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Abstract

The US National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data are employed to study the relationship between the variation in the
structure of subtropical anticyclone and the summer monsoon onset over the South China Sea (SCS).
The ridge surface of the subtropical anticyclone is defined by the boundary between westerly to the north
and easterly to the south [or westerly-easterly boundary (WEB) in brief ]. The WEB well represents the
three-dimensional structure of the subtropical anticyclone. Under the thermal wind constraint, the WEB
usually tilts toward the warmer zone in the vertical. In the Asian monsoon area, the ridgelines of the
subtropical anticyclone at various levels in the troposphere in winter are continuous and exhibit a rela-
tively zonal structure. The WEB tilts southward with increasing height and the mean position of the
WEB is closer to the equator. In summer, the ridgelines of the subtropical anticyclone in the middle and
lower (upper) troposphere are discontinuous (continuous) and the WEB either tilts northward or is ver-
tical, with the mean position of the WEB being located at 25–30�N. May is the period when the structure
of the subtropical anticyclone varies most significantly.

During the seasonal transition, the tilt of the WEB changes from southward to northward. When the
WEB becomes perpendicular to the earth’s surface or tilts northward, the meridional temperature gra-
dient vanishes or becomes positive, implying the replacement of the winter monsoon by the summer
monsoon. Defining the ‘‘seasonal transition axis’’ (STA) as the vertical ridge axis that results from the
switching of the tilt of the WEB from southward to northward, it is found that the STA first establishes
over the eastern Bay of Bengal and Indochina Peninsula during the first pentad of May. The onset of the
Asian summer monsoon circulation is therefore closely associated with the location of the STA. When
the STA reaches the northeastern SCS in the fourth pentad of May, the SCS summer monsoon occurs.
The south Asian summer monsoon onset corresponds to the establishment of the STA over central India
in the first two pentads of June. Based on the close relationship between the STA and monsoon onset,

Corresponding author: Johnny Chan, Dept. of
Physics and Materials Science, City University of
Hong Kong, 83 Tat Chee Ave., Kowloon, Hong
Kong, China.
E-mail: Johnny.Chan@cityu.edu.hk

1 Permanent affiliation: LASG, Institute of Atmo-
spheric Sciences, CAS, Beijing, China.
( 2004, Meteorological Society of Japan

(V7 14/6/04 14:45) Ga/J J-1095 J. Meteor 82:3 AC1: WSL 28/05/04 AC2: WSL 14/6/04 (NewCenturySchlbk) (0).3.04.05 pp. 845-859 002_P (p. 845)



the area-averaged meridional mean upper tropospheric (200–500 hPa) temperature gradient in the vi-
cinity of the WEB is suggested to be an index to define the SCS summer monsoon onset. In comparison
with the onset dates as determined by the area-averaged zonal wind at 850 hPa and OLR, the dates
determined by these three indices are consistent in a large number of individual years, which indicates
that the establishment of the STA, or the reversal of the meridional temperature gradient, captures the
essential feature associated with the SCS summer monsoon onset.

1. Introduction

The onset of the Asian summer monsoon
indicates the beginning of the rainy season.
Small variations in the timing and quantity
of rainfall have the potential for significant
societal consequences (Webster et al. 1998). An
important component of East Asian summer
monsoon is the summer monsoon over the
South China Sea (SCS), which He et al. (2001)
considered to be the connecting gear that links
the East Asian monsoon and South Asian mon-
soon systems. The onset of the SCS summer
monsoon (SCSSM) is signified by a large-scale
wind shift in the lower troposphere from east-
erly to westerly, and an outburst of deep con-
vection over the SCS (Lau et al. 1998; Ding
and Li 1999; Chan et al. 2000; Lau et al. 2002).
Climatologically, the onset of the SCSSM is
around mid-May (Tao and Chen 1987; Chang
and Chen 1995; Lau and Yang 1997; Hsu et al.
1999). Disagreements exist as to whether the
earliest onset of the Asian summer monsoon
occurs over the SCS. Wu and Zhang (1998)
pointed out that the Asian summer monsoon
onset consists of three consequential stages,
firstly over the eastern Bay of Bengal (BOB),
then the SCS, and lastly South Asia. Fong and
Wang (2001) supported this idea based on their
analyses of the climate mean 850-hPa winds.
In fact, the climatological onset date of the
Asian summer monsoon found by Lau and
Yang (1997) and Webster et al. (1998) also did
not indicate that the SCSSM first occurs in the
Asian summer monsoon regime. The onset date
of the SCSSM in a particular year can also dif-
fer among different researchers (e.g., Dai et al.
2000; He et al. 2001). Such discrepancies sug-
gest that the onset characteristics associated
with the SCSSM, as well as the evolution of the
entire Asian summer monsoon, need to be fur-
ther explored.

The South China Sea Monsoon Experiment
(SCSMEX), carried out in 1998 over the SCS,

provides good opportunities to study the physi-
cal processes for the SCS monsoon activities.
Based on the observational datasets avail-
able during SCSMEX, many researchers have
examined the 1998 SCSSM onset and consid-
ered that it occurred around 20–25 May
(Chan et al. 2000; Ding and Liu 2001; Xu and
Chan 2001; Lau et al. 2002; Liu et al. 2002).
Unfortunately, such comprehensive data are
not available every year for studying the clima-
tological features associated with the SCSSM
onset. Composite studies are therefore neces-
sary.

The monsoon is not only a seasonal shift
of wind direction, but also a seasonal change
in pressure distribution over the tropics, sub-
tropics and the associated midlatitude regions.
Previous studies have emphasized the impacts
of the subtropical high on the monsoon. For
example, Tao and Chen (1987) reported that
the Western Pacific subtropical high (WPSH)
and the South Asian high (SAH) are important
components of the East Asian monsoon system.
The meridional shift of the WPSH ridge and its
zonal migration influence the location where its
southeasterlies converge with the southwest-
erlies from the Somali cross-equatorial flow,
and hence the convection associated with the
summer monsoon. In recent years, deep con-
vective condensation heating related to the
summer monsoon has also been shown to con-
tribute to the formation and variation of the
subtropical anticyclone (Hoskins 1996; Liu et
al. 2001; Rodwell and Hoskins 2001). There-
fore, an interactive relationship apparently ex-
ists between the summer monsoon and the
subtropical high.

The basic driving force of most of the mon-
soons is the differential heating between land
and ocean, and the resulting pressure gradi-
ent force between the summer and the winter
hemispheres (Webster et al. 1998). Since the
onset of the summer monsoon occurs during a
transition season from cool and dry to warm
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and moist conditions, in addition to the lower
tropospheric wind fields, it is inevitably re-
lated to the changes in temperature, pressure,
and wind fields in the entire troposphere
through geostrophic and hydrostatic balance
constraints. The subtropical anticyclone belt
that connects the tropical and midlatitude
atmospheric circulation therefore represents a
key feature in the Asian monsoon system. Li
and Zeng (2000) suggested that the significant
seasonality is closely related to the subtropical
high, with its ridgeline in January and July
being approximately coincident with regions
having a significant seasonality. Mao et al.
(2002) found that the westerly-easterly bound-
ary surface (WEB) well represents the three-
dimensional structure of the subtropical anti-
cyclone belt based on theoretical and data
analyses. The WEB represents the maximum
in the geopotential height (pressure), and is
the vertical shear zone between easterlies and
westerlies. It can therefore be used as a proxy
for the essential features of both the pressure
and wind fields. Since the vertical wind shear
depends on the meridional temperature gradi-
ent (MTG), variations in the configuration of
the WEB can also reflect those in the tempera-
ture field. These results imply that the WEB
may be a good indicator of the seasonal varia-
tion of the monsoon. In other words, using
the WEB to study the onset and evolution of
the Asian summer monsoon provides a three-
dimensional visualization of the essential fea-
tures associated with the Asian summer mon-
soon, as compared with simple fields like rain-
fall or winds in the lower troposphere that
consider only two-dimensional aspects of the
monsoon.

Li and Yanai (1996) found that the Asian
summer monsoon onset is concurrent with the
reversal of the MTG in the upper troposphere
south of the Tibetan Plateau. However, the
Asian summer monsoon does not establish si-
multaneously over different parts of Asia. In
which latitudinal extent and which layers is
the MTG capable of indicating the monsoon on-
set for a particular region? A detailed analysis
of the relation between the MTG and the WEB
would provide information as to which levels
and what domain should be used to define the
monsoon onset. Such information would lead to
a better understanding of the similarities, dif-

ferences and linkages among the different parts
of Asia during the summer monsoon onset.

In this paper, the subtropical anticyclone belt
in the entire troposphere is considered as an
integrated entity from the WEB perspective
and used to correlate with the climatological
features of the Asian summer monsoon onset. A
corollary objective is to clarify the controversy
about whether the SCSSM onset is the earliest
over Asia in the climate mean. Theoretically,
variations in the meridional temperature gra-
dient in the vicinity of the WEB due to land-sea
thermal contrast can result in the break and
switching of the tilt of the WEB. The approach
here is therefore to examine the associations
between such a switch of the WEB and the wind
shift from easterly to westerly at lower levels
as well as rainfall based on composites of data
from many years.

Section 2 describes the data used and pres-
ents a theoretical analysis of the WEB. The
break and switch of the WEB tilt and their as-
sociations with the Asian summer monsoon on-
set are examined in sections 3 and 4 respec-
tively. These results are then used to relate to
the SCSSM onset date in Section 5. A summary
and discussion are given in section 6.

2. Data and theoretical discussion of the
WEB

2.1 Data
The data used in this study are the monthly

and daily mean global National Centers for
Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) rean-
alysis data products (Kalnay et al. 1996), which
include the wind, geopotential height, temper-
ature, vertical motion, and specific humidity at
17 standard pressure levels with a horizontal
resolution of 2.5� latitude � 2.5� longitude grid
from 1958 to 2001. Pentad means are then con-
structed from the daily means. The long-term
mean is based on the period 1968–1996; this
climatological time period is used to avoid some
of the problems before 19681.

Also employed are the monthly and daily
mean NOAA outgoing longwave radiation
(OLR) data on a 2.5� latitude � 2.5� longitude

1 See discussion at http://www.cdc.noaa.gov/
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grid spanning from June 1974 to December
2001 (except for eight months in 1978). Daily
mean climatology covers 1979–1995 (no leap
days used in calculations).

2.2 Relationship between the tilt of the WEB
and the horizontal temperature gradient

The geostrophic wind relationship can be
written as

u ¼ � 1

f

qF

qy
; ð1Þ

where u is the geostrophic zonal wind compo-
nent, f the Coriolis parameter, and F the geo-
potential height. Both theoretical analyses and
data diagnoses indicate that for planetary-scale
and large-scale atmospheric motions the geo-
strophic wind relation is largely valid at lat-
itudes 5 degrees or more away from the equator
(e.g., Li and Chou 1998; Mao 2001).

Consider the subtropical zone in the North-
ern Hemisphere. Along the line u ¼ 0 and ac-
cording to (1), F has its extreme value in the y
direction. Whether the extreme value is a max-
imum or minimum then depends on the second
derivative of F. In the vicinity of the subtropi-
cal ridge, qu/qy > 0, and hence F reaches its
maximum.

That is, the u ¼ 0 line is also the ridgeline of
the subtropical high. In this paper, the ridge-
line of the subtropical anticyclone belt is there-
fore defined by the isotach of zonal wind u ¼ 0
between westerly to the north and easterly to
the south. Consequently, connecting the ridge-
lines on isobaric surfaces constitute a westerly-
easterly boundary surface, which will be called
WEB.

The thermal wind relationship

qu

qp
¼ R

fp

qT

qy

� �
p

; ð2Þ

suggests a relationship between the tilt of the
WEB and the horizontal temperature gradient,
where p is the pressure, T the temperature and
R the gas constant. In the boreal winter, the
tropospheric temperature decreases from the
equator to the polar region. According to (2),
since the meridional temperature gradient in
the vicinity of the WEB is negative ðqT/qy < 0Þ,
qu/qp < 0. Thus the WEB tilts southward with
increasing height (Fig. 1a). In the boreal sum-
mer, the ridgelines of the subtropical anti-

cyclone in the lower troposphere are broken,
and the WEB in the middle-upper troposphere
has a northward tilt over the Afro-Asian mon-
soon area because the air temperature over the
subtropical continent is higher than that over
the Indian Ocean on the same isobaric surface
(Fig. 1b). When the meridional temperature
gradient equals zero, the WEB is perpendicular
to the earth’s surface.

The above analyses suggest that for large-
scale atmospheric motions, the WEB always
tilts toward the warmer region in the vertical
when the geostrophic relation is valid, and the
tilt is constrained by the thermal wind relation.
Therefore, the variation in the configuration of
the subtropical anticyclone and in the thermal
structure during seasonal transitions can be
examined based on the change in the tilt of the
WEB.

3. WEB configuration and the Asian
summer monsoon onset

This section attempts to reveal the climato-
logical features of the broad-scale monsoon cir-
culation based on the WEB using monthly and
pentad data, focusing on the boreal spring and
early summer transitions.

Fig. 1. Schematic diagram showing the
tilt of the WEB with height in boreal (a)
winter and (b) summer. The triple line
denotes the WEB surface. E and W are
easterly and westerly winds. Adapted
from Mao (2001).
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3.1 Temporal and spatial evolutions of the WEB
To identify the relationship between the

break of the WEB and the Asian summer mon-
soon onset during the seasonal transition, the
temporal and spatial structures of the WEB are
first examined. In January (Fig. 2a), all ridge-
lines are continuous curves from 850 hPa to
200 hPa, and the ridgelines and the WEB tilt
southward with increasing height.

In July (Fig. 2d), the ridgelines in the mid
and upper troposphere are located at around
25–30�N. The WEB keeps a southward tilt east
of 148�E (indicated by solid triangle) and west
of 22�E (indicated by solid diamond), indicating
that the basic thermal state of the atmosphere
near the WEB is still warmer on the south side
in these areas. However, the WEB tilts north-
ward or is near vertical over the Afro-Asian
monsoon area. The northward tilt is relatively
more significant over the eastern parts of
China. It is in this region that the western Pa-
cific subtropical anticyclone in the mid tropo-
sphere ties in with the south Asian high in the
upper troposphere. Note also that the ridge-
lines below 400 hPa are discontinuous.

In April (Fig. 2b), the subtropical anticyclone
belt basically keeps the winter structure with
a generally southward tilt. However, between
60�E (point B) and 110�E (point A), the 850-hPa
ridgeline moves to south of that at 700 hPa,
which suggests that the tilt of the WEB in the
lower troposphere within these longitudes is
the first to change. In other words, based on (2),
the mean MTG between 850 and 700 hPa has
reversed along 10–20�N, and within 60–110�E.
Note also that between 95�E and 105�E the
ridgeline at 850 hPa even reaches south of that
at 500 hPa.

In May (Fig. 2c), two essential changes occur
in the structure of the subtropical anticyclone
belt. One is the north-south tilt of the WEB,
and the other the west-east discontinuity. It
can be seen that the ridgelines below 400 hPa
are all broken over the BOB, and the ridgelines
at all levels (850–200 hPa) stack up at 115�E
(point C). East of this point and west of 55�E
(point B), the subtropical anticyclone configu-
ration remains as the winter type. Between
90�E and 115�E, the WEB tilts northward,
which is the typical summertime structure.
Note that the tilt is larger than that in July.
Mao et al. (2002) refer to the point C, where the

ridge axis is vertical, as the ‘‘seasonal transi-
tion axis’’ (STA). It is obvious that these fea-
tures are closely related to the Asian summer
monsoon onset over the BOB and the SCS.

The structure of the subtropical high over
South Asia within the longitudes 70–90�E is
more complicated. The WEB over central India
between 700 and 300 hPa tilts southward, but
that above 300 hPa tilts northward instead.
This suggests a warm center in the middle tro-
posphere over south India (5–13�N). A ‘‘discon-
tinuity’’ of the WEB also appears in the mid
troposphere near 90�E. The split of the ridge-
lines at 500 and 400 hPa resemble that over
the central North Pacific, where the mid-Pacific
trough cuts off the subtropical anticyclone belt
(Li and Chou 1998). The northward propaga-
tion of the ridgelines at 200 and 300 hPa from
April to May (Figs. 2b and 2c) indicates the de-
velopment of the South Asian high.

In summary, the following climatological ob-
servations can be made. 1) The ridgelines of the
subtropical anticyclone at various levels in the
troposphere are continuous in the wintertime
and exhibit a relatively zonal structure. The
WEB tilts southward with increasing height,
and the mean position of the WEB is closer to
the equator; 2) In summer and in the Asian
monsoon area, the ridgelines of the subtropical
anticyclone in the middle and lower tropo-
sphere are discontinuous, but remain continu-
ous in the upper troposphere. Furthermore, the
WEB either tilts northward or is vertical, with
the mean position of the WEB being located at
25–30�N. The vertical tilt of the main body of
the south Asian high is small, which suggests
an equivalent barotropic structure; 3) Reversal
of the meridional temperature gradient in the
lower troposphere occurs in April along lat-
itudes 10–20�N and within the longitudes 60–
110�E; and 4) May is the period when the
structure of the subtropical anticyclone varies
most significantly.

3.2 The break process of the WEB
To examine the break process of the subtrop-

ical anticyclone belt in greater detail, pentad
mean evolutions are analyzed (Fig. 3). In the
third pentad of April2, the 850-hPa ridgeline

2 Hereafter, the nth pentad of the mth month will
be referred to as the n/m pentad.
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Fig. 2. The projections of the WEB in (a) January, (b) April, (c) May, and (d) July. The climatology is
based on the period 1968–1996. Thick curves denote the subtropical anticyclone ridgelines on var-
ious isobaric surfaces (indicated by the numbers in legend). Shading indicates terrain above 3000
m. The diamond and triangle indicate locations near which the meridional tilt of the WEB
switches from southward to northward or vice versa. Details are discussed in the text.
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Fig. 3. The projections of the WEB and OLR (W m�2) from the third pentad of April to the second
pentad of June. Thick curves denote the subtropical anticyclone ridgelines on various isobaric sur-
faces (indicated by the numbers in legend). Numbers in parenthesis in each panel represent pentad
and month (the nth pentad of the mth month). Shading indicates different OLR values in W m�2:
light (between 230 and 215), heavy (between 215 and 200), and very heavy (< 200).
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intersects with that at 700 hPa in the western
SCS (point A) and northwestern Arabian Sea
(Point B). Obviously, the switch of the WEB tilt
between A and B below 700 hPa takes place at
least earlier than the 3/4 pentad. Prior to the 1/
5 pentad, active convection exists only south of
5�N and east of 80�E. Significant changes in the
upper troposphere start from the 5/4 pentad,
when the ridgelines above 500 hPa are close
together between 90–100�E. By the 1/5 pentad,
two other intersection points (C and D) occur
due to the northward (southward) migration of
the upper (lower) ridgelines. At the same time,
the 850-hPa ridgeline completely splits into two
segments over the BOB. Subsequently, the in-
tersection point C (D) moves eastward (west-
ward). The intersection points C and D thus
represent the critical state at which the ridge
axes in the upper troposphere (200–500 hPa)
are ‘‘vertical’’, and are identified as the crossing
points between the 500- and 200-hPa ridge-
lines.

By the 2/5 pentad, point C reaches 108�E and
almost overlaps with point A, while point D re-
mains around 90�E. The 700-hPa ridgeline is
now split such that the tilt of the WEB is larger
between C and D. In this pentad, another im-
portant feature is that deep convection devel-
ops over eastern BOB and the Indochina Pen-
insula. The occurrence of convective activities
indicates the onset of the Asian summer mon-
soon, which is consistent with the result re-
ported by Zhang et al. (2002) that, based on the
observed daily rainfall at 30 stations, the cli-
matological monsoon onset date over the Indo-
china Peninsula is 9 May. Actually, the inter-
section points C and D are the STA discussed
in section 3.1. Note also that at D the STA is
not entirely vertical, while the ridgelines at C
align almost completely vertical.

During the next (3/5) pentad, with the STA
at point C migrating eastward and reaching
110�E, the 500-hPa ridgeline splits, and con-
vective activities strengthen. The configuration
of the subtropical anticyclone in the 4/5 pentad
is almost the same as that of the monthly mean
pattern (see Fig. 2c). The 400-hPa ridgeline is
also broken, along with a significant south-
ward displacement of the 500-hPa ridgeline.
The STA at Point C moves to the northeastern
SCS, and the westernmost point of the 850-hPa
ridgeline abruptly retreats eastward to 120�E.

At the same time, deep convection is active al-
most all over the SCS. These features reflect
the onset of the SCSSM. When the STA at
Point D moves westward, and reaches central
and western India during the first two pentads
of June, the south Asian summer monsoon on-
set occurs, accompanied by the occurrence of
active convection over the southern Indian Pen-
insula and the eastern Arabian Sea.

It is obvious that the STA first establishes
over the eastern BOB and Indochina Peninsula
during the 1/5 pentad. This change of the WEB
tilt indicates that the switch from the winter
to the summer monsoon starts here. When the
WEB becomes perpendicular to the surface and
then tilts northward, the MTG first vanishes
and then becomes positive, which implies the
replacement of the wintertime gradient by the
summertime gradient. With the STA at points
C and D moving northeastward and northwest-
ward respectively, the summer subtropical high
broadens its extent. It can be seen from Fig. 3
that deep convective activities mostly prevail
between C and D from the 2/5 pentad on. All
these features clearly show that points C and D
form the boundaries between the winter and
summer types of the subtropical high. The on-
set of the Asian summer monsoon circulation is
therefore closely associated with the location of
the STA. The monsoon onset over the eastern
BOB and the Indochina Peninsula (SCS) con-
curs with the break of the 850- and 700-hPa
(400-hPa) ridgelines.

4. Relationship between the switch of
the WEB tilt and the Asian summer
monsoon onset

In investigating the processes associated with
the 1989 Asian summer monsoon, Wu and
Zhang (1998) pointed out that the Asian sum-
mer monsoon onset that year consisted of three
stages: the first was over the BOB, the second
over the SCS, the third over India. They also
suggested that thermal and mechanical forc-
ing from the Tibetan Plateau contributed to an
earlier monsoon onset over East Asia than that
over South Asia.

The climatological characteristics of the
Asian summer monsoon onset can be seen
clearly from a time-longitude section of OLR
and 850-hPa winds along 10–15�N (Fig. 4).
Deep convection (OLR < 230 W m�2) first ap-
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pears around 3–5 May along 95–105�E. In the
convective region, southwesterlies or south-
erlies prevail, which indicates the summer
monsoon onset over the eastern BOB and the
Indochina Peninsula. Deep convection then
occurs during 15–20 May over the SCS. The
sudden eastward extension of the 230 W m�2

OLR isoline and southwesterlies illustrate the
abruptness of the SCSSM onset. The third on-
set begins on 3 June over the western Indian
Peninsula. A fourth onset starting from 15
June is over the western North Pacific, which
corresponds to the beginning of the summer
monsoon there (Wu and Wang 2000).

The longitudinal evolutions of the STA at
points C and D in Fig. 3 are the thick solid
lines OC and OD in Fig. 4, which represent the
zero isoline of the mean upper tropospheric
(200–500 hPa) meridional temperature gradi-
ent (MTG) in the vicinity of the WEB, and are
similar to that of the 230 W m�2 OLR isoline.

If this isoline is defined as the threshold for
deep convection, strong ascending motion oc-
curs only between OC and OD, except east of
130�E. The curves OC and OD are also the
boundaries of the region in which monsoon
southwesterlies prevail. These results illus-
trate a close relationship between the estab-
lishment of the STA and the Asian summer
monsoon onset.

Although Li and Yanai (1996) found that the
reversal of the MTG, indicated by the difference
of the mean upper tropospheric (200–500 hPa)
temperature between 30�N and 5�N, occurs
first on the south side of the Tibetan Plateau
(near 90–100�E), the reversal time is at the end
of May. This date is nearly one month later
than what is found here. In other words, in de-
termining the monsoon onset date, only the re-
versal of the MTG in the vicinity of the WEB
should be considered since the low-level mon-
soon southwesterlies follow the switch of the
WEB tilt or a break of the lower tropospheric
ridgelines. This suggests that the switch of the
WEB tilt is a result of the MTG change during
the Asian summer monsoon onset. This conclu-
sion is consistent with the result of Ueda and
Yasunari (1998) that the warming phase over
the Tibetan Plateau around mid-May is con-
current with the early onset of the Southeast
Asian monsoon, and the thermal contrast be-
tween 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
Southeast Asian monsoon, including the SCS
monsoon.

5. Identifying the SCS summer monsoon
onset date based on the STA

Figure 3 clearly shows that the STA is lo-
cated over the northeastern SCS at the time
of the monsoon onset (fourth pentad of May),
which suggests that the SCSSM onset should
be closely related to the STA. In this section the
nature of the SCSSM onset is investigated in
association with the switch of the WEB tilt,
based on which the onset date could be deter-
mined.

5.1 Climatological onset date
The abruptness of the SCSSM onset can be

seen in the large-scale atmospheric structure.

Fig. 4. Time-longitude cross section of
the climatological OLR (W m�2) and
850-hPa winds (m s�1, vector) averaged
within 10–15�N. Shading indicates dif-
ferent OLR values in W m�2: Light (be-
tween 230 and 215), heavy (between
215 and 200), and very heavy (< 200).
Thick solid curves OC and OD are the
zero isolines of meridional mean upper
tropospheric (200–500 hPa) tempera-
ture gradient in the vicinity of the
WEB.
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First, an abrupt reversal of the sign in the MTG
occurs throughout most of the troposphere
around 16 May (Fig. 5a), which corresponds to
the time of the establishment of the STA over
the SCS (see Fig. 3). The contrast between the
times before and after the onset is very distinct.
The date around 16 May is also the time when
the vertical zonal wind shear between 200 and

500 hPa changes its sign (Fig. 5b), which sug-
gests that the wind and temperature fields
in the vicinity of the WEB satisfy the thermal
wind relationship, and demonstrates the valid-
ity of the theoretical discussion about the tilt of
the WEB in section 2. Note also that the rever-
sal of the MTG between 700 hPa and 900 hPa
leads that in the upper layers by a few days, the
time when the vertical shear between 200 hPa
and 850 hPa zonal winds changes its sign is
thus slightly earlier than 16 May (Fig. 5b). The
evolutions of the zonal winds and convection
also show similar changes. When westerlies
begin to appear at the low levels on 16 May
(Fig. 5c), the OLR value rapidly drops to below
the critical value of 230 W m�2 (Fig. 5d). The
significance of the MTG in the vicinity of the
WEB to the SCSSM onset has been pointed out
earlier by So and Chan (1997), who suggested
that a north-south temperature gradient be-
tween South China and northern Australia
might play an important role in the establish-
ment of the summer monsoon over South China
around Hong Kong.

It is obvious that the SCSSM onset date (16
May) as determined by the above four indices
are fairly consistent in the climate mean. That
is to say, these four elements reflect the main
climatological characteristics of the SCSSM on-
set. In most of the previous studies, the 850-
hPa zonal wind and OLR are the two common
indices for identifying the summer monsoon
onset, especially for the SCSSM (e.g., Xie et
al. 1998; Chan et al. 2000; He et al. 2001). In
this paper, based on the above results, it is
proposed that the area-averaged upper tropo-
spheric (200–500 hPa) MTG (10–20�N, 110–
120�E) be used as a new index for identifying
the SCSSM onset date. Although the area-
averaged zonal wind shear between 850 hPa
and 200 hPa can also be chosen as an indicator,
as has been used by Webster and Yang (1992)
to estimate the summer monsoon intensity, the
results in Fig. 5a and b suggest that its change
is not as abrupt as the shear or MTG between
500 hPa and 200 hPa in assessing monsoon
onset. After all, variations of the MTG reflect
the essential features of monsoon circulation
since the thermodynamic basis of the seasonal
transition is the reversal of the MTG in the vi-
cinity of the WEB, and the zonal wind shear
depends on the variations of the MTG.

Fig. 5. (a) Pressure-time section of area-
averaged meridional temperature gra-
dient (10�3 K Km�1) over the SCS (5–
20�N, 110–120�E); (b) time series of
the area-averaged zonal wind shear
(10�2 m s�1 hPa�1) over the SCS
between 850 and 200 hPa (dashed
line) and between 500 and 200 hPa
(solid line); (c) Pressure-time section
of area-averaged zonal wind (m s�1)
over the SCS; and (d) time series of the
area-averaged OLR (W m�2) over the
SCS. Shaded areas indicate positive
values.
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5.2 Onset date for each individual year
Based on the results of the previous sub-

section, the onset date for each individual year
is defined as the day when the following crite-
ria are first satisfied: 1) the area-averaged up-
per tropospheric (200–500 hPa) MTG over the
SCS (5–20�N, 110–120�E) changes from nega-
tive to positive; 2) the MTG remains positive for
more than 6 days.

For comparison, an identical definition is ap-
plied to the 850 hPa zonal wind (U850) and
OLR, with the threshold of OLR chosen to be
230 W m�2. Of course, OLR data are only avail-
able from 1975 (except 1978).

It is found that in a large number of individ-
ual years, the dates determined by these three
indices do not differ much (Table A1 in the Ap-
pendix), but in a few cases large differences of
10 to 26 days exist, e.g., 1965, 1973, 1975, 1982,
1983, 1987. It is also noteworthy that for most
of the individual years, the dates derived from
the MTG lead those from the other two indices.
In other words, the onset of the lower tropo-
spheric southwesterlies follows the switch of
the WEB tilt. Results from the individual cases
suggest that the switch of the WEB tilt appears
to be the necessary but not sufficient condition
responsible for the SCSSM onset. In a few cases
such as the six years mentioned above, the
WEB tilt had changed but the southwesterlies

did not subsequently appear. A further exami-
nation of these six cases indicates that either
the WEB was basically steep and its location
was near 20�N, the 850-hPa ridgeline retreated
to the northern SCS rather than out of the SCS,
or the occurrence of convection was delayed.
The question is what factors might have caused
the switch of the WEB tilt to lead the occur-
rence of southwesterlies and convection by
more than 10 days. Further investigations are
obviously needed.

The mean onset dates as derived from MTG,
U850 and OLR are 14 May, 17 May and 19
May, with standard deviations of 8.6, 10.3 and
12.3 days respectively. The standardized time
series of the SCSSM onset date for each year
shows a large interannual variability of the
onset date, with the earliest differing from the
latest by @1.5 months (Fig. 6). The correlation
coefficients among the time series of the onset
dates all exceed the 99% significance level (Ta-
ble 1).

6. Summary and discussion

6.1 Summary
The variation in the structure of the subtrop-

ical anticyclone during seasonal transition from
winter to summer, and its relation with the
Asian monsoon onset, are investigated using
the US National Centers for Environmental

Fig. 6. Standardized (deviations from the mean divided by the standard deviation) SCSSM onset
dates defined by the MTG (solid circles), U850 (bars) and OLR (open circles) for the period 1958–
2001. A negative value corresponds to an early onset.
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Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis data from
a new perspective. Diagnostic and theoretical
analyses show that the line that separates
westerlies to the north and easterlies to the
south (the westerly-easterly boundary surface,
WEB) well represents the three-dimensional
structure of both the pressure and wind fields,
and the tilt of the WEB is subject to the hori-
zontal meridional temperature gradient in the
vicinity of the WEB. Based on this concept,
the climatological features associated with the
Asian summer monsoon onset are examined in
relation to the variation of the WEB tilt. Main
findings of the present study are summarized
as follows:

1) In the Asian monsoon area and in winter,
the ridgelines of the subtropical anticyclone
at various levels in the troposphere are contin-
uous and exhibit a relatively zonal structure.
The WEB tilts southward with increasing
height and the mean position of the WEB is
closer to the equator. In summer, the ridgelines
of the subtropical anticyclone in the middle and
lower (upper) troposphere are discontinuous
(continuous) and the WEB either tilts north-
ward or is vertical, with the mean position of
the WEB being located at 25–30�N. May is the
period when the structure of the subtropical
anticyclone varies most significantly.

2) During the seasonal transition, the tilt
of the WEB changes from southward to north-
ward. When the WEB becomes perpendicular
to the surface or tilts northward, the meri-
dional temperature gradient vanishes or be-
comes positive, implying the replacement of the
winter monsoon by the summer monsoon. De-
fining the seasonal transition axis (STA) at the
location where the WEB is vertical, it is found
that the STA first occurs over eastern BOB and
Indochina during the first pentad of May. The

STA is also the boundary between the winter
and summer types of the subtropical high. The
onset of the Asian summer monsoon circulation
is therefore closely associated with the location
of the STA. The monsoon onset over eastern
BOB and the Indochina Peninsula (South China
Sea) concurs with the break of the 850- and
700-hPa (400-hPa) ridgelines. The migration
of the STA, as well as evolutions of the OLR
and the lower tropospheric wind fields, indicate
that the establishment of the Asian summer
monsoon consists of at least three stages in the
climate mean, first over BOB and the Indo-
china Peninsula, then the South China Sea
(SCS) and finally South Asia.

3) The SCS summer monsoon (SCSSM) onset
exhibits a close relation to the STA. The clima-
tological dates derived from four variables: the
meridional mean temperature gradient near
the WEB, zonal wind shear, zonal wind at low
levels, and convection are mostly consistent.
Considering that the thermodynamic basis of
the seasonal transition is the reversal of the
tropospheric temperature gradient in the vicin-
ity of the WEB, the area-averaged meridional
mean upper tropospheric (200–500 hPa) tem-
perature gradient in the vicinity of the WEB
is suggested as an index for determining the
SCSSM onset. The SCSSM onset date obtained
using this index is compared with the onset
dates determined by the area-averaged 850-
hPa zonal winds and OLR. The results show
that in a large number of individual years, the
dates determined by the three indices are con-
sistent, which indicates that the initiation of
the STA, or the reversal of the meridional tem-
perature gradient, captures the essential fea-
ture associated with the SCSSM onset.

6.2 Discussion
This study introduced another index, the

MTG, to define the onset of the Asian summer
monsoon. An obvious question is why is yet an-
other index necessary and why it is better than
the others. Traditional definitions of the onset
generally utilize rainfall, OLR, low-level winds
or their combinations. However, all these at
most characterize the two-dimensional evolu-
tion of the monsoon. On the other hand, the
WEB and STA describe the three-dimensional
changes circulation around the onset time so
that differences and similarities, as well as

Table 1. Correlation coefficients between
the SCS monsoon onset indices. See
text for the definition of these indices.

Index MTG U850 OLR

MTG 1 0.870 0.706

U850 1 0.829

OLR 1
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linkages, among the different components of
the Asia monsoon can be better understood.
Furthermore, the STA can be used in practice
as a guide to determine correctly the domain
used for calculating the MTG in defining the
onset.

In the boreal spring, temperature differences
between the polar region and the equator grad-
ually decrease with an increase in solar radi-
ation. Differential heating of various spatial
scales exists in the Asian monsoon region. In
addition to the importance of planetary-scale
thermal contrasts, the land-sea differential
heating on the synoptic scale may help the ear-
lier switch of the WEB tilt at lower levels. The
results in this study show that the Asian sum-
mer monsoon onset depends to a great extent
on the reversal of the meridional temperature
gradient in the vicinity of the WEB in the mid-
dle and upper troposphere. The next step in
this investigation is to identify what factors or
processes that cause such a reversal. Of course,
the Tibetan Plateau as an elevated heat source
and its thermal contrast with the adjacent
ocean are the important factors. The question is
how they affect the temperature fields near the
WEB. Statistically, in the long-term mean and
in most of the individual years, the SCSSM on-
set date determined by the meridional temper-
ature gradient slightly lead those by 850 hPa
zonal wind and OLR, which may imply the
meridional temperature gradient to a certain
extent has the potential for predicting the
SCSSM onset. These questions should be fur-
ther explored.
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Appendix

Table A1. Dates of the SCS monsoon onset for
each year (month-day)

Year MTG U850 OLR

1958 5-14 5-21

1959 5-16 5-26

1960 5-14 5-27

1961 5-10 5-15

1962 5-13 5-18

1963 5-28 5-30

1964 5-10 5-16

1965 5-10 5-21

1966 4-29 4-30

1967 5-19 5-20

1968 5-20 5-24

1969 5-19 5-22

1970 5-09 5-10

1971 5-03 5-08

1972 5-10 5-07

1973 5-07 6-03

1974 5-26 5-26

1975 5-09 5-28 5-31

1976 5-08 5-14 5-20

1977 5-14 5-15 5-13

1978 5-18 5-18

1979 5-13 5-13 5-12

1980 5-12 5-14 5-16

1981 5-11 5-11 6-02

1982 5-06 5-29 6-01

1983 5-22 5-18 6-04

1984 4-28 4-27 4-28

1985 5-26 5-27 5-27

1986 5-11 5-10 5-14

1987 5-20 6-07 6-03

1988 5-20 5-20 5-20

1989 5-15 5-17 5-16

1990 5-16 5-17 5-14
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