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Abstract

In this study we examine the large-scale atmospheric circulation associated with the spring persistent
rains (SPR) over Central China in March and April based on the climatological means and we propose a
physical explanation of this rainy season.

Low-level southwesterlies to the south of the middle and lower reaches of the Yangtze River (south-
ern China) are responsible for SPR. Low-level southwesterlies are identified over southern China on the
climatological mean wind field in SPR, and the appearance of the southwesterlies at the end of February
is consistent with the onset of SPR. The southerlies, which are limited to southern China, the Indochina
Peninsula and the South China Sea, are important for moisture transport to Central China and the moisture
convergence there.

Seasonal evolutions of low-level temperature, geopotential height and wind fields suggest that the low-
level southerlies over southern China, the Indochina Peninsula and the South China Sea in SPR are caused
by the westward pressure gradient associated with the eastward temperature gradient around the region
from the Indochina Peninsula to the western North Pacific to east of the Philippines. The southerlies are the
geostrophic winds associated with the westward pressure gradient. The eastward temperature/westward
pressure gradients are most evident in March and April, and they are a result of the time-lag in the seasonal
warming between the Indochina Peninsula and the western North Pacific to east of the Philippines. In
addition, the coincidences of spatial distributions and seasonal evolutions from February through May
between the low-level temperature and the surface sensible heat flux (SHF) suggest that the differential
heating due to SHF between the two regions is likely responsible for the east-west thermal contrast.

Much higher correlations than the 99 % significance level among the year to year fluctuations of SPR,
the eastward temperature/westward pressure gradients over the region from the Indochina Peninsula to
the western North Pacific to east of the Philippines are identified. The close relationship between SPR
and the eastward temperature/westward pressure gradients on both the seasonal and interannual bases
strongly suggests that the east-west thermal contrast in spring between the Indochina Peninsula and the
western North Pacific to the east of the Philippines plays the primary role in SPR formation.
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1. Introduction

It is well known in China that Central China ex-
periences another pronounced rainy period besides
Meiyu or the Plum rain period in early summer —
the spring persistent rains (SPR). SPR is particu-

1 Corresponding author address: S.-F. Tian, Environ-
mental Research Center, University of Tsukuba, 1-1-
1 Tennodai, Tsukuba, Ibaraki, 305, Japan. E-mail:
tian@etesia.geo.tsukuba.ac.jp
(© 1998, Meteorological Society of Japan

larly evident between the middle and lower reaches
of the Yangtze River and the Nanling mountains
(roughly 25-30°N), and occurs most frequently in
March and April (Bao, 1987).

The rain-belt or axis of maximum rainfall over
East China shows a great seasonal variation. It
stays between the Yangtze River and the Nanling
mountains from mid October to early May (Kao
and Hsu, 1962), then retreats southward to South
China in mid May to cause the pre-monsoon rainy
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(PMR) period there (Xu et al., 1983; Guo, 1985). In
summer, it experiences three stagnant periods and
two northward shifts (Kao and Hsu, 1962; Xu et
al., 1983; Guo, 1985). The three stagnant periods
correspond to PMR, period in South China, Meiyu
season in Central China and the summer monsoon
rainy period in North China, respectively. The two
northward abrupt shifts correspond to the onsets of
Meiyu over Central China in mid June and the sum-
mer monsoon rainy period over North China in mid
July. Although the rain-belt changes little in its
location between mid October and early May, the
rainfall is much greater in spring than in winter,
which corresponds to SPR in Central China.

The seasonal variation of the rain-belt over East
China is closely related to the Asian monsoon activ-
ities, and considerable climatological studies have
been done on the seasonal advance associated with
the Asian summer monsoon. Most researchers (e.g.,
Dao and Chen, 1957; Yeh et al, 1959; Yoshino,
1965, 1966) regarded the onset of Meiyu as the be-
ginning of the Asian summer monsoon. Dao and
Chen (1957) found that the nearly simultaneous on-
sets of Meiyu in Central China, Baiu in Japan and
the Indian summier monsoon in mid June are closely
related to the northward movement and weakening
of the upper westerly jet stream! over East Asia.
Based on the abrupt meridional movement of the
upper westerly jet over East Asia, Yeh et al. (1959)
concluded that there are only two natural seasons:
summer and winter. They also stated that winter is
considerably long but transitional seasons are neg-
ligibly short. Yoshino (1965, 1966) divided early
summer (May to July) into four stages based on the
locations of the surface frontal zones and the regimes
of the 500 hPa westerlies over East Asia, and con-

1 Two types of upper westerly jet streams are distin-
guished: subtropical westerly jet stream and polar front
westerly jet stream. The former is formed mainly due to
the dynamical process or the convergence of angular mo-
mentum from both the tropics and the mid-latitudes. It
is strongest at around 200 hPa level and only accompa-
nies a large meridional temperature gradient in the up-
per troposphere. On the other hand, the latter is formed
mainly due to the thermal effect or the meridional tem-
perature gradients in the lower and especially middle tro-
posphere, which is associated with the polar front. From
the thermal wind relation a strong vertical wind shear
exists above the polar front, and the polar front jet is
strongest at around 300 hPa. Because the polar front tilts
vertically northward with height, the surface polar front
is usually located in the latitudes between the two upper
westerly jets. However, the two upper jets confluence over
the region from the east coast of the Eurasian continent
to Japan and the upper westerly jet is restricted to a nar-
row latitudinal band (roughly 20-40°N) over East Asia.
For this region, strong meridional temperature gradients
exist also in the lower troposphere around the latitudes of
the upper jet stream of the southern branch (see Yoshino,
et al., 1985). Therefore, we simply refer the mid-latitude
upper westerly jet stream over East Asia to as the upper
westerly jet.
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cluded that the atmospheric circulation in the first
stage (late May through early June) is basically the
winter monsoon circulation regime.

The rain-belt over East China before the onset
of Meiyu is generally considered to be associated
with the winter monsoon circulation, and to be re-
lated to the upper westerly jet stream (e.g., Kao
and Hsu, 1962; Yoshino, 1965, 1966; Kato, 1989).
From the thermal wind relation, the upper westerly
jet is located in the latitudes where the strongest
vertical wind shear and the maximum meridional
temperature gradient exist. Actually, a relatively
strong meridional temperature gradient or baroclin-
ity exists around Central China until early May
(Kato, 1985, 1987, 1989; Kato and Kodama, 1992;
Hirasawa et al., 1995). In other words, SPR is a
phenomenon within the mid-latitude baroclinic zone
and associated with the polar front over the eastern
coast of the continent. In this sense, the statement
that SPR is related to the upper westerly jet is not
wrong. However, it can not explain the inconsis-
tency that the much stronger upper westerly jet or
baroclinity yields much smaller rainfall in winter,
but the much weaker jet or baroclinity brings much
greater rainfall in SPR.

On day to day synoptic charts, when the spring
rainy weather occurs, the lower- and middle-
tropospheric southwesterlies on the western flank of
the anticyclone over the Philippines and the north-
westerlies to the west of the trough in the mid-
latitudes of East Asia confluence over the middle
and lower reaches of the Yangtze River to form the
stationary front there (Bao, 1987).

However, few climatological studies have focussed
on the atmospheric circulation associated with SPR.
Climatological aspects of SPR is only mentioned
in some studies of seasonal division of China. In
a research of seasonal division of China, Hsu and
Kao (1962) mentioned that the rainfall over Central
China increases markedly, and the subtropical high
of the western North Pacific around the Philippines
appears in early March. Their result implied indi-
rectly a possible linkage between SPR and the sub-
tropical high over the western North Pacific around
the Philippines. However, it is not clear what a
large-scale atmospheric circulation in spring is re-
spousible for SPR. There has been no a satisfactory
physical explanation for the existence of SPR.

Recently, Matsumoto (1989, 1990, 1992) success-
fully detected several abrupt seasonal changes in
convective activities and wind fields over the global
tropics, and the Asian and Australian monsoon re-
gions in spring, though SPR was not mentioned in
his studies. However, it remains unknown how SPR
is related to his abrupt seasonal changes in the large-
scale atmospheric indices.

The purpose of this study is to examine the cli-
matological characteristics of the large-scale atmo-
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Fig. 1. Spatial distribution of rain gauge
observation stations used for producing
the grid data.

spheric circulation associated with SPR and to pro-
vide a physical explanation why SPR occurs over
Central China in spring based on the climatological
mean fields.

Section 2 describes data sources and computa-
tional procedures. Section 3 re-examines seasonal
variations of rainfall over East China. Section 4
examines mean features of large-scale atmospheric
circulation in SPR. Section 5 emphasizes changes in
large-scale atmospheric circulation associated with
the onset of SPR. Section 6 explores the mechanism
of SPR or why SPR occurs in spring and over Cen-
tral China. Section 7 further discusses the results
and summarizes main findings.

2. Data and Computational Procedures

Data with two kinds of temporal resolutions were
prepared and used. Basically, long-term means of
pentad or five-day averaged data were used to de-
scribe the seasonal evolutions of rainfall and the
associated atmospheric circulation. Monthly mean
records were used to examine the year to year vari-
abilities of SPR and several atmospheric indices.

Daily rainfall data of more than 1200 stations
from 1980 to 1989 extracted from the Global Daily
Summary (GDS) CD-ROM distributed by the Na-
tional Climatic Data Center (NCDC), NOAA was
used to describe the seasonal variation of rainfall
over China. The dataset has a very dense spa-
tial distribution (see Fig. 1). To eliminate undesir-
able spatial inhomogeneity due to orographic effects
and/or sampling errors, the station rain gauge ob-
servations were interpolated onto 2° x 2° longitude-
latitude grid. The bivariate interpolation method,
developed by Akima (1978), was used for producing
the grid data.

Twice daily, objectively analyzed 2.5° x 2.5° grids
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of geopotential height (Z), air temperature (T') and
horizontal wind (V') fields at 850 hPa by ECMWF
from 1980 to 1989 were used to explore the asso-
ciated large scale atmospheric circulation. Specific
humidity (¢) computed from 7" and relative humid-
ity was used to examine the moisture field. Relative
vorticity (), moisture flux (¢V') and moisture di-
vergence {V - ¢V') at 850 hPa were also computed
from the twice-daily data. All data were compiled to
pentad means from the daily or twice-daily datasets
to suppress meso- and synoptic-scale variations.

GPCP satellite-derived pentad mean precipita-
tion rates (PR) for the period of 1986-94 was used
to demonstrate large-scale precipitation. The data
was provided on a 2.5° x 2.5° global grid. A detailed
description of this dataset is given by Janowiak and
Arkin (1991).

Long-term means for each pentad were calculated
by averaging the pentad means of each year. The av-
eraged data were smoothed further by summing up
harmonic components 0-6 hence they had still con-
tained some short-term random fluctuations. The
number of the harmonic components (NHC) taken
for the smoothing was changed between 3 and 15
to examine the influence of NHC or the cut-off fre-
quency of the filter. However, little influence was
found for NHC > 6 (not shown). The smoothed
data were regarded as the climatological means and
will be analyzed. Climatological mean of monthly
surface sensible heat flux (SHF) averaged over 1982-
1994 from the NCEP/NCAR reanalysis was used to
describe the seasonal evolution of spatial distribu-
tion of SHF. It was used because only monthly mean
data was available currently for the authors’ circum-
stance. The NCEP/NCAR reanalysis is provided on
the global 2.5° x 2.5° grid. Since the NCEP/NCAR
surface fluxes including SHF are derived solely from
the model fields forced by the data assimilation to
remain close to the atmosphere, they may strongly
depend on the model schemes and may be less re-
liable than the components from which they were
computed, such as temperature and wind. How-
ever, comparison of the global mean, zonal mean,
and regional distribution of the NCEP/NCAR sur-
face fluxes with observational estimates indicates
that the reanalysis climatology agrees with obser-
vational climatologies as well as indicating that the
different observational climatologies agree with each
other (Kalnay et al., 1996). Thus, we only use the
climatological mean of SHF. A detailed description
of the NCEP/NCAR reanalysis is given by Kalnay
et al. (1996).

In addition, a 160-station dataset of monthly pre-
cipitation prepared by the State Meteorological Bu-
reau of China was used to produce the index of SPR
intensity.

Monthly mean sea level pressure (SLP) and T at
850 hPa from the NCEP/NCAR reanalysis for the
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period of 1973-1996 were used. Monthly mean SLP
from the Compact Disc of the National Meteorologi-
cal Center Grid Point Data Set: Version II (Gridded
NMC analysis for the Northern Hemisphere) was
also used because it has a good temporal coverage
despite a poor spatial coverage. The dataset, avail-
able for 1946-89, is stored on the NMC octagonal
grid. The NMC octagonal grid is a 1977 point grid
whose points are equally spaced when viewed on a
polar stereographic grid, centered on the North Pole
with the four corners cut off. The data was inter-
polated from the NMC octagonal grid into 5°x5°
longitude-latitude grid by using a attached program
called NMCLAT.FOR. The data is available from
20°N to the North Pole for some longitudes but from
15°N for some longitudes.

In Sections 4 and 5, analyses are based the cli-
matological mean fields of the pentad means. In
Section 6, both the pentad mean climatologies and
monthly mean data are used.

3. Seasonal variation of rainfall over East
China

This section re-examines the seasonal variation of
rainfall over East China by using the time-latitude
section of rainfall averaged over 110-120°E and iden-
tifies several natural seasons including SPR based on
the seasonal evolution of rainfall over East China.
The spatial patterns of rainfall in SPR and the ad-
jacent natural seasons are also presented.

It 1s helpful to give the definitions of some re-
gions in China first. The regions of the south of
25°N, 25-30°N, and the north of 35°N of East China
(110-120°E) are referred to as South China, Cen-
tral China, and North China, respectively. Central
China and South China are referred to as south-
ern China. Chinese researchers usually refer to the
region of the Huai River and the middle and the
lower Yangtze River basins (roughly 25-35°N) as
Central China. However, in this paper the region
of East China between 30°N and 35°N is excluded
from Central China because SPR is not remarkable
there.

Figure 2 shows the time-latitude section of the
rainfall averaged over 110-120°E. The rain-belt ex-
periences a southward movement (S) in mid May
and two northward movements (N1 and N2) in mid
June and mid July, respectively, from winter to sum-
mer. The axis with a weak maximum of rainfall is
located between 25°N and 30°N in winter. A re-
markable increase of rainfall occurs from the end of
February (Pentad 12, 25 Feb-1 Mar, hereafter re-
ferred to as P12) and has its maximum at around
28°N in early April (P20, 6-10 Apr). This corre-
sponds to SPR in Central China. At the end of
April (P24, 26-30 Apr.), rainfall over Central China
begins to decrease while another rain-belt appears
at around 24°N. In mid May (P27, 11-15 May)
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Fig. 2. Time-latitude section of pen-
tad mean precipitation averaged over
110~120°E. Unit is mm - day™*. Heavy
broken lines indicate axes of the max-
imum rainfall in SPR, PMR, Meiyu
and the summer rainy period of North
China. Arrows with letters S, N1, N2
indicate the southern movement, the
first and the second northern movements
of the rain-belt, respectively. Sticks
on abscissas indicate beginnings of each
month throughout the paper.

the main rain-belt shifts to South China completely,
while Central China experiences a relative dry spell,
which corresponds to the southward movement of
the rain-belt (S in Fig. 2). It corresponds to the
withdrawal of SPR and the onset of PMR in South
China. The two northward jumps (N1 and N2 in
Fig. 2) correspond to the onset of Meiyu of Central
China in mid June (P33, 10-14 Jun.) and the onset
of the summer monsoon rainy period of North China
in mid July (P39, 10-14 Jul.), respectively. At the
same time, another rain-belt appears in the coastal
area of South China, which corresponds to increased
visits of typhoons and tropical disturbances. These
features derived here generally agree with previous
results (e.g., Kao and Hsu, 1962; Xu et al., 1983;
Guo, 1985; Lau et al., 1988; Tanaka, 1992).

SPR and the adjacent natural seasons are defined
based on the seasonal evolution of rainfall shown in
Fig. 2. P1-11 (1 Jan. to 24 Feb.), P12-26 (25 Feb. to
10 May) and P27-32 (11 May to 9 Jun.) are defined
as winter, SPR, and PMR, respectively. Although
winter starts much earlier than the beginning of the
calendar year, for convenience, it is defined here to
begin in P1 because our interest is primarily in SPR,
and this procedure does not affect the results.

To present the temporal and spatial characteris-
tics of rainfall, the spatial patterns of rainfall in win-
ter, SPR, and PMR are shown in Fig. 3. In winter
(Fig. 3a) the rainfall with a weak maximum seen
between 25-30°N is restricted mainly to the east
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Fig. 3. Pentad mean precipitation in China

averaged over winter (a), SPR (b), PMR

(c). Contour interval is 2 mm - day™".

of 110°E. In SPR (Fig. 3b), the spatial pattern is
similar to that of winter, but the rainfall increases
remarkably. In PMR (Fig. 3c), the axis of the max-
imum rainfall shifts to the south of 25°N and the
area of large rainfall expands westward to 105°E.
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Fig. 4. Time-latitude sections of pentad
mean fields of wind vectors (a) and spe-
cific humidity (b) at 850 hPa averaged
over 110-120°E. Units are m - ! for
wind vectors and g-kg™?! for specific hu-
midity. Heavy broken lines indicate axes
of maximum rainfall.

4. Mean features of large-scale atmospheric
circulation

Before describing the spatial characteristics of the
large-scale atmospheric circulation fields associated
with SPR, we first show the time evolutions of hori-
zontal wind vector V' and moisture (specific humid-
ity) field ¢ at 850 hPa along the longitudes of East
China to examine how they correspond to the onset
of SPR shown in Fig. 2.

Figure 4a shows the time-latitude variation of V'
averaged over 110-120°E. At the end of February
(P12, 25 Feb.-1 Mar.) southwesterly winds appear
at around 27.5°N, which is consistent with the on-
set of SPR. At the same time, a gradual increase in
g at around 25°N (Fig. 4b) is also seen. The on-
set of SPR. seems to correspond to the appearance
of southwesterlies and the increase of ¢ in Central
China at the end of February.
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Fig. 5. Mean fields of geopotential height (a), wind vectors (b), moisture divergence (c), and moisture
flux (d) at 850 hPa averaged over SPR. Unit is 107 °g-kg™" -s™* for moisture divergence. Areas with
values of -2 or below are shaded. Black areas on each map indicate regions with mean altitudes of

1500 m or higher throughout the paper.

Next, we examine the mean spatial characteristics
of the large-scale atmospheric circulation in SPR.
Figure 5 shows the mean fields of Z, V|, V . ¢V
and ¢V at 850 hPa in SPR. As shown in the map
of Z (Fig. 5a), Central China is located on the
northwestern flank of the western North Pacific sub-
tropical high. Low-level southwesterly winds are
predominant over southern China, the Indochina
Peninsula and southerly winds are observed over
the South China Sea (Fig. 5b). It is noteworthy
that the southerlies are limited within this region,
which is located on the western and northwestern
peripheries of the western North Pacific subtropi-
cal high. Another feature is that the northwester-
lies are evident to the north of 30°N of East Asia.
As documented by Bao (1987) the favorable syn-
optic condition for the persistent rainy weather is
that lower- and middle-tropospheric northwesterlies

from the northern side and the southwesterlies from
southern side confluence over the middle and lower
reaches of the Yangtze River to form the station-
ary front. However, the confluence of the two flows
in the climatological mean field in SPR is not clear
over the continent, instead, an area of very weak
winds exists between the mid-latitude northwester-
lies and the subtropical southwesterlies. Perhaps,
for the eastern part or the lower Yangtze River
basin, the weak winds on the mean map are partially
attributed to the cancellation due to the averaging
procedure. The western part, or Sichuan Basin may
correspond to the so called dead water region due
to the shelter effect of the Tibetan Plateau (Staff
Members, Academia Sinica, 1958).

Southwesterlies are observed over southern China
on the day to day synoptic charts when the persis-
tent rainy weather occurs (e.g. Bao, 1987). The
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Fig. 6. Differences of fields of GPCP precipitation rate (a), wind vectors (b), relative vorticity (c) and
moisture divergence (d) at 850 hPa between two pentads after and before the onset of SPR. Units
are mm - day ™! for GPCP precipitation rate, 10™°s™* for relative vorticity and 107%g-kg™' -s~! for
moisture divergence. Zero contours are omitted and areas of negative values are shaded.

present study found that southwesterlies are also
predominant over southern China in the climatolog-
ical mean field of V' in SPR (Fig. 5b). The south-
westerlies on the mean map indicate that southerlies
appear more frequently than northerlies in SPR. In
addition, it is found that the onset of SPR is consis-
tent with the appearance of the southwesterlies over
southern China (Figs. 2, 4a).

A remarkable moisture convergence (negative val-
ues) can be found to the south of the middle and
lower reaches of the Yangtze River as shown in Fig.
5c. Moisture divergence (positive values) occurs in
the region from the Indochina Peninsula to the east
of the Philippines. Moisture flux ¢V suggests that
the southwesterly flow on the western flank of the
subtropical high seems to mainly contribute to the
moisture transport (Fig. 5d). The feature of the ¢V’
field derived here is similar to that integrated from

the surface to 700 hPa in springs (MAM) of 1981,
1982 by Yatagai and Yasunari (1993).

This section suggests that SPR is related to the
low-level southerlies over southern China, which are
important for the low-level moisture transport and
convergence. The next section will emphasize the
changes in the large-scale circulation associated with
the onset of SPR.

5. Changes in large-scale atmospheric circu-
lation associated with the onset of SPR

To emphasize the changes in large-scale circula-
tion fields associated with the onset of SPR, the dif-
ferences of PR, V', ( and V-¢V between two pentads
before and after the onset are shown in Fig. 6.

A zonally oriented band with increased rainfall is
found over the region from Central China to Japan
(Fig. 6a). It corresponds with the increase of rain-
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fall associated with onset of SPR. The extent of in-
creased rainfall over the region from Central China
to the south of Japan suggests that SPR is not a
phenomenon due to local orographical effects. Fig-
ure 6b shows a strengthening of southwesterlies in
the region from the Indochina Peninsula to the east
of Taiwan. The area with southwesterly change is
located to the south of the band of increased rain-
fall in Fig. 6a. A southeasterly change is observed
to the north of 30°N, which reflects the weaken-
ing and retreat of the mid-latitude northwesterlies.
Matsumoto (1992) also noted a stepwise northern
retreat of the northwesterlies in the mid-latitudes
of East Asia in around P14 (7-11 Mar.). He also
showed that the low-level northwesterly winds pre-
vail in southern China and northeasterly winds are
predominant over around the South China Sea and
the Indochina Peninsula in winter. It is interesting
that the Indochina Peninsula and the South China
Sea correspond to the southern limit of the winter
monsoon northerlies (Kao et al., 1962).

A trough line of cyclonic change exists be-
tween the areas with weakened northwesterlies and
strengthened southwesterlies, and it is consistent
with the areas of increased rainfall in Fig. 6a and in-
creased relative vorticity (Fig. 6¢). Low-level mois-
ture budget (Fig. 6d) also shows a nearly zonally
oriented band of increased moisture convergence lo-
cated slightly to the south of the axis of increased
rainfall over East Asia in Fig. 6a. The northward
tilting with height of the polar front surface may
explain the slight inconsistency of the locations be-
tween the maximum increased rainfall and the max-
imum increased moisture convergence. The front as-
sociated with SPR usually tilts northward vertically
with height (Zhu et ol., 1992). The warm, moist
air from the southern side rises along the front and
condensation usually occurs between 850 hPa and
500 hPa. For this reason, the maximum precipita-
tion is usually observed in the north of the position
of maximum moisture convergence at 850 hPa.

Another feature is the remarkably decreased rain-
fall in the tropics, except for the Malay Penin-
sula and Sumatra, particularly to the south of the
equator (Fig. 6a). As shown in Fig. 6b, weak-
ened westerlies or strengthened easterlies are found
over the same regions. This result agrees with
Matsumoto (1992), who pointed out that there is an
abrupt weakening and northern migration of equa-
torial westerlies in the southern tropics. According
to him, it corresponds to the first retreat step of
the Australian summer monsoon. Similar results are
also reported by Tanaka (1994) who recognized a de-
crease of high cloud amounts over the Timor Sea at
the beginning of March. Therefore, the transition
of the maximum of the convective activities from
the southern tropics to the northern tropics is also
a feature of the large-scale atmospheric circulation
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around the onset period of SPR. However, it is note-
worthy that as a whole the convective activities over
the equatorial areas of the Asian-Australian sector
is much weaker than in winter.

Further features are the decreased rainfall (Fig.
6a), the anticyclonic wind change (Fig. 6b) and the
decreased relative vorticity (Fig. 6¢) over east of the
Philippines, which suggests a development of an an-
ticyclone. This is consistent with the appearance of
the subtropical high in early March noted by Kao
and Hsu (1962).

This section suggests that the onset of SPR is
related to the cyclonic change in low-level circula-
tion and increased moisture convergence over Cen-
tral China. Compared with winter, enhanced south-
westerly winds on the western flank of the subtrop-
ical high of the western North Pacific to east of
the Philippines contribute to the increased moisture
transport and convergence.

6. Mechanism

In previous sections, we have show that souther-
lies are remarkable over southern China even in the
climatological mean field of V' in SPR, and the on-
set of SPR is closely related to the enhancement of
the southerlies over southern China, the Indochina
Peninsula and the South China Sea. In this section,
we consider the causes for the enhancement of the
southerlies in spring.

Figures 5a and 5b indicates that there is an evi-
dent westward gradient of the low-level geopoten-
tial height over the region from the northern In-
dochina Peninsula to the western North Pacific to
the northeast of the Philippines and the wind vec-
tors are almost parallel to the contours of geopoten-
tial height. The meridional component is much dom-
inant than the zonal one for the region 100-110°E,
15-20°N (Fig. 5b). Thus, Figs. 5a and 5b suggests
that the low-level southerlies over this region are
the geostrophic winds associated with the westward
gradient of the low-level geopotential height.

Next, we consider how the east-west gradient of
the low-level geopotential height, or the pressure
gradient, is formed. To examine the relationship
between the low-level temperature and geopotential
height fields, the spatial distribution of 7" at 850 hPa
averaged in SPR and its change or the difference of
T between two pentads after and before the onset
of SPR, are shown in Fig. 7. Mean eastward tem-
perature gradient in SPR is most notable along 10~
20°N (Fig. 7a). The maximum T appears over the
western Indochina Peninsula and the Bay of Bengal.
It is noted that the area with large eastward tem-
perature gradient (in Fig. 7a) corresponds to that
with the westward gradient of geopotential height
Z at 850 hPa in Fig. 5a. In other words, the west-
ward pressure gradient is associated with the east-
ward temperature gradient over the same region.
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Fig. 7. Temperature at 850 hPa averaged
over SPR (a) and the difference of tem-
perature at 850 hPa between two pen-
tads after and before the onset of SPR
(b). Unit is °C.

To further examine when and how this eastward
temperature gradient is formed, the seasonal varia-
tions of T' at 850 hPa over regions A and B in Fig. 7a
and the difference of T between the two regions are
shown in Fig. 8. The two regions are selected for sev-
eral reasons. Region A is identical with the area of
maximum temperature in SPR. Region B is selected
because it is located approximately in the eastern
end of area with large zonal temperature gradient
and little zonal temperature gradient is found to its
north. In addition, since Central China is located
nearly in the middle of the two regions longitudi-
nally, the southerly geostrophic wind components
between them are supposed to most strongly con-
tribute to SPR.

Figure 8 suggests that the time-lag in the seasonal
warming between the two regions is responsible for
the eastward temperature gradient in spring. The
temperature of region A (solid line) rises sharply
from early February to early April, however, that of
region B (dotted line) reaches its minimum in early
February and rises from late April gradually. The
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Fig. 8. (a) Seasonal evolutions of pentad
mean temperature at 850 hPa averaged
over 95~105°E, 12.5-22.5°N (region A
in Fig. 7a, solid line) and 130-140°E,
10-20°N (region B in Fig. 7a, dotted
line), (b) as in (a) but for difference of
temperature between regions A and B.

rise of T' of region B lags that of region A by more
than two months. As a result of the time-lag in the
seasonal warming between the two regions, the east-
ward temperature gradient is most prominent dur-
ing March and April. It is interesting to note that
the temperature gradient reaches its peak in early
April, which roughly corresponds to the maximum
of SPR rainfall in Fig. 2. The eastward temperature
gradient weakens rapidly from May to June.

It is noteworthy that a large temperature rise is
also observed in the mid-latitudes of East Asia (Fig.
7b), however, the temperature over the continent is
still lower than that over the ocean. The warming in
mid-latitudes over East Asia may contribute much
to the weakening of the zonal thermal contrast or
the zonal pressure gradient, and the consequent re-
treat and decay of the mid-latitude northerlies. A
relatively large meridional temperature gradient or
baroclinity still exists over the eastern part of the
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continent (Fig. 7a). This agrees with previous re-
sults (Kato, 1985, 1987, 1989; Kato and Kodama,
1992; Hirasawa et al., 1995).

To further examine the causes for the time-lag
in the seasonal warming between the two regions
shown in Fig. 8, climatological means of monthly
surface sensible heat flux (SHF) is shown in Fig. 9.
SHF over the Indochina Peninsula becomes evident
from February. It is most notable in March and
April, and the maximum is over the western part.
SHF over the oceanic area to the east of the South
China Sea is suppressed until May. In February and
March another area of large SHF is found from the
north of Taiwan to the south of Japan, which cor-
responds to the Kuroshio current and becomes ill-
defined in April. In April, SHF over the southern In-
dochina Peninsula begins to decrease, and SHF over
the whole Indochina Peninsula decreases remarkably
in May, particularly for the southern part, where
it almost vanishes or even turns into negative over
some portion. This is roughly consistent with the re-
laxation of the temperature difference between the

land and oceanic areas shown in Fig. 8b. Figure 9
(right bottom) indicates that the zonal difference of
SHF almost disappears in May. This may be related
to the enhanced convective activities or increased
cloudiness associated with the onset of the South-
east Asian summer monsoon (e.g., He et al., 1987;
Hirasawa et al., 1995). It is noteworthy that the
low pressure around the Indochina Peninsula and
the westward pressure gradient are maintained even
after the onset of the Southeast Asian summer mon-
soon. However, this study indicates that the west-
ward pressure gradient there and the strong heating
by SHF over the Indochina Peninsula are alreadv
remarkable at least from March, which precedes tlLe
onset of the Southeast Asian summer monsoon by
more than two months. The change in spatial pat-
tern of SHF from February to May seems to explain
well the spatial pattern in SPR (Fig. 7a) and the
seasonal evolution of T" at 850 hPa (Fig. 8a). These
results suggest that the spatial distribution of the
low-level temperature around the region from the
Indochina Peninsula to the western North Pacific
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to the east of the Philippines in spring is likely to
be primarily determined by the local SHF. In other
words, the eastward temperature gradient is most
likely to be explained by the east-west differential
heating due to SHF. Increased SHF from the late
winter over the Indochina Peninsula primarily ac-
counts for the local quick warming, and the sup-
pressed SHF over the western North Pacific to the
east of the Philippines is responsible for the delayed
seasonal warming there.

Evidence that suggests the Indochina Peninsula
acts as a heat source in spring is found in Yanai et
al. (1992), though they did not mention it. They es-
timated the heat budget over the Asian monsoon re-
gions in 1979 from the observational data and noted
that the Tibetan Plateau turns from a heat sink
to a weak heat source during spring (MAM). How-
ever, the most dominant heat source in spring was
found over the western part of the Indochina Penin-
sula (in their Fig. 10). It is noteworthy that their
map was the mean for MAM of 1979, thus the heat
source over the Tibetan Plateau may mainly reflect
the heating in May (c¢f. Fig. 9). On the other hand,
Chen and Li (1983) found that the western North
Pacific is a heat sink during March and April. These
results generally support our analysis.

From this discussion, it is indicated that the east-
ward temperature/westward pressure gradients ac-
count well for the southerlies and consequently for
SPR, at least on the seasonal basis. Moreover,
the eastward temperature/westward pressure gra-
dients are likely related to the differential heating
between the Indochina Peninsula and the western
North Pacific to the east of the Philippines. To fur-
ther confirm the importance of the eastward tem-
perature/westward pressure gradients for SPR and
relationships among the year to year variations of
SPR. intensity, the westward gradient of SLP and
the eastward gradient of T" at 850 hPa are exam-
ined. The mean rainfall in March and April, aver-
aged over 21 rain-gauge observation stations within
25-30°N, 110-120°E, was used as an index of SPR
intensity. Difference of SLP, averaged over March
and April from NMC between the two regions 20°N,
130-140°E and 15-25°N, 95-105°E, was used as an
index of the westward pressure gradient. These two
areas are slightly different with regions B and A
shown in Fig. 7a because of the limitation of the spa-
tial coverage and resolution of the dataset. However,
this index showed a good consistency with the dif-
ference of SLP between regions B and A calculated
from the NCEP/NCAR reanalysis for the period of
1972-89 (not shown). The difference of T at 850 hPa
averaged over March and April between regions A
and B was used as an index of the eastward temper-
ature gradient. For comparison, these indices were
normalized.

Figure 10 shows the year to year variations of the
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Fig. 11. Same with Fig. 10 but for the west-
ward surface pressure gradient (solid
line) and eastward temperature gradient
(dotted line) at 850 hPa.

SPR index (solid line) and the westward pressure
gradient (dotted line). The fluctuations of the two
indices reveal a good correspondence and a strong
positive correlation. The correlation coefficient is
0.78, which is much higher than the 99 % signifi-
cance level (0.41, for 39 samples). The very high
correlation indicates that a close relation between
SPR and the westward pressure gradient exists also
on the interannual time-scale. Figure 11 shows the
year-to-year variations of the indices of the west-
ward pressure gradient (solid line) and the eastward
temperature gradient (dotted line). The two series
very nearly parallel to each other. The correla-
tion coefficient is 0.81, which is also much higher
than the 99 % significance level (0.52 for 24 sam-
ples). This very high correlation indicates a close
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relationship between the eastward temperature and
the westward pressure gradients on the interannual
time-scale. The close relationship among SPR, and
the eastward temperature/westward pressure gradi-
ents on the interannual time-scale strongly suggests
that the interannual variation in the east-west ther-
mal contrast between the Indochina Peninsula and
the western North Pacific to the east of the Philip-
pines is responsible for the interannual fluctuations
of SPR.

This section indicates that SPR is closely related
to the low-level eastward temperature/westward
pressure gradients on both the seasonal and inter-
annual bhases.

7. Discussion and concluding remarks

The atmospheric circulation in spring has been
considered as the winter monsoon circulation regime
(e.g., Yeh et al., 1959; Yoshino, 1965, 1966) because
the maximum axis of the upper westerly jet is lo-
cated to the south of the Tibetan Plateau. However,
our results indicate that the low-level southerlies
have appeared over southern China, the Indochina
Peninsula and the South China Sea in SPR. In this
sense, the atmospheric circulation in SPR is obvi-
ously different from that in winter.

The atmospheric circulation in SPR is completely
different from that in Meiyu. In SPR the low-
level southerlies are limited in the region of south-
ern China, the Indochina Peninsula and the South
China Sea (in Fig. 5b). On the other hand, after
the onset of Meiyu, fully developed low-level south-
westerlies prevail over regions from the broad Indian
Ocean extending through the Bay of Bengal, the In-
dochina Peninsula to Central China and Japan to
merge with the southwesterlies on the northwest-
ern flank of the western North Pacific subtropical
high (e.g., Murakami, 1959; Tao and Chen, 1987;
Matsumoto, 1992). In addition, low-level cross-
equatorial currents over the maritime continents
also influence Central China during Meiyu season
(e.g., Tao and Chen, 1987). Furthermore, as noted
by many researchers (e.g., Yeh et al., 1959; Yoshino,
1965, 1966) the atmospheric circulation in the mid-
dle and upper troposphere is essentially the same
with that in winter except for the weakening of the
southern branch of the mid-latitude upper westerly
jet (Staff Members, Academia Sinica, 1957). After
Meiyu onset, associated with establishment of the
upper Tibetan anticyclone the maximum of the up-
per westerly jet moves to the northern side of the
Tibetan Plateau and easterlies appear on the south-
ern side (e.g., Dao and Chen, 1957; Yeh et al., 1959).
Therefore, SPR has completely different horizontal
and vertical structures from Meiyu.

SPR is a transitional stage from the northern win-
ter/southern summnier monsoon circulation regime to
the northern summer/southern winter monsoon cir-
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culation regime. The northwesterlies over East Asia
associated with Siberian high are also much weaker
than in winter and have retreated to the north of
30°N (Fig. 5b). This result agrees with Matsumoto
(1992). During this period, the Tibetan Plateau
changes from a weak heat sink to a weak heat source
but northern China still acts as a heat sink {Yanai
et al., 1992). At the same time, convective activ-
ities over northern Australia and the marinetime
continents are much weaker than in northern win-
ter (in Fig. 6a). It corresponds to the first retreat
step of the Australian and Indonesian summer mon-
soon noted by Matsumoto (1992). A similar result
is also noted by Tanaka (1994). The decayed con-
vective activities imply that the heat source over the
maritime continents and northern Australia is much
weaker than in northern winter. This stage also pre-
cedes the onsets of the summer monsoon over re-
gions of the Bay of Bengal, the Indochina Peninsula,
the South China Sea and the western North Pacific
around the Philippines, which act as the major heat
sources in summer (Chen and Li, 1983; Yanai et al.,
1992). Kato (1989) also suggested that there are
no wide heat sources to the west of the subtropi-
cal high of western North Pacific before the onset
of the Southeast Asian summer monsoon. These
facts suggest that there are no huge heat source in
SPR. The low-level eastward temperature/westward
pressure gradients over region from the Indochina
Peninsula to the western North Pacific to the east
of the Philippines associated with the local differ-
ential heating by SHF play the primary role on the
low-level circulation over the Indochina Peninsula,
the South China Sea and southern China for lack of
huge heat sources. Therefore, the differential heat-
ing during spring is essential for SPR. The very high
correlations among the year to year fluctuations of
SPR and the eastward temperature/westward pres-
sure gradients strongly support this consideration.
Main findings of the current study are as follows.

1. Low-level southwesterlies to the south of the
middle and lower reaches of the Yangtze River
(southern China) are responsible for SPR. Low-
level southwesterlies are identified over south-
ern China in the climatological mean wind field
in SPR, and the appearance of the southwest-
erlies at the end of February is consistent with
the onset of SPR. The southerlies are limited to
southern China, the Indochina Peninsula and
the South China Sea, which are important for
the moisture transport to Central China and
the moisture convergence there.

2. Seasonal evolutions of low-level temperature,
geopotential height and wind fields suggest that
the low-level southerlies over southern China,
the Indochina Peninsula and the South China
Sea in SPR are attributed to the westward pres-
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sure gradient associated with the eastward tem-
perature gradient around the region from the
Indochina Peninsula to the western North Pa-
cific to east of the Philippines. The southerlies
are the geostrophic winds associated with the
westward pressure gradient. The eastward tem-
perature/ westward pressure gradients are most
evident in March and April, and they are a re-
sult of the time-lag in the seasonal warming be-
tween the Indochina Peninsula and the west-
ern North Pacific to the east of the Philippines.
In addition, the coincidences of spatial distri-
butions and seasonal evolutions from February
through May between the low-level tempera-
ture and the surface sensible heat flux (SHF)
suggest that the differential heating due to SHF
between the two regions is likely responsible for
the east-west thermal contrast.

3. Much higher correlations than the 99 % sig-
nificance level among the year to year fluc-
tuations of SPR and the eastward tempera-
ture/westward pressure gradients over the re-
gion from the Indochina Peninsula to the west-
ern North Pacific to the east of the Philippines
are identified. The close relationship among
SPR. and the eastward temperature/westward
pressure gradients on both the seasonal and in-
terannual bases strongly suggests that the east-
west thermal contrast in spring between the In-
dochina Peninsula and the western North Pa-
cific to the east of the Philippines plays the pri-
mary role on SPR.

Several problems remain to be solved. This study
presented the large-scale features of the atmospheric
circulation associated with SPR based on the cli-
matological means and provided a physical expla-
nation of the rainy season in Central China clima-
tologically. However, the dynamical mechanism for
the maintenance of the rainy weather for 5-7 days
and occasionally for weeks (e.g., Bao, 1987) remains
unsolved. It is found that the large-scale atmo-
spheric circulation in the lower latitudes play a pri-
mary role on SPR. However, basically SPR is a phe-
nomenon in the mid-latitude baroclinic zone (Kato
and Kodama, 1992; Hirasawa et al., 1995). Actually,
a relatively strong meridional temperature gradient
exists in SPR (Fig. 7a; also see Kato, 1985, 1987,
1989). The atmospheric circulation in the higher
latitudes may also influence SPR. This point should
be examined.
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AL, FICEAKEOBET — ¥ B L U850 hPa IC BT A2 EEHEE. A, R[ild. HEEOFERR
W TF- 87— % O 5 HEHOFAEME VT, FEPICBITAEFEOEM (SPR) ICBES 2 KEBELRBIREO
a7z, 72, SPR OREFEMN L REROYBIER e REL 72,

SPRIZ2ADOKDLYIZEEL. 5 ADMED £ THi <o SPR MO TREOFHEIGI B THFILH T il
Lol ((PEME) THEOBSERL TV, ZOTBOME Y ORITPEREH. 1 v F rFEEL
By HHICELNT WS, MEBHICBITATRBOEE ) OEOHBIIL SPROBMGE LB LTEY .,
HEHANDKEZIE & F 2 TORBTINRICKELFGF LTS, Lo T, TOTEOMED DAL
SPRICEETH 5,

850 hPa 12 BT 2 KR BE . [k, BOBOFEETH»L . TROBEF) DR, 1 F VT EE»
57 4 1) EVRADEEALKFEMEIC»T TOTROEA & OFIRMEREICEES % PHM & OSEMEREIC
W B BB THOM R TH S I LD hoT2e ORI E ORIR/TIN & DFKEMBELS B & 4 BICRK
THO, A VNV FEBNEE 74 ) EVEFOTBILKEETORABOTNIIL-TAELLBDTH 5,
BEEAIPUTHB DS, 2 A5 4 BIZBT 54 Y F Y EBTEORENLDHERT T v 7 AU
T AN EFEOM I PSS AMNDERFERTHSL EEZ LS,

EAEHIBVTE, SPR & I ~_7- 50 & Q5 /T & OKEMEEDRIZ 99 BARKEZBR 5
EHEICEVHBEYHER SN, FEEL, BELEICBIT S SPR & WA X DFURMEE /P X OKRIEEREE
COMOBELEREA Y U FEBRBMNEE T 0 ) EVEFOEHIAKFEOHMOEBOARNIT b T X
FASSPRICE o TABMTH LI LB IRBL TV S,
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