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Abstract

In this study we examine the mechanisms of the onset of the Southeast Asian monsoon (SEAM) over
the Bay of Bengal and the South China Sea in terms of thermal contrast between the Tibetan Plateau
and surrounding ocean based upon 5-day mean ECMWF circulation field data (1980-89) and 5-day mean
GMS equivalent black body temperature (ITzp) data. The early onset of the SEAM is recognizable at
Pentad 28 (May 16-20) with accelerated low-level monsoon westerlies followed by second enhancement of
the monsoon activities in early June.

The warming over the Tibetan Plateau from spring to summer is found in the 200-500 hPa thickness
data on about 15-day intervals. Of importance is the observational evidence that the warming phase
over the Tibetan Plateau around mid-May is concurrent with the early onset of the SEAM. Thus, the
thermal contrast between the Tibetan Plateau and the adjacent ocean is likely to induce the acceleration
and eastward extension of the low-level monsoon flow, causing the abrupt commencement of the SEAM
including onset of the South China Sea monsoon (SCSM). This relationship between low-level wind over the
key region (10°-20°N, 80°-120°E) and 200-500 hPa thickness over the Tibetan Plateau is also confirmed
based on the correlation analysis in the interannual variabilities.

An influence for the mid-latitude atmosphere, stationary Rossby waves are generated over the South
China Sea and propagate in a northeastward direction toward Japan because of the cyclonic vorticity and
the tropical heat source associated with the onset of the SCSM. As a result of this wave propagation, a high
pressure anomaly appears over Japan, which is consistent with a singularity of clear skies around Japan in

mid-May (Kawamura and Tian, 1992).

1. Introduction

The term “monsoon” is defined as an annual re-
versal of seasonal dominated steady wind direction
of more than 120 degrees between summer and win-
ter (Khromov, 1957). With respect to the sea-
sonal evolution of a large-scale Asian/Australian
monsoon, Murakami and Nakazawa (1985) showed
that the transition of a summer monsoon from the
Southern Hemisphere to the Northern Hemisphere
is closely associated with a symmetric equatorial
heat source over the Sumatra-Borneo-New Guinea
region. Matsumoto (1992) divided the Asian and
Australian monsoon into eleven subseasons based
upon the observed abrupt seasonal changes. These
abrupt changes were partly recognizable using a
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global circulation model simulation (Lau and Yang,
1996). Nakazawa (1992) showed that this phenom-
ena occurs on intraseasonal time scales that are
phase-locked with the seasonal cycle. Tanaka (1992)
also indicated that the rapid northward migration
of cloud bands observed by GMS in East Asia have
similar characteristics.

According to Khromov’s definition, broad trop-
ical and subtropical regions in Asia/Australia are
characterized as a single, uniform monsoon cli-
mate system. However, Murakami and Matsumoto
(1994) subdivided the monsoon regions into sev-
eral parts based on annual differences in OLR of
more than 60 Wm™?2 i.e., a reversal between wet
and dry season. Their result indicates that the
western North Pacific monsoon (WNPM) between
120°-150°E from 10° to 20°N is one of the impor-
tant monsoon domains separated from the South-
east Asia monsoon (SEAM). A classical idea of the
broad monsoon circulation is a sort of large-scale
land and sea breeze induced by seasonal differen-
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tial heating between the Eurasian continent and the
adjacent oceans. Interestingly, the WNPM exhibits
drastic annual variations despite having much less
continental-scale heating when compared with that
of the SEAM. Ueda et al. (1995) showed that an
abrupt northeastward shift of the enhanced convec-
tion appears over the subtropical western North Pa-
cific around 25°N, 150°E during late July (convec-
tion jump) with eastward extension of the low-level
monsoon westerlies, which results in the withdrawal
of the Baiu season around Japan. Furthermore, the
mechanism of the seasonal evolution over the west-
ern Pacific from middle June to late July is closely
related to the air-sea interaction of the area (Ueda
and Yasunari, 1996).

It is important to note that the South China Sea
monsoon (SCSM) appears to show different charac-
teristics from hoth the SEAM and the WNPM (Mu-
rakami and Matsumoto, 1994). The annual OLR
amplitude of the SCSM along 15°N shows a min-
imum (50 Wm™?2) in contrast with a much larger
value of 80 Wm™? over the Bay of Bengal and
the Philippines. Moreover, the influence of land-
sea thermal contrast may not be negligible over the
South China Sea due to its location near the Asian
continent. Quite recently, So and Chan (1997) indi-
cated that a north-south temperature gradient be-
tween South China and northern Australia play an
important role for the establishment of the sum-
mer monsoon over South China around Hong Kong.
Chen and Chen (1995) revealed that the onset and
life cycle of the SCSM over the South China Sea
is regulated by the alternation of the northward-
migrating 30-60 day monsoon trough and ridge.
Furthermore, this intraseasonal mode is coupled
with a eastward-propagating 30-60 day mode of the
global divergent circulation (Chen et al., 1988). In
relation to the intraseasonal oscillation, Chen and
Weng (1996) showed that the 30-60 day mode has
a profound impact on the occurrence frequency and
westward propagation of equatorial waves. However,
the climatological features of the seasonal evolution
of the SCSM has not been revealed in detail and its
mechanism is usually explained in terms of intrasea-
sonal variations. Therefore, the main objectives of
this paper are 1) to reveal climatological features of
the onset and the life cycle of the SEAM, especially
over the South China Sea and the Bay of Bengal,
and 2) to examine the roles of the continent-ocean
temperature gradient for the seasonal evolution of
the SEAM, including the role played by warming of
the Tibetan Plateau.

In Section 2 we document the data. In Section 3
we describe the seasonal changes of the convective
activities and wind field over the South China Sea
to the Bay of Bengal, and we reveal its horizontal
structure during the onset phase. Section 4 exam-
ines the temperature field over the Tibetan Plateau

Vol. 76, No. 1

and its relation to the evolution of the SCSM. The
conclusions are given in Section 5.

2. Data

The data used in this study are pentad (5 day)
mean-infrared-equivalent-black-body-temperature
(T'sp) data observed from Geostationary Meteoro-
logical Satellite (GMS) for the period January 1980
to August 1994. The original Tgp is three-hourly
and has a one degree, longitude-latitude grid reso-
lution covering from 80° E to 180°E between 60°N
and 60°S. The T'gp is considered to be a useful index
of large-scale convective activity similar to the OLR
data over the tropical and the subtropical regions.
The twice-daily (0000 and 1200 UTC) objectively
analyzed data on each 2.5° x 2.5° grid provided by
the ECMWF (European Center for Medium-range
Weather Forecast) 4-dimensional data assimilation
(4DDA) system are used for the period January 1980
to December 1989. The data used are 5-day mean
zonal and meridional wind components (u,v), the
geopotential height (z) and temperature (T') at 4
pressure levels (1000, 850, 500, 200 hPa) on each
grid point. We also used the daily precipitation data
at Sanhu Island (16.53°N, 116.62°E) over the South
China Sea for the period from 1977 to 1991 (Na-
tional Climatic Data Center, 1994).

3. Convection and circulation fields

In this section, we describe large-scale convec-
tion and wind fields, focusing on the onset phase
of a summer monsoon around Southeast Asia, espe-
cially over the Bay of Bengal and the South China
Sea. Figure 1 shows latitude-time sections of 15-year
mean Tpp and 10-year mean wind fields at 850 hPa
averaged (a) between 85°E and 95°E, and (b) be-
tween 110°E and 120°E from January to December.
The arrow indicates the horizontal wind direction,
and shading denotes areas of Tgpg of less than 270 K
showing active convection in the tropics.

In the upper panel of the figure corresponding to
the Bay of Bengal, an area of active convection is
seen throughout of the year between 10°S and 5°N.
During mid-May to early June, the enhanced con-
vection continuously moves northward from 10°N to
20°N accompanied with commencement of westerly
wind, which indicates the onset of the summer mon-
soon. Consecutively, the convection around 15°N
reaches the peak phase in mid-June, and this active
convection and strong westerlies persist until mid-
September, then gradually retreat southward up to
10°N until the end of the year.

The lower panel of this figure shows the seasonal
variation over the South China Sea. In the South-
ern Hemisphere the active convective region disap-
pears during the Northern Hemisphere summer sea-
son, and begins to spread southward to around 5°S
during September and reaches the most active phase
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Fig. 1. Latitude-time sections of 15-year (1980-1994) mean Tpp and 10-year (1980-1989) mean 850 hPa
wind averaged over between a) 85° and 95°E, and b) 110° and 120°E. Arrows indicate wind speed

and direction (unit vector 5 ms™1).

Trp contour intervals are for 5 K, and dark shading denotes

areas with less than 265 K, while light shading between 265 and 270 K.

around January. Subsequently, this active convec-
tion area gradually shifts northward. As for the
wind field, easterlies prevail throughout the season
except for the period of the appearance of the most
active convection between December and February.
On the other hand, the seasonal transitions of cir-
culation fields in the Northern Hemisphere between

the equator and 20°N exhibit quite a different char-
acter compared with that of the Southern Hemi-
sphere. The alternations of wind direction are dis-
tinct around mid-May (Pentad 28). Easterlies are
dominant between November and early May, while
the replacement of southwesterlies is clearly seen
around mid-May. Hirasawa et al. (1995) showed
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Fig. 2. Latitude -time section of the 15-year (1980-1994) averaged differential Tgg
(ATsp(P) = Tep(P) — Tpp(P — 1)) and 10-year (1980-1989) mean differential wind at 850 hPa
(AUV(P) = UV(P)-UV(P—-1)) along a) 85°~95°E, and b) 110°~120°E, where P is Pentad number.

The reference vector is denoted in upper right of this figure. Light shading is Tsg between —4 and
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—8 K, while dark shading is less than —8 K.

that the abrupt seasonal change of the East Asian
cloud band in mid-May or late May is closely asso-
ciated with the enhancement of the low-level south-
westerly wind. After this change of wind direction,
the low-level monsoon westerlies accelerate until Au-
gust, then the strong westerlies gradually become
weak southward of 20°N ‘and are further replaced
by easterlies during September and October. The
most active convection (Tpp of less than 265 K)
can be seen in the beginning of June (Pentad 31)
which follows the abrupt change of the wind direc-
tion (Pentad 28) by about 15 days.

Figure 2 shows climatological mean differential
Tgp and 850 hPa wind vector along a) 85°E-95°E
and, b) 110°-120°E , defined by,

ATgp(P) = Tp(P) — Tgs(P — 1) (1)
AUV(P) = UV(P) - UV(P - 1) (2)

where UV is wind vector at 850 hPa and P is pentad
number. These values are useful to examine the de-
gree of the seasonal changes. Over the Bay of Ben-
gal (Fig. 2a), remarkable T'zp differences are not
recognizable before mid-May. On the other hand,
drastic seasonal change can be seen at Pentad 28
with acceleration of westerly wind, which indicates
the commencement of the summer monsoon. This

abrupt change at Pentad 28 is also recognizable over
the South China Sea (Fig. 2b). In addition, lower
Tpp values are also found during early June with
a westerly wind anomaly, which is considered to be
associated with the appearance of the ITCZ over
the tropical western Pacific found by Murakami and
Matsumoto (1994). In this manner, the abrupt sea-
sonal changes are recognizable at Pentad 28 both
over the Bay of Bengal and the South China Sea,
indicating the early onset of the SEAM. However,
intensity of the convective activities over the South
China Sea is weaker than that of the Bay of Bengal.
Therefore, the onset date of the SCSM derived from
the satellite should be ascertained by local precipita-
tion data, because the monsoon onset is regarded as
a commencement of a rainfall. Figure 3 depicts sea-
sonal changes of climatological mean precipitation
for the period from 1977 to 1991 over the Sanhu Is-
land (16.53°N, 116.62°E), a representative station
over the South China Sea. Pentad mean value is
calculated based on the daily precipitation data. In
this figure, two maximums are observed in both June
and September. A noticeable feature is that pen-
tad mean precipitation in excess of 4 mm is seen at
Pentad 28, which is consistent with the onset date
obtained in Tgp data. This result supports the the-
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Fig. 3. Seasonal changes of pentad mean precipitation at Sanhu Island (16.53°N, 116.62°E) averaged
over the period from 1977 to 1991.
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Fig. 4. 10-year averaged 850 hPa wind (unit vector 5ms™') and 15-year averaged Tss (5 K intervals)
fields (a) Pentad 25,26,27 (May 1-15), and (b) Pentad 28, 29 ,30 (May 16-30). Scale vector is shown
at the upper-right of each figure. Dark shading denotes areas with Tpp less than 265 K, while light
shading indicates Trp between 265 and 270 K.

ory that the onset of the SCSM occurred at Pentad tion of 15-day mean Tgp and 850 hPa wind are
28, although the values of Tpp are relatively large  shown in Fig. 4. Prior to the onset of the SEAM

compared with those of over the Bay of Bengal. (upper panel), strong easterlies are dominant be-
In order to reveal the horizontal structure of the tween 5°N and 20°N east of the Philippine Islands.
abrupt change in mid-May, the spatial distribu- These easterlies penetrate up to the South China
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Fig. 5. Difference in 15-year averaged (1980-1994) Tep and 10-year averaged (1980-1989) wind fields
between Pentad (28,29) minus Pentad (26,27) for a) 850 hPa, and b) 200 hPa. The unit vector is
denoted at the upper right corner. The contour interval is 5 K, with shading (dark shading) indicating

regions of less than —10 K (~20 K)

Sea around 110°E where low-level monsoon west-
erlies merge with the easterlies. Eventually, south-
westerlies are formed directed toward South China
and Japan. The above features are consistent with
the case study of the SCSM during 1979 (Chen and
Chen, 1995). In this period, the active convection
(T's g of less than 250 K) is located over the maritime
continent i.e., Malaysian Peninsula, the Borneo Is-
lands and the New Guinea Islands due to the active
diurnal variation of convection (M. Murakami, 1983;
Chen and Takahashi, 1994). The value of Tgp over
the South China Sea and the Bay of Bengal north of
10°N is about 280 K indicating inactive convection.
On the other hand, the convection over the Bay of
Bengal south of 10°N is relatively active where mon-
soon westerlies are dominant.

Figure 4b depicts the features of the onset phase of
the SEAM during Pentad 28-30 (May 16-30). Out-

standing changes can be found in the wind fields over
the South China Sea (5°N-20°N, 110°E-120°E).
The easterlies seen in the previous period are re-
placed by the monsoon southwesterlies. It is impor-
tant to note that the convective activities west of
110°E over Indochina to the Bay of Bengal are en-
hanced compared with that of the pre-onset phase
with acceleration of low-level monsoon southwester-
lies. Recently, Matsumoto (1997) showed that the
full onset of the summer monsoon circulation over
the Bay of Bengal, Indochina and the South China
Sea begins in mid-May, causing active convection
over there. Interestingly, the Indian monsoon is not
established yet during this period; the convection is
not active and northwesterlies are dominant over the
Indian continent.

Figure 5 shows the difference of Tpp and wind
fields a) 850 hPa, b) 200 hPa between the onset
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Fig. 6. Differences in the climatological mean (1980-89) geostrophic streamfunction for Pentads (28, 29)
minus Pentads (26, 27) at 850 hPa. The contour intervals is 10 gpm.

phase (Pentad 28-29) minus the previous period
(Pentad 26-27). Negative Tpp values (shaded area)
indicate enhanced convection. In the upper panel
of this figure, lower Tgp is located over the South
China Sea, where a cyclonic wind anomaly is obvi-
ous. Krishnamurti et al. (1981) described the ap-
pearance of the “onset vortex” during the shift of
northwesterlies to southwesterlies over the Arabian
Sea. It is probable that the aforementioned cyclonic
wind anomaly over the South China Sea is similar
to the onset vortex over the Arabian Sea. Quite re-
cently, Wang and Xu (1996) also showed that active
convective anomalies shift northwestward from the
northern Philippines to the South China Sea with
low-level cyclonic circulation anomalies during Pen-
tad 27 to 28, which are closely linked to the Northern
Hemisphere summer monsoon singularities. More-
over, lower Tgp values are found over the Bay of
Bengal where a westerly anomaly is evident, which
indicates the strengthening of monsoon activities.
As for the 200 hPa wind fields illustrated in the
lower panel, an acceleration of easterly jet is obvi-
ous over the Bay of Bengal, which is connected with
an anticyclonic wind anomaly over south of the Ti-
betan Plateau. This implies that the intensification
of the Tibetan high induces the onset of the SEAM.
Lau and Yang (1996) showed that the above abrupt
change is accompanied by a rapid intensification of
low-level westerlies and upper-level easterlies, and a
corresponding northward shift of the ascending leg
of the local meridional circulation. These results
indicate that the onset of a SEAM is not induced
by a local system like a subtropical western Pacific
monsoon (Ueda and Yasunari, 1996), but is rather
influenced by the large-scale forcing such as ther-
mal contrast between the Furasian continent and
adjacent oceans, which will be argued in the next
section.

To examine the influence of the abrupt change of
circulation field at Pentad 28 upon the mid latitude
atmosphere, geopotential height fields at 850 hPa
are investigated. Fig. 6 represents the difference
of quasi geostrophic stream function (¥) between

Pentad 28, 29 minus Pentad 26, 27. The quasi
geostrophic stream function is defined as follows:
v =9/f, ®3)
f=2wsinb, (4)

where ¢ is geopotential height, f is Coliolis pa-
rameter, w is the earth’s angular speed of rota-
tion and 6 is latitude, respectively. The geopoten-
tial difference pattern exhibits negative anomalies
over the South China Sea, and positive anomalies
over mid-latitudes around 30°-60°N, 120°-150°E,
and negative anomalies appearing over the Aleutian
Islands. The above patterns stretch northeastward
from the South China Sea implying the propaga-
tion of stationary Rossby waves induced by trop-
ical heat sources associated with the onset of the
SCSM. The first negative anomalies correspond to
both a cyclonic wind anomaly and a region of en-
hanced convection (see Fig. 5a). Kawamura and
Tian (1992) showed that a singularity of clear skies
appears around Japan at Pentad 29 based on the
analysis of long-term weather data. This result
agrees well with the positive geopotential anomaly
over Japan as seen in Fig. 6. _

The influence of tropical convection for the mid-
latitude atmosphere during the summer season was
investigated by Nitta (1986). He found north-south
oscillation patterns between the western Pacific near
20°N and the middle latitudes around 35°N (called a
“PJ pattern”). In terms of interannual variabilities,
Nitta (1987) showed that stationary Rossby waves
are generated over the Philippine Sea by active con-
vection due to warm SST conditions and propagate
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Fig. 7. Latitude-time sections of the degree of seasonal variation in 10-year averaged differential thickness
(AT hick = Thick(P) — Thick(P — 1)), where Thick(P) is height difference between 200 hPa minus
500 hPa averaged over 80°~100°E. The contour interval is 10 gpm. Dark shading denotes areas of
AThick greater than 30 gpm, while light shading indicates AT hick between 20 and 30 gpm.

northeastward during warm SST summers. In re-
gard to the seasonal cycle, the northeastward prop-
agation of stationary Rossby waves from the abrupt
enhanced convective regions are identified by previ-
ous studies (Ueda et al., 1995; Ueda and Yasunari,
1996; Ueda and Yasunari, 1997).

4. Temperature fields over the Tibetan

Plateau

Since the Southeast Asia is near the continent, the
atmospheric circulation over Southeast Asia might
easily be affected by large-scale differential heating
between the Eurasian continent and the adjacent
ocean. The importance of the Tibetan Plateau as a
heat source for the summer monsoon has been dis-
cussed by many authors (Gao et al., 1981; Fu and
Fletcher, 1985; Luo and Yanai, 1984; Murakami,
1987, 1993). Li and Yanai (1996) suggested that
the onset of the low-level monsoon southwester-
lies, which occur on the south side of the Tibetan
Plateau, are concurrent with the reversal of the
meridional temperature gradient south of the Ti-
betan Plateau. He et al. (1987) showed that the
two stages of the abrupt transitions of the gen-
eral circulation over Southeast Asia and India are
closely related to two similar stages of upper tropo-
spheric warming over the Asian land mass. They
also indicated that the rapid warming of the tropo-
sphere is recognizable first over the eastern Tibetan
Plateau (east of 85°E) , and then over the west-
ern Plateau stretching to Iran-Afghanistan (west of
85°E). Yanai et al. (1992) revealed that this tem-
perature increase to the east of 85°E is mainly the
result of diabatic heating and warm horizontal ad-
vection, whereas that to the west of 85°E is caused
by adiabatic warming due to large-scale subsidence.
Nitta (1983) also found that the heating over the
eastern Plateau occurs in a deep tropospheric layer
and that the sensible heat flux from the surface is

nearly equal to the release of latent heat.

In this section, the seasonal evolution of the tem-
perature field in East Asia, especially over the Ti-
betan Plateau, is investigated. A useful index of the
seasonal (pentadanal) variations in the vertically av-
eraged mean atmospheric temperature is the differ-
ential thickness, AThick(P) defined by,

AThick(P) = Thick(P) — Thick(P —1)  (5)
Thick(P) = Z(200 hPa) — Z(500 hPa)  (6)

where Z is height and P is pentad number. Figure
7 shows latitude-time sections of 10-year averaged
AThick(P) averaged between 80°-100°E. In Fig. 7,
an increase in thickness is clearly seen until mid-
June with an intraseasonal time scale modulation of
about 15 days. A notable feature is that the onset
phase of the SEAM coincides well with the abrupt
increase of thickness over the Tibetan plateau at
Pentad 28-29. Matsumoto (1992) showed that re-
markable warming of temperature at 300 hPa is rec-
ognizable during mid-May over the Tibetan plateau
along 30°N between 80°E and 110°E.

To discuss the aforementioned relationships, the
spatial distribution of Thick (28-29) minus Thick
(26-27) is presented in Fig. 8. A large positive
anomaly in the thickness exists around the Tibetan
plateau, implying an increase in the thermal con-
trast between the FEurasian continent and the sur-
rounding ocean. As a result, it is speculated that the
acceleration of low-level monsoon westerlies occurs
and finally reaches the South China Sea, causing the
onset of the SCSM.

However, here arises a question: why the in-
creases of the thickness before Pentad 28 do not in-
duce the onset of the SEAM? In order to elaborate
the seasonal change process of temperature gradient
between the Tibetan Plateau and adjacent region,
the time section of the temperature contrast be-
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Fig. 9. Time section of temperature
contrast between the Tibetan Plateau
(30°-35°N, 80°-100°E) and ocean (de-
noted as bold line in Fig. 10) for cli-
matological mean (1980-89) differen-
tial thickness between 200 hPa minus
500 hPa. Light shading denotes between
0 and 20 gpm, while dark shading indi-
cates more than 20 gpm.
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Fig. 8. 10-year averaged thickness between Thick (28,29) minus Thick (26,27). The contour interval is
10 gpm, with shading (dark shading) indicating regions of differentiated thickness greater than 70
(100 gpm).
Schematic lllustration of Temperature Contrast
40N e TR T 40N
T- Contrast vs (30-35N,80-100E) B
[ T e L A
: ! 30N : 30°N
20°N 20°N
10N 4 10'N
0° 0
£30 10°8 - . N . . o Jo's
.8 . 70°E 80°E 90°E 100°E  110°E  120°E  130°E
£
235 Fig. 10. Schematic illustration of tem-
- perature contrast between the Tibetan
g40 Plateau and adjacent ocean (shown as
s bold line with point number). The con-
v

tour line indicates 4000 m of the sea level
altitude. Key region is denoted as solid
square (30°-35°N, 80°--100°E).

tween the Tibetan Plateau (30°-35°E, 80°-100°E)
and southeastward of the South China Sea and the
Bay of Bengal is made in Fig. 9. A schematic illus-
tration of the aforementioned temperature contrast
is drawn in Fig. 10. The difference of the tempera-
ture is calculated for 200-500 hPa thickness between
the Tibetan Plateau (solid square) minus that of
the ocean (bold line with point number). In Fig. 9,
negative values are seen both befure Pentad 28 and
after Pentad 57, indicating that mean atmospheric
temperature over the Tibetan Plateau is relatively
colder than that over the tropics.

On the other hand, positive temperature contrast
is found between mid-May and early October. It is
interesting to note that the onset of the SEAM is
concurrent with the first appearance of the positive
temperature contrast in mid-May. In other words,
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Fig. 11. Spatial distribution of correlation coefficients between interannual variation of wind speed at
850 hPa during Pentad 28, 29 (wind(i, P28 — 29)) over the key region (10°N-20°N, 80°E-120°E) and
interannual variation of thickness at Pentad 28 (Thick(¢,28)), where ¢ is the year and P is pentad
number. Intervals are for 0.1, with shading (dark shading) indicating regions of correlation greater

than 4+0.5 (+0.6).

the increase of temperature at Pentads 22-23 and
25 seen in Fig. 7 is not able to induce the onset of
the SCSM.

In this manner, the abrupt warming over the Ti-
betan Plateau around Pentad 28-29 should occur at
the same time as the onset of the SEAM, as is indeed
shown in Fig. 7 and Fig. 8. In order to confirm the
aforementioned relationship in the interannual vari-
ability, the correlation analysis is performed between
wind speed at 850 hPa (wind(i, P28-29)) over the
key region (10°-20°N, 80°-120°E) and Thick(s, P)
averaged between 30° and 35°N (Tibetan plateau
), where ¢ means interannual variations and P de-
notes pentad number. The spatial distribution of
correlation coefficients between wind(i, P28-29) and
Thick(i,28) at Pentad 28 is presented in Fig. 11. A
positive correlation exists over the Tibetan plateau,
which strongly supports the close connection be-
tween the warming of the Tibetan plateau and the
acceleration of the low-level monsoon westerlies over
the key region in the interannual variabilities. In ad-
dition, a positive correlation is observed over Japan,
which indicates that when the onset of the SCSM oc-
curs then the 200-500 hPa thickness increases over
Japan. This high correlation over Japan may result
from the propagation of stationary Rossby waves
from the South China Sea that are created by trop-
ical heating, which is suggested in Fig. 6. Another
feature is that positive correlation is also seen over
the Indochina Peninsula, which implies the impor-
tance of the warming over the Indochina Peninsula
for the commencement of the SEAM. However, the
absolute values of increase of the thickness over the
Indochina Peninsula seen in Fig. 8 is relatively small
compared with that of over the Tibetan Plateau.

5. Conclusions

In previous studies, researchers have suggested
that the onset of the SEAM is triggered by intrasea-
sonal variations (e.g., Murakami et al., 1986; Lau et
al., 1988; Chen and Chen, 1995; Chen and Weng,
1996) or closely associated with mid-latitude front
system (e.g., Chang and Chen, 1995). In particu-
lar, we revealed the climatological structure and the
mechanism of the abrupt enhancement of the SEAM
with regard to atmosphere/land interactions. The
main observations of the present study are summa-
rized as follows:

(1) Strong southwesterly monsoon flows in the
lower troposphere abruptly enter the west of the
Philippines (120°E) from the Bay of Bengal in place
of the easterlies during mid-May (Pentad 28: May
16-May 20). The resultant wind anomaly exhibits a
cyclonic circulation over the South China Sea, where
the slightly enhanced convection is recognizable. In
addition, the convection over the Bay of Bengal is
much activated during this period.

(2) The warming over the Tibetan plateau in-
creases up to mid-June with the intraseasonal mod-
ulation of about 15 day period. It is interesting
to note that the commencement of the SEAM and
the abrupt increase of warming over the Tibetan
plateau occur at the same time, which implies that
the onset of the SEAM is closely associated with
the meridional temperature gradient between the
Tibetan plateau and surrounding regions. This rela-
tionship is also confirmed by the correlation analysis
between the 200-500 hPa thickness over the Tibetan
Plateau and low-level wind over the key region (10°-
20°N, 80°-120°E) in the interannual variability.

(3) The cyclonic circulation anomaly and slightly
enhanced convection associated with onset of the
SCSM plays a role as a vorticity and tropical heat
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source, which instigates the propagation of sta-
tionary Rossby waves from the South China Sea
(low height anomaly) to the northeastward direc-
tion around Japan (high height anomaly) and to
the Aleutian Islands (low height anomaly). During
this period, a distinct singularity of clear skies is ob-
served in Japan (Kawamura and Tian, 1992), which
is closely connected with high pressure anomaly as-
sociated with the Rossby wave.

These results strongly indicate that the early on-
set of the summer monsoon over the Bay of Ben-
gal and the South China Sea is induced by an
eastward extension of low-level monsoon westerlies
up to 120°E during mid-May, which is driven by
the continent-ocean thermal contrast enhanced by
warming over the Tibetan Plateau.
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