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ABSTRACT

High-resolution observations and regional climate model simulations reveal that precipitation over the
Maritime Continent is mostly concentrated over islands. Analysis of the diurnal cycles of precipitation and
winds indicates that this is predominantly caused by sea-breeze convergence over islands, reinforced by
mountain—valley winds and further amplified by the cumulus merger processes. Comparison of a regional
climate model control simulation to a flat-island run and an all-ocean run demonstrates that the underrep-
resentation of islands and terrain in the Maritime Continent weakens the atmospheric disturbance associ-
ated with the diurnal cycle, and hence underestimates precipitation. The implication of these regional
modeling results is that systematic errors in coarse-resolution global circulation models probably result from
insufficient representation of land-sea breezes associated with the complex topography in the Maritime
Continent. It is found that precipitation in the Maritime Continent, simulated by a global model, is indeed
smaller than observed. The simulated upper-atmospheric velocity potential, which represents large-scale
tropospheric heating, was substantially displaced eastward compared to observations. Possible approaches

toward solving this problem are suggested.

1. Introduction

The Maritime Continent [a term coined by Ramage
(1968), hereafter denoted by MC] consists of a multi-
tude of large and small islands and seas off Southeast
Asia. Many islands in the MC are mountainous (Fig.
1a). This paper analyzes regional climate processes as-
sociated with the diurnal cycles of precipitation and
winds over the MC. Understanding of these small-scale
processes is important for improving regional climate
predictability, which is critical to the enhancement of
modeling capability in local climate applications. The
multiscale interaction between the diurnal cycle in the
MC and large-scale processes also has an important
implication for global atmospheric general circulation
modeling, because the MC is situated at the core of the
strongest monsoon region of the world, and its regional
climate strongly influences both the Hadley and Walker
circulations. Trade winds transport abundant moisture,
collected from surface evaporation over the vast Pacific
Ocean, toward the MC. Westerly winds over the Indian
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Ocean also transport moisture toward the MC, particu-
larly in spring and fall (Hastenrath and Lamb 2004;
Wyrtki 1973). The wind-driven ocean currents also bring
warm tropical surface-layer waters toward the MC, form-
ing a large area of warm water in the eastern Indian/
western Pacific Ocean, called the warm pool. Evaporation
from the warm pool increases atmospheric moisture in
the region. Consequently, the region around the MC
forms the largest rainy area on Earth, and the condensa-
tional latent heating released in precipitation processes
drives the large-scale atmospheric circulation as a “boiler
box” for the earth’s atmosphere (Simpson et al. 1993).

Most atmospheric general circulation models
(GCMs) substantially underestimate precipitation over
the MC (Neale and Slingo 2003). This may be because
the grid resolution of these GCMs is too coarse to rep-
resent the complex topography over the MC. Indeed,
the dimensions of some islands in the MC are only of
the order of tens to a couple of hundred kilometers,
that is, of subgrid scale to most coarse-resolution
GCMs. Therefore, small-scale dynamics might be miss-
ing in coarse-resolution models. Due to their relatively
small domain size, regional models can be run at a high
enough resolution to study regional atmospheric pro-
cesses without requiring excessive computational re-
sources. In this paper, we will compare the results of a
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30-yr simulation by a high-resolution regional climate
model to satellite measurements.

Satellite precipitation estimates have the advantage
of coverage over both land and sea. Their spatial and
temporal resolutions have been greatly improved in re-
cent years. We use NOAA/Climate Prediction Center’s
(CPC) Morphing Technique (CMORPH) 3-yr high-
resolution observed precipitation dataset (Janowiak et
al. 2005) to study regional precipitation processes in the
MC from a climatological perspective. CMORPH com-
bines the best features of measurements from geosta-
tionary and polar-orbiting satellites. The passive micro-
wave rainfall estimates by polar satellites are more ac-
curate than the infrared estimates by geostationary
satellites. However, the geostationary satellites have
higher space and time coverage. To achieve both
accuracy and high spatial and temporal coverage,
CMORPH uses the rainfall estimates derived from po-
lar satellites, available at coarse resolution, then propa-
gates these features in space using motion vectors de-
rived from half-hourly geostationary satellite infrared
data (Joyce et al. 2004; Dinku et al. 2007).
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The diurnal cycles of wind systems are important in
the tropics where synoptic-scale pressure gradients are
weak, but local pressure gradients caused by differen-
tial solar radiative heating between different surface
types (e.g., land versus sea, highland versus lowland)
are strong. In the case of land-sea breezes, the land
heats up rather quickly during the day under the influ-
ence of solar radiation, while sea surfaces remain cooler
because the thermal inertia of water is relatively large
and because waves, turbulence, and penetration into
deep water mix heat downward from surface water. As
a result, convectional cells rise over land and sea
breezes develop. At night, land cools off more rapidly
than the ocean surface through longwave radiation loss,
reversing the pressure gradients and forming land
breezes. Similarly, in the case of mountain-valley
winds, mountain slopes heats up rapidly due to solar
radiation during a sunny day. The free atmosphere over
valleys or lowlands remains less affected by solar inso-
lation and is thus cooler than the air over mountain
slopes. The warmer and lighter air over mountain
slopes rises, inducing upslope valley winds and a com-
pensating subsidence in the valley core (Rampanelli et
al. 2004; Hughes et al. 2007; Prandtl 1952). At night, air
over mountain slopes cools off faster than that over
lowlands, resulting in downslope mountain winds. Land
breezes (mountain winds) are usually weaker than sea
breezes (valley winds) because the land-sea (moun-
tain—valley) temperature difference due to daytime
heating is much larger than that due to nighttime cool-
ing. In mountainous coastal regions, land-sea breezes
and mountain—valley winds, being roughly in phase
with each other, may combine to strengthen the diurnal
cycle of winds and form extended land-sea breezes,
such as in the cases of the Yahagi River basin in Japan
(Kitada and Igarashi 1986), Hong Kong (Wai et al.
1996), the Adriatic coast of Croatia (Nitis et al. 2005),
and the Pacific coast of southern California (Hughes et
al. 2007).

Land-sea breezes often play an important role in
tropical precipitation. Pielke (1974) used a three-
dimensional model to study the initiation and evolution
of sea-breeze convergences over south Florida and
found that the differential heating between land and
water is the primary determinant of the magnitude of
convergence, and that differential surface roughness in-
directly influences convergence patterns through verti-
cal turbulent transport of heat and momentum. Sea-
breeze circulations affect the location of thunderstorm
complexes over south Florida on undisturbed days.
Pielke suggested that an understanding of the sea-
breeze circulation is essential for interpreting the re-
sults of the Experimental Meteorology Laboratory’s
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cloud-merger seeding experiments over south Florida.
Convection can be initiated ahead of sea-breeze fronts
(Simpson et al. 1980; Fovell 2005). In a study of the
cloud-seeding field experiments in Florida, Simpson et
al. (1980) found that cloud-merger processes, in which
small cumulus clouds merge to form larger and deeper
ones to amplify precipitation, contributed to most of
the convective rainfall. Simpson et al. (1993) found that
cumulus mergers also play a major role in the almost
daily development of a family of tall cumulonimbus
complexes over a pair of flat islands (Bathurst and
Melville Islands, collectively known as Tiwi Island) in
the MC region north of Darwin, Australia, which were
also studied in the Maritime Continent Thunderstorm
Experiment (MCTEX; Keenan et al. 2000; Carbone et
al. 2000). From satellite images over the MC region on
10 December 1978, Holland and Keenan (1980) noticed
suppressed convection over land areas in the morning,
but that convective clouds that developed in the after-
noon mapped nearly perfectly onto every island and
mountain range in the region. This afternoon convec-
tion provides a near-perfect map of the region; every
island and mountain range is delineated by one or more
cumulonimbi. By analyzing the European Union Cloud
Archive User Service (CLAUS) data, Yang and Slingo
(2001) found that afternoon rainfall is greater than
morning rainfall over land, but less than morning rain-
fall over oceans throughout the tropics. The Tropical
Rainfall Measuring Mission (TRMM) satellite mea-
surements and rawinsonde sounding data revealed
similar diurnal cycles of rainfall and convective inten-
sity (Nesbitt and Zipser 2003; Mori et al. 2004).

Large-scale circulation also interacts with local land—
sea breezes to affect the intensity and location of pre-
cipitation. Atkins and Wakimoto (1997) showed that
sea-breeze fronts are stronger for offshore synoptic-
scale flows than for parallel and onshore background
flows. Sea-breeze directions may also change during the
day depending on the shape of coastlines, the direction
of large-scale winds, and the Coriolis effect (Simpson
1996). In studies of the Winter Monsoon Experiment
(WMONEX) in the South China Sea, Houze et al.
(1981) and Johnson and Priegnitz (1981) found that
convergence between the winter monsoon and land
breezes contributes to the nocturnal offshore rainfall
northwest of Borneo. Mapes et al. (2003) found that
gravity waves propagating from coastal mountains also
play a role in developing nocturnal rainfall off the west
coast of Colombia. Analysis of CLAUS data also
showed that the strong diurnal signal over land is
spread out over the adjacent oceans, probably through
gravity waves (Yang and Slingo 2001).

In this paper, we investigate the physical mechanisms
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for the spatial distribution of precipitation in the MC.
The local precipitation processes associated with land—
sea breezes are addressed, and their implications are
discussed from a global climatological perspective. We
will leave analyses of the role of the diurnal cycle in
low-frequency climate variability for the future. Section
2 illustrates the characteristics of observed precipitation
over the MC. Regional climate model results are ana-
lyzed in section 3, focusing on the Indonesian island of
Java. Implications of the regional model results for
global atmospheric modeling are discussed in section 4.
Conclusions are drawn in section 5.

2. The spatial distribution of observed
precipitation in the Maritime Continent

Figure 2 shows the 3-yr average (2003-05) of the
CMORPH seasonal precipitation and the 30-yr clima-
tology (1971-2000) of the National Centers for Envi-
ronmental Prediction-National Center for Atmo-
spheric Research (NCEP-NCAR) Reanalysis project
(NNRP; Kalnay et al. 1996) seasonal 925-hPa winds and
divergence. The monsoonal migration of precipitation
is manifested in the MC. More precipitation falls over
the southern MC in the boreal winter months of De-
cember-February (DJF), with more rainfall in the
northern MC in the boreal summer months of June—
August (JJA) and with intermediate values during the
boreal spring (March-May, or MAM) and fall (Septem-
ber-November, or SON).

In addition to the monsoonal effect, the high-
resolution (0.25° grid) satellite data reveals the inho-
mogeneity in the spatial distribution of precipitation,
with a strong contrast between land and sea, over the
MC in all seasons. Heavy precipitation is concentrated
over the islands with a relatively dry ring surrounding
each island. Even during the dry season in the south-
eastern area of the MC, such as over Timor Island, we
can still see slightly more rainfall over the islands than
over the surrounding seas. There are also secondary
heavy precipitation belts located in the middle of the
seas between large islands, for example, in the Java Sea
between the islands of Java and Borneo in DJF, MAM,
and SON. Precipitation data from the TRMM (Kum-
merow et al. 2000; Nesbitt and Zipser 2003) also share
similar spatial features. Low-level horizontal diver-
gence calculated from NNRP winds (on 2.5° X 2.5°
grids) shows that mesoscale convergence centers are
coincident with two large precipitation centers, one
over Borneo and another over Sumatra/Malay Penin-
sula, but in between is an area of relatively weak con-
vergence (in SON and DJF) or divergence (in JJA and
MAM). Hence, the effect of a heterogeneous distribu-
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FIG. 2. Averaged (2003-05) CMORPH seasonal precipitation (mm day '
horizontal winds (vectors) and divergence (contours) at 925 hPa over the MC.

tion of rainfall is somewhat captured even by the
coarse-grid winds. However, the coarse-grid winds can-
not explain the finescale distribution of rainfall, such as
over Java and Sulawesi.

It is well known that diurnal cycles of temperature,
rainfall, and winds are more pronounced in the tropics
than in the extratropics (Riehl 1954). Due to the
smaller heat capacity of land compared to that of the
ocean, the amplitude of the diurnal cycle of the surface
and lower-atmospheric temperature over land is much
larger than that over the ocean (Webster et al. 1996).
The land-sea breezes resulting from the local tempera-
ture and pressure gradients may cause finescale rainfall
differences between land and sea. Figure 3 shows the
diurnal cycle of rainfall over Borneo, the Java Sea, and
the Java, based on the 3-hourly rain rate from the
CMORPH satellite rainfall estimation. The magnitude
of the diurnal cycle is largest in the DJF wet season,
followed by MAM and SON (not shown), and smallest
in the JJA dry season. The magnitude of the diurnal
cycle over Java is very strong in DJF, with a maximum
rain rate of about 25 mm day ! in the afternoon during
the 3-h period from 1600 to 1900 LT (or around 1730

, shaded), and climatology (1971-2000) of the NNRP

LT, where LT denotes the local standard time of
Jakarta, Indonesia, UTC +7 h). The diurnal cycle over
Borneo is also quite strong, with similar magnitude in
all seasons except JJA. The phase of the diurnal cycle
of rainfall over Borneo is different from that over Java,
with heavy rainfall lasting longer, to midnight and early
morning. TRMM satellite rainfall measurements show
that, although rainfall from small- or medium-sized
clouds ends earlier in the afternoon, mesoscale convec-
tive systems developed during the afternoon and main-
tained their strength until early morning over Borneo
(Nesbitt and Zipser 2003). Ichikawa and Yasunari
(2006) also observed leeward propagation of rainfall
activity in the TRMM Precipitation Radar data. Over
the Java Sea, between the two large islands, the diurnal
cycle is very strong in DJF but is weakened in other
seasons. The phase over the sea is roughly opposite that
over Java. Off the south coast of Java in the Indian
Ocean (not shown), there also exists a diurnal cycle, but
its magnitude is smaller than that off the north coast,
over the Java Sea. As we will see later, precipitation
over the Java Sea is affected by land breezes from both
Borneo and Java, which strengthen the diurnal cycle. In
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contrast, the region off the south coast only has land
breezes from Java.

To examine the spatial pattern of diurnal rainfall
evolution over the MC, the averaged diurnal cycle of
the 3-hourly CMORPH precipitation in DJF (mean of
271 days) is shown in Fig. 4. As is common for the
whole MC region, the diurnal cycle of precipitation is
found to be pronounced not only over islands, but also
over the seas between large islands, with smaller mag-
nitude and roughly opposite phase over the seas com-
pared to over the islands. Precipitation over islands
reaches a maximum in late afternoon/evening and a
minimum at night/early morning. In contrast, precipi-
tation over the seas is maximum at night/early morning
and light during afternoon/early evening. Rainfall usu-
ally occurs earlier near the coast, gradually propagating
inland. Therefore, some coastal areas, such as Jakarta,
may experience morning rain, while rainfall maxima
reach inland in the afternoon. The phase of the diurnal
cycle also depends on the size of the islands. In small or
narrow islands (such as Java, Timor, Sulawesi), precipi-
tation reaches a maximum early in the afternoon,
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around 1300-1900 LT. In medium-sized islands, such as
Sumatra, precipitation reaches a maximum later,
around 1600-2100 LT. But for the large island of
Borneo, precipitation reaches a maximum even later, at
night, 1900-0100 LT, as is also shown in the TRMM
data by Nesbitt and Zipser (2003).

To further illustrate the diurnal cycle, a blown-up
figure of precipitation over Java, with its daily mean
removed to highlight the diurnal cycle, is shown in Fig.
5. The positive phase of precipitation over land persists
during 1300-2200 LT but over the ocean it is during
0100-1300 LT, lasting a little longer than over land.
Figure 3 reveals that precipitation over land during the
afternoon hours is quite heavy. Precipitation starts to
move away from the island toward the surrounding seas
in 2200-0100 LT, with some precipitation near the
coastlines, particularly near a bay with concave coast-
lines from 108° to 110°E, where land breezes converge
off the coast. Gradually moving away from the island,
the precipitation area reaches farthest seaward during
1000-1300 LT.

The strong contrast in precipitation between land
and sea indicates possible roles of land-sea breezes in
maintaining the precipitation distribution. Because the
observational data of finescale and high-frequency
winds over both land and sea are not available, we use
a regional climate model to generate winds and study
the role of the diurnal cycle in precipitation in the next
section.

3. The diurnal cycle over Java as simulated by a
regional climate model

Diurnal cycles of rainfall and winds are analyzed in a
30-yr, 25-km grid regional climate model simulation
over Java. The model is the Abdus Salam International
Centre for Theoretical Physics (ICTP) Regional Cli-
mate Model version 3 (RegCM3; Giorgi et al. 1993;
Giorgi et al. 2006), a mesoscale model based on atmo-
spheric primitive equations. The radiation parameter-
ization scheme in RegCM3 is adopted from the Com-
munity Climate Model version 3 (CCM3; Kiehl et al.
1998). An explicit moisture scheme is used for resolved
(grid scale) precipitation (Pal et al. 2000). The subgrid-
scale cumulus convection scheme is that of the Eman-
uel-Massachusetts Institute of Technology (MIT)
scheme (Emanuel and Zivkovic-Rothman 1999). The
regional model is driven by lateral boundary conditions
provided by the NCEP-NCAR reanalysis (Kalnay et al.
1996). The regional model is also forced by the under-
lying lower boundary of the land and ocean surfaces.
Over land area, the Biosphere Atmosphere Transfer
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FIG. 4. Diurnal cycle of CMORPH precipitation (mm day ') in DJF in the MC. The local standard time is
denoted by LT (UTC +7 h).

Scheme (BATS; Dickinson et al. 1993) is employed to
compute surface radiative, sensible and latent heat, and
momentum fluxes and surface temperature based on
the assigned vegetation and soil parameters. Over the
ocean, the model is forced by sea surface temperatures

(SSTs) spatially and temporally interpolated from a
monthly dataset. Therefore, there is no diurnal varia-
tion in the prescribed SST field. Since sea breezes are
mostly caused by the strong diurnal cycle of tempera-
ture over land, and the observed diurnal cycle of SST is
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rather small (Webster et al. 1996), using the prescribed west-southeast tilt. A chain of mountains with several
SST in this study should not seriously affect the results. peaks runs along the narrow island. The north-south
The terrain over Java represented by the 25-km-grid  width of the island is about 1°-2° of latitude. The coast-
RegCM3 is shown in Fig. 1b. The island is elongated line is also curved, for example, concave along both
roughly in the east-west direction with a slightly north- north and south coasts between 108° and 110°E.
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Figure 6 shows the simulated mean diurnal cycles of cycle, daily means are subtracted in the figure. Com-
precipitation, horizontal winds, and divergence at 10-m  pared to the observations in Fig. 5, the diurnal cycle of
height in DJF (averaged over 30 years from 1971 to precipitation is well simulated. In the morning hours
2000, a total of 2708 days). To highlight the diurnal after sunrise (0700-1000 LT, top-left panel), land
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breezes still prevail as in the early morning before sun-
rise (bottom two panels). During late morning (1000-
1300 LT; top right panel in Fig. 6), winds over the seas
are still in the direction of the land breeze, but winds
near the mountains over Java start to converge toward
the mountain peaks, located at about (7°S, 107.5°E),
(7.5°S, 110°E), and (8°S, 113°E), in the form of valley
winds; therefore, divergence and a dry ring show up
over the coastal seas. Sea breezes blow toward Java
from early afternoon to late evening (1300-2200 LT).
Sea-breeze convergences enhance a large amount of
precipitation over Java during this period. Around mid-
night (2200-0100 LT), winds over the seas are still in
the direction of sea breezes, but winds near the moun-
tains start to diverge away from the peaks as mountain
winds; consequently, convergence and a wet ring form
around the island. Wet areas also form in the valleys
between the mountain peaks on the island. The daily
wind anomalies reverse direction after midnight and
become land breezes and mountain winds during the
morning hours (0100-1000 LT), lasting until after sun-
rise. Mountain—valley winds respond more swiftly to
insolation than land-sea breezes do. Thus, the phase of
the former is slightly ahead of the latter. The spatial
scale of the breezes should be in accordance with their
forcings, respectively; that is, mountain—valley winds
should be of mountain scale, which is smaller than is-
land scale, as will be seen in the next figure, which
describes mountain effects.

To distinguish the impact of mountains from that of
the land-sea contrast on the diurnal cycle, a version of
RegCM3 with a flat-island of uniform 1.5-m height
(TER) is run. The pattern of the diurnal cycle of land-
sea breezes in the TER run (not shown) is generally
similar to, but a little weaker than, that in the moun-
tainous control run (CTL). Compared to CTL, the tim-
ing of rainfall development over Java starts 3 h earlier
(1000-1300 LT) in TER, probably due to faster pen-
etration of sea breezes over the smooth flat island, and
the large precipitation also ends 3 h earlier (1600-1900
LT) in TER (also see Fig. 8). To examine the evolution
of the net effect of mountains during the diurnal cycle,
the differences (CTL minus TER) of the climatologies
of rainfall and winds in each 3-h time bin are calculated
and shown in the eight panels of Fig. 7. Precipitation
differences over Java between the two runs are positive
during the sea breeze hours of 1300-0100 LT, but
mostly negative during the land breeze hours of 0700—
1300 LT. This means that the mountains work to en-
hance the diurnal cycle of precipitation. The mountain—
valley winds with opposite wind direction between day
and night are manifested in Fig. 7, as well as in Fig. 6.
Right after sunrise (0700-1000 LT, Fig. 7a), conver-
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gences of valley winds are initiated in the vicinity of the
three mountain peaks. During 1000-1300 LT, in late
morning and near noon (Fig. 7b), valley-wind conver-
gences expand to larger areas, but enhanced precipita-
tion over most of the central mountain range does not
begin until later, except for over the two small moun-
tains at about (7.5°S, 110°E) and (8°S, 113°E). In the
early afternoon (1300-1600 LT), the CTL run produces
more (less) rainfall over the mountain peaks (coast-
lands) than for the TER run. The large positive pre-
cipitation difference in the afternoon (1600-2200 LT)
over the central mountain range indicates that valley
winds enhance the diurnal cycle greatly and help to
concentrate more rainfall over the mountains. Around
midnight (2200-0100 LT) and afterward, although the
mountain winds diverge from the mountain peaks, posi-
tive precipitation differences are still widespread over
most of the areas of the island and adjacent ocean. The
combined sea breezes and valley winds enlarge rainfall
over Java, particularly over the mountain range, and
energize it to last longer into the evening.

A considerable amount of precipitation over Java in
the CTL run (as well as in the CMORPH observation)
persists after sunset (Figs. 4e, Se, 6¢e, and 7e). This fact
indicates that the “cumulus merger” process is also at
work here, similar to that over Florida (Simpson et al.
1980) and Tiwi Island north of Australia (Simpson et al.
1993; Saito et al. 2001). Once the sea breezes and valley
winds converge over the island to initiate precipitation,
the self-amplifying cumulus merger process takes over
to maintain precipitation until midnight. Deep convec-
tion associated with the cumulus merger is, however,
strongly controlled by large-scale atmospheric condi-
tions. For example, during the dry season in the small
islands of the southeastern MC, such as over Timor,
heavy precipitation is prohibited, even though they are
surrounded by vast warm seas where low-level moisture
should not be lacking (Fig. 1). This fact indirectly
proves the importance of cumulus merger in amplifying
precipitation initiated by sea-breeze convergence.

Figure 8 shows the timing and intensity of the mean
diurnal cycle of the rain rate simulated by the RegCM3
control run averaged in the rectangular area of (7.7°-
6.7°S, 107°-112°E) over Java in DJF. The correspond-
ing observed diurnal cycle of the CMORPH precipita-
tion is also shown for reference; it is well reproduced by
RegCM3 in terms of both phase and magnitude. The
near-surface air temperature over Java (not shown)
reaches its daily maximum in early afternoon, at about
1300 LT. But the precipitation maximum occurs about
5 h later, around sunset. The peak rain rate reaches
over 20 mm day~'. Such a large rain rate must result
from heavy rainfall associated with deep convection.
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Fi1G. 7. Difference, over a diurnal cycle, between the RegCM3 control run and a flat-island run (CTL — TER)
in precipitation (mm day ', shaded), horizontal winds (m s™", vectors), and divergence (the contour interval is
2 X 107> s, zero-divergence lines are thick solid) at 10-m height in DJF. Coastlines are white. The diagram shows
net mountain effects on the diurnal cycles of winds and precipitation.

Deep convective clouds, called hot towers by Riehl and  diurnal cycle of the rain rate in the flat-island run is also
Malkus (1958), are instrumental for transporting heat plotted for comparison. Without mountains, the rainfall
from the planetary boundary layer to the upper tropo- intensity during the day is significantly reduced, and the
sphere (Hartmann et al. 1984; Tao et al. 2006). The timing of the maximum rainfall also comes earlier.
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23.5 LT

In summary, as shown by Figs. 6-8, during daytime,
sea-breeze fronts from both north and south coasts con-
verge over the middle of the island, are reinforced by
the convergence of valley winds near the mountaintops,
form an elongated low-level convergence line, and trig-
ger moist convection over Java, where plenty of mois-
ture is readily available to fuel heavy precipitation.

Similar occurrences of sea-breeze convergence
should also take place over other islands in the MC. For
an elongated narrow island such as Java or Sumatra,
two parallel lines of sea-breeze fronts from opposite
coasts converge to form a precipitation belt along the
island. Over other islands, regardless of shape, sea
breezes from surrounding seas converge toward the
center of each island and produce ascent and precipi-
tation over the island during afternoon and evening
hours. For example, over the large island of Borneo,
rainfall is observed to be initiated along the sea-breeze
front along the coastlands during 1300-1600 LT, but
takes a relatively long time to collide at the center of
the island, which happens late in the evening (Figs. 3
and 4). For small islands, it only takes a short time for
the sea breezes to collide; therefore, maximum rainfall
is reached in the early afternoon (Fig. 4). Since many
islands in the MC are mountainous, valley winds rein-
force sea breezes to enhance precipitation over the is-
lands. Then, self-amplification by cumulus mergers in-
tensify precipitation. This explains why the observed
precipitation is mostly concentrated over the islands in
the MC and why precipitation is usually larger over the
mountains than over the flat coastlands.

Late at night and during morning hours, the land
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surface cools down, and low-level winds reverse direc-
tion, becoming land breezes. Owing to the complex net-
work of islands of the MC, land breezes from neigh-
boring islands converge toward the middle of the seas
between them at night and form nocturnal precipitation
over the sea. Although the diurnal cycle of atmospheric
temperature over the sea is relatively small, the land-
breeze convergence still generates a secondary heavy
rain belt over the sea during the night and morning, as
observed in Figs. 2-4. Here, gravity waves may also
play a role in spreading the diurnal signal over land out
to the adjacent oceans, as noted by Yang and Slingo
(2001) and Mapes et al. (2003).

On a seasonal time scale, the interaction of the mon-
soon with topography also affects local precipitation
(Chang et al. 2005). Land-sea breezes also interact with
large-scale winds (Ichikawa and Yasunari 2006).

The major large-scale atmospheric moisture source is
evaporation from subtropical oceans (Trenberth 1999).
Then the moisture is transported to remote places in
the tropics by winds (Hastenrath and Lamb 2004).
Therefore, from a global perspective, the combination
of islands and seas in the MC is optimally located to
accumulate the incoming moisture from the oceans
transported by the trade winds, assisted by the day and
night alternation of land-sea breezes and mountain—
valley winds, to produce huge amounts of precipitation
and latent heating of the atmosphere.

4. Implications of the role of the diurnal cycle for
large-scale atmospheric modeling

The regional modeling results discussed above indi-
cate that, in order to simulate diurnal cycles, the islands
and terrain of the MC must be sufficiently represented
in numerical models. Otherwise, atmospheric distur-
bances associated with the diurnal cycle of land-sea and
mountain—valley winds are reduced and precipitation is
underestimated. To confirm this point, we ran a version
of RegCM3 (SEA) in which the island of Java was re-
moved and replaced by sea. Then, the total precipita-
tion in the model domain was compared to that in the
control run (CTL) and the flat-island run (TER) as an
extreme case of underestimation of mountain heights
(Fig. 9). As expected, the TER run produced less precipi-
tation than for the CTL run, indicating that precipitation
is underestimated if mountain height is underestimated,
as in coarse-resolution models. The SEA run produced
even less rainfall than the TER run, indicating that the
neglect of small islands further reduces precipitation.

As a consequence of underestimating precipitation
over the MC, the condensational latent heating in the
atmosphere is decreased, which further affects the gen-
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eral circulation of the atmosphere. Many GCMs have
difficulty simulating the Asian monsoon and tend to
underestimate precipitation over the MC (Gadgil and
Sajani 1998; Neale and Slingo 2003). Figure 10c shows
an example of a GCM simulation with ECHAM4.5
(Roeckner et al. 1996) at T42 resolution (corresponding
to a 2.8125° grid). The observed climatology (1982-
2002) of NOAA'’s Climate Prediction Center Merged
Analysis of Precipitation (CMAP; Xie and Arkin 1996)
and NNRP velocity potential (&, defined by V& = -V,
where V is the horizontal velocity) at 200 hPa are
shown in Fig. 10a. Maximum precipitation covers the
MC and the rest of the warm pool region. The mini-
mum 200-hPa velocity potential (roughly correspond-
ing to the maximum tropospheric heating) is directly
over the MC. The land-sea masks in the ECHAM4.5
model at T42 resolution are shown in Fig. 10b. Large
islands (such as Borneo) are underrepresented, and
medium and small islands (such as Java and Timor) are
not represented at all. In the GCM results (Fig. 10c),
precipitation over the MC is underestimated compared
to the CMAP data, and the minimum velocity potential
center is displaced eastward by more than 2000 km.
Hoerling et al. (1992) reported similar climate drift in
the NCAR Community Climate Model (CCM1) simu-
lations. Because of the role of the atmospheric heating
over the MC as an important energy source for the
large-scale circulation, the systematic error in precipi-
tation over the MC will inevitably contaminate simula-
tions elsewhere, such as in the Asian—-Australian mon-
soon, subtropical jets, and storm tracks.

5. Discussion and conclusions

CMORPH data reveal that precipitation in the MC is
mostly concentrated over islands in the afternoon and
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monthly precipitation (mm day ', shaded), and NNRP 200-hPa
velocity potential (contour interval of 1 X 10° m?s™'). (b) Land-
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tour), which is displaced eastward compared to that in (a).

evening, with a secondary concentration of rainfall over
the seas between large islands during late night and
morning hours. We have shown that the diurnal cycle of
winds has a major role in maintaining the spatial distri-
bution of precipitation. Results from regional climate
model simulations suggest the following explanations:

(i) During daytime, because solar radiation more ef-
fectively heats the islands than the seas, sea
breezes are initiated.
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(ii) Sea-breeze fronts converge from the coasts toward
the center of each island in the afternoon, lift moist
air, and trigger convection.

(iii) Valley winds reinforce sea breezes, enhancing con-
vergence over mountainous islands.

(iv) Cumulus merger processes take over to further en-
hance precipitation.

Similarly, land-breeze convergence contributes to the
less heavy nocturnal and morning rainfall over the seas.

The above analysis suggests that underestimation of
precipitation over the MC in coarse-resolution GCMs
probably results from the underrepresentation, or even
absence, of islands and mountains, thus weakening the
atmospheric disturbance caused by the daily alternation
of land-sea breezes and mountain-valley winds. Since
the latent heating over the MC works as a “boiler box”
for the atmosphere, systematic errors in this region may
seriously affect the global circulation.

To reduce systematic errors, it is crucial to enhance
the spatial resolution over the MC in numerical models.
One approach is to use multiscale unified models, as
proposed by Semazzi et al. (1995) and Qian et al.
(1998), among others. These models are being devel-
oped at major research centers such as the Met Office’s
Hadley Centre (Johns et al. 2006) and the Japanese
Earth Simulator (Sato 2004). But running a global
model at high resolution is computationally very expen-
sive, especially for long-term climate simulations. An-
other approach is to use a two-way nesting, stretched-
grid regional model that concentrates high resolution
over the area of interest (Qian et al. 1999), or interac-
tively nesting a fine-grid regional model into a coarse-
grid global model (Lorenz and Jacob 2005).

It should be noted that we only focused on the cli-
matology of the diurnal cycle and its role in the spatial
distribution of precipitation over the MC. Other impor-
tant issues of multiscale interaction between the diurnal
cycle and longer-term weather and climate variations,
such as monsoon surges and lulls, intraseasonal oscilla-
tion, and ENSO, warrant further investigation.
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