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Abstract

During the Monsoon Asian Hydro−Atmosphere Scientific Research and Prediction Initiative (MAHASRI; 2006–16), we

carried out two projects over the Indonesian maritime continent (IMC), constructing the Hydrometeorological Array for

Intraseasonal Variation−Monsoon Automonitoring (HARIMAU; 2005–10) radar network and setting up a prototype

institute for climate studies, the Maritime Continent Center of Excellence (MCCOE; 2009–14). Here, we review the

climatological features of the world’s largest “regional” rainfall over the IMC studied in these projects. The fundamental

mode of atmospheric variability over the IMC is the diurnal cycle generated along coastlines by land−sea temperature

contrast: afternoon land becomes hotter than sea by clear-sky insolation before noon, with the opposite contrast

before sunrise caused by evening rainfall-induced “sprinkler”-like land cooling (different from the extratropical infrared

cooling on clear nights). Thus, unlike the extratropics, the diurnal cycle over the IMC is more important in the rainy

season. The intraseasonal, seasonal to annual, and interannual climate variabilities appear as amplitude modulations of

the diurnal cycle. For example, in Jawa and Bali the rainy season is the southern hemispheric summer, because land

heating in the clear morning and water vapor transport by afternoon sea breeze is strongest in the season of

maximum insolation. During El Niño, cooler sea water surrounding the IMC makes morning maritime convection and

rainfall weaker than normal. Because the diurnal cycle is almost the only mechanism generating convective clouds

systematically near the equator with little cyclone activity, the local annual rainfall amount in the tropics is a steeply

decreasing function of coastal distance (e-folding scale 100–300 km), and regional annual rainfall is an increasing

function of “coastline density” (coastal length/land area) measured at a horizontal resolution of 100 km. The coastline

density effect explains why rainfall and latent heating over the IMC are twice the global mean for an area that makes

up only 4% of the Earth’s surface. The diurnal cycles appearing almost synchronously over the whole IMC generate

teleconnections between the IMC convection and the global climate. Thus, high-resolution (<< 100 km; << 1 day)

observations and models over the IMC are essential to improve both local disaster prevention and global climate

prediction.

Keywords: Indonesian maritime continent, Atmosphere–ocean–land interaction, Convective clouds, Multiple scales,

Diurnal cycle, Sea−land breeze circulation

Introduction

Tropical rainfall in the global climate

Recognition of rainfall as one of the most important quan-

tities for classifying climate and its global quantitative

description was established by Köppen (1918), who di-

vided the tropical climate (A; classified by temperature in

his first world climate map in 1884) into rainforest (Af )

and the savanna (Aw), according to vegetation. This is also

physically reasonable, because in essence, the temperature

and rainfall represent the sensible (radiative) and latent

heating processes, respectively, that maintain the climate

(Fig. 1a). Note that rainfall is a flux quantity (amount per

area per time) dependent on horizontal and temporal

scales (such as the hourly, daily, monthly, and annual rain-

fall measured by a single-station rain gauge, in a radar-

observed area, and over an integrated region) and that it

fluctuates greatly because individually short-lived small
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precipitating clouds are organized into multiple scale

structures. In this article, we consider mainly a “regional”

rainfall with a scale somewhat larger than that supposed

(seasonal−annual and 102–103 km) by Köppen on the

basis of vegetation.

Köppen classified low latitude regions of South

America and Africa and most of the “East Indies” as Af

climate regions defined by a minimum monthly rainfall

≥ 60 mm/month (total annual rainfall >> 720 mm/year),

but carefully excluded the inland areas of Sumatera,

Kalimantan and Papua,1 as well as those of South

America and Africa (except for the Amazon and Congo

River Basins) so that his “idealized” land had Af along

the equator including inland areas (see Fig. 1d). This

view of the rainfall concentration in the equatorial

coastal areas was still accepted after some revisions up

to his updated version (Köppen and Geiger 1954),2 but

is no longer consistent with recent descriptions (Peel et

al. 2007).3 The smaller (Lesser Sunda) islands between

Jawa and Papua were also excluded from Af, which was

recognized as a west−east difference in the Indonesian

maritime continent (IMC). At present, a detailed grid-

ded rainfall distribution based on rain gage data (APH-

RODITE; Yatagai et al. 2012) shows differences

between coastal and inland regions, although this is

less clear than in the space-borne radar data to be

mentioned later.

Köppen’s son-in-law Wegener (1929, after revisions of

the first edition published in 1915) tried to use his

father-in-law’s idealized climate distribution (1918) to

estimate the geographical location of his proposed

early-Mesozoic supercontinent before separation and

drift, assuming the Af climate near the equator and

the coastline. He also speculated on the origin of the

East Indies by the association of northward movement of

the Indian subcontinent followed by the Australian con-

tinent, which is essentially consistent with present-day

plate tectonics after a long period of controversy (e.g.,

Frankel 2012). Köppen and Wegener (1924) evaluated the

importance of theories of climate variability associated

Fig. 1 a The global energy and water cycle (modified from Trenberth et al. 2009) and its alternative distributions: b in sea and land (modified

from Hartmann 1994, with values according to Trenberth et al. 2009) and c in latitude (modified from Hartmann 1994, which was based on

Baumgartner and Reichel 1975; originally much older, at latest up to Meinardus’ analysis published in 1934; see Jaeger 1983). d Low-latitude part

of Köppen’s (1918) original climate classification map showing already both latitudinal and coastal dependencies

Yamanaka et al. Progress in Earth and Planetary Science  (2018) 5:21 Page 2 of 28



with insolation changes, developed by Milanković, a

Serbian applied mathematician, who published a compil-

ation of these theories (Milanković 1941), which con-

cerned mainly long-term historical climate change (ice

ages) but were based on the variation of insolation with

the axis of the Earth’s rotation that will be described later

in this article. The East Indies, that is the present-day

Indonesian Archipelago, and surroundings were desig-

nated the maritime continent by Ramage (1968), based on

the occurrence frequency of thunderstorms, which was

the only database covering the whole equatorial region at

that time. In the tropics, thunderstorms as well as rainfall

are dependent on convective cloud activity, and the

Indonesian maritime continent4 (hereafter referred to as

IMC) is known as the world’s convection center or the

region of maximum rainfall on Earth.

The IMC was one of the most important regions

for hydroclimate studies during the Monsoon Asian

Hydro−Atmosphere Scientific Research and Prediction

Initiative (MAHASRI; 2006–2016) and the Asian Monsoon

Years (AMY; 2007–2012)5 in the World Climate Research

Programme (WCRP) (Matsumoto et al. 2016, 2017;

Yamanaka et al. 2016). This is simply because the IMC

is the region with the world’s largest regional rainfall

but has no sufficiently reliable observation network. In

the subsequent two subsections we summarize the sci-

entific background and implementation of the two pro-

jects carried out over the IMC related to MAHASRI

and AMY.

The global energy/water cycle and the maritime

continent

The Earth’s climate system includes latent heat input

from the ground to the atmosphere through the

cloud−precipitation process (Fig. 1a), which is also a

part of the water cycle between the land and ocean

through the atmosphere (Fig. 1b). The meridional

peak of the cloud−precipitation activity (corresponding to

rainfall amounts of about 2000 mm/year ≈ 5.5 mm/day) is

located in the tropics along the equator (Fig. 1c). The

equatorial rainfall peak is consistent with the intertropical

convergence zone (ITCZ) in the general circulation

(Fig. 2a) known since Halley’s (1686) observations and

Hadley’s (1735) theory.6 It is surprising that the maximum

value was known rather correctly more than a century ago

(cf. Jaeger 1983), when stations were restricted to major

cities over land, in particular along the coastlines.

Geographical rainfall distributions with the merid-

ional peak around 2000 mm/year in the tropics are

estimated also from satellite cloud observations7 and

simulated by numerical climate models, for example, as

shown in a report of the Intergovernmental Panel on

Climate Change (IPCC) (Randall et al. 2007) (Fig. 3),

although peak values are somewhat larger than the dir-

ect rainfall observations from rain gages and radars. An

IPCC-related study (Yoshida et al. 2005) has compared

these estimates and their simulations (the Community

Climate System Model version 3 (CCSM3) model;

Collins et al. 2006) of the mean annual rainfall amounts

in various regions, of which 10 are inside the tropics

(see the two columns labeled IPCC07 in Table 1). The

IMC is the region of the most active convective clouds

producing the largest regional rainfall on Earth (around

2700 mm/year ≈ 7 mm/day). The second highest re-

gional rainfall is found in Central America.

The world’s largest regional rainfall over the IMC has

often been explained in terms of the warmest seawater

surrounding the IMC (Fig. 4b), which looks just like a

“dam” for the global “river” of Indonesian throughflow

from the Pacific to the Indian Ocean (e.g., Lukas et al.

1996; Gordon 2005). However, rainfall over the open

ocean including the ITCZ is less than that over the

islands in the IMC. The tropical atmosphere is condi-

tionally unstable; convection is developed only when

cloud appears, whereas a cloud is generated when con-

vection develops. This paradoxical situation may be

Fig. 2 Schematic diagrams of distributions of tropical precipitation: a simple ITCZ as considered by Hadley in 18th century, b MJOs propagating

eastward as simulated in an “aqua planet” model (e.g., Hayashi and Sumi 1986), and c concentration along coastlines as described in this article
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Fig. 3 a, b Rainfall distributions a “observed” and b simulated for IPCC AR4 (Randall et al. 2007)
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overcome over the open ocean by conditional instability

of the second kind (CISK), which generates tropical cy-

clones in the subtropics and intraseasonal variations

(ISVs) along the equator (Ooyama 1971; Lindzen 1974;

Hayashi and Sumi 1986). Tropical cyclones generally

appear outside the IMC. The ISVs (shown in Fig. 2b),

which often have the so-called Matsuno−Gill pattern

(Matsuno 1966; Gill 1980), are actually dominant and

known as the Madden−Julian oscillations (MJOs) over

the open ocean (Madden and Julian 1971, 1994;

Nakazawa 1988; Zhang 2005, 2013; Yoneyama et al.

2008, 2013) on both the western and the eastern sides

of the IMC (Fig. 5). However, such transient or travel-

ing disturbances are modified or weakened on reach-

ing the IMC (Nitta et al. 1992; Hashiguchi et al. 1995;

Widiyatmi et al. 2001; Sakurai et al. 2005; Shibagaki et

al. 2006; Hidayat and Kizu 2010; Marzuki et al. 2013)

and cannot explain the convective clouds and rainfall

over the IMC throughout the year.

On the other hand, the land is heated more easily

than the sea (Fig. 4a), but convective clouds gener-

ated over the true continents (Africa and South

America) are less active than those over the IMC.

Therefore, another systematic mechanism is neces-

sary to kick-off an initial updraft in the conditionally

unstable tropical atmosphere, and it must work most

actively over the IMC.

We have also noticed climatic variabilities of the IMC

(cf. Yamanaka 2016): two systematic periodical (annual

and diurnal) cycles that are forced astronomically and

other components without fixed periodicity (ISVs and

interannual variations). The annual cycles of rainy

(monsoon) and dry seasons are less clear in the IMC

than in adjacent regions such as Indochina (Murakami

and Matsumoto 1994) and vary spatially: the seasonal

march in the southern hemispheric part (Jawa and Bali)

has a southern-hemispheric annual cycle (a clear rainfall

maximum in southern summer) (e.g., Haylock and

McBride 2001; Hamada et al. 2002; Aldrian and Susanto

2003; McBride et al. 2003; Chang et al. 2004, 2016). The

equatorial and northern-hemispheric parts have either a

semi-annual cycle (with double peaks near equinox

seasons), a northern-hemispheric annual cycle (one peak

in northern summer), or the cycle is unclear. The semi-

annual cycle is reasonable if we consider that the sun

passes the zenith, when the insolation becomes maximum,

twice a year. So the rainfall over the IMC is sensitive to

the insolation. However, why is the insolation stronger in

the rainy and cloudy season? Why is the southern-

hemispheric rainy season so dominant in low-latitude

Table 1 Ten tropical regions specified in a basic study by the CRIEPI group (Maruyama et al. 2005) to check the reliability of a

numerical climate model (CCSM3; Collins et al. 2006). Land areas and coastline lengths were estimated by calculating numbers of 1°

longitude × 1° latitude (corresponding to 111 km × 111 km on the equator) grid points close to coastlines (within 0.5°). “IPCC07

Obs/Model” rainfall amounts are obtained from figures of the original paper. “TRMM Dec97−Jan11” is from Ogino et al. (2016)

Area Latitude Longitude Land area Coastline CRIEPI

1990 – 1999

CRIEPI 

CCSM3

TRMM 

Dec 97 – Jan 11

(deg N) (deg E) (104  km2) (102  km) (mm/year) (mm/year) (mm/year)

India 10 to 24 71 to 91 144.5 39 1289 1158 1101

Indochina 9 to 21 91 to 121 145.0 79 1237 1816 1789

Sahel 6 to 16 – 5 to 13 180.0 5 1132 921 1319

Central America 6 to 15 – 93 to – 74 47.5 46 1105 2474 2942

Central Africa – 9 to – 4 11 to 29 227.0 6 2158 1684 1276

Indonesia – 10 to 9 96 to 153 242.5 333 2632 2737 1718

Amazonia – 10 to

 

– 1 – 69 to – 49 180.0 0 1974 2342 1657

Southern Africa – 23 to – 7 11 to 40 410.5 33 1132 947 479

Northern Australia – 20 to – 10 120 to 145 136.5 65 947 789 483

Brazil – 22 to – 10 – 65 to – 34 311.5 15 1211 1382 1042

More than 80% of earth’s circumference (400 × 102  km)
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Jawa and Bali? We must answer these questions ad-

equately, as well as establishing the mechanism to explain

why the world’s largest regional rainfall falls over the IMC.

JEPP−HARIMAU and SATREPS−MCCOE projects

Our observations have been outlined in Yamanaka et al.

(2008, 2016) and Yamanaka (2016), and here, we give some

details of the background (see also the map in Fig. 5b). The

most important aspect in promoting a hydroclimate project

over Southeast Asia in the present century is that both in-

frastructure and the need for observations have grown rap-

idly with economic growth. More complete understanding

and more accurate predictability are requested strongly

from industry and the public sectors that have graduated

quickly from day-to-day business and a hand-to-mouth ex-

istence. The numbers of universities and their students are

also increasing rapidly. These circumstances have encour-

aged governments to promote hydroclimatology with

resolution better than annual or continental scale mon-

soons, as well as with interannual and global scope to

maintain sustainable development by mitigating the

effects of climate change. Therefore, scientific studies have

been conducted in parallel with projects for societal appli-

cations (e.g., disaster prevention) and capacity building.

Fig. 4 Distributions of a OLR (sea, land, and cloud top) temperature (snapshot, originally from the University of Wisconsin) and b SST (annual

mean, originally from UK Meteorological Office). Copied from figs. 1.27 and 2.11 of Wallace and Hobbs (2006)
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Fig. 5 ISVs arriving at the IMC a around the time of rainy season onset (November–December 1992) observed by a wind profiler (12 h averaged)

at Serpong (6° S, 107° E) (left) and a GMS (hourly) Hovmöller diagram along 6° S (right) (Hashiguchi et al. 1995) and b during a rainy season

(December 2007) by a wind profiler network at Kototabang (0° S, 100° E), Pontianak (0° S, 110° E), and Biak (1° S, 136° E) (map and left three

panels) and GMS along the equator (right) (Yamanaka et al. 2008), showing modification/decay (smaller hierarchies associated with reversals in

profiler zonal winds) mainly due to the diurnal cycle (appearing in GMS clouds) over the IMC
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Projects related to MAHASRI and AMY over the IMC

are most typical in view of their relevance to the criteria

mentioned above. In particular, high-resolution radar obser-

vations were strongly requested by both hydroclimatologi-

cal interest in the world’s strongest convective activity and

the societal impacts such as frequent flood and landslide di-

sasters. When we proposed a project related to MAHASRI

over the IMC, the Japanese Government established the

Japan Earth-Observation System Promotion Program

(JEPP) contributing to the Global Earth Observation Sys-

tem of Systems (GEOSS; see GEO 2007), which empha-

sized societal benefits. Our proposal for the

Hydrometeorological ARray for Intraseasonal variation

−Monsoon AUtomonitoring (HARIMAU) (Yamanaka et al.

2008)8 was approved as a JEPP project and was conducted

from August 2005 to March 2010 (see: http://www.jam-

stec.go.jp/iorgc/harimau/HARIMAU.html), in collaboration

with the Japan Agency for Marine−Earth Science and

Technology (JAMSTEC), Kyoto University, Hokkaido Uni-

versity, the Agency for the Assessment and Application of

Technology (BPPT), the Indonesian National Institute of

Aeronautics and Space (LAPAN), and the Indonesian

Agency for Meteorology, Climatology and Geophysics

(BMKG). HARIMAU consisted of a radar-profiler net-

work with meteorological Doppler radars of X-band

(at Padang; e.g., Kawashima et al. 2011; Mori et al.

2011; Sakurai et al. 2011; Kamimera et al. 2012) and

C-band (at Serpong near Jakarta; e.g., Wu et al. 2013;

Mori et al., 2018, personal communication), and wind

profilers of L-band (at Pontianak, Manado, and Biak;

e.g., Tabata et al. 2011a, 2011b). A large very high

frequency (VHF) wind profiler called the Equatorial

Atmosphere Radar (EAR) located at Kototabang (e.g.,

Fukao 2006; Shibagaki et al. 2006; Seto et al. 2009)

was also included in the network. Rainfall and wind

distribution data were displayed via the Internet in

near real-time throughout the project.

Since 2005, the Indonesian Government has funded

the BMKG’s efforts to install over 40 meteorological

radars.9 The number of radiosonde stations was also

increased to 22, which contributed to the improved ac-

curacy of objective analyses at meteorological agencies

worldwide (cf. Seto et al. 2009).10 In parallel with the

measurements obtained by the radars and radiosondes,

JAMSTEC and BPPT collaborated on buoy and ship-

board observations over the Indonesian exclusive eco-

nomic zone (EEZ) as part of the international network

of the Tropical Ocean Climate Study (TOCS; Ando et al.

2010). Another JEPP project, the Indian Ocean Moored

Network Initiative for Climate Studies (IOMICS), col-

lected data during 2005–2010 as part of the Research

Moored Array for African−Asian−Australian Monsoon

Analysis and Prediction (RAMA; McPhaden et al.

2009). Ship-based sea water, surface weather, radar,

and radiosonde observations on atmosphere−ocean

interactions over the Indian Ocean were conducted by

the Mirai Indian Ocean Cruise for the Study of the

MJO−Convection Onset in 2006 (MISMO2006;

Yoneyama et al. 2008).

In 2009, a follow-on project to HARIMAU and

IOMICS was approved under the Science and Technol-

ogy Research Partnership for Sustainable Development

(SATREPS). This project established an international

center of tropical climatology, meteorology, and oceanog-

raphy, called the Maritime Continent Center of Excellence

(MCCOE) under BPPT in November 2013 and included

capacity building for radar operations and buoy manu-

facturing during February 2010–March 2014 (see

http://www.jamstec.go.jp/rigc/tcvrp/satreps_id/ in Japa-

nese). Some observations were conducted also in col-

laboration with the Cooperative Indian Ocean

Experiment on Intraseasonal Variability in the Year

2011 (CINDY2011; Yoneyama et al. 2013). After

MCCOE was established, the HARIMAU radars and

profilers came under the responsibility of that center.

Observational data have contributed to global reanaly-

sis (e.g., Onogi et al. 2007; Kobayashi et al. 2015), as

well as high-resolution numerical studies at both re-

gional (e.g., Wu et al. 2008, 2009) and global (e.g., Sato

et al. 2009) scales.

The HARIMAU campaign observations were carried out

during periods of intense observation almost every year

from 2006 to 2011, under a collaboration with MAHASRI

and other international projects (Table 2). In particular,

HARIMAU2006, 2007 and 2011 were in the westernmost

area of the IMC (Propinsi Sumatera Barat or West Sumatra

Province), targeting the MJOs from the Indian Ocean and

their modification (Yoneyama et al. 2008, 2013; Kamimera

et al. 2012; Kubota et al. 2015, with the MISMO and

CINDY projects), the diurnal cycles of the major and

smaller islands (Wu et al. 2008, 2009; Kamimera et al.

2012), and convective cloud structure and vertical coupling

(Fukao 2006; Mori et al. 2011; Kawashima et al. 2006, 2011;

Sakurai et al. 2009, 2011, with the Coupling Processes in

the Equatorial Atmosphere (CPEA) project). HARI-

MAU2008 and 2009 were performed over Kalimantan

Island (Wu et al. 2008, 2009). HARIMAU2010 focused on

the JABODETABEK (Jakarta−Bogor−Depok−Tangerang

−Bekasi, or greater Jakarta) area, in collaboration with a

hydrological study of the Ciliwung River (Sulistyowati et al.

2014; Mori et al., 2018, personal communication;

Katsumata et al., 2018, personal communication).

Many other projects over this important region have

been carried out in collaboration with various countries

and agencies, for example, ocean–atmosphere inter-

action studies with China (e.g., Yang et al. 2015), aerosol

studies with the USA and others (e.g., Reid et al. 2016),

a collaboration within Southeast Asia (e.g., Koh and Teo

Yamanaka et al. Progress in Earth and Planetary Science  (2018) 5:21 Page 8 of 28

http://www.jamstec.go.jp/iorgc/harimau/HARIMAU.html
http://www.jamstec.go.jp/iorgc/harimau/HARIMAU.html
http://www.jamstec.go.jp/rigc/tcvrp/satreps_id/


2009), and a collaboration/capacity building for me-

teorological operations and database construction with

Australia, the Netherlands, France, Germany, and others.

Collaborations between projects are occurring, and

contributions from Indonesian scientists are increasing

(see the last paragraph of the “Conclusions” section of

this article).

In this article, we review mainly our own observational

studies on the mechanisms generating the world’s largest

regional rainfall over the IMC under the JEPP−HARIMAU

and SATREPS−MCCOE projects. The “Review” section is

separated into five subsections. The “Diurnal cycle observed

around the IMC coastlines” section concerns observational

evidence of the diurnal cycle near coastlines, which is the

most fundamental and dominant mode over the IMC. The

“Local rainfall as a function of coastline length” section

describes the general feature of tropical rainfall concentra-

tion near coastlines. The “Regional rainfall as a function of

‘coastline density’” section explains the largest regional

rainfall over the IMC in terms of the concentration of

coastal diurnal cycle rainfall. The “Consistency with the

global water budget” section estimates the contribution of

the IMC rainfall to the global water/energy cycle. The

“Control of the global climate” section looks toward con-

nections between the IMC rainfall and the global climate.

Review

Diurnal cycle observed around the IMC coastlines

The dominant periodicity of insolation is diurnal, and

sea−land heat capacity contrasts enforce the local diur-

nal variations in wind, clouds, and rainfall that were

known in Batavia (now Jakarta) a century ago (van Bem-

melen 1922). These diurnal variations have been con-

firmed everywhere along the coastal zones of larger

islands (Sumatera, Kalimantan, Jawa, Sulawesi, and Papua)

of the IMC, based on wind profilers (including raindrop

measurements) (e.g., Hashiguchi et al. 1995; Renggono et

al. 2001; Hadi et al. 2002; Murata et al. 2002; Araki et al.

2006; Marzuki et al. 2009; Tabata et al. 2011b), precipita-

tion radars (e.g., Kawashima et al. 2006, 2011; Wu et al.

2007, 2013; Sakurai et al. 2009, 2011; Mori et al. 2011;

Kamimera et al. 2012), a space-borne precipitation radar

(e.g., Sorooshian et al. 2002; Mori et al. 2004; Kikuchi and

Wang 2008; Wu et al. 2008, 2009; Peatman et al. 2014),

GPS radio occultation (precipitable water or moisture)

sounding (e.g., Wu et al. 2003, 2008, 2009), and satellite

observations of outgoing longwave (infrared) radiation

(OLR) (cloud-top temperature or height) (e.g., Hendon

and Woodberry 1993; Nitta and Sekine 1994; Ohsawa et

al. 2001; Yang and Slingo 2001; Sakurai et al. 2005;

Hamada et al. 2008). As categorized by Kikuchi and Wang

Table 2 Intense observation periods (IOPs) of the HARIMAU project under MAHASRI

Campaign name Intense observation area/period Stations of major instruments Collaborated projects Major results

HARIMAU2006 Sumatera Barat
(incl. Siberut Island)
26 Oct–27 Nov 2006

MIA (XDR, AWS, SVC)
Tiku (XDR, AWS)
Tabing (RS, AWS, RIS)
Siberut (RS, AWS, GPS, RIS)

MAHASRI, CPEA,
MISMO2006

Vertical coupling
Diurnal cycle at small island

HARIMAU2007 Sumatera Barat
14 Apr–25 May 2007

MIA (XDR, AWS, SVC)
Tiku (XDR, AWS)
Tabing (RS, AWS)

MAHASRI, AMY,
PRIMO/Maldives

Details of diurnal cycles

HARIMAU-AMOY Kalimantan
(+Sumatera, Sulawesi)
21–27 Aug 2008,
20 Jan–7 Feb 2009,
20–26 Aug 2009,

Pontianak (WPR, RS, AWS, GPS)
Putussibau (AWS, GPS)
Balikpapan (AWS, GPS)
(Manado (WPR, RS, AWS),
Biak (WPR, RS, AWS))

MAHASRI, AMY, Geographical differences
of diurnal cycles
Local water cycles

HARIMAU2010
(co-funded with SATREPS)

JABODETABEK/Jawa
16 Jan–14 Feb 2010

Serpong (CDR, WPR, AWS, RSD)
Bogor (RS, AWS, RSD, RIS)
Pramuka (RS, AWS, RIS)
Serang (RS, AWS)
Karawang (RS)
Cengkareng (RS, AWS)*

MAHASRI, AMY, Details of diurnal cycles
Local circulations
River diurnal cycle

HARIMAU2011
(funded by SATREPS)

Sumatera Barat
(incl. Sipora Island)
1–31 Dec 2011

MIA (XDR, AWS), Pontiank (RSD)
Muara Putus (MPR, AWS)
Tabing (RS, AWS)
Tuapejat/Sipora (RS, AWS),
Pariaman (AWS, RSD, ARG),
Sicincin (AWS, RSD), Bawan,
(AWS) Kapar, Maninjau,
Kandang Empat, Limau Purut,
Sungai Sarik, Sintuk, Buayan,
Lubuk Minturun, UNAND (ARG)

MAHASRI, AMY,
CINDY2011

Organization processes of
coastal heavy rainbands
Examination for quantitative
precipitation estimation
Experiment for quantitative
precipitation forecasting

Operational observations only

MIA Minangkabau International Airport/Padang, XDR X-band Doppler radar, CDR C-band Doppler radar, MPR X-band multi-parameter radar, WPR UHF (L-band)

wind profiler radar, EAR Equatorial Atmosphere Radar (VHF), RS radiosondes, AWS automatic weather stations, ARG automatic raingauge, GPS Global Positioning

System (precipitable water), RSD disdrometer (raindrop size distribution), RIS raindrop isotope sampling, SVC Sky-view camera, UAV unmanned aerial vehicle
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(2008), the diurnal cycle over the IMC is different from

that over the open ocean (e.g., Sui et al. 1997).

Figure 6 shows examples of monthly averages of hourly

OLR (cloud top temperature) observations by a Geosta-

tionary Meteorological Satellite (GMS) over the IMC and

surrounding oceans. Individual mesoscale diurnal cycles

are generated almost synchronously along coastlines of

the archipelago, so that the whole (synoptic scale) IMC

oscillates with an almost uniform diurnal cycle, which is

consistent with the coastal heavy rainband organization

previously reported (e.g., Mori et al. 2004, 2011, (2018,

personal communication). We have carried out spectral

analyses of the GMS data accumulated for 14 years

over the IMC−Pacific region (Fig. 7a, the same region

as Fig. 6). Geographical distributions of the frequency

power-spectral density for selected components are

plotted in Fig. 7b. This clearly shows the primary

dominance of diurnal cycles and the secondary im-

portance of annual cycles around major islands of the

IMC and surrounding tropical regions. The diurnal

cycle is particularly clear just on the landward side of

the coastline, whereas the annual cycle appears some-

what vaguely and mainly inland. Figure 7c, d, are ex-

amples of frequency and zonal wavenumber spectral

analyses. In the frequency domain, a striking spectral line

corresponding to the diurnal cycle and the shorter period

red noise-like continuum spectrum (to its right) are both

stronger around the IMC than over the ocean. The wave-

number domain is only continuum-spectral (except for a

flection around 300 km in wavelength, which will be

mentioned later). These panels confirm that spatially

broad-band (meso-to-synoptic scale) convection is the

end result of the diurnal cycle energy input, although

intermediate nonlinear processes may play a role and

should be investigated further.

Figure 8b, e show the mean annual rainfall (over a

period of about 13 years; Ogino et al. 2016) and the local

AM−PM rainfall difference (for 3 years; Mori et al.

2004) over the IMC, analyzed from space-borne precipi-

tation radar (PR) data from the Tropical Rainfall Meas-

urement Mission (TRMM) satellite. Rainfall amount is

large near the coastlines, and morning (evening) rainfall

is concentrated over the sea (land) side of a coastline. In

central Africa (Fig. 8a, d) and South America (Fig. 8c, f ),

there are major inland rainfall regions, but circular dis-

tributions of rainfall amount and AM−PM difference are

found, albeit faintly, around the Congo and Amazon

river basins (which will be discussed later), in addition

to remarkable coastal diurnal cycle rainfall areas over

the Gulf of Guinea and Lake Victoria (as well as the Gulf

of Panama, although this lies outside Fig. 8f ). Hirose et

al. (2017) show much higher resolution analyses includ-

ing smaller island features and even a land–large river

contrast over the Amazon River.

Figure 9a shows an example of frequency spectra of

temperature at the surface and near the tropopause ob-

served by radiosondes launched three hourly from both

sides of a coastline near Bengkulu, southwestern Sumatera.

Figure 9b, c show mean diurnal variations of the land and

marine atmosphere temperature for the lowest 1 km

obtained by the radiosonde observations. The diurnal cycle

of temperature is striking near the land surface below

about 300 m but is weak near the tropopause in spite of

the cloud top height having a clear diurnal cycle. In

particular, for the lowest 100 m on land, the lapse rate

is large in the daytime (below 40 m, each temperature

profile is often partly super-adiabatic, hence absolutely

unstable around 06 UT = 13 LT), whereas it is negative

(that is an inversion, i.e., strongly stable) in the night-

time 15−24 UT (22−07 LT).

Actual surface temperature is determined by complex

boundary layer processes of radiation, convection (with

eddy motion on smaller scales than the cloud convec-

tion) and conduction (molecular properties, less import-

ant than the other two in the atmosphere, except just

above the surface) interacting with each other (e.g., sec-

tion 14.1 in Stull 1988). For example, if clouds are gener-

ated by surface heating in daytime, the heating becomes

immediately reduced by the albedo (parasol effect) of the

clouds. Rainfall produced by the clouds on land in night-

time cools down the land surface temperature like a

sprinkler (Fig. 10b; Wu et al. 2009), as shown observation-

ally in Fig. 9b and numerically in a global high-resolution

model (Sato et al. 2009). As a result, there is almost no

“tropical night”11 in the tropics (Fig. 10b). This sprinkler-

like self-cooling process is different from the extratropical

diurnal cycle that needs radiative cooling in clear weather

through day and night. Thus, over the IMC, the latent

heat and the sprinkler-like effect should have comparable

magnitudes with the other (sensible or radiative) heating

or cooling mechanisms such as insolation, infrared radi-

ation, and the greenhouse effect. Hadi et al. (2002) and

Araki et al. (2006) presented climatological analyses of di-

urnal cycles near Jakarta in northwestern Jawa and dis-

cussed differences between dry and rainy seasons and

between wind and rainfall.

Usually the land surface, which has a smaller effective

heat capacity, is heated or cooled by any thermal forcing

more quickly and more largely than the sea surface with

larger effective heat capacity, and the horizontal gradient

(sea−land difference) of surface temperature (precisely,

atmospheric bottom temperature) directly governs the

amplitude of diurnal cycles (e.g., Kimura 1975; Rotunno

1983; Niino 1987; Niino et al. 2006). Figure 9d shows

mean diurnal variations of the land−sea atmosphere

temperature difference for the lowest 1 km obtained by

radiosonde observations. Warmer land than sea is ob-

served through the analyzed altitude range (especially

Yamanaka et al. Progress in Earth and Planetary Science  (2018) 5:21 Page 10 of 28
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strong below 500 m) during daytime (10−16 LT, with a

downward phase delay), whereas sea is warmer than

land by a greater amount and for longer (19−07 LT) but

only below 200-m altitude. This asymmetric temperature

cycle seems consistent with the diurnal cycle rainfall be-

ing heavier in the morning on the sea-side than in the

evening on the land-side (contrary to the cloud top

height shown in Fig. 6) as observed in various coastal

areas (Sumatera, Jawa, and Kalimantan) over the IMC

(Mori et al. 2004, 2011; Wu et al. 2008, 2009). For the

case shown in Fig. 9, detailed features including those

associated with an MJO landing are also shown else-

where (Wu et al. 2017, 2018; Yokoi et al. 2017).

On land, these processes lead to rapid land/hydrosphere

−atmosphere water exchange (Sulistyowati et al. 2014) and

local air pollutant washout. The resulting clear sky over

land from sunrise until around noon provides insolation

dependent upon the solar angle, which gives more active

convection or a rainy season in each hemispheric summer

in spite of the very low latitudes (e.g., Jawa and Bali in

southern hemispheric summer) or two (semi-annual) rainy

seasons in the vicinity of the equator (Murakami and

Matsumoto 1994; Hamada et al. 2002; Aldrian and Susanto

2003). Detailed observations and investigations are needed

in future. Air pollution in a mega city such as Jakarta is

becoming more serious with rapid development.

Over the open oceans, in the CISK mechanism (e.g.,

Ooyama 1971; Lindzen 1974; Hayashi and Sumi 1986),

cyclonic or wavelike disturbances are generated as feed-

back that further enhances upward motion, that is the cu-

mulus cloud. Energetically speaking, the kinetic energy is

always dissipated in the boundary layer and supplied by

the conversion of latent heat obtained by ocean surface

evaporation, through the potential energy producing the

meridional and zonal circulation. Several other feedback

mechanisms have been proposed to explain tropical cy-

clones and ISVs/MJOs (see, e.g., Wang 2012). For ex-

ample, in the wind-induced surface heat exchange

(WISHE) mechanism (Emanuel 1987; Neelin et al. 1987),

surface wind generates waves that enhance evaporation

Fig. 7 Spectral analysis of 14-year (1996–2009) hourly GMS−OLR cloud top temperature for the region a (Yamanaka 2016). Frequency spectra are

b plotted geographically for 6 h to 2-year components and are shown c for five locations at every 20° longitude from 100° to 180° E along the

equator (indicated by stars in a). d Zonal wavenumber spectra for the 90° E–150° W longitude range at every 5° latitude around the equator
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and latent heat supply. These feedback mechanisms may

be suppressed, because the hydrologic and energy cycles

close approximately on a diurnal time scale (including

clear/dry land in the morning) over the IMC, and the

standard features of ISVs/MJOs along the ITCZ over the

Indian and Pacific Oceans (e.g., Madden and Julian 1971,

1994; Wheeler and Hendon 2004; Zhang 2005, 2013;

Yoneyama et al. 2008, 2013) are greatly modified over the

IMC. For example, passage of ISVs/MJOs over the IMC is

shifted to the southern side of the equator, which gives a

decrease in rainfall over the IMC from west to east

(e.g., Nitta et al. 1992; Shibagaki et al. 2006; Hidayat and

Kizu 2010; Fujita et al. 2011; Kamimera et al. 2012; Marzuki

et al. 2013; Peatman et al. 2014; Zhang and Ling 2017).

Simultaneously, the ISVs/MJOs influence the amplitudes

of local diurnal cycles in moisture, stratification stability, and

wind over the IMC. The rainfall (particularly over the sea ra-

ther than the land) at various locations over the IMC in-

creases during the active/wet phase of ISVs/MJOs (e.g.,

Hashiguchi et al. 1995; Widiyatmi et al. 2001; Murata et al.

2002; Sakurai et al. 2005, 2009, 2011; Shibagaki et al. 2006;

Wu et al. 2007, 2013; Hidayat and Kizu 2010; Mori et al.

2011, (2018, personal communication); Kamimera et al.

2012; Marzuki et al. 2013; Peatman et al. 2014). As a result,

the onset and total rainfall amount of the rainy season over

the IMC (in particular over the southern hemispheric part)

are governed by the passage of active phases of ISVs/MJOs

(see Fig. 5a) (Hashiguchi et al. 1995; Renggono et al. 2001;

Hamada et al. 2002; Sakurai et al. 2005; Araki et al. 2006; Xie

et al. 2006). Interactions with monsoon surges over complex

topography (e.g., Chan and Li 2004; Chang et al. 2004, 2016)

may also affect the amplitude variations of diurnal cycle rain-

fall (Wu et al. 2007, 2013; Hattori et al. 2011; Matsumoto et

al. 2017), and sometimes generate sub-synoptic scale Borneo

(or cold surge) vortices (e.g., Yokoi and Matsumoto 2008;

Chen et al. 2013, 2015). These features of rainfall distribution

and variation are in general consistent with sea-side domin-

ance of mainly diurnal cycle coastal rainfall (e.g., Mori et al.

2004; Wu et al. 2009; Ogino et al. 2016, 2017).

Correlations between the IMC rainfall and the sea

surface temperature (SST) that vary with interannual at-

mosphere−ocean interactions such as El Niño Southern

Oscillation (ENSO) and the Indian Ocean Dipole mode

(IOD) have been noted in particular in the dry season, but

are notably spatially incoherent in the rainy season (e.g.,

Haylock and McBride 2001; Hamada et al. 2002; Aldrian

and Susanto 2003; McBride et al. 2003). More detailed

correlation analyses of recent improved rainfall observa-

tions for West Jawa with SST over the Central Pacific and

Western Indian Oceans (Hamada et al. 2012) and for the

eastern IMC (Kubota et al. 2011; Lestari et al. 2016) are

now being applied to the whole of Indonesia. SST varia-

tions may reduce or amplify the nighttime sea-to-land

temperature gradient and control the morning coastal-sea

Fig. 8 a−c annual amount (analyzed for Dec 1997−Jan 2011; Ogino et al. 2016) and d−f AM−PM difference (Jan 1998−Dec 2000; Mori et al. 2004)

of rainfall for a, d central Africa, b, e South/Southeast Asia, and c, f South America observed by the TRMM-PR. Circles in d, f indicate rough

locations of the contour line around which the mountain valley breeze circulation occurs
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rainfall in particular in the dry season. In major El Niño

and positive IOD years, rainfall is often reduced, even in

the rainy season, leading to serious drought and smog

disasters over the IMC (e.g., Hashiguchi et al. 2006; As-

syakur et al. 2016; Hidayat et al. 2016). In La Niña and

negative IOD years, larger moisture transport from

warmer sea water enhances diurnal cycle rainfall, which

leads to a less clear dry season and flood disasters during

cold surges and/or MJO active phases in the rainy season

(e.g., Wu et al. 2007, 2013; Matsumoto et al. 2017). These

results are essentially consistent with independent similar

studies by Qian (2008) and Qian et al. (2013). Decadal

or longer-scale rainfall trends (e.g., Endo et al. 2009;

Villafuerte and Matsumoto 2015) should also appear

through amplitude modulations of the diurnal cycles asso-

ciated with variations of SST and moisture transport.

Local rainfall as a function of coastal distance

Based on radar observations in Sumatera and Jawa, the

rainfall intensity in a typical precipitating cloud system

is stronger than 10 mm/h only in a small migrating area

of (10 km)2, which has an echo top of about 10 km and

a life time of roughly an hour (e.g., Kawashima et al.

2006, 2011; Wu et al. 2007, 2013; Sakurai et al. 2009,

2011; Mori et al. 2011 (2018, personal communication);

Kamimera et al. 2012; Katsumata et al., 2018, personal

communication), although Marzuki et al. (2013) noticed

variabilities of raindrop size distributions over the IMC.

Thus, the precipitation (liquid plus solid) water content

of such a developed cloud system is estimated very

roughly as

1 t=m3 � 10 mm� 10 kmð Þ2
� �

= 10 kmð Þ3 ≈ 1� 10–6 t=m3
≈ 1 g=m3;

ð1Þ

which is somewhat larger than typical values (0.5 g/m3)

for oceanic convective clouds. For a broader area around

the region of intense rainfall, however, rainfall intensities

are around 1 mm/h, and such weaker rainfall may be ob-

served at a station for about 10 h from the evening until

the next morning, giving a daily rainfall amount of about

10 mm/day, which is close to the regional-mean annual-

Fig. 9 Examples of a frequency power spectra (at a coastal land station in Bengkulu (04°S, 102°E), southwestern coast of Sumatera); b, c 10 day-

mean land (Bengkulu)/marine (RV Mirai, approximately 50 km SW from Bengkulu) atmospheric temperature diurnal cycles below 1 km altitude;

and d their difference, obtained during 8–18 December 2015. The abscissas of b−d are in UT (= LT−7 h). Details of the observations are

described in Yokoi et al. (2017) and Wu et al. (2018)
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mean value of 2700 mm/year ≈ 7 mm/day (see IPCC re-

port values in Table 1). Therefore, the annual rainfall

amount over the IMC on average is almost explained by

such typical diurnal cycle clouds generated along the

coastlines almost every day.

As mentioned already, we may consider a very rapid

hydrologic cycle near the IMC coastline, unlike in the

extratropics where the hydrologic cycle closes on an an-

nual time scale. If so, liquid water transport by river

from land to sea should be approximately balanced by

water vapor transport by sea breeze from sea to land.

We have confirmed that a major river in West Jawa has

a diurnal cycle (Sulistyowati et al. 2014). The hydrologic

cycle over the IMC has been revealed using isotopic

analyses of sampled rain and land water (Kurita et al.

2009; Fudeyasu et al. 2011; Suwarman et al. 2013,

2017; Belgaman et al. 2016; Permana et al. 2016). Fur-

thermore, we know diurnal cycles occur also in the

biosphere and humanosphere, which are also concen-

trated near the coastline.

Radar and satellite observations have shown that the

characteristic horizontal scale of the diurnal cycle mi-

grating areas of cloud is of the order of some hundreds

of kilometers around a coastline (Fig. 11), which looks

somewhat broader than typical values in the extratro-

pics.12 Clouds and precipitation are concentrated in a

narrower updraft/convergence zone of the sea−land

breeze circulation cell, but their daylong migration pro-

vides rainfall in each place over the whole diurnal cycle

area at different local time: mainly on land in the even-

ing and on the sea in the morning. Figure 12 shows the

global precipitation and evaporation (30-year average

for 1981–2010) as functions of coastline length (Ogino

et al. 2017) calculated from an objective analysis dataset

called the Japanese 55-year Reanalysis (JRA−55) for

1981–2010 (Kobayashi et al. 2015). Because the

amounts and areas of rainfall are always larger in the

tropics (in particular the IMC) than in the extratropics,

the globally averaged rainfall distribution along the

coastal distance is dependent mainly on the tropical

distribution (Ogino et al. 2016). As shown in Fig. 13,

the local rainfall in the tropics (< 37° in this figure, but

not essentially changed even for < 20° as will be dis-

cussed later) is a function of coastal distance: 34% of

the total tropical rainfall and all areas with > 3000 mm/

year are distributed within 300 km of a coastline

(Ogino et al. 2016). The characteristic scale 300 km is

also found in the spectral analysis of cloud activity13 (see

Fig. 7d), suggesting a sink of energy or enstrophy (cf. Gage

and Nastrom 1986) if it is related to the horizontal flow

field (e.g., convergence below the cloud base).

For an island smaller than this horizontal scale, the diur-

nal cycle of sea−land circulation along the coastline is sup-

pressed, which is consistent with theoretical and numerical

Fig. 10 a Mean annual cycle of the monthly maximum insolation at Serpong (6° S, 107° E) near Jakarta during 1993–2002 (Araki et al. 2006), b

monthly temperature variation at Pontianak (0°, 109° E), west Kalimantan in April 2002 (Wu et al. 2008), and c mechanism (Wu et al. 2009) of the

diurnal cycle over the IMC
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studies (cf. Niino et al. 2006; Takasuka et al. 2015, for local

and global models, respectively, although the resolution of

the latter is critical). In smaller islands within about 100 km

of larger islands, such as Siberut near Sumatera (Wu et al.

2008; Kamimera et al. 2012) and Biak near Papua (Tabata

et al. 2011b), there are two peaks due to the diurnal cycles

of both islands (night and morning by small and large

islands, respectively).

The predominance of the coastal diurnal cycle is charac-

teristic in the equatorial tropics, and it disappears with the

traveling cyclone activity in the subtropics and extratro-

pics (appearing only on clear days in anticyclones). How-

ever, because of its perennial, stationary, and somewhat

broader features, the tropical diurnal cycle generates

much more rainfall in the annual or longer-period total

than (sub)tropical and extratropical cyclones.

Regional rainfall as a function of “coastline density”

Based on an estimate of precipitable water from a stand-

ard convective cloud as in Eq. (1), we hypothesize that

the annual rainfall amount for a region may be approxi-

mately given by the total number of standard clouds

along the coastline (Fig. 2c), that is, the length of coast-

line divided by 100 km (Yamanaka 2016). Since the

coastline length is known to be dependent on the meas-

urement resolution (Mandelbrot 1967), we have mea-

sured the lengths of coastlines for the ten regions listed

in Table 1 with a resolution of 100 km or approximately

1° in latitude (and also in longitude near the equator),

and the land area surrounded by such smoothed coast-

lines. The results are shown in the center two columns

of Table 1. Plotting the data in a diagram of annual

rainfall amount vs. coastline density defined as coastline

length divided by land area (Fig. 14),14 we obtain a

roughly linear relationship:

Annual regional rainfall mm=year½ � ≈ 2; 000 mm=year∙102 km
� �

� Coastline length 102 km
� �

=Land area 104 km2
� �

ð2Þ

Fig. 11 Geographic variability of diurnal cycle migrations (Hovmöller diagrams) of high GMS cloud top areas, analyzed for five cross-sections

approximately perpendicular to the western coastline of Sumatera during May 2001–April 2002 (Sakurai et al. 2005)
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Fig. 13 a Share of rainfall observed by TRMM−PR (latitude < 37°; December 1997–January 2011) and land area and b rainfall “heaviness”

relative to the whole tropical mean, as functions of the coastal distance. c Histogram of grid cell numbers and d the normalized histogram,

and e histogram of coastal share, all as functions of rainfall intensity. After Ogino et al. (2016)

Fig. 12 The 30-year (1981–2010) averaged precipitation (P) and evaporation (E) calculated from the JRA−55 objective analysis data and their

difference (E−P, corresponding to the horizontal water vapor flux divergence) as functions of the coastal distance for the entire globe

(Ogino et al. 2017)
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for eight regions except Amazonia and Central Africa.

The factor 2000 mm/year in Eq. (2) looks somewhat

larger than the coastline peak of 1300 mm/year in the

TRMM analysis (Fig. 12), which should be reconsid-

ered after analyzing the regional rainfall from the

TRMM data. Note that 2000 mm/year ≈ 5.5 mm/day is

the zonal-mean value around the equator (Fig. 1c),

suggesting major rainfall in the equatorial region oc-

curs near coastlines.

The approximately linear relationship Eq. (2) and its

variance as shown in Fig. 14 imply similarities and

variations of precipitating convective clouds and their

clusters. Deviations may be partly due to the arbitrary

selection and boundary of each region. A systematic

difference between the western and eastern coasts of

meridionally elongated land areas such as Sumatera,

Kalimatan, the Malay Peninsula, and the Indian Sub-

continent (e.g., Ogura and Yoshizaki 1988; Murata et

al. 2002; Chang et al. 2004, 2016; Xie et al. 2006; Wu

et al. 2009) should possibly be included in the linear-

ity factor 2000 mm/year/100 km.

Steep slopes between high mountain ranges and low

swampy basins may also produce diurnal variations

with mountain−valley breeze-like circulation. In the

IMC, mountains of major islands reach significant

heights (3000 m or higher) but are close to the coast-

lines, so that the mountain−valley breezes are not

separated from the sea−land breezes (e.g., Yang and

Slingo 2001). However, inland regions of the true

continents may have diurnal cycles of the mountain

−valley type completely separated from the coastlines.

Thus, if we take such steep slope effects into account

and replace the coastline length by the length of the

contour line of an appropriate altitude (probably

given by a midpoint between the lifting condensation

levels in the morning and evening), we may obtain a

corrected result in which the data plots for Central Africa

(Fig. 8a, d) and Amazonia (Fig. 8c, f) also approach the lin-

ear relationship. This is only a secondary effect because, as

shown in the previous subsection and Figs. 12 and 13, the

local rainfall distribution is primarily a function of the

coastal distance (Ogino et al. 2016, 2017).

Fig. 14 Regional rainfall listed in Table 1, as a function of “coastal density” (modified from Yamanaka 2016)
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Detailed studies of the local rainfall variability due to or-

ography over the IMC have started with a dense meso-

scale rain gage network of daily-pentad (so the diurnal

cycle is not resolvable) sampling (Hamada et al. 2008),

and with raindrop size disdrometers (Marzuki et al. 2013)

and wind profilers (Tabata et al. 2011a, 2011b) with high

time resolution at almost isolated stations. For local oro-

graphic effects on the diurnal cycle rainfall (and wind), we

need to analyze meteorological Doppler radar data more

precisely in the next step.

In particular, west−east differences of the IMC have

been found in climatological (e.g., Köppen 1918;

Murakami and Matsumoto 1994; Kubota et al. 2011;

Hidayat et al. 2016; Lestari et al. 2016), and cloud-

physical (e.g., Marzuki et al. 2013; As-syakur et al. 2016)

and water isotope (Suwarman et al. 2013, 2017;

Belgaman et al. 2016; Permana et al. 2016) observations.

The western part has relatively greater rainfall, a more

continental-like raindrop size distribution, and more

Indian Ocean monsoon-like origin than the eastern part.

The border is roughly the Makassar and Lombok Straits,

and a similar separation was noted much earlier in

zoology/ecology (e.g., the famous line discovered first by

Wallace 1869), geology/geophysics (e.g., Wegener 1929;

Frankel 2012), and oceanography (e.g., Lukas et al. 1996;

Gordon 2005). The western part consists of three large

islands (Kalimantan, Sumatera, and Jawa; the world’s

3rd, 6th, and 11th largest) and the Malay Peninsula,

which have longer coastlines than the eastern side with

two large (the 2nd and 9th; Papua and Sulawesi) and

many much smaller islands. This is consistent with the

greater rainfall in the western part.

The results described here suggest that a numerical

model needs to resolve the equatorial coastlines with

sufficiently high resolution (<< 100 km). The importance

of the diurnal cycle over the IMC not only in this region

but also for the global climate has been suggested by

modelers (e.g., Neale and Slingo 2003). Results from a

high-resolution model (20 km mesh) indicate that the

diurnal cycles over the IMC will be weakened in future

mainly due to nighttime land temperature increase asso-

ciated with global warming (Kitoh and Arakawa 2005),

although at present, even megacities (such as Jakarta) in

the IMC do not have notable local heat island effects.

Much higher resolution models (7 and 3.5 km grids)

have simulated local clouds activated by an MJO caus-

ing a flood in the Malay Peninsula (Miura et al. 2007)

and rainfall coupled with convergence of sea−land

breeze circulations over the IMC (Sato et al. 2009).

However, the effects of the resolution improvement on

the accuracy of the simulation do not seem to be so

simple (e.g., Wang et al. 2012). Numerical studies for

different coastline features will also be useful for the

study of paleoclimate; these will be mentioned later.

Consistency with the global water budget

We have mentioned four expressions of the rainfall

distribution. Early studies gave

(i) Meridional distribution as shown in Fig. 1c; and

(ii) Land and marine breakdown as shown in Fig. 1b.

Recent studies reviewed in this article gave distribu-

tions that were a function of:

(iii) Coastal distance as shown in Fig. 12; and

(iv) Coastal density as shown in Fig. 14.

All these distributions must be consistent with the

global total rainfall or latent heating shown in Fig. 1a.

Concerning (ii), it is well known (e.g., Jaeger 1983;

Hartmann 1994; Trenberth et al. 2009) that, multi-

plied with the area ratio of land and sea,

Global mean rainfall ≈ 1:1 m=year½ � � 0:7þ 0:7 m=year½ �

�0:3 ≈ 1 m=year½ �;

ð3Þ

which gives, multiplied by the density of water ≈ 1 ×

10
3 kg/m3, the annual mass of water falling per unit

area ≈ 1 × 103 kg/year/m2. Further multiplying by the la-

tent heat of evaporation of water ≈ 2.5 × 106 J/kg and

using 1 year ≈ 3.15 × 107 s, we confirm the latent heating

per unit time per unit area ≈ 80 W/m2, as shown in Fig. 1a

(Trenberth et al. 2009). If we multiply Eq. (3) by the

Earth’s surface area ≈ 4π × (6.37 × 103 km)2 ≈ 5 × 1014 m2,

we have

Global total rainwater volume ≈ 1½m=year� � 5

� 1014½m2� ≈ 5� 1014½m3=year�: ð4Þ

If we integrate the meridional distribution (i) over the

latitude range < 37° ≈ 8 × 103 km which is used in Ogino

et al. (2016) for calculation of (iii) in the tropics, the

mean rainfall estimated from Fig. 1c is about 1.5 m/year;

therefore,

Tropical rainwater volume ≈ 1:5 m=year½ � � 8� 103 km½ �

� 4� 104 km½ � � 0:9 ≈ 4� 1014 m3=year
� �

;

ð5Þ

where a factor 0.9 is used under the trapezoidal approxi-

mation. The tropical rainwater Eq. (5) is as much as 80%

of the global total Eq. (4). If one third of Eq. (5) is falling

in the coastal region as shown in Fig. 13a, we estimate

very roughly

Tropical coastal rainwater volume � 1� 1014 m3=year
� �

;

ð6Þ
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which is 20% of the global total Eq. (4). Even if we take a

narrower latitude width < 20° ≈ 4.4 × 103 km, then the

mean rainfall is about 1.7 m/year, and the tropical total

and coastal rainwater volumes are very roughly (within

one significant digit) the same as in Eqs. (5) and (6). This

is reasonable, because the latitude range 20° − 37° is the

subtropical high-pressure belt with less rainfall.

If we integrate (iii), the precipitation distribution in

terms of coastal distance, for the coastal region of width

600 km and length 150,000 km (Ogino et al. 2016), then

the mean rainfall estimated from Fig. 12 is about 1.1 m/

year; therefore,

Tropical coastal rainwater volume ≈ 1:1 m=year½ � � 0:6

� 103 km½ � � 15� 104 km½ � ≈ 1� 1014 m3=year
� �

;

ð7Þ

which is consistent with Eq. (6). More estimates includ-

ing the breakdown of (ii) for land and sea rainfall over

the tropics as well as other latitudes are given in Ogino

et al. (2017).

Finally, concerning the distribution in terms of coastal

density (iv), multiplying both sides of Eq. (2) by the

regional (land) area and taking the sum over all the

regions (with total coastline length ≈ 1.5 × 105 km from

Table 1) we have the estimate

Tropical coastal rainwater volume ≈ 2 m=year∙102 km
� �

� 1:5� 103 102 km
� �

≈ 3� 1013 m3=year
� �

;

ð8Þ

which is about 1/3 of Eqs. (6) or (7), due to differences

of the resolution measuring the coastal length and the

width of the coastal region.

As shown in Table 1, the IMC coastline is longer than

half the 10-region total, and longer than 20% of the total

coastline length of 150,000 km within latitudes < 37°.

This is why the IMC (both land and sea) occupying only

4% of the Earth’s surface generates such a large fraction

of the global latent heating. We may imagine that we

replace clouds distributed along the ITCZ (Fig. 2a) by

clouds along the IMC coastline, which has length com-

parable to the equatorial circumference (Fig. 2c). The

IMC produced tectonically as suggested by Wegener

(1929) is now experiencing equatorial climate that will

be recorded as fossils of tropical organisms in future,

and here we may say in addition that the present climate

itself is also dependent on the geomorphology of the

IMC! A new climatological classification including the

diurnal cycle amplitude may be necessary to replace

Köppen’s that only considers the annual cycle.

Control of the global climate

The interannual variations of rainfall over the IMC and

their relation with ENSO and IOD have been analyzed

in several studies (e.g., Hamada et al. 2002, 2008,

2012; Aldrian and Susanto 2003; Kubota et al. 2011;

Siswanto et al. 2016; Yanto et al. 2016; Lestari et al.

2016; As-syakur et al. 2016) (Fig. 15). In general, the

correlation is better in a dry season (much drier in El

Niño and/or positive IOD years). For example, during

the recent half century, eight relatively strong El Niño

events (large positive values (red) in Fig. 15f, g) in 1957/

58, 1965/66, 1972/73, 1982/83 (the 2nd strongest), 1986–

88, 1991/92, 1997/98 (the strongest), and 2014–16 (too

recent to be shown here) produced less rainfall (negative

anomalies in Fig. 15a–e) over the IMC, whereas La Niña

events (negative (blue) in Fig. 15f, g) in 1954–56, 1975/76,

1988/89, 1998–2000, 2007/08, and 2010/11 correspond to

periods of more rain (maxima in Fig. 15a–e). Furthermore,

in the recent two decades after the 1997/98 El Niño, a

longer time-scale tendency for increasing rainfall is found

in Fig. 15b, d, e, as well as the SST warming. Major fea-

tures can be explained by modification of the amplitude of

the diurnal cycle through SST variations, as mentioned in

the first subsection. The evidence of the synchronous

diurnal cycle and spatially broad-band convection over the

whole IMC (as shown in Figs. 6 and 7) suggests a

planetary-wave response is generated, which may induce

teleconnections to global climate variations (e.g., Nitta

1987; Chen 2002; for northern- and southern hemispheric

summer seasons, respectively) that have been studied

much more than the detailed observations inside the tro-

pics. Another possibility is that ENSO changes the mon-

soon circulation through variations of the IMC

convection (e.g., Zhang et al. 1996) which are mainly

associated with the diurnal cycles along the coastlines.

Neale and Slingo (2003) proposed such impacts of

the IMC convection on the global climate, and Slingo

et al. (2014) summarized the mechanisms and pre-

dictability in the context of recent abnormal weather

and climate in the UK.

Another process controlling the global climate may be

through the modification of MJOs (cf. Zhang 2005,

2013), which are regarded as an important factor gov-

erning the medium-range variability of global weather

and climate. A recent study by Zhang and Ling (2017)

shows a “barrier effect” of the IMC on more than 75% of

MJOs. More detailed observational and theoretical stud-

ies may be necessary to identify the mechanisms weak-

ening MJOs, but the synchronous diurnal cycle noted

above may play an important role.

In addition, a convection cell such as the sea or land

breeze circulation consists dynamically of a pair of internal

gravity waves propagating upward and downward, and their

diurnal cycle migrations both seaward and landward imply
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Fig. 15 Interannual rainfall variations of a Aug−Oct anomaly (Hamada et al. 2012) and b annual total (Siswanto et al. 2016) in Jakarta. c Annual

(Hamada et al. 2002), d May−Oct and e Nov − Apr (Yanto et al. 2016) anomalies over the IMC, in comparison with f multivariate ENSO (https://

www.esrl.noaa.gov/psd/enso/mei/) and g original SO (http://faculty.washington.edu/kessler/ENSO/soi-shade-ncep-b.gif) indices
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generation of waves with phase velocities and momenta of

two opposite directions (e.g., Rotunno 1983; Niino 1987).

This feature is important for considering the horizontal

propagation of the diurnal cycle generated at a coastline, as

well as interaction with other diurnal cycles (e.g., Niino et

al. 2006), and to study upward propagation (e.g., Ogino et

al. 1995; Tsuda et al. 1995, 2000) and stratospheric mean-

flow acceleration in two opposite directions (such as the

quasi-biennial oscillation (QBO), which has become some-

what controversial very recently, see e.g., Osprey et al.

2016). This issue will be discussed as a case study based on

recent radiosonde campaign observations in a subsequent

paper. The contributions of the 11-year solar-cycle variation

of insolation to climate are still controversial and do not

look so clear in recent studies (e.g., Lean et al. 2005).

For longer time scales (102–106 years) several studies

(such as those cited in Randall et al. 2007) suggest increas-

ing occurrence of El Niño (La Niña) in a globally warmer

(colder) climate. If so, the rainy (dry) season is dominant

over the IMC in glacial (interglacial) periods (with time

scales of a few 105 years called the Milanković (1941) cycle).

However, in a glacial period the sea level falls, and the IMC

became part of real continents (Sunda and Sahul subconti-

nents) connected to Eurasia and Australia (e.g., Voris 2000),

and the IMC “dam” was almost closed, although the

Makassar Strait transporting warm water from the Pacific

to Indian Ocean (e.g., Lukas et al. 1996; Gordon 2005) still

existed. The coastlines were much shorter around the

Indonesia throughflow region and around the whole sub-

continents, which means broader drier areas inland and less

regional rainfall. Therefore, the active water cycle occurs in

a much more limited coastal area, and a smaller amount of

water is circulated (consistent with a larger amount of

water frozen over land). Results from a model run with

changing sea level (Braconnot et al. 2007a, 2007b) gave less

tropical rainfall in particular over the IMC than from a run

without the change (Kitoh and Murakami 2002), although

the authors considered that the sea level change in the

former is model-dependent and the rainfall decrease is due

to atmospheric water vapor decrease with cooling. On

much longer scales (≳ 107 years), the continents and oceans

may be aggregated or separated (with a period of a few

108 years called the Wilson (1963) cycle), and the results

are not so simple, because other conditions (such as land

orography, ocean circulation, and atmospheric compos-

ition) are not fixed. In general, the inland of a supercontin-

ent is very dry, and a stronger monsoon is expected to or

from the surrounding superocean (e.g., Parrish 1993),

which is not inconsistent with our idea on the diurnal cycle

coastal rainfall in the tropics.

Conclusions

In this article, we review the concentration of tropical

rainfall around coastlines and why the world’s largest

regional rainfall is distributed over the IMC that has the

longest total length of coastline. The major contents are

summarized as follows:

(i) The cloud−precipitation observation system over the

IMC has been improved by the JEPP−HARIMAU

and SATREPS−MCCOE projects that have produced

scientific results as listed below.

(ii) The diurnal cycle has been established by (i) as the

fundamental phenomenon in particular near the

coastlines over the IMC. It is forced by the land–sea

temperature difference mainly due to the daytime

insolation (dependent on latitude and season) and

the nighttime sprinkler-like rainfall itself and partly

by interannual SST variations. It is synchronized

over almost the whole IMC and forces cloud

convection systems from meso to synoptic scales.

(iii) Analyses of the TRMM−PR observation data and

the JRA-55 objective reanalysis data have shown that

the local rainfall in the tropics is found to be a

steeply decreasing function of the coastline length,

which results mainly from rainfall concentrated near

the IMC coastline (ii).

(iv)The regional rainfall as summarized by the IPCC

can be expressed by a roughly linear function of the

“coastal density” defined as the coastline length

divided by the enclosed land area. The world’s

largest regional rainfall over the IMC is explained

by the long coastlines, which is consistent with

(ii) and (iii).

(v) The IMC coastline rainfall as mentioned in (ii)−(iv)

produces the largest part (roughly 20% or more) of

the global latent heating, which is about 22% of the

magnitude of the global infrared radiation (see

Fig. 1a). Thus, its variations may affect the global

climate considerably. This is consistent with the

rainfall itself enhancing the diurnal cycle as

mentioned in (ii).

(vi)The larger-scale forcing as mentioned in (ii) by

the IMC coastline diurnal cycle convection of the

intensity mentioned in (v) may generate

teleconnections controlling the global climate.

There are several issues which must be clarified. For

example, the regional rainfall–coastline density relation

(iv) must be improved, using the local rainfall–coastal

distance relation (iii). Understanding tropical and global

characteristics including the impacts of IMC-like com-

plex land distributions is also quite important for con-

sidering the future climate. We now understand that

high-resolution observations and models that can detect

or reproduce the diurnal cycle and cloud convection

over the IMC are necessary in order to improve both

local disaster prevention and global climate prediction.
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In the next step called Years of the Maritime Continent

(YMC; 2017−9), Indonesia as a G20 country should take

observations under a more completely multinational

framework (see YMC (Years of the Maritime Continent)

2017). As a preliminary activity, pre-YMC campaign ob-

servations have been carried out in and off Bengkulu

(Wu et al. 2017, 2018; Yokoi et al. 2017), which is

located about 400 km south of Padang (Sumatera Barat

area in Table 2). The Bengkulu area has not yet been

observed well and is almost free from small islands

distributed off Padang. Also, the long historical

meteorological records of Indonesia are starting to be

analyzed by Indonesian scientists (e.g., Siswanto et al.

2016; Yanto et al. 2016; Supari et al. 2016), which will

clarify features and mechanisms of the multi-scale

interactions. Agricultural applications of climatological

studies (Hidayat et al. 2016; Marjuki et al. 2016) are

requested strongly by the Indonesian government and

society. Interdisciplinary studies with hydrology and

oceanography are also developing, although they are

out of the scope of this article.

Endnotes
1We use Indonesian names for islands of the IMC:

Sumatera, Kalimantan, Jawa, Sulawesi and Papua for

English names of Sumatra, Borneo, Java, Celebes, and

New Guinea, respectively.
2A major revision separated Am (meaning originally

medium and later monsoonal) from Aw, dependent on

whether the minimum monthly rainfall (< 60 mm/

month) is greater than 4% of the annual rainfall or not.
3A spline interpolation might smooth variations within

the scale of coastal regions (102 km).
4In the Paleogene (66–23 Ma) the Americas were sep-

arated like the present-day Asia–Australia, which was

another example of maritime continent.
5The AMY program is a cross-cutting coordinated ob-

servation and modeling initiative under the International

Monsoon Study (IMS) of WCRP, which nearly over-

lapped with and was promoted together with MAHASRI

(see Matsumoto et al. (2017)).
6They and Köppen (1918) recognized only the azimuthal

distribution of surface wind. After the development of

fluid dynamics and its application to atmospheric motion,

various definitions were gradually unified (Simpson 1947,

who used the term “intertropical convergence”).
7Rainfall estimates from cloud observations differ from

direct measurements, but have merits such as temporal

and horizontal continuity (see, e.g., Xie and Arkin 1997).
8At this initial stage, ISVs and monsoons were speci-

fied as the most important targets; although, the diurnal

cycle became the most important target by the end of

the period.

9As of March 2017, 36 C-band and 4 X-band radars

are in operation, and one more radar is being installed

in 2017.
10Radiosonde observations (originally at 12 stations)

reported to the global telecommunication system (GTS)

were increased to more than once per day since mid-

2005 (approaching twice a day during 2007); their im-

pact on objective analysis has been shown by Seto et al.

(2009), and the number of stations has been increased to

22 (in addition to 2 wind-profiler and 73 pilot balloon

stations) as of March 2017.
11A “tropical night” is defined by the Japan Meteoro-

logical Agency as having the daily minimum temperature

higher than 25 °C, although another criterion, for ex-

ample, in Germany (20 °C), is somewhat lower than the

Japanese definition and also lower than the usual daily

minimum temperature in the IMC.
12The typical values are observationally less than 102 km

in the extratropics and theoretically given as the half

horizontal wavelength using the gravity-wave dispersion

relation, substituting the height of the sea–land breeze cir-

culation cell as the half vertical wavelength (internal case,

latitude < 30°) (e.g., Rotunno 1983; Niino 1987).
13We have confirmed that, at least for the coastal re-

gions in the IMC, the diurnal-cycle migration feature of

rainfall (based on TRMM; Mori et al. 2004) and that of

cloud (based on GMS; Sakurai et al. 2005; shown in

Fig. 11) are similar.
14The coastal density is 2/radius for a circular land

area, and 4/side length for a square land area.
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