, we compare VVW maybe correspond to turbulence at cloud tops and the en-
and K index values derived from radiosonde data. K index ishanced turbulence just below the tropopause altitude, respec-

defined as follows: tively. Daily VVW is always weak (almost zero) above the
_ tropopause altitude~16—20 km), because convective activ-
Kindex= (T (850 hPa — T (500 hP3) + T4(850 hPa— ities are weakened or stopped at the tropopause. These re-

sults show the usefulness of daily VVW as an index for the
(T (700 hPa — T4(700 hPa) , strength of convective activities in the troposphere.
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Fig. 13. Time-altitude plot of daily variance of vertical wind observed by EAR in June 2002.

4.1.2 Time and altitude variations of VVW in June 2002  stratiform/convective, deep convective, shallow convective).
In the algorithm for classification, both the existence of the

Figure 13 shows the time-altitude plot of daily VVW in  melting layer and the existence of enhanced turbulence above
June 2002. During Period 1 (1-9 June), VVW is large the melting level are examined (see Fig. 4 of Williams et al.,
(>0.05n%s~2) throughout the troposphere (2-16km alti- 1995). If a melting layer exists and a enhanced turbulence
tudes). On 11 June, when CCs with minimurggTof  exists (does not exist) above the melting level, a precipitat-
~219K (~12.5km) covered Sumatera throughout a day (se€ing cloud is classified into mixed stratiform/convective (strat-
Figs.3and17), large VVW of >0.05nfs~2 is confined only  iform) type. If a melting layer does not exist and a enhanced
in the upper part of the troposphere (6-16 km altitudes). Onurbulence exists (does not exist) above the melting level, a
16 June, when convective activities over Sumatera are enprecipitating cloud is classified into deep (shallow) convec-
hanced with the arrival of SCC2 (see Figsand5a), rel- tive type. This classification denotes the internal structure of
atively large VVW (-0.03n¥s2) is observed throughout precipitating clouds, and does not denote the height at which
almost all of the whole troposphere. Throughout Period 3,convective activities can reach as denoted py.T
relatively large VVW ¢0.03nfs™?) is observed at 2—4 km
altitudes. However, VVW is smalk0.01 n? s~2) at 4—7 km Figure 14 shows the time variation of precipitating cloud
altitudes. This shows that convective activities do not reacHyPes during June 2002. During Period 1, precipitating
above~4 km. This result is consistent with no rainfall event clouds are dominated by deep convective type. Large VVW
over the observation site (see F@). and low cloud tops (>0.05nts ) is observed throughout the troposphere dur-
(Tee>270K or~5.4km) over Sumatera (see Figs). ing the same period (see Fit). During Period 1, both ob-

In the next subsection, we classify precipitating clouds by§ervational results shown by EAR and BLR indicate the dom-

using BLR data and compare them with time and altitudeinance of deep convections over the observation site. Dur-

variations of VVW presented in this subsection. ing Period 2, both convective-type and stratiform-type pre-
cipitating clouds are observed over the observation site. On
4.2 Classification of precipitating clouds by BLR 11 June, when high cloud tops of well-developed CC cov-

ered the radar site throughout a day, precipitating clouds are
To investigate the rainfall type over the observation site,dominated by stratiform type. Large VVW-(.05nfs2)
classification of precipitating clouds is performed by using is confined in the upper part of the troposphere (6—-16 km al-
BLR data. The 1-min averaged reflectivity, Doppler veloc- titude). Both observational results by EAR and by BLR sug-
ity, and spectral width derived from the vertically-pointing gest the existence of stratiform rainfall events over the obser-
beam are used to determine the precipitating cloud typevation site. During 14—15 June, precipitating clouds are dom-
For the classification of precipitating clouds, we used theinated by the shallow convective type, and moderate VVW
same algorithm used by Renggono et al. (2001). Precipi{0.02—0.03rf s~2) prevails in the whole troposphere dur-
tating clouds are classified into four types (stratiform, mixeding 14—15 June. On 16 June, when convective activities over
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Sumatera are enhanced with the arrival of SCC2 (see Figs. Precipitating cloud types
and5a), precipitation clouds are almost equally dominated 12t : — : : :
by both shallow and deep convective cloud types. Compar- '
atively large VVW 0.03nfs2) is observed throughout 100¢
almost all of the whole troposphere over the observational i
site on 16 June. 4
As we described above, temporal variations of theé
precipitating-cloud type classified by BLR agree well with =
those of VVW. During low surface pressure, high surface
specific humidity, and weak zonal wind are observed (Period
1), convective rainfall events are dominant over the observa-
tional site. During SCCs’ pass over the Sumatera (Period 2),

stratiform

shallow convective

mix stratiform and convective
deep convective

100

*‘E T T DE

both of convective and stratiform rainfall events are observed 01 06 11 16 21 26

over the observational site. In the next subsection, we discuss June 2002

the difference between convective activities during Periods 1

and 2 by using &g data observed by GMS. Fig. 14. Time variation of precipitating cloud types classified by
BLR in June 2002. “n” at the bottom indicates no data through one

4.3 Features of convective activities observed by GMS day.

Observational results by EAR and BLR indicate the domi-

nance of deep convective events during Period 1. Hereafter

we show the time evolution of cloud coverage on 2 Juneshown in Fig.16. Second, Wu et al. (2003) suggested that
when deep convective events occurred over the radar site (sévaporation of water from the land surface by strong solar
Fig. 14). Figure15 shows the longitude-latitude plot o&g heating and horizontal transport of water vapor by thermally
at 16:00-23:00 LT and the hourly rainfall amount on 2 Juneinduced local circulation play an important role on diurnal
2002. Rainfall is observed at 18:00 LT and 20:00—21:00 LT variations of convective activities over the mountainous re-
with very high intensity at 20:00-21:00 LE-B0 mm 1) gion of Sumatera. High specific humidity and solar radiation
Daily rainfall amount is 73mm. Heavy rain during 20:00— are observed during Period 1 (see Figj8 and c). It indi-
21:00 LT fell from low cloud tops (§s~270K) over the  cates that favorable conditions for the enhancement of con
radar site. The convection center then propagates westwardfective activities by local circulation exist over the moun-

and high cloud tops s <220 K) are observed around 98 tainous region of Sumatera. Third, Murata et al. (2002) sug-
at 23:00 LT. gested that convective activities caused by local circulation

The migration of cloud tops from the land to sea region tend to occur when low-level zonal wind is weak. The occur-
is prominent through Period 1. Figuié shows longitude-  rence of local circulation in the weak zonal wind at 850 hPa
latitude plots of diurnal variation of gg during Period is consistent with their result (see Fip). As we discussed
1. At 18:00 LT, the convective region with cloud tops of inthe previous subsection, radar observations show the dom-
<265K is observed in the mountainous region of Sumat-inance of deep convective events over the observation site
era. The convective region migrates to the coastal region athich exists in the mountainous region of Sumatera dur-
21:00 LT, then further migrates westward (into the sea re-ng Period 1. EAR and BLR mainly observe vertically in-
gion) until 09:00 LT. In the east coastal region of Sumat- tense convective clouds which are induced by local circula-
era, enhancement of the convective region with cloud topéions and exist in the mountainous area of Sumatera. Rainfall
of <270K is observed at 15:00 LT. The convective region in €vents occur with a high intensity and in a short period when
the east coastal region moves westward to the land region &onvective events caused by local circulations develop over
18:00 LT, then seems to merge with the convective regionghe mountainous region of Sumatera.
observed in the west coastal region at 21:00 LT. Diurnal vari- During Periods 2 and 3, diurnal variations of convective
ations of convective activities are also prominent in the westactivities are not observed clearly in similar plots as .
coast area of Borneo. (not shown). It shows that the development of local circula-

We conclude that convective activities over Sumatera durtion which occurs with a diurnal cycle is modulated signif-
ing Period 1 are mainly caused by local circulation for threeicantly by ISV. During TOGA COARE, isolated convective
reasons explained below. First, many studies have shown thatells which repeatedly penetrate into the middle and upper
convective events caused by local circulation show a migratroposphere and moisten the air play an important role in
tion of cloud tops from the land region to the sea region increating favorable conditions for the organization of large-
the west side of Sumatera (e.g. Mori et al., 2004; Nitta andscale convective systems (Redelsperger et al., 2002; Demott
Sekine, 1994). In their studies, the area with high-cloud cov-and Rutledge, 1998a, b). On the other hand, results in our
erage appears in the coastal region in the afternoon and earlyase study suggest that convective activities by local circula-
night. Then it migrates to the sea region in the midnight andtion may moisten the air in the middle and upper troposphere
in the morning. Their results are consistent with our resultduring the inactive phase of ISV over the maritime continent.
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Fig. 15. Longitude-latitude plot of gg at 16:00-23:00 LT (upper panel) and hourly rainfall (lower panel) on 2 June 2002. Spatial resolution
of Tgp is 0.05° x0.05°. “*" in the upper panel indicates the location of the observation site.

This also suggests that different mechanisms may play an A stratiform rainfall event is observed on 11 June. Fig-
important role on the formation of large-scale enhanced conure 17 is the similar plot as Figl5on 11 June 2002. High
vective activities within ISV over the open ocean (TOGA cloud tops with Bg <215 K develop around 10& at 01:00—
COARE) and the maritime continent (our case study). Dur-03:00 LT, propagate westward, and reach the east coast of
ing Period 2, convective rainfall events are also observed orSumatera at 10:00 LT. High cloud tops pass over Sumat-
14-16 June. However, cloud tops during these convectiveera around 22:00 LT. Rainfall occurs at 01:00 LT, 03:00 LT,
events do not show a similar migration from the land to seaand continuously from 12:00 LT to 23:00 LT. Rainfall events
region (not shown). Some processes other than local circuare mainly observed when high cloud tops pass over the ob-
lation may play a role in the formation of these convective servation site (12:00-23:00 LT). The rainfall rate is small
rainfall events. (<3.5mmh1), the duration of rainfall is long~11h), and
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Fig. 16. Longitude-latitude plots of gg averaged at 00:00, 03:00, 06:00, 09:00, 12:00, 15:00, 18:00 and 21:00 LT during Period 1 (1-9
June).

daily rainfall amount is large (18 mm). The rainfall event on developed over the western Pacific (130-21BDin the latter

11 June shows that the well-developed CC which exists ovehalf of June 2002. Zonal wind and surface pressure at the
Sumatera causes stratiform rainfall events with a small rain-observation site suggested the existence of Kelvin-wave-like
fall rate, a long rainfall duration, and a large rain amount.  structure of ISV.

We classified observation periods into the inactive phase,
active phase, and postwesterly wind burst phase of ISV, then
5 Discussion and conclusion investigated convective features over Sumatera in different
phases of ISV. During the inactive phase of ISV, convective
In this study, we focused on the ISV event in June 2002.activities over Sumatera were caused by local circulation.
In June 2002, the envelope of enhanced convective activiFrom radar observations, it was shown that deep convective
ties developed over the Indian Ocean (7C-8pin the first  rainfall events were dominant in the mountainous area of Su-
half of June 2002, and propagated eastward from the Indiammatera. During the active and postwesterly wind burst phases
Ocean to the western Pacific. Enhanced convective activitiesf ISV, convective activities caused by local circulation were
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Fig. 17. Same as Figl5 except for 11 June 2002, and thajglis shown every 3 h during 01:00-22:00 LT and the range of vertical axis in
the lower panel is 0-8 mnit.

not prominent over Sumatera. It shows that convective acenhancement of convective activities caused by local circula-
tivities caused by local circulation are controlled by ISV. tion may play an important role in the moistening of the mid-
Convective activities caused by local circulation may play dle and upper troposphere over Sumatera. Saxen and Rut-
an important role in the moistening of the middle and upperledge (2000) compared GPI, radar-derived rainfall rate, and
troposphere in the inactive phase of ISV. Two SCCs passedertical wind shear and showed that rainfall rate is largely de-
over Sumatera in the active phase of ISV, and both convectivgpendent on changes in the tropospheric vertical shear of hor-
and stratiform rainfall events were observed over the obserizontal wind modulated by ISVs. Well-organized mesoscale
vation site. CCs which developed in the convectively activeconvective systems with a spatial scale-df00 km are more
envelope of SCC1 passed over Sumatera and caused raifrequently organized under the condition of larger vertical
fall events over the observation site. Especially on 11 Junewind shear, and the slope coefficient used in GPI decreases
a well-developed CC passed over Sumatera, and resulted iwith the increase in vertical wind shear due to the increase in
a long-lived stratiform rainfall event. With the passage of stratiform clouds in a well-organized mesoscale convective
SCC2 over Sumatera, shallow and deep convective rainfalsystem. However, our observations cannot show a spatial
events were observed over the observation site. In SCCZcale of mesoscale convective systems over Sumatera, be-
formation of CC was not observed over Sumatera. Howevergcause our radar observations were limited to one point (i.e.
formation of CCs within SCC2 were observed over the west-observation site). As we mentioned in Sects. 3 and 4, en-
ern Pacific. During the postwesterly wind burst phase of ISV,hanced convection was not observed in the postwesterly wind
convective activities were suppressed over Sumatera. burst phase of ISV. Further studies of different ISV cases are
) ) necessary to clarify whether or not this is a characteristic fea-
Convective features over Sumatera observed during Jung,re over Sumatera. In April and May 2004, our research

2002 were generally consistent with those observed duryroup carried out the simultaneous observation campaign
ing TOGA COARE. However, it was suggested that the
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with meteorological radars, radiosondes, BLR, and EAR. WeArea-764 of the Ministry of Education, Culture, Sports, Science,
will show further detailed features of convective activities and Technology (MEXT) of Japan. The first author was financially
over Sumatera and their relation to ISV through this obser-supported by Loan Japan Bank for International Cooperation (JBIC)
vation campaign. — Science, Techpology, and IndustriaI.DeveIopment (STAID) Pro-

The ISV which we focused on occurred during the dry sea-9ram of Indonesian government. He is supported by Japan Soci-
son. The rainy season of the equatorial region of Sumatera i ty for the Promotion of Science (JSPS) RONPAKU (Dissertation
boreal spring (from March to May) and fall (from September h.D) .Progra.m' . .
to November) seasons (Hamada et al., 2002). The influencgv Top!cal E_dltor U.-P. Hoppe thanks two referees for their help in

- i ' .=’ evaluating this paper.
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