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Abstract

The space-time evolution of intraseasonal convection and circulation anomalies in the 10-25-day period
range over East Asia and western North-Pacific Monsoon regions are explored for four early summer seasons
from 1991 to 1994. The paper primarily focuses on the linkage between tropical convection over the South
China Sea, and lower-tropospheric circulation over the East Asian subtropics on this time scale. The
composite results show that quasi-periodic fluctuations of convection on the 10-25-day time scale over the
South China Sea, are associated with large-scale circulation in the Asian-Pacific region. The development
of subtropical circulation and convection takes place through changes in large-scale circulation on this time
scale. ' ’

10-25-day enhanced (suppressed) convection occurs in conjunction with well-organized cyclonic (anti-
cyclonic) circulation anomalies over the South China Sea. A downstream wave train extending from the
South China Sea into the North Pacific, is built up in the lower troposphere associated with this convective
activity. This wave train is probably interpreted as a Rossby mode response to the anomalous heating
(cooling). Following the peak of enhanced convection, the East Asian subtropical anomalous anti-cyclone
maintains its strength as part of this wave train, and couples with enhanced subtropical convection along
the northern flank of this anti-cyclonic cell. This development of convection in the subtropical frontal zone
is due to an increase in the low-level westerlies at the northern flank of this anti-cyclonic circulation. In
addition, this subtropical anomalous anti-cyclone moves southwestward from the subtropics into the South
China Sea region, and appears to initiate subsequent suppressed convection. In contrast, the southwestward
migration of subtropical cyclonic anomalies also occurs following the inactive convection over the South
China Sea, and this behavior appears to trigger the subsequent active convection over this region. These
features suggest that mutual interactions between the tropics and the subtropics on this time scale play
important roles on the variability of monsoon convection and circulation over East Asia, and western North
Pacific.

In the upper level strongest divergent outflow (convergent inflow) occurs in the convective (non-
convective) region and the significant wave train is maximally intensified in the mid-latitude at the con-
vective peak. Upper-level circulation also appears to be forced by heating (cooling) located over the South
China Sea region. These circulation features confirm that 10-25-day variations of convection over the South
China Sea are one of the effective forcings for the large-scale circulation during the early summer season.

1. Introduction investigators have focused on relationships between
the equatorial eastward propagating 30-60-day con-
. X . vective oscillations, which is the so-called Madden-
ies have docun'lent.ed the va,rlous-aspects .Of the - Julian Oscillation (MJO) discovered by Madden and
‘traseasona-l oscillations of cqnvecthn and Flrculatlf)n Julian (1971, 1972) and the monsoon circulation
in the Asian monsoon region. Since high-quality systems. These previous studies have shown that

global objective analysis data sets have been avail- the MJO is cou .
) . pled with the northward propagat-
able after the 1979 FGGE (First GARP [Global ing trough/ridge system which appears as activi-

Atmos;ﬁeor;Eies&arch Pr%gramJ Gl;)bal Experi- ties of the Asian summer monsoon (e.g., Yasunari,
ment)/ (Monsoon Experiment) year, many 1981; Krishnamurti and Subrahmanyam, 1982; T.
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During the past two decades or so, numerous stud-
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On the other hand, the intraseasonal oscillations
in 10-20-day period range have also been noticed in
the Indian monsoon region by M. Murakami (1976),
Yasunari (1979), Krishnamurti and Ardanuy (1980),
Krishnamurti and Bhalme (1976), and Chen and
Chen (1993b). Though most of these studies have
found some common features of the 10-20-day mode
in this region, a more generalized view of this mode
with the data of many summer seasons has not been
well investigated yet.

Comparatively fewer studies have documented
variations on this shorter intraseasonal time scale
in the East Asian summer monsoon (EAM)
(Lau, 1992), and western North-Pacific monsoon
(WNPM) (T. Murakami and Matsumoto, 1994) re-
gion. Analyzing the seasonal and the intraseasonal
variability associated with the EAM, Lau et al.
(1988) found a 20-day oscillation of the precipitation
during the Mei-yu regime. A recent study by Chen
and Chen (1995) noted the effect of the 12-24-day
mode on the onset, and break of the South China Sea
monsoon for the summer MONEX period. Lau and
Yang (1996) found the rainfall oscillations, with a
distinct time scale of about 15-20 days, in the Indo-
China and Fast Asian region. These oscillations be-
come prominent after the sudden jump of the ITCZ
(Inter Tropical Convergence Zone) from the equa-
tor to 10°-20°N, which corresponds to the onset of
monsoon convection'in mid-May to early-June.

Although variations in the 10-20-day band have
been found in those previous studies, an accurate
description of the'role of tropical convection on this
time scale, in affecting the circulation over the EAM
and WNPM region during summer has been lim-
ited. A question may arise how tropical convection
on this time scale affects large-scale circulation. Of
particular interest is the linkage of convective activ-
ity in the South China Sea region with the subtrop-
ical frontal zone called the Baiu frontal zone (BFZ)
during the early summer season. In general, the
primary contribution of tropics for the formation of
the BFZ is the supply of moisture by low-level pole-
ward flow along the periphery of the Pacific sub-
tropical anti-cyclone (e.g., Ninomiya and Muraki,
1986; Kato, 1989; Kodama, 1992, 1993). However,
substantial roles of the 10-20-day mode in the circu-
lation change in the BFZ region have not been well
understood. As will be shown later, this short-term
intraseasonal variability seems to be one of the im-
portant components for tropical-extratropical inter-
actions in the various space and time scale, as well
as the MJO time scale variations during the early
summer season.

We will focus on the space-time evolution of con-
vection and circulation anomalies on the 10-25-day
intraseasonal time scale in the EAM and WNPM

region. This slight broader band based on the spec-

tral results is selected in this study. We will examine
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the composite relationships between tropical convec-
tion, and large-scale circulation changes on this time
scale in the early summer season from June through
July, particularly relevant to the EAM of 1991-94.
This period almost corresponds with the Baiu sea-
son (Ninomiya and Akiyama, 1992). An emphasis
is laid on convective activities over the South China
Sea, and the corresponding subtropical circulation
and convection. The possible processes responsible
for subsequent development of lower-tropospheric
subtropical westerlies and convection are presented.
In addition, upper-level circulation changes associ-
ated with convective activity are also described. In
Section 2, we describe the data and method used
for the present analysis. In Section 3, the mean
convection and circulation features during the early
summer season are shown. The results of time se-
ries analysis of OLR anomalies are presented in Sec-
tion 4. The propagation properties are also stated in
this section. Composite relationships between 10—
25-day convection over the South China Sea, and
large-scale circulation anomalies, are presented in
Section 5. The possible dynamics of the convection
and circulation systems are discussed in Section 6.

2. Data and methodology

The primary datasets used in this study are the
ECMWEF/TOGA basic level III global analyses ob-
tained from the National Center for Atmospheric
Research (NCAR), and the outgoing longwave radi-
ation (OLR) dataset produced by NOAA/CDC (Cli-
mate Diagnostics Center). The ECMWF archive
contains six meteorological variables for every 12
hours (0000 and 1200 UTC) on a 2.5°x2.5° grid at
12 pressure levels. We extracted the horizontal wind
at 200 and 850 hPa from this dataset. The twice-
daily data at 0000 and 1200 UTC are averaged to
form the daily mean data. The stream functions
were computed from the wind data using the spec-
tral transform method by the spherical harmonic
truncation at R25.

In the present analysis, we used the datasets of the
four northern summers (May-September) of 1991-
94. For all variables, seasonal trend of each summer
was removed prior to the time series analysis, by
subtracting the quadratic trend at each grid point.
The seasonal mean of each summer was also removed
from daily time series. We applied the spectral anal-
ysis by the fast Fourier transform (FFT) method to
all the anomalies thus obtained to investigate the
prominent period range of fluctuations in selected lo-
cations. Butterworth band-pass filter (Kaylor, 1977)
was applied to the time series of each anomaly in
order to examine the intraseasonal fluctuations of
the large-scale circulation and convection. Hsu and
Lin (1992) applied this filtering procedure, and they
successfully removed the high-frequency variability
to investigate the low-frequency teleconnection pat-
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Fig. 1. Distributions of mean fields during the early summer season (June-July) for 1991-1994. The
June-August period is employed exceptionally for 1993. (a) OLR and 850-hPa wind field. Contour
interval is 10 W m™2. The regions of OLR values less than 240 W m~? are shaded. (b) 200-hPa wind

field and isotaches of zonal wind. Contour interval is 10 m s

contours are dashed.

terns on the intraseasonal time scales. The compos-
ite technique was also applied in order to examine
the structure of convection and circulation on this
intraseasonal time scale. Details of this technique
are described in Section 5.

3. Large-scale mean conditions

In this section we describe the large-scale mean
circulation and convective activities during the early
summer season (see Fig. 1) since we intend to ex-
amine the intraseasonal variations during the pe-
riod when the BFZ is prominent. For this purpose,
we employ the June-July period to describe the ba-
sic feature of this season. However in the summer
of 1993, the activities of subtropical front in East
Asia did not disappear even after late-July and per-
sisted for abnormally long period (Kodama, 1997),

~1, with zero contour omitted. Negative

and prominent convection zone was maintained in
the subtropics by mid-August. Therefore a notable
interaction between the tropics and the subtropical
frontal systems may have occurred even after late-
July. For this reason, the June-August period was
employed as the early summer season exceptionally
in 1993.

Figure 1a shows the four years composites of OLR
and 850-hPa wind fields in June-July (June-August
in 1993), which represents the mature stage of the
Indian monsoon and the Baiu. ITCZ extends from
the Bay of Bengal to the Philippines, located at 5°—
15°N with enhanced convection over these regions.
The wind speed of the monsoon westerlies from the
Arabian Sea increases in May (not shown), and these
westerlies converges the South China Sea. The con-
fluence zone from the westerly and the easterly is re-
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markably seen over the Philippine Islands. The BFZ
in East Asia is established with a zonally stretched
structure along the northern periphery of the Pacifc
subtropical high.

The upper-level circulation pattern at 200-hPa
level averaged through the same period as Fig. la
is shown in Fig. 1b. Antl-cyclomc circulation cen-
tered to the south of Tibetan plateau (i.e., Tibetan
high) emerges. Cross-equatorial northeasterly flow
is established over entire tropical monsoon region.
We can also see that the axis of mid-latitude Asia
and Pacific jet lies around 40°N. These characteris-

tics are accompanying the Indian monsoon onset as

documented by many previous studies.

4. Statistical analyses and temporal charac-
teristics

We apply some statistical analyses to the de-
trended OLR anomalies to demonstrate the basic
characteristics of 10-25-day signals before the com-
posite analysis. We also intend to detect the re-
markable convection events for the composite anal-
ysis that will be applied in the next. section.

4.1 Power spectrum of OLR

A spectral analysis was performed to the dally
OLR anomalies at selected grid points in order to
determine the optimal filtering band for later anal-
yses. We chose time series at 17.5°N, 115°E from
May to September 1991-94, which is the location
of the total variance maximum in the WNPM re-
gion. The red-noise spectrum and its corresponding
95% confidence level obtained from a first-order red
noise model (Gilman et al., 1963; Mitchell, 1966) afe
also shown. Ko and Vincent (1995, 1996) used these
methods of estimation of power spectral density and
the significance test, and they could detect the sig-
nal on shorter (5-20-day) intraseasonal timescales.

A significant spectral peak at 18 days in four years
ensemble power spectrum is found in Fig. 2. This
peak that exceeds the 95% confidence curve is cen-
tered on the distinct 10-25-day range. Another peak
in periods greater than 30 days associated with the
MJO convection is also found here. These charagc-

teristics indicate that the South China Sea region .

is important for the growth of MJO time scale con-
vection, as cited by many previous mvestlgatlons
On the whole, the existence of the prominent 10-25-
day oscillations of convection is one of the important
parts of the variation of the ITCZ. The example of
spectra given here is similar to that by Chen and
Chen (1995).

4.2 Spatial distribution of OLR variability

Figure 3 presents the geographical distribution of
the variance of OLR for the 10-25-day band, and its
percentage to total variance over the entire Asian
monsoon region. Figure 3a gives the variance for
the 10-25-day period range for the early summer

Journal of the Meteorological Society of Japan

Vol. 77, No. 3

OLR May-Sep 1991 -94
20000 —prrrrrr
95% Conhden Ievel SCS
N 17.5N":115E]
E
N
< 10000
(]
3
Q
Q.
102 10!
~ period(days)

Fig. 2. Ensemble power spectrum of May
to September 1991-94 OLR. daily time
series (153 days) for the point 17.5°N,
115°E. Red noise spectrum (dotted
curve) and its 95 % confidence level
(solid curve) are also shown.

seasons of 1991-94 stated in Section 3. The vari-
ance is ensemble average of individual seasons. It
is apparent that the region of highest power exists
over the South China Sea where the strong signal of
the 10-25-day period range is found in the spectral
result (Fig. 2). It is interesting to note that a large
power greater than 400 W2 m™* is partly seen in
the BFZ region. In the lower panel (Fig. 3b), a high
percentage greater than 30 percent of the total vari-
ance covers the South China Sea. The characteris-
tics mentioned above indicate that the South China
Sea region is the center of action of OLR fluctuations
of this time scale during this season, and that is an
appropriate base region to investigate the coherent
fluctuations of circulation with this convective sig-
nal.

4.3 Time sequences of convective activity in the base
TegLon

The detrended daily OLR anomalies (thin line),
and the corresponding anomalies based on 10-25-
day filtered values (thick line) over the South China
Sea in an area 110°-120°E, 10°-20°N, are depicted
in Fig. 4. It can be seen that the quasi-periodic
oscillations of convection on this time scale became
active from the beginning of June in 1991, 92, 94. In
1993, this signal became prominent from late-June,
and most active events appear in July through mid-
August. Black dots in each figure represent the peak
phases of active convection events on the 10-25-day
timescale, with the peak values of less than -1.0
standard deviation (—18.4 W m~2) during the early
summer season. We perform the composite analy-
sis in the following section with reference to these
filtered anomalies and selected convection events.

4.4 Propagation characteristics

The examples of the propagation properties of 10-
25-day filtered OLR and zonal wind anomalies, are
given in the composite longitude-time diagrams of
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Fig. 3. (a) Variance of OLR in the 10-25-day band for the same period as Fig. 1. (b) Percentage of total
variance in the same band for the same period as (a). Contour interval is 100 W? m™* in Fig. 3a,
5 % in Fig. 3b. Shading denotes values less than 300 W? m™* in Fig. 3a, less than 25 % in Fig. 3b.

OLR and zonal wind anomalies illustrated in Fig. 5.
It is a well-known feature that these short-term in-
traseasonal oscillations occur in the form of west-
ward propagations over the tropical monsoon re-
gion (e.g., Nakazawa, 1986; Chen and Chen, 1993b,
1995). We have also confirmed this marked charac-
teristic in the South China Sea region. These cross-
sections are constructed based on the time series of
OLR anomalies in Fig. 4. Day 0 is corresponding
to the enhanced convective peak selected in the pre-
vious subsection. Averaged phase speed of =7.6 m

s~! westward are estimated in this diagram. This

westward phase speed is faster than that of the 20~
70-day range at about —5 m s~! along 15°N as noted
by Wang and Xie (1997).

5. Space-time evolution of convection and
circulation anomalies

In the previous section, some prominent, features
of convective signals were seen from the time series
analysis. To better understand the relationships be-
tween 10-25-day convection over the South China
Sea and the large-scale circulation anomalies, daily
OLR and wind anomalies at 850~ and 200-hPa levels
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Fig. 4. Time series of OLR anomalies (thin
line) and 10-25-day filtered anomalies
(thick line)' 'avereged over 10°-20°N,
110°-120°E in individual summers. The ;
black dots represent the selected ac-
tive convection events for the composite
analysis.

are examined through the composite analysis in this
section.

5.1 Composite procedure

The space-time evolution of variables associated
with tropical convective activity will be described
using the composite anomalies constructed on the
basis of filtered time series shown in Fig. 4. We
divide complete cycles of filtered OLR anomalies,
which include convection events previously selected
into the eight categories (phases). A total of 15 cy-
cles during the early summer season were selected
for the composting technique. This composite vari-
ation of convection index is given in Fig. 6. Cat-
egory 3 is assigned to the phase when the OLR
anomaly becomes minimum, while Category 7 is as-
signed to the phase when the OLR anomaly becomes
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maximum. These categories correspond to the ac-
tive phase and the inactive phase of the convection.
The composite value of OLR anomaly at negative
(positive) peak is about —30 (30) W m~2. These
values correspond to about —1.6 (1.6) standard de-
viation in this base region. Category 1 is the transi-
tion phase from the maximum to the minimum, and
Category 5 is denoted as the opposite situation to
Category 1. Category 2, 4, 6 and 8 are assigned to
the ‘intermediate phases. Comp031te maps for OLR
and any other variables were made referring to these
categories, in order to examine the behavior of con-
vection and circulation anomalies. The statistical
local significance at 95 % level of each composite
map was tested by the same method described in T.
Murakami (1987).

5.2 The evolution of OLR and lower circulation
anomalies

Figure 7 represents successive composite maps of
OLR and circulation anomalies of the 10-25-day
component from Category 1 to 8. The OLR negative
(positive) anomalies less (greater) than —5 (5) W
m~? are darkly (lightly) shaded. The vectors where
either u or v component surpasses the 95 % local
confidence level according to a standard t-test are
plotted. The stream function anomalies are drawn
in an entire region.

At Category 1 westerly anomalies appear in the
southern portion of the South China Sea and the
western l?aciﬁc prior to the development of convec-
tive s1gnal An anti-cyclonic circulation is decaying
over the Indo-China peninsula. A cyclonic circula-
tion is located in the subtropical region in the west-
ern North-Pacific.

During the period from Categories 1 to 3, a cy-
clonic circulation in the subtropics moves southwest-
ward .and westerly anomalies also move westward
into the South China Sea. Negative OLR anoma-
lies develop and cover the South China Sea region
rapidly. In Category 3, this OLR signal reaches its
minimum, which is exactly the peak of enhanced
convection. A cyclonic disturbance develops in con-
junction with enhanced convection at this stage.
Concurrently a wave train is built up from the South
China Sea to the North Pacific. An anti-cyclonic
circulation centered at 30°N, 135°E in the subtrop-
ics emerges as part of this wave train. Anomalous
northeasterly flow as southeastern part of this sub-
tropical anti-cyclonic cell is clearly seen. These tran-
sient wind anomalies imply a decrease of westerlies
in the variation of the total wind field. Positive
OLR anomalies cover the subtropical region along
20°-30°N, indicating that anomalous convection is
suppressed in this region.

At Category 4, which is the phase just after the
convective peak, a cyclonic circulation moves west-
ward to the Indo-China peninsula and weakens be-
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Fig. 5. Composite longitude-time diagram along 5°-15°N of 10-25-day band-pass filtered anomalies. (a)-

OLR anomalies. Contour interval is 5 W m
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Fig. 6. Composite variations of the 10-25-day filtered
OLR anomalies avereged over the same area as in
Fig. 4.

cause of decaying convection. Anomalous westerlies
extend westward from the South China Sea to the
Arabian Sea. This feature implies that the monsoon
westerly flow is accelerated in these regions. On the
other hand an anti-cyclonic circulation in the sub-
tropics is more intensified than in Category 3. It is
also worth noting that significant easterly anoma-
lies are found in the tropical western Pacific to the
southeast of Philippines.

~2

with negative anomalies are shaded. (b) Zonal wind
with negative anomalies are shaded.

We next examine the phases following convective
maximum over the South China Sea (through Cate-
gory 5 to 8). From Category 5 to 6, a cyclonic distur-
bance over the South China Sea-Indo-China penin-
sula weakens further and disappears. The spreading
of positive OLR anomalies results in suppressed con-
vection over the South China Sea and Philippines.
Easterly wind anomalies propagate westward from
the east of Philippines into the South China Sea
along 5°-10°N. While in the subtropical region, an
anti-cyclonic circulation maintains its strength and
is migrating southwestward into the South China
Sea. Westerly wind and negative OLR anomalies
start developing at the northern flank of this anti-
cyclonic cell. The negative OLR anomalies become
more zonally elongated and shift southward coupled
with this migrating anti-cyclone. This OLR signal
reveals that anomalous convection is enhanced in
the BFZ region around 110°-140°E.

In Category 7, the pattern of OLR and circula-
tion anomalies is reversed as compared to that in
Category 3. Suppressed convection and an anoma-
lous anti-cyclonic circulation can be seen over the
South China Sea region. Southwestward migration
of this anti-cyclonic circulation during Category 4
through 7 appears to initiate suppressed convection
in this region. An out of phase wave train pattern
as compared to Category 3 extends from the South
China Sea to the North Pacific. A cyclonic circu-
lation, which is part of this wave train, emerges
in the BFZ region. Anomalous enhanced convec-
tion around 30°N is co-located with this anomalous
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Composite June-July 1991-94 (ex. June-Aug. 1993)
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Fig. 7. Spatial distribution of composite OLR, 850-hPa stream function and vector wind anomalies in
the 10-25-band from Category 1 through Category 8. Contour interval is 3.0x10° m® s~'. OLR
anomalies less (greater) than —5 (5) W m~2 are darkly (lightly) shaded. Only locally statistically

significant wind vectors are shown.

anomalies blow up from the east of the Philippines
to the Bay of Bengal. This signal decelerates the
monsoon westerlies in the total wind field. An
anomalous ridge is apparently seen over the Bay of

trough. This zonally oriented subtropical convective
band is coupled with subtropical westerly anomalies
as southern flank of this anomalous trough.

From Category 7 through 8, intensified easterly
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Fig. 7. (Continued)

Bengal and Indo-China Peninsula, which may corre-
spond with the break condition over these regions.
A southwestward migration of a cyclonic circulation
from the subtropics into the South China Sea from
Category 8 to 2 seems to trigger the next convective
disturbance in the South China Sea region.

From this time sequence, it is apparently seen
that the low-level circulation anomalies associated
with 10-25-day convection have an well-organized
structure. The life cycle of a cyclonic (anti-cyclonic)

circulation accompanied by enhanced (suppressed)
convection is clearly seen in the South China Sea re-
gion. Significant wind anomalies appear also in the
subtropical frontal zone. This is due to the genera-
tion of an anti-cyclonic (cyclonic) circulation that
is part of the wave train arching into the North
Pacific. This pattern is probably regarded as a
Rossby wave response to tropical heating over the
South China Sea. This wave train nature is similar
to the MJO-scale Rossby wave emanation from the
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Fig. 7. (Continued)

WNPM region to mid-latitude during an entire sum-
mer season indicated by Kawamura et al. (1996).
The present composite wave patterns in Fig. 8 have
almost wavenumber 6 scale. The sizes of anomalous
cells in Fig. 8 seem to be smaller than in the MJO
case.

Development of subtropical wind anomalies may
affect the contemporaneous OLR fluctuations in the
BFZ region. Especially during Category 4 to 7, the
enhanced convective area having zonally elongated
shape is coupled with the westerly anomalies at the
northern flank of anti-cyclonic cell. This subtropical
convection may be reinforced by moisture transport,
and its convergence associated with the maintenance
of this anti-cyclonic circulation.

In order to clarify this point, we examine the mois-
ture field in the lower troposphere. Figure 8 shows
the composite fields in the moisture fluxes by the
10-25-day component and its convergence at 850-
hPa level. Here the zonal component of the 10—
25-day filtered moisture flux can be written as qu
where v is the zonal component wind, ¢ is the spe-

cific humidity, a hat indicates the 10-25-day filtered
transients. Meridional component is also estimated
in the same manner. The time sequence of com-
posite moisture field from Category 5 through 7 is
presented here. The pattern of these vector fields
is very similar to the composite wind fields given in
Fig. 7. The local westerly moisture flow is evident
over the subtropics in association with the south-
westward migrating anti-cyclonic circulation. In ad-
dition the convergence area extends around 30°N
from Category 5 to 7. In the specific humidity (§)
field (Fig. 9), significant anomalous moisture band
develops in the BFZ region with eastward progres-
sion, This feature suggests that moist air accumu-
lates in the subtropical region during this period.
These features overlapped with the subtropical con-
vective band (Fig. 7) suggest that local increase of
moisture transport contributes to the enhancement
of subtropical convection.

It should be noted from the aforementioned char-
acteristics that tropical convection on the 10-25-day
timescale could have significant impact on the low-
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through 7 ‘at 850 hPa. Negative (con-
veregent) regions are shaded. Contour
interval is 2x107® g kg™t s71.

level circulation along the coast of East Asia as part
of the dynamical interactions between the tropics
and the extratropics.

5.8 Clirculation anomalies in the upper troposphere

Variations in upper-level circulation associated
with 10-25-day convective activity in the South
China Sea region are also examined. Composite

midity anqmaliés. Contour _interval is
0.2 g kg~! ‘and locally statistically sig-
nificant regions are-shaded.

anomalies of OLR and 200-hPa wind for Category 2
through 4 are presented in Fig. 10 to show the cir-
culation features before and after the stage of peak
convection. In Category 2, which is just before
the convective peak, a downstream wave train from
China into the North Pacific has already emerged.
In Category 3, which is the convective peak, di-
vergence pattern is most intensified with the cen-
ter of divergence near the convective maximum,
which is obviously associated with upward motion
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due to anomalous heating. Cross-equatorial outflow
(northerly) is apparent over the maritime continent.
An anti-cyclonic pattern in contrast to the low-
level cyclonic circulation implies a baroclinic verti-
cal structure of the disturbance over the heating. A
well-developed downstream wave train arching into
the North Pacific, which is probably forced as a train
of Rossby waves can be seen. A cyclonic circulation
accompanied by ‘westerly and southwesterly diver-
gent flow is located to the north of divergent center
at about 30°N. One can also observe that poleward
wind anomalies blow toward an anti-cyclonic circu-
lation over Japan. The location of this anti-cyclonic
circulation is almost consistent with that at 850-hPa
level (Fig. 8). Following the convective peak (Cate-
gory 4), the mid-latitude wave train decays slightly.
Westerly anomalies to the north of the divergent
center progress westward along 15°N-20°N.

In Category 7 (not shown) the circulation pattern
is reverse as compared to Category 3. The center of
convergent inflow exists over the South China Sea in
contrast to Category 3. As seen before, anomalous
convection at this stage is extremely suppressed.
Downward motion that dominates this stage sug-
gests that periodical changes of the local Hadley cir-
culation occur as shown by Chen and Chen (1995).
There is a wave train extending to the North Pacific,
which is probably excited by anomalous cooling over
the South China Sea region.

In short, systematic changes due to 10-25-day
convective activity in the South China Sea region
are found also in upper-level circulation over a broad
region from Southeast Asia through the North Pa-
cific. The divergent outflow occurs in response to
anomalous heating. A downstream wave train in
the mid-latitude and westward propagating wind
anomalies along the off equatorial tropics is clearly
shown. Ambrizzi et al. (1995) detected the upper-
level waveguide for 10-30-day waves in the Asian
and Pacific westerly jet during the JJA season.
The location of the wave train in Fig. 11 is in
good agreement with their results. Moreover, the
present connections between tropical convection and
upper-level wave train roughly resemble to those be-
tween the sub-monthly (6-30 days) scale tropical
convection, and forced upper level waves provided
by Kiladis and Weickmann (1992), Schrage and
Vincent (1996), and Meehl et al. (1996). Though
Kiladis and Weickmann (1997) also investigated
convection on the sub-monthly time scale over the
South China Sea and. associated circulation during
the JJA season, significant wave train dose not seem
to appear in their results. However, our present re-
sults suggest that conveéction in the 10-25-day range
over the South China Sea is one of the key factors
for the generation of upper-level waves on this time
scale, over a broad Asian and Pacific region during
the early summer season.
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Before the end of this subsection, we provide the
barotropic component of stream function anoma-
lies at Category 3 in order to stress the existence
of Rossby wave emanation on this time scale. The
barotropic component is decomposed from the 850-
and 200-hPa value of stream function anomalies 1/3,
which is expressed by (1200 + ¥s50)/2. A significant
wave train emanating from southern China through
the eastern North-Pacific is seen in Fig. 11. This
wave train is almost arching along a great circle
route connecting 22.5°N, 115°E and 40°N, 140°E.
This feature indicates that monsoon convection on
this time scale can generate a barotropic Rossby
wave train from the WNPM region to the mid-
latitudes.

6. Summary and discussion

In this paper, some features of large-scale circula-
tion associated with regional convective events oc-
curring in the 10-25-day range during the early sum-
mer season were investigated. It is found that the
quasi-periodic oscillation of convection in the South
China Sea region is closely connected to the circu-
lation and convection in the whole Asia-Pacific re-
gion. In addition, the tropical-extratropical linkage
in the large-scale circulation systems excited by this
convection is identified. These characteristics are
summarized and discussed in the present section.

High amplitude OLR fluctuation on the 10-25-
day timescale is prominent over the South China
Sea. The fluctuation of this time scale explains more
than 30 percent of total variance during the early
summer season. The maximum OLR variability on
this time scale is located over the South China Sea
during the early summer season.

Results of the composite analysis indicate that
well-defined convective disturbance develops over
the South China Sea in the lower level. Enhanced
(suppressed) convection is associated with a cyclonic
(anti-cyclonic) circulation at 850-hPa level. These
disturbances are also associated with zonal wind
variation along the off equatorial tropics along 5°—
15°N. These tropical westerly (easterly) anomalies
propagate westward from east of Philippines to the
Arabian Sea, which causes increasing (decreasing)
signals of the monsoon westerly flow. This propa-
gating nature is in contrast to that of the MJO time
scale variation. As has been shown in many of pre-
vious studies, zonal wind anomalies associated with
the MJO progress eastward from the Arabian Sea
and penetrate to the western Pacific along the posi-
tion of mean monsoon westerlies.

This convective activity over the South China Sea
is.closely connected to the circulation and convec-
tion in the BFZ region. An anti-cyclonic circulation
located at the subtropics mear Japan turns up as
part of a downstream wave train arching into the
North Pacific following the convective peak. Local
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westerlies at the northern flank of this anti-cyclonic
cell play a role to accelerate the low-level subtropical
westerlies near the East China Sea and Japan. In
addition, the anomalous convection is coupled with
these wind anomalies and its coverage area forms
a zonally elongated band in the subtropics. The
intensification of this subtropical convection is at-
tributed to theincrease of moisture transport associ-
ated with the maintenance of this local anti-cyclonic
circulation. For better understanding the simultane-
ous relationships between the 10-25-day convection
over the South China Sea and that in the subtrop-
ics, composite maps. of the total stream function at
850 hPa and OLR less than 220 W m~2 for the ac-
tive and inactive phases of the convection over the
South China Sea are illustrated in Fig. 12. At the ac-
tive phase (Category 3), the monsoon trough deep-
ens and extends to. the convective maximum over
the South China Sea region. At the same time,
there is little convective activity with OLR less than
220 W m ~2 in the subtropics. At the inactive phase
(Category T7), the convective activity and trough
weakens over the South China Sea and the subtrop-
ical ridge over the western North-Pacific seems to
be more tight than the active phase. On the other
hand, the development of zonally elongated zone of
low OLR less than 220 W m ~2 is evident in the BFZ
region. This feature indicates a substantial increase
of subtropical convection at this stage.
Furthermore, in upper-level circulation, diver-
gence (convergence) patterns are prominent at the
peak of enhanced (suppressed) convection over the
South China Sea, which implies that a periodical
change of the local Hadley circulation arises from

s™!. Locally statistically significant reions are shaded. A bold line indicates the great circle route.

this convective activity. An upper-level wave train
emerges in the mid-latitude in response to this trop-
ical convection. These features suggest that this
quasi-periodic convective activity is an effective forc-
ing for the upper-level circulation.

It is worth noting that the tropical-extratropical
linkage is remarkable on the 10-25-day timescale in
the lower level. A significant wave train is formed
in Category 3 to 4 (7 to 8). As a basic state, mean
westerlies are located continuously from the tropi-
cal monsoon region to the North Pacific in this sea-
son. These mean basic westerlies probably act as
a wave duct, which create a favorable condition for
Rossby wave propagation induced by local convec-
tive heating (cooling) on this time scale. This situ-
ation resembles the wave propagation from WNPM
region to the North Pacific on longer timescales
(e.g., Tsuyuki and Kurihara, 1989; Kawamura et
al., 1996). It is reasonable to suppose that the same
mechanism can also be applied to the present re-
sults.

In addition, an anti-cyclonic (cyclonic) circula-
tion is built up near Japan as part of a downstream
wave train. These subtropical cells maintain their
strength and move southwestward into the South
China Sea region. The maintenance of these cells is
likely to be caused by the interaction between 10-25-
day transients and time-mean flow. Further dynami-
cal analysis on the maintenance of 10-25-day wave is
required to support this hypothesis. Southwestward
retrograding anti-cyclonic (cyclonic) circulation ap-
pears to be trapped by the tropical monsoon wester-
lies, and trigger the suppressed (enhanced) convec-
tion over the South China Sea. At the same time
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the suppressed {enhanced) convection seems to force
the anti-cyclonic (cyclonic) circulation. The mutual
interaction between this southwestward moving cell
and convection, as a two-way interaction between
the tropics and the subtropics may contribute to the
development of disturbance over this region.

The dynamics of the amplification of convective
disturbance over the South China Sea is one of the
remarkable aspects to be explored. The compos-
ite horizontal structure of disturbance in the lower
level at the convective peak (Fig. 7) seems to resem-
ble that of the asymmetric equatorial Rossby mode
simulated by Xie and Wang (1996). Xie and Wang
(1996) and Wang and Xie (1997) discuss the impor-
tance of the vertical easterly shear of the mean zonal
flow and the surface friction-induced moisture con-
vergence in the mean moist unstable condition for

Y. Fukutomi and T. Yasunari

767

development of unstable disturbance over the tropi-
cal monsoon region. The mean flow conditions dur-
ing the present analysis period are similar to the ba-
sic state for their model experiment. However, the
primary track of circulation anomaly in the WNPM
region in Fig. 7 seems to be different from that by
Wang and Xie (1997). The northwestward travel-
ing nature of disturbance seen in their study is not
prominent in the present case. Detailed observa-
tional analyses based upon high-quality data and
further comparison with theoretical modeling stud-
ies are required to understand the formation of the
disturbance on this shorter time scale over the South
China Sea.

Overall, we have focused mainly on the observa-
tional evidence for the evolution of large-scale cir-
culation systems associated with 10-25-day convec-
tion over the South China Sea during the early
summer season. Some interesting characteristics
are shown on the basis of the composite results al-
though we have examined only four early summer
seasons. The composite results have presented a se-
ries of evidences of the linkage between the ITCZ
in the WNPM region, and the subtropical conver-
gence zone (STCZ) (Kodama, 1993) in the EAM
region on this shorter intraseasonal time scale. Fur-
ther investigation about the modification of the sub-
tropical circulation through the multi-scale tropical-
extratropical interaction in this season would be re-
quired. We also need to check whether the series
of observational results are reproduced in current
GCM results or not. Investigation on this shorter
intraseasonal mode probably provides useful infor-
mation to extended-range weather forecasting as de-
scribed by Ko and Vincent (1995, 1996). Although
our present discussions are concentrated primarily
on 10-25-day variations, the dynamical relationship
between convective disturbance in the 10-25-day
range and the MJO time scales should be examined,
including the regional interaction between the trop-
ics and the extratropics on these time scales. This
aspect will be reported elsewhere.
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NEOERT7 7 S LUEBALKFEFEICAS NS
MmiEEN & BIRIBD 10-25 HEEHNTEH

REEH
(SRS I ERRHE 22 R )
TRE=
(B AF IR FR)

1991-94 FEWEOET V7 B X UTEHILKTFHETE V 2 — VI BT A3 7IEE & BERIED 10-25 BE
HMEHAEEICIOWTT — Y BITE1To 720 I, FRMA Yy —VCEET A28 Y Tl LOXTIES & X
TIOTHEBEBOTRERSOBBRICERL, oV RY v VENZER L TRAXNLER, ZOMiRiEE s
T VT -KFEBORBEBERSOEHICEBELTBY, Ihi@B U CERAFBOBBRISEOREEZ L /12D
FHITE A S % o 72,

By TiELED 10-25 H AT — VOMREEIL, ZOER (RER) BICETRORLAE (BRE) HEER
RELFE-oTVD, FNODOE — FEHIIERE ¥ MRS 5 AL RKFFEICED» o TEAIMTHEE S, Zhiud
m#k () RZEICHT 5 Rossby G Th B L EX bND, BT HBLEOFRBEHOFE RO~ 125 &
BWTZOREFNO—E5sE LTHRT V7 BERIBICEE T 2 BRIERRZIX. FRIBo 2 TR AERHS
REILL. ZOBOHEATIESOMILICTESTAI LD TE S, AR OBERESRRE IR >
FHICD o THEEL, Y FHELOROTHEOIFI 25 ZRI LTWwb, HICH Y HELORE
FERFICE| X CTHARIE» CEAET 2 EAEERZEZZ. ROE Y FELOTREHOERILE 7256
To INOOFHI. RRHEA T — N OT-HAF B OMEIEMRL, REBOE Y X — VEROEHIC
EoTEERBREN*RITEELRL TS,

B LR IC BTk, FRFBA 7 — VOFRIEEOER (RER) BEICE ¥ F L Tl EE (IUR)
BHFET A L FRBICHREREAFTORIEEN RS EILINTBY . T ONREEIILERD LEHE
WML TWAZ LR RET S, LEDEICLY, B TilELD 10-25 HEMOMIRIES X, ED
KEAEERIE TT AR L EH L LTOREZ2RTIEERINT,
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