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ABSTRACT

In general, the Bay of Bengal, Indochina Peninsula, and Philippines are in the Asian summer monsoon
regime while the Maritime Continent experiences a wet monsoon during boreal winter and a dry season
during boreal summer. However, the complex distribution of land, sea, and terrain results in significant local
variations of the annual cycle. This work uses historical station rainfall data to classify the annual cycles of
rainfall over land areas, the TRMM rainfall measurements to identify the monsoon regimes of the four
seasons in all of Southeast Asia, and the QuikSCAT winds to study the causes of the variations.

The annual cycle is dominated largely by interactions between the complex terrain and a simple annual
reversal of the surface monsoonal winds throughout all monsoon regions from the Indian Ocean to the
South China Sea and the equatorial western Pacific. The semiannual cycle is comparable in magnitude to
the annual cycle over parts of the equatorial landmasses, but only a very small region reflects the twice-
yearly crossing of the sun. Most of the semiannual cycle appears to be due to the influence of both the
summer and the winter monsoon in the western part of the Maritime Continent where the annual cycle
maximum occurs in fall. Analysis of the TRMM data reveals a structure whereby the boreal summer and
winter monsoon rainfall regimes intertwine across the equator and both are strongly affected by the
wind–terrain interaction. In particular, the boreal winter regime extends far northward along the eastern
flanks of the major island groups and landmasses.

A hypothesis is presented to explain the asymmetric seasonal march in which the maximum convection
follows a gradual southeastward progression path from the Asian summer monsoon to the Asian winter
monsoon but experiences a sudden transition in the reverse. The hypothesis is based on the redistribution
of mass between land and ocean areas during spring and fall that results from different land–ocean thermal
memories. This mass redistribution between the two transition seasons produces sea level patterns leading
to asymmetric wind–terrain interactions throughout the region, and a low-level divergence asymmetry in the
region that promotes the southward march of maximum convection during boreal fall but opposes the
northward march during boreal spring.

1. Introduction

The region of Southeast Asian landmasses, which in-
cludes Indochina, the Malay Peninsula, and the Mari-
time Continent, is situated between the Asian (Indian)
summer monsoon and the Asian winter (Australian
summer) monsoon in both space and time. This area

forms the “land bridge” along which maximum convec-
tion marches gradually from the Asian summer mon-
soon to the Asian winter monsoon during boreal fall
(e.g., Lau and Chan 1983; Meehl 1987; Yasunari 1991;
Matsumoto 1992; Matsumoto and Murakami 2002;
Hung et al. 2004). The seasonal march is not symmetric.
During boreal spring the convection tends to stay near
the equator as if it were blocked from moving north-
ward. It stays until the reversed meridional thermal gra-
dient is established when it jumps over the northern
equatorial belt to mark the onset of the Asian summer
monsoon.

Indochina is often considered as part of the Asian
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summer monsoon region while rainfall over most loca-
tions in the Maritime Continent tends to reach maxi-
mum during the boreal winter. This wet season is often
related to the Australian summer monsoon (e.g.,
McBride 1987) due to the proximity of the two regions.
However, significant geographical variations of the sea-
sonal march have been recognized since Braak (1921–
29, see Ramage 1971). A main reason for these varia-
tions is the complex terrain due to islands of different
sizes interspersed among the surrounding seas. The
variations motivated Wyrtki (1956) to divide the sea
region into 12 climate subregions that were presented
in Ramage (1971, Fig. 5.9). Other studies on the Indo-
nesian rainfall climatology include Schmidt and Fergu-
son (1951), Sukanto (1969), and McBride (1998). More
recently, Hamada et al. (2002) documented the sea-
sonal variations of rainfall at 46 Indonesian stations
during a 30-yr period (1961–90) and classified the sta-
tions objectively into five climatological types depend-
ing on the phase and relative amplitudes of the annual
and semiannual cycles of rainfall. Another approach
was used by Aldrian and Susanto (2003) and Aldrian et
al. (2003), who used spatial correlation among station
rainfalls to divide the Maritime Continent into three
subregions. All these studies showed complex geo-
graphical variations of the annual cycle of rainfall in the
region.

The large variation in local rainfall over small dis-
tances indicates that high-resolution wind data are re-
quired to analyze the wind–terrain interaction of the
Maritime Continent. The lack of historical high-
resolution and consistent wind observations made such
an analysis difficult. Furthermore, since the rainfall
data used in the previous studies are all from land sta-
tion reports and often concentrate only in Indonesia, a
gap exists in our knowledge of the distribution of the
annual cycle of rainfall in the inner and surrounding
seas of the Maritime Continent as well as regions north
of Indonesia.

Recently available satellite-based observations make
it possible to alleviate both problems. In this study,
we analyze the annual cycle of rainfall by using two
types of satellite data together with historical station
rainfall datasets. The Tropical Rainfall Measuring
Mission (TRMM) precipitation radar data, available
since late 1997, are used to enhance the analysis of
the geographical variations of the annual cycle of rain-
fall in a domain encompassing most of Southeast Asia
and the Maritime Continent. The National Aeronautics
and Space Administration’s Quick Scatterometer
(QuikSCAT) winds, available since July 1999 at the sea
surface, are used to help examination the relationship
between the monsoon–terrain interaction and the geo-
graphic variations. The result of the analysis will be
used to address the cause of the asymmetric seasonal
march of maximum convection during the transitional
seasons.

2. Data

Two datasets of monthly station rainfall are used in
this study. The first is an extension of the Indonesian
rainfall dataset prepared by Kirono et al. (1999) and
used in Haylock and McBride (2001). This dataset,
hereinafter referred to as the INDO dataset, contains
rainfall during 1950–97 at 63 Indonesian stations. The
second is the Association of Southeast Asian Nations
(ASEAN) Climatic Atlas Project (ACAP) data, fur-
nished by the Malaysian Meteorological Service. This
dataset covers 935 rainfall stations in all the member
nations of ASEAN during the data collection phase.
The beginning dates of the stations vary, with the ear-
liest date in each country as follows: Singapore, 1875;
Malaysia, 1876; Indonesia, 1879; Philippines, 1902; and
Thailand, 1911. The majority of the stations start from
1951 or earlier, and almost all start from 1958 or earlier.
All stations end in 1975. The two sets have overlapping
observations over Indonesia between 1950 and 1975.

The TRMM microwave precipitation data (Simpson
et al. 1996) became available November 1997. In this
study, we use the data of January 1998–December 2002
(data for 7–24 August 2001 are missing). The original
data at resolution of 4 km � 4 km are smoothed into a
grid of 0.5° � 0.5° using the two-step filter of Leise
(1982).

The QuikSCAT scatterometer winds (Liu 2002)
cover the period January 1999–December 2002. These
are scatterometer winds at the sea surface at 25 km �
25 km resolution. On a typical day the available data
covers 75% of the equator and increased percentage of
area away from the equator. These data are used to
produce monthly mean winds at the sea surface.

3. Analysis based on station rainfall reports

a. Monthly mean rainfalls

As background, the large influence of the annual
cycle can be seen clearly in Fig. 1, which includes
monthly mean rainfall from both the INDO and ACAP
data for January, April, July, and October (Chang et al.
2004). For this figure all station rainfall data have
been interpolated to a 0.5° � 0.5° grid using the meth-
odology of Cressman (1959). This figure should be in-
terpreted with reference to the data locations or sta-
tions in Fig. 2. The stations north of 10°N experience a
wet season during July and October and those south of
5°S have their wet season during January and April.
Rainfall amounts are high throughout the region with
individual monthly totals on the order of 300 to 500
mm. Most of the region experiences a distinct dry sea-
son at some time of year, with the exception being parts
of Borneo and New Guinea, which have high rainfall
year-round. (Place names are shown in Fig. 2.) The
seasonal shift is such that in January the center of mass
of the heavy rainfall is south of the equator while in
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July the rainfall is northward of 10°N. This is associated
with the seasonal migration of the intertropical conver-
gence zone (ITCZ) in the region, as has been docu-
mented by Johnson and Houze (1987), Waliser and
Gautier (1993), McBride et al. (1995), and Qian and
Lee (2000).

The other major feature in Fig. 1 is the existence of
strong rainfall gradients existing at all times of the year;
for example, notice the east–west gradients of rainfall
across the Philippines in January and across the Malay
Peninsula in April. As will be discussed below, these
patterns result largely from the interaction between the
high topography in the region and the moisture-bearing
low-level monsoon flow, whereby rainfall is enhanced
when the flow is lifted on the upstream side of a moun-
tainous island or peninsula. Conversely the flow on the
downstream side experiences a rainfall minimum asso-
ciated with a lee or rain-shadow effect.

b. Annual cycles

The annual cycle and semiannual cycle modes are the
first two harmonics of the climatologically averaged an-
nual rainfall variation at each location. Because only
monthly mean station rainfall data are available, each

time series has only 12 data points. Figure 2 shows the
annual cycle mode at land stations, with the amplitude
represented by the length of each arrow and the phase
shown as a 12-month clock with a northward arrow
indicating maximum rainfall in January. The arrow ro-
tates clockwise with eastward, southward, and west-
ward arrows indicating April, July, and October, re-
spectively. This figure is examined along with the mean
QuikSCAT winds in January and July shown in Fig. 3,
which also includes the distribution of topography.

North of the Maritime Continent, data are available
in two Southeast Asian regions, Indochina (Thailand
stations) and the Philippines (Fig. 2). In Indochina, the
effect of the Asian summer monsoon is clearly indi-
cated with most Thailand stations showing maximum
rainfall around June. Over the Philippines, the Asian
summer monsoon rainfall is defined at most stations in
the south and west where the rainfall maximum occurs
around July. These are stations on the windward side
during the southwest monsoon (Fig. 3). On the other
hand, most northern and eastern stations show maxi-
mum rainfall in late summer or early fall. There are two
factors influencing this. A major factor for this varia-
tion is that during the peak of the southwest monsoon
in July these stations are on the leeward side of the high

FIG. 1. Monthly mean rainfall and topography for (a) Jan, (b) Apr, (c) Jul, and (d) Oct (from Chang et al. 2004).
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topography on the islands. Because of the sheltering
effect of the topography, they do not experience a wet
monsoon at this time of year. However, during Septem-
ber through December when the southwest monsoon
begins its retreat, northeasterly flow occurs and these
same stations are now on the windward side. At that
time of year (fall–summer) there is still upward motion
associated with the retreating ITCZ; so there is a late
wet season associated with terrain-lifted rainfall. The
second factor is that the number of typhoons peaks in
September; and tropical cyclones are considered to be
major contributors to rainfall in the northeastern Phil-
ippines (Coronas 1912; Masó 1914; Flores and Balagot
1969). The relative contributions of these two factors
are not known without further study.

The southern Philippine island of Mindanao is con-
sidered part of the Maritime Continent, based on Ra-
mage’s (1968) definition. Here, the seasonal cycle over
most of the region is characterized by the summer mon-
soon rainfall. The exception is in its northeastern cor-
ner where maximum rainfall occurs around November
and December, again as a result of the prevailing north-

easterly onshore winds (Fig. 3) during the northern
winter monsoon.

In Fig. 2 the distribution of the annual cycle over the
Philippines appears as a counterclockwise pattern in
the phase diagram, associated with a progression from
a November–December maximum on the southeastern
side, an August–September maximum on the northeast,
and a July maximum along the western coastline. In
contrast, over the western Maritime Continent from
Indochina to the Malay Peninsula, phase of the annual
cycle moves in a clockwise manner reflecting the sea-
sonal march of the deep convection that follows the sun
(Lau and Chan 1983). Thus, the annual cycle maximum
occurs mostly during northern fall in the Malay Penin-
sula and northern Sumatra and changes to around De-
cember in southern Sumatra. Over the rest of Indonesia
the boreal winter maximum in the annual cycle occurs
in most places, especially in southern Borneo, Java, and
other islands near 10°S.

As pointed out by previous investigators (e.g., Ra-
mage 1971; Hamada et al. 2002), the majority of the
locations south of the equator have monsoonal rainfall

FIG. 2. The annual cycle mode at rainfall stations. The phase of the cycle is shown as a 12-month clock with a
northward arrow indicating maximum rainfall in Jan. The arrows rotate clockwise with eastward, southward, and
westward arrows indicating Apr, Jul, and Oct, respectively. The length of the arrow defines the amplitude of the
cycle. This figure also serves to show the locations of the observation stations for the monthly rainfall datasets used
in this study.
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with a wet boreal winter and a dry boreal summer, al-
though there are distinct exceptions. The most note-
worthy exception is over the central Celebes and the
Molucca area, where the maximum in the annual cycle of
rainfall may occur during boreal spring and early boreal
summer (Fig. 2). This has been noted by many previous
investigators (e.g., Wyrtki 1956; Ramage 1971; Hamada et
al. 2002; Aldrian and Susanto 2003; Aldrian et al. 2003).

This “out of phase” effect is restricted to the south-
ern coastline of the Molucca region whereas the north-
ern coastline has its annual cycle maximum in January–
February, which is closer to the phase of the larger-
scale region (Fig. 2). The topography of the islands is
such that a mountainous ridge lies along the islands in
an east–west direction. The east and south sides of the
islands in the Molucca area are sheltered from the
northeast monsoon winds during boreal winter, but
they face the southeasterly monsoon winds that pro-
duce convergence against the terrain during boreal
summer (Fig. 3). Thus, the cause of this out-of-phase
behavior with the majority of the Maritime Continent
appears to be the result of sheltering by the mountains

during the boreal winter and orographic uplift during
the boreal summer. The large variation in phasing of
the annual cycle across the islands presents an excellent
example of the importance of local and orographic ef-
fects at low latitudes, as was discussed by Riehl in his
classical text on tropical meteorology (Riehl 1954).

For reasons that are not entirely obvious, the up-
wind–lee effect seems not to apply along the Indone-
sian archipelago (Java and points eastward on Fig. 2).
Part of the reason is that at this more southern location
the boreal winter monsoon flow has a more dominant
westerly component, so the flow is parallel to the long-
island topography. This is not the entire explanation,
however, as the island of Timor, for example, has an
orientation whereby there should be a rain-shadow ef-
fect for some stations; but according to the data in Fig.
2, this is not observed.

c. Areas without strong annual cycles

The discussion of Figs. 1 and 3 has brought out the
very large role played by the annual cycle in Maritime

FIG. 3. Mean QuikSCAT wind for Jan (black) and Jul (red), and topography (m).
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Continent monthly rainfall. However, there are loca-
tions where the annual cycle is less dominant. These
locations are identified in Fig. 4, in which the annual
cycle amplitude and phase are plotted (black arrows)
against the maximum monthly rainfall (gray arrows) for
the objectively analyzed gridded-rainfall field, with the
results plotted every other grid point (1° � 1° resolu-
tion). The maximum monthly rainfall arrows are scaled
to 1:4 of the annual cycle arrows. The locations where
the annual cycle is less important are delineated by a
black dot, which is plotted if the amplitude of the an-
nual cycle is no more than 40% of the maximum rainfall
and if the phase difference is at least 2 months.

The locations where the annual cycle plays a lesser
role are the eastern and central Philippines, northeast
Borneo, southern Thailand, and parts of the northwest
end of New Guinea. Inspection of the plots for the
individual months indicates the reasons for this geo-
graphic variation. In southern Thailand the wet season
extends through the boreal summer (as indicated by the
June orientation of the annual cycle arrow); but this
culminates in a period of intense rainfall at the end of
the wet season around September (as indicated by the
orientation of the “maximum month” arrow). In con-

trast, in northeast Borneo the reason for the less promi-
nent annual cycle is that the rainfall tends to be well
distributed over all months of the year, so the magni-
tude of the annual cycle arrow is small compared to that
of the maximum month.

d. Areas with significant semiannual cycles

Following the approach of Hamada et al. (2002), we
also examined the distribution of the semiannual mode
of station rainfall (Fig. 5). The semiannual mode is
more likely to be meaningful if it is comparable in mag-
nitude to that of the annual cycle. In Fig. 5, the semi-
annual cycle is plotted at grid points where its ampli-
tude is at least 80% of the annual cycle amplitude. The
annual cycle at all grid points is also plotted for com-
parison. Here for the semiannual cycle mode, a vertical
(north–south) bar indicates rainfall maximum in winter
and summer and a horizontal (east–west) bar indicates
rainfall maximum in spring and fall. Because the semi-
annual cycle has two maxima, each bar is centered at
the grid point and points in the two (opposite) direc-
tions. The length of the bar from the center to each of
the two end points has the same scale as the length of
the vectors in the annual cycle mode. Thus, the entire

FIG. 4. The annual cycle mode (black) and the month and amount of the maximum monthly rainfall (gray) for
the objectively analyzed gridded rainfall. Black dots indicate grid points where the amplitude of the annual cycle
mode is no more than 40% of the maximum rainfall and the phase difference is at least 2 months.
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length of the bar representing the semiannual mode is
twice the length of an annual cycle vector with the same
amplitude.

In general, the semiannual cycle tends to be concen-
trated over three areas within the equatorial zone of
3°S–7°N. The first is west of 110°E, which is the tran-
sitional zone between summer and winter monsoon
with the annual mode peaking in boreal fall. North of
the equator in western Malay Peninsula–northern
Sumatra, the semiannual indicators orient mostly June/
December versus the annual mode that peaks around
September. Farther southeast in the narrow equatorial
sea region between Sumatra and Borneo, the semian-
nual indicators have a February/August orientation
versus the annual mode peak of November. These
semiannual mode indicators are normal to the annual
mode vectors and suggest the influence of both boreal
summer and boreal winter rainfall.

The second main area is in northeastern Borneo be-
tween 114°E and 120°E. The annual modes are small

and the semiannual mode indicators again have a bo-
real summer/winter orientation, with a gradual clock-
wise shift from north to south. The orientation is Janu-
ary–February/July–August at about 3°N–4°N, March/
September near 1°N–2°N, and April/October at the
equator.

The few equatorial grid points define the third main
area farther to the east, which is the equatorial zone
between 120°E and 130°E. This region covers the vi-
cinity of the Molucca Sea and Molucca Passage, includ-
ing northern Celebes and Halmahera. Here the semi-
annual mode indicators are oriented horizontally
(March–April/September–October), suggesting the
possible effect of the twice-a-year crossing of the sun
over the equator. The double rainfall peak associated
with the twice overhead crossing of the sun is some-
times considered as the classical mode for the annual
cycle of tropical rainfall. One of the most significant
aspects of Fig. 5 is how rarely the double-rainfall peak
occurs in the Maritime Continent, as it is effectively

FIG. 5. The semiannual cycle mode (dark bar), overlapped with the annual cycle mode, for the objectively analyzed
gridded rainfall. Data are plotted if the amplitude of the semiannual cycle is at least 80% of that of the annual cycle. Each
bar is centered at the grid point and pointing in the two (opposite) directions of the semiannual cycle peaks. The entire
length of the bar is twice the length of an annual cycle vector with the same amplitude. See text for details. Example of
rainfall time series (mm day�1) at grid points where the semiannual cycle is important (5°N, 100°E), the annual cycle is
important (8°S, 110°E), and neither is important (3°S, 133.5°E) are shown in the upper-right insert.
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restricted to those few equatorial grid points where the
semiannual mode indicators orient horizontally.

4. Monsoon regimes and transitions

The TRMM data provide complete spatial coverage
for the domain, but the available data period is only 5
yr and the data are derived from remotely sensed vari-
ables. This very small sample size makes it difficult for
any composite values to attain a high level of signifi-
cance. The confidence in the composite results will
have to depend on whether the results can be consis-
tently explained by physical reasoning over many dif-
ferent locations. To assess the quality of the data, it is
desirable to compare the TRMM data with the station
rainfall data. However, a direct comparison is not pos-
sible because the two datasets do not overlap. Since the
purpose of this study is analysis of the mean annual
cycle, our interest is whether the annual cycle derived
from the TRMM dataset is consistent with that of the
long-term station rainfall. Therefore, the comparison is

done by first calculating the annual cycle mode of the
TRMM Precipitation Radar (PR) data and then com-
puting the difference (Fig. 6) between it and the annual
cycle mode of the analyzed rainfall data (Fig. 4) at all
land grid points. In Fig. 6 the vector direction shows the
phase difference in a 12-month clock. A northward-
pointing arrow means the two annual cycles are exactly
in phase, and a westward (eastward)-pointing arrow
means the TRMM PR annual cycle mode leads (lags)
the analyzed rainfall mode by 3 months. Gray arrows
mean the amplitude of TRMM PR mode is larger and
black arrows mean it is smaller. In general, the phase
angles are quite small (within two months). The ampli-
tude difference is sometimes large, particularly over
the Indochina Peninsula north of 10°N. Since the two
data periods are not overlapping, it is difficult to con-
clude that any difference represents errors of the
TRMM mode. On the other hand, the generally small
phase differences suggest that the TRMM data are use-
ful for the study of the rainfall annual cycle over the
region.

FIG. 6. Comparisons of annual cycles deduced from TRMM PR vs analyzed rainfall. The direction of vector shows
the phase difference in a 12-month clock. A northward-pointing arrow means the two annual cycles are exactly in
phase, and a westward (eastward)-pointing arrow means the TRMM PR annual cycle mode leads (lags) the analyzed
rainfall mode by 3 months. Gray arrows mean the amplitude of TRMM PR mode is larger and black arrows mean
it is smaller.
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a. Regimes of boreal summer and boreal winter
monsoon rainfall

Figure 7 shows the difference in TRMM PR data
between December–February (DJF) and June–August
(JJA). Here the yellow–red colors show areas of more
rainfall in JJA and the green–purple colors show areas
of more rainfall in DJF. Thus, this chart can be viewed
as the demarcation of the boreal summer and winter
monsoon rainfalls. Because of the limited duration (15
months for each season) and the narrow individual
TRMM data swaths, some small-scale features may be
artificial, but the general patterns should reflect the
mean seasonal differences. Also plotted on Fig. 7 are
the DJF minus JJA QuikSCAT winds. From the rain-
fall difference, the boreal summer rainfall regime domi-
nates north of the equator, and the boreal winter rain-
fall regime dominates south of the equator. The two
regimes become mixed near the equator, but the extent
of mixing is not symmetric. The boreal winter regime
extends far northward into the boreal summer regime,
whereas the southward extension of the boreal summer
regime south of the equator is much more limited. Over
Southeast Asia, the intrusions beyond 5°N occur in the
following areas: east of the Philippines, northeast and
northwest of Borneo in the South China Sea, east of
Vietnam, eastern coast of Malay Peninsula, and north
of Sumatra. In most of these areas the high boreal win-
ter rainfall is due to the onshore northeasterly winter
monsoon winds from the northwest Pacific and the

South China Sea. These northeasterly monsoon winds
are stronger than the southeasterly winds because of
the intense baroclinicity over the cold Asian continent
in boreal winter; a similar counterpart does not exist in
the Southern Hemisphere in boreal summer. There are
also very few coastal areas between 5°S–10°S that face
the prevailing seasonal wind as is the case in the north-
ern Tropics.

The fact that most of the monsoon rainfall is a result
of wind–terrain interactions is also readily apparent in
the summer monsoon regime (warm colors in Fig. 7).
The heaviest rainfall occurs on the summertime wind-
ward side of the terrain, which includes the northeast-
ern Bay of Bengal, the eastern Gulf of Thailand, west of
the north–south-oriented mountain ridge along Viet-
nam, and the northern South China Sea (off the west-
ern coast of the northern Philippines and the southern
coast of China’s Guangdong Province). It is worth not-
ing that while heavy summer rainfall is often associated
with tropical cyclones such as monsoon depressions in
the Bay of Bengal, the heaviest rainfall is not along the
averaged track of the cyclones, which extends north-
westward to the eastern coast of India (Neumann
1993), but is near the western coast of Burma where
much fewer cyclones have made landfall. In fact, the
relatively lower amount of monsoon rainfall over the
India subcontinent compared to the Bay of Bengal may
be partly due to the wind–terrain interaction in the
eastern Arabian Sea where heavy rainfall accumulates

FIG. 7. Differences of TRMM PR rainfall and QuikSCAT winds between boreal winter and boreal summer (DJF minus
JJA). Warm colors are the boreal summer monsoon regime and cool colors are the boreal winter monsoon regime. See
text for details.
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off the west coast of India (not shown). Another ex-
ample of the importance of the wind–terrain interaction
in the summer monsoon can be seen southwest of the
Bay of Bengal, where Fig. 7 shows another extension of
the boreal winter monsoon regime to the northern
Tropics. This winter regime just east of Sri Lanka be-
tween 5°N and 10°� is in the middle of the eastern
Indian Ocean where the DJF rainfall does not stand out
as being particularly high in the boreal winter TRMM
rainfall distribution, but rather is a minimum JJA rain-
fall area in the eastern Indian Ocean (not shown). This
minimum is apparently due to the sheltering of the
southwest monsoon by the island of Sri Lanka. As a
result, the DJF � JJA difference (Fig. 7) indicates this
region to be a winter monsoon regime.

The intrusion of the boreal winter rainfall regime
into the southern South China Sea northwest of Borneo
does not occur as a result of direct onshore winds,
where the northeast monsoon is parallel to the coast-
line. This is the vicinity of the low-level quasi-stationary
Borneo vortices that are associated with the heating of
the island and can develop any time of the year. During
boreal winter, the northeast cold surge winds increase
periodically for periods of one to several weeks and
enhance the low-level cyclonic shear vorticity off the
northwest coast of Borneo. As a result, the Borneo
vortices are particularly active during boreal winter
(e.g., Johnson and Houze 1987; Chang et al. 2003, 2004,
2005). Due to the increased frequency of the Borneo
vortex, the deep convection and heavy rainfall fre-
quently extend offshore several hundred kilometers
into the South China Sea during boreal winter, but
much less so during boreal summer.

Over the Maritime Continent region the only signifi-
cant intrusion of the boreal summer rainfall regime into
the southern Tropics beyond 5°S is on the south side of
western New Guinea between 135° and 138°E. During
both winter and summer, this area faces some onshore
winds (Fig. 3). The southeasterly winds during boreal
summer are stronger and have a larger angle with the
southern coastline; the westerly winds during boreal
winter are weaker and nearly parallel to the coastline.

Within the equatorial belt 5°S–5°N, the mixing of the
boreal winter and boreal summer rain regimes is almost
entirely the result of the sheltering by the mountains
and the direct onshore winds onto the complex island
geography. Here, the TRMM data available over both
land and water show this wind–terrain interaction
within the Molucca region more completely than that
identified by the station rainfall data (Fig. 2).

b. Regimes of the transitional seasons and the
asymmetric seasonal march

In this section we present the monsoon regimes dur-
ing the transition seasons, boreal spring [March–April–
May (MAM)] and boreal fall [September–October–
November (SON)]. Figure 8 is a summarized view of
the monsoon rainfall in these seasons. Two steps are

taken to create this chart. In the first step, at each grid
point where the MAM rainfall (green) is the maximum
among the four seasons, the difference between the
MAM rainfall and the higher of the summer or winter
rainfall is computed. The same procedure is followed at
points where the SON rainfall (yellow) is the maximum
of all four seasons. The resultant values are then plotted
together in Fig. 8. The QuikSCAT winds for both sea-
sons are also plotted, with the MAM wind in black and
the SON wind in red.

In Fig. 8 the SON monsoon rainfall dominates areas
north of the equator, particularly the western side of
the domain. The MAM monsoon rainfall dominates ar-
eas south of the equator, particularly the eastern side of
the domain. Within the equatorial belt 10°S–10°N, the
area west of 114°E, or about the longitude of central
Borneo, is mainly in the SON regime while the area to
the east is mainly in the MAM regime. Away from the
equator, significant Northern Hemisphere SON mon-
soon rainfall can also be found in the South China Sea
and east of the Philippines. Similarly significant mon-
soon rainfall does not exist in the Southern Hemisphere
MAM regime (not shown).

As has been noted by previous investigators (e.g.,
Lau and Chan 1983; Meehl 1987; Yasunari 1991; Mat-
sumoto and Murakami 2000, 2002; Hung and Yanai
2004; Hung et al. 2004), the distribution of the transi-
tion season convection indicates that the advance of the
annual cycle in space is not symmetric. The Asian sum-
mer monsoon has its maximum convection located in
South Asia around India and the Bay of Bengal. During
boreal fall, the maximum convection moves southeast-
ward through the eastern Indian Ocean and the South
China Sea along a track that roughly follows the South-
east Asia land bridge, to reach southern Indonesia and
northern and eastern Australia during boreal winter.
This pattern is reflected in the annual cycle diagram
(Fig. 2). However, during boreal spring the monsoon
convection does not return to the Northern Hemi-
sphere along the same path. The maximum rainfall re-
mains mostly south of the equator. In the western sec-
tor of the domain in the eastern Indian Ocean, it occurs
to the south of 10°S and northwest of Australia, which
is farther south than the boreal winter convection belt.
In the eastern sector of the domain it moves slightly
northward in the New Guinea region. So there is no
northwestward progression to retrace the path of the
Asian summer to Asian winter monsoon progression.

This spring–fall convection asymmetry is apparently
related to the interaction between winds and the terrain
of Southeast Asia. In the northern South China Sea, the
mean seasonal wind in boreal fall is northeasterly and
its speed is stronger than the weak easterly during bo-
real spring. This contrast was noticed by Matsumoto
and Murakami (2000) who related the cold surges dur-
ing boreal fall to the enhanced convection in the
Borneo area. The seasonal winds lead to strong con-
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vection off the coast of Vietnam in boreal fall but not in
spring (Fig. 8). Similarly, strong convection occurs east
of the Philippines only in boreal fall due to stronger
northeasterly onshore winds. The convection in these
areas is much stronger than both boreal summer and
winter, even though during boreal winter the northeast-
erly winds are stronger. This is because during winter
the colder and drier air and the lower sea surface tem-
perature (SST) make deep convection less likely to de-
velop north of 10°N, so the strong winter cold surges
actually produce drying conditions in northern and
middle South China Sea (Chang et al. 2004, 2005).

This fall�spring difference in winds may be traced to
the difference in the sea level pressure (SLP) distribu-
tion, which tends to have opposite signs between land
and ocean areas because of differences in surface tem-
peratures (e.g., Van den Dool and Saha 1993). The
long-term mean SON-minus-MAM SLP during 1968–
96 computed from the National Centers for Environ-
mental Prediction–National Center for Atmospheric
Research (NCEP–NCAR) reanalysis is shown in Fig. 9.
Compared to boreal spring, SLP in the Northern Hemi-
sphere during boreal fall tends to be higher over the
land and lower over the ocean, and the reverse is true
in the Southern Hemisphere. This pattern is seen
throughout most of the global domain except for the
midlatitude storm tracks over oceanic areas, whose ef-

fect in reversing the difference sign can be confirmed by
a map of spring�fall 500-hPa height difference (not
shown). In this map the most conspicuous difference is
the lower heights during the local fall season due to the
active storms near the midlatitude jet streaks.

The SLP difference shown in Fig. 9 may be caused by
two effects. Over oceans, the delayed thermal response
will give a relatively warm SST in fall, which contributes
to lower SLP, and a relatively cool SST in spring, which
contributes to higher SLP. Over land areas, the thermal
memory is very short; thus an asymmetric land–sea SLP
contrast will occur between fall and spring. This asym-
metry is further enhanced by the timing of the equinox.
Because it occurs at approximately the 22d day of the
respective 3-month seasons, the land surface tempera-
ture tends to be cooler and SLP higher during fall than
during spring. In Fig. 9, this land SLP response in low
and middle latitudes is largest in East Asia, with the
maximum SLP difference centered in the northern Chi-
na–southern Mongolia Plain. Another interesting fea-
ture in Fig. 9 is that both polar regions have the same
sign because the Arctic is water and Antarctic is land.1

1 In the southern high latitudes, the semiannual oscillation of
SLP surrounding Antarctica (e.g., van Loon 1967) may also play
a role in the lower SLP in the SON minus MAM difference.

FIG. 8. Monsoon regimes during transition seasons deduced from TRMM PR rainfall. A grid point is identified if the
rainfall during one of the two transition seasons is the maximum in the annual cycle, and the value plotted is the difference
between this transition-season rainfall and the boreal winter and or boreal summer, whichever is highest. Warm colors are
the boreal fall monsoon regime and cool colors are the boreal spring monsoon regime. There are large areas of zero value
indicating that maximum rainfall occurs outside of spring and fall. These areas are plotted with the lightest warm color.
The difference of QuikSCAT winds between the two transition seasons (SON minus MAM) is plotted for the entire
domain. See text for details.

15 JANUARY 2005 C H A N G E T A L . 297

Fig 8 live 4/C



An enlargement of the Southeast Asia and Maritime
Continent domain shown in the insert to Fig. 9 is dis-
played in Fig. 10, with schematic sea level winds based
on the SLP gradient depicted in key areas for discus-
sion. In these areas the pressure gradient is less suscep-
tible to the errors introduced in the conversion of pres-
sure from land surface to sea level. Schematic winds
based on broader-scale pressure patterns instead of ac-
tual spring�fall wind differences make the discussion
somewhat qualitative rather than quantitative, but the
purpose here is to derive a hypothesis for the source of
the asymmetric seasonal march that is not blurred by
the results of the asymmetric march. The actual wind
differences already include the effect of the asymmetry
within the tropical belt and it would be harder to sort
out the cause–effect. The large SLP difference over
East Asia leads to the stronger SON northeasterly
winds in the northern South China Sea and northwest-
ern Pacific (area A in Fig. 10), which causes the deep
convection east of Vietnam and the Philippines in bo-
real fall. In the southern South China Sea, the SLP
gradient favors cyclonic flow and therefore deep con-
vection in SON (area B in Fig. 10). This widespread
convection in the southern South China Sea during bo-
real fall is not very obvious in Fig. 8 because at many
points convection in boreal summer is even stronger.
The convection is further enhanced by the interaction
of the wind with terrain on the east coast of Sumatra
and west coast of Borneo.

The enhanced convection in the eastern equatorial
Indian Ocean may also be explained, at least partly, by
the spring�fall SLP difference. Here the Bay of Bengal
and the northern Indian Ocean have higher SLPs in
boreal fall than in boreal spring, which suggests that
atmosphere–ocean interaction is involved to increase
the SST faster during boreal spring. One possibility is
that the initially anticyclonic flow with weak winds

FIG. 10. Differences of sea level pressure between boreal fall
and boreal spring (SON minus MAM), for the insert region in Fig.
9. Negative isobars are dotted and the zero line is dashed. Unit:
hPa. Schematics of sea level wind differences based on the differ-
ences in the sea level pressure pattern are indicated. The elliptic-
shaped area indicates preferred belt of convergence in fall and
divergence in spring. See text for details.

FIG. 9. Differences of sea level pressure between boreal fall and boreal spring (SON minus MAM, warm colors: positive,
cool colors: negative). Unit: hPa. Higher values over land areas at high latitudes are truncated because they may be
affected artificially by the surface to sea level conversion. The rectangular box is an insert region covering the domain of
Fig. 10. Areas where values do not meet the 5% significance test are indicated by black dots.
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cause less evaporation and more solar heating at the sea
surface and downwelling in the upper ocean, so as
spring progresses the SST becomes higher and SLP be-
comes lower than during fall. However, the land–sea
redistribution of mass still contributes to a lower SLP
over the Bay of Bengal in boreal fall compared to sur-
rounding land areas. The resulting difference in pres-
sure gradient during boreal fall gives rise to cyclonic
flow in the Bay of Bengal and favors increased cross-
equatorial flow from the southern Indian Ocean.

The convection in and around the middle and south-
ern South China Sea in boreal fall helps to induce
southwesterly winds west of Sumatra (area C in Fig.
10). These southwesterly winds are enhanced by the
tendency for cross-equatorial flow and the cyclonic flow
in the Bay of Bengal. Other atmospheric and oceanic
factors, such as the east–west pressure gradient across
the equatorial Indian Ocean, may also contribute to the
development of equatorial westerly winds. These winds
have two effects, both of which lead to more convec-
tion. The first is the onshore flow that causes conver-
gence along the western coasts of northern Sumatra
and the Malay Peninsula. The second is the beta effect
that produces convergence in the equatorial westerlies
in the boundary layer. The increased convection may
further enhance the westerlies off the coast of Sumatra
and make a positive feedback possible.

South of the equator, the SLP difference between
Australia and the south Indian Ocean favors counter-
clockwise flow toward the equator (area D in Fig. 10)
in boreal fall. This also enhances the cross-equatorial
flow that becomes a westerly wind north of the equator,
and thus increases the wind–terrain interactions on the
west coast of the adjacent land areas, such as western
Borneo (area B). Furthermore, the convergence of
these winds from south of the equator and the north-
easterly winds in the northern South China Sea and the
northwestern Pacific (area A) give rise to a broad-scale
belt of convergence between the equator and 20°N dur-
ing boreal fall (marked by the elliptic-shaped area in
Fig. 10), which also favors convection. During boreal
spring, this belt becomes a zone of low-level diver-
gence, so convection is suppressed. The results of these
various effects are that maximum convection is pre-
vented from marching continuously from the Asian
winter monsoon to the Asian summer monsoon.

5. Summary and concluding remarks

In this study, historical station rainfall data were used
to classify the geographical distribution of the annual
cycle of rainfall in the Southeast Asia–Maritime Con-
tinent region into several types, which depends on the
wet season, the amplitude and phase of the annual
cycle, and its importance relative to the maximum rain-
fall and season, and the relative importance of the semi-
annual cycle. Over Indonesia, the results are consistent

with the gross features of Hamada et al.’s (2002) five-
type classifications using 1961–90 data.

The annual cycle dominates rainfall over most of the
region and its phase and amplitude vary significantly.
The QuikSCAT sea surface winds show that most of
these variations are due to interactions between the
complex terrain and a simple annual reversal of the
surface monsoonal winds. The most notable example is
the effect of seasonal-varying onshore winds and the
activity of low-level vortices in the South China Sea
along the northwest coast of Borneo. The semiannual
cycle is comparable in magnitude to the annual cycle
over parts of the large islands of Sumatra and Borneo
and the Malay Peninsula. Only a very small part of
eastern Indonesia close to the equator exhibits a mod-
est semiannual variation that may be attributed to the
twice-yearly crossing of the sun.

Analysis of the data reveals a clear demarcation of
the boreal summer and winter monsoon regimes over
the entire region, showing the two regimes intertwining
across the equator. There are stronger intrusions of the
winter regime northward into the summer regime due
to strong northeasterly monsoon winds in the South
China Sea and the western Pacific east of the Philip-
pines. These monsoon winds produce strong onshore
flow and excess rainfall along the eastern flanks of the
major island groups and landmasses. During boreal
summer, the interaction between the southwest mon-
soon wind and terrain also affects strongly the distribu-
tion of the summer monsoon rainfall, with maximum
rainfall occurring on the windward side of terrain in the
Indian Ocean, the Indochina Peninsula, and the South
China Sea.

The analysis also clearly delineates the asymmetry of
the season march between boreal fall and boreal spring.
During boreal fall the convection maximum occurs in
the eastern Indian Ocean, Malay Peninsula and
Sumatra, and southern South China Sea. This general
area forms the midpoint of the path of the southeast-
ward progression of convection from the Asian summer
monsoon to the Asian winter monsoon. During boreal
spring the maximum convection does not retrace the
process but stays near and south of the equator. This
asymmetric feature is a manifestation of the asymmet-
ric locations of the spring and fall ITCZ noted by many
investigators (e.g., Lau and Chan 1983; Meehl 1987;
Yasunari 1991; Matsumoto and Murakami 2000, 2002;
Hung et al. 2004).

The cause of this asymmetry has not been fully un-
derstood. A possible factor lies in the difference in the
strength of broad-scale Walker circulation driven by
zonal SST gradients over both the equatorial Pacific
and Indian Oceans. Over the Pacific, the Walker circu-
lation that gives rising motion over the Maritime Con-
tinent is affected by the intensity of the eastern equa-
torial Pacific cold tongue (Wang 1994; Li and Philander
1996). The cold tongue is most intense in boreal fall, so
the Pacific Walker cell may favor convection over the
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Maritime Continent in boreal fall rather than in boreal
spring. Across the equatorial Indian Ocean the zonal
SST gradient is more favorable for a local Walker-type
circulation that supports convection over the Maritime
Continent in boreal fall than in boreal spring, as the
annual cycle of the western equatorial Indian Ocean is
warmest in boreal spring (Webster et al. 1998). As a
result, the planetary scale circulation may favor en-
hanced convection over the land bridge of Southeast
Asia–Maritime Continent in boreal fall and thus a con-
tinuous southeastward march from Asian summer mon-
soon to Australian summer monsoon, and may make
the reverse trip harder during boreal spring.

More direct hypotheses to explain the asymmetry
have been proposed by several investigators. Matsu-
moto and Murakami (2000) suggested the asymmetry is
due to the fact that cold surges that originate from the
high terrain of the Asian continent during boreal fall
are stronger than the cold surges that originate from
Australia during boreal spring. Matsumoto and Mu-
rakami (2002) also proposed that this asymmetry is re-
lated to the different equatorial basic flows in the west-
ern Pacific and Indian Ocean, and their respective an-
nual variations. They suggested that the western
equatorial Pacific with a strong Kelvin-type mean flow
during boreal fall allows the convection to move south-
ward, and that the flow weakens during boreal spring
such that it inhibits the return journey during boreal
fall. They also suggested that the variation of a complex
Rossby-type mean flow in the equatorial Indian Ocean
allows convection to move northward in boreal spring
but inhibits the southward movement in boreal fall.

Hung et al. (2004) proposed that the northward
march of the ITCZ during boreal spring is blocked by
subsidence in oceanic regions to the west of heat
sources (India, Indochina, and the Philippines). They
suggested that this subsidence, which is similar to that
occurring west of Tibetan Plateau during the summer
monsoon (Yanai et al. 1992), is the result of the Rossby
wave response in the monsoon–desert mechanism sug-
gested by Rodwell and Hoskins (1996). T. Li (2003,
personal communication) proposed that the asymmetry
is attributed to an internal atmospheric dynamics
mechanism by which equatorial oceanic convection
tends to propagate eastward due to the production of a
boundary layer convergence to the east of the deep
convection. Such a process will favor the southeastward
seasonal march from the Asian summer monsoon to the
Asian winter monsoon, but not the northwestward
march from the Australian region to the Asian summer
monsoon.

Our analysis suggests that at least a part of this asym-
metry is due to a combination of two effects: (i) the
low-level wind and terrain interactions throughout the
region during boreal fall that do not have counterparts
in boreal spring, and this includes the effect of boreal
fall cold surges noted by Matsumoto and Murakami
(2002); and (ii) an intervening region between the

equator and 20°N in the longitudes of Southeast Asia
and the Maritime Continent that in the low levels has a
convergence bias in boreal fall and a divergence bias in
boreal spring. Over the eastern Indian Ocean, this ef-
fect is enhanced by the beta effect of the equatorial
zonal wind near the surface. Both effects can be related
to the SLP differences between spring and fall that ap-
pear to be the result of the global-scale mass redistri-
bution between the land and ocean regions, which is
driven by their different thermal memories. Because of
the orientation of the Asian and Australian landmasses,
this redistribution facilitates the southeastward march
of maximum convection from the Asian summer mon-
soon to the Asian winter (Australian summer) mon-
soon, but it deters the reverse march in boreal spring.
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