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ABSTRACT

The establishment of the upper-level South Asian high (SAH) over the Indo-China Peninsula (ICP) during late boreal
spring and its possible causes are investigated using long-term NCEP–NCAR and ERA-40 reanalysis and satellite-observed
OLR data. Results show that, from early March to mid-April, deep convection stays south of ∼6◦N over the northern
Sumatran islands. As the maximum solar radiation moves over the latitudes of the ICP (10◦–20◦N) in late April, the air over
the ICP becomes unstable. It ascends over the ICP and descends over the adjacent waters to the east and west. This triggers
deep convection over the ICP that induces large latent heating and strong updrafts and upper-level divergence, leading to the
formation of an upper-level anticyclonic circulation and the SAH over the ICP. During early to mid-May, deep convection over
the ICP intensifies and extends northwards to the adjacent waters. Strong latent heating from deep convection enhances and
maintains the strong updrafts and upper-level divergence, and the SAH is fully established by mid-May. Thus, the seasonal
maximum solar heating and the land–sea contrast around the ICP provide the basic conditions for deep convection to occur
preferentially over the ICP, which leads to the formation of the SAH over the ICP from late April to mid-May. Simulations
using RegCM4 also indicate that the diabatic heating over the ICP is conducive to the generation and development of upper-
level anticyclonic circulation, which leads to an earlier establishment of the SAH.
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1. Introduction
The South Asian high (SAH) is the strongest high-

pressure system in the upper troposphere in boreal summer
over the Asia–Pacific region. It covers a large area from
South Asia to the western Pacific. The SAH is a major com-
ponent of the Asian summer monsoon system and acts as
a linkage between the tropical and Asian monsoon circula-
tions (Flohn, 1960; Mason and Anderson, 1963; Tao and Zhu,
1964; Rodwell and Hoskins, 2001; Miyasaka and Nakamura,
2005; Tang and Guan, 2015). The SAH is also referred to
as the Tibetan high, as it moves to, and often stays over, the
Tibetan Plateau during boreal summer.

Before its seasonal movement towards the Tibetan
Plateau in early June, the position and strength of the upper
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lever anticyclone vary considerably during the preceding
months of boreal winter and spring. The center of the upper-
level anticyclone is usually located east of the Philippines
over the western Pacific before March, moves westward in
April, and the SAH finally establishes over the Indo-China
Peninsula (ICP) during late April and early May. In late May,
the SAH starts to move towards the Tibetan Plateau, and ar-
rives there typically around 7 June (Luo et al., 1982; Zhu et
al., 1980; He et al., 2003). Luo et al. (1982) noted that there
are four distinct northward jumps of the SAH ridge line at
120◦E, with the first jump around 16 May; the second cross-
ing 25◦N from 5 to 10 June, which marks the onset of mei-
yu monsoon rainfall over the middle to lower reaches of the
Yangtze valley; the third occurring around late June to early
July, with the SAH ridge traveling from 28◦N to 31◦N; and
the final jump happening around 10–15 July, with the ridge
line reaching 33◦N.

Qian et al. (2002) divided the SAH seasonal cycle into
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two states: a winter and a summer mode. In winter (October–
April), the upper-level anticyclone is located over the west-
ern Pacific Ocean (140◦–170◦E), with its ridge line south of
15◦N. The winter upper-level anticyclone is relatively weak
and covers a small area. In summer (May–September), the
SAH is over the Asian continent, with its ridge line around
30◦N, one of its two centers positioned over the Tibetan
Plateau (90◦E), and the other over the Iranian Tableland
(60◦E). There is, however, a different view (Liu et al., 2000)
that considers the high over Pacific waters in winter and the
summer SAH as independent systems, with the former be-
ing dynamic and the latter being thermal-driven. Thus, the
transition period from winter to summer, especially from late
spring to early summer, is very important for investigating
upper-level anticyclone activities.

As a vigorous upper-level circulation system, the south–
north swing of the SAH’s ridge line, the east–west oscilla-
tion of its center, and its seasonal northward jump and south-
ward withdrawal, greatly impact the onset and movement of
the whole East Asian summer monsoon and the advance and
maintenance of the monsoon rainbelt over East China (Zhu
and He, 1985; Wu and Zhang, 1998; Li and Mu, 2001; Zhang
and Qian, 2002; Tan et al., 2005; Yang and Li, 2005; Zhang
et al., 2006; Ke and Guan, 2014; Han et al., 2015; Lu et al.,
2015). The activities of the upper-level anticyclone from late
spring to early summer are associated with the establishment
of the summer monsoon over the South China Sea (SCS)
(Qian et al., 2004). Because of weak influences from the sur-
face, the seasonal movements of the anticyclone at upper lev-
els are more distinguishable and earlier than the changes of
wind at lower levels (Liu et al., 2004; Qian et al., 2004). Qian
et al. (2004) suggested that the swift westward movement of
the upper-level anticyclone from the western Pacific Ocean
into the ICP around the end of April is a precursor to the im-
minent seasonal transition, meaning the location of the SAH
can be used to predict the onset time of the Asian tropical
summer monsoon.

Figure 1 shows the long-term mean streamline and geopo-
tential height fields at the 150-hPa level for 14 April, 26 April
and 10 May, based on NCEP–NCAR (left-hand column) and
ERA-40 (right-hand column) reanalysis data. The two re-
analyses exhibit broadly consistent features, with only some
small-scale differences. Around mid-April, the upper-level
anticyclone is over the waters southeast of the Philippines
(Figs. 1a and d). Subsequently, the anticyclone moves west-
ward and, around late April, it evolves into a two-cored struc-
ture, with one core situated over the waters southeast of the
Philippines and the other over the southeastern part of the
ICP (Figs. 1b and e). Such a two-cored structure is main-
tained until early May, when the western core intensifies and
moves northwestward to the ICP and the anticyclone’s ridge
line moves from 10◦N to around 15◦N, accompanied by a
14285-gpm center in the height field (Figs. 1c and f). This
marks the initial establishment of the SAH over the ICP. By
mid- to late May, the western circulation center stays steadily
over the ICP and intensifies further, in contrast to the east-
ern core which continues to weaken to divergent flow (not

shown). At that time, the SAH is fully established over the
ICP. According to Liu et al. (2013), the convection over the
southern Philippines can excite the initial appearance of the
SAH over the southern SCS around 20 April. Why, then,
does the SAH travel westward rapidly from the SCS to the
ICP around the end of April? What are the causes of this
westward movement? Is it related to the thermal heating over
the ICP? Does this movement resemble the SAH’s migration
towards the Tibetan Plateau, which follows the seasonal max-
imum thermal heating over Asia (Qian et al., 2002; Liu et al.,
2004)? These questions will be discussed in this study.

2. Data and method
We use NCEP–NCAR (Kalnay et al., 1996) and ERA-40

(Uppala et al., 2005) reanalysis daily data on a 2.5◦ × 2.5◦
grid for atmospheric winds, temperature, specific humidity,
geopotential height, and surface fields. Satellite-observed
daily data of OLR for 1979–2008 from NOAA are also used
to show areas with deep convection.

The atmospheric total diabatic heating rate (Q1) is esti-
mated using the apparent heat sources computed with the in-
verse calculation scheme developed by Yanai et al. (1973),
which takes the form of

Q1 = Cp


∂T
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+ VVV · ∇pT +

(
p
p0

) R
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ω
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 , (1)

where Cp is the specific heat of air, T is air temperature,
p0=1000 hPa, p pressure, θ potential temperature, VVV hori-
zontal vector winds, ω vertical pressure velocity, and R is the
gas constant of air. An overbar indicates it is a grid-box mean.
Integrating over the whole air column, we have

〈Q1〉 = 1
g

∫ ps

pt

Q1dp ≈ LP + S + 〈QR〉 , (2)

where 〈 〉 is integrating over the whole air column, ps is the
surface pressure and pt is the upper limit (set to 100 hPa),
L is the latent heat of condensation, P is precipitation, LP is
the latent heat flux, S is the surface sensible heat flux, 〈QR〉
is the vertically integrated radiative heating rate, and g is the
gravitational constant of Earth.

The model used in this study is RegCM4, based on
RegCM3 (Giorgi et al., 2012). In recent years, many re-
searchers have used RegCM4 to simulate the climate mean,
extreme climate events and precipitation anomalies in the
East Asian monsoon region and found it to perform well in
simulating the East Asian climate (Zou and Xie, 2012; Gong
et al., 2015; Zhang et al., 2015).

The simulation domain in this study covers central and
southern China, the Indian Ocean, the SCS, and western Pa-
cific regions, with the center located at (15◦N, 120◦E). The
horizontal resolution is 100 km (120 × 80 grid points) and
there are 18 vertical levels. A Lambert projection is per-
formed and the integration time step is 180 s. Physical pack-
ages include the Grell cumulus parameterization scheme with
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Fig. 1. Long-term mean streamline and geopotential height (shading; units: gpm) fields at 150 hPa from the (a–c)
NCEP–NCAR (1979–2008 mean) and (d–f) ERA-40 (1979–2001 mean) reanalysis data for (a, d) 14 April, (b, e) 26
April, and (c, f) 10 May. Dotted box areas represent ICP (10◦–20◦N，97◦–107◦E).

the closure assumptions of Fritsch and Chappell, the PBL
scheme of Holtslag et al. (1990), the lateral boundary scheme
of exponential relaxation approximation, and the ocean flux
parameterization scheme of Zeng et al. (1998).

3. Establishment of the SAH over the ICP and
associated convection

3.1. Evolution of OLR around the ICP from March to
June

Low values (<240 W m−2) of OLR from satellite obser-
vations are often associated with cold high-cloud tops formed
during deep convection, and thus are used to locate deep con-
vection at low latitudes (Haque and Lal, 1991). Figure 2
shows the time–longitude (top) and time–latitude (bottom)
cross section of the 1979–2008 mean OLR averaged over the

ICP region. The OLR data (Fig. 2a) suggest that deep con-
vection appears first over the ICP (97◦–107◦E) around 24–25
April, and then extends west- and eastward into the eastern
part of the Bay of Bengal (BOB, 85◦–97◦E) in early May and
into the SCS (110◦–120◦E) in mid-May when the summer
monsoon begins. Further examination reveals that the onset
of deep convection over the ICP coincides with the time when
the upper-level anticyclone splits into a two-cored structure
(cf. Figs. 1b and e).

Figure 2b suggests that deep convection in the ICP sector
(97◦–107◦E) stays over Sumatra, south of 6◦N, in March,
slowly moves northward in early–mid April, and then jumps
northward abruptly in late April to cover the whole ICP
(10◦–20◦N). He et al. (2006) also drew the same conclusion.
In May and June, deep convection over the ICP becomes
stronger when the SAH core sits steadily over the ICP. The
sudden northward jump of the deep convection zone from
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Fig. 2. The (a) longitude–time (averaged over 10◦–20◦N) and
(b) latitude–time (averaged over 97◦–107◦E) cross section of
satellite-observed 1979–2008 mean OLR (units: W m−2).
Shaded areas represent active convection. The solid (dashed)
lines denote OLR values less (greater) than 240 W m−2.

Sumatra to the ICP around late April coincides with the es-
tablishment of the upper-air SAH over the ICP.

It is well known that latent heat released during deep con-
vection can influence the atmospheric thermal state, thereby
affecting atmospheric circulation (Liu et al., 1999, 2004; Wu
et al., 2015). What, therefore, are the characteristics of the
atmospheric heating over the ICP before, during and after ac-
tive convection from April to June? What are the changes in
the associated atmospheric circulation? Do the changes of at-
mospheric heating in this period play a key role in the SAH’s
establishment over the ICP? To address these questions, we
next analyze the atmospheric diabatic heating rate (Q1) and
meridional circulation over the ICP during this period.

3.2. Evolution of diabatic heating, vertical velocity and
meridional circulation from April to June

Based on the daily evolution of 150-hPa streamline and
height fields, we focus on three key phases for the SAH’s
establishment over the ICP: the pre-establishment (11–20
April), initial establishment (24 April to 3 May), and late
stage of establishment (6–15 May). Figure 3 shows the
latitude–height cross section of the 1979–2008 mean atmo-
spheric diabatic heating rate (Q1, contours), vertical velocity
(shading), and meridional-vertical circulation (arrows) aver-

aged over 97◦–107◦E for the three aforementioned phases of
the establishment of the SAH. During the pre-establishment
phase, the diabatic heating center in the mid–upper tropo-
sphere (500–400 hPa) is located mainly over northern Suma-
tra (0◦–6◦N), where strong rising motion also occurs (Fig.
3a). Combined with the OLR data (Fig. 2), these results sug-
gest that convection is very active over northern Sumatra dur-
ing the pre-establishment phase, leading large latent heating
in the mid–upper troposphere there. During this period, the
diabatic heating (<2.5 K d−1) over the ICP (10◦–20◦N) is rel-
atively weak and centered below 600 hPa, which indicates
that convection is shallow and is not fully developed at this
time (Fig. 3a).

During the initial establishment phase (24 April to 3 May)
of the SAH, the diabatic heating (up to 3.5 K d−1) and vertical
motion over the ICP become stronger and deeper, with vigor-
ous updrafts reaching 200 hPa and over a larger domain (Fig.
3b). Vigorous deep convection over the ICP releases large
amounts of latent heat and causes strong upper-level diver-
gence to facilitate the formation of an anticyclone at higher
levels over this region. This leads to the formation of the
strong core of the SAH over the ICP during late April to early
May, which is in agreement with Fig. 1b. At the same time,
the diabatic heating and vertical motion over northern Suma-
tra weaken and spread northward towards the ICP, which help
enhance the rising motion over the ICP (Fig. 3b).

During the late stage (6–15 May) of the SAH’s estab-
lishment (Fig. 3c), the diabatic heating and vertical motion
over the ICP become even more vigorous, while they are very
weak and diffused over northern Sumatra. Figures 2b and 3c
together suggest that the center of deep convection is now lo-
cated over the ICP. The convection releases still more latent
heat, leading to a heating rate of 2.5 K d−1 and enhanced di-
vergence at the 150-hPa level.

The above results show that the northward movement of
the deep convection center from northern Sumatra to the ICP
from mid-April to early May plays a key role in the estab-
lishment of the SAH over the ICP during this same period.
From late April to early May, the deep convection moves
rapidly from northern Sumatra into the southern ICP. This
leads to strong diabatic heating in the mid–upper troposphere
and causes large divergence at the 150-hPa level, thereby
forming an anticyclone (i.e., the SAH) over the ICP during
late April to early May. By mid-May, convection is also very
active and deep over the BOB and the SCS (Fig. 2a). The tro-
pospheric latent heating and upper-level divergence produced
by these convective activities around the ICP further enhance
the upper-level anticyclone over the region. This marks the
full establishment of the SAH over the ICP.

4. Causes of the northward jump of convec-
tion

The remaining question is why the center of deep convec-
tion jumps to the ICP from northern Sumatra during late April
to early May. Naturally, one may relate this to the seasonal
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Fig. 3. Latitude–height cross sections of the 1979–2008 mean
atmospheric diabatic heating rate (Q1; contours; units: K d−1),
vertical velocity (−ω×10−2; shading; units: Pa s−1), and merid-
ional and vertical winds (vectors; units: m s−1), averaged over
97◦–107◦E, for (a) 11–20 April, (b) 24 April to 3 May, and (c)
6 May to 15 May, based on NCEP–NCAR reanalysis data.

movement of the maximum solar heating. Figure 4 shows
the latitude–time cross section of the 1979–2008 mean clear-
sky downward solar radiation at the surface averaged over the
ICP sector (97◦–107◦E). It can be seen that the maximum so-
lar heating moves northward from around 5◦S on 5 March
to around 15◦N in late April to early May. It is clear that
the abrupt northward jump of deep convection from northern
Sumatra to the ICP during late April (Fig. 2b) coincides with
the significant enhancement of the maximum solar heating in

late April over the ICP (Fig. 4). In particular, the contour lines
of 355 W m−2, or larger jumps from south of the Equator in
early March to the ICP (10◦–20◦N) in late April, indicate the
onset of strong seasonal solar heating over the ICP.

Figure 5a shows that solar radiation over the ICP in-
creases rapidly from early March to late April, when it peaks.
With the large solar heating over the ICP land areas, the
geopotential height difference at 150 hPa between the ICP
and the waters east of the Philippines also increases during
this period, and it reverses sign (i.e., with larger height over
the ICP than over the sea) in late April (Fig. 5a). This marks
the initial stage of the SAH’s establishment.

The change in the sensible heat flux caused by the in-
creased surface solar radiation flux is much greater over the
continent than over the ocean (Fig. 5b). Compared to the
BOB and SCS at the same latitude, the sensible heating is
stronger over the ICP, which can arouse ascending motion
along the lateral boundary of the ICP, and converge the air
from the surrounding areas in the lower layer to the upper
troposphere. When water vapor is sufficient, this effect can
enhance the potential instability of the atmosphere and trig-
ger convection.

Figures 5a and c suggest that the increase in the geopo-
tential height over the ICP is closely associated with the in-
creased atmospheric diabatic (mostly latent) heating over the
ICP, and the increases in atmospheric latent heating come
from intensifying convection over the ICP during late April
and early May (Fig. 2). Thus, atmospheric deep convection
and the associated latent heating are together the primary
cause for the development of the SAH over the ICP in late
April and early May.

Figure 6 further illustrates the differences in diabatic heat-
ing, divergence and vertical motion between the ICP and the
waters to the east and west at the same latitudes. During all
three phases of the SAH’s establishment from mid-April to
mid-May, air rises over the ICP sector (97◦–107◦E). From
11 to 20 April (Fig. 6a), the ascending motion over the ICP

Fig. 4. Latitude–time cross section of 1979–2008 mean clear-
sky downward solar radiation (units: W m−2) averaged over
97◦–107◦E, based on NCEP–NCAR reanalysis data.
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Fig. 5. (a) Seasonal evolution of 1979–2008 mean clear-sky downward solar radiation
(plus signs; units: W m−2) averaged over the ICP (10◦–20◦N, 97◦–107◦E), and the
geopotential height difference (units: gpm) at 150 hPa between (10◦–20◦N, 97◦–107◦E)
and (10◦–20◦N, 140◦–150◦E), based on NCEP–NCAR (open rectangles) and ERA-40
(black dots) reanalysis data. (b) Seasonal evolution of 1979–2008 mean surface sen-
sible heat flux (units: W m−2) averaged over the ICP [(10◦–20◦N, 97◦–107◦E); plus
signs], BOB [(10◦–20◦N, 85◦–95◦E); black dots], and SCS [(10◦–20◦N, 110◦–120◦E);
open rectangles], based on NCEP–NCAR reanalysis data. (c) Seasonal evolution of
the 1979–2008 mean atmospheric integrated total diabatic heating (〈Q1〉; black dots;
units: W m−2) and latent heating (open rectangles; units: W m−2) averaged over the
ICP (10◦–20◦N, 97◦–107◦E), based on NCEP–NCAR reanalysis data.
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Fig. 6. Longitude–height cross section of the 1979–2008 mean
atmospheric diabatic heating rate (contours; units: K d−1), di-
vergence (shading; units: 10−6 s−1), and zonal and vertical
winds (arrows; units: m s−1) averaged over 10◦–20◦N for (a)
11–20 April, (b) 24 April to 3 May, and (c) 6–15 May, based on
NCEP–NCAR reanalysis data.

appears throughout the entire troposphere, while descending
motion appears over the western BOB, which is consistent
with the theory of Rodwell and Hoskins (1996) that deep con-
vective heating can excite westward moving Rossby waves
that induce subsidence to the west of the diabatic heating.
During 24 April to 3 May (Fig. 6b), the ascending motion
over the ICP enhances and weak air rises over the eastern
BOB, which favors the onset of the BOB summer monsoon
(Liu et al., 2013). During 6–15 May (Fig. 6c), the ascending

motion over the SCS and eastern BOB further enhances, es-
pecially over the ICP regions. The intensity of the rising mo-
tion and upper-level divergence over the ICP increases from
mid-April to mid-May, while the changes over the adjacent
waters are relatively small during the same period. These re-
sults help explain why deep convection starts first over the
ICP in late April, rather than over the waters to the east and
west Fig. 2a. They show that, as the maximum solar heating
jumps to 10◦–20◦N in late April (Fig. 4), large surface sensi-
ble heat fluxes over the ICP land areas make the air there rel-
atively unstable compared with the air over the waters to the
east and west. This leads to rising motion and deep convec-
tion over the ICP land areas and mostly descending motion
over the adjacent waters in March and April (Fig. 6). Strong
latent heating from deep convection (Fig. 5b) maintains and
enhances the updrafts and upper-level divergence, causing an
anticyclonic high-pressure center (i.e., the SAH) over the ICP
from late April to mid-May.

From the above, the establishment of the SAH is closely
associated with the thermal heating over the ICP. The move-
ment of the upper-level anticyclone from the western Pacific
waters to the ICP following the maximum diabatic heating
from late April to mid-May resembles the SAH’s migration
towards the Tibetan Plateau from late May to early June,
which also follows the seasonal maximum thermal heating
over Asia (Qian et al., 2002; Liu et al., 2004).

5. Numerical simulations of the establishment
of the SAH over the ICP

The above analysis indicates that the establishment of the
SAH over the ICP during April to May is closely associated
with the onset of convection there. Using RegCM4, the pro-
cess of the SAH’s establishment is simulated in a series of
sensitivity experiments in which we change the atmospheric
heating over the ICP. The simulations are performed for the
year 2004, which was featured a typical establishment of the
SAH over the ICP accompanied by a two-cored structure (Hu,
2006). The initial and lateral boundary conditions are from
the NCEP–NCAR reanalysis data for that year, with a reso-
lution of 2.5◦ × 2.5◦ at 6-h intervals, including air tempera-
ture, geopotential height, vertical velocity, relative humidity,
meridional and zonal wind, surface pressure, and other phys-
ical fields. The weekly mean SST data on a 1◦ × 1◦ grid are
used to drive RegCM4. The simulations run from 1 April
2004 to 31 May, producing one output per day. The sensitiv-
ity experiments are designed as follows (Figs. 7a and b):

(1) Positive heating anomaly experiment (EX+): A dia-
batic heating anomaly, with a heating rate of 8 K d−1 and
centered at (15◦N, 102◦E), is placed over the ICP at 387 hPa.
In the horizontal direction, there are nine grids on both the
east and west sides of the center and eleven grids on both the
north and south sides. The heating rate decreases to zero in
the form of a cosine function from the center to the boundary.
In the vertical direction, the heating decreases at a certain rate
from the center to the upper and lower levels, respectively.



176 ESTABLISHMENT OF THE SOUTH-ASIAN HIGH VOLUME 34

Other conditions are the same as in the control experiments.
(2) Negative heating anomaly experiment (EX−): Apart

from the heating anomaly over the ICP being multiplied by
−1 both in the horizontal and vertical direction, all other con-
ditions are the same in EX− as in EX+.

In the 200-hPa streamline fields in the control run (Figs.

8a–c), the anticyclonic circulation splits into two centers in
the fifth pentad of April, with one lying above the ICP (the
west center) and the other above the ocean to the east of
the Philippines (the east center), i.e., a “two-cored” structure.
Thereafter, the west center continues to develop and enhance,
while the east one weakens. The duration of the SAH’s

Fig. 7. (a) Vertical profile of the heating rates prescribed in EX+ over the ICP (units: K d−1). (b) Horizontal
distribution of the diabatic heating in EX+ (units: K d−1).

 520 

 521 

 522 

 523 

Fig. 8. The streamline fields at 200 hPa in 2004 from the (a–c) control run and (d–f) NCEP–NCAR reanalysis, for the
(a, d) third pentad of April, (b, e) fifth pentad of April, and (c, f) first pentad of May.
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establishment is from late April to early May. The simu-
lated characteristics of the westward and northward move-
ment of the anticyclonic circulation over South Asia—from
the ocean to east of the Philippines, to the ICP through a split
of the center—are consistent with the results from the NCEP–
NCAR reanalysis data (Figs. 8d–f). Therefore, RegCM4 per-
forms well in simulating the establishment of the SAH.

Figure 9 shows the pentadly evolution of the streamline
fields at 200 hPa in the positive heating anomaly experiment
over the ICP (EX+) and the difference between EX+ and con-
trol runs. The marked discrepancies exist at the beginning
of the establishment of the SAH, so the differences from the
third pentad to the fifth pentad of April are presented here.
The center of anticyclonic circulation over the ocean to the
east of the Philippines starts to split up in the fourth pentad
of April. A center appears over the eastern BOB and ICP
(Fig. 9a), which marks the initial establishment of the SAH
over the ICP. Subsequently, the west center keeps developing
and strengthening (Figs. 9b and c), and then steadily remains
over the ICP in the sixth pentad of April, indicating the full
establishment of the SAH. From the difference between EX+

and the control runs, it is apparent that an anticyclonic cir-
culation anomaly appears over the BOB to the western ICP
in the third pentad of April, corresponding to the negative

vorticity anomaly (Fig. 9d). As the anticyclonic circulation
anomaly expands over the whole ICP, the SAH completes its
establishment over the region (Figs. 9e and f). Compared to
the results from the control run, the start time of the SAH’s
establishment is one pentad earlier in EX+. Additionally, the
time when the SAH is fully established over the ICP is two
pentads earlier.

From the pentadly evolution of the streamline fields at
200 hPa in EX− (Fig. 10), it is apparent that the center of
anticyclonic circulation is located over the ocean to the east
of the Philippines in the third and fourth pentads of April.
The ICP region is located on the periphery of the anticy-
clonic circulation (Fig. 10a). Compared to the results from
the control run, the anticyclonic circulation over the ICP is
weakened in EX−. Thereafter, the anticyclonic circulation
center keeps moving westward to the SCS in the fifth pen-
tad of April, rather than splitting into two centers (Fig. 10b).
The center moves to the ICP in the sixth pentad of April (Fig.
10c), which marks the initial establishment of the SAH. From
the difference between EX− and the control runs, it is found
that the regions including the whole ICP and its northern ar-
eas are controlled by the cyclonic circulation anomaly from
the third to the fifth pentad of April. The positive vorticity
anomaly maintains over the region, which is not conducive
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Fig. 9. The streamline fields at 200 hPa in EX+ over the (a–c) ICP for the (a) fourth pentad of April, (b) fifth pentad
of April, and (c) sixth pentad of April, and the (d–f) difference in streamline fields and relative vorticity (values greater
than 1 are in dark shading and less than −1 in light shading; units: 10−5 s−1) between EX+ and the control run for the
(d) third pentad of April, (e) fourth pentad of April, and (f) fifth pentad of April.
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Fig. 10. As in Fig. 9 but for the EX−.

to the establishment of the SAH over the ICP (Figs. 10d–f).
It should be noted that there is no split in the anticyclonic
circulation center during the process of the SAH’s establish-
ment. Thus, the SAH’s establishment in EX—is significantly
different from that in EX+. The SAH is established in EX−
through the gradual westward movement of the anticyclonic
circulation center to the ICP, rather than through disintegrat-
ing into two centers. In addition, the time when the SAH
is fully established over the ICP is one pentad later than the
result from the control run. According to the above results,
the diabatic heating released from deep convection over the
ICP from spring to summer is in favor of the establishment of
SAH.

6. Summary
In this study we analyze reanalysis and satellite data to

investigate the processes that lead to the formation of the
upper-level (150 hPa) SAH over the ICP from late April to
mid-May. Both the NCEP–NCAR and ERA-40 reanalysis
data show that, from late April to early May, the upper level
anticyclone migrates swiftly from western Pacific waters to
the ICP, with the upper-level anticyclonic circulation gradu-
ally weakening over the waters east of the Philippines. Dur-
ing this period, the 150-hPa circulation over this region shows
a “two-cored” structure, with a strong core over the ICP and

a weak core over the Pacific Ocean southeast of the Philip-
pines. The strong center over the ICP, referred to as the SAH,
stays over the ICP until late May.

Satellite OLR data show that deep convection over the
ICP sector (97◦–107◦E) stays over the northern Sumatran Is-
lands (south of 6◦N) from early March to mid-April, when the
maximum solar heating moves from ∼5◦S to ∼10◦N. During
this period, atmospheric convection is weak and shallow over
the ICP, and surface solar radiation over the ICP increases
rapidly and reaches a maximum around late April. This re-
sults in large surface sensible heating over the ICP land areas,
which increases atmospheric instability and triggers convec-
tion over the ICP. By late April, rising motion and deep con-
vection occur over the ICP, accompanied by descending mo-
tion over the waters to the east and west of the ICP. Strong
latent heating from deep convection enhances and maintains
the ascending motion and upper-level divergence, forming
an anticyclonic circulation and the SAH at the 150-hPa level
over the ICP.

During early–middle May, deep convection over the ICP
intensifies and extends further northward and also east- and
westward to over parts of the BOB and SCS. By mid-May,
vigorous convection centered over the ICP produces strong
updrafts and large upper-level divergence, marking the full
establishment of the SAH over the ICP.

Thus, the seasonal maximum solar heating and land–sea
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contrast around the ICP provide the basic conditions for deep
convection to preferentially occur over the ICP, which leads
to the formation of the SAH over the ICP from late April
to mid-May. Simulations using RegCM4 also indicate that
the diabatic heating over the ICP favors the generation and
development of the upper-level anticyclonic circulation and
appearance of the “two-cored” structure, which leads to the
earlier establishment of the SAH.

In essence, this movement of the upper-level anticyclone
from the western Pacific waters to the ICP following the max-
imum diabatic heating from late April to mid-May is similar
to the SAH’s northwestward movement to the Tibetan Plateau
from late May to early June, which also follows the seasonal
maximum thermal heating over Asia, as noticed previously
(Qian et al., 2002; Liu et al., 2004).
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