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Abstract

This paper presents an overview of the HARIMAU2010 campaign focusing on convective activity with the diurnal
rainfall meridional march (DRMM) over Jakarta, which is located on the northern coast of Jawa Island of the
Indonesian maritime continent (IMC), based on 1-month intensive observations by a C-band Doppler radar
and multi-point atmospheric sounding array conducted during 16 January–14 February 2010. The campaign
period corresponded to a phase after large-scale Madden–Julian oscillation (MJO) active convections passed
over Jakarta (MJO inactive phase). The cross-equatorial northerly surge (CENS) intruded into the Jawa Sea with a
cold tongue (CT) of sea surface temperature (SST) in the beginning of the period (CENS active period: 16–26
January), and then, it started to retreat (transition period: 27 January–05 February); afterward, only a few signs of
it were apparent (CENS inactive period: 06–14 February). The observational results showed that (1) rainfall over
Jakarta has the nature of DRMM during the MJO inactive phase at least, (2) the DRMM is likely driven primarily
by “land-breeze”-like local meridional circulation, and (3) the meridional spatiotemporal variation of rainfall over
Jakarta is thus controlled by activities of both the CENS and CT over the Jawa Sea.

Keywords: Indonesian maritime continent (IMC), Land–sea breeze circulation, Diurnal cycle, Cross-equatorial
northerly surge (CENS), Madden–Julian Oscillation (MJO), Cold tongue (CT)

Introduction
The Indonesian maritime continent (IMC) lies along the
equator and has a zonal width of more than 5000 km. It is
composed of various-sized islands with massive orography
and complicated coastlines, which are surrounded by
oceans with high sea surface temperature (SST). Conse-
quently, a substantial amount of rainfall is produced over
the IMC by various kinds of convective activities both in
time and space. These convective activities play a major
role as an energy source that drives the Walker and
Hadley circulations through released heat and moisture

transport (Ramage 1968). Satellite observations have
shown that the spatial distribution of tropical rainfall is
not homogeneous, and it tends to be well concentrated in
“coastal regions,” which can be defined as regions within a
distance of 300 km from the coastlines (Ogino et al. 2016,
2017). For example, a coastal heavy rainband (CHeR)
formed by diurnally developed convections along the
western coastline of Sumatera Island, Indonesia, was iden-
tified clearly by satellite and radar observations (Mori
et al. 2011). Thus, the IMC with its long coastlines
receives more substantial rainfall amounts than those over
other regions in the tropical lands and open oceans.
Diurnally developed convections and local circulations

over the IMC have been studied widely, in particular
over equatorial western Sumatera Island (e.g., Wu et al.

* Correspondence: morishu@jamstec.go.jp
1Japan Agency for Marine-Earth Science and Technology (JAMSTEC), 2-15
Natsushima-cho, Yokosuka 237-006, Japan
Full list of author information is available at the end of the article

Progress in Earth and
      Planetary Science

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Mori et al. Progress in Earth and Planetary Science  (2018) 5:47 
https://doi.org/10.1186/s40645-018-0202-9

http://crossmark.crossref.org/dialog/?doi=10.1186/s40645-018-0202-9&domain=pdf
http://orcid.org/0000-0002-6611-3679
mailto:morishu@jamstec.go.jp
http://creativecommons.org/licenses/by/4.0/


2003, 2009a; Mori et al. 2004, 2006, 2011; Sakurai et al.
2005, 2009, 2011; Shibagaki et al. 2006a; Hamada et al.
2008; Kawashima et al. 2011) and in relation to intrasea-
sonal variations (ISVs) including the Madden–Julian os-
cillation (MJO, Madden and Julian 1972) (e.g., Shibagaki
et al. 2006b; Fujita et al. 2011; Kamimera et al. 2012).
These studies were based on a number of campaign-
related observations that were collected by using X-band
Doppler radars, intensive atmospheric soundings, rain
gauge networks, disdrometers, and surface weather sta-
tions, as well as satellite observations. Results from those
previous studies have shown the nature of diurnal land–
sea migrations of precipitating systems, their variations
with the MJO, and seasonal migration patterns; further-
more, such works resulted in the climatological identifi-
cation of the CHeR along the southwestern coastline of
Sumatera. Recently, Yokoi et al. (2017) examined the
mechanism of a diurnal migrating precipitating system
along the southwestern coastline of Sumatera by using
mainly intensive atmospheric soundings and both ship-
board and ground-based C-band radars during Novem-
ber–December 2015 for a preliminary campaign of the
Years of the Maritime Continent (YMC); the results of
their research implied that there is a crucial role of off-
shore preconditioning by gravity waves. See Yamanaka
(2016) and Yamanaka et al. (2018) for more comprehen-
sive reviews of field observational studies over the IMC.
Jakarta, the capital megacity of Indonesia located in

the northwestern “coastal region” of Jawa Island,
Indonesia (Fig. 1), has frequently suffered from serious
floods in the downtown areas and landslides in the
mountain foothill regions caused by torrential rainfall
events, which occurred mainly during the boreal winter
season from December to February (Wu et al. 2007,
2013; Trilaksono et al. 2011, 2012; Sulistyowati et al.
2014); this timeframe corresponds to the primary rainy
season around Jakarta (e.g., Hamada et al. 2002, 2012).
Therefore, it is crucial to clarify the environmental condi-
tions associated with torrential rainfall events and obtain a
better understanding of the generation and development
mechanisms to ensure the socioeconomic security of the
coastal megacity Jakarta, as well as to contribute to the
current meteorological and climatological points of view.
Wu et al. (2007) conducted case studies of torrential rain-
fall that occurred in January–February 2007 around
Jakarta based on the Quick Scatterometer (QuikSCAT)
sea surface winds and both operational sounding and
radar observation data. They found that these events were
generated by the interaction between cross-equatorial
northerly surges (CENSs) intruding into the Jawa Sea from
the Northern Hemisphere (Hattori et al. 2011) and local
circulations over Jakarta, which were closely related to
diurnally developed convections over mountain foothill
regions in southern Jakarta. In addition, convective

activities over the IMC are known to be significantly
affected by eastward traveling synoptic disturbances of the
MJO or ISV. A case study of the extreme rainfall that
occurred during January 2013 over Jakarta showed that an
active phase of the MJO approaching the IMC played an
essential role in the development of long-lasting convec-
tions, which were generated by interactions between the
CENS in the Jawa Sea and diurnal local circulations over
Jawa Island (Wu et al. 2013). Furthermore, Trilaksono
et al. (2011, 2012) examined the same case as Wu et al.
(2007) by using the Japan Meteorological Agency (JMA)/
Meteorological Research Institute (MRI)–nonhydrostatic
model (JMA/MRI–NHM: Saito et al. 2006) and suggested
the importance of a cold anomaly in the lower tropo-
sphere associated with the CENS, which may be essential
for generating the extreme rainfall that results in serious
flooding in Jakarta; notably, there was fine horizontal reso-
lution in the model simulations, which allowed them to
resolve the complicated topography and diurnally devel-
oped local circulations.
Early in the observation history, van Bemmelen (1922)

first examined diurnal variations of local winds over Ba-
tavia (the old name for the capital Jakarta in the Dutch
colonial era) scientifically based on pilot balloon obser-
vations in 1905–1915 and found a pronounced land–sea
circulation in the lower troposphere that showed a pre-
dominant northerly sea breeze in daytime below a height
of 1 km with a counter southerly flow above and a com-
paratively weak southerly land breeze in reverse during
the nighttime to the early morning period. Since then,
the local winds, namely, land–sea circulations, and their
relation to convective activity over Jakarta have been
widely studied by Hashiguchi et al. (1995a, 1995b,
1995c), Hadi et al. (2000, 2002), Renggono et al. (2001),
and Araki et al. (2006). These works were conducted by
using an L-band wind profiling radar (WPR, also named
as a boundary layer radar (BLR)), which was located at
Serpong (Fig. 1b) in the southern part of the “greater
Jakarta” region (Jakarta city and surrounding urban
agglomerations of Jakarta, Bogor, Depok, Tangerang, and
Bekasi (JABODETABEK); hereafter, just referred to as
Jakarta) shown as the area surrounded by a solid blue
line in Fig. 1b. These researchers thoroughly examined
the nature of these circulations and possible mecha-
nisms, although the data obtained were basically lim-
ited to only vertical measurements at one place rather
than spatiotemporal images from the Geostationary
Meteorological Satellite (GMS). Recently, Realini et al.
(2014) and Oigawa et al. (2017) examined the spatio-
temporal variation of precipitable water vapor (PWV)
and its relation to diurnally developed convections by
using a multi-point global satellite navigation system
(GNSS) over Jakarta and Bandung, as well as C-band
and X-band radars, respectively. In addition, numerical
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model simulations have been utilized to diagnose inter-
actions between local winds, namely, land–sea circula-
tions and diurnally developed convections over Jakarta,
and the results implied a vital role of the CENS or cold

tongue (CT) of SST over the South China Sea (SCS) in
generating active convections at the land-breeze front,
in particular for nocturnal heavy precipitation around
the coastal region (Trilaksono et al. 2011, 2012; Koseki

Fig. 1 Area of study for the HARIMAU2010 campaign. a Topographical maps of Indonesia and b the western part of Jawa Island. Rectangles in
black, red, and blue solid lines in panel a indicate a location in panel b, definition areas for CENS (5.0° S–EQ, 105° E–115° E), and definition areas
for CT (2° N–10° N, 105° E–112° E), respectively. The four closed black circles indicate the sounding stations used in the present study: PMK, SER,
KRW, and BGR stand for Pramuka, Serang, Karawang, and Bogor, respectively. A small open circle shows the location of the Cengkareng (CGK)
BMKG meteorological station for the Jakarta Soekarno–Hatta International Airport. The middle point between Serang and Karawang is indicated
as Cengkareng* (CGK*) with an open triangle, and it was used for the analyses in Figs. 7 and 9. SRP with a plus sign stands for Serpong, where
both the C-band Doppler radar (CDR) and wind profiling radar (WPR) are installed; the large open circle indicates the observational range
(105 km in radius) of the CDR volume scan mode. Large three rectangles depicted by solid black lines over Jakarta (106.0° E–107.5° E)
indicate the areas for GSMaP rain analyses in Fig. 3, which included coastal sea (6.0° S–5.5° S), land (6.5° S–6.0° S), and mountain foothill
(7.0° S–6.5° S) regions. The rectangle depicted by the dashed red lines indicates the area (7.0° S–5.5° S, 106.25° E–107.15° E) for CDR data
analyses in Figs. 6, 7, 8, and 9. The area surrounded by a solid blue line shows the “greater Jakarta” region (Jakarta city and surrounding
urban agglomerations of Jakarta, Bogor, Depok, Tangerang, and Bekasi (JABODETABEK); hereafter, just referred to as Jakarta)
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et al. 2012); however, no spatiotemporal radar or in situ
observational data have been examined yet.
As the final campaign of the 5-year Japan Earth Obser-

vation System (EOS) Promotion Program (JEPP)–Hydro-
meteorological Array for ISV-Monsoon Automonitoring
(HARIMAU) project (2005–2010, Yamanaka et al. 2008),
we have carried out an integrated observation study,
named HARIMAU2010 from 00 UTC (coordinated uni-
versal time) on 16 January 2010 to 24 UTC on 14 Febru-
ary 2010 (30 days) during the major rainy season over
Jakarta. As shown in Fig. 1b, we deployed a C-band Dop-
pler radar (CDR), intensive atmospheric sounding net-
work, and surface weather stations during the campaign
period so as to investigate the nature and spatiotemporal
variation of convective activities that can generate torren-
tial rainfall over Jakarta as well as those interactions
among the MJO, CENS, and CT. This paper provides an
overview of the HARIMAU2010 campaign and examines
the spatiotemporal variation of diurnally developed con-
vections over Jakarta by focusing on their relation to local
circulations as the first case study based on CDR observa-
tions with a multi-point sounding array.

Methods/Experimental
Figure 1 shows the topography of the western part of
Jawa Island along with the locations of observational
sites for this study, which are described in detail in the
following subsections. Jakarta is located at the most
northern tip of a plain extending between the mountain
range and Jawa Sea to the south and north, respectively.
Averaged precipitation over the region is approximately
2000 mm year− 1 and 400 mm month− 1 in the rainy
season (Hamada et al. 2012). Local time (LT) used in
this study represents West Indonesian standard time
(WIB) over the western part of Indonesia (WIB merid-
ian: 105° E) including Jakarta (LT = UTC + 7 h). There-
fore, the sunrise (sunset) time over Jakarta is
approximately 06 (18) LT throughout the year.

C-band Doppler and wind profiling radars
We employed the CDR and WPR installed at Serpong
(6.40° S, 106.70° E, 46 m above mean sea level (AMSL))
to observe the behaviors of convections over Jakarta and
wind profiles, respectively, with high temporal and
spatial resolutions. Major specifications of the CDR and
WPR are summarized in Table 1. The CDR obtains the
three-dimensional reflectivity and Doppler velocities
every 6 min through a series of conical scans with an-
tenna elevations ranging from 0.6° to 50° (volume scan
mode) and surveillance observations at one elevation
angle (0.6°). Observation radii of the CDR were 105 km
(Fig. 1b) and 175 km for the volume scan mode and
surveillance observations, respectively, and only the
former data were examined in the present study.

Data obtained by the CDR were first processed by the
Sigmet “interactive radar information system (IRIS)”
(Vaisala 2008), and the following three signal filters were
applied: “log receiver signal-to-noise ratio (LOG),” “clut-
ter-to-signal ratio (CSR),” and “signal quality index
(SQI).” Range bins with LOG < 1.0 dB, CSR < 23 dB, and
SQI < 0.4 were omitted as “no data,” which is where re-
flectivity was below the noise level and Doppler velocity
was not available. Then, the IRIS “speckle filter” was ap-
plied to remove isolated data bins that must not have
been weather targets, for example, towers and aircrafts.
Atmospheric gaseous attenuation was corrected by
0.0016 dB km− 1 as the IRIS default setting, whereas rain
attenuation was not applied to the obtained data because
only qualitative rain distributions were analyzed in the
present study and no quantitative discussions were pre-
sented,1 for example, comparisons with ground-based
rain gauge data or satellite-derived rainfall data. The area
between 6.83° S and 6.72° S was disregarded from the
analyses because of the serious ground clutter below

Table 1 Major specifications of Serpong CDR and WPR, and their
operating condition during the HARIMAU2010 campaign

Parameter Value

Radar C-band
Doppler radar
(CDR)

Wind profiling radar
(WPR)

Location Serpong (6.40° S, 106.70° E, 46 m AMSL)

Manufacturer
and model

Toshiba
Corporation
JMA-237B

Sumitomo Electric Industries
(SEI) WPR LQ-0 (with
3-Parabolic Antennas)

Frequency 5.320 GHz 1357.5 MHz

Peak power 140 kW 400 W

Pulse width 1.0 μs 0.67 μs

Pulse
repetition
frequency
(PRF)

1800 Hz
(surveillance)

10 kHz

1360 Hz
(volume scan)

Beam width 0.98° 7.6°

Signal
processor

Sigmet RVP8 SEI LQ

Maximum
range

175 km
(surveillance)

0.3–10 km (vertically)

105 km (volume scan)

Sampling
resolution

200 m 100 m

Antenna
rotation speed

30° s−1 –

Elevation
angles

0.6°
(surveillance)

Beam directions (Az, Ze) (0°,0°),
(0°,15°), (90°,15°)

0.6°–50.0°
(18 elev./volume scan)

Scan interval 6 min 1 min
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2 km AMSL caused by the mountain range in the south-
ern part of Jawa Island, as shown in Fig. 1.
The reflectivity and radial Doppler velocity were in-

terpolated over the Cartesian coordinates with grid in-
tervals of 0.5 km (421 grids × 421 grids in a 105 km ×
105 km square) in the horizontal and 0.5 km in the ver-
tical (40 levels from 0.5 to 20 km AMSL) plane for this
study. Reflectivity fields were partitioned into convect-
ive and stratiform regions by using a technique pro-
posed by Steiner et al. (1995). We calculated the hourly
rainfall rates from the reflectivity field by using Z–R re-
lations for each rainfall type, where Z and R are the
radar reflectivity (dBZ) and rainfall rate (mm h− 1), re-
spectively. In this study, we employed the Z–R relations
as first-guess values for rainfall rate estimations in the
Tropical Rainfall Measuring Mission (TRMM) 2A25
version 5 algorithm, i.e., Z = 148 R1.55 for convective
rainfall, Z = 276 R1.49 for stratiform rainfall (Schuma-
cher and Houze Jr., 2003), to facilitate comparisons of
the rainfall characteristics among various regions. Then,
the rainfall rates were averaged over the maximum
volume-scan coverage area to estimate radar echo
coverage (%) in the following analyses. Radar echo
coverage was defined as the area of radar echo (km2)
with a radar reflectivity of more than 10 dBZ at a spe-
cific height divided by the area of radar detection (km2)
at the same height. The CDR data used in the present
study started from 09 LT on 17 January 2010 because
of electrical troubles and ended at 07 LT on 15
February 2010.
The WPR obtained three components of the wind vel-

ocity with high spatiotemporal resolutions (see Table 1)
during the campaign period successfully. The WPR data
were valuable for analyzing the fine structures of the
wind distribution in and out of mesoscale convections

around the Serpong WPR site as a number of previous
studies have showed, e.g., Hashiguchi et al. (1995a,
1995b, 1995c), Hadi et al. (2000), Renggono et al. (2001),
and Araki et al. (2006). However, the WPR data were
not analyzed in this paper because these data were not
suitable for direct comparisons with spatiotemporally
averaged CDR and atmospheric sounding array data over
the “greater Jakarta” region, which are mentioned later
in detail.

Intensive atmospheric soundings
We made intensive soundings from 00 UTC on 16
January to 24 UTC on 14 February 2010 (30 days) at
6-h intervals and additional 3-hourly soundings from
00 UTC on 24 January to 24 UTC on 06 February
2010 (14 days) at Pramuka (05.74° S, 106.62° E, 1 m
AMSL), Serang (06.11° S, 106.13° E, 71 m AMSL),
Karawang (06.39° S, 107.51° E, 53 m AMSL), and
Bogor (06.58° S, 106.79° E, 248 m AMSL) to obtain
the atmospheric structure at sub-diurnal temporal
scales. In addition, we employed operational (00 and
12 UTC) and extra (06 and 18 UTC) sounding data
obtained at Cengkareng (06.11° S, 106.65° E, 9 m
AMSL), where there is a meteorological station for
the Jakarta Soekarno–Hatta International Airport
managed by the Agency for Meteorology, Climatology
and Geophysics, Indonesia (BMKG). Locations of
sounding stations are depicted in Fig. 1b, and specifi-
cations for the sounding time and types of transmit-
ters, receivers, and balloons are summarized in
Table 2. All soundings provided vertical profiles of
pressure, temperature, relative humidity, and horizon-
tal wind every 2 s, which corresponded to a height
resolution of approximately 10 m, and the data were
averaged vertically into 100-m intervals. In addition,

Table 2 Specifications of intensive sounding network during the HARIMAU2010 campaign. (00 UTC 16 January–24 UTC 14 February
2010)

Site name Bogor Pramuka Serang Karawang Cengkareng

Location 06.58° S
106.79° E

05.74° S
106.62° E

06.11° S
106.13° E

06.39° S
107.51° E

06.11° S
106.65° E

Height (AMSL) 248 m 1 m 71 m 53 m 9 m

Sounding time (UTC) 00, 03, 06, 09, 12, 15, 18 (24 January–06 February)
00, 06, 12, 18 (other period)

00, 06
12, 18

Missing data period – 00 UTC 16–06 UTC 17 January – 00 UTC 17–12 UTC 20 January –

Transmitter Vaisala RS92-SGPD Meisei RS-06G

Receiver Vaisala
MW15

Vaisala
MW31

Vaisala
MW21 (MW15 used until 18 UTC 16 January)

–

AWS Vaisala
MAWS201

Davis Weather Monitor II (All data missing due
to troubles)

–

Disdrometer Persivel
M300

– – – –

Rainwater sampling X X – – –
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3-hourly interpolated data were created during the
6-hourly sounding period at each station for the
following analyses.
We adopted the sounding stations at Pramuka (PMK),

Serang (SER), Cengkareng (CGK), Karawang (KRW),2 and
Bogor (BGR) for representative locations of the “coastal
sea” over the Jawa Sea, western, central, and eastern
“coastal land,” and “mountain foothills” of southern
Jakarta, respectively, as shown in Fig. 1b. However, we
found serious biases in the operational sounding data col-
lected at Cengkareng, in particular for the relative humid-
ity in the lower troposphere as well as the temperature
and wind data. Therefore, we made a composite dataset as
a proxy of the soundings at Cengkareng by using those
data obtained at both Serang and Karawang, and then, we
used it in the following analyses designated as “Cengkar-
eng* (CGK*)” at the middle point (06.25° S, 106.82° E,
62 m AMSL) between Serang and Karawang (see Fig. 1b),
the representative location of “central coastal land.” In
addition, portions of sounding data in the beginning of
the campaign were lacking because of receiver troubles at
Pramuka and Karawang (see Table 2 for details).

Surface observations
Automatic weather stations (AWSs) were deployed at
Bogor, Pramuka, Serang, Serpong (Vaisala MAWS201),
and Karawang (Davis Weather Monitor II). They provided
surface pressure, temperature, relative humidity, solar ra-
diation, wind direction and speed, and rainfall data. The
minimum sensitivity for the rainfall amount and the tem-
poral resolution of the recorded data were 0.2 mm and
1 min, respectively. However, the whole AWS dataset ob-
tained at Karawang was lost during a mechanical malfunc-
tion. Raindrop size distribution data were obtained every
1 min with a Parsivel M300 optical disdrometer at Bogor.
Moreover, rainwaters were sampled at Pramuka, Bogor,
and the Pondok Betung BMKG station (06.25° S, 107.61°
E, 26 m AMSL) every 3 or 6 h for stable isotope analyses
(e.g., Fudeyasu et al. 2011; Belgaman et al. 2016), though
these data are not examined in this paper.

Other data
Optimum interpolation sea surface temperature (OISST;
Banzon et al. 2016) and blended sea winds (BSW; Zhang
et al. 2006) data provided by the U.S. National Oceanic
and Atmospheric Administration (NOAA) and objective
reanalysis data (Kalnay et al. 1996) supplied by the U.S.
National Centers for Environmental Prediction (NCEP)
were used to analyze large-scale environmental condi-
tions over the Jawa Sea and Jawa Island during the cam-
paign period. The spatiotemporal resolutions of the
OISST and BSW datasets were 0.25° × 0.25° and 1 day,
and those of the NCEP reanalysis were 2.5° × 2.5° and
1 day. An all-season real-time multivariate MJO (RMM)

index (Wheeler and Hendon 2004) provided by the Bureau
of the Meteorology Research Centre (BMRC) of Australia
was also used to confirm the phases of MJO activity during
this period. A global satellite mapping of precipitation
(GSMaP; Okamoto et al. 2005) near-real-time (NRT) data-
set provided by the Japan Aerospace Exploration Agency
(JAXA) was used to examine the temporal and spatial dis-
tribution of rainfall over the whole IMC region. In addition,
the GTOPO30 (U.S. Geological Survey 1993) global digital
elevation model (DEM) dataset with a spatial resolution of
30-min arcseconds was used to confirm the area of radar
detection and depict the topography around the study re-
gion. Moreover, we made numerical model simulations for
experimental near real-time rainfall forecasts over Jakarta
with the JMA/MRI-NHM, though those results are not
presented in this paper because their reproducibility has
not been validated sufficiently for analyses yet.

Results
Synoptic view during the campaign period
A Hovmöller diagram of the GSMaP rain rate and NCEP
wind barbs at 925 hPa during January–February 2010 is
shown in Fig. 2 along with a RMM diagram for the same
period. Although a large-scale disturbance recognized as
a MJO passed over the IMC region in early January, only
small-scale and isolated rain areas were identified over
western Jawa (106°–107° E) during the campaign period
of 16 January–15 February 2010. Westerly wind pre-
vailed over the IMC in the beginning of the campaign
period, which blew into the convection center of the
MJO in the east. As a result, the northwestern part of
Jawa including Jakarta city was regarded as being in the
MJO inactive phase and free from effects caused by such
large-scale equatorial disturbances. Indeed, the RMM
index (Fig. 2b) showed that the center of the MJO activ-
ity passed through the IMC (regions 4–5) by 20 January
2010, and then it reached into the western Pacific Ocean
(regions 6–7) in February.
Each panel in Fig. 3 shows (a) temporal variations of

the NCEP horizontal wind vectors and meridional wind
speed (shade) at 925 hPa, (b) the CENS index defined as
the area averaged meridional sea surface wind over 105°
E–115° E, 5° S–EQ (Hattori et al. 2011) based on BSW
data, (c) the CT index defined as the area averaged SST
at 2° N–10° N and 105° E–112° E based on OISST data
(Koseki et al. 2012), (d) the area averaged GSMaP daily
rainfall over the western part of Jawa including Jakarta
shown in the rectangular areas in Fig. 1b, and (e) the
CDR echo coverage at a height of 2 km with the con-
vective echo fraction during the campaign period. As
seen in Fig. 3a, CENS originated from the far north (>
20° N) Siberia–Mongolia area and ran through the East
and South China Seas, and then it finally intruded into
the northern coastline of Jawa Island (6° S), with the
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Fig. 2 (See legend on next page.)
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largest negative CENS index at < − 5 m s− 1 (Fig. 3b; we
used the definition of a “CENS event” by Hattori et al.
2011) at the beginning of the campaign (16 January).
This was followed by a short break period (19–24 Janu-
ary), and then its strength decreased gradually with time
until the end of the campaign (14 February). As a result,
moderate northerly wind up to 3–4 m s− 1 prevailed over
Jakarta in the first half of the campaign followed by weak
southerly wind less than 2 m s− 1 in the latter half of the
period, though northerly wind was still observed over
the Jawa Sea. Simultaneously, the CT index (Fig. 3c)
reached its minimum on 17 January and then increased
gradually with intermittent minimal peaks. Conse-
quently, the campaign period was regarded as a with-
drawal or weakening phase of both the CENS and CT
from the synoptic point of view.
Figure 3d shows the area averaged daily rainfall over

the western part of the Jawa Island, which is divided into
the coastal sea (red), land (green), and mountain foothill
(gray) regions as shown in Fig. 1b.The daily rainfall over
the coastal sea and land regions before the campaign
started showed maximums of approximately 60 mm and
90 mm, respectively, while that over the mountain foot-
hills was below 20 mm. Conversely, the values were
comparatively small (i.e., mostly below 20 mm) in the
former 20 days (16 January–04 February) except on 26
and 29 January over the coastal sea and land regions. On
the other hand, the daily rainfall over the mountain foot-
hill region amounted to more than 50 mm in the latter
10 days (05–14 February) while that over the coastal sea
and land regions stayed mostly below 30 mm and
10 mm, respectively. The total CDR echo coverage
(Fig. 3e) in the beginning of the campaign showed diur-
nal variations with peaks of around 25–40% until 23
January. The convective echo fraction during the same
period had similar variations with peaks below 20% just
in advance of each peak in the total echo coverage. Con-
versely, diurnal peaks of convective echo fractions after
23 January increased gradually from approximately 20 to
30% until 13 February when the next northerly wind
approached Jawa Island, though they decreased a little
over a short period during 28 January and 02 February.
Time–height cross sections of sounding data during

the campaign period obtained at Bogor, where the most
southern sounding station is located alongside the
mountain foothills, are presented in Fig. 4. We first ex-
amined the data obtained at Bogor because this was the

only station that had no missing data period during the
campaign, including for 3-hourly soundings (Table 1),
and it was one of the fundamental stations used for fur-
ther analyses in the following subsections. Although me-
ridional wind in the lower troposphere (Fig. 4d) showed
a weak northerly component in the beginning of the
period, which was consistent with the sign of the CENS
in Fig. 3a, it was not sustainable and was followed by a
frequent southerly component by the end of the period.
Meanwhile, zonal wind (Fig. 4c) in the lower tropo-
sphere showed a westerly velocity of more than 10 m s−
1 in the beginning of the campaign period, which blew
into the MJO convection center located in the western
Pacific Ocean as mentioned above. On the other hand,
that in the upper troposphere was strong easterly wind,
which formed stable vertical wind shear, and this wind
was strong in the former half of the period. The westerly
wind in the lower troposphere decreased by the end of
January and then changed into weak easterly wind in the
latter half of the period. This zonal wind regime, i.e.,
strong westerly, westerly, and easterly winds, also char-
acterized the three sub-periods of the campaign.
Although equivalent potential temperature (Fig. 4a)

showed vital diurnal variations throughout the analysis
period, it displayed a cold anomaly in the former half of
the period followed by a warm anomaly, which occurred
5–10 days in advance of the zonal wind shift in the lower
troposphere. The specific humidity (Fig. 4b) showed
massive dry layers in the middle troposphere around a
height of 5 km in the beginning (16–20 January) and the
end (10–14 February) of the analysis periods as well as di-
urnal variations in the lower troposphere. Sounding data
in the middle to upper troposphere, i.e., above a height of
5 km, which were observed at all five stations, had quite
similar synoptic characteristics to those data collected at
Bogor (figures not shown) because they were obtained
within a horizontal range of 100 km at maximum (see
Fig. 1b). Those in the lower troposphere, however, showed
pronouncedly different features from each other in par-
ticular from the point of their diurnal variations, which
are described in detail in the following subsections.
Based on the results of the synoptic views above, we

divided the campaign period into three 10-day sub-
periods as follows: period-I (16–25 January 2010),
period-II (26 January–04 February 2010), and
period-III (05–14 February 2010), hereafter referred to
as the CENS active, transition, and inactive periods,

(See figure on previous page.)
Fig. 2 Synoptic disturbances during the campaign period. a Hovmöller diagram of the GSMaP rain intensity with NCEP wind vectors at 925 hPa
and b the RMM index based on data distributed from the BMRC during January and February 2010. The vertical line in panel a indicates the
longitudinal location Serpong, Jakarta (106.7° E). The vertical arrow between the two horizontal lines shows the period of the HARIMAU2010
campaign (16 January–14 February 2010). Open and closed circles in panel b show daily positions of the MJO center during the campaign period
and starting/ending dates of the campaign, respectively
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Fig. 3 (See legend on next page.)
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respectively, for convenience in the analyses. The
CENS and CT indices and brief descriptions of the
lower troposphere in each sub-period are summarized
in Table 3.

Meridional march of diurnal rainfall over Jakarta and local
circulations
Figure 5 shows the daily and diurnal variations of surface
rainfall during the campaign period observed by AWSs
at Pramuka (a), Serang (b), Serpong (c), and Bogor (d),
which correspond to the north (coastal sea), west
(coastal land), central (plain), and south (mountain foot-
hills) areas of the sounding array, respectively, as shown
in Fig. 1b. Note that the AWS data at Serang were
employed as “coastal land” because there was no AWS
installed at Cengkareng and that at Karawang was com-
pletely in a no data status during the whole campaign
period (see Table 2). Diurnal rainfall over the “coastal
sea” observed at Pramuka increased rapidly after sunset
around 18 LT; its primary peak occurred at 21 LT. Then,
it decreased gradually until 06 LT with a secondary peak
at 03 LT. This diurnal variation seems to be a combin-
ation of typical variations over the land with evening
showers and over the sea with nocturnal rain. The Pra-
muka daily rainfall was comparatively large in the mid-
dle of the campaign period (25 January–5 February), but
not much occurred at both the beginning and ending of
the period. The rainfall over the “coastal land” observed
at Serang (Fig. 5b) did not show any specific diurnal
peaks or daily variations, though there was a slight ten-
dency for more rainfall in the early morning (late even-
ing) in the former (latter) half of the period, whereas
that over the “plain” area observed at Serpong (Fig. 5c)
showed weaker and gentle diurnal peaks in the after-
noon at 12 LT and 16 LT according to period averaged
characteristics throughout the whole period without spe-
cific daily variations. Conversely, that over the “foothills”
observed at Bogor (Fig. 5d) showed a pronounced diur-
nal variation with a striking peak at around 17 LT as an
averaged appearance (right panel), though the peak time
varied much day by day during the period. In addition,
the daily rainfall amount increased gradually from the
beginning to the end of the period with a phase delay of
the diurnal rainfall peak from around noon (11 LT) to
the evening (18 LT). Similar phase delay features were
also seen at the other AWS stations but around differen-
tial local times, e.g., at Pramuka (Fig. 5a) from 18 LT to

03 LT in the beginning to middle of the period, though
this was not so clear in comparison with that in Bogor
(Fig. 5d). These findings indicate that diurnal and daily
rainfall variations over Jakarta have quite different char-
acteristics along the meridional direction perpendicular
to the coastline.
We then proceeded to examine the meridional vari-

ation of diurnally developed convections during the
campaign period, which have been partially reported on
by Sulistyowati et al. (2014) as well. Figure 6a shows the
meridional variation of the CDR echo distribution at a
height of 2 km over Jakarta averaged over a 100-km
width (106.25° E–107.15° E) in the east–west direction
from the CDR site as shown by a rectangle with dashed
red lines in Fig. 1b. Note that the width decreases only
from 5.6° S (100 km) to 5.5° S (70 km) according to our
analysis, and this condition also applies to Figs. 6, 7, 8,
and 9. The weak and broad extent of the radar echo was
evident in the first quarter of the period, which corre-
sponded to the intrusion of the active CENS (Fig. 3a),
and similar echoes were seen in the last few days of the
period. A major part of the echo distribution showed
pronounced diurnal variation with strong reflectivity in
the southern mountainous region in the afternoon and
northern coastal region in the nighttime to next early
morning. Both major reflectivity regions were connected
apparently in some cases from south (north) to north
(south) in the late evening (early morning); however, this
was not always obvious for the whole period. Therefore,
the diurnal variation (48 h for convenience) of the radar
echo distribution averaged over the whole campaign
period is presented in Fig. 6b, and it was composed of
the following three major parts: (1) a large extent of the
echo area developed in the daytime to late evening
around the mountains on the southern side of Jakarta,
(2) northward traveling echoes moved from the moun-
tains to the coastline in the evening (approximately 15
LT) at a speed of approximately 5 m s− 1, and then they
stayed and redeveloped around the coastal region
through the night, and (3) some parts of the echoes
started to return back southward from the coastal to
mountain foothill regions in the morning (approximately
06 LT) with a speed of approximately 2 m s− 1, although
this was not more obvious than the northward propaga-
tion. Note that, however, these are period averaged char-
acteristics created by the superposition of diurnal cycles,
which varied much from day to day. Indeed, these

(See figure on previous page.)
Fig. 3 Temporal variations of the CENS, CT, and rainfall during the campaign period. a Temporal variations of NCEP horizontal wind vectors and
meridional wind speed (shade) at 925 hPa averaged between 106° S–108° E, b CENS and c CT indices, d the GSMaP daily rainfall amount over
Jakarta, and e CDR echo coverages. d The GSMaP rain rate is divided into three regions as designated in Fig. 1b: coastal sea (red), plain (green),
and mountain foothills (gray). e Bars (gray) and lines (black) in the CDR echo coverages indicate the total echo coverage (%) and convective rain
area fraction (%)

Mori et al. Progress in Earth and Planetary Science  (2018) 5:47 Page 10 of 23



Fig. 4 Temporal variations of the sounding data obtained at Bogor. Time–height cross-sectional views of the sounding data obtained at Bogor
during the campaign period. a Equivalent potential temperature (anomaly), b specific humidity (anomaly), and c zonal and d meridional wind
speeds. Anomalies were calculated from the period averaged data of Bogor at each height
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Table 3 Indices and brief descriptions of lower troposphere in each sub-period

Sub-periods Period-I (CENS active) Period-II (transition) Period-III (CENS inactive)

Date 16–25 January 26 January–04 February 05–14 February

CENS Index [avg] (ms−1) −3.42 −3.83 −2.25

CENS Index [min] (ms−1) −6.53 −4.80 −4.30

CT Index [avg] (deg.C) 27.07 27.14 27.54

CT Index [min] (deg.C) 26.78 26.93 27.35

Temperature Cooler Getting warmer Warmer

Zonal wind Strong westerly Westerly Easterly

Meridional wind Most northerly Southerly Little northerly

Remarks CENS reached its maximum in the
beginning of the sub-period with the
lowest CT, cool atmosphere, and strong
westerly wind in the lower troposphere
followed by an intermittent break.

CENS started to retreat accompanied
by both warmer CT and atmospheric
temperature in the lower troposphere
with decreasing easterly wind.

CENS mostly retreated with
the warmest CT and atmospheric
temperature in the lower
troposphere followed by
easterly wind.

Italicized letter in the CENS Index [min] shows above the criteria of “CENS” by Hattori et al. (2011). See text in detail

a b

c d

Fig. 5 Surface rainfall data obtained by AWSs during the campaign period. Daily and diurnal variations of the surface rainfall observed by AWSs
during the campaign period: a Pramuka, b Serang, c Serpong, and d Bogor. Top and side panels for each site indicate the daily rainfall amount
and period averaged rainfall diurnal variation, respectively. Note that the time in the bottom panel only at Pramuka (a) runs downward from 12
LT to 12 LT on the following day
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Fig. 6 Daily and diurnal meridional variations of the CDR echo. aMeridional variation of the CDR echo distribution at a height of 2 km during the campaign
period averaged over a 100-km width (106.25° E–107.15° E) in the east–west direction from the Serpong CDR site as shown by the rectangle with dashed red
lines in Fig. 1b and b its mean diurnal cycle (duplicated twice). Data in gray-shaded areas (6.83° S–6.72° S) were disregarded from the analyses because of serious
ground clutter. Thin black solid horizontal lines indicate the averaged latitudinal location of the coastline (6.0° S) of the western part of Jawa Island as shown in
Fig. 1b. Latitudinal locations of Pramuka (5.74° S) and Bogor (6.58° S) are also indicated by thin dashed horizontal black lines. Thick dashed lines in panel b indicate
the estimated speed of DRMMs at approximately 2 m s−1 (5 m s− 1) southward (northward) during the early morning (late evening) for reference. Note that,
however, these DRMM dashed lines show period averaged characteristics created by superposition of diurnal cycles that varied much from day to day
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characteristics are apparently different among the CENS
active, transition, and inactive phases, as shown in Fig. 8,
and they should be examined in detail individually as we
will do in our next study.
Finally, in this subsection, we examine the diurnal vari-

ation of the meridional local circulation over Jakarta and its
relation to the rainfall spatial variation, namely, the diurnal
rainfall meridional march (hereafter, DRMM). Figure 7
shows cross-sectional views of meridional wind circulation
in the lower troposphere perpendicular to the coastline
from the “coastal sea (Pramuka)” to the “mountain foothills
(Bogor)” through the “coastal land (Cengkareng*)” every
3 h from 07 LT to 04 LT on the following day averaged for
the campaign period as well as the area averaged rainfall
intensity calculated from the CDR reflectivity observations.
Meridional wind at 13 LT showed substantial sea-
breeze-like northerly wind in the whole lower troposphere
below a height of 3 km from the Jawa Sea to mountain
foothills with a maximum close to the surface layer. Rainfall
intensity increased gradually from the coastline to foothill
region at the same time and reached its daily maximum of
approximately 1 mm h− 1 over the foothills around Bogor.
Afterward, a land-breeze-like southerly wind appeared first
at 16 LT close to the surface over the foothills and the rain-
fall intensity over the foothill (coastal land) region started
to decrease (increase) simultaneously. The southerly wind
near the surface over the land increased its depth and me-
ridional extent after sunset at 19 LT, and thus, a frontline
formed at the location of the surface northerly wind over
the coastal land (Cengkareng*). Most of the rainfall over
the foothill and plain regions disappeared at the same time,
and another weak and broad rainfall area started to appear
instead, which stretched from the coastline to the coastal
sea region. Finally, the southerly wind close to the surface
reached over the Jawa Sea (Pramuka) at 22 LT at its max-
imum extent in a day, and then it started to retreat from
the coastal sea southward at 01 LT and was balanced with
the predominant synoptic northerly wind close to the sea
surface. A rainfall peak was generated around the coastline
at 04 LT ahead of a front that formed between the intrusion
of northerly wind from the Jawa Sea to the coastal land and
the retreating land-breeze-like southerly wind. The
sea-breeze-like northerly wind developed much after the
sunrise during 07–10 LT and covered over the whole study

Fig. 7 Diurnal meridional circulations over Jakarta. Cross-sectional
views of diurnal meridional circulation over Jakarta obtained by the
multi-point sounding array averaged for the campaign period (color
shades and wind vectors) with the meridional distribution of the
CDR estimated rain rate at a height of 2 km (green lines with small
circles) averaged over a 100-km width in the east–west direction
from Serpong. Pramuka, Cengkareng, and Bogor indicate the
sounding stations at the coastal sea over the Jawa Sea (north), the
coastline (center), and the mountain foothills (south), respectively
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area quite rapidly, whereas a moderate rainfall area
remained over the coastline.
The aforementioned results can be summarized as fol-

lows. (1) Most rainfall was generated originally over the
mountain foothill region in the area south of Jakarta in
the afternoon when the sea breeze was predominant
over the whole study region, and then, it decreased with
time after reaching a maximum in the evening. (2) An-
other rainfall event started to form over the “front” of
land-breeze-like southerly wind after sunset and traveled
toward the north until it reached the diurnal peak over
the coastline region in the early morning of the follow-
ing day. (3) The peak of coastal rainfall decreased with
time after sunrise and seemed to be traveling southward
as daytime convections developed gradually over the
plain and then mountain foothill region by afternoon.

Role of CENS and CT in the DRMM over Jakarta
Based on the results presented in the last subsection,
we found that the diurnal cycle of local meridional cir-
culation along the coastline of the Jawa Sea played an
essential role in the formation of DRMM over Jakarta.
We next examine how the DRMM over Jakarta varies
in response to the CENS with CT intrusion into or
retreat from Jawa Island, which is a fundamental envir-
onment for the local meridional circulation. Figure 8
shows the averaged DRMM over Jakarta observed by

the CDR, and the data are the same as those in Fig. 6b
but show the CENS active (a: 16–25 January 2010),
transition (b: 26 January–04 February 2010), and CENS
inactive (c: 05–14 February 2010) periods.
First, rainfall over the mountain foothill region (6.7°

S–6.4° S) showed a narrow but not very developed peak
at around 12 LT during the CENS active period (Fig. 8a)
and there was mostly no rainfall in the late afternoon
(15–21 LT), whereas that over the coastal land region
around 6.3° S–6.0° S was quite active during 18–06 LT.
Both northward and southward DRMMs were not well
identified, and the two major rainfall areas looked sepa-
rated. Second, rainfall during the CENS transition period
(Fig. 8b) over the foothill region increased in its intensity
with a peak around 15 LT, and then it weakened grad-
ually but was maintained by the evening (18 LT); mean-
while, that over the coastal region showed a weak and
broad extent during 19–06 LT after the arrival of the
northward DRMM in the evening. Finally, rainfall over
the mountain foothill region during the CENS inactive
period (Fig. 8c) increased markedly in its intensity with a
maximum at around 18 LT and was maintained until the
middle of the night (24 LT); thus, there was mostly no
rainfall in the morning (06–12 LT). Meanwhile, that over
the coastal region showed only weak and scattered
echoes. Both northward and southward DRMMs were
well identified. These characteristics observed by the

a

c

b

d

Fig. 8 Diurnal meridional variations of the CDR echo in each period. Same as Fig. 6b but 24-h views of DRMM averaged for the a CENS active, b
transition, and c inactive periods, as well as the d whole periods
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Fig. 9 Diurnal meridional circulations over Jakarta in each period. Same as Fig. 7 but averaged only for the a CENS active and b inactive periods
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CDR were consistent with the results of AWS data, in par-
ticular for the results obtained at Bogor (Fig. 5d), i.e., the
daily rainfall amount increased gradually from the begin-
ning to the end of the campaign period with a phase delay
of the diurnal rainfall peak from around noon (11 LT) to
the evening (18 LT). Similar phase delay in the diurnal
rainfall peak was also shown in both AWS data obtained
at Pramuka (Fig. 5a) and the CDR observations from the
evening (18 LT) to the middle of the night (24 LT), though
it was less clear than that at Bogor.
The diurnal meridional circulations in the CENS ac-

tive and inactive periods (Fig. 9) showed the following
characteristics.
First, a rainfall peak over the mountain foothills around

Bogor in the CENS inactive period (Fig. 9b) started to de-
velop after 13 LT and reached its maximum (> 2 mm h− 1)
at 16 LT when the land-breeze-like southerly wind close
to the surface started to appear over Bogor, which
converged with the intrusion of sea-breeze-like northerly
wind. On the other hand, the rainfall peak around Bogor
in the CENS active period (Fig. 9a) was formed earlier
(13 LT) and was much smaller (~ 1 mm h− 1) in com-
parison to that in the CENS inactive period, and it then
decreased early by 16 LT, a time in which the southerly
near surface wind was not identified well, yet. The re-
sults suggest that the active CENS northerly wind close
to the surface intruded deeply into the foothills until
evening and then suppressed (or weakened) both the
land-breeze generation and resulting local convections
around Bogor after 13 LT, which must have been devel-
oped more at 16 LT in the CENS inactive period as re-
sult of the sufficient convergence with the distinct
land-breeze-like southerly wind.
Second, the land-breeze-like near surface southerly wind

in the CENS inactive period (Fig. 9b) around Bogor inten-
sified and reached its maximum (> 3 m s− 1) at 19–22 LT,
and it was shallow at a height of less than 500 m. The
land-breeze-like southerly wind was identified even over
the coastal sea (Pramuka) from 22 LT to 04 LT on the fol-
lowing day, and then it weakened and disappeared by 10
LT. On the other hand, that in the CENS active period
(Fig. 9a) was weaker (< 2 m s− 1) and deeper, i.e., at a
height of approximately 1 km, during 19–22 LT. Although
it reached over the coastal sea (Pramuka) once around 22
LT, it started to retreat back to land sooner (by 01 LT) in
comparison to that in the inactive period.
Third, a rainfall peak was formed gradually around

the coastline after 16 LT in the CENS active period
(Fig. 9a), and then the rainfall reached its maximum at
04 LT (> 3 mm h− 1) with a weak but broad in extent
rain area over the coastal sea when the land-breeze-like
southerly wind was retreating across the coastline after
reaching its maximum extent at 22 LT. On the other
hand, rainfall around the coastline in the CENS inactive

period (Fig. 9b) started to develop slowly after 01 LT,
and then it reached a smaller peak (< 2 mm h− 1) at 10
LT after sunrise (06 LT) when the land-breeze-like
southerly wind disappeared.

Discussion
Cause of the northward DRMM in the nighttime
Diurnal marches of coastal convections similar to those
examined in this study have been widely identified over
the Sumatera (e.g., Wu et al. 2003, 2009a; Mori et al.
2004; Sakurai et al. 2005; Yokoi et al. 2017), Kaliman-
tan/Borneo (e.g., Houze et al. 1981; Ichikawa and Yasu-
nari 2006; Wu et al. 2008), and Papua/New Guinea
(e.g., Liberti et al. 2001; Zhou and Wang 2006; Ichikawa
and Yasunari 2008) islands of the IMC and have been
suggested to play an essential role in the formation of
CHeRs (Mori et al. 2011). Sakurai et al. (2011) showed
convergence between near surface easterly wind from
dissipating local convective cells along the southwest-
ern coastline of Sumatera Island and ambient southerly
wind over the Indian Ocean, and this resulted in the
successive generation of convective cells at the leading
edge of precipitating systems that drove their offshore
migration according to a case study of dual-Doppler
radar observations. In addition, Mori et al. (2011) sug-
gested that a seeder-feeder mechanism acts between
leading-edges of westward spreading anvil clouds
formed by local convections and eastward propagating
large-scale MJO convections, which contributes to the
offshore migration and re-development of the precipi-
tating systems over the same region. On the contrary,
Yokoi et al. (2017) recently studied radar and intensive
sounding data obtained during the pre-YMC2015 cam-
paign conducted around Bengkulu (3.86° S, 102.33° E)
on the southwestern coastline of Sumatera and found
that shallow gravity waves generated by initial convec-
tions over the mountain foothill region in the daytime
drove the convections toward the offshore in the late
evening. Meanwhile, Wu et al. (2008) showed that the
land-breeze (gravity current) circulation played an es-
sential role in the nocturnal offshore migration of rain-
fall over Kalimantan/Borneo Island, and such events
were mainly formed by evaporation cooling after rain-
fall in the evening over the island plain as well as noctur-
nal radiative cooling based on both satellite observations
and numerical model simulations. Moreover, Ichikawa
and Yasunari (2008) concluded that orography induced
local circulation (i.e., mountain–valley breeze) and its
interaction with large-scale monsoon winds were key fac-
tors for rainfall offshore propagation over New Guinea Is-
land in addition to both land–sea breeze circulation and
gravity waves.
Based on the observational results presented above,

the northward (southward) DRMM is suggested to be
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driven by convections formed over converged frontlines
ahead of land-breeze (sea breeze)-like southerly (north-
erly) wind close to the surface. Characteristics of south-
ward DRMM in this study are consistent with the
results reported by Hadi et al. (2002), which showed a
southward traveling sea breeze in the daytime that
formed along the northern coastline of Jawa Island, as
identified by line-shaped clouds based on a series of
GMS visible images displaying remarkable increases of
surface relative humidity. Although their data were ob-
tained in August, which corresponds to the dry season
over Jakarta, the typical onset time of sea breeze over
the coastline was 10 LT in their study, and it traveled
southward with a speed of approximately 10 km h− 1

(2.8 m s− 1), which roughly matches with our results
shown in Fig. 6b. The northward DRMM has been pre-
viously reported on observationally by Wu et al. (2007)
during the CENS active phase in February and both
Sulistyowati et al. (2014) and (Katsumata M, Mori S,
Hamada JI, Hattori M, Syamsudin F, and Yamanaka MD
(2018) Diurnal cycle over a coastal area of the maritime
continent as derived by special networked soundings
over Jakarta during HARIMAU2010. Unpublished) dur-
ing the same campaign period of this study. In addition,
Koseki et al. (2012) showed a northward DRMM in their
control runs with a CT during November and March
(major rainy season) with a traveling speed of approxi-
mately 4 m s− 1 (it traveled 140 km in 9 h, see their
Fig. 9a), which was also roughly consistent with our re-
sults though they did not mention it explicitly. In
addition, they concluded that nocturnal rainfall over the
Jawa Sea formed by the convergence between the north-
erly monsoon with a CT and the nocturnal land breeze
originating from the southern side of Jakarta (i.e., foothill
and plain regions); this rainfall amount was much re-
duced when the CT was suppressed because of the
weakened land-breeze “front” resulting in decreased
northerly monsoon flow. Observational results in this
study, however, as shown in Figs. 8 and 9, are not con-
sistent with their model-simulated conclusions. A pos-
sible reason why there was an inconsistency is that they
discussed the rainfall over the Jawa Sea apart from the
coastline at a distance of approximately 30–100 km,
whereas that of our study was the area just over the
coastline region (Figs. 7 and 9), which might involve
other mechanisms as discussed briefly below.
In regard to the rainfall peaks that formed just over

the coastline region as shown at 22–04 LT (04–10 LT)
in Fig. 9a (Fig. 9b) when the land (sea) breeze was
retreating (developing) across the coastline, specific pro-
cesses may have worked to enhance them, e.g., land sur-
face roughness decreased the northerly wind speed
intruding from the Jawa Sea and this produced the
coastal convergence (e.g., McPherson 1970; Pielke 1974;

Alestalo and Savijärvi 1985). In addition to this, other
mechanisms that may have contributed as drivers of the
DRMM over Jakarta, e.g., mountain–valley breeze circu-
lations (e.g., Qian 2008), gravity waves (e.g., Wu et al.
2009b; Yokoi et al. 2017), self-sustaining and/or cumulus
merger processes in mesoscale convective systems (e.g.,
Qian 2008; Sakurai et al. 2009, 2011), and the heat and
moisture budgets studied by (Katsumata M, Mori S,
Hamada JI, Hattori M, Syamsudin F, and Yamanaka MD
(2018) Diurnal cycle over a coastal area of the maritime
continent as derived by special networked soundings
over Jakarta during HARIMAU2010. Unpublished) and
their local transportation, should be examined in detail
based on more case studies and/or by using numerical
model simulations in future studies.

Large-scale northerly wind influence on the southward
DRMM in the daytime
Hadi et al. (2000, 2002) showed that there are intrusions
of sea breezes around 14 LT over Serpong, typically dur-
ing the dry season, based on WPR observed data in
2000, and the intrusions were identified well by the
abrupt increase of relative humidity and decrease of
both temperature and solar radiation as well as the ar-
rival of northerly wind below a height of 1 km. They
also found, however, that northerly wind intrusions
could be observed in the rainy season over Serpong,
but these occurred much earlier at around 12 LT than
those in the dry season. In addition, the sea-breeze
intrusions occurred earlier on cloudy days even in the
same dry season, though the intensity of sea-breeze
circulation weakened accordingly. This seasonal
variation was also identified climatologically by Araki
et al. (2006) based on the same WPR observations, and
the results were consistent with the time of surface
maximum temperature at Serpong, i.e., 12 LT (14 LT)
with a maximum temperature 30 °C (34 °C) in the rainy
(dry) season. Hadi et al. (2002) suggested that the
advanced arrival of northerly wind in both the rainy
season and cloudy days in the dry season was not
directly driven by typical sea-breeze circulations but
closely related to cloud development over the plain
region, i.e., inflow toward active convections that had
already formed in the southern mountain foothill
region, although Hadi et al. (2000) explained that the
Kelvin–Helmholtz (KH) instability in the sea breeze
delayed its intrusion speed during clear days.
Results of sounding and CDR analyses in this study

were consistent with those in previous studies, in par-
ticular those in the rainy season. In addition, contrasts
between the CENS active and inactive periods, e.g., ad-
vanced (delayed) times of less (more) rainfall peaks over
the land in the CENS active (inactive) period, were simi-
lar to those between both rainy and dry seasons and
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cloudy and clear sky days during the dry season.
Predominant northwesterly wind in the CENS active
period resulted after the eastward passage of the MJO
convention center (Fig. 2), which masked over the local
sea-breeze circulation in the daytime, and it is suggested
here that this suppresses or makes it difficult to maintain
local convections over the land, which develop mainly
until the evening in the CENS inactive period. The as-
sumption is that enhancement of the northerly wind in
the daytime of the CENS active period is accompanied
by thermally driven local circulation that is suppressed
soon after noon because of the much greater extent in
cloudiness (Araki et al. 2006). This idea is also consistent
with the results of Qian et al. (2010) in that weakening
of northwesterly monsoon wind over the IMC amplifies
the local diurnal cycle of land–sea breezes and moun-
tain–valley winds over the western part of Jawa Island,
which produces more rainfall over the mountainous re-
gion. Another possibility is that abundant rainfall over
the coastal region in the night to early morning period
might consume water vapor much in advance so that it
would not be transported to the plain and foothill
regions, which could make the atmosphere unstable in
the daytime. Further studies that examine the spatiotem-
poral variation of moisture and local atmospheric stabil-
ity characteristics during the CENS active and inactive
periods will be required to settle these questions. For
example, zonal variations of convective activity, which
were predominant in the CENS active period with strong
northwesterly synoptic winds, namely, eastward moving
rain echoes mostly originating from Sumatera Island (fig-
ure not shown), might play another important role in the
generation of nocturnal rainfall over the coastal area of
the Jawa Sea; these provide a good contrast to the
DRMMs under the remarkable local meridional circula-
tions during the CENS inactive period.

Conclusions
This paper presented an overview of the HARI-
MAU2010 campaign focusing on convective activity with
the DRMM over Jakarta, Jawa Island, in the IMC based
on 1-month intensive observations by a CDR and data
from a multi-point sounding array that were first
collected in this area during 00 UTC on 16 January to
24 UTC on 14 February 2010. The campaign period
corresponded to a phase after large-scale MJO active
convections passed over Jakarta (MJO inactive phase).
The CENS intruded into the Jawa Sea with a CT in the
beginning of the period (CENS active period: 16–25
January), and then it started to retreat (transition period:
26 January–04 February); finally, few signs of it could be
detected (CENS inactive period: 05–14 February). The
results of this study imply that (1) rainfall over Jakarta
has the nature of DRMM during the MJO inactive phase

at least, (2) the DRMM is suggested to be driven primar-
ily by “land-breeze”-like local meridional circulation, and
(3) the meridional spatiotemporal variation of rainfall
over Jakarta is controlled by activities of both the CENS
and CT over the Jawa Sea, consequently.
Daily and diurnal variations of surface rainfall observed

by AWSs at all sounding and CDR/WPR sites showed dis-
tinctly different characteristics, in particular for those in
the meridional directions among the northern (Pramuka:
coastal sea), central (Serpong: plain), and southern (Bogor:
mountain foothills) sides of Jakarta. Rainfall over the
coastal sea had a gentle peak in the night followed by a
weak one until the next morning, whereas that over the
mountain foothills had a pronounced peak in the evening
and was delayed gradually from the beginning to the end
of the period with increases in its intensity. The CDR con-
firmed those characteristics formed by the meridional
marches of diurnal rainfall (DRMMs), which traveled
northward (southward) in the nighttime (daytime) over
Jakarta with speed of approximately 5 m s− 1 (2 m s− 1). In
addition, spatiotemporal variation of meridional winds
over Jakarta based on the intensive soundings showed a
land–sea-breeze-like circulation close to the surface,
namely, the development and expansion of land-breeze-
like southerly wind from the mountain foothill region
after sunset (19 LT), and then an increase of its intensity
and intrusion into the Jawa Sea occurred across the coast-
line in the nighttime (22 LT) followed by its retreat back
to the land region early the next morning (04 LT). Both
results suggest that nocturnal rainfall formed over the
front of land-breeze-like southerly wind close to the sur-
face and traveled from the mountain foothill region with
evening showers toward the coastal region through the
night coincident with the meridional advance and retreat
of the front. Furthermore, the observational results sug-
gested that the northward (southward) DRMM was driven
primarily by convections formed over the converged
frontline ahead of land-breeze (sea-breeze)-like southerly
(northerly) wind close to the surface. Although the nature
of the DRMM was fundamentally consistent with the re-
sults in a previous numerical simulation study (Koseki
et al. 2012), other mechanisms that may play a contribut-
ing role as drivers of the DRMM over Jakarta, e.g., moun-
tain–valley breeze circulations, gravity waves, self-
sustaining processes in mesoscale convective systems, and
coastal convergence effects, as well as heat and mois-
ture budgets and their local transportation, should be
examined in detail in future studies.
The DRMM as well as the local meridional circulation

showed distinct behaviors in the CENS active and inactive
periods, which can be summarized as follows. (1) Rainfall
over the mountain foothill region peaked weaker (stron-
ger) and earlier (later) around 12–13 LT (16–18 LT) in the
CENS active (inactive) period. On the other hand, (2) that
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over the Jawa Sea peaked quite stronger (weaker) and earl-
ier (later) around 04 LT (10 LT) in the CENS active
period. (3) Land-breeze-like southerly wind close to the
surface was weaker (stronger) and stayed over the Jawa
Sea for a shorter (longer) time until around 04 LT (07 LT)
after crossing the coastline in the CENS active (inactive)
period. Consequently, these results explained the unique
characteristics in daily and diurnal variations of rainfall at
the mountain hill region (Bogor) well (Fig. 5d). Predomin-
ant northerly wind in the CENS active period, which
masked over the local sea-breeze circulation in the day-
time, may suppress or make it difficult to maintain local
convections over the land, which develop mainly until the
evening in the CENS inactive period. Assumptions specu-
lated from previous studies, e.g., suppression of afternoon
rain showers by greater extents of cloudiness and lesser
supplies of precipitable water vapor from the coastal to
foothill regions due to the consumption by abundant noc-
turnal rainfall in the CENS active period also, should be
studied by examining the spatiotemporal variation of
moisture and local atmospheric stability characteristics
during the CENS active and inactive periods. This would
help to settle these questions in the next phase of
research. In addition, WPR and another surface observa-
tion dataset, which were not analyzed in this paper, should
be utilized for case studies in the next step to focus more
on the mesoscale structure of diurnally developed convec-
tions together with other data, for example, spatiotempo-
ral variations of echo top heights obtained by the CDR
(Katsumata M, Mori S, Hamada JI, Hattori M, Syamsudin
F, and Yamanaka MD (2018) Diurnal cycle over a coastal
area of the maritime continent as derived by special net-
worked soundings over Jakarta during HARIMAU2010.
Unpublished) and intensive atmospheric soundings during
the campaign to compare with the results of previous
studies based on single WPR observations. Furthermore,
quantitative analyses of rainfall derived from CDR will be
needed for hydrometeorological studies over Jakarta in-
volving comparisons with ground-based rain gauge data
as well as GSMaP satellite observations.
Note that the HARIMAU2010 campaign was the first to

have conducted comprehensive meteorological research
observations over the “greater Jakarta” region with an in-
tensive atmospheric sounding network. The CDR used in
the campaign continued its observations until the end of
May 2013. After that, BMKG started operational C-band
Doppler radar observations at Tangerang (6.13° S,
106.66° E), which covered the “greater Jakarta” region,
and this effort continues at present.

Endnotes
1We experimentally applied a typical rain attenuation

correction of 0.0018 R1.05 (dB km− 1) for C-band (wave-
length = 5 cm) radars (Doviak and Zrnić 1993) to the

obtained data and found that there is no serious differ-
ence between the original and corrected data. For
example in Fig. 3e, total echo coverage (convective rain
area fraction) of the original and corrected data during
the campaign period were 13.0% (7.7%) and 13.2%
(7.5%), respectively.

2Although Karawang is located at a higher latitude
than Serang, distances from the nearest coastline to
Karawang are approximately 20 km. It is not so far
from these locations to Cengkareng and Serang (ap-
proximately 5 km and 10 km, respectively), the
“coastal land” stations, in comparison with the dis-
tances to Serpong and Bogor (approximately 40 km
and 50 km, respectively), the “plain” and “mountain
foothill” stations, respectively. In addition, Karawang
is located over a large open field facing the northern
coastline and there are only broad paddy fields and
ponds for cultivations between Karawang and the
coastline, i.e., there are no specific obstacles that
would disturb meridional winds in the lower tropo-
sphere. It is also a quite different environment than
Serpong (plain) and/or Bogor (mountain foothills) be-
cause there is the large downtown area of Jakarta with
its numerous skyscrapers between the coastline and
these stations. Consequently, we deal with Karwang as
the representative location of the eastern “coastal
land” in the present study.
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