
ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 24, NO. 1, 2007, 1–14

Seasonal Transition Features of Large-Scale Moisture Transport
in the Asian-Australian Monsoon Region

HE Jinhai1 (何金海), SUN Chenghu∗1,2 (孙丞虎), LIU Yunyun1 (刘芸芸),
Jun MATSUMOTO3, and LI Weijing2 (李维京)

1Department of Atmospheric Sciences, Najing University of Information Science and Technology, Nanjing, 210044

2Laboratory for Climate Studies, National Climate Center, China Meteorological Administration, Beijing, 100081

3Department of Earth and Planetary Science, Graduate School of Science,

The University of Tokyo, Tokyo, Japan

(Received 26 December 2005; revised 10 May 2006)

ABSTRACT

Using NCEP/NCAR reanalysis data for the period of 1957–2001, the climatological seasonal transition
features of large-scale vertically integrated moisture transport (VIMT) in the Asian-Australian monsoon
region are investigated in this paper. The basic features of the seasonal transition of VIMT from winter to
summer are the establishment of the summertime “great moisture river” pattern (named the GMR pattern)
and its eastward expansion, associated with a series of climatological events which occurred in some “key
periods”, which include the occurrence of the notable southerly VIMT over the Indochina Peninsula in mid
March, the activity of the low VIMT vortex around Sri Lanka in late April, and the onset of the South
China Sea summer monsoon in mid May, among others. However, during the transition from summer to
winter, the characteristics are mainly exhibited by the establishment of the easterly VIMT belt located in
the tropical area, accompanied by some events occurring in “key periods”. Further analyses disclose a great
difference between the Indian and East Asian monsoon regions when viewed from the meridional migration
of the westerly VIMT during the seasonal change process, according to which the Asian monsoon region can
be easily divided into two parts along the western side of the Indochina Peninsula and it may also denote
different formation mechanisms between the two regions.
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1. Introduction

The Asian-Australian Monsoon (A-AM) is an inte-
gral component of the Earth’s climate system, involv-
ing complex interactions of the atmosphere, the hy-
drosphere and the biosphere. It covers a vast domain:
30◦S–45◦N and 40◦–160◦E (Ramage, 1971; Krishna-
murti et al., 1985; Wang, 1994; Wang et al., 2003;
Webster et al., 1998; Trenberth et al., 2000), which
is home to more than half of the world’s population.
The monsoon transports abundant water vapor from
the Pacific and Indian Oceans to the A-AM region,
which greatly affects the rainfall and water budget in
the region (Starr and White, 1955; Xu, 1958; Shen,
1983; Ding, 1994; Qiao et al., 2002), which is crucial

to the agricultural production and economy of the re-
gion. So research on the moisture transport has both
scientific and social value.

The seasonal transition of the Earth climate is the
result of solar forcing, i.e., it is driven by the “march”
of the sun back and forth across the equator. In the
monsoon domain, the seasonal march always encom-
passes the alternation between wet and dry phases,
associated closely with the transition of the two mon-
soon’s sectors: summer and winter monsoon (in this
paper, the seasonal transition is always depicted from
the Northern Hemisphere perspective, unless a specific
term is added). Thus, the interests in rather complex
migration process of monsoon motivate the research
on seasonal transition of the A-AM region. So far,
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much work has been contributed by a great variety
of ways, such as: precipitation or satellite-observed
convection, circulation criteria and dynamical or ther-
modynamic methods (Murakami et al., 1986; Tao and
Chen, 1987; Matsumoto, 1992, 1997; He et al., 1996;
Lau and Yang, 1997; Wang and LinHo, 2002; Qian and
Yang, 2000; Qian et al., 2002; Zhang et al., 2004; and
others). The investigators have shown that the onset
and retreat of the monsoon exhibit several stages and
significant transitions in the large-scale atmospheric
and oceanic circulations (e.g., Rao, 1976; Murakami
and Nakazawa, 1985; Lau et al., 1998; Wu and Zhang,
1998; Hsu et al., 1999; Ding, 2004), owning to large-
scale interactions between surface heating and atmo-
spheric dynamic, thermal, and hydrological processes
(Li and Yanai, 1996; Kumar et al., 1997; Ueda and
Yasunari, 1998; Wu and Zhang, 1998; Hsu et al., 1999;
Takagi et al., 2000). However, these studies have been
largely concerned with the summer phase, rather than
the whole year. Therefore, it is worth comprehensively
investigating the seasonal transition over the great A-
AM domain by using a more reliable dataset contain-
ing enough samples.

To diagnose the seasonal transition of the mon-
soon, usually there are several variables to be cho-
sen, such as: the rainfall or satellite-observed convec-
tion and circulation criteria, etc. In this paper, we
choose the moisture transport to diagnose it, mainly
due to the close relationship between monsoon pre-
cipitation and moisture transport as emphasized by
some research (e.g., Murakami, 1959; Akiyama, 1973;
Asakura, 1973; Murakami et al., 1984; Chen et al.,
1988; Lau and Yang, 1997; Huang et al., 1998; Ni-
nomiya and Kobayashi, 1998, 1999; Simmonds et al.,
1999; Zhang, 1999, 2001; Xie et al., 2001; Tian and
Yasunari, 1998; Zhang and Akimasa, 2002). Besides,
there are other motivations to base our diagnostic in-
vestigations on the moisture transport. Firstly, hydro-
logical fields, such as the vertically integrated moisture
transport (VIMT), are linked directly to the lateral
and transverse heating gradients, which are the ba-
sic monsoon forcing (e.g., Webster, 1983, 1994; Web-
ster et al., 1998). Secondly, analysis of the VIMT
field can avoid the influence of mountainous terrain,
thus it gives a rather continuous analysis field than
the circulation field on a certain level (e.g., 850 hPa).
Thirdly, to diagnose the onset and withdrawal over a
broad scale, the VIMT is generally well modeled and
observed in contrast to the rainfall, which is poorly
measured and modeled and has caused great trouble
to monsoon research (Fasullo and Webster, 2003). For
example, the serious scarcity and inaccuracy in histor-
ical rainfall datasets, particularly around the ocean,
often cause large disagreements in the climatological
onset date of the Asian summer monsoon (Fasullo and

Webster, 2003).
Furthermore, with regard to moisture transport,

some kinds of improper treatment may confuse the re-
sults. For example, some studies employ the moisture
transport only on one level (e.g., the 850-hPa level)
or just integrate from the 1000-hPa level to get the
VIMT dataset. Actually, these methods essentially
contain serious errors over mountainous terrain, thus
they cannot provide true information (as mentioned
by Zhou et al., 2005). And, others utilize the monthly
averaged horizontal wind vectors and specific humid-
ity data directly to calculate the monthly mean mois-
ture flux vector dataset, instead of utilizing the daily
mean data. Thus, they may neglect the contribution
of the transient components, which are also of impor-
tance sometimes (Shi et al., 1994). To address the
above problems, this paper calculates the day-by-day
VIMT dataset integrated from the surface to 300 hPa
for the period 1957–2001, on which the pentad and
monthly averaged datasets are based. And, on the
basis of these datasets, the seasonal transition of the
VIMT over the A-AM region is discussed. The data
used in the present study are described in section 2.
The climatological features of the seasonal distribu-
tion and seasonal transition process are investigated
in section 3 and section 4, respectively. In section 5,
the sub-regional characteristics of the VIMT and cor-
responding rainfall in the A-AM region are discussed,
and the conclusions follow in section 6.

2. Data and analysis methods

The data employed in the present study are the
NCEP/NCAR daily reanalysis data (Kalnay et al.,
1996) from 1957 to 2001 with a spatial resolution of
2.5◦ and on 8 levels (from the surface to 300 hPa), in-
cluding horizontal wind and specific humidity. Now,
the total vertically integrated water vapor flux vector
Q can be expressed as:

Q = −1
g

∫ p

ps

qUdp , (1)

where g is the acceleration due to gravity, ps represents
surface pressure, and p stands for the top pressure,
which is chosen as 300 hPa in this study. Above 300
hPa, the specific humidity amounts are poorly known
and are therefore not part of the reanalysis (Kalnay
et al., 1996). Parameter q is the special humidity, and
U is the horizontal wind vector, The unit of Q is kg
m−1 s−1. Above 300 hPa, the specific humidity in
the Tropics is at least two orders of magnitude smaller
than near the surface, and the moisture transports are
therefore of negligible influence to the calculation of
total VIMT (Fasullo and Webster, 2003). Further, the
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Fig. 1. Seasonal distribution of the VIMT (Kg m−1 s−1) over the A-AM region in (a) Jan, (b) Apr, (c) Jul and (d) Oct.
The climatology for VIMT is based on NCEP/NCAR data from 1957 to 2001 and the absolute value of VIMT>100 kg
m−1 s−1 is shaded, and the shading interval is 100 kg m−1 s−1.

pentad and monthly means are calculated from the
daily mean data. We should remind the reader that
the VIMT pentad means are constructed by the prin-
ciple that the last pentad in any month always covers
the period from the 26th to the end of the month.
Thus, there are always 6 pentads in a calendar month
(i.e., 72 pentads in a year), and is quite convenient to
match the month corresponding to the pentad mean.

The main precipitation data analyzed in this study
are the Climate Prediction Center Merged Analysis of
Precipitation (CMAP: Xie and Arkin, 1997) data de-
rived by merging rain gauge observation, microwave
and infrared satellite images, and numerical model
outputs. The pentad mean CMAP rainfall data cover
the period from January 1979 to December 2001 with
global coverage having a spatial resolution of 2.5◦.
However due to the different pentad mean definition
by Xie and Arkin (1997), it contains 73 pentads for a
calendar year.

3. The seasonal distribution of VIMT

The majority of previous work has focused mainly
on the summertime features of moisture transport,
while less attention has been paid in other seasons that
are also of importance. Hence, in this section, we will
first exhibit the VIMT conditions in the four seasons.
The most salient features in winter are four zonally ori-
ented VIMT belts existing over the great A-AM region
(Fig. 1a): (1) The easterly VIMT belt located in the
tropical area (5◦–10◦N) is the strongest of the four. (2)
Another easterly one confined to the 15◦–25◦S latitu-
dinal band exhibits a discontinuous feature. (3) The
westerly VIMT belt in the 5◦–10◦S latitudinal band
is associated with three prominent inter-hemisphere
VIMTs (around 80◦E, 105◦E and 130◦E, respectively)
emanating from the aforementioned easterly VIMT.
(4) The last one is transported by the mid-latitude
westerly, progressively eastward from the northern
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Fig. 2. The VIMT distribution in the seasonal migration from winter to summer. Figures from (a) to (f)
exhibit the distribution in the 3rd pentad of Jan, the 5th pentad of Feb, and the 2nd, 3rd, 5th and 6th
pentads of Mar, respectively.

Arabian Sea to the Western Pacific, and it is the weak-
est of the four.

During summertime, significant differences are pre-
sented in Fig. 1c: a very strong VIMT flow originating
from the Southern Hemisphere moves across the equa-
tor along the Somali coast and down to the Arabian
Sea, India and the Bay of Bengal (BOB), then ex-
tends northeastward from the SCS to Eastern China,
Korea, Japan and the Northwestern Pacific (the dis-
tribution bears great similarity to that of Chen, 1985;
Park and Schubert, 1997; and Simmonds et al., 1999).

Due to the great intensity and merging of two other no-
table cross-equatorial moisture exchanges (from 80◦E
and 105◦E) and southeasterly VIMT from the south-
ern periphery of WPSH into it, here we call this VIMT
pattern the “great moisture river” (hereafter referred
to as the GMR).

In two transitional seasons, the main features have
more or less similarities by very weak inter-hemisphere
moisture exchanges, which indicate weak coupling be-
tween the two hemispheres (Fig. 1b and Fig. 1d). Also
noted are the asymmetric features between the two
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Fig. 3. The same as Fig. 2, but for the period before the onset of the SCS summer monsoon.
Figures from (a) to (d) exhibit the distribution in the 6th pentad of Apr, and the 2nd , 3rd and
4th pentads of May, respectively.

transitions. For example, the mid-latitude westerly
VIMT in the Northern Hemisphere is very pronounced
in spring, while the westerly one only exists in the
central tropical Indian Ocean in autumn. And the
southwesterly (northeasterly) VIMT prevails over the
Indochina region in the spring (autumn) transition.

4. The seasonal transition features of VIMT

The preceding section has described the distribu-
tions of seasonal mean VIMT while details of the sub-
seasonal change are intact. To this end, we have to
examine the evolving VIMT pattern associated with
the seasonal march of the monsoon in this section.

4.1 VIMT features in the migration from
winter to summer

In this section, the pentad-to-pentad VIMT from
January to March is analyzed in Fig. 2 to depict the
transitional process from boreal winter to summer.
From Fig. 2, it can be noted that the whole process
contains several stages as follows: Before the 3rd pen-
tad of February, the VIMT pattern in A-AM region has
already reached the peak stage of its winter pattern
mainly characterized by the four pronounced south-
ward cross-equatorial VIMTs along the Somali coast,
along 80◦E, along 105◦E and along 130◦E (Fig. 2a). In

the 4th (figure omitted) and 5th pentads of February
(Fig. 2b), the southward cross-equatorial VIMTs along
80◦E and the Somali coast nearly disappear, thus lead-
ing to the serious weakness of the westerly VIMT over
the tropical southern Indian Ocean (Fig. 2c). In the
3rd pentad of March, four dramatic changes occur si-
multaneously, heralding the collapse of the winter pat-
tern and the commencement of the transition from
winter to summer (see changes from Fig. 2c to Fig.
2d): the southerly VIMT exceeding 100 kg m−1 s−1

appears over the Indochina Peninsula; the southward
cross-equatorial VIMTs approximately along 105◦E
and 130◦E weaken strikingly, and a continuous easterly
VIMT belt forms in the 15◦–25◦S latitudinal band.
Thus, in late March (Figs. 2e–f), the basic features of
the spring transition are established (as shown in Fig.
1b), with the enhancement of the southerly VIMT es-
tablished over the Indochina region, the disappearance
of the southward cross-equatorial VIMT and the west-
erly VIMT over the north of the Australian continent,
and also the split of the Asian tropical easterly VIMT
belt over Sri Lanka.

However, in this paper, the end date of the Asian
winter monsoon defined by the VIMT is slightly differ-
ent from that of Matsumoto (1992), which is one pen-
tad earlier than our definition (7–11 March for Mat-
sumoto and 11–15 March for our definition). Probably,
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Fig. 4. The same as Fig.2, but for the peak phase of the Asian summer monsoon. Figures from (a) to (f)
depict the distribution in the 1st, 3rd and 4th pentads of Jun, the 5th pentad of Jul, and the 4th and 5th
pentads of Aug, respectively.

this results from the different definition standard or
dataset coverage period from which the climatological
data were derived.

4.2 Features before the onset of the SCS sum-
mer monsoon

The large-scale Asian summer monsoon com-
mences each year around early and middle May over
the BOB, the SCS and the Indochina region (Tao and
Chen, 1987; Matsumoto, 1992; Murakami and Mat-
sumoto, 1994; He et al., 1996; Lau and Yang, 1997;
Lau et al., 1998; Wu and Zhang, 1998; Hsu et al., 1999;

Qian and Yang, 2000; Wang and LinHo, 2002; Wang
et al., 2004; Wang and Qian, 2000), hence examining
the evolution of the moisture circulation before the on-
set of the SCS summer monsoon has a very important
meaning for understanding the migration of the Asian
monsoon.

Based on the pentad to pentad evolution of VIMT,
the chain of remarkable events before the onset of the
SCS summer monsoon may be identified below: In
late April (Fig. 3a), a moisture low vortex around Sri
Lanka (hereafter referred to as the “Sri Lankan low
vortex”) becomes active, which may greatly favor the
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acceleration and eastward propagation of the south-
westerly VIMT in the tropical Indian Ocean along its
southern periphery. Around early and middle May
(Figs. 3b, c), with the initiation of the northward
cross-equatorial VIMT off the Somali coast (i.e., the
Somali VIMT jet) and the expansion and northward
migration of the “Sri Lankan low vortex”, the south-
westerly VIMT further propagates eastward to cross
the Indo-China Peninsula, South China and the north-
ern SCS, and merges with two other VIMTs, namely,
the mid-latitude westerly one and the southerly one
flowing along the southern periphery of the WPSH
from the Indo-China Peninsula to South China. How-
ever, the typical summertime features such as the es-
tablishment of the “GMR” pattern are not integrated
in this period, for the westerly VIMT over the equa-
torial region of longitudes 50◦–60◦E still remains dis-
connected, the SCS region is still under the control of
the WPSH ridge and the SCS summer monsoon has
still not reached onset. Just one pentad later, in the
4th pentad of May (Fig. 3d), with the rapid eastward
retreat of the WPSH from the SCS, and with the do-
minion of the southerly VIMT over the whole SCS,
the “GMR” transport pattern initially comes into be-
ing and manifests an impressive onset feature of the
SCS summer monsoon, although the inter-hemisphere
VIMT near 105◦E is still very weak.

4.3 VIMT in the peak of the Asian summer
and Australian winter

As shown in Fig. 4, after breaking out of the
SCS summer monsoon, associated with a rapid in-
tensification of the Somali VIMT jet, the southwest-
erly VIMT in the tropical Indian Ocean undergoes a
considerable intensification and expansion along both
northward and eastward routes to overcast the north-
ern part of the Arabian Sea, the Indian Peninsula
and the BOB around the 1st pentad of June (Fig.
4a), thus leading to the formation of a climatological
onset moisture transport feature over these regions.
Subsequently, with the pronounced reinforcement of
the cross-equatorial VIMT around 105◦E in mid June
(see the change between Fig. 4b and Fig. 4c), the
rapid expansion of the strong “GMR” along north-
ward and eastward routes simultaneously reaching the
regions north of 50◦N and east of 140◦E, and also
the enhancement of the cross-equatorial VIMT around
130◦E in late July (Fig. 4d), the VIMT situation
of the Asian summer and Australian winter monsoon
gradually reach their peak phases. Five pentads later
after reaching the peak phase, the Asian-Australian
monsoon enters the decaying period, as the strong
“GMR” suddenly moves from South-eastern China to
the Western Pacific in the 4th pentad of August (Fig.

4e), and the northward inter-hemisphere VIMT at ap-
proximately 130◦E weakens strikingly as manifested as
the disappearance of the VIMT belt exceeding 100 kg
m−1 s−1 (Fig. 4f).

4.4 VIMT features in the summer to winter
transition

In this period, there are two events marking the
commencement of the seasonal transition from sum-
mer to winter, which are the weakening of the inter-
hemisphere VIMT around 130◦E after mid August
(Fig. 4e) and the breaking of the monsoon southwest-
erly VIMT belt over the western North Pacific in early
September (Fig. 5a). After these key periods, a se-
ries of dramatic stepwise changes huppen, as described
subsequently, leading to the establishing of the boreal
winter and Australian summer VIMT stage: Firstly,
in the 2nd pentad of September (figure omitted), ac-
companied by the westward and southward retreat of
the southwesterly VIMT and the westward expansion
of the easterly VIMT along the southern periphery of
WPSH, the westerly VIMT is replaced by the east-
erly one in the northern part of the SCS (a similar
phenomenon can be found in Matsumoto, 1997, ex-
cept for the wind vectors), which manifest that the
SCS summer monsoon transport commences its with-
drawal process. Then, after the 4th pentad of Septem-
ber (Figs. 5b and c), the northward cross-equatorial
VIMT around 105◦E weakens remarkably, while the
easterly VIMT along the southern periphery of WPSH
further advances westward to reach the region west of
100◦E. In mid October, the former monsoon south-
westerly VIMT retreats more westward and becomes
rather weak marked by the decaying of the northward
Somali VIMT jet in Fig. 5d, thus the typical autumn
VIMT situation is shaped at this time (as exhibited in
Fig. 1d).

In subsequent pentads, the VIMT undergoes its
transition to the winter phase as follows: In late Oc-
tober, with the reactivity of the “Sri Lankan low vor-
tex”, the easterly VIMT along the southern periph-
ery of the WPSH extends more westward, then the
wintertime strong low-latitude easterly VIMT is ele-
mentarily established, indicating the end of the In-
dian summer monsoon transport (Fig. 5e). After-
ward, accompanied by the intensification of the afore-
mentioned easterly VIMT, the decaying of the “Sri
Lankan low vortex”, and splitting of the Southern
Hemisphere mid-latitude easterly VIMT belt over the
northern Australian continent, a pronounced south-
ward, cross-equatorial VIMT at 105◦E is established
in late November (Fig. 5f), and the one at 130◦E in
early December (Fig. 5g), heralding the commence-
ment of the Southern Hemisphere summer monsoon.



8 SEASONAL TRANSITION FEATURES OF MOISTURE TRANSPORT IN THE A-AM REGION VOL. 24

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5. The same as Fig. 2, but for the transition from summer to winter. Figures from (a) to (h) represent the
1st and 5th pentads of Sep, the 1st, 3rd, and 6th pentads of Oct, the 6th pentad of Nov, and the 2nd and 4th
pentads of Dec, respectively.
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However, the VIMT signatures for entering mature
stage of the Asian winter and the Southern Hemisphere
summer monsoon transport, and also the accomplish-
ment of the seasonal transition for VIMT in the A-AM
region, are indicated by the establishment of the cross-
equatorial VIMTs along the Somali Coast and 80◦E in
the 4th pentad of December (Fig. 5h). Actually, the
former cross-equatorial VIMT has crossed the equator
in late November but has still not stretched southward
to approximately 10◦S latitude for which the VIMT in
the domain 30◦–40◦E, 0◦–10◦S is almost northerly.

5. Features in different A-AM sub-regions

In this section, in order to clarify the regional
VIMT features, the zonal component of VIMT and
precipitation are applied simultaneously in different
parts of the A-AM region according to the great differ-
ences between the South Asian and East Asian mon-
soons (Lau and Li, 1984; Tao and Chen, 1987).

5.1 The VIMT features in the BOB

In the western BOB region (80◦–90◦E), the west-
erly VIMT originating from 5◦S starts its northward
march after Pentad 15(mid March, P15 for short, sim-
ilarly hereafter) and crosses the equator at Pentad
22 (mid April). Therefore, before the 6th pentad of
April (P24), the easterly VIMT covers the western
BOB while the westerly one dominates to the north
and south of it. After that，from south to north of
the region, the VIMT reverses its direction from east-
erly to southwesterly and intensifies notably over the
whole domain in the 1st pentad of June (P31), which
is quite consistent with the climatological onset date of
the Indian summer monsoon. Around late July (P40)
the southwesterly VIMT reaches to its maximum in-
tensity and expands to the northernmost latitude of
30◦N. Hereafter, following the southward retreat of
the southwesterly VIMT, the easterly one occupies
the northern part of the region once again in early
October (around P55). However, the whole region is
not covered by the easterly VIMT until the westerly
VIMT retreats into the Southern Hemisphere around
late October (P60). From the above transition process,
we may find that the onset of the summer monsoon
over the western BOB is closely related to the north-
ward propagation of the equatorial westerly VIMT,
although it seems to result from a sudden eruption of
the southwesterly VIMT from the local perspective.
Actually, when we investigate the evolving figures in
section 4.2, we may find that the northward migration
of the westerly VIMT is closely associated with the
activity and northward march of the “Sri Lankan low
vortex” and the enhancement of the Somali northward

cross-equatorial VIMT.
Corresponding to the VIMT, the similarities in

rainfall can also be found in Fig. 6. The rainbelt orig-
inating from south of 5◦N also moves northward after
the 6th pentad of April (P24) and intensifies sharply
in early June (P31), reflecting the onset characteris-
tics of the Indian summer monsoon VIMT. It can also
be noted that after the rainbelt reaches its maximum
intensity and extends to its northernmost location in
late July (P41), it progressively withdraws southward
back to its cradle land around late October (P60: 23–
27 September).

Compared with the characteristics of the seasonal
change over the western BOB, the one over the east-
ern part (90◦–100◦E) exhibits similarities to some ex-
tent, but obviously different features can also be noted.
First, we can find the intensity of the westerly VIMT
belt over the eastern BOB is weaker than the west-
ern one, while the mid-latitude southwesterly VIMT
is stronger and can expand more northward. Second,
after the monsoon onset around early May (P26), the
southerly VIMT in the eastern BOB is more conspic-
uous than that in the western BOB, which exhibits
a more westerly component after onset around early
June. Another noted feature in the eastern BOB is the
occurrence of two maximum westerly VIMT centers in
late June and mid August independently, and with
the first occurrence of the maximum westerly VIMT,
the southwesterly VIMT propagates to the north of
25◦N synchronously. As for the features of precipita-
tion, over the eastern BOB, the main difference from
the western one is that the monsoon rainband is lo-
cated at 5◦–15◦N latitude, which is located nearly ten
degrees latitude southward in contrast to the western
one.

5.2 The features in the Indochina Peninsula

In the Indochina peninsula region (100◦–110◦E),
the most interesting feature compared to the BOB
region is that the westerly VIMT from the Southern
Hemisphere is unable to unceasingly migrate north-
ward to cross the equator into the Northern Hemi-
sphere during the winter to summer transition. Before
P15 (mid March), the northeasterly VIMT domains
the 3◦–12◦N latitudinal band but a very strong west-
erly VIMT occupies the region to the south and north
of it. Afterward, the southerly VIMT occurs at 15◦N
then propagates northward, implying the beginning of
the seasonal transition from winter to summer for both
the Indo-China Peninsula and the whole A-AM region.
After mid May (P27), caused by the quick eastward ex-
pansion of the tropical, strong westerly VIMT from the
eastern Indian Ocean (as depicted by Fong and Wang,
2001; Ding and Sun, 2001), except for wind vectors
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Fig. 6. Time-latitude distribution of the climatological pentad mean VIMT and CMAP rainfall over
different regions. The climatolology for rainfall was made by using CMAP data from 1979 to 2001. The
shading for VIMT indicates the westerly component exceeding 50 kg m−1 s−1; for rainfall it denotes
the precipitation rate exceeding 4 mm d−1. And, the shading interval is 50 kg m−1 s−1 for VIMT, and
2 mm d−1 for rainfall.
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the southern Indochina region (south of 15◦N) under-
goes a striking change in that the VIMT shifts from
southeasterly to southwesterly, while it shifts to the
BOB which results from the northward migration of
the Southern Hemisphere westerly VIMT. In the same
period, the notable mid-latitude westerly VIMT ex-
pands more northward than that over the BOB region
to merge with the high-latitude westerly VIMT. How-
ever, the westerly VIMT does not expand to its north-
ern edge of 35◦N until the summer monsoon reaches
its prosperous epoch around P40 (late July). Here-
after, with the withdrawal of the summer monsoon,
the westerly VIMT also gradually retreats southward
and eventually back into the Southern Hemisphere in
early November.

Corresponding to the VIMT, both similar and dif-
ferent features are exhibited in the precipitation. In
general, the characteristics of rainfall and VIMT are
rather similar in the summer to winter transition as
depicted as a continuously southward withdrawal into
the Southern Hemisphere. But different features can
also be found as follows: First, in the winter to sum-
mer transition, the rainbelt marches northward un-
ceasingly from the Southern to Northern Hemisphere,
while the VIMT does not. This phenomenon is primar-
ily due to the fact that the march of the rainbelt is so
closely associated with the migration of the VIMT con-
vergence center (figures omitted) in that although the
westerly VIMT cannot cross the equator and supply
moisture for precipitation in the region, the easterly
one can, so its convergence will cause sufficient pre-
cipitation over the region. Secondly, the notable mid-
latitude westerly merges with the southwesterly VIMT
from the eastern Indian Ocean, while the rainbelt does
not. Thirdly, the rainy season reaches its maximum
intensity in autumn (Matsumoto, 1992, 1997); Wang
and LinHo, 2002, while the VIMT does so in summer.

5.3 The features in the SCS

Over the SCS longitudes (110◦–120◦E), the main
VIMT feature in contrast to the BOB is exhibited by
the sudden arrival of the westerly VIMT in the 4th
pentad of May (P28), when the SCS summer monsoon
breaks out. In contrast, over the BOB longitudes, the
feature along with the onset process is characterized
by a gradual northward propagation of the westerly
VIMT. On the other hand, over the SCS longitudes,
the abrupt feature is also displayed by the pronounced
increase of rainfall after P28 (as mentioned by Wang
et al., 2004). The above results may demonstrate
that the arrival of the monsoon rainfall in the SCS
concurs with the sudden advent of the southwesterly
VIMT. After that, around P33 with the expansion of
the southwesterly VIMT, the rainband suddenly mi-

grates from 23◦N to 30◦N indicating the onset of the
Mei-yu/Baiu season in East Asian (this feature is more
obvious over the 130◦–140◦E longitude range). Af-
ter reaching the summer peak phase (around P42),
the westerly VIMT begins retreating southward, and
around the 1st pentad of September (P49), it with-
draws from the northern SCS, thus the easterly VIMT
is established once again in the region (Matsumoto,
1997). In late October (around P59), as the west-
erly VIMT returns to the Southern Hemisphere, the
rainbelt also retreats to the south of 5◦N. The west-
erly VIMT and rainbelt become vigorous again when
they retreat to the 5◦–10◦S latitudinal band during
the period from January to February of the subse-
quent year, corresponding to the peak phase of the
Australian summer monsoon. Moreover, a remarkable
invasion process from the middle latitudes before the
onset of the SCS summer monsoon (as emphasized by
Chan et al., 2000) can also be found in both the rainfall
and VIMT figures, i.e., both the mid-latitude westerly
VIMT and rainbelt march southward before the onset
of the SCS summer monsoon. Thus, compared with
the characteristics over the BOB region, the intrusion
of mid-latitude events may contribute as a major fac-
tor to the SCS summer monsoon onset (Chang and
Chen, 1995; Chan et al., 2000; Ding and Liu, 2001;
Hung and Yanai, 2004; and others).

5.4 The features of the western North Pacific
and Australian region

In this section, the longitudinal band between
130◦E and 140◦E is chosen as a representative zone of
the western North Pacific (WNP) and Australian mon-
soon regions. For the evolution of the VIMT, it shows
a significantly asymmetric feature, which is similar to
that in the SCS region. But what is worth noting is
the more remarkable northeastward expansion of the
southwesterly VIMT after P32 near 30◦N than in the
SCS, and it agrees quite well with the northeastward
migration of the rainbelt after the onset of the Mei-
yu/Baiu season as emphasized in section 5.3. From
the figures, we can also find that after P33 from 5◦N
northward, the VIMT gradually shifts from easterly to
westerly, which signifies that the summer monsoon is
under its northward propagation. Meanwhile, the pre-
cipitation increases sharply implying the onset of the
WNP summer monsoon. Hereafter, the WNP sum-
mer monsoon reaches its peak phase around P45 then
withdraws after P57 agreeing well with those defined
by Wang and LinHo (2002). Corresponding to the
equatorward withdrawal of the WNP summer mon-
soon, around P68, the VIMT at 10◦S latitude shifts
from easterly to westerly. Concurrently, the precipi-
tation strengthens markedly, denoting the commence-
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ment of the Southern Hemisphere summer monsoon.
However, in the Australian sector, the onset date of
the summer monsoon is just around P1, characterized
by a sudden increase of the rainfall and enhancement
of the westerly VIMT (as described by Matsumoto,
1992, but for wind vectors). Around P6, it reaches its
peak stage with the occurrence of the maximum pre-
cipitation. After P18, the Australian summer westerly
VIMT begins retreating, while it does not disappear
completely from the Southern Hemisphere until P24,
which is coincident with the previous findings of Mu-
rakami and Matsumoto (1994) from wind vectors.

Actually, there are several views on the demarca-
tion of the Indian, East Asian and Western North Pa-
cific monsoon regions in the A-AM region. For exam-
ple, Murakami and Matsumoto (1994) regarded the
boundary between the Indian and Western North Pa-
cific monsoon as being east of the Indochina Peninsula,
while Wang and LinHo (2002) treated the Indochina
region as a kind of buffer or transitional region between
the two. But in this paper, we regard the west of the
Indochina region as the boundary between the Indian
and East Asian-Western North Pacific monsoon when
viewed from seasonal transition of the moisture trans-
port pattern, which can be easily summarized from
Fig. 6 as follows: in the region west of the Indochina
Peninsula that is in the Indian monsoon sector, there
are distinct symmetries in the meridional migration
of westerly VIMT characterized by poleward advance-
ment and equatorward withdrawal unceasingly across
the equator in all of the seasonal transitions. However,
in the region east of the Indochina Peninsula, it has a
pronounced asymmetry by the impossibility of march-
ing poleward to cross the equator during the winter to
summer transition, but the possibility of withdrawing
equatorward to cross the equator during the transition
from summer to winter.

6. Conclusions

As shown above, over the whole A-AM region, the
basic seasonal transition features of moisture trans-
port from winter to summer are characterized by the
establishment of the “GMR” pattern and its eastward
expansion associated with a series of climatological
events such as: the occurrence of the notable southerly
VIMT over the Indochina Peninsula, the activity of the
“Sri Lankan low VIMT vortex”, the occurrence of the
strong northward cross-equatorial VIMT, the eastward
retreat of the WPSH and the onset of the SCS summer
monsoon, etc. It is also found that the precursory sig-
nals in the seasonal transition from the winter to sum-
mer pattern are mainly revealed by the establishment
of a strong southerly VIMT exceeding 100 kg m−1 s−1

over the Indochina Peninsula in mid March (the 3rd
pentad of March). However, the commencement of
the large-scale summertime moisture transport pat-
tern over the A-AM region is demonstrated by the
initial establishment of the “GMR” pattern in the 4th
pentad of May.

On the other hand, the chief characteristics in the
summer to winter transition are the formation of the
tropical Asian easterly VIMT belt and subsequent oc-
currence of the southward cross-equatorial VIMT, ac-
companied by several stepwise changes such as: the
breakup and westward retreat of the “GMR” pattern,
the westward expansion of the easterly VIMT ema-
nating from the southern periphery of the WPSH, etc.
Among these events, the early signal of the summer
to winter transition is indicated by the event in which
the “GMR” pattern splits over the Western Pacific in
early September.

Our results further show that great differences ex-
ist in the sub-regions as viewed from the meridional
migration of the VIMT and precipitation during the
seasonal transition process. In the region west of the
Indochina peninsula, a particular phenomenon associ-
ated with the seasonal transition is that the westerly
VIMT can advance northward to cross the equator into
the Northern Hemisphere during the winter to sum-
mer transition, while to the east of the region in the
same period, it cannot advance northward to cross the
equator at all. Therefore, these different migration fea-
tures of the westerly VIMT can not only easily divide
the sub-monsoon region for the great Asian monsoon
region, but also reflect the different formation mech-
anisms between the Indian monsoon and East Asian
monsoon.
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