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Abstract

Lightning activity observed by the Tropical Rainfall Measuring Mission–Lightning Image Sensor
(TRMM–LIS) and aerological data from the first campaign of the Coupled Process in the Equatorial At-
mosphere (CPEA-I) were used to diagnose convective activity over the western part of the Indonesian
maritime continent (MC) for the period between 10 April and 9 May 2004. Lightning and many deep
but small convective clouds associated with low outgoing longwave radiation (OLR) dominated over large
islands of the MC before the onset of a Madden Julian Oscillation (MJO) active period. During the MJO
active period, a MJO cloud system composed of three super-cloud clusters (SCCs) passed eastwardly over
the study area. The first SCC (SCC1) was accompanied by active lightning. After SCC1 passed, lower
OLR extended over a wide area including both islands and ocean, and lightning was suppressed over
the large islands. Lightning activity was weaker in subsequent SCCs. Atmospheric stratification, verti-
cal winds, the apparent heat source (Q1), and apparent moisture sink (Q2) were studied using rawin-
sonde observations for two areas: one over Sumatera and the other over the ocean between Sumatera
and Kalimantan. Differences in vertical wind profiles between land and ocean suggest stronger onshore
land–sea circulations in the break period than in the active period. Convective instability was greatest
before the onset of the MJO active period over land and then weakened after onset. Over land, height of
the positive peak was much higher in Q1 than in Q2 before onset. The height of the peak was comparable
after onset; this change suggests that subarea-scale deep convective rain (stratiform rain) dominated be-
fore (after) the onset. These observations are consistent with variations in lightning activity. Previous
observations showed that MJO cloud systems over the western Pacific have enhanced convection in their
eastern portions and stratiform rain in western parts. A similar large-scale structure was maintained in
the MJO cloud system over the western part of the MC, despite blocking effects by the MC on the MJO
cloud system, especially in mesoscale and synoptic-scale structures.

1. Introduction

The maritime continent (MC) between the
Indian Ocean and the western Pacific is one
of the most convectively active areas of the
tropics. Strong latent heating accompanies
heavy rainfall over the MC and is a major heat
source for global atmospheric circulation. Rain-
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fall over the MC is strongly modulated by the
Madden Julian Oscillation (MJO; Madden and
Julian 1971, 1972) and the El Niño Southern
Oscillation (ENSO; Horel and Wallace 1981,
Trenberth and Shea 1987). Large-scale convec-
tive activity in the tropics has been described
using outgoing longwave radiation (OLR; e.g.,
Murakami et al. 1986). Lower values of OLR
denote larger coverage by high-top clouds. The
OLR is lower during the active phase of the
MJO and the cold phase of ENSO over the MC
(e.g., Murakami et al. 1986).

Large-scale lightning activity has been de-
scribed using observations from the Lightning
Image Sensor (LIS) aboard the Tropical Rain-
fall Measuring Mission (TRMM) since its
launch in 1997. Lightning is a proxy of active
moist convection, and flashes occur when super-
cooled water, graupel, and ice crystals coexist
within turbulent updrafts (Takahashi 1978,
1984). However, recent studies have noted that
evaluations of large-scale convective activity by
lightning may produce results that contradict
those of evaluations using OLR. Hamid et al.
(2001) described more active lighting over the
MC during a warm ENSO period when OLR
was typically higher and rainfall was sup-
pressed. Morita et al. (2006) described more
active lightning over the MC during MJO break
periods when positive anomalies in OLR oc-
curred.

MJOs have been detected by large-scale
active convection which propagate eastward
along the Equator with 30–60 days periodicity
over the Indian Ocean and the western Pacific
(e.g., Weickmann and Khalsa 1990, Madden
and Julian 1994, Yanai et al. 2000). Nakazawa
(1988, 1995) described the hierarchic structure
of the MJO over the western Pacific; the large-
scale cloud systems associated with the MJO
are characterized by an envelope of several
synoptic-scale eastward-moving super-cloud
clusters (SCCs). Each SCC is composed of sev-
eral westward-moving mesoscale cloud clusters.
The SCCs that accompany the MJO are here-
after referred to as a MJO cloud system.

Understanding of the MJO greatly increased
after the Tropical Ocean Global Atmospheres–
Coupled Ocean Atmosphere Response Experi-
ment (TOGA COARE) in 1992 and 1993. Lin
and Johnson (1996) analyzed heat and mois-
ture budgets using data from the Intensive

Flux Array (IFA) over the equatorial western
Pacific during the TOGA COARE. Heavy pre-
cipitation fell 1 to 3 weeks before a westerly
wind burst (WWB) in the lower toposphere,
and deep convection was suppressed when the
westerly wind was largest. The peak height
of the positive apparent heat source Q1 was
greater than (comparable to) that of the appar-
ent moisture sink Q2 before the WWB (in the
WWB); deep convective (stratiform) rain domi-
nated before the WWB (in the WWB). Ushi-
yama et al. (2003) studied a MJO cloud system
over the TOGA COARE IFA using data from
Doppler radar. They showed that stratiform
rain dominated during the active period of the
MJO, except during the onset of the active pe-
riod, when deep convective rains dominated.

The MJO cloud systems are modulated over
the MC (Nitta et al. 1992, Yanai et al. 2000).
However, details of the evolution of MJO cloud
systems over the western part of the MC re-
main unclear and are an important focus of
this study. Kikuchi and Takayabu (2003)
studied time variations of cloud types that ac-
companied MJO over the eastern part of the
MC during the TOGA COARE Intensive Obser-
vation Period (IOP). They showed that strati-
form clouds dominated during the mature stage
of the MJO, when OLR was lowest. In contrast,
deep convection and shallow clouds coexisted
during the preceding developing stage. Such re-
sults are consistent with suppressed lightning
activity over the MC during the active MJO
period (Morita et al. 2006). Shibagaki et al.
(2006a) described the multi-scale structure of a
MJO cloud system over the MC and examined
the influence of a localized cloud system with a
diurnal cycle.

The Equatorial Atmospheric Radar (EAR)
started observations over Sumatera (Sumatra)
Island, Indonesia, in 2001. The first campaign
of the Coupled Process in the Equatorial Atmo-
sphere (CPEA-I) was designed to couple EAR
observations with other atmospheric phenom-
ena (Fukao 2006). The campaign included en-
hanced rawinsonde observations taken at short
time intervals (3 or 6 hours) at multiple sta-
tions between 10 April and 9 May 2004. In ad-
dition, data from optical rain gauges, boundary
layer radar (BLR), and an X-band Doppler
radar were recorded near the EAR site. CPEA-
I was the first opportunity to study the dy-
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namic and thermodynamic structures of MJO
cloud systems over the western part of the MC
using the enhanced rawinsonde observations.

Shibagaki et al. (2006b) described the hierar-
chical structure of a MJO cloud system ob-
served during CPEA-I. An active MJO phase
began midway through CPEA-I, and three
SCCs moved eastward through the study area
during the active period of the MJO. The first
and second SCCs, i.e., SCC1 and SCC2, which
were accompanied by a weak low-level west-
erly, dissipated after passing over Sumatera.
The third SCC (SCC3) was accompanied by a
low-level WWB and propagated eastward be-
yond Sumatera Island. The eastward propaga-
tion of SCCs was characterized by the succes-
sive formation of mesoscale cloud systems with
westward propagation over the MC. The WWB
caused a mesoscale updraft over Sumatera, but
its influence was limited to the mesoscale cloud
system of SCC3 over western Sumatera on the
upwind-side of the mountain range of Suma-
tera. Kawashima et al. (2006) examined convec-
tive activity of SCC1 and SCC3 around the
EAR site using X-band Doppler radar observa-
tions. They showed that deep convection was
more active in SCC1 than in SCC3. The eastern
part of SCC1 was associated with deep convec-
tive rain, while the other part was associated
with stratiform rain.

After the passage of SCC3, deep convection
was strongly suppressed. Kawashima et al.
(2006) pointed out that deep convection was
prohibited by intrusion of a lower tropospheric
westerly as in the process shown by Murata
et al. (2006). The westerly was rather dry and
caused precipitation evaporation and/or evapo-
ration by shallow cumuli. An inversion devel-
oped at the bottom of the dry layer and reduc-
ing buoyancy force in convective clouds by
entrainment of dry air may prohibit deep con-
vection (Murata et al. 2006).

The present study examined vertical winds
and stratification related to convective activity
over the western part of the MC. Heat and
moisture budgets were analyzed to examine
moist convective activity. Moreover, lightning
activity associated with the MJO was examined
using TRMM-LIS observations. Results be-
tween active and break phases of the MJO and
also between land and ocean areas were com-
pared. Since the modulation of the MJO over

the western part of MC in meso- and synoptic-
scales was described by Shibagaki et al.
(2006b), we emphasized large-scale features of
the MJO cloud system over MC to be compared
with those observed over the western Pacific
during the TOGA COARE IOP.

2. Data

Figure 1 shows the rawinsonde stations used
in this study. Table 1 provides the location, al-
titude, and models of the radio sondes used at
each station. Observations were recorded every
6@12 hours at Padang and every 6 hours at
the other stations. The observation interval
was shortened to 3 hours during the IOP be-
tween 18 and 22 April at every station. Vertical
motion was derived in two triangular areas (A
and B in Fig. 1) using the continuity equation
and horizontal wind profiles observed at the
vertices of each area. Areas A and B are pri-
marily over Sumatera Island and the ocean
between Sumatera and Kalimantan (Borneo)
islands, respectively. A dry bias was present
in dew point profiles observed at lower alti-
tudes by the RS80-15G models, which use older
A-Humicap humidity sensors (Murata et al.
2006). The bias was corrected by referencing
relative humidity at the surface at each launch
to independent measurements following the ap-
pendix by Murata et al. (2006). This correction
was similar to that by Lucas and Zipser (2000)
for data over the ocean. However, the reference
depth for sonde observations was reduced from
the ground @600 m above sea level (ASL) by
Lucas and Zipser to between 10 and 60 m ASL
at Kuala Lumpur and Kuching (10–30 m ASL
at Padang) for our study. The reduction consid-
ered the complex structure of the boundary
layer over land.

Vertical p-velocity omega was obtained kine-
matically by integrating the horizontal wind
divergence using the following continuity equa-
tion:

div V þ qo

qp
¼ 0: ð1Þ

Vertical motion is small at the tropopause;
thus the vertical wind was assumed to be
zero there following the assumption by O’Brien
(1970):

ocor ¼ oþ C � ðpsfc � pÞ/ðpsfc � ptropÞ: ð2Þ
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Here, o and ocor represent vertical p-velocity
omega before and after the correction, respec-
tively. C ¼ �otrop and otrop represent the de-
rived omega at the tropopause before the cor-
rection. In this paper, psfc is the surface
pressure averaged for the three stations at the
vertices of each area, and ptrop ¼ 100 [hPa] be-
cause the tropopause is near 100 hPa in the
tropics. The heights of the four stations were
nearly at sea level, and temporal changes in
SLP were small; thus omega was assumed to
be zero at the bottom boundary. Finally, ocor

was transformed from pressure to height co-
ordinates using the air density for each area
determined from average mean profiles of air
temperature, moisture, and pressure.

Heat and moisture budget analyses described
convective activity and precipitation types

using Q1 (apparent heat source) and Q2 (ap-
parent moisture sink) as by Yanai et al. (1973),
Yanai and Johnson (1993), and Yanai et al.
(1992). Here, Q1 and Q2 are defined as

Q1 ¼ Cpðp/ p0ÞR/Cp

�ðqy/qt þ v � ‘yþ oqy/qpÞ; ð3Þ

Q2 ¼ �Lðqq/qt þ v � ‘q þ oqq/qpÞ: ð4Þ

In Eqs. (3) and (4), � denotes the area aver-
age, y is the potential temperature, q is the
mixing ratio, v is the horizontal velocity, Cp is
the specific heat of dry air, and L is the latent
heat of condensation.

Q1 and Q2 are residuals of heat and moisture
budgets of the resolvable motion and may be in-
terpreted as

Fig. 1. Sonde network used in this study. Area A is over land (Sumatera Island), and area B is over
ocean (Selat Karimata). The EAR site is also shown.

Table 1. List of rawinsonde stations.

Station Lat. Lon. Altitude (ASL) Sonde type

Kuala
Lumpur

2.73�N 101.70�E 17 m
RS80-15G (00Z and 06Z)
RS80-15GH (12Z and 18Z)

Jambi 1.60�N 103.65�E 26 m RS92-SGP

Padang 0.88�S 100.35�E 25 m
RS80-15G (until 26 Apr. 00Z)
RS80-15GH (since 26 Apr. 12Z)

Kuching 1.48�N 110.33�E 22 m
RS80-15G (00Z and 12Z)
RS80-15GH (06Z and 18Z)
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Q1 ¼ QR þ Lðc � eÞ � q

qp
s 0o 0; ð5Þ

Q2 ¼ Lðc � eÞ þ L
q

qp
qq 0o 0; ð6Þ

where s1CpT þ gz is the dry static energy,
and L, c, e, and QR are the latent heat, conden-
sation rate, evaporation rate, and radiative
heating rate, respectively. Q1 includes latent
and radiative heating and apparent heating by
divergence of turbulent vertical heat flux. Q2
includes latent heating and a moisture sink by
turbulent vertical moisture flux. Note that

Q1 � Q2 ¼ �qðLq þ sÞ0o 0/qp þ QR; ð7Þ

1

g

ð ps

pt

Q2 dp ¼ LðP � EÞ: ð8Þ

Equation (7) represents differences between
Q1 and Q2 and corresponds to heating by radi-
ation and vertical eddy energy transport due to
sub-grid-scale convection. Height differences in
the positive anomaly between Q1 and Q2 in
the middle and upper troposphere are related
to the dominant precipitation type. Q1 above
Q2 occurs when deep convection dominates.
The heights of Q1 and Q2 are comparable
when stratiform rain dominates (Luo and Ya-
nai 1984). Vertical integration of Q2 from the
tropopause pressure to the surface pressure
represents precipitation (P) minus evaporation
(E) at the earth surface as shown in Eq. (8).

This study also considered radar reflectivity
determined by BLR at the EAR site (Fig. 1),
OLR data, GOES-9 infrared cloud imagery,
and the flash rate derived from TRMM-LIS ob-
servations. The flash rate was defined as flash
counts per 1 km square per day or hour; the
flash count was normalized by LIS view time,
which was between 0 and 200 seconds per day.

3. Results

3.1 Lightning activity

Figure 2 shows temporal changes in OLR
along the Equator during the study period.
The eastward propagation of SCCs character-
ized by low OLR is obvious. Three SCCs accom-
panied by local OLR minima migrated between
100� and 110�E, corresponding to the study
area (areas A and B) on 23–24 April (SCC1),

28–29 April (SCC2), and 5–6 May (SCC3). Neg-
ative OLR anomalies persisted over the study
area as the SCCs passed. Following Shibagaki
et al. (2006b), onset and withdrawal dates of
the MJO active period were 23 April and 6
May, respectively. The period 10–22 April was
the MJO break period. The period 7–9 May is
referred to as a ‘‘dry period’’ due to the signifi-
cant intrusion of dry air (Kawashima et al.
2006). Figure 2 also shows temporal changes
in the flash rate along the Equator. Large flash
rates occurred near large islands around 100�E
(Sumatera) and 110�E–120�E (Kalimantan).
The flash rate decreased significantly after 26
April over Sumatera and 29 April over Kali-
mantan, i.e., several days after the passage of
SCC1. Active lightning did not accompany the
passages of SCC2 and SCC3. Active lighting
also did not recur after the MJO active period
ended. The contrast in flash rates between
break and active periods is consistent with
analysis of X-band radar observations during
CPEA-I by Kawashima et al. (2006). Deep con-
vective echo frequently appeared over land ac-
companied by large diurnal variation in the
MJO break period. The height and area of con-
vective echo were suppressed in the MJO active
period.

Figure 3 shows mean fields of OLR and flash
rate averaged for the MJO break (left panel)
and active (right panel) periods. Days corre-
sponding to the passage of SCC1 are not in-
cluded in the averages because SCC1 had fea-
tures of lightning activity that differed from
those of the other SCCs in the MJO active pe-
riod (Fig. 2). Prior to onset, OLR was low over
large islands (Sumatera, Kalimantan, and New
Guinea) where lightning was frequent. After
onset, lightning decreased over the large is-
lands. At the same time, OLR widely decreased
over oceans surrounding the islands. The pres-
ent results are consistent with the positive cor-
relation between OLR and lightning activity
over the MC, which was documented by Morita
et al. (2006) and Fukao (2006), when the rela-
tionship is examined over a larger area that in-
cludes both land and ocean. This is because
lightning decreased over a small area (the large
islands) as OLR decreased over a wider area
(the ocean) after MJO onset. Reduced lightning
over the large islands after onset is ascribed to
alternation in the predominant precipitation
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types from deep convective rain to stratiform
rain, as examined later.

Frequent lightning and lower OLR over the
large islands before onset suggest strong local
circulations induced by land–sea contrasts.
After onset, land–sea contrasts in OLR and
flash rate were weakened. The weakened con-
trast suggests reduced local circulation. These
hypotheses are examined later using vertical
motions derived from sonde observations.

Convective activity showed strong diurnal
variation over the MC, especially over land
(e.g., Mori et al. 2004, Hirose and Nakamura

2005). The influence of poor sampling and local
time bias on LIS observations should be con-
sidered when examining day-to-day variations
in lightning with strong diurnal variation. Be-
cause the local time of LIS observations
varies because the TRMM orbit is not sun-
synchronous, influences of local time bias de-
crease if observations from more than 1 month
are used. Figure 4 shows mean diurnal varia-
tions in the flash rate averaged for the 1-month
study period. The flash rate increased signifi-
cantly in the afternoon. Missing afternoon ob-
servations may cause a negative bias in daily

Fig. 2. Time (UTC)–longitude cross sections along the Equator of OLR (upper panel) and flash rates
(lower panel) averaged between 5�S and 5�N. Center positions of SCCs are also shown.
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lightning counts. View time differences between
morning and afternoon may also cause a bias in
the daily mean flash rate.

Figure 5 shows day-to-day variations in the

flash rate and LIS view time in morning and af-
ternoon for each SCC. The center longitude of
each SCC was determined from time–OLR
cross sections along the Equator (Fig. 2); the
mean flash rate and view time were averaged
in a 5� � 5� area around the center. Flash rates
were smaller in later SCCs. Lightning was es-
pecially scarce in SCC3, but this low flash rate
did not occur because of a view time bias. After-
noon view time were comparable to morning
view times throughout the period. For the other
SCCs, view times were also comparable be-
tween morning and afternoon. The lower flash
rate in the later SCCs indicates a difference in
lightning activity.

SCC3 was accompanied by a low-level WWB
(Shibagaki et al. 2006b). Our results are there-
fore similar to the results by Lin and Johnson
(1996), who found that convective activity of a
MJO over the western Pacific was diminished

Fig. 3. Mean OLR (upper panels) and mean flash rates (lower panels) averaged for the MJO break
period (left panels) and the MJO active period (right panels). The period 19–25 April, when SCC1
existed over the region was excluded from the break and active periods.

Fig. 4. Mean diurnal variation of the
flash rate over the study area (4�S–
4�N, 108�E–120�E) averaged for the
study period (10 April–9 May 2004).
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during the passage of a WWB. The rather
active lightning was consistent with the struc-
ture of SCC1 described by X-band radar obser-
vations; the eastern part of SCC1 was associ-
ated with deep convective echo (Kawashima
et al. 2006).

3.2 Stratification
Time series of stratification over areas A and

B were examined to elucidate the background
fields affecting lightning activity at the onset of
the MJO active period. Results for area A may
represent stratification over land. Results for
area B represent stratification over a mixture
of land and ocean because much of area B is
over ocean, although each station at the ver-
tices of area B was over land.

Figure 6 shows relative humidity profiles
over areas A and B. Mean profiles averaged for
the MJO break and active periods are also
shown for each area. Vertical profiles of humid-
ity show large changes around the onset of the
MJO active period. Before onset, a moist layer
with relative humidity exceeding 70% was be-

low 3–4 km ASL. A drier layer aloft was main-
tained over both areas. After SCC1 passed, the
moist layer extended to@8 km over both areas.
The deep, moist layer persisted until the end of
MJO active period, @6 May, becoming espe-
cially deep when SCCs passed through. In the
dry period after 7 May, relative humidity de-
creased in the lower troposphere due to an in-
trusion by a dry low-level westerly (Kawashima
et al. 2006).

Figure 7 shows the temporal evolution of po-
tential temperature profiles over the two areas.
Significant changes in the upper troposphere
occurred as the MJO evolved. During the MJO
active period, potential temperature increased
between 8 and 12 km ASL, and the vertical
gradient of potential temperature, i.e., the dry
stability, greatly decreased from 12 to 15 km
ASL. After 7 May, the profiles returned quickly
to their pre-MJO state. Similar upper-
tropospheric warming occurred in MJO events
observed during TOGA COARE (Yanai et al.
2000).

Figure 8 shows the temporal evolution of

Fig. 5. Time sequence of the flash rate (solid lines), view time in morning (dotted lines), and view
time in the afternoon (dashed lines) averaged for 5� (lat.) � 5� (lon.) area around the center of
each SCC.
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equivalent potential temperature profiles over
the two areas. Equivalent potential tempera-
ture values below 335 K were observed at
@4 km ASL except during the MJO active pe-
riod. These small values result from a mid-
tropospheric dry layer (Fig. 6). Strong convec-
tive instability was maintained below the layer
of low equivalent potential temperature during
the MJO break period. Such instability before
onset is consistent with active lightning ob-
served over large islands where topographic

and thermal disturbances may trigger deep
convection. When SCC1 arrived, strong vertical
mixing accompanying deep convection in SCC1
reduced the convective instability. Subse-
quently, convective instability gradually weak-
ened further during the MJO active period,
consistent with the suppressed lightning in
subsequent SCCs.

Convective instability quickly recovered after
the MJO active period ended, but convective
activity as diagnosed by lightning did not. This

Fig. 6. Time–height cross sections of relative humidity (%) averaged for area A (upper right panel)
and area B (lower right panel). A bar in the middle shows three subperiods: the MJO break, the
MJO active, and dry periods. The approximate periods when each SCC passed through the study
areas are also shown. Mean profiles of humidity for the MJO break period (solid lines) and active
period (dashed lines) are shown in the right panels.
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result is ascribed to the intrusion of dry west-
erly in lower troposphere, which prohibited
deep convection as in the process shown by
Murata et al. (2006) (Kawashima et al. 2006).

3.3 Profiles of w, Q1, and Q2
Figure 9 shows the temporal evolution of ver-

tical wind ðwÞ profiles over the two areas. The
profiles were derived from corrected vertical p-
velocity ðocorÞ obtained using Eqs. (1) and (2).
Strong updrafts were more frequent in area A
and not confined to the passage of SCCs. A
strong updraft occurred in area B in the mid-
troposphere as SCC1 and SCC3 passed through
the area. Downdrafts dominated during other

times. Mid-tropospheric updrafts (downdrafts)
dominated in mean profiles over area A (area
B) during the break period. This distribution of
vertical motion suggests an onshore land–sea
circulation, consistent with the strong convec-
tion over large islands during the MJO break
period shown by the OLR and flash rate data.
Updrafts were diagnosed in both areas during
the active period. Over area B, however, strong
updrafts were confined to the passage of SCC1
and SCC3. Shibagaki et al. (2006b) pointed out
that SCC1 and SCC2 were weakened after
their passage over Sumatera Island, while
SCC3 maintained its intensity to the east of
Sumatera. Updraft was weaker in area B than

Fig. 7. As in Fig. 6, but for potential temperature (K).
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in area A for SCC1 and SCC2 and comparable
for SCC3. This finding is consistent with that
by Shibagaki et al. (2006b), although the rea-
son for the difference in the updraft between
SCC1 and SCC2 in area B is unclear.

Figure 10 shows the temporal evolution of Q1
and Q2 profiles over area A. Large positive Q1
occurred when large updrafts were observed.
Before onset of the MJO active period, large
positive Q2 was confined to the lower tropo-
sphere, but large positive Q1 extended to the
upper troposphere. After onset, the vertical ex-
tent of positive Q2 increased, and the vertical
extent of positive Q1 decreased. Consequently,
differences in mean profiles between the verti-

cal extents of positive Q1 and Q2 were much
larger during the MJO break than during the
active period. Present results suggest that up-
ward heat transport by subarea-scale convec-
tion was much stronger during the break pe-
riod. These transport changes suggest that
deep convection dominated during the break
period, and stratiform rain dominated during
the active period, in agreement with X-band
radar observations described by Kawashima
et al. (2006) and the flash rate (Figs. 2 and 3).

During the break period, mid-tropospheric
moistening (negative Q2) and lower-
tropospheric drying (positive Q2) were signifi-
cant in mean profile. The mid-tropospheric

Fig. 8. As in Fig. 6, but for equivalent potential temperature (K).
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moistening may be hastened by vertical diffu-
sion of moisture evaporated from the surface
and evaporation of precipitation from deep con-
vections. The lower-tropospheric drying can be
ascribed to condensation in shallow convection
because a corresponding region of low-level
heating is present in the Q1 profile. During the
active period, Q1 was positive throughout the
troposphere despite the expected evaporative
cooling in stratiform rain in the lower tropo-
sphere. The cooling may be compensated by
lower-tropospheric heating by shallow moist
convections (Yanai et al. 2000). The height of
peak Q1 was 10 km during the break period
and @6 km during the active period. The latter

height is comparable to that found by Yanai
et al. (2000) for the western Pacific during
TOGA COARE; the former height, however, is
much higher. The onshore land–sea circulation
may contribute to intensifying deep convection
over land. In the dry period after 7 May, low-
level cooling (negative Q1) and moistening
(negative Q2), which suggest evaporative cool-
ing, were significant. This moistening could be
a consequence of evaporation of shallow cumuli
under dry westerly and/or evaporation of pre-
cipitation from the upper (Murata et al. 2006,
Kawashima et al. 2006).

Figure 11 shows the temporal evolution of Q1
and Q2 profiles over area B. Large positive Q1

Fig. 9. As in Fig. 6, but for vertical profiles of w (m/s).
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and large positive Q2 were observed in area B
as SCC1 and SCC3 passed. Positive Q1 and Q2
were weak for SCC2. Vertical extents of posi-
tive Q1 were similar to those of Q2, suggesting
stratiform rain. Significant differences between
Q1 and Q2 profiles were not found between
SCC1 and SCC3, despite differences in convec-
tive activity as shown by the flash rate. During
break periods, cooling and moistening were sig-
nificant at @3 km ASL, reflecting radiative and
evaporative cooling and moistening by shallow

convection. In the dry period after 7 May, nega-
tive Q1 and Q2 were significant in the lower
troposphere as observed in area A.

3.4 Relationship to BLR observations
The reliability of Q1 and Q2 profiles depends

on the vertical wind, a variable that cannot be
observed directly. Profiles of Q1 and Q2 in area
A were compared to radar reflectivity profiles
observed by the BLR located at the EAR site
near area A (Fig. 1) to examine their reliability.

Fig. 10. Time–height cross sections of the apparent heat source (Q1) (K/day), upper left panel) and
apparent moisture sink (Q2) (K/day) (lower left panel) averaged over area A. Mean profiles of Q1
and Q2 averaged for the break period and the active period are shown in upper right and lower
right panels, respectively. The Q1 and Q2 profiles are shown by red and blue lines, respectively.
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Reflectivity profiles provide information on the
intensity and vertical extent of precipitation,
and on precipitation types, i.e., convective or
stratiform.

Figure 12 shows an example of the temporal
evolution of profiles of radar reflectivity, Q1,
and Q2 during 22–26 April. Echo from SCC1
was observed from 09 UTC to 21 UTC on 23
April. Deep convective rain, characterized by
tall and strong echo, was observed in the for-
mer half, and stratiform rain, characterized by
a bright band, was observed in the latter half.
This time evolution is consistent to that found
by Kawashima et al. (2006). These rains had

corresponding positive Q1 and Q2 anomalies,
although convective rain around 09 UTC on 23
April had no corresponding anomalies. Another
stratiform rain around 15 UTC on 24 April was
accompanied by large positive anomalies of Q1
and Q2 profiles. Convective rains around 10
UTC on 25 April had no corresponding positive
Q1 and Q2 anomalies. Agreement of positive
Q1 and Q2 anomalies to rainfall was most
likely when rain area extended enough to be
comparable to the budget analysis area, be-
cause of differences in horizontal scales in-
herent in the BLR and budget analysis. We
confirmed this hypothesis by examining cloud

Fig. 11. As in Fig. 10, but for area B.
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distribution over area A using hourly GOES IR
images; small clouds provided the convective
rains without corresponding positive Q1 and
Q2 anomalies, while stratiform clouds or con-
gregated convective clouds covered area A when
rains associated with corresponding Q1 and Q2
anomalies were observed (not shown).

4. Summary and conclusions

Data gathered during the CPEA-I period were
used to study convective activity over the west-
ern part of the Indonesian maritime continent.
Active lightning and convective clouds associ-
ated with low OLR were concentrated over the
large islands (Sumatera, Kalimantan, and New
Guinea) before the onset of the MJO active pe-
riod. Passage of SCC1, which was accompanied
by active lightning, heralded the onset of the
MJO active period. After SCC1 passed, lower
values of OLR extended over a wide area in-

cluding the surrounding ocean. At the same
time, lightning over the large islands was sup-
pressed. Lightning was less common during
passage of the later SCCs. Data from rawin-
sondes over two areas were used to examine
stratification, vertical motion, and Q1 and Q2.
One of the areas was mainly over land; the
other area was mainly over the ocean. Strong
convective instability was observed before the
MJO onset, consistent with active convection
over land. Convective instability was greatly
reduced after SCC1 passed and further de-
creased gradually during the MJO active pe-
riod, consistent with the reduced lightning
activity in the later SCCs.

Over the ocean, a large updraft appeared
when the SCCs passed; weak subsidence oc-
curred during other periods. Large positive Q1
and Q2 occurred when SCCs were over the
area. Similar Q1 and Q2 profiles suggest that

Fig. 12. Time (UTC)–height cross sections of radar reflectivity observed by BLR (upper panel) and of
Q1 (middle panel) and Q2 (bottom panel) in area A. The period when SCC1 passed over the BLR
site is also shown.

July 2006 Y.-M. KODAMA, M. TOKUDA and F. MURATA 147



stratiform rain dominated. Over land, strong
updrafts were observed as SCCs passed, but
updrafts with a similar strength were fre-
quently observed during other periods, espe-
cially before the MJO onset. Strong and deep
positive Q1 frequently accompanied positive
Q2. The vertical extent of positive Q1 was
much larger before the onset and was compara-
ble during the active period of MJO. This evolu-
tion suggests that sub-grid scale deep convec-
tion (stratiform rain) dominated before (after)
the onset of the MJO active period, consistent
with variations in lightning activity. These re-
sults are consistent with X-band radar observa-
tions of SCCs by Kawashima et al. (2006). Dur-
ing the MJO active period, stratiform rain was
predominant over both the land and the ocean.
Updraft and latent heating shown by positive
Q1 and Q2 were observed more frequently over
the land than over the ocean, where deep up-
draft and latent heating appeared only when
SCCs passed.

MJOs are modified during passage over the
MC (Nitta et al. 1992). CPEA-I provided the
first opportunity to observe the modification
process of MJO over the western part of the
MC. As Shibagaki et al. (2006b) described, Su-
matera Island modified the MJO, especially its
mesoscale and synoptic-scale aspects; SCC1
and SCC2 were weakened downstream from
Sumatera, and mesoscale convective systems
composed of SCC3 were modified by a blocking
of the WWB at the west coast of Sumatera. We
found land-ocean difference in time variation of
vertical wind and latent heating over the MC
during the passage of a MJO. However, the
large-scale features of the MJO cloud system
over the western part of the MC were similar
to the MJO cloud systems over the western
Pacific described by previous studies (Lin and
Johnson 1996, Ushiyama et al. 2003, Yanai
et al. 2000); convective activity was enhanced
in the eastern part of the cloud system, and
stratiform rain dominated in the western part,
especially after the intrusion of a low-level
WWB.
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