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ABSTRACT

Meiyu-baiu is the major rainy season from central China to Japan brought by a zonally elongated rainband
from June to mid-July. Large-scale characteristics and environmental forcing of this important phenomenon
are investigated based on a reanalysis dataset. The meiyu-baiu rainband is accompanied by a trough of sea
level pressure, horizontal shears, and sharp moisture gradients near the surface, a westerly jet tilted northward
with height, and large northeastward moisture transport from the south.

The analysis here reveals the westerly jet as an important culprit for meiyu-baiu. Along the rainband, mean
ascending motion corresponds well with a band of warm horizontal temperature advection in the mid-
troposphere throughout summer. This adiabatic induction of upward motion originates from the advection of
warm air by the westerlies from the eastern flank of the Tibetan Plateau. The ascending motion both induces
convection and is enhanced by the resultant condensational heating. The westerly jet anchors the meiyu-baiu
rainband also by steering transient eddies, creating periods conducive to convection through convective in-
stability and adiabatic updrafts. Indeed, in meiyu-baiu, the probability distribution of convective instability
shows large spreads and is strongly skewed, with a sharp cutoff on the unstable side resulting from the ef-
fective removal of instability by convection. Thus, active weather disturbances in the westerly waveguide
explain a paradox that convection is active in the meiyu-baiu rainband while mean convective instability is
significantly higher to the south over the subtropical North Pacific warm pool. In addition to the westerly jet,
low-level southerly winds over eastern China between the heat low over Asia and the subtropical high
pressure belt over the Pacific are another important environmental forcing for meiyu-baiu by supplying
moisture. A conceptual model for meiyu-baiu is presented, and its implications for seasonal and interannual
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variations are discussed.

1. Introduction

Early summer climate of East Asia is characterized by
a quasi-stationary rainband that extends from southeast
China to Japan (e.g., Ninomiya and Murakami 1987; Tao
and Chen 1987). This rainband brings the major rainy
season, called meiyu in China and baiu in Japan, to these
densely populated regions. The meiyu-baiu rainband
displays large variability on time scales from hours to in-
terannual, making it perhaps the single most important
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climatic phenomenon of East Asia. Abnormally low
rainfall in the meiyu-baiu season causes a shortage of water
and affects socioeconomic activity. When meiyu-baiu is
very active, on the other hand, torrential rain may occur,
causing flooding and mudslides. For example, the 1998
Yangtze River flood caused 3004 deaths and displaced 14
million people, with a total of $24 billion in economic loss.

In the Yangtze River valley of China and central Japan,
meiyu-baiu commences in early to mid-June and ends
in mid-July, during which a zonally elongated rainband
covers China, Japan, and the northwestern Pacific along
30°-40°N (Fig. la). Within this rainband, mesoscale
disturbances develop accompanied by intense convec-
tion and heavy rain (e.g., Ninomiya and Shibagaki 2007).
In this study, the meiyu-baiu rainband refers to the en-
tire rainband including its eastward extension beyond
Japan, while meiyu and baiu rainbands refer to the
sections over China and Japan, respectively. Meiyu-
baiu is part of the East Asian summer monsoon. Major
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FIG. 1. Climatology in meiyu-baiu season (16 Jun—15 Jul). (a) GPCP precipitation [contour interval: 2 mm day !, with light (dark)
shading for 4-8 (>8 mm day !)]. (b) Sea level pressure (thick lines at every 2 hPa) and relative vorticity of 1000-hPa geostrophic wind
[thin lines at every 5 X 10™° s~ ! with light (dark) shading for 0—5 (>5 X 10~® s ). Topography above 1.5 km is black.] (c) Equivalent
potential temperature at 850 hPa (solid lines at every 2 K) calculated following Bolton (1980), with shading where its equatorward
gradient is greater than 1.2 K (deg lat) ', (d) Potential temperature at 925 hPa (solid lines at every 1 K), with shading where its equa-
torward gradient is greater than 0.5 K (deg lat)~". (¢) Specific humidity at 925 hPa (solid lines at every 1 g kg~ '), with shading where its
equatorward gradient is greater than 0.4 g kg~ ! (deg lat)~!. (f) Horizontal moisture flux at 925 hPa (arrows; g kg~ - m s~ ') and its
convergence (thin lines at every 1 g kg~ ' day~ ' with light and dark shading for 1-2 and >2 g kg ! day'). Negative contours are dashed.

rainfall first appears in the South China Sea (SCS), In-
dochina Peninsula, and Philippines around mid-May,
and then migrates northward to the Yangtze River
Valley and Japan to form the meiyu-baiu rainband. In
mid-July the rainband abruptly migrates again to north-
ern China and Korea to end meiyu-baiu (e.g., Ding and
Chan 2005; Wang and LinHo 2002).

An extensive literature exists on meiyu-baiu (Akiyama
1973; Chen and Chang 1980; Kodama 1992; Ninomiya
and Shibagaki 2007, and references therein). Several

major reviews have recently been published, including
Ding and Chan (2005), and monographs edited by Chang
(2004) and Wang (2006). A brief summary of large-scale
features of meiyu-baiu follows. The meiyu-baiu rainband
forms on the northern boundary of a warm moist air mass
in the subtropics. Moisture transport by the southwesterly
flow along the western rim of the North Pacific subtropical
high (NPSH) feeds the rainband (Akiyama 1973; Kodama
1992). The low-level southwesterly flow from the Indo-
china Peninsula and SCS is also an important source of



1 JANUARY 2010

moisture. Heavy rainfall is occasionally observed in
the rainband, with midtropospheric warming and moist-
ening as a consequence of active cumulus convection
(Ninomiya 1980). The meiyu-baiu rainband is accom-
panied by characteristic frontal structures in the lower
troposphere, which is called the meiyu-baiu front, and
can be identified as sharp gradients in specific humidity
and equivalent potential temperature (Ninomiya 1984)
and as a horizontal wind shear line (Akiyama 1973).
Unlike moisture, the low-level temperature gradient is
weak over China and modest around Japan, so the
meiyu-baiu front is different from the traditional warm/
cold front or “polar front” defined as the boundary be-
tween warm and cold air masses. Ninomiya (1984)
pointed out that the baiu front is a “‘subtropical front”
characterized by a thick moist layer with moist-neutral
stratification on the south flank, with a sharp poleward
decrease in moisture.

The meiyu-baiu onset is associated with a northward
shift in the NPSH axis to about 25°N and the migration
of the upper-level westerly jet over Eurasia to the north
of the Tibetan Plateau. The jet is located on the northern
flank of the Tibetan high centered around 25°-30°N in the
upper troposphere in response to intense monsoon con-
vection (Tao and Chen 1987; Li and Yanai 1996). At the
surface, a planetary-scale low is formed over the conti-
nent, accentuated by land-sea surface temperature con-
trast (Fig. 1b; Kawamura and Murakami 1998). This ‘‘heat
low” leads to the low-level southerly wind on the east
coast of the Eurasian continent (Xie and Saiki 1999) that
provides moisture into the meiyu-baiu rainband. During
meiyu-baiu, the upper-level subtropical jet core is located
to the north of the rainband (Kodama 1993), while a low-
level westerly jet is often observed to the south. Thus the
westerly jet exhibits a northward tilt with height during
active meiyu-baiu periods (Matsumoto et al. 1971; Chen
and Chang 1980; Yamazaki and Chen 1993). The end of
meiyu-baiu is characterized by an abrupt northward mi-
gration of the upper-level jet over East Asia and a north-
ward advance of the NPSH over the northwestern Pacific
(Ninomiya and Muraki 1986). These abrupt changes may
be triggered by Rossby wave propagation from the west
(Enomoto et al. 2003) and convective activity to the south.
The late-July onset of convection over the subtropical
northwestern Pacific is often associated with the meiyu-
baiu termination (Ueda et al. 1995), forming a meridional
dipole resembling the Pacific-Japan (PJ) pattern of Nitta
(1987). SST in the subtropical northwestern Pacific ex-
ceeds that in meiyu-baiu region, and it is puzzling that
convection favors the latter over the former region until
late July (Ueda et al. 2009).

Despite its importance, the large-scale climate dynam-
ics of the meiyu-baiu rainband is poorly understood.
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Many models simulate the synoptic meiyu-baiu rain-
band (Ninomiya et al. 2003; Lau and Ploshay 2009), but
most of them have problems simulating the climatologi-
cal rainband and its seasonal evolution. The difficulty
stems from the long-standing problem of convective pa-
rameterization, a challenge of realistic representation of
strong interaction between condensational heating in the
rainband and circulation that feeds the moisture. Con-
vection strongly depends on the low-level circulation, and
convective heating in meiyu-baiu can induce a significant
circulation response in turn (e.g., Yamazaki and Chen
1993), so examining the observed convection or low-level
circulation is not enough to elucidate the cause of the
whole meiyu-baiu system. It is important to isolate the
external forcing that anchors the climatological rainband.
Fundamental questions remain unanswered: what de-
termines the position and timing of the meiyu-baiu
rainband? Why is convection active in the meiyu-baiu
rainband while SST and surface equivalent potential
temperature (cf. Figs. 1c,d) are significantly larger to the
south in the subtropics? Atmospheric general circulation
models (AGCMs) have recently improved to a point that
some of them, with increased resolution, begin to pro-
duce a meiyu-baiu-like, climatological rainband in early
summer (Kawatani and Takahashi 2003). An under-
standing of meiyu-baiu climate dynamics is necessary to
validate and interpret AGCM simulations, and to de-
velop hypotheses to be tested in models.

Such a dynamical understanding must identify, other
than internal convective feedback, external, large-scale
environment that leads to meiyu-baiu formation.' The
NPSH is such an environmental forcing. It may be
decomposed into an internal component interactive
with meiyu-baiu convection and an external one of
the planetary scale that results from land-sea thermal
contrast. In the eastern Eurasian continent, low-level
southerlies between the heat low on land and sub-
tropical high over the ocean pushes rainfall poleward by
moist advection (Xie and Saiki 1999; Chou et al. 2001;
Wu and Liu 2003). In the western continent (e.g., North
Africa), the opposite happens, and the rainband is
pushed equatorward. Thus a simple land—sea contrast
in the zonal direction maintains a continental-scale
northeast tilt of rainfall, setting the stage for a sub-
tropical rainband like meiyu-baiu to form over East

! Meiyu-baiu contains duality in its name of the environment in
which it develops and the effect it entails. On the one hand, meiyu
in Chinese and baiu in Japanese both mean “‘plum rain,” indicating
the coincidence of the rainy season with ripening plums. The term
of meiyu-baiu, on the other hand, is also believed to originate from
the Chinese character for mold (mei/bai), an unpleasant effect of
prolonged humid, rainy conditions.
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Asia. The elevated heating effect of the Tibetan Plateau
strengthens this tendency by forcing a cyclonic circula-
tion in the lower troposphere (e.g., Liu et al. 2007).

The present study investigates large-scale dynamics
of meiyu-baiu with a focus on its environmental forcing.
By definition, an environmental forcing is external to
and not strongly affected by the meiyu-baiu rainband.
For example, low-level wind convergence south of Ja-
pan is not considered as external to the baiu rainband
because of their mutual interactions. In search of envi-
ronmental forcing, we note an empirical association of
meiyu-baiu with the westerly wind jet aloft (Kodama
1993; Kawatani and Takahashi 2003). Our analysis
shows that this association is not coincidental. The warm
advection from the eastern Tibetan Plateau by the wind
jet and disturbances that the jet steers are conducive
to convection. Compared to studies before the 1990s,
which were based on station observations or coarse-
resolution forecast models, our study benefits from a
newly released atmospheric reanalysis that uses a dy-
namical model to assimilate ever-increasing amounts of
observations, both in situ and from satellite. The new
meiyu-baiu climatology calculated from this reanalysis
is a byproduct that will be useful for future studies.

Mesoscale features of meiyu-baiu, though important
for heavy rain, are beyond the scope of the present
study. Meiyu-baiu as a weather phenomenon on meso-/
synoptic scales has been studied extensively, but there
is a need to develop a climate—dynamical framework to
understand the rainband as a climatological phenome-
non. Our effort to isolate environmental forcing from
internal convective feedback is one such attempt. It is
common that the weather and climatological aspects of
the same phenomenon are governed by quite distinct
dynamics. For example, individual midlatitude winter
storms grow into large amplitudes and are highly non-
linear, but storm track variability can often be repre-
sented by linear dynamics and responds to slow SST
forcing from the tropics (e.g., Jin et al. 2006; Gritsun and
Branstator 2007).

The rest of this paper is organized as follows. Section 2
describes the datasets and the model used in this study.
Section 3 provides an overview of the meiyu-baiu rain-
band and associated circulations based on the reanalysis.
Section 4 explores an adiabatic mechanism for inducing
ascending motion along the meiyu-baiu rainband by
midtropospheric temperature advection. Section 5 in-
vestigates the role of high-frequency disturbances along
the jet in activating convection. Section 6 uses a linear
model to explore the downstream development of con-
vection along the westerly jet, a possible link between
meiyu and downstream baiu. Section 7 is a summary and
presents a conceptual model for meiyu-baiu.
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2. Data and model

The main dataset used in this study is the Japanese
25-year Reanalysis (JRA-25), an atmospheric reanaly-
sis that uses a recent numerical assimilation and fore-
cast system of the Japan Meteorological Agency (JMA)
(Onogi et al. 2007) as a joint project between the JIMA
and the Central Research Institute of Electric Power In-
dustry, Japan. We use the 6-hourly data mapped on a
2.5° grid on the standard pressure levels, while the origi-
nal reanalysis was performed at a resolution of triangular
truncation at wavenumber 106 (T106, equivalent to a grid
spacing of ~120 km) and 40 vertical layers. The dataset
covers 26 years from 1979 to 2004. JRA-25 shows good
performance in capturing precipitation in East Asia and
the tropics (Onogi et al. 2007). A prognostic Arakawa—
Schubert cumulus parameterization scheme is adopted in
the model to represent convection. We use the 6-hourly
accumulated convective and large-scale precipitation rate
of JRA-25. Compared to Global Precipitation Climatol-
ogy Project (GPCP) merged pentad-mean precipitation
(Huffman et al. 1997), the JRA-25 total precipitation is
generally smaller in the midlatitudes and larger in the
subtropics in summer East Asia (not shown).

The linear baroclinic model (LBM) used in this study
is based on the primitive equations linearized about the
observed climatology of monthly mean fields. A detailed
description of the LBM is found in Watanabe and
Kimoto (2000, 2001). We use a version with a resolution
of T42 with 20 vertical sigma levels (T42 L20). The
model is forced with prescribed diabatic heating and
solved with time integration. The vertical profile of the
heating varies in space, based on the sum of convective
and large-scale condensation heating from the JRA-25
monthly climatology (modified in the lowest 1.5 km so
that it vanishes at the surface). The vertical maximum of
the JRA-25 heating in June at 29°N, 129°E is, for ex-
ample, about 6 K day ' at 450 hPa, typical of deep
convection. The heating along the baiu rainband begins
to decrease eastward east of Japan.

3. Meiyu-baiu climatology

This section describes the 26-year climatology (from
1979 to 2004) of the meiyu-baiu front and rainband as
presented in Fig. 1. Though descriptions of meiyu-baiu
in its active periods can be found in many previous
studies, we touch on the climatology based on the re-
cent reanalysis to facilitate dynamical diagnosis in sub-
sequent sections. We choose 16 June to 15 July as the
core meiyu-baiu season, though the start and end dates
of the rainy season vary from one year to another (e.g.,
Table 3.2 of Tao and Chen 1987). These dates tend to lag
with increasing latitude; the rainy season begins earlier
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in mid-May and ends in late June over southern China,
Taiwan, and Okinawa.? In GPCP precipitation (Fig. 1a),
the meiyu-baiu rainband extends from the Yangtze
River valley of China (~30°N) through central Japan
toward the central North Pacific around 40°N. South of
the baiu rainband, there is a wedge of suppressed pre-
cipitation in the subtropics (~25°N, Fig. la), which
corresponds to the axis of the NPSH as seen in the sea
level pressure (SLP) field (Fig. 1b). Over the Eurasian
continent, a planetary-scale surface low is formed, with
southerly winds prevailing along the east coast. A SLP
trough around the meiyu-baiu rainband is weak, while
positive low-level relative vorticity due to horizontal
wind shear traces the rainband well (Fig. 1b; Akiyama
1973). A surface high over the Sea of Okhotsk is not
conspicuous, while it occasionally intensifies on sub-
monthly time scales (Nakamura and Fukamachi 2004).

Figures 1c,e show the 850-hPa equivalent potential
temperature (6.g50) and 925-hPa specific humidity. The
meiyu-baiu rainband represents a sharp front with
large gradients in these fields. In contrast, the 925-hPa
potential temperature exhibits weak meridional gradi-
ents west of 120°E (Fig. 1d); the meiyu front over China
is not a low-level baroclinic zone. The low-level merid-
ional temperature gradient is large east of Japan around
35°-40°N (Fig. 1d), sustained by a large SST gradient
along the oceanic frontal zone in the Kuroshio/Oyashio
Extension (KOE) region (Nakamura and Kazmin 2003).
The meiyu-baiu front does not correspond well with any
particular value of 6,359 or specific humidity, raising
questions about the concept of an air mass with homo-
geneous properties (Saito 1966).

Figure 1f shows horizontal moisture flux and its con-
vergence. Moisture fluxes from the tropical Indian Ocean
and North Pacific meet and turn northward around the
SCS, then converge into the meiyu-baiu rainband to
sustain copious precipitation. A comparison of Figs. 1b
and 1f indicates the importance of the southerly flow on
the western flank of the NPSH for the moisture transport.
The LBM experiment in the appendix shows that the
low-level southerlies are not forced by latent heating of
the meiyu-baiu rainband and should be considered as an
environmental field resulting from land-sea thermal
constant, the Tibetan heating, and South Asian monsoon
convection (e.g., Xie and Saiki 1999; Kato 1989).

a. Vertical structure

Figure 2 shows meridional sections of zonal wind,
vertical velocity, and ageostrophic component of the

2 The rainy season over these regions is sometimes referred to
as ‘“‘pre-summer rainy season’’ or simply “meiyu/baiu” in the
literature.
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FIG. 2. Meridional section of climatological-mean zonal wind
speed (contours: every 4 m s~ ') and the meridional and vertical
components of ageostrophic wind (arrows; units: m s ' and Pas ™!,
respectively; vertical component is multiplied by 20) in meiyu-baiu
season at (a) 100° (b) 115° (c) 130° and (d) 145°E. Negative
contours are dashed. Black area indicates topography.

meridional wind. While the upper-level jet core is located
at 37°-40°N, the low-level jet axis is located about 10° to
the south, just slightly south of the meiyu-baiu rainband
(Figs. 2b—d). This northward tilt of the westerly jet axis
results from diabatic heating in the meiyu-baiu rainband,
as elaborated with LBM in the appendix. At 100°E (up-
stream of the rainband), the low-level westerly wind is
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weak around 30°N and the upper-level westerly axis is to
the north of the Tibetan Plateau around 40°N (Fig. 2a).
At 115°E, the low-level westerly wind has a local maxi-
mum around 28°N near the meiyu rainband (Fig. 2b). The
low-level jet axis is accompanied by the southerly ageo-
strophic flow and the jet intensifies eastward (Figs. 2b—d),
suggesting that the low-level jet is sustained by the east-
ward Coriolis acceleration on the ageostrophic south-
erlies, rather than by the vertical momentum transfer by
cumulus convection.® At 130°E, the low-level ageo-
strophic flow converges and ascends at the rainband,
with a single tilted jet with its upper-level axis to the
north and low-level axis to the south (Figs. 2¢,d). This
low-level jet transports a large amount of moisture
eastward (Fig. 1f) and is regarded as essential for the
maintenance of the baiu rainband and its extension
(Ninomiya and Murakami 1987). The tropospheric jet
displays a northward seasonal migration from May to
August. After mid-July, the tilt of the jet axis becomes
inconspicuous (not shown), consistent with the weak-
ening of convective heating.

Figure 3 shows a meridional section of equivalent
potential temperature (6,) at 130°E. The meridional 6,
gradient in the mid- and lower troposphere is strong in
the meiyu-baiu rainband and slightly to the north. It is
notable that the vertical 6, gradient is generally small
there, which may result from active convection that
neutralizes moist instability (Ninomiya 1980). South of
the meiyu-baiu rainband, 6, increases equatorward at
the surface but remains nearly constant in the mid-
troposphere. Sections 4 and 5 explain why the meiyu-
baiu rainband is favored for convection despite larger
convective instability in 6, farther to the south over the
subtropical North Pacific (Fig. 1c).

b. Seasonal march

Figure 4 (left) shows the seasonal march of SLP and
precipitation, while Figs. 5a and 5b show the latitude—
time section of precipitation over eastern China and
western Japan, respectively. Around 30°N, meiyu-baiu
precipitation starts in early June and gradually shifts
northward, then abruptly weakens after mid-July (Figs.
5a,b) except over Korea (Fig. 4c). The front of low-level
equivalent potential temperature exhibits a similar

* In heavy rainfall events, Matsumoto et al. (1971) and Akiyama
(1973) suggested that convective vertical momentum transfer is
important for the supergeostrophic low-level jet. In the long-term
mean, however, the zonal wind is close to geostrophy and the
contribution of vertical momentum transfer seems insignificant.
Westerly acceleration by the vertical momentum transfer implies
a northerly ageostrophic wind to maintain the thermal wind bal-
ance, inconsistent with Fig. 2.
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FIG. 3. As in Fig. 2c but for equivalent potential temperature
(solid lines at every 2 K). Shading denotes its equatorward gradient
[K (deg lat) 1]

northward migration and mid-July weakening (not
shown). The axis of the NPSH migrates northward from
~20°N in May to ~25°N in the meiyu-baiu season, and
farther to 30°-35°N after mid-July, in step with the
rainband (cf. Murakami and Matsumoto 1994). Previous
studies suggest that NPSH variability over the north-
western Pacific is associated with convective activity
over the SCS and/or east of the Philippines (Lu and
Dong 2001; Nitta 1987; Ueda et al. 1995; Kosaka and
Nakamura 2006). The SLP trough along the rainband
deepens in June between 130° and 160°E and almost
disappears after mid-July (Figs. 4a—c). The ascent in the
rainband is associated with cyclonic vorticity at the
surface, which is consistent with the trough formation.

The presence of the subtropical jet has been regarded
as one of the requisites for the meiyu-baiu rainband in
empirical studies (e.g., Kodama 1993). Figure 4 (right)
shows the seasonal march of 500-hPa wind and geo-
potential height. Before mid-June, the midtropospheric
jet splits around the Tibetan Plateau, merges near
western Japan, and runs east-northeastward (Fig. 4d).
From May to June, low-level baroclinicity weakens
around China and Japan, so the polar front appears
far north in Siberia (Ninomiya 1984). In the meiyu-
baiu season, the southern branch of the jet diminishes
(Fig. 4e; Murakami 1958). After mid-July, the jet mi-
grates north to ~45°N over the northwestern Pacific and
runs zonally with little undulation throughout the tro-
posphere (Figs. 4f, S5c, 5d), marking the end of meiyu-
baiu. In contrast to the diffluent S00-hPa jet, the 200-hPa
jet over Eurasia appears as a single jet on the northern
flank of the Tibetan high and shifts northward gradually
during meiyu-baiu (not shown).

4. Induction of upward motion in meiyu-baiu

This section examines what induces upward motion in
the meiyu-baiu rainband. Upward motion is associated
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FIG. 4. Sea level pressure (solid lines at every 2 hPa) and GPCP precipitation (mm day !, shading) for (a) 16 May—14 Jun, (b) 15 Jun—
14 Jul, and (c) 15 Jul-13 Aug; (d)—(f) 500-hPa geopotential height (solid lines at every 30 m) and mean wind speed (m s~ !, shading). In

(d)—(f) the period is shifted by one day.

with heating, which in turn induces a couplet of a low-
level trough and upper-level ridge. To avoid this com-
plication by the convective feedback, we investigate the
thermodynamic balance at the midtroposphere where
the horizontal wind/geopotential response to meiyu-
baiu heating is small (see the appendix).

where the overbar denotes the time mean, the prime
signifies a deviation from the time mean, Q is dia-

a. Thermodynamic balance

Following Rodwell and Hoskins (2001), we consider
the relative importance of temperature advection and
local diabatic heating in the thermodynamic energy
equation in pressure coordinates

M

batic heating/cooling, py a standard constant pressure
(=1000 hPa), and other notations are standard. The
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effects of subgrid-scale motions, such as vertical redis-
tribution of heat by convection, is included in term B.
On the seasonal time scale, the temperature tendency
term (A) is negligible. The transient terms (E and F) are
small in summer because transient wave activity over
the North Pacific weakens rapidly from spring to sum-
mer (cf. Nakamura 1992). Thus, the thermodynamic bal-
ance is attained mainly by the diabatic forcing term (B),
the vertical advection term (C), and the horizontal ad-
vection term (D). In the tropics, the predominant balance
is between B and C. Indeed, comparison of Figs. 4, 6, and
7 shows a close correspondence between mean ascent and
precipitation, but not always with the horizontal tem-
perature advection.

Figure 6a shows the horizontal advection of temper-
ature (—v - VT') at 500 hPa, along with mean upward
velocity in the core meiyu-baiu season. The advection is
calculated from 6-hourly data before averaging over 26
years. The region of upward motion along the meiyu-
baiu rainband closely follows the region of positive
(warm) temperature advection over the Yangtze River
valley of China (~30°N) to the central Pacific around

40°N. To the north of the rainband, upward motion is
not seen over northern China to the Sea of Okhotsk,
where negative (cold) temperature advection exists.
Figures 7a,c show the seasonal march of the tempera-
ture advection and vertical velocity. Again, there is
a remarkable correspondence between the warm ad-
vection and upward motion north of 25°N along the
meiyu-baiu rainband that migrates northward from
May to August. In late May to early June, cold advec-
tion over northern China and Korea coincides with
descent. In late July to early August, warm advection
over Korea and the central Pacific around 40°N co-
incides with ascent (Figs. 7a,c). The close correspon-
dence of the temperature advection with the vertical
velocity field indicates the importance of warm advec-
tion for the meiyu-baiu formation. Indeed, the rainband
is collocated with the band of strong ascent in reanalysis
(cf. Figs. 4a—c).

In the meiyu-baiu rainband, the diabatic forcing (B)
and horizontal advection terms (D + F) are of the same
sign and together balance the vertical advection term
(C) (Figs. 4a—c and 6a, 7a, 7c). The diabatic heating
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FIG. 6. (a) The 500-hPa horizontal advection of temperature
(black lines at every 0.2 K day ') and upward vertical pressure ve-
locity (color, Pas™'); (b) 500-hPa mean horizontal wind (arrows) and
its speed (white lines at every 4 m s~ 1), with 500-hPa temperature
(°C, color); (c) horizontal advection of 925-hPa specific humidity
(black lines at every 0.2 g kg~ day™') and moisture flux conver-
gence due to 925-hPa horizontal velocity convergence (g kg ' day !,
color). Negative contours are dashed and zero lines omitted.

strongly interacts with upward motion, and it is difficult
to identify causality between them. In contrast, the
warm horizontal advection does not result from local
diabatic heating, as the LBM response to the meiyu-
baiu heating shows little local response in wind at
500 hPa (see the appendix). Rather, the warm advection
is set by a larger-scale environment, as shown in section
4c. Thus a part of the upward motion is adiabatically
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induced by an external forcing, namely the warm hori-
zontal advection. The close correspondence between the
warm advection and upward motion leads us to propose
a hypothesis that the externally induced ascent helps
trigger convection by lifting air parcels, the resultant
diabatic heating reinforces upward motion, and the
convection—circulation feedback intensifies the meiyu-
baiu. From a hydrological cycle perspective, low-level
wind convergence associated with the upward motion
supplies much of the moisture for precipitation and is
much larger than moisture advection (Fig. 6¢), illustrating
the importance of the interaction between upward mo-
tion and precipitation/diabatic heating. The feedback
process between the diabatic heating and low-level cir-
culation in the meiyu frontogenesis is recognized in the
literature (Cho and Chen 1995; Chen et al. 2003).

Rodwell and Hoskins (2001) suggest estimating the
fraction of ascent directly associated with adiabatic mo-
tion (on sloping isentropic surfaces) with the ratio of
horizontal to vertical temperature advection (—D/C).
Our analysis indicates that this ratio along the meiyu-baiu
rainband at 500 hPa varies from 0.2~0.4 over the Yang-
tze River valley and western Japan, to 0.6~0.7 between
150°E and 180°. Smaller ratios over China and Japan in-
dicate a strong “‘diabatic enhancement” of ascent due to
convective feedback: active convection triggered by the
advection-induced ascent releases large latent heat that
enhances the ascent diabatically. Large ratios in the baiu
extension suggest a much weaker convective feedback on
the ascent induced through warm advection.

b. Convective instability

The regional difference in the above ratio of ‘“‘adia-
batic ascent” is consistent with that in convection and
convective instability of the lower troposphere. Con-
vective precipitation (Fig. 8a) is large in the western
portion of the meiyu-baiu rainband, suggesting strong
diabatic enhancement of ascent. In the baiu extension
east of Japan (cf. Fig. 1a), convection is inactive, and
consistently horizontal warm advection accounts for a
large part of ascent. Because of weaker convection and
diabatic enhancement, the observed ascent is much
weaker in the eastern than the western portion of the
rainband, despite a larger warm advection (Fig. 6a).
Figure 8a also shows the vertical gradient of equivalent
potential temperature (6,) between the 925-hPa and
600-hPa levels, with a larger value indicating a more
unstable atmosphere. The convective precipitation oc-
curs exclusively where the vertical 6, gradient is positive,
indicating the importance of convective instability. The
convective instability index is large in the tropics and
decreases poleward, a tendency set by SST (dashed
lines). As the baiu rainband extends east of Japan, the
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underlying SST and convective instability decrease,
weakening the diabatic enhancement of upward motion.
The correlation of interannual variability of the ratio
of convective to total precipitation with surface tem-
perature (Fig. 8b) corroborates the influence of the lat-
ter on atmospheric convection. The correlation tends to
be high along the meiyu-baiu rainband, supporting the
importance of warm surface for convection.

c. Cause of warm advection

Temperature advection is dominated by that of the
mean westerly jet and temperature field, while advection
by transient eddies (—v' - VT") is small (not shown).
Figure 6b shows the 500-hPa mean wind velocity and
temperature. The choice of 500 hPa was meant to side-
step the difficulty with local convective feedback, as the
wind response to diabatic heating of meiyu-baiu tends to
be baroclinic and change signs at the midtroposphere (cf.
appendix). The Tibetan Plateau anchors monsoon con-
vection and hence a midtropospheric temperature maxi-
mum (Hahn and Manabe 1975; Li and Yanai 1996).
Against this temperature field, the westerly wind causes
warm advection from the eastern flank of the Plateau to
the east of Japan. The northeast tilt of the westerly jet
(Saito 1985) with a weak southerly component facilitates

the warm advection along the meiyu-baiu rainband. North
of the Tibetan Plateau, by contrast, the 500-hPa jet runs
southeastward, leading to cold advection over northern
China. The cold advection corresponds to air parcels
gliding down on isentropic surfaces, consistent with sup-
pressed convection (Fig. 6a). This descent contributes to
dry conditions on the north flank of the meiyu front.
Figures 7b,d show the 500-hPa wind and temperature
one month before and after the meiyu-baiu season. In
the early phase of meiyu-baiu (before mid-June), the
500-hPa jet is diffluent around the Tibetan Plateau. The
southern branch flows from the temperature maximum
in the northern Bay of Bengal and southern China, ad-
vecting warm air toward the south of Japan (Figs. 7a,b).
After mid-July, the jet is displaced north of the tem-
perature maximum over the Tibetan Plateau and flows
nearly in parallel to isotherms. As a result, the warm
advection is weak over China and Japan (Figs. 7c,d).
Figure 9 shows time-latitude sections of 500-hPa wind
and temperature gradient in the upwind direction (left
panels), together with temperature advection and up-
ward velocity (right panels). In general, the wind blows
down—-temperature gradient along the jet axis, resulting
in warm advection. The warm advection corresponds
remarkably well with upward motion between 25° and
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tions between surface temperature and the ratio of convective
precipitation to total precipitation. Contour interval is 0.2 with
negative contours dashed and zero lines omitted. Shaded where
correlation is larger than 0.4. Correlation greater than 0.39 is sig-
nificant for 95% confidence interval.

40°N, both of which exhibit a gradual northward mi-
gration in step with the jet. The induction of upward
motion by warm advection explains the collocation of
the meiyu-baiu rainband with the westerly jet, an
empirical relation known from observations but un-
explained so far. In late July, the westerly jet moves
abruptly northward in association with the onset of
a subtropical rainband to the south (Ueda et al. 1995,
2009). This abrupt shift in the jet weakens the warm
advection, bringing an end to meiyu-baiu.

Our midtropospheric warm advection mechanism is
distinct from the warm advection by low-level south-
erlies discussed in previous studies (e.g., Akiyama 1973;
Ninomiya and Murakami 1987). Low-level winds are
important for meiyu-baiu in moisture transport and
convergence, while their thermal advection effect is weak
especially over China. Moreover, the low-level circulation
is strongly affected by diabatic heating (cf. appendix) and
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is part of the coupled problem of meiyu-baiu. The mid-
tropospheric warm advection, by contrast, is determined
not locally but by the planetary-scale monsoon system.

5. Role of weather disturbances

Slightly south of the meiyu-baiu front (20°-25°N),
SST and convective instability are much higher on av-
erage than along the meiyu-baiu front over the north-
western Pacific (Fig. 8a). Yet convection is much more
active in the latter region. The reason why convection
is active despite weak mean instability may be due to
disturbances generated and propagating in the wave-
guide of the westerly jet. In the meiyu-baiu rainband,
synoptic-scale and various types of mesoscale distur-
bances are indeed frequently observed to propagate
eastward (Ninomiya and Shibagaki 2007). Some of those
mesoscale disturbances originate from so-called south-
west vortices on the eastern flank of the Tibetan Plateau,
which develop from the interaction of the southerly
flow, orography, and convection (Tao and Ding 1981;
Ding and Chan 2005; Yasunari and Miwa 2006). Some-
times the vertical coupling with mid-/upper-tropospheric
disturbances can lead to strong (sub-) synoptic lows
(Chang et al. 1998). These disturbances can cause sub-
stantial variability from the mean, creating periods with
conditions favorable for convection in the meiyu-baiu
rainband. This section explores the role of such distur-
bances as an environmental forcing in meiyu-baiu con-
vection. In a synoptic view, frontogenesis and moisture
supply by the large-scale low-level flow can reinforce
the meiyu-baiu front and convection (Ninomiya 2000),
but the low-level flow is subject to strong feedback
from convective heating. Low moist stability in the
meiyu-baiu frontal zone aids the development of dis-
turbances through baroclinic instability (Ninomiya and
Shibagaki 2003) or conditional symmetric instability
(Bennetts and Hoskins 1979).

Figure 10a shows transient eddy activity measured
as the standard deviation of the high-frequency merid-
ional wind at 200 hPa. A high-pass filter with a cutoff
period of 8 days is used. Upper-level disturbances are
active along the jet stream and reach maximum intensity
east of Japan, consistent with large near-surface baro-
clinicity (Fig. 1d) and low-level poleward eddy heat flux
(Fig. 10c) over the Kuroshio—Oyashio Extension. Owing
to large wind variability and a mean specific humidity
gradient (Fig. 1e), fluctuations in low-level specific hu-
midity are large between 30° and 45°N (Fig. 10c). Vari-
ance of 500-hPa temperature exhibits large values in the
mid- and high latitudes, decreasing equatorward steeply
at 30°N (Fig. 10b). Eddy activity is weak south of 30°N
by all these measures. Large fluctuations of temperature
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and moisture in the meiyu-baiu rainband render the
atmosphere very unstable during certain periods of time,
even though convective instability is weaker on average
than to the south around 20°N. Specifically, low-level
convergence and upward motion that accompany cy-
clonic disturbances can trigger convection. Indeed,
heavy rainfall events in meiyu-baiu are often associated
with such organized dynamical disturbances.

Figure 11 shows the joint probability distribution of
convective instability parameter (6,925 — 60500 in which
07500 1s the saturation equivalent potential temperature
at 500 hPa) and 500-hPa horizontal temperature ad-
vection during the core meiyu-baiu season, calculated

from 6-hourly JRA-25 data. If this instability parameter
is positive, an air parcel at 925 hPa would have upward
buoyancy when lifted to the 500-hPa level. The 500-hPa
temperature advection is used as a measure for the
adiabatic forcing of vertical motion. Thus, convection
is likely to occur if the atmospheric conditions move
deeply into the upper-right quadrant in Fig. 11 where
midtropospheric warm advection and convective in-
stability are both large. Indeed, in the meiyu-baiu rain-
band (middle row), the spread in the joint probability
distribution is large and the atmospheric conditions
often stay in the upper-right quadrant where the prob-
ability of convective precipitation (color) is high, despite
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modest convective instability in the mean (X mark in
each panel). North of the baiu rainband and its exten-
sion, probability in the upper-right quadrant is low
despite the large spread because of low SST and a sta-
ble atmosphere (Figs. 11b,c). In northern China, at 40°N,
115°E (Fig. 11a), there is modest probability of pre-
cipitation with sporadic convection, corresponding to
the upper-right quadrant (cf. Fig. 8a). To the south of the
meiyu-baiu rainband, the atmosphere is more unstable
on average, but the spread of the probability distribution

SAMPE AND XIE

125

is much smaller with little joint probability for strong
instability and warm advection (lower panels). All in all,
conditions favorable for convection are satisfied more
frequently in the meiyu-baiu rainband than to the south
because of strong fluctuations associated with weather
disturbances.

Figure 12a shows the probability distribution function
(PDF) of the instability parameter (0,925 — 6%500). The
PDF at 22.5°N, 130°E is almost symmetrical with small
standard deviation. In contrast, the PDF in the meiyu-
baiu rainband (32.5°N, 130°E) exhibits negative skew-
ness, decaying rapidly toward positive instability. This
skewness is a clear signature of convective adjustment
toward a near-neutral atmosphere. If convection were
not allowed, the PDF at 32.5°N would be laterally
symmetrical, so much higher instability values would
appear. In reality, convection removes high instability,
preventing the PDF from extending far into the right. In
terms of the joint probability distribution, the major axis
of the oval-shaped PDF in the baiu rainband and its
extension (Figs. 11e,f) is noticeably tilted and skewed,
with the most rapid drop of PDF in the upper-right
quadrant. This supports the notion that warm advection
and unstable vertical stratification are conducive to
convection. By projecting the joint PDF in Fig. 11 on an
upper-right tilting axis, PDFs for a combined index of
moist instability and updraft induction, (6,925 — 0500) +
2 X (—vsgo - VTs00), are obtained (Fig. 12b). The com-
bined PDF exhibits negative skewness in the meiyu-baiu
rainband (32.5°N, 130°E) and is larger on the far right
side than in the subtropics to the south (22.5°N, 130°E),
indicating an advantage of the meiyu-baiu region for
convection.

Thus, mean convective instability is not a reliable
indicator for convection, which occurs intermittently.
Weather disturbances can cause the atmosphere to deviate
strongly from the mean to convective states by advecting
moisture and inducing upward motion through adiabatic
dynamical processes. The results in this section reveal an
additional role of the westerly jet in meiyu-baiu con-
vection as the waveguide trapping transient disturbances.

6. Connection between meiyu and baiu

This section uses the LBM to explore the relationship
between the meiyu over China and baiu over Japan.
As discussed in the introduction, the planetary-scale
land-sea contrast and elevated heating by the Tibetan
Plateau drive the southerlies over eastern China and
south of Japan, pushing precipitation northward (Xie
and Saiki 1999). Indeed, many coarse-resolution AGCMs
simulate meiyu-like summer rainfall over southeast-
ern China to some extent. To investigate how meiyu
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(d)—(f) middle row corresponds to the meiyu-baiu frontal zone.

convection affects circulation downstream, we prescribe
an idealized, oval-shaped heat source centered at 29°N,
115°E to mimic meiyu heating.* The vertical profile of

“The basic field is taken from the observed climatology that
already contains the effect of meiyu-baiu heating. A run with
a zonal-mean basic state yields qualitatively similar results.

the heating is based on the JRA-25 with a maximum
of 5 K day . The heating excites a surface trough ex-
tending east-northeastward (Fig. 13a) with southwest-
erly winds on the south side of the trough. The 500-hPa
ascent is strongest at the heat source but extends
northeastward (Fig. 13b). Consistent with our observa-
tional diagnosis, the vertical velocity corresponds well to
anomalous temperature advection downstream of the
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heating (—V - VT# — v¥.VT; the asterisk denotes the
LBM response; Fig. 13c).

As the wind response at 500 hPa is weak (cf. Fig. A1),
the warm advection here is mainly due to the westerly jet
of the basic field acting on the temperature response to
the prescribed heating (Fig. 13d). The warm advection
and resultant upward motion extend along the observed
meiyu-baiu rainband (Fig. 1a), suggesting that baiu may
partly be induced by the upstream heating in meiyu.
In other words, convection can be enhanced successively
downstream in response to an upstream heating through
warm advection by the westerly jet. To test this hy-
pothesis, we place an oval-shaped heating over western
Japan, assuming that it is triggered by the meiyu over
China. Indeed, the prescribed baiu heating forces a sur-
face trough and midtropospheric upward motion that
extend eastward along the westerly jet (Figs. 13e,f).
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These LBM results suggest a possible influence of meiyu
convection on the baiu rainband and its eastward exten-
sion by adiabatic induction of upward motion. More
generally, the meiyu-baiu rainband may be viewed in
part as a result of successive downstream development
of convection enabled by the westerly warm advection.
By this mechanism, the forcing of meiyu-baiu may be
traced all the way back to heating in the South Asian
monsoon and by the Tibetan Plateau in particular.

Figure 14 shows the LBM response to the same
heating as in Fig. 13, but with the August basic state.
Compared to June, the August jet at 500 hPa is dis-
placed northward to 40°-45°N and is weak (Fig. 14d).
As a result, temperature advection by the mean wind
(=v - VT*) is displaced northward and extends a much
shorter distance from the heat source. The warm ad-
vection from the heating still induces upward motion,
but the cool underlying SST is not conducive to con-
vection. The warm land surface of Korea is an exception,
allowing convection to be triggered by the remotely
forced ascent (Fig. 14b), consistent with large rainfall
observed over Korea even after mid-July, called
“Changma” (Figs. 4c and 7c). Like upward motion, the
surface SLP response is more localized zonally than in
June, with the trough extending only over a short dis-
tance (Figs. 14a,e). The differences in the downstream
response between Figs. 13 and 14 illustrate the impor-
tance of the basic-state wind. Thus the westerly jet acts
as a conduit for downstream influence via warm advec-
tion and induced upward motion. To the west of the
prescribed heating, subsidence forms with warm tropo-
spheric temperature and a high SLP response, indicative
of baroclinic Rossby waves.

7. Summary and discussion

We have examined large-scale, climatological char-
acteristics of meiyu-baiu using the JRA-25 reanalysis.
In the SLP field, the meiyu-baiu rainband appears as
a weak trough around Japan (Fig. 1). Meiyu over China
features sharp moisture gradients but weak temperature
gradients. In baiu over Japan, both moisture and tem-
perature gradients are large. Farther to the east, the
oceanic frontal zone maintains sharp gradients in both
temperature and humidity, where the rainband is simi-
lar to a storm track along a polar front because low
SST suppresses convection while synoptic-scale eddies
develop over the sharp temperature gradient (Figs. 8
and 10). The westerly jet exhibits a distinct north-
ward tilt with height, and the meiyu-baiu rainband
is collocated with the midtropospheric westerly axis
(Fig. 2). These characteristic features of meiyu-baiu
have been discussed in previous studies (e.g., Akiyama
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1973; Ninomiya and Murakami 1987) and are generally
confirmed in the reanalysis.

a. Environmental forcing by the westerly jet

Of the above features, some are forced by diabatic
heating in meiyu-baiu. Our results show that the north-
ward tilt of the westerly axis is an example. Aided with
LBM, our results identify low-level southerlies over the
Far East and the midtropospheric westerly jet as exter-
nal environmental features important for meiyu-baiu.
The 500-hPa horizontal winds are little affected by meiyu-
baiu heating (cf. appendix). The present study shows
a remarkable correspondence in the midtroposphere

between horizontal warm advection by the westerlies
and upward motion along the meiyu-baiu rainband from
late May through August (Figs. 6, 7, and 9). The ther-
modynamic balance suggests that the former causes the
latter and the following hypothesis is proposed. Riding
on the westerlies, warm air from the eastern flank of the
Tibetan Plateau gradually rises on the sloping isentropic
surface. To the extent that the warm advection is de-
termined by the planetary-scale environment, it is
a remote forcing that anchors the meiyu-baiu rain-
band. The advection of warm air from the eastern flank
of the Tibetan Plateau triggers convection over south-
eastern China by inducing adiabatic ascent along the
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westerly jet. In addition, our LBM results suggest
a successive downstream development of convection:
meiyu convection increases warm advection and pro-
motes convection downstream in the baiu rainband over
and east of Japan (Figs. 13 and 14).

In the subtropics, the sum of horizontal temperature
advection and diabatic heating roughly balances vertical
advection (Rodwell and Hoskins 1996). The upward
motion induced by warm advection promotes convec-
tion and is enhanced by the resultant condensational
heating. This diabatic enhancement of upward motion
varies along the meiyu-baiu rainband from China to the
North Pacific east of Japan, consistent with convective
instability of the lower troposphere. The upward motion
in meiyu-baiu over China and western Japan is much
greater than what the horizontal warm advection in-

duces, consistent with high surface humidity and con-
vective instability. The ascent in the baiu extension east
of Japan, on the other hand, is close to what is implied
by the horizontal warm advection, consistent with a sta-
ble atmosphere over cool SST (Fig. 8). One may argue
that the small ratio of the adiabatically induced ascent
over China and western Japan indicates that it is less
significant than convection heating for the meiyu-baiu
formation. However, the convection heating is not
an environmental forcing but depends on the meiyu-
baiu system itself. The present study suggests that the
remote forcing represented by the midtropospheric
warm advection determines the location and timing of
the meiyu-baiu formation, while convection controls
the intensity of rainfall and upward motion in meiyu-
baiu.
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diagram varies.

Surface evaporation under the rainband varies greatly
between land and ocean. North of the NPSH axis,
southerly/southwesterly winds prevail and blow “‘down
SST gradient.” The warm and moist advection sup-
presses surface evaporation and often causes fog (sur-
face condensation) over the Yellow Sea (Zhang et al.
2009) and Kuroshio—Oyashio Extension (Tokinaga et al.
2009). Tanimoto et al. (2009) suggest that the suppressed
surface evaporation by the southerlies is a negative
feedback for the baiu rainband. Surface latent heat flux
is about 150 W m ™2 under meiyu in China but only 50
or less in the Yellow—East China Sea and under the baiu
extension east of Japan. These variations in surface
evaporation may contribute to stronger convective in-
stability over China.

Our analysis reveals another mechanism for the west-
erly jet to induce meiyu-baiu convection. The mean
stratification is not a reliable predictor for convection
over the northwestern Pacific warm water pool. The
westerly jet is a waveguide for energetic weather distur-
bances, which cause large excursions from the mean
and create periods of favorable conditions for strong
convection (Fig. 10). Indeed, the atmospheric state with
strong convective instability and upward motion occurs
more frequently in the meiyu-baiu rainband than in the

subtropics to the south, despite higher SST in the latter
region. The convective instability PDF is strongly skewed
with a sharp cutoff at high values, indicative of convec-
tion that removes high instability (Figs. 11 and 12). Thus
the collocation of the midtropospheric westerly jet and
the meiyu-baiu rainband is not a mere coincidence but
reflects the dynamics of the rainband. The jet anchors
the rainband by warm advection and by causing large
excursions into highly convective states through the
weather disturbances that it steers.

b. Conceptual model

The results of the present study lead us to propose the
following conceptual model for meiyu-baiu, as summa-
rized schematically in Fig. 15. In June, the temperature
maximum in the midtroposphere advances inland to
southern Tibet as part of the developing South Asian
monsoon (e.g., Li and Yanai 1996). The midtropo-
spheric westerlies advect warm air from the eastern
flank of the Tibetan Plateau along the jet axis, inducing
ascending motion that triggers convection to form the
meiyu-baiu rainband. Weather disturbances steered by
the jet further promote convection by intensifying low-
level moisture advection with transient upward motion.
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At the surface, the SLP trough, horizontal wind shear,
southward-displaced jet, and moisture front form in re-
sponse to convective heating in meiyu-baiu (cf. appen-
dix). In late July, the jet stream migrates northward,
but the midtropospheric temperature maximum cannot
follow as it is anchored by the Tibetan Plateau (Hahn
and Manabe 1975), weakening the warm advection to
end meiyu-baiu. Our conceptual model is dynamical
and explicitly identifies the westerly jet as an environ-
mental forcing of meiyu-baiu convection, while their
association is merely noted in the literature without
presenting clear causality. Other external environmen-
tal factors include the low-level southerlies in the Far
East and SST. The southerlies transport moisture to feed
convection over southern China as early as in April (cf.
Ding and Chan 2005), while the SST warming in the
northwestern Pacific helps set mid-June to mid-July as
the core period for meiyu-baiu. The Tibetan Plateau
makes important contributions to meiyu-baiu forma-
tion by 1) strengthening the surface southerly flow over
China, 2) anchoring the westerly warm advection in the
midtroposphere, and 3) initiating southwest vortices on
the eastern flank. Indeed, in atmospheric and coupled
GCMs, a removal of mountains substantially weakens
summer rainfall over subtropical East Asia (e.g., Kitoh
2004; Okajima and Xie 2007).

The decay of meiyu-baiu convection in late July is
associated with the abrupt onset of convective activity to
the south in the subtropical northwestern Pacific along
20°N (Ueda et al. 1995). Our study indicates that ener-
getic weather disturbances help the meiyu-baiu rain-
band win the competition for convection against the
warmer subtropical Pacific. What reverses the fortune to
favor the subtropical Pacific for convection in late July
remains unclear (Ueda et al. 2009). The meridional di-
pole of the PJ pattern (Nitta 1987) is involved in the
shift, displacing the westerly jet northward to weaken
the warm advection from Tibet and disfavor convection
along the jet. A similar pattern appears as the dominant
mode in an empirical orthogonal function (EOF) anal-
ysis of interannual variability in meiyu-baiu rainfall
(not shown). This mode of meiyu-baiu variability is sig-
nificantly correlated with El Nifio in the previous winter
(Huang et al. 2004), a delay likely due to the effect of
Indian Ocean SST anomalies (Yang et al. 2007; Xie et al.
2009). Research is underway to investigate meiyu-baiu
variability in light of the dynamics presented here. In-
deed, changes in the midtropospheric westerly jet asso-
ciated with the EOF pattern are consistent with its role as
environmental forcing of meiyu-baiu convection, with
increased rainfall when the jet is anomalously strong. Our
conceptual model can also be tested in other subtropical
convergence zones in the South Pacific and South At-
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lantic, where the westerly jet is considered to be essential
for active rainbands (Kodama 1993).

Acknowledgments. We wish to thank H. Nakamura
for his helpful comments, B. Hoskins for helpful dis-
cussion, anonymous reviewers for comments that led us
to clarify distinct roles of environmental forcing and
internal feedback, and M. Watanabe for permitting the
use of the LBM. This work is supported by the Japan
Agency for Marine-Earth Science and Technology,
NASA, NSF, and NOAA.

APPENDIX

Response to Meiyu-Baiu Heating

Low-level circulation is important to supply moisture
into the meiyu-baiu rainband. Here we use the LBM and
show that the response to condensational heating in the
rainband accounts for many observed characteristics of
the low-level circulation. Figure Al shows the LBM
response to heating along the meiyu-baiu rainband and
its extension (25°-50°N, 100°E-160°W) in June based on
JRA-25. We use the zonally varying June climatology as
the basic state. When the zonal-mean basic state is used,
the surface low is shifted westward because of the
weaker zonal-mean low-level westerlies.

The heating forces a baroclinic Rossby wave with
subsidence propagating westward. More conspicuously,
it induces an elongated surface low with upward motion
extending downstream toward the northeast (Fig. Ala).
This suggests that the observed surface trough (Fig. 1b)
is a response to meiyu-baiu heating. Indeed, if the LBM
response is subtracted from the June climatology, the
SLP trough and the westward protrusion of the NPSH
axis around 25°N-—characteristic features of meiyu-
baiu—become unrecognizable (not shown). The response
also explains the horizontal wind shear observed along
the meiyu-baiu front and the strong southwesterlies to
the south in particular. The wind shear in turn helps
maintain the sharp gradients of moisture and equivalent
potential temperature; that is, the meiyu-baiu front
(Fig. 1), in concert with mean descending motions over
northern China (Fig. 6a).

Figures Alb—d show meridional sections of the re-
sponse at 132°E. The response has a baroclinic struc-
ture (Fig. Alb) and reinforces the westerlies on the
north side of the heating in the upper troposphere and
on the south side in the lower troposphere (Fig. Alc)
through Coriolis acceleration of the meridional ageo-
strophic circulation (Fig. Ald). This zonal wind re-
sponse explains the observed northward tilt of the
westerly jet (Fig. 2), while the barotropic component of
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FIG. Al. LBM response to June heating of JRA-25 prescribed in
the domain (25°-50°N, 100°E-160°W). (a) Surface pressure (con-
tours at every 1 hPa), 900-hPa wind (arrows) and the prescribed
heating at the 0.45 sigma level (shading, K day™'). Meridional
sections at 132°E: (b) geopotential height (contours at every 20 m);
(c) zonal wind velocity (contours at every 2 m s~ ') overlaid on the
basic-state zonal wind velocity (shading, m s~!); (d) temperature
(shading in K) with meridional and vertical components of ageo-
strophic wind (arrows in m s~ ! and Pa s™!, respectively; vertical
component is multiplied by 20).

the observed jet is considered as an environment for
the meiyu-baiu rainband rather than a response to it.
Our results clearly show the effects of the meiyu-baiu
heating, extending a previous study based on a 2D quasi-
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geostrophic calculation (Yamazaki and Chen 1993). The
southwesterly moist flow supplies moisture for meiyu-
baiu precipitation, on the one hand, and much of the
low-level circulation is forced by condensational heat-
ing in the rainband, on the other. Thus, the low-level
circulation and meiyu-baiu convection form a pair of
interactive phenomena. The LBM fails to reproduce
the low-level southerlies on the eastern seaboard of
China, indicating the importance of diabatic heating
outside the meiyu-baiu rainband, such as differential
heating between land and ocean (e.g., Xie and Saiki
1999). Models have shown that heat sources in South
Asia and the tropical western Pacific force ascending
motion that extends northeastward to East Asia (Ose
1998; Liu et al. 2007).
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