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ABSTRACT

Observations of the South China Sea summer monsoon (SCSSM) demonstrate the different features
between the early and late onsets of the monsoon. The determining factor related to the onset and the
resultant monsoon rainfall might be the off-equatorial ITCZ besides the land-sea thermal contrast. The
northward-propagating cumulus convection over the northern Indian Ocean could enhance the monsoon
trough so that the effect of the horizontal advection of moisture and heat is substantially increased, thus
westerlies can eventually penetrate and prevail over the South China Sea (SCS) region.
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1. Introduction

The onset of the East Asian Summer Monsoon
(EASM) is often signified by an abrupt increase of
precipitation (Tao and Chen, 1987) or convection (Hi-
rasawa et al., 1995) around the middle of May. Tao
and Chen (1987) suggested that such a switch first oc-
curs over the SCS, which was accepted later by many
meteorologists. During the South China Sea monsoon
experiment (SCSMEX), the onset of the South China
Sea summer monsoon (SCSSM) was investigated in
many studies (Ding and Li, 1999; Li and Wu, 2000;
Chen et al., 2000; Xu et al., 2001), and the onset cri-
terion and the atmospheric circulation evolution asso-
ciated with the onset are basically now understood.
However, some studies have also shown that the sum-
mer monsoon over Asia does not begin over the South
China Sea (SCS), but rather over the south of the Bay
of Bengal (BOB) or the southwest of the Indochina
Peninsula (Li and Qu, 1999; Lau et al. 2000; Liu et
al., 2002; Zhang et al., 2004).

Up to now, the origin of the monsoon is still ar-
guable as to whether it is due to the land-sea ther-
mal contrast or the off-equatorial ITCZ. Some works
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have also questioned the role of the Tibetan Plateau
in the onset of the SCSSM (e.g., Chen and Dell’osso,
1986). The controversial points are that the maximum
heating center is not over the Tibetan Plateau, but lo-
cated near Burma, so the systematic cumulus convec-
tion near India/Burma would be more important. And
from the thermal wind point of view, the South Asian
high that formes over the Tibetan Plateau requires the
heating source to be south of the Tibetan Plateau be-
cause the heating source should be at the intersection
between the westerly and the easterly (westerly to its
north and easterly to its south) (Mao and Chan, 2004).

Thus, a study of the SCSSM from the circulation
and land-sea thermal contrast points of view is nec-
essary. This would enable an overall examination of
these physical processes, give insight into the evolution
of the monsoon period, and identify the relative contri-
butions from each factor. The present paper presents
an observational investigation of the early or late mon-
soon in the SCS domain. In the present work, the
data used are mainly from the National Centers for
Environmental Prediction (NCEP) reanalysis. These
include the daily mean values of geopotential height,
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wind speed, air temperature, pressure, and specific hu-
midity during 1955-2001. Daily outgoing longwave ra-
diation (OLR) data from the National Oceanic and
Atmospheric Administration for the 25 years of 1979—
2001 are also used. The horizontal resolution of these
data is 2.5° X 2.5°. The South China Sea summer mon-
soon onset (SCSSM) and its strength are defined in
section 2. And in section 3, large-scale characteristics
of the early and late SCSSM onset years are examined.
A possible mechanism of SCSSM onset in relation to
the land-sea thermal contrast is then argued in section
4. A summary and discussion are presented in section
5.

2. Consistency of monsoon onset and its str-
ength

A consensus has yet to be reached concerning the
onset of the EASM (5°-45°N, 105°-140°E) (e.g., Xie
et al., 1998; Ding and Li, 1999). A general conclusion
is that the SCSSM onset is associated with a switch of
the zonal winds over the SCS from easterly to westerly,
accompanied by an increase in convective activity.

Some meteorological parameters such as precipi-
tation, prevailing wind, outgoing longwave radiation
(OLR) and cloud-top temperature have been used to
define the monsoon onset (Tao and Chen, 1987; Xie et
al., 1998; Chan et al., 2000; Ding and Liu, 2001). The
OLR data are commonly used as a proxy for deep con-
vection since they have a strong relationship with trop-
ical rainfall (Wu and Zhang, 1998), which is a direct
reflection of the summer monsoon. Quite a few studies
have used OLR values to define the onset and devel-
opment of the summer monsoon (e.g., Wu and Zhang,
1998; Xu and Chan, 2001). Arkin and Ardanuy (1989)
suggested that tropical rainfall may be estimated with
OLR <235 Wm™2. On the other hand, some authors
(e.g., Wang and Wu, 1997) have preferred to use both
the 850-hPa zonal wind and OLR to identify the SC-
SSM onset.

To discuss the interannual variability of the Asian
summer monsoon, a measure of the monsoon inten-
sity must be defined. Generally, three independent
data sources can be used to define the intensity of
the monsoon: the intensity of the monsoonal circu-
lation, satellite-measured OLR field, and precipitation
amounts over a representative area. Different mon-
soon indices have been proposed (e.g., Webster and
Yang, 1992; Lu and Chan, 1999) to depict the evolu-
tion of the summer monsoon in a certain year. Webster
and Yang (1992) proposed another strength index—
the zonal wind shear defined by the zonal wind differ-
ence between 850 and 200 hPa over South Asia. Re-
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cently, Lu and Chan (1999) suggested a unified mon-
soon index for both summer and winter monsoons over
South China. In both winter and summer, the merid-
ional winds at upper and lower levels over the SCS are
always in opposite directions, which makes it possible
to use the meridional wind of this area as a unified
index for both monsoons. It has been observed that
the strength of the meridional wind anomaly at 1000
hPa over the SCS relates well to the summer rainfall
(Lu and Chan, 1999). Li and Zeng (2003) described
another unified dynamical index emphasizing the sea-
sonal cycle. Huang (2004) suggested an index measur-
ing the interannual variation of the EASM. So far, the
Asian monsoon index is defined from the thermody-
namic (e.g., rainfall, OLR) and dynamic (e.g., zonal
wind, meridional wind) perspectives. The index based
on rainfall elements might be easily influenced by lo-
cal thermodynamic conditions, and the other index de-
fined by zonal wind might work only over the South
Asian domain (Huang, 2004).

In our study, the summer monsoon onset date
(MOD) over the SCS domain is defined by using OLR
and 850-hPa zonal wind together. Because the OLR
data are only available from 1975, the onset dates of
the years before 1975 cannot be defined using the OLR.
In order to extend the number of years studied, it is
necessary to find another index with a longer record,
the value of which can give an onset pentad consistent
with that given by the OLR data. A good candidate is
the 850 hPa zonal winds over the central and southern
part of the SCS (5°-15°N, 110°-120°E), which reflects
the migration of the subtropical high in and out of the
SCS. The onset pentad is therefore defined as the first
pentad after mid-April when the 5-day mean value of
the 850-hPa zonal winds is westerly over the central
and southern part of the SCS and lasts for more than
two pentads.

The mean onset pentad of 44 years is the 28th pen-
tad (P28), and the 44 years (1958-2001) are stratified
into three groups by using one pentad before and one
after the 28th pentad (P28) as the threshold: 13 early,
21 normal and 10 late (Table 1), with the average on-
set pentad in each category being in the 25th pen-
tad, 28th pentad and 31st pentad respectively. Thus
the normal onset range is within P27-P29, and the
early and late onset years are outside this range (early
<P27, late >P29). The 13 early onset years are: 1960,
1966, 1971, 1972, 1974, 1976, 1984, 1985, 1994, 1996,
1999, 2000, and 2001, while the 10 late onset years are:
1959, 1963, 1968, 1970, 1973, 1975, 1982, 1987, 1991
and 1993. In the following sections, the large-scale
features associated with the early and late onsets are
analyzed.



NO. 5

ZHOU ET AL. 667

Table 1. Classification of MOD. Early, Normal, and Late represent the onset occurrences of prior to the 27th pentad,
within the 27th—29th pentads, and later than the 29th pentad, respectively.

Classification of MOD

Year

Early (<P27)
Normal (P27-P29)
1990, 1992, 1995, 1997, 1998
Late (>P29)

1960, 1966, 1971, 1972, 1974, 1976, 1984, 1985, 1994, 1996, 1990, 2000, 2001
1958, 1961, 1962, 1964, 1965, 1967, 1969, 1977, 1978, 1979, 1980, 1981, 1983, 1986, 1988, 1989,

1959, 1963, 1968, 1970, 1973, 1975, 1982, 1987, 1991, 1993

As for the SCSSM strength index (MSI), the May—
June monthly zonal wind difference between 850 hPa
and 200 hPa over the SCS domain is used, because
the meridional component of the SCSSM period is not
as obvious as that of winter. Figure 1 also shows the
normalized MSI time series, Using one standard de-
viation as the threshold, 7 strong (1960, 1961, 1965,
1975, 1976, 1986, 2001) and 10 weak (1959, 1968, 1970,
1980, 1983, 1987, 1991, 1992, 1993, 1998) years can be
identified.

We found a large interannual variation in the
MOD, from late April to early June, and in the MSI.
Even though the SCSSM onset is an abrupt transition,
its strength variations seem to follow the early or late
onsets simultaneously over a large latitudinal extent
with large interannual variability. Note that early on-
set generally corresponds to strong SCSSM, such as
1960, 1976, 2001, and late onset with weak SCSSM
(1959, 1968, 1970, 1987, 1991, 1993). An early onset
matching a strong monsoon or a late onset correspond-
ing to a weak monsoon is also reflected by a negative
correlation (—0.53) between MOD and MSI, which is
significant above the 99% level. The similar variations
in both the SCSSM intensity and MOD can also be
observed (Fig. 1). For early onset years, the MSI ap-
pears to be weak in both year —2, and year —1, but
strong at year 0 and year 1. The reverse occurs for
the late onset years, where the MSI seems to be strong
or normal-to-strong in both year —2 and year —1, but
less strong or weak at year 0 and year 1. This re-
sult suggests that if the SCSSM reaches onset early
(late), its strength is likely to be strong (weak), and
the adjustment cycle of SCSSM from strong to weak
is generally related to the MOD cycle from early on-
set to late onset, and vice versa. In other words, an
extremely early or late onset of the SCSSM probably
brings abundant or sparse rainfall, so abnormal (above
or below normal) rainfall usually does not result from
a normal onset.

Though a one-to-one correspondence cannot be
found between the strong (weak) monsoon and a cer-
tain early (late) onset year, some certain years follow

Year+2

Year—2 Year—1 Yearo Year+1

Fig. 1. The variation of 850-hPa zonal wind anomalies
(unit: ms™!) over the southern part of the SCS (5-15°N,
110-120°E) for early onset years (solid line) and late on-
set years (dashed line). Year O refers to the monsoon onset
year, Year —1 (41) to one year before (after), etc.

this rule, and this agrees well with the result of Shi and
Zhu (1997). Thus such a consistent tendency of both
MOD and MSI is very obvious, such that the strength
of SCSSM tends to be abnormal when the monsoon
reaches onset extremely early or late. On the other
hand, the strength of the SCSSM is neither strong nor
weak if there is a normal monsoon onset.

3. Large-scale characteristics of the early and
late SCSSM onset years

3.1 Zonal winds

Generally, the SCSSM onset is associated with an
abrupt increase in cloudiness and rainfall (Wang and
Wu, 1997). This occurs because once the Western Pa-
cific Subtropical High (WPSH) moves to the east of
the Philippines, the SCS region is susceptible to con-
vection (e.g., Ding and Liu, 2001; Chan et al., 2002).
However, no consensus has yet been reached on the
mechanism responsible for the release of the stored
convective available potential energy.

It is worthwhile to note that over the SCS, the wind
shift (from easterly to westerly) in the lower and mid-
troposphere levels is due to the eastward retreat of the

* Year 0 is defined as the year in which the MOD of a particular type is considered. Year (—n) refers to n year(s) before, and

year (n) n year(s) after.
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WPSH and development of the monsoon trough, sug-
gesting that the establishment of the monsoon trough
over the SCS be regarded as a sign of the SCSSM on-
set (Pan, 2004), while that (from westerly to easterly)
in the upper levels is linked to the establishment of
the South Asian high. The burst in the westerlies in
the lower and midtroposphere levels and easterlies in
the upper levels can be seen further from time cross-
sections of the zonal winds (Fig. 2). At 850 hPa, the
switch to westerlies occurs at the end of the 24th(32nd)
pentad in the early (late) onset case (Fig. 2). Note
that in the late case, easterlies prevail throughout the
domain during the onset of the early cases (Fig. 2).
In other words, the low-level westerlies in the tropical
region (5°-15°N) begin over the Bay of Bengal, then
extend to the SCS, and reach a maximum around the
SCSSM onset.

When the 850-hPa westerlies appear over the SCS
in the early cases (24th—25th pentads) of Fig. 2, the
shift to easterlies also occurs in the 200-hPa easterlies
(Fig. 2c). However, around this time, the westerlies
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continue to dominate the SCS at 200 hPa in the late
cases until the 32nd-33rd pentads (Fig. 2d). For both
the early and late cases, the transition at 200 hPa from
westerlies to easterlies and at 850 hPa from easterlies
to westerlies occur nearly in the same pentad (24th—
25th pentads in the early case, 32nd-33rd pentads in
the late cases), which is consistent with the result of
Xu and Chan (2001) in the study of the 1998 Asian
summer monsoon.

This implies that the establishment of the typical
monsoon circulation at the upper levels coincides with
that at the lower levels. To some extent, the character-
istics of the SCSSM onset are that the easterlies (west-
erlies) control the upper (lower) levels of the SCS. The
significant easterlies at 200 hPa are associated with the
South Asian high, while the strong westerlies at 850
hPa emanate from the Arabian Sea and the Southern
Hemisphere. The westerlies are apparently responsible
for providing the moisture for the convection, as has
been discussed by Chen et al. (1988) and Chan et al.
(2002).

40

Fig. 2. Hovmiiller diagrams of zonal wind anomaly (units: m s™') averaged within 5°~15°N at 850 and 200 hPa
for the early (a, c¢) and late cases (b, d). Shading indicates westerlies.
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Fig. 3. (a) Moisture convergence over the SCS (5°-20°N,
110°-120°E), moisture flux at (b) east flank and (c)west
flank during May—June for the early case (solid) and late
case (dashed). (Units: gmkg™*s™!).

3.2 Moisture transport

Previous studies (e.g., Chen et al., 1988) have
shown that water vapor is transported eastward from
the Indian Ocean to the SCS and northeastward by
the western branch of the subtropical high. The mois-
ture convergence over the SCS should therefore have a
direct contribution to the SCSSM onset. This aspect
is evaluated by computing the moisture flux integrated
from 1000 to 200 hPa within the SCS.

The first moisture convergence occurs in early May
in the early onset cases (Fig. 3a). It abruptly increases
to a large value in mid May, and then decreases in late
May. In contrast, moisture convergence over the SCS
only occurs after mid-June for the late case. The mag-
nitude is also not as large as that in the early onset
case. To determine the relative contributions to this
moisture increase by the westerlies and the flow from
the WPSH, the moisture fluxes along the eastern and
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western flanks can be examined. Along the eastern
flank, moisture flows generally into the SCS from the
east in May and out in mid and late June (Fig. 3b),
which is consistent with the location of the WPSH.
Before the SCSSM onset, the WPSH dominates over
the SCS so that a southeasterly flow brings moisture
into the SCS. After the onset, the WPSH retreats out
of the SCS so that westerlies prevail over the SCS. No-
tice from Fig. 4b that the difference between the two
cases is not too significant. Further, after the onset
in the early case, the moisture flux is around zero, in-
dicating that very little contribution to the moisture
flux comes from the east. Along the western flank,
the moisture flux changes to positive in mid May and
keeps increasing for the early case (Fig. 3c). For the
late case, the flux does not become positive until the
end of May. This difference in moisture flux variations
reflects the strength of the westerlies from the BOB.
Therefore, it appears that the westerlies are more im-
portant in moistening the atmosphere over the SCS as
far as the onset is concerned.

4. SCSSM omnset in relation to the land-sea
thermal contrast

In this section, the global distribution of @; (ap-
parent heat source) and @2 (apparent moisture sink)
will be determined over a 22-year period (from 1980—
2001) as basic variables for the description of the sea-
sonal variability of the land-sea thermal contrast:

~or p\*r o0
Jq Jq
= 1|4 : Rt} 2
Q2 [at—l—V Vg+w ap} , (2)

where T is the air temperature, 6 the potential tem-
perature, R and c, the gas constant and the specific
heat at constant pressure of dry air respectively, V'
the zonal wind, w vertical p-velocity, ¢ specific humid-
ity, L the latent heat of condensation, p the pressure,
and pg the surface pressure. A positive (negative) Q1
indicates the presence of apparent heating (cooling).
In contrast, a positive (negative) Q3 corresponds to
regions of apparent moisture sinks (sources). In other
words, positive (negative) @2 implies an apparent con-
densation (evaporation) region.

Most of the work in the literature has focused on
the Tibetan Plateau’s role in the establishment and
maintenance of the Asian summer monsoon as an el-
evated heat source (e.g., Xu and Chan 2001). While
the diabatic heating and warm horizontal advection
play a primary role in the temperature increase over
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Fig. 4. (a) Composites of Q; (integrated from the surface to 100 hPa) (units: W m~2) averaged
for 22 years and (b) difference in @1 (integrated from the surface to 100 hPa) between early and
late onset years along the Tibet region (27.5°-37.5°N) for a total of 12 pentads around the SCSSM
onset period. Shading indicates values larger than (a) 60 W m™2, (b) 50 Wm™2 .

the eastern plateau (Yanai et al., 1992), it is the sensi-
ble heating over the plateau region in spring that leads
to the reversal of the meridional temperature gradient.
The SCSSM onset in middle May is then characterized
by the eastward intrusion of low-level southwesterlies
to the west of 120°E. Such an abrupt change is a re-
sponse to the differential heating between the Asian
continental landmass and the adjacent oceans.
However, while the Tibetan Plateau is indeed a
major heating source, the maximum occurs over the
plateau after the SCSSM onset (Fig. 4a). Compar-
ing the early and late onset years (Fig. 4b), the dif-
ference at the eastern flank of the Tibetan Plateau
is not obvious (the area with values larger than 50
W m~2 is small), but it varies a lot over the plateau
(the area with values smaller than —50 W m~2 is not
small), which may indicate that the role of the Ti-
betan Plateau in SCSSM onset is still important. How-
ever, some arguments about the over-emphasis of the
role of the Tibetan Plateau in the onset of SCSSM
(e.g., Chen and Dell’osso, 1986; Zhang et al., 2004)
suggest that other factors might come into play as
well, such as the off-equatorial ITCZ. Numerical ex-
periments have further indicated that some “wet” pro-
cess such as low-level deep cumulus convection is cru-
cial for the onset and maintenance of the monsoonal
circulation, even though the uneven heating between
land and sea and the Earth’s rotation may be the ba-

sic reasons for the genesis of the monsoon (e.g., Chen
and Dell’osso, 1986). While the topographic and ther-
modynamic forcings of the Tibetan Plateau on the de-
velopment of the SCSSM should not be ignored, some
other forcings may be important in leading to the es-
tablishment of the SCSSM.

Chen et al. (1988) suggested that the main source
of the SCSSM is the water vapor transported eastward
from the Indian Ocean to the SCS, and the cumulus
convection over the Indian Ocean becoming stronger
since April. Thus it is better to examine the @ and
Q2 averaged over 40°—80°E. Similar distributions of
Q1 and Q2 would suggest that heating might result
from the cumulus convection and rainfall. For the
early case, the cumulus convection over the southern
Indian Ocean becomes obvious in late April in asso-
ciation with a northward propagation of large values
of @1 and Q2 before the SCSSM onset (Figs. 5a and
6a). The latent heating release propagates northward
as well, and reaches a peak at a similar time (Fig. 5a)
when the Q2 also becomes the strongest in the north-
ern Indian Ocean (Fig. 6a). After the onset, the tim-
ing of the peaks in Q1 and Q) correspond well to each
other indicating contributions from the released latent
heat of condensation. In other words, before onset can
take place, it must wait for the cumulus convection to
be strong enough and plenty of moisture and external
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Fig. 5. Composites of Q anomaly (integrated from the surface to 100 hPa) (units: W m~?2) for
(a) early onset years and (b) late onset years averaged over (40°-80°E) starting for a total of 12

pentads. Shading indicates positive values.
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Fig. 6. Composites of Q2 anomaly (integrated from the surface to 100 hPa) (units: W m™?2) for
(a) early onset years and (b) late onset years averaged over (40°-80°E) for a total of 12 pentads.

Shading indicates positive values.

forcing to be in such a configuration that the cross-
equatorial westerly jet flows are prevalent from the In-
dian Ocean through the Bay of Bengal then to the SCS
domain.

Note the cumulus convection in this area is sup-
pressed in the late case from April to May (Figs. 5b
and 6b). The values of @; and Qo are mostly nega-
tive, which suggests evaporation exceeding precipita-
tion, and are not active until mid May in the south-

ern Indian Ocean and early June in the northern In-
dian Ocean. In particular, we offer the hypothesis that
“prior to the onset, the buildup of planetary-scale and
land-sea temperature gradients under the topographic
and thermodynamic forcings of the Tibetan Plateau
reach a critical stage; with the trigger of a northward-
propagating off-equatorial ITCZ or cumulus convec-
tion, the troposphere is in a state of readiness for the
onset of the SCSSM”. This hypothesis could give an
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explanation for why the SCSSM onset is early or late
in certain years, but still needs to be tested in future
work.

5. Summary and discussion
5.1 Summary

This paper examines some observational variations
of the SCSSM during the period 1958-2000, with the
objective of identifying the large-scale features associ-
ated with the early and late onset years. The years are
first classified into early, normal and late onset years
based on the onset pentad. It is found that onset has
occurred as early as the 25th pentad and as late as the
31st or 32nd pentad, which suggests a large interan-
nual variability in the onset date. Likewise, a strong
or weak monsoon is generally consistent with an early
or late onset, though a one-to-one correspondence is
not found.

The main difference in the 850-hPa flows between
early and late onset cases is the timing of the westerly
outbreak over the SCS domain. So the feature of the
SCSSM onset is the easterlies (westerlies) controlling
the upper (lower) levels of the SCS. Besides the to-
pographic and thermodynamic forcings of the Tibetan
Plateau, the northward-propagating cumulus convec-
tion over the northern Indian Ocean might enhance the
monsoon trough. Plenty of moisture is then brought
to the SCS. Together with the flow from the western
flank of the WPSH, the effect of the horizontal advec-
tion of moisture and heat is substantially increased,
thus destabilizing the atmosphere and weakening the
subtropical ridge there. Westerlies can eventually pen-
etrate and prevail over the SCS region (which is the
SCSSM onset).

5.2 Discussion

The observations demonstrate the different fea-
tures between the early and late onsets, but whether
the origin of the monsoon is from the land-ocean ther-
mal contrast or from the ITCZ is still unclear, and the
determining factors related to the onset and the resul-
tant monsoon rainfall are yet to be identified. In many
respects, they are still poorly understood.

The importance of the Tibetan Plateau as an el-
evated heat source during the northern summer has
been emphasized by many authors (e.g., Yeh, 1981;
Luo and Yanai, 1983; Ding and Hu, 1988; Ding and
Wang, 1988; Wu and Zhang, 1998). Yeh (1981)
pointed out that the Tibetan Plateau is situated in
the belt of the subtropics, and the heat source over it
will greatly affect the structure of the Hadley circula-
tion. Luo and Yanai (1983) also found that the Ti-
betan Plateau exerts profound topographic and ther-
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mal influence upon the low-level wind field. He et
al. (1987) identified two stages existing in the upper-
troposphere warming over the eastern Tibetan Plateau
in May and over the Iran Plateau in June, while Li and
Yanai (1996) also mentioned that the diabatic heating
over the Tibetan Plateau in May and June results from
sensible heating. Yanai et al. (1992) considered that
the diabatic heating over the eastern Tibetan Plateau
results in the tropospheric warming and leads to the
reversal of the meridional gradient of temperature and
the prevalence of low-level southwesterlies over the Bay
of Bengal. Wu and Zhang (1998) documented that the
Tibetan Plateau acts as a huge stove to release sensible
heat, and it also contributes to the formation of the
India-Burma trough, which allows the westerly jet to
move through the Bay of Bengal region into the SCS
region. They also suggested that the downwind advec-
tion of heating over the Tibetan Plateau is responsible
for the onset of the summer monsoon over the SCS re-
gion being earlier than over India. Ueda and Yasunari
(1998) indicated that the reversal of the meridional
gradient of temperature in the troposphere over the Ti-
betan Plateau is the key factor for the outbreak of the
Asian monsoon. Generally in boreal summer, a Hadley
circulation is replaced by another regional circulation
system over the Tibetan Plateau and its adjacent area.
The large-scale mean circulation of the Asian monsoon
is characterized by strong cross-equatorial flows from
the Southern to the Northern Hemisphere in the lower
troposphere, near the longitudes of the east coast of
Africa and the maritime continent of Borneo and In-
donesia, as well as a strong westerly flow over South
India and a southwesterly flow over China. This cir-
culation is superposed at 200 hPa by an intense anti-
cyclone centered over the Tibetan Plateau and strong
easterly winds near 10°N stretching from Indochina to
West Africa.

In addendum, a further view of the land-sea ther-
mal contrast can be had by looking at the variations
of the Q1 and ()2 anomalies over the 90 days prior
to the onset day of the SCSSM as shown in Figs. 7
and 8 for the location of the Tibetan Plateau (27.5°—
37.5°N, 80°-100°E). Yet, as has also been mentioned
in previous studies, there have been a number of cases
of topographic and thermodynamic forcings of the Ti-
betan Plateau coherent in the establishment of the SC-
SSM that have been observed or numerically tested
(e.g., Yeh, 1981; Luo and Yanai, 1983; Wu and Zhang,
1998). The region we are focusing upon in this sec-
tion is the off-equatorial ITCZ, within the Tropics, and
within the longitude range of about 40°E to the date-
line. In the previous section, Figs. 7 and 8 suggest that
the burst of the SCSSM is highly associated with the
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Fig. 7. Composite Q1 anomaly (units: W m~?2) prior to the onset date of the SCSSM. Shading indicates values
larger than 50 W m~2.
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larger than 50 W m~2.
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northward-propagating cumulus convections from the
southern Indian Ocean or the Southern Hemisphere to
the SCS. This is further supported by Figs. 7-8 show-
ing a systematic northward movement of the maximum
@1 and @2, which are not over the Tibetan Plateau,
but over the equatorial Indian Ocean and western Pa-
cific. In other words, at day —90 (90 days prior to the
onset), two obvious bands of convection (the maximum
Q1 and @), indicates strong latent heating, and obvious
moisture condensation) are located at the southern In-
dian Ocean, the equatorial western Pacific to the north
of the Australian continent. These two bands shrink
with a slight northward movement from day —80 to
day —60, but enlarge at day —50 and —40 accom-
panied by a slow northward propagation, and shrink
again at day —30, and later enhanced again at day —20
and day —10. Eventually these two bands, one from
the southern Indian Ocean with an obvious northeast-
ward propagation, and the other from the equatorial
western Pacific with an obvious northwestward propa-
gation, merge together over the SCS domain, which
indicates the outbreak of the SCSSM. The notable
feature of the northward propagation along the land
bridge in Southeast Asia was also suggested by Lau
and Yang (1996) and Hsu et al. (1999). These char-
acteristics are indeed suggestive of an influence on the
moisture source of the SCSSM. No doubt, this is partly
a reflection of the propagation fact that the robust
cumulus convections emanate from the equatorial In-
dian Ocean and the equatorial western Pacific on the
intraseasonal scale, sometimes active or breaking in
midcourse. Fu and Wang (2004) also found such sys-
tematically stronger northward-propagating intrasea-
sonal oscillations in the coupled model.

Therefore, though the Tibetan Plateau’s thermo-
dynamic forcing is key in the monsoon onset, the
notion that the northward-propagating off-equatorial
ITCZ or cumulus convections from the Southern Hemi-
sphere are one of the factors responsible for the mon-
soon outbreak is somewhat reasonable.
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