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ABSTRACT

The diurnal cycle of rainfall and its regional variation over Sumatera Island, Indonesian Maritime Continent,
are examined using Tropical Rainfall Measuring Mission (TRMM) satellite precipitation radar (PR) and intensive
rawinsonde sounding data. The TRMM PR sensor can detect raindrops directly, regardless of ground and cloud
conditions, and can distinguish between convective and stratiform types of rainfall. Rainfall variation over this
area was found to have the following characteristics: 1) convective rainfall with a broad peak between 1500
and 2000 LT predominates over the land region of Sumatera Island, whereas rainfall in the early morning,
composed almost equally of stratiform and convective types, is predominant over the surrounding sea region.
2) A rainfall peak in the daytime and one in the nighttime migrate with time starting from the southwestern
coastline of the island into the inland and offshore regions, respectively. The distance of each rainfall peak
migration from the coastline is up to 400 km, and the average speed of migration is approximately 10 m s—*.
3) Using intensive rawinsonde sounding data, it was also found that remarkable diurnal variations of wind,
humidity, and stability appear in the lower troposphere corresponding to the migrating rainfall peaks over both
the inland and the coastal sea regions.

The mechanism of the diurnal land—sea rainfall peak migration is discussed comprehensively using TRMM
PR, intensive rawinsonde soundings, Geostationary Meteorological Satellite (GMS) data, objective reanalysis,
and ground-based observation data. Finally, a crucial difference in rainfall peak migrating mechanisms is sug-

gested between those toward the inland region in the daytime and the offshore region in the nighttime.

1. Introduction

The diurnal cycle of rainfall and its regional varia-
tions are important in the Tropics, where the synoptic-
scale cyclonesthat causerainfall in extratropical regions
do not exist. Because tropical rainfall involves the up-
take and release of significant amounts of latent heat of
vaporization, understanding of the diurnal rainfall cycle
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is also important in the study of large-scale energy and
water cycles such as the Asian monsoon system. Pre-
vious studies using in situ rain gauge networks, limited
rawinsonde observations, geostationary satellites [e.g.,
Geostationary Meteorological Satellite (GMS), Geosta-
tionary Operational Environmental Satellite (GOES),
and Meteosat] infrared (IR) sensor, and atmospheric re-
analysis data have gradually revealed that these varia-
tions have prominent interactions with local topograph-
ical features, aswell as being dependent on complicated
interactions among various scales of convective systems
(e.g., Johnson and Kriete 1982; Janowiak et al. 1994;
Nitta and Sekine 1994; Oki and Musiake 1994; Asai et
al. 1998; Harada et al. 1998; Ohsawa et al. 2001). Most
studies have indicated that diurnal rainfall variationsin
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the Tropics have their peaks in the late evening over
land regions and in the early morning over adjacent sea
regions (e.g., Gray and Jacobson 1977; Murakami 1983;
Houze et al. 1981).

Furthermore, remarkable regional changes in the
phase of diurnal convective variations have been found
by Nitta and Sekine (1994) and Ohsawa et al. (2001)
in several regions in the Asian monsoon area, for ex-
ample, the northeastern part of the Indochina Peninsula,
the Andaman Sea, the northwestern coast of Kalimantan
(Borneo) Island, and the southwestern coast of Sumatera
Island, Indonesian Maritime Continent. Yang and Slingo
(2001) aso found a similar pattern of coherent diurnal
convective variations propagating to offshore regions
off the coastlines of the Indonesian islands, the Bay of
Bengal, southwestward away from the Mexican coast,
and off the West African coast, using the IR-sensor-
based Cloud Archive User Service (CLAUS) global da-
taset. They explained the phase propagation away from
the coastlines in several ways. For instance, an inter-
action between the orography and local |and—sea-breeze
circulation, gravity waves generated by devel oped con-
vections, cold gravity currents generated under the de-
veloped convection, and an advection conveyed by the
background wind flow were documented as candidates
for its driving source. However, these results are based
on only the IR-sensed cloud-top data, and their analysis
has not integrated other data, for example, rain gauge
network, radar, and rawinsonde soundings. Satomura
(2000) and Okumura et al. (2003) examined the phase
propagation of the rainfall diurnal cycle over the inland
region of the Indochina Peninsula using the Regional
Atmospheric Modeling System (RAMS) numerica
model simulation and Thailand Meteorological Depart-
ment (TMD) operational radar data, respectively, and
found it was caused by eastward-traveling squall lines
in the evening, which was consistent with the results of
GMS IR channel 1 (IR1) sensor observations. Mapes et
al. (2003a,b) and Warner et al. (2003), using the GOES
precipitation index (GPI) dataset and the fifth-genera-
tion Pennsylvania State University—National Center for
Atmospheric Research (PSU-NCAR) Mesoscale Model
(MM5) numerical model simulation, also showed that
a similar phase propagation of the diurnal rainfall cycle
away from the coast of northwestern South Americawas
caused by gravity waves originating from convection
that developed along the coastline. However, no study
has been done on the similar phenomena over Indo-
nesian island regions.

On the other hand, it is also well known that the peak
time of the variations observed by geostationary sat-
ellites’ IR sensor shows a delay of approximately 3—4
h compared with those observed by ground-based radar
and/or in situ rain gauge data (Houze et al. 1981; Ohs-
awa et al. 2001; Kubota and Nitta 2001; etc.). Because
the IR sensor does not detect rainfall itself but cloud-
top temperature, it may often misinterpret a high anvil
region expanded from developed cumulonimbus as a
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heavy rainfall region. A number of studies regarding
rainfall diurnal variation have been conducted recently
using the precipitation radar (PR) equipped on the Trop-
ical Rainfall Measuring Mission (TRMM) satellite
launched in 1997 because it has the advantage of de-
tecting raindrops directly from space, which allows us
to reveal the rainfall diurnal variation accurately over
the globe (e.g., Neshitt and Zipser 2003; Sorooshian et
al. 2002; Takayabu 2002). In addition, TRMM PR can
distinguish rainfall characteristics using the 2A23 al-
gorithm (Awaka et al. 1998) into three types of rainfall:
stratiform, convective, and other. Since the former two
types of rainfall have completely different latent heat
profiles from each other (Houze 1982), it is also im-
portant to quantify these variations separately. Takayabu
(2002) has shown the average features of diurnal var-
iations of these two types of rainfall in both land and
oceanic regions over the globe, revealing remarkable
differences both between the rainfall types and between
the regions. However, this has not clarified the diurnal
variations of rainfall characteristics over complex re-
gions including both coastal sea and mountainous to-
pography such as the Indonesian Maritime Continent.

Since the Indonesian Maritime Continent iscomposed
of many islands and the surrounding sea, both regional
and temporal variations of rainfall may be quite com-
plicated because of strong interactions between land and
adjacent sea through their heterogeneous radiation prop-
erties and local circulations. In fact, a GCM simulation
done by Neale and Slingo (2003) showed a serious sys-
tematic dry bias in this region using the Met Office
Unified Model (UM) and had difficulty describing the
diurnal rainfall variation. They suggested that this sys-
tematic error was caused by diurnaly forced land—sea
breezes and gravity waves generated by mesoscal e con-
vective complexes (MCCs) in thisregion. Moreover, the
GCM simulations of the global circulation pattern
showed that a significant role was played by the diurnal
rainfall cycle in this region.

Seasonal and interannual variability over the Indo-
nesian Maritime Continent including Sumatera Island
have been examined by Hamadaet al. (2002) using long-
term statistical data. Diurnal variation of precipitating
cloud was examined by Renggono et al. (2001) using
a boundary layer radar (BLR) system at the Kototabang
[0.20°S, 100.32°E; 865 m above mean sealevel (MSL)]
World Meteorological Organization (WMO) Global At-
mosphere Watch (GAW) station in Sumatera Island.
Murata et al. (2002) also documented arelation between
rainfall amount at K ototabang and background wind cir-
culation for a limited period. Moreover, a diurnal var-
iation of precipitable water and its relation with local
circulation for alimited period. Moreover, adiurna var-
iation of precipitable water and its relations with local
circulation over Kototabang was examined by Wu et al.
(2003) using the global positioning system (GPS). These
studies have described unique characteristics of both
regional and temporal rainfall and/or convection distri-
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butions over this area, but the phase change (or prop-
agation) feature of the diurnal cycle has not been ad-
dressed.

This study presents the characteristics of the diurnal
rainfall cycle and its regional differences over the In-
donesian Maritime Continent, especially around Su-
matera Island, using the TRMM PR 3G68 product. In-
tensive rawinsonde sounding data at K ototabang and the
Tabing (0.88°S, 100.35°E; 3 m above MSL) Indonesian
Meteorol ogical and Geophysical Agency (BMG) station
are also utilized to examine background atmospheric
conditions relevant to the diurna rainfall variation. In
section 2, the data used in this study, which are TRMM
PR, intensive rawinsonde soundings, GMS, objective
reanalysis, outgoing longwave radiation (OLR), and sur-
face measurement data observed in collaboration with
the BMG and the Indonesian Agency for the A ssessment
and Application of Technology (BPPT), are described.
In section 3, striking features of diurnal land—searainfall
peak migration away from the southwestern coastline
of Sumatera Island, which advances toward the inland
region in the daytime and the offshore region in the
nighttime, and the interaction with lower-tropospheric
circulations are documented. In section 4, unique rain-
fall characteristics over the coastal sea region and a
possible mechanism of the rainfall peak migration are
discussed. Section 5 is the conclusion of this study.

2. Observations and data
a. TRMM satellite data

The TRMM satellite was launched in November 1997
and has successfully provided rainfall data up to the
present time. We utilized the TRMM 3G68 product dis-
tributed by the TRMM Science Data and Information
System (TSDIS) office as well as the standard prod-
ucts—for example, 2A12, 2A23, 2A25, and 3A25—
distributed by the National Aeronautics and Space Ad-
ministration (NASA) Goddard Distributed Active Ar-
chive Center (DAAC). The 3G68 product contains an
hourly gridded ASCII format dataset reporting TRMM
instruments, for example, the PR and TRMM Micro-
wave Imager (TMI), which estimate near-surface rain
rate. It includes 24 h of hourly grids in a single daily
file, with horizontal resolution of 0.5° X 0.5°. The da-
taset contains three kinds of statistical rain rate based
on the standard products 2A25 (PR), 2A12 (TMI), and
2B31 (PR and TMI combined) and supplies the con-
vective rain-rate fraction for each rain rate.

We made a composite dataset of near-surfacerain rate
based only on the PR sensor for 3 yr (1998-2000) and
calculated the hourly rain rate for convective, other
(stratiform), and total rainfalls for each grid element.
Each hourly grid rainfall data were smoothed over a 4-h
running mean to minimize the sampling errors (+o/\V/'n)
of the rainfall diurnal cycle following the analysis of
Negri et al. (2002), where o is the standard deviation
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of data and n is the total sampling data humber used
for smoothing. The sampling errors in this study are
13% (offshore region) to 17% (land region) on average
(see error bars in Fig. 2) and show good results, com-
parable to those of Negri et al. (2002).

Generally, a passive microwave sensor has difficulty
in resolving rainfall rate over the land area because the
microwave emissivity over the land is essentially higher
than that over the ocean and is inhomogeneous in both
area and time (e.g., Rodgers and Siddalingaiah 1983;
Grody 1984; Heymsfield and Fulton 1992). Further-
more, since TMI data involve a systematic error over
coastline areas in which both land and ocean regions
are included in a pixel (mixcel problem), we decided
to analyze only PR sensor dataover the Indonesian Mar-
itime Continent area, since it is composed of a lot of
islands and surrounding sea.

A number of reports on the mesoscale convective
system (MCS) have been published (e.g., Houze and
Betts 1981; Steiner et al. 1995; Rickenbach and Rut-
ledge 1998; Mohr et al. 1999; Nesbitt and Zipser 2003)
that include the squall line systems composed of de-
veloped convective and stratiform clouds that are gen-
erally responsible for heavy rainfall in the wet Tropics,
for example, the western Pacific, Atlantic Ocean, Am-
azon, and the Maritime Continent. Because convective
and stratiform rainfalls have completely different latent
heat rel ease profiles, as Houze (1982) showed, they may
interact with large-scale environments in a different
way. A number of studies have shown the distribution
and ratio of convective and stratiform rainfalls over var-
ious regions using different techniques (e.g., Houze
1977; Williams et al. 1995; Steiner et al. 1995). How-
ever, Williams et al. (1995) demonstrated that the ratio
varied greatly depending on the particular classification
techniques and threshold values of brightband definition
used. Therefore, it isimportant that the TRMM PR pro-
vides information on rain-type classification globally
and solely by using a single algorithm (2A23).

b. Intensive rawinsonde sounding data

In Indonesia, operational rawinsonde observationsare
currently conducted by the BMG once every two days
at 10 observatories including the Tabing station, and
once daily at the Jakarta Airport. All the soundings are
launched at 0000 UTC (0700 LT); thus diurnal varia-
tions of upper wind and other atmospheric parameters
cannot be resolved. Furthermore, the Kototabang GAW
station is not assigned as an operational rawinsonde
sounding observatory. Detailed information of the op-
erational rawinsonde observation and data processing
systems in Indonesia ware described by Okamoto et al.
(2003).

We used intensive rawinsonde sounding data obtained
during 1-28 November 2001 at Kototabang and 12-18
November 2001 at Tabing. Thiswas one of our intensive
observation periods (I0Ps), which began in March 2001
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and corresponds to the main rainy season in west Su-
matera. Vaisala RS-15GH (GPS) and Meisei RS3-89A
rawinsondes were employed for the intensive obser-
vations at Kototabang and Tabing, respectively. We
made observations four times a day (0000, 0600, 1200,
1800 UTC) and took soundings at four other times
(0300, 0900, 1500, and 2100 UTC) at Kototabang dur-
ing 821 November 2001. Both rawinsonde sounding
systems provide vertical profiles of pressure, tempera-
ture, humidity, and horizontal wind with a height res-
olution of approximately 10 m.

c. Surface data

Most BM G stations measure daily or 3-hourly rainfall
using the BMG standard manual accumulation rain
gauge, and hourly rainfall data cannot be archived as a
standard routine. Therefore, we installed tipping-bucket
rain gauges (equipped with Vaisala automatic weather
stations MAWS201), as well as surface pressure, tem-
perature, humidity, and solar radiation sensors at both
the stations. Minimum sensitivity for rainfall amount
and the temporal resolution of recorded data are 0.2 mm
and 1 min at Kototabang (VaisalaQMR101 precipitation
sensor) and 0.5 mm and 10 min at Tabing (Ogasawara
RS-102). These observations have continued since Au-
gust 1999 at K ototabang and November 2001 at Tabing.
However, because of a malfunction with the MAWS201
installed at Tabing, no rainfall datawere recorded during
the enhanced sounding period (12—18 November 2001).
Hence, 3-hourly accumulated rainfall data observed by
the BMG standard manual rain gauge at Tabing were
used in this study.

d. GMS cloud data

Blackbody brightness temperature (T,;) data ob-
served by the GMS IR1 sensor (11.5 um) were used
during November 2001 in this study, as provided by the
Japan Meteorological Agency (JMA) through Kochi
University, Japan. Spatial and temporal resolution of the
Ty data are 0.05° X 0.05° and 1 h, respectively. They
are suitable to trace the change of a developing cloud
area in a short time though they have the disadvantage
that only the cloud-top height can be detected.

e. Other data

Objective reanalysis data averaged in November
2001, provided by the National Centers for Environ-
mental Prediction (NCEP)-NCAR office, were used to
analyze a large-scale (~1000 km) diurnal valiability.
Spatial and temporal resolution of the data are 2.5° X
2.5° and 6 h, respectively. There are approximately 90
pilot balloon observatories in Indonesia, and BMG car-
ries out the sounding at least three times (0700, 1300,
and 1600 LT) a day. All the sounding data at each ob-
servatory are sent to WMO Global Telecommunications

MONTHLY WEATHER REVIEW

VoLuME 132

System (GTS), and NCEP-NCAR reanalysis uses these
GTS exchange data for initialization as well as 3-hourly
surface land synoptic data, satellite-observed humidity,
and upper wind data, etc. (Kalnay et al. 1996; Kistler
et al. 2001). Hence, this dataset cannot resolve adiurnal
variability of mesoscale phenomena because of its
coarse resolution but can supply useful information of
that in a large-scale (~1000 km) domain.

OLR datasets with spatial and temporal resolutions
of 2.5° X 2.5° and pentad (5-days mean), respectively,
distributed by the National Oceanic and Atmospheric
Administration (NOAA) Climate Prediction Center
(CPC) were also used in this study.

3. Results

a. Diurnal variations of rainfall amount and type
over Sumatera Island

The Indonesian Maritime Continent is one of the re-
gions with the largest amount of rainfall anywhere on
the globe (Ramage 1968). Sumatera |sland in particul ar
receives the most rainfall along the southwestern coastal
region as shown in Fig. 1a, since it faces the Indian
Ocean and directly receives moist air with the south-
westerly monsoon. Sumatera |sland measures approxi-
mately 1500 km by 400 km, or roughly the same di-
mension as Honshu, the main island of Japan. Sumatera
Island has a significant mountain range along its south-
western coastline with an average height of 2000 m and
a maximum of 3805 m (Mt. Kerinci). Figure 1b shows
the regional variation of the annual mean difference of
rainfall during 0000—1100 LT (hereafter referred to as
morning rain) from that during 1200—2300 LT (hereafter
referred to as evening rain) observed by TRMM PR. It
shows more rainfall in the evening than in the morning
over the land regions of relatively large islands, for
example, Sumatera, Jawa, and Kalimantan, but more
rainfall in the morning than in the evening over the
coastal sea regions surrounding the islands. The south-
western coastline of Sumatera Island, the Straight of
Malacca, and surrounding coastline of Kalimantan es-
pecially show astrong contrast between the evening rain
over land regions and the morning rain over coastal sea
regions. The amplitude of these contrasts decreaseswith
the distance from each coastline.

We study the interesting contrast of rainfall charac-
teristics between Sumatera |sland and the nearby south-
western coastal sea area by examining the regional var-
iability of the diurnal rainfall cycle. Diurnal variations
of rainfall over the Kototabang GAW station averaged
for an area of 1.5° X 1.5° (region 1 in Fig. 1a) over the
southwestern coastal sea region (region 2 in Fig. 1a)
and over the offshore region (region 3 in Fig. 1a) of
Sumatera Island are shown in Fig. 2.

Region 1 (Fig. 28) shows a clear bimodal variation
with both a main peak in the evening and a subpeak in
the middle of the night. The main peak of convective
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FiG. 1. (a) Annual mean rainfall over the Indonesian Maritime Continent observed by TRMM
PR during 1998-2000. Small rectangles around Sumatera Island indicate the following regions:
1) region 1 (land region), 2) region 2 (coastal sea region), and 3) region 3 (offshore region).
Horizontal scale of each region is 1.5° X 1.5°. The Kototabang GAW station (0.20°S, 100.32°E;
865 m MSL) is located in region 1. (b) Regional variation of annual mean difference between
morning rain (0000-1100 LT) and evening rain (1200-2300 LT) over the area observed by TRMM
PR. Positive value indicates more rainfall observed from 1200 to 2300 LT than from 0000 to
1100 LT. The black cross (+) indicates the Kototabang GAW station.

rainfall appears at 1700 LT, whereas that of stratiform
rainfall appears around 1800-2000 LT, though varia-
tionsare minimal. More than 70% of therainfall amount
comes from evening rain for any rain types, and the
convective rainfall fraction is 63% of the daily mean.
Furthermore, the dominant rainfall type is completely
different between evening and morning rains, that is,
approximately 70% of evening rain is composed of con-
vective rainfall, whereas roughly 50% of morning rain
is stratiform. In region 2 (Fig. 2b), amain rainfall peak
appears clearly after midnight, while aweaker peak also
appears in the evening. Both stratiform and convective

rainfalls have their main peaks at almost the same time
(01000200 LT), whereas a subpeak of stratiform rain-
fall in the evening (1900 LT) follows the convective
one (1400 LT). In contrast to region 1, approximately
60% of the rainfall amount comes from morning rain
for any rain types, and the convective rainfall fraction
is57% of the daily mean. Thus the contribution of strat-
iform rainfall is slightly higher than that in region 1.
Furthermore, the diurnal variation in region 3 (Fig. 2c)
has a quite different feature from that in the other two
regions. The peak of total rainfall in region 3 is broad,
weak, and shifted later in the morning (0900 LT) than
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FiG. 2. Diurnal variations of rainfall rate averaged over 1.5° X 1.5°
boxes as observed by TRMM PR. Annual mean averagein (&) region
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(offshore region) in Fig. 1a, respectively. Solid line with open circle,
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tively. The sampling errors (tzr/%) are plotted as vertical bars with
total rainfall rate lines. Small numbers shown in (a)—(c) are the daily
amount of each rainfall fraction corresponding to the line (rainfall
type) and column (LT).
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inregion 2. On the other hand, rainfall fractioninregion
3 shows features similar to those in region 2, that is,
approximately 60% of the rainfall amount comes from
morning rain, and the convectiverainfall fractionis57%
of the daily mean.

In earlier studies of the convective rainfall fraction,
Takayabu (2002) found 50% over the ocean, and 61%
over the land as a global average using TRMM PR, and
Steiner et al. (1995) also found 52% at Darwin, Aus-
tralia (coastal sea region), using a ground-based radar
system. These are similar to the results of this study
except for those over the ocean. This suggests that re-
gion 3 (offshore region) still has some characteristics
of a coastal sea (i.e., having more convective rainfall
fraction) compared with that of Takayabu's work. In-
deed, Petersen and Rutledge (2001) defined the ** coast-
a’” as an ocean area within 500—1000 km of major
landmasses, somewhat different from this work, and
showed both radar reflectivity vertical structure histo-
grams and lightning flash density dataof *‘ coastal’’ areas
often resembled those of *‘continent” areas.

b. Rainfall peak migrations advancing from the
coastline

The results in section 3aindicate that remarkable dif-
ferences are found in the characteristics of diurna rain-
fall variation over the land, coastal sea, and offshore
regions. In this section, we examine the variation of the
diurnal rainfall cycle at some distance from the south-
western coastline of Sumatera Island toward the land
and the Indian Ocean.

Figure 3 shows a diurna variation of rainfall hori-
zontal distribution over Sumatera Island observed by
TRMM PR averaged over 3 yr (1998-2000). Rainfall
with its intensity above 0.2 mm h-! is observed over
the island after 1300 LT, then strong rainfall areas are
concentrated along the southwestern coastline at 1600
LT. Therainfall area expands to inland regions and cov-
ers most of the island at 1900 LT, but other strong rain-
fall areas are generated over the coastal searegion along
the southwestern coastline at 2200 LT. Rainfall over the
coastal searegion expands its areainto offshore regions
during 0100-0700 LT, whereas rainfall areas over the
island are almost cleared up during 0400-1000 LT.

A regional variation of the diurnal rainfall cycle ob-
served by TRMM PR averaged in a domain perpendic-
ular to the southwestern coastline of Sumatera Island
(Fig. 4a) is shown as Fig. 5a. Arrows « and B in Fig.
5aindicate the migrating directions of evening rain over
the land region and morning rain over the coastal sea
region, respectively. A rainfall peak migrates from the
southwestern coastline toward an offshore region of the
Indian Ocean during 0000-1200 LT (arrow indicated
by B). On the other hand, another peak migrates from
the coastline toward the inland region of Sumatera Is-
land during 1200—2400 LT (arrow indicated by «). Ear-
lier studies presented differences of rainfall character-
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Fic. 3. Diurnal variation of rainfall horizontal distribution over Sumatera Island observed by TRMM PR averaged over
3 yr (1998-2000). Areas with rainfall intensity above 0.2 mm h~* are shaded.

istics with respect to their diurnal variation over the
land, coastal sea, and offshore regions using GMS IR1
data (e.g., Ohsawa et al. 2001; Kubota and Nitta 2001),
but their results show some disagreement with those
derived from ground-based in situ rain gauge data. Pos-

sible reasons for the disagreements are that, since the
passive IR1 sensor detects the Ty, of cloud top, a high
cold anvil cloud area spread out from cumulonimbus
might be misunderstood as a rainfall area and that an
upper-level cloud carried by wind might be regarded as
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amigration of rainfall area on the ground. On the other
hand, TRMM PR does not produce such errors since it
is an active microwave sensor that detects raindrops
directly. Thus Fig. 5a clearly shows migrating rainfall
peaks. The rainfall peak « travels 400 km (from 1600
km at 1500 LT ~ 2000 km at 0600 LT), and B travels
the same distance (from 1550 km at 2100 LT ~ 1150
km at 0700 LT) when we follow the rainfall peak above
0.4 mm h-* of total rain rate in Fig. 5a. Hence, the
average speed of migration is roughly 10 m s—* (those
of peak @ and B are 7.4 and 11.1 m s 1, respectively).
The migration speed of the rainfall peak « is constant
al the time, whereas that of 8 looks different between
the area within about 200 km from the coastline (until
0600 LT) and the farther offshore area (after 0600 LT).

The main part of the rainfall peak B, which is shown
until 0600 LT, appears to continue southwestward slow-
ly even after 0600 LT within 200 km from the coastline.
After 0600 LT, more rainfall seems to develop at large
distances (~300 km) southwest of the coastline.

The difference in rainfall characteristics between
evening rain over the land region and morning rain over
the coastal searegion is also examined. Figure 5b shows
a distance-time variation of convective rainfall fraction
over the same domain asthat in Fig. 5a. Thetotal rainfall
intensity in each region is similar, as shown in Fig. 5a,
but a remarkable difference in the convective rainfall
fraction appears between evening rain over the land and
morning rain over the coastal sea. Convective rainfall
is predominant in the evening rain over the land, where-
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sea, respectively.

as the morning rainfall over the coastal seais composed
amost equally of both stratiform and convective rain-
falls. Furthermore, the convectiverainfall fractionin the
morning rain over the coastal sea does not vary signif-
icantly with time or distance from the coastline. Re-
gional developments of convective and stratiform rain-
falls are presented in Figs. 5¢ and 5d, respectively. The
time of rainfall maximum in the evening over the land
is coincident with that of the convective rainfall max-
imum, but that of the stratiform rainfall maximum is
delayed approximately 3 h. On the other hand, the rain-
fall maximum in the early morning over the coastal sea
region shows good agreement between convective and
stratiform rainfalls.

Phase delays in the movement of rainfall peak time
toward offshore regions from a coastline were also doc-

umented by Nitta and Sekine (1994) and Ohsawa et al.
(2001) in some parts of southeast Asia using GMS IR1
data. Nitta and Sekine (1994) applied Fourier analysis
to the convective index (I;) determined by the Tgg
threshold, but Ohsawa et al. (2001) pointed out several
problems with this analysis: 1) the phase of diurnal var-
iation strongly depends on the threshold value of 1,
and 2) the first component of Fourier analysis does not
necessarily show the actual peak time of convection.
Hence, Ohsawa et al. (2001) utilized the Ty, difference
between IR1 and water vapor (WV) channels (ATg;) as
an index of convective activity and did not apply Fourier
analysis to the data. Their results showed an abrupt
change of peak time over theinland and offshoreregions
of northwestern Sumatera Island, while we document
sequential phase delay on both sides of the southwestern



2030

20N

0V2001 NCEP700hPa Streamline & OLR
/ 5

EQ 1

Latitude

10S 1

120E 130€

Longitude

90E 100 110E 140E

(b)

e

e

BN T
e

®

110E 120€ 130E

Longitude

90E 100E 140E

SETRED T
170 180 190 200 210 _ 220 230

OLR (W/m?)

Fic. 6. (a) Composite streamline map at 700 hPa obtained from
the NCEP-NCAR reanalysis dataset and OLR averaged over Nov
2001 and (b) time-lon cross section of OLR averaged over 2.5°S-
2.5°N during Nov 2001. A white cross (+) in (a) shows the location
of the Kototabang GAW station, and a vertical white linein (b) shows
the lon of the station. Horizontal white solid and dashed lines in (b)
show the duration of enhanced sounding periods at Kototabang (8-
21 Nov) and Tabing (12—18 Nov), respectively.

coastline as shown in Fig. 5a. This suggests that the
AT, method still produces a systematic differencefrom
the surface rainfall amount over Sumatera Island be-
cause Ohsawa et al. (2001) used only datafor the period
of the Asian summer monsoon in June-August (JJA),
corresponding to the dry season over the central part of
Sumatera Island (Hamada et a. 2002). Furthermore,
they compared AT, data with ground-based rain gauge
data from four countries (Bangladesh, Thailand, Viet-
nam, and Malaysia) other than Indonesia, and the result
might be expected to differ from our result with respect
to the annual mean rainfall feature.

¢. Case study during IOP in November 2001

We examine lower-tropospheric structure and surface
meteorological data as well as GMS IR1 data in this
subsection to relate background conditions to diurnal
rainfall peak migrations. Figures 6aand 6b show stream-
lines from the 700-hPa NCEP-NCAR reanalysis dataset
and OLR averaged over November 2001 and a time—
longitude cross section of OLR averaged over 2.5°S-
2.5°N during the month, respectively. A white cross(+)
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in Fig. 6a shows the location of Kototabang GAW sta-
tion and a vertical white line in Fig. 6b shows the lon-
gitude of the station. Horizontal white solid and dashed
linesin Fig. 6b show the duration of enhanced sounding
periods at Kototabang (8-12 November) and Tabing
(12-18 November), respectively. A low OLR region
below 200 W m~* covers Sumatera |l sland, and westerly
wind prevails over the island in this month. In addition,
a large-scale disturbance passed Sumatera Island from
west to east during this month. Figure 7 shows daily
surface rainfall at the Kototabang GAW station (bar
graph) and time—height cross section of zonal wind con-
tours observed by the intensive rawinsonde soundings
in November 2001. Vertical black solid and dashed lines
show the duration of enhanced sounding periods at Ko-
totabang (8-12 November) and Tabing (12-18 Novem-
ber), respectively. The total number of days with daily
rainfall above 0.2 mm was 27, monthly rainfall was
185.6 mm, and maximum daily rainfall was 30.6 mm.
The westerly wind was steady in the lower troposphere
below approximately 7 km, whereas a steady easterly
wind was observed above. The lower westerly wind
increased and extended upward in the later part of the
month corresponding to the eastward movement of a
large-scale disturbance as shown in Fig. 6b.

Figures 8a and 8b show average diurnal variations of
the tropospheric zonal wind component at the Kotota-
bang GAW station and Tabing, respectively, asobserved
by intensive rawinsonde soundings. The topography and
location of each station are shown in Fig. 4b. The peak
time of westerly winds in the lower troposphere is ap-
proximately 2200 LT at Kototabang and 1900 LT at
Tabing. These features suggest that the westerly winds
centered at 2—3-km altitude advance from Tabing (sea
side) to Kototabang (inland side) every evening, con-
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Because the 3-hourly (0400, 1000, 1600, and 2200 LT)
soundings were carried out only during 12—21 Novem-
ber at Kototabang, we calculated 3-hourly data from
each 6-hourly sounding dataset during 1-11 and 22-28
November by using a simple interpolation method.
01 — o 15 13 o " o7 Then, the monthly mean data were obtained by aver-
Local Time (holur) _Zonal Wind (m/s) [_ aging each 3-hourly dataset during 1-28 November.
B R omsY  Each anomaly is calculated as a deviation from the av-
Fic. 8. Time-height cross sections of average diurnal variation of ~ €7a@Je value over the whole sounding period at the each
tropospheric zonal wind (contours) and horizontal wind vectors at ~ Station.
(a) Kototabang GAW station and (b) Tabing observed by theintensive Although these data were obtained within only 1
rawinsonde soundings in Nov 2001. month, the surface rainfall at K ototabang is quite similar
to that shown as the annual mean in TRMM satellite
_ ) L _ data for the inland region (region 1) shown in Fig. 2a.
sistent with the migration of the rainfall peak as seen  gpecific humidity at K ototabang shows its minimum at
in Fig. 5a. Furthermore, asecondary westerly windpeak 1000 LT and then increases until its broad maximum
is shown at 0700 LT at Tabing and a counterflow (east-  4round 16001900 LT. CAPE also reaches its maximum
erly wind) appears below 500 m almost simultaneously. gt 1600 LT with a trend similar to that of rainfall. Then
Based on the topography around Tabing, as shown in it decreases with time and the stratification becomes
Fig. 4b, this circulation seems to be a shallow land-  staple in the middle of the night through the next morn-
breeze circulation that is independent of the westerly jng. A difference between LFC and LCL showsits min-
peak at 1900 LT. o imum at 1600 LT coincident with the peak time of CAPE
Figure 9 shows diurnal variations of zonal and me-  and rainfall amount. Zonal and meridional wind anom-
ridional wind anomalies at 2-3-km height (Figs. 9af), alies show their broad minimum at 1000-1300 LT and
specific humidity anomaly below 3-km height (Figs. then tend to increase, reaching their maximum at 1900
9b,g), convective available potential energy (CAPE)and  LT. They are negative (easterly and northerly) approx-
convective inhibition (CIN) (Figs. 9c,h), level of free imately until the time of rainfall maximum (1600 LT)
convection (LFC) and lifting condensation level (LCL) and then became positive (westerly and southerly).
(Figs. 9d,i), and surface rainfall (Figs. 9e,j) at Kotota- In contrast, the variations at Tabing show completely
bang and Tabing. All the data were observed by the different features from Kototabang. The location of the
intensive rawinsonde soundings during 1-28 November  Tabing station is approximately 5 km inland from the
at Kototabang and 12-18 November at Tabing in 2001. coastline, but itsrainfall characteristicsarerather similar
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to that of the coastal searegion (region 2) shown in Fig.
2b. Specific humidity and CAPE reach their maximum
in the middle of the night (0100 LT), which is similar
to the rainfall maximum time, and then tend to decrease
until noon. A difference between LFC and LCL shows
its minimum at 0100 LT, also coincident with the peak
time of CAPE and rainfall amount. Petersen et al. (1996)
also found similar diurnal variations of CAPE, rainfall,
lightning flash, and cold-cloud area over the tropical
western Pacific Ocean during the Tropical Ocean Global
Atmosphere Coupled Ocean—Atmosphere Response Ex-
periment (TOGA COARE). Lightning flash showed its
peak at 0200 LT in the middle of the night, which was
followed by the time of rainfall peak by 1 h, CAPE and
cold-cloud area by 3 h. The zonal wind anomaly shows
positive (westerly) just before the time of maximum
rainfall (2300—0100 LT) and then becomes slightly neg-
ative (easterly) or zero until the early evening. In con-
trast, the meridional wind anomaly reaches its minimum
(northerly) around the noon and its maximum (south-
erly) in the middle of the night (0100 LT), which is
approximately coincident with the time of maximum
rainfall. Based on Fig. 9, the maximum and minimum
times of both specific humidity and CAPE are coincident
with those of local rainfall amount. Zonal wind anom-
alies in the lower troposphere change their direction at
the time of local peak rainfall from easterly to westerly
at Kototabang, and from westerly to easterly at Tabing.

Sequential GMS IR1 data are utilized during this pe-
riod in order to examine the movements of precipitating
cloud systems. Figure 10 shows the diurnal variation of
horizontal distribution of T, averaged over November
2001 around Sumatera Island. Similar to TRMM PR
observed sequential rainfall distribution (Fig. 3), de-
veloping convective cloud tops higher than T,z =
250 K (approximately 8-9-km altitude) appear at 1600
LT over Sumatera Island along the southwestern coast-
line. The peak of cloud-top height first develops over
the land and advances eastward with time during 1900—
2200 LT, and then gradually disappears after expanding
inland at 0100 LT. On the other hand, the high cloud-
top area extends toward the coastal sea region during
2200-0100 LT, and then moves offshore. As mentioned
in the previous subsection, high cloud area over coasta
sea and offshore regions after 2200 LT is considered to
be anvil cloud, generated by cumulonimbus that devel-
oped over inland regions and drifted westward. On the
other hand, several cloud areas develop again inside of
the broad expanded high cloud over the offshore region,
which may not be just a drifted anvil cloud. They seem
to involve a definite mechanism devel oping in the night-
time over the offshore regions, which are discussed in
section 4. As mentioned in the previous sections, the
GMS IR1 sensor, detecting only the cloud-top temper-
ature, does not directly identify the region of strong
rainfall, but the sequence of GMS IR1 imagery shown
in Fig. 10 is roughly consistent with both the diurnal
migration of the rainfall peak and the distribution of
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convective rainfall fraction as shown in Figs. 5aand 5b,
respectively.

Diurnal variations of horizontal wind anomaly and
convergence fields at 200 and 700 hPa derived from the
NCEP-NCAR reanalysis dataset averaged in November
2001 are shown in Figs. 11a and 11b, respectively, in
order to examinethe circulation on the scale of theentire
island of Sumaterafor comparison with the cloud system
and rainfall peak migrations. Each anomaly iscalculated
as a deviation from the daily average value in this pe-
riod. Figure 11b (700 hPa) shows clear convergence
over Sumatera Island at 1300 LT, which then turns to
weak divergence at 1900 LT. Finally, the divergence
over the land region reaches its maximum at 0100 LT.
In contrast, after the divergence reaches its maximum
at 1300 LT over the surrounding ocean, the maximum
convergencefield takes over there at 1900 LT. The ocean
is covered by adeveloped divergence field again, which
is centered on the island, at 0100 LT, and only the areas
with weak convergence are left in the northwestern and
far southwestern sides of Sumatera Island. The diurnal
cycle of the convergence field at 200 hPa (Fig. 11a)
shows good counteragreement with that at 700 hPa. The
sequence of the diurnal cycle in the convergence field
is roughly consistent with the contrast of rainfall peak
time distribution, that is, evening rain over the land and
morning rain over the sea. However, the peak time of
the convergence field appears 4—6 h earlier than that of
rainfall over both the land and searegions. Furthermore,
it does not show the migration of rainfall peak and cloud
system apparent in Figs. 3, 5, and 10 because of large
spatial and temporal resolutions.

4, Discussion

a. Difference of rainfall characteristics between land
and coastal sea regions

In the previous sections, we have examined the dif-
ferences of rainfall characteristics among the inland,
coastal sea, and offshore regions of Sumatera Island
both in nighttime and in daytime. A high stratiform
rainfall ratio was observed over the inland region
through the night and until early morning, and over both
the coastal sea and offshore regions throughout the day.
This result is roughly consistent with those of earlier
studies, but most of these did not describe diurnal var-
iations. Renggono et al. (2001) examined diurnal rain-
fall variations over Serpong (6.4°S, 106.7°E; 50 m above
MSL) in west Jawa and K ototabang by classifying them
into convective and stratiform rainfalls using a BLR.
Our results are amost consistent with their results re-
garding the variation of convective rainfall over the in-
land region, but the amplitude of our stratiform rainfall
variation seems to be weaker. The peak time delay be-
tween stratiform and convective rainfall isup to 3 hin
their study, which is almost similar to our results in
Figs. 2a, 5¢ and 5d (2-3-h delay).
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Fic. 10. Diurnal variation of horizontal distribution of GMS IR1 imagery averaged over Nov 2001. The shaded area
corresponds to Tgg below 250 K. Cloud-top height of Ty = 250 K corresponds to approximately 8-9-km altitude based
on the sounding data in this period.

The increase of convective rainfall compared with the coastal searegion (Fig. 2b). This suggests that most
stratiform in the afternoon over the inland region (Fig.  of the precipitating clouds over the inland region in the
2a) is remarkable, but both convective and stratiform afternoon are composed of isolated convective clouds
rainfalls show similar variations in the nighttime over accompanied by a smaller component of stratiform (an-



2034

NOV2001 O7LT

MONTHLY WEATHER REVIEW

VoLuME 132

10N 10N

5N

5N

EQ

EQ

58 5S

: ((:/ ™

VAR NN

~

mSSUE 95E 100E

NOV2001_ 19LT

105E 110E

10N 200hPa

95E
NOV2001 O1LT

100E 105E 110E

200hPa

5N

EQ

EQ

58 58

5N+

95E

5N 5N

EQ

EQ

58 58

108
95E 9

NOV2001 19LT

100E 105E 110E

700hPa

OE
NOV2001 O1LT

95E 105E 110E

700hPa

10N

5N

EQ

58

\

105E

95E 100E 110E

Fic. 11. Diurnal variations of horizontal

95E 105E

wind anomaly (vectors) and convergence

field (contours) at (a) 200 and (b) 700 hPa derived from the NCEP-NCAR reanalysis
dataset averaged in Nov 2001. Each anomaly is calculated as a deviation from the

monthly average value in this period.

vil) clouds. This feature is consistent with the result of
Neshitt and Zipser (2003), who showed that the rainfall
maximum in the afternoon consists of small (non-MCS)
features over land based on the TRMM 3-yr (1998—
2000) database of precipitation features (PFs). After the
total rainfall reaches its peak at 1700-1800 LT in the
evening, the convective rainfall fraction decreases with
time. In contrast, the convective rainfall fraction main-
tains approximately 50%—60% throughout the day over
the coastal sea region. Especially, convective systems

composed of developed cumulonimbus with spread an-
vil are suggested to be a major portion of the precipi-
tating clouds over the coastal searegioninthenighttime.
However, because the peak times of convective and
stratiform rainfalls are coincident over the coastal sea
region in the early morning (around 0300—0600 LT) as
shown in Figs. 5¢c and 5d, life cycles of convective
cloud, eventually developing into an MCS, do not seem
to be reasonable compared with those over the inland
region in the late evening. Another possibility to be
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mentioned in the next subsection is that stratiform rain-
fall over the coastal searegion comes from spread anvil
clouds associated with developed cumulonimbus over
the inland region conveyed by upper easterly winds.
Neshitt and Zipser (2003) showed that PFs with MCSs,
developing mainly over the southwestern land region of
Sumatera Island in the evening, started to expand their
territory over the coastal sea region in the nighttime.
This feature is also consistent with our results and sup-
ports the explanation of much stratiform rainfall fraction
over the coastal sea region. Considering that the total
rainfall amount over the southwestern coastal searegion
is much greater than that over the land region as shown
in Figs. 1laand 2, the latter process (advection of upper
anvil clouds from the inland region) seems to be rea-
sonable, and the anvil could have played the role of
seeder cloud to the middle layer cloud beneath it. Sim-
ilar kinds of heavy rainfall systems over the leeward
side of the mountains, in which an upper-layer cloud
(anvil) advected from the windward side of the mountain
enhances the surface rainfall by seeding to the middle-
layer cloud, have been studied (e.g., lwanami et al.
1988; Takeda and Takase 1980). This may be one pos-
sible mechanism to explain why more rainfals are
shown over the farther offshore region (~300 km) in
the early morning (Figs. 5a and 10).

Takayabu (2002) also distinguished convective and
stratiform rainfalls in the diurnal variations using
TRMM PR on both the land and the ocean over the
entire globe. However, special attention has to be paid
to the data over the ocean becauserainfall characteristics
are completely different between the coastal sea (in-
cluding the offshore region in Fig. 1a) and isolated
ocean regions, as shown in Figs. 1b and 5. The location
of the boundary between these regions might be con-
trolled by how far the rainfall peak migrates toward the
offshore region. The distance of the rainfall peak mi-
gration for Sumatera Island is approximately 500 km
off the southwestern coastline as shown in Fig. 5. Yang
and Slingo (2001) showed phase propagation of the di-
urnal harmonic of cloud brightness temperature toward
the offshore region in severa areas, for example, the
Bay of Bengal, southwestward away from the Mexican
coast, and off the West African coast, as well as In-
donesian islands including Sumatera. The rainfall peak
of the Bay of Bengal extends its phase propagation up
to 1000 km from the coastline with a propagation speed
of 15-20 m s~*. Based on the results of previous sec-
tions, the characteristics of rainfall (e.g., convective
rainfall fraction) over these regions are aso thought to
differ between the land and the offshore regions. Hence,
it is appropriate to classify the globe into three regions
of 1) land, 2) coastal sea region within 500-1000 km
from the coastline, and 3) isolated ocean far from the
coastline, similar to those definitions of Petersen and
Rutledge (2001), when we examine the diurnal rainfall
variation and its interaction with the large-scale atmo-
sphere. Otherwise, the dataset may contain a bias due
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to diurnal rainfall phase propagation (i.e., diurnal rain-
fall peak migration). This categorization seems to be
particularly important when we study the water and en-
ergy circulations over the Indonesian Maritime Conti-
nent because it has huge areas of coastal sea and does
not have the pure characteristics of either land or ocean
for rainfall variations.

b. Characteristics of rainfall peak migrations

Wind variations in the troposphere over both Koto-
tabang and Tabing associated with the rainfall peak mi-
gration and their mechanism are examined in this sub-
section.

Based on the fact that the rainfall peak migrates from
southwest to northeast in the daytime and the time of
peak rainfall is 1600 LT over Kototabang, the variation
of tropospheric wind at 2-3 km (easterly and northerly
wind anomalies before rainfall peak passes through) in
Fig. 9a suggests that circulation converging at the bot-
tom of a convective cloud system located in the south-
western side of Kototabang isresponsiblefor therainfall
peak. Westerly and southerly wind anomalies following
the rainfall peak after 1600 LT are thought to be an
airflow converging toward the convective system lo-
cated in the northeastern side of Kototabang. On the
other hand, the westerly wind anomaly at 2-3 km over
Tabing in Fig. 9f increases from 1300 LT until its peak
at 1900 LT. Then, it tends to decrease (becomes an east-
erly wind anomaly) during the time of heavy rainfall
(23000100 LT) and reaches its minimum at 0100 LT.
Based on the fact that the rainfall peak migrates from
northeast to southwest in the nighttime and the rainfall
peak timeisat 2300—0100 LT over Tabing, the variation
of tropospheric wind at 2—3 km (westerly wind anomaly
before rainfall peak passes through) in Fig. 9f suggests
that a circulation converging at the bottom of a con-
vective cloud system located in the northeastern side of
Tabing is responsible for the rainfall peak. The easterly
wind anomaly following the rainfall peak is thought to
be an airflow converging toward the convective system
located on the southwestern side of Tabing.

Schematic pictures of diurnal land—sea rainfall peak
migration and circulations related to the migration are
shown in Fig. 12 based on the results mentioned above.
Each picture shows a vertical cross section of the do-
main A-B as shown in Fig. 4a, but the horizontal scale
is not the same as that in the figure. Based on the Figs.
6a and 7, westerly and easterly winds prevail over this
area below and above 8 km, respectively. The former
isindicated as‘“W” and the latter as*“E"" in thisfigure,
and they are presumed to be large-scale background
winds as shown in Figs. 6a and 7. First, we consider
the rainfall peak migration toward the inland in the day-
time. The shallow westerly wind, which is supposed to
be a sea breeze (indicate by **'S™"), is observed at Tabing
during 1000-1300 LT as shown in Fig. 8b. If an at-
mospheric instability is suitable, it is reasonable to con-
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ratvibvas

Kototabang

Fic. 12. Schematic pictures of diurnal land—sea rainfall peak migration and circulations related
to the migration. Each picture shows a vertical cross section of the domain A-B as shown in Fig.
4a, but horizontal scale is not the same as in the figure. Each arrow indicates airflow related to
the convection as follows: W: large-scale background wind predominant below 8 km; E: large-
scale background wind predominant above 8 km; L: local land breeze flow below 1 km; S: local
sea breeze flow below 1 km; C: converging airflow at the bottom of migrating convection that
makes the local rainfall peak.



AucGusT 2004

sider that the sea breeze acts as a trigger to generate an
initial convection when the breeze meets the mountain
range located along the southwestern coastline of Su-
matera Island (just northeastern side of Tabing station
as shown in Fig. 4b). Indeed, developing clouds ap-
peared first along the mountain range during 1000—1600
LT in Fig. 10. The developing convection, which is
responsible for the local rainfall peak, migrates inland
with time until the evening as shown in Fig 5a. Based
on the LCL analysis shown in Figs. 9d and 9i, the av-
erage height of the cloud base is presumed to be 1.0—
1.5 km. The developed cloud-top height is roughly 220
K (Tgg) as shown in Fig. 10, which corresponds to 12—
13 km based on sounding data (not shown). Develop-
ment of convection may be due to convergent flows as
indicated by “C"” and ** —C" in Fig. 12 (southwesterly
is positive). After the mature stage at 1900 LT, the de-
veloped convective cloud expands to form a stratiform
anvil cloud area above 8 km in which the easterly wind
is predominant as shown GMS IR1 images in Fig. 10.
Local convergence between the background westerly
wind and the land breeze (indicated as “W" and “‘L,”
respectively, in Fig. 12) is presumed to appear at the
southwestern foot of the mountains, which is shown
after 0100 LT at Tabing in Fig. 8b. Convection develops
and generates rainfall there with converging airflowsin
the middle and lower levels (indicated by “C” and
“—C"” in Fig. 12) during 2200-0100 LT. Based on Fig.
5, we consider that the rainfall peak migrates to the
offshore region until 0700 LT the next morning, against
the background westerly wind in the lower troposphere.

If we consider the migration speed to be a constant
10 m s* from 1300 to 1900 LT, the convection can
move 216 km (D) from west to east over Kototabang.
We also assume two-dimensional zonal airflow and no
divergence in the meridional direction, and the conver-
gence inside of the two-dimensional domain with the
distance of D can be estimated by —(C.;,+ — C,o.7)/D,
which equals approximately 9.7 X 10-¢s-*, whereC, ¢
and C,,; mean local converging airflows over Koto-
tabang at 1300 and 1900 LT, and they can be estimated
from Fig. 9aas —1.1 and 1.0 m s, respectively. This
convergenceis one order of magnitude smaller than that
of a mesoscale disturbance (~10-5 s1) that causes
heavy rainfall in middle latitudes, but it is considered
a reasonable value because the calculation includes 4
days of no rainfall and is averaged over an area of
approximately (300 km)2. Furthermore, the order of the
convergence is roughly consistent with that derived
from the reanalysis dataset as shown in Fig. 11b. On
the other hand, the lower-tropospheric convergence over
the land in the afternoon as shown in Fig. 11b can be
considered in two ways: (a) as a result of the heat con-
trast between the land and ocean, which will cause con-
vection over the land as an average feature, and (b) as
the average feature of cloud formation, as shown in Fig.
10, which causes the convergence over the land in the
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afternoon. Apparently the reverse happens over the
ocean in the late night.

Four main possible driving mechanisms have been
proposed for the diurnal migration of convective sys-
tems: 1) an advection process due to large-scale back-
ground circulation, 2) an interaction between a gravity
current (produced by cold downdrafts from the devel-
oped convective cloud) and an ambient wind near the
surface, which makes a new convergence ahead of the
old cloud system, 3) an upward current caused by grav-
ity waves originating from the adjacent devel oped con-
vective cloud system, and 4) thermal instability of the
lower troposphere propagated by gravity waves origi-
nating in diurnally oscillating heat sources of the day-
time mixed layer over the adjacent coastal land region.
Satomura (2000) examined the diurnal phase delay of
rainfall over the Indochina peninsula, observed by both
GMS (T, and ATgg) and aground-based radar network,
using a two-dimensional, nonhydrostatic, and cloud-re-
solving numerical model. The convective system gen-
erated on the leeside foot in the evening formed a squall
line system and migrated eastward in the nighttime at
5-10 m s~*. The results did not provide a clear mech-
anism of eastward migration but suggested that it might
be a combination of both 1) and 2) because the con-
vection formed a squall line system (i.e., a self-repli-
cating mechanism of a mesoscale convective system)
and it migrated faster than the low-level background
westerly wind speed of 6.5 m s~* at maximum. Shige
and Satomura (2000) have also shown the importance
of 3) in the development of a convective cell into a
meso-B-scale convective system over the tropical ocean
and suggested that a new convection cell adjacent to the
original cell was triggered by process 3) using a two-
dimensional, nonhydrostatic, and cloud-resolving nu-
merical model. On the other hand, Mapes et al.
(2003a,b) and Warner et al. (2003) studied the westward
migration of rainfall peaksto offshore regions at aspeed
of 15-20 m s, against the background westerly wind
in the lower troposphere, in the nighttime over north-
western South America. Based on the results of athree-
dimensional, nonhydrostatic, and cloud-resolving nu-
merical model, they concluded that 4) is a key mech-
anism of rainfall offshore migration in the nighttime.

Based on the observationa results in the previous
sections and the results of earlier studies, both advection
by the background westerly wind in the lower tropo-
sphere and self-replicating mechanisms seem to be cru-
cial causes of the inland migration in the daytime in the
present study. It iseasy to consider the background west-
erly wind as a primary driving force conveying the con-
vective system eastward because the speed of rainfall
peak migration is similar to that of zonal wind in the
lower troposphere. However, our observations are not
sufficiently detailed in space and time to support that
possibility in this study. The self-replicating mechanism
may also contribute to the migration because the mi-
gration speed of 10 m s~ is faster than the maximum
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background wind speed, which suggests that this mech-
anism plays an important role in the migration. In con-
trast to the daytime migration, both self-replicating and
gravity wave mechanisms are thought to be essential
for the rainfall peak migration toward the offshore re-
gion in the nighttime.

5. Concluding remarks

Regional variation of the diurnal rainfall cycle over
Sumatera Island has been examined using TRMM PR,
intensive rawinsonde soundings, GMS, OLR, surface
observation, and objective reanalysis data, and the re-
sults are summarized as follows:

1) Approximately 70% of the rainfall over the inland
region of Sumatera Island during the evening is con-
vective. A sharp peak of convective rainfall in the
evening isfollowed afew hourslater by aweak peak
of stratiform rainfall. In contrast, rainfall from mid-
night until early morning over the surrounding coast-
al searegion includes both convective and stratiform
rain in almost equal measure. The amplitude of this
diurnal variation decreases with distance from the
coastline.

2) Regional variability of rainfall is caused by the mi-
gration of therainfall peak from the coastline toward
the inland region in the daytime and toward the off-
shore region in the nighttime. The distance of each
rainfall peak migration from the coastline is up to
400 km, and the average speed of migration is ap-
proximately 10 m s—*. The convective rainfall ratio
over the land in the daytime reaches its maximum
just before the time of rainfall peak and migrates
inland with time. On the other hand, that over the
ocean in the nighttime is almost unchanged with time
and has no relation to the distance from the coastline.

3) Most convective clouds develop along the south-
western coastline of Sumatera Island (southwestern
foot of the central mountains) between 1300 and
1600 LT. The obvious peak of developing cloud tops
migrates toward the inland region from 1600 to 2200
LT, and its top height decreases gradually until 0100
LT. This life cycle of a cloud system is consistent
with that of rainfall peak migration. On the other
hand, high cloud top extends its area offshore to the
coastal sea region during 2200-0400 LT. The ra-
winsonde sounding data both at K ototabang and Tab-
ing show remarkable diurnal variations of winds at
2-3 km, formed by the convergence below the mi-
grating convective system.

4) The following process is suggested regarding the
rainfall peak migration based on the observational
results. Initial convections in the late morning and
in the late evening are generated along the south-
western foot of the mountains by local convergence
of sea breeze against the mountains and land breeze
against the background westerly wind. The former
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migratestoward inland regions under the background
westerly wind in the lower troposphere until the late
evening accompanied with the local converging flow
around the convection, and extended stratiform anvil
clouds are advected westward by the easterly wind
in the upper troposphere. The latter migrates toward
the offshore region in the nighttime by generating
new convection ahead of it (windward side) probably
through the combination process of self-replicating
and gravity wave mechanisms.

We have examined the diurnal land—sea rainfall peak
migration as a large-scale average feature in this study,
but the case study using 1-month and/or 1-week inten-
sive sounding data do not represent a general climato-
logical feature. Hence, it isimportant to proceed to high-
ly detailed studies of individual cases more, employing
not only the observation techniques used in this study
but also both a ground-based radar system and a nu-
merical model simulation as a next step. In addition,
seasonal and intraseasonal differences of the migration
features have to be examined in a future study.
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