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ABSTRACT

The significant differences of atmospheric circulation between flooding in the Huaihe and Yangtze River
valleys during early mei-yu (i.e., the East Asian rainy season in June) and the related tropical convection
were investigated. During the both flooding cases, although the geopotential height anomalies always exhibit
equivalent barotropic structures in middle to high latitudes at middle and upper troposphere, the phase of
the Rossby wave train is different over Eurasian continent. During flooding in the Huaihe River valley, only
one single blocking anticyclone is located over Baikal Lake. In contrast, during flooding in the Yangtze River
valley, there are two blocking anticyclones. One is over the Ural Mountains and the other is over Northeast
Asia. In the lower troposphere a positive geopotential height anomaly is located at the western ridge of
subtropical anticyclone over Western Pacific (SAWP) in both flooding cases, but the location of the height
anomaly is much farther north and west during the Huaihe River mei-yu flooding. Furthermore, abnormal
rainfall in the Huaihe River valley and the regions north of it in China is closely linked with the latent
heating anomaly over the Arabian Sea and Indian peninsula. However, the rainfall in the Yangtze River
valley and the regions to its south in China is strongly related to the convection over the western tropical
Pacific. Numerical experiments demonstrated that the enhanced latent heating over the Arabian Sea and
Indian peninsula causes water vapor convergence in the region south of Tibetan Plateau and in the Huaihe
River valley extending to Japan Sea with enhanced precipitation; and vapor divergence over the Yangtze
River valley and the regions to its south with deficient precipitation. While the weakened convection in the
tropical West Pacific results in moisture converging over the Yangtze River and the region to its south, along
with abundant rainfall.
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Introduction

China is located in East Asia, which is influenced
strongly by the summer monsoon system. The early
summer climate of East Asia is characterized by a
quasi-stationary rainband that extends from south-
eastern China to Japan in June and July (Tao and
Chen, 1987). This rain band is known as the mei-
yu front in China. Excessive precipitation related to
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mei-yu causes flooding that is economically costly and
threatens human life. Many researchers have focused
on finding the causes of the flooding and have at-
tempted to forecast the location and duration of the
flooding. Previous studies investigated the causes of
flooding in Yangtze-Huaihe River valley during sum-
mer and the associated sustained, large-scale, abnor-
mal atmospheric circulation with flooding. Tao and
Chen (1987) systematically proposed that the East
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Asian summer monsoon system is composed of a mon-
soon trough in South China Sea, the mei-yu front,
the subtropical anticyclone over the Western Pacific
(SAWP), the Tibetan High and cold air from the
north. Tao and Wei (2006) emphasized the influ-
ence of Rossby waves on the summer climate of East
Asia. However, these components interact with each
other, making the forecasting of flooding very difficult.
Zhang and Tao (1998) suggested that precipitation af-
fecting the Yangtze-Huaihe Rivers valley is not only
affected by southwesterly trade winds from the Bay of
Bengal (BOB) and the Indo-China Peninsula but also
by the SAWP and cold air from middle and high lati-
tudes. Xu et al. (2001) demonstrated that during the
early mei-yu period the SAWP jumps northward in
the central Pacific and then expands westward. This
phenomenon may be influenced by anomalous convec-
tion in the Intertropical Convergence Zone (ITCZ) and
the northern BOB. Wu et al. (2008) presented the
three-dimensional structure of subtropical anticyclone
that favors the occurrence of persistent heavy rainfall
over the Yangtze and Huaihe River valleys. Guo and
Liu (2008) and Yao et al. (2007) demonstrated that
the propagation of vorticity perturbations eastward in
low latitudes and westward at middle latitudes causes
baroclinic instability and results in the variation of the
SAWP and the occurrence of heavy summer rainfall
over East China. These studies showed that mei-yu
flooding is affected not only by the circulation in sub-
tropics but also by tropical and mid-latitude circula-
tion systems.

The mei-yu rainband displays large variability on
time scales ranging from hours to interannual even to
interdecadal, and its geographical location varies from
South China, Yangtze River to the Huaihe River. In
most of the aforementioned studies, “Yangtze River-
Huaihe River valleys”, as a whole, are broadly used to
describe the location of the mei-yu flooding. Flooding
mostly occurs over the two valleys, but the differences
between them have not been rigorously investigated.
One obvious reason is that the distance between the
two valleys is < 5° latitude. However, in recent years
such as 2003 and 2007, flooding in the Huaihe River
valley has drawn meteorologists’ attention. Flooding
during these years is different from that in 1998 and
1999, when severe flooding mostly took place over the
Yangtze River valley. So in recent years, many studies
(e.g., Wang and Wang, 2002; Zhao et al., 2005, Wei
and Zhang, 2009; Ma et al., 2011; Xuan et al., 2011)
have focused on Huaihe River valley flooding. These
studies have presented the circulation characteristics
in individual Huaihe River flooding years and have re-
vealed the connection between mei-yu flooding and the
Pacific SSTA and the East Asian Westerly Jet.
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The mei-yu front commences in June and ends
in July. However, atmospheric circulation differs be-
tween June and July. As we know, the first impe-
tus of monsoon is solar radiation. As solar radiation
advances northward from June to July, the summer
monsoon system responds. Therefore, under different
mean states the key factors influencing atmospheric
circulation anomalies are altered accordingly. Wang
et al. (2009) showed that the East Asia summer mon-
soon could be divided into early summer [May—June
(MJ)] and late summer [July—August (JA)] and the
differences in mean state between MJ and JA are re-
markable. In this study, we considered it necessary
to differentiate atmospheric responses to different cli-
mate mean states that influence precipitation anoma-
lies during mei-yu. Although many high-quality stud-
ies have focused on typical individual flooding cases
during the mei-yu front, few studies have investigated
the universal flooding characteristics related to it. To
investigate the mechanism for large-scale and per-
sistent heavy rainfall, we used long-term data from
19792007 to calculate universal differences in atmo-
spheric circulation between flooding in the Huaihe and
Yangtze River valleys during the early mei-yu.

The mei-yu embodies the East Asian summer mon-
soon, which is influenced by external forces and inter-
nal dynamic adjustments (Lau et al., 2000). Large-
scale heat sources and sinks have dynamical influences
on the quasi-stationary mean motion of the atmo-
sphere (Smagorinsky, 1953). Many studies have re-
vealed the relationship of East Asian summer monsoon
with regard to the thermal status of the ocean, land,
snow, and ice. Huang et al. (2003) reviewed the factors
that can affect variability of the East Asian Monsoon:
as ENSO events in the Pacific, Indian Ocean warming,
sensible heating in arid and semiarid regions of north-
west China, and thermal conditions of the TP. Other
researchers have focused on the internal dynamics of
monsoon. The dramatic nature of monsoon activity
suggests that a positive feedback exists between heat-
ing and low-level circulation (Rodwell and Hoskins,
2001; Hagos and Zhang, 2010). Hoskins and Rodwell
(1995) used an idealized model to confirm that dia-
batic heating is important to the formation of mean-
state flow during summer. Studies by Wu et al. (1999,
2008), Wu and Liu (2000, 2003), and Liu et al. (1999,
2001a, 2004) showed that the effect of spatially nonuni-
form heating is the key for the formation and variation
of subtropical highs based on their analyses of obser-
vational data and numerical simulation results. All of
these studies provide theoretical support and idea for
our investigation of the role of diabatic heating anoma-
lies with regard to different atmospheric circulations,
leading to flooding in the Huaihe and Yangtze River
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valleys during early mei-yu.

In the following section, the datasets and the at-
mospheric general circulation model (AGCM) used in
this paper are described. Section 3 presents analysis of
observational data to determine the differences in at-
mospheric circulation between flooding in the Huaihe
and Yangtze River valleys during June, and the ef-
fect of latent heating of the key areas on atmospheric
circulation during flooding is proposed. Section 4
demonstrates the atmospheric circulation and rainfall
responses to latent heating anomalies in key regions
affecting location of rainband in June using numerical
experiments to further clarify the mechanism of latent
heating. Section 5 provides a discussion of the impli-
cations of our results and a summary.

2. Methods

2.1 Data

The daily precipitation dataset of 743 stations in
China for the period 1951-2007 was acquired from the
National Meteorological Center of the China Meteo-
rological Administration. The global monthly obser-
vational dataset for larger-scale precipitation distribu-
tion merging satellite-gauge product was provided by
the Global Precipitation Climatology Project (GPCP)
in this study. The Japanese 25-year Reanalysis (JRA-
25) is an atmospheric reanalysis product that uses a
recently developed numerical assimilation and forecast
system of the Japan Meteorological Agency. We used
its monthly data (horizontal resolution 1.125°) cover-
ing 29 years from 1979 to 2007. The dataset contains
variables such as wind, geopotential height, longwave
radiation, shortwave radiation, sensible heating flux,
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total column latent heating, and so on. In recent years,
numerous investigators have studied the decadal and
interdecadal variability of precipitation in China as
well as in East Asia. They found decadal variation
of the summer precipitation in East China occurring
in the late 1970s (Huang et al., 1999; Chang et al.,
2000; Zhou and Huang, 2003; Ding et al., 2007). Due
to the lack of a long-term diabatic heating dataset, all
of the datasets used in our analysis were from 1979 to
2007.

To extract the difference between Huaihe and
Yangtze Rivers flooding, composite analyses were ap-
plied. In addition to this method, the singular
value decomposition (SVD) analysis (Bretherton et
al., 1992) was also used to identify important cou-
pled modes between geopotential height anomaly at
200 hPa and precipitation in China during June.

To define the domain of the Huaihe River valley
and the Yangtze River valley, respectively, we followed
the method of Ting and Wang (1997). We calculated
the correlation between precipitation at the central
station of each river valley and at the remaining sta-
tions in China during June. The relevant areas with
correlation coefficient surpassing the 95% confidence
level were defined as the domain of flooding in the two
valleys in June. Therefore, the stations in the flooding
domains were considered to have similar precipitation
patterns. In our study, the Huaihe River valley cen-
ter was located in Suxian (33.38°N, 116.59°E), and
the Yangtze River valley center was located in Tunxi
(29.43°N, 118.17°E) (Figs. la and b). The center sta-
tions were selected based on their geographical posi-
tion in the center of valley and their long-term records.

We used precipitation averaged over the two do-
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Fig. 1. Correlation of rainfall in each valley center station with rainfall in all stations
of China. (a) Suxian centers in Huaihe River valley; (b) Tunxi centers in the Yangtze

River valley.
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Fig. 2. Normalized June precipitation time series of
Huaihe River valley and Yangtze River valley. The hori-
zontal bold line denotes 0.8 standard deviation.

mains as the precipitation indices for the two valleys in
June, to determine the two indices after they were nor-
malized with their standard deviations (SD) (Fig. 2).
Years in which SD was >0.8 SD were defined as flood-
ing years, following the criterion of Ding and Wang
(2005). Notably, in 1996 flooding occurred in both
the Huaihe and Yangtze River valleys. To identify the
contrast between them more clearly, 1996 was elimi-
nated from flooding years for composite analysis. Ac-
cordingly, mei-yu flooding in the Huaihe River valley
took place in 1980, 1991, 2000, and 2003, and in the
Yangtze River valley in 1983, 1995, 1998, and 1999.
Flooding in 2005 and 2007 was excluded because it
occurred mostly in July and not in June.

22 AGCM

The AGCM used in this study is the Spectral At-
mospheric Model (SAMIL) (Wu et al., 1996; Wu et al.,
2004; Wang et al., 2004; Bao et al., 2006), developed by
the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynam-
ics, the Institute of Atmospheric Physics, the Chinese
Academy of Sciences. We used the latest version 2.4.7
with triangular truncation at zonal wave number 42
(T42: equivalent to 2.81° longitude and 1.66° latitude)
and 26 sigma mixing pressure levels from the ground
to 2.19 hPa and time-integrating step of 10 minutes.
In this model, the radiation scheme is adopted from
the UK Meteorological Office (Edwards and Slingo,
1996) but with a modification from Sun and Rikus
(1999a, b). The time step of the radiation scheme is
1 hour; thereby, the diurnal cycle of solar radiation
was captured. The mass flux cumulus parameteriza-
tion of Tiedtke (1989) is utilized for deep, shallow, and
mid-level convection, with a modified closure assump-
tion and the formation of organized entrainment and
detrainment (Nordeng, 1994; Song, 2005). The plane-
tary boundary layer part of the model is a higher-order
closure scheme that computes the turbulent transfer of
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momentum, heat, moisture, and cloud water (Brinkop
and Roeckner, 1995). The cloud scheme is a diag-
nostic method based on vertical motion and relative
humidity (Liu and Wu, 1997), and the effects of grav-
ity wave drag are also applied, which depend on wind
speed, density, and static stability of the low-level flow
Palmer et al. (1986).

3. Differences of atmospheric circulation and
related diabatic heating

3.1 Circulation

Flooding in both the Huaihe and Yangtze River
valleys in the mei-yu period is the result of southwest-
erly winds of the East Asian summer monsoon meet-
ing cold wind. During the mei-yu season, the stable
flow pattern over the middle and high latitudes of Asia
is comprised by cold, dry air confronting warm, wet
air. Based on Fig.2, 4 years were selected for com-
posite analyses of flooding in the Huaihe and Yangtze
River valleys, respectively. Figure 3 shows compos-
ite geopotential height and precipitation anomalies
of the Huaihe River valley (left panel), the Yangtze
River valley (middle panel) and the differences be-
tween the Huaihe and Yangtze River valleys during
flooding years (right panel).

First, we focused on the atmospheric circulation
characteristic of middle and high latitudes during mei-
yu flooding on the Huaihe River valley. A blocking
high occurred over Lake Baikal at 200 hPa upper tro-
posphere, which is often called “single blocking” in
Eurasia. Cold air along the high-pressure front formed
northwesterly wind that constantly moves eastward
and southward, which met warm, wet air from the
Japan Sea in the Huaihe River valley (Fig. 3a). Figure
3b shows the positive signal in East China at 850 hPa
of geopotential height. This indicates that the loca-
tion of SAWP was much farther west and north com-
pared to climatology. The ridge line of the SAWP tilts
slightly in a southwest-northeast orientation. As a re-
sult, warm, wet air from the BOB and the Pacific along
the western ridge of the SAWP confronts cold air of
middle and high latitudes, resulting in persistent rain-
fall in the Huaihe River Basin (Fig. 3a). The abnormal
location of the SAWP matches well with the rainband
position migration. Geopotential height anomalies at
200 hPa and 850 hPa at middle and high latitudes
present an equivalent barotropic structure (Figs.3a
and b).

Unique characteristics in atmospheric circulation
can be found during mei-yu flooding in the Yangtze
River valley (Figs. 3d and e). Two blocking highs can
be seen over the Eurasian continent centered in the
western Urals and eastern Siberia, respectively. These
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Fig. 3. Composite geopotential height anomaly at 200 hPa (top panels), at 850 hPa (middle panels) and
precipitation anomaly (bottom panels) during June flooding in (a, b, c) the Huaihe River valley, (d, e, f)
Yangtze River valley, and (g, h, i) the differences between them.

comprise double blocking, a pattern in the upper tro-
posphere which is different from the single blocking
associated with flooding in the Huaihe River valley
(Fig.3a). A stable low-pressure trough develops be-
tween two blockages. Cold air along the front ridge
of high pressure from the northwest moves eastward
and southward. The cold air is blocked by the high
located over the north Okhotsk Sea and is residual in
the wide trough. Figure 3d shows two wave train pat-
terns over the Eurasian continent. One is southeast-
ward in orientation from blocking above the Urals in
the high latitudes. The other one is Pacific-Japan (PJ)
wave pattern along East Asian coast. Figure 3e shows
the negative signal both in central East China and the
Japan Sea at 850 hPa. The ridge line of the SAWP dis-
plays zonal orientation. Equivalent barotropic struc-
ture is still obvious in middle and high latitudes during
Yangtze River flooding. Furthermore, Figs. 3g, h, and
i show the differences between Huaihe and Yangtze
River flooding. The signal is amplified and clearer.
The rainfall anomaly between the Huaihe River valley
and the Yangtze River valley and its south exhibits a
seesaw mode (Figs. 3c, f, and i).

We used composite analyses to demonstrate that
the main differences in atmospheric circulation be-
tween flooding in the Huaihe and Yangtze River valleys

are the location and intensity of SAWP and blockages
at middle and high latitudes over the Eurasian con-
tinent. To confirm the relationship of the upper tro-
pospheric circulation over the Eurasian continent and
Northwest Pacific with precipitation pattern of China,
the SVD method was applied to analyze coupled pat-
terns of geopotential height at 200 hPa and June pre-
cipitation over China stations.

Figure 4 shows the spatial and temporal struc-
ture of the first two coupled modes determined from
geopotential height over Eurasia and the northwest
Pacific (0°-80°N, 0°-180°E) and precipitation data
from 743 stations in China. The first mode accounts
for 25.1% variance. Figure 4a shows that the geopo-
tential height spatial pattern of SVDI1 is similar to
the composite atmospheric circulation of flooding in
the Yangtze River valley. The pattern of precipita-
tion in SVD1 shows heavy rainfall located over the
Yangtze River Basin and deficient rainfall in most of
North China and South China, forming a sandwich
pattern. Blocking (60°N, 30°E) can be seen over the
eastern Urals, wave train eastward propagation occurs
with a low-high signal in the upper troposphere. The
SVD2 pattern of geopotential height at 200 hPa re-
sembles the composite result of Huaihe River flood-
ing (Fig.3a). Figure 4d shows blocking over Baikal,
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Fig. 4. The first (left panels) and second (right panels) SVD modes of June geopotential height field at
200 hPa (top, a, d) and precipitation anomaly (middle, b, ) and their standardized principal component
time series (blue bar and dot line) and the Huaihe River valley and Yangtze River valley precipitation

indices (blue line) (bottom, c, f).

while over the Eurasian continent the wavetrain pat-
tern is low-high-low. Figure 4e displays the precipita-
tion pattern, which is closely related to atmospheric
circulation in Fig. 4d. The dipole mode can be seen in
the rainfall signal of Huaihe River valley and north-
ern China as opposed to the Yangtze River Basin and
southern China. Figure 4e resembles Figs. 3c and i.
Thus the SVD method and composite analyses col-
lectively capture the characteristics of flooding in the
Huaihe and Yangtze River valleys. Figures 4c and f
show the principal components (PC) of time series and
precipitation indices. The precipitation indices of the
Yangtze and Huaihe River valleys are closely related
to PC1 and PC2, respectively. In particular, the cor-
relation coefficient of PC2 and Huaihe River flooding
precipitation index is 0.6, far surpassing the 99% con-
fidence level. That implies the probability of Huaihe
River valley flooding in June occurring associated the
atmospheric circulation at 200 hPa demonstrated by
Fig. 4d that is one blocking in middle and high latitude
over Eurasian continent. In order to demonstrate the
relationship between precipitation and PCs time series
quantitatively, Table 1 show their correlation coeffi-
cients.

Because air motion in middle and high latitudes
follows quasi-geostrophic discipline, accordingly, high
centers in geopotential height anomaly correspond to
the anticyclone and low centers correspond to the cy-
clone in the wind field. But the differences of atmo-
spheric circulation in tropic and subtropics are hardly
detected in geopotential height anomalies. Composite
analysis is again applied at 850 hPa wind anomaly to
capture difference atmospheric circulation in low lati-
tudes of Huaihe and Yangtze River valley flooding.

The main difference of lower tropospheric circula-
tion is detected on meridional wind and location of
anticyclone in west Pacific. Figure 5 shows composite
wind anomaly and meridional wind anomaly at 850
hPa. The anticyclone anomaly over the subtropical
Northwest Pacific develops both in Huaihe River flood-
ing and in Yangtze River flooding. The anticyclone
during Huaihe River flooding is located much more
west and north, which influences the path of wet and
warm air from the BOB and Pacific northward migra-
tion. Consequently the flooding happens in the Huaihe
River valley (Fig.3c). It is clear in Fig. 5a that winds
converge nearly in 32°N much more northward com-
pared with the climatology position. Strong northerly
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Table 1. Correlated coefficient between principal components (PCs) of the (a) first SVD modes and Yangtze River
precipitation, (b) second modes and Huaihe River precipitation.

(a)

PC1 H
PC1 H
PC1 Pre
Yangtze Pre

(b)

PC2 H
PC2 Pre
Huaihe Pre

PC2 H

Note: Bold values are above the 95% confidence level.

winds confront with southwesterly warm wet winds
during flooding in the Huaihe River valley. (The cy-
clone anomaly near the Indian peninsula is discussed
later.) The common feature in Figs. 5a and b is a
strong southwest anomaly and anticyclone over both
valleys. The main difference lies in meridional wind,
while strong cold air converges in the Huaihe River val-
ley (Fig. 5a) and weak zonal winds converge southwest-
erly in Yangtze River valley (Fig. 5b). During Yangtze
River flooding June in the tropics the anticyclone over
West Pacific shifts eastward and the flow becomes di-
vergent at 850 hPa.

Although the variation of flooding areas from the
center of the Huaihe River valley to the center of the
Yangtze River valley is less than 5° in meridional di-
mension, the differences of atmospheric circulation are
significant. The pattern of atmospheric circulation is
not simply southward or northward migration in accor-
dance with rainband location. What is the main factor
determining the location of the rainband and its asso-
ciated atmospheric circulation during early mei-yu?

3.2 Dziabatic heating

The atmospheric motion can be viewed as a heat
engine driven by diabatic heating. Atmospheric ad-
justment occurs in various types of energy transfor-
mation through diabatic heating. Many studies have

PC1 Pre Yangtze Pre
0.72 0.31
0.50

PC2 Pre Huaihe Pre
0.75 0.53
0.60

concluded that the variation of diabatic heating in the
tropics during summer monsoon is mainly caused by
latent heating released from precipitation. Hoskins
and Kaloly (1981) proposed the theory of quasi-steady
planetary wave propagation, in which the spherical at-
mosphere is forced by thermal heating and large-scale
mountains, which explains the mechanism of telecon-
nection. Theoretical investigations of stationary waves
usually depend on a linearization of a zonal-mean west-
erly flow. Such linearization is questionable for the
subtropics in the whole boreal hemisphere. In reality,
during June mean state is different from that of July
and multiple types of heating and/or cooling coexist.
Therefore, it is worthwhile to consider how the latent
heating in the tropics influences atmospheric circula-
tion in individual months during boreal summer.

The quasi-barotropic structures in mid-high lati-
tudes (Fig.3) imply that the diabatic heating in the
tropics may be important to determine the distinct
atmospheric circulation resulting rainband location in
Huaihe River valley or in the Yangtze River valley in
June. Figure 6 shows the correlation of the precipi-
tation series for the Huaihe River valley (Fig.6a) and
the Yangtze River valley (Fig.6b), respectively with
the global grid precipitation data. The precipitation
of the Indian peninsula is positively correlated with
the Huaihe River valley, as Fig. 6a shows. The precip-

Fig. 5. Composite wind (vector) and meridional wind (shading) anomaly at 850 hPa during June

flooding in (a) the Huaihe River valley, and (b) the Yangtze River valley. Units: m s~ .

1
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Fig. 6. Correlation coefficient of global precipitation with river valley precipitation index during
June. (a) Huaihe River valley; (b) Yangtze River valley.

itation across the Tibetan Plateau and the Indo-China
Peninsula are also positively correlated. Therefore, the
probability for concurrence of heavy rainfall between
the Huaihe River valley and the Indian peninsula is
high. On the other hand, Fig. 6b shows that the rain-
fall over the Yangtze River valley is negatively cor-
related with the rainfall over the Philippine Islands
and the northwestern Pacific. The diabatic heating
anomaly in the tropics is mainly due to the latent
heating released by precipitation. Composite outgo-
ing long-wave radiation (OLR) (not shown) confirms
that convection from the Arabian-Indian subcontinent
is significantly positively related to rainfall the Huaihe
River valley during Huaihe flooding, and the convec-
tion of west Pacific is negatively related to rainfall over
the Yangtze River valley.

Therefore, we propose that the key areas affect-
ing the regional rainfall in East China during June
are the Indian subcontinent and the tropical West Pa-
cific. The studies of Ding and Wang (2005, 2007) re-
vealed that the wave train excited by diabatic heat-
ing over the Indian peninsula during summer mon-
soon has an important role in atmospheric circulation
over the Eurasian continent at middle and high lati-
tudes. Ding and Liu (2008) showed that, in the period
of the Asian monsoon onset, a teleconnection is set
up from the northwestern India via the BOB to the
Yangtze River valley and southern Japan, whereas the
summer rainfall in northern China is positively corre-
lated with the Indian Summer Monsoon. Many stud-
ies have already noted the close relationship between
thermal heating in the tropical West Pacific and atmo-
spheric circulation in East Asia (Nitta, 1987; Huang
and Sun, 1992). Previous studies have examined the
important role of the convection in the tropical West
Pacific; it influences the intensity and the variation of
SAWP (Lu, 2001; Lu and Dong, 2001). Notably, these
studies focused on precipitation over the whole sum-
mer. However, mean atmospheric states differ from
June to August, making it necessary to focus on indi-

vidual months to determine the main thermal forcing
during mei-yu. Therefore, we revisited tropical heat-
ing in regulation of atmospheric circulation influencing
the rain band occurring in the Huaihe River valley or
the Yangtze River valley in June.

We used the mean of column integrated latent
heating over the area (5°-25°N, 60°-80°E) to repre-
sent convection of the Arabian Sea and the Indian sub-
continent based on Fig. 6. The correlation of geopoten-
tial height anomaly at 200 hPa with the heating across
the Indian subcontinent during June is shown in Fig.
7a. Clearly, the wavetrain pattern can be seen in mid-
dle and high latitudes over Eurasia. Across the north-
ern side of the heat source over the Indian subconti-
nent, the correlation coefficient is positive, indicat-

Fig. 7. Correlation of latent heating in (a, red rectan-
gular domain) tropical Indian peninsula and (b, blue
rectangular domain) tropical west Pacific with geopoten-
tial height at 200 hPa. The dotted denotes passing 90%
confidence level. Compared with Fig. 3d, the pattern in
Fig. 7b has the opposite signal of the correlation coeffi-
cient.
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ing that heating over the Arabian-Indian subcontinent
generates negative vorticity (Liu et al., 2001a). The
correlation coefficient is negative over the Caspian Sea
and eastern Siberia, and it is positive over Lake Baikal
(Fig. 7a). The pattern is similar to that of the com-
posite analysis of Huaihe River flooding (Fig. 3a), al-
though the position of the blocking high deviates some-
what. From the correlation coefficient map, we can
infer that when the latent heating over the Arabian-
Indian peninsula is weaker the wave train signal is op-
posite to that shown in Fig. 7a. In this situation, there
would be two ridges and one trough pattern in Eurasia
similar to the upper troposphere pattern during flood-
ing in the Yangtze River valley (Fig. 3d). Although
there are slight differences between composite anal-
yses and correlation coefficients, together they prove
that the latent heating over the Indian subcontinent
released by rainfall has an important role in deter-
mining precipitation in the Huaihe River and Yangtze
River valleys.

The convection over the tropical West Pacific dur-
ing June impacts the upper tropospheric circulation
in East Asia and the Northwest Pacific. Figure 7b
shows geopotential height at 200 hPa correlating with
the latent heating index the tropical West Pacific (8°—
20°N, 105°-180°E), a key area. The pattern is ap-
parent, with positive correlation in Western Europe
and negative correlation over Lake Baikal and eastern
Siberia from west to east in Eurasia, quite similar to
the pattern in Fig.3d. The convection in west trop-
ical Pacific obviously affects summer climate in East
China. Suppressed latent heating excites a meridional
teleconnection in East Asia and the West Pacific with
a divergent flow anomaly over the Yangtze River val-
ley. However, compared with composite figures, the
main difference between Western Europe and Central
Asia implies that other forces may exert certain reg-
ulation effects in the upper troposphere. Based upon
our analysis, the upper troposphere over the Eurasian
continent is largely influenced through teleconnection
by convection of Arabian-Indian subcontinent during
June. As for East Asia and the West Pacific, the
role of latent heating released by rainfall in the trop-
ical West Pacific may be more important. Therefore,
the location of rain band during June is influenced
by convection over both the Arabian-Indian subconti-
nent and the tropical West Pacific. Lu and Lin (2009)
demonstrated that the role of subtropical precipita-
tion anomaly itself in maintaining meridional telecon-
nection over the western North Pacific and East Asia
should not be underestimated. The differences be-
tween Fig.3 and Fig.7 may reflect the impact of the
latent heating released by heavy precipitation over the
Huaihe or Yangtze River valleys.
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4. Sensitivity experiments

In this section we report our AGCM sensitive ex-
periments performed to test the hypothesis that ab-
normal latent heating in the Indian subcontinent and
tropical West Pacific influence the location of the rain
band in East China during the mei-yu front in June.
The atmospheric response induced by the imposed la-
tent heating anomalies during June over the Arabian-
Indian subcontinent and the West Pacific were inves-
tigated separately. The control run experiment was
integrated for 10 years, forced by sea surface tempera-
ture with seasonal cycles. To eliminate the model ad-
justment process, the mean of the latter 7 years from
the 10-year integration derived from control run and
sensitive experiment was adopted for analysis. The
heating anomaly experiment performed over the In-
dian subcontinent (5°-27°N, 60°-80°E) centered at
(16°N, 70°E) is referred to as EXP1. The analysis
of atmospheric response is the result of EXP1 minus
the control run. In the second sensitive experiment
(EXP2) a latent heating anomaly was imposed over
the West Pacific (4°-14°N, 110°-180°E) centered at
(10°N, 150°E). The horizontal structure of heating is
cosine squared (Figs. 8a, c and Figs. 9a, c in contour),
and its vertical profile maximum was set at 400 hPa
due to deep convection in the tropics (cf. Liu et al.,
2001a, b).

The anomaly strength setting in the two sensitiv-
ity experiments was based on that in the composite
from observation data. According to composite anal-
yses using GPCP data (not shown) during Huaihe
River flooding years, the precipitation anomaly over
the Arabian-Indian subcontinent was ~33% of its cli-
matologic mean precipitation. The maximum conden-
sation rate over the Arabian-Indian subcontinent in
the control run was ~20 K d~! at 500 hPa. Therefore,
the maximum anomaly of latent heating imposed in
EXP1 was 7 K d~!. The maximum condensation rate
of West Pacific in EXP2 was set at 5 K d™!, 50% of the
control tun (9 K d=1). According to our data analyses
in section 3, Yangtze River valley flooding is related
to cooling in the tropical West Pacific. So we analyzed
EXP2 results based on the output of the control run
minus the West Pacific experiment.

4.1 Indian subcontinent heat source

Figure 8 shows the responses of circulation induced
by the heating anomaly. The wind response demon-
strates that there was obvious northerly wind in the
upper troposphere (Fig. 8a) and southerly wind at the
lower level (Fig. 8¢) in the central and southern regions
of the heating, following the Sverdrup balance (Liu et
al., 2001a). An anticyclone developed northwest of the
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heating in the upper troposphere. Figure 8b shows a
noticeable wave train pattern over the Eurasian con-
tinent that resembles the upper troposphere pattern
related to Huaihe River valley flooding. Comparing
Fig. 8a with Fig. 8c, the baroclinic structure is dom-
inant in tropic. At 850 hPa (Fig.8c) there is a cy-
clone anomaly northwest of the heating and an an-
ticyclone over the northwest Pacific, with an anoma-
lous southwesterly wind. Easterly wind prevails east
of the heating by means of Kelvin wave propagation
and west of the heating the westerly wind is obviously
induced by a Rossby wave in the lower troposphere.
This response can be explained by the theoretic study
by Gill (1980), which adopted a simple linear model to
study the response of heating symmetry on the trop-
ics. Figure 8d shows the response of the precipita-
tion and column-integrated water vapor divergence.
The strengthened condensation forces southerly wind
in the center of the Indian peninsula and south of the
TP. Because of the dynamical block induced by the
TP, the southerly wind changes direction, becoming
easterly and southwesterly. The southwesterly wind
meets southerly wind from the West Pacific, resulting
in abundant precipitation over the Huaihe River val-
ley. The convergence of anomalous water vapor in a
long and narrow belt occurs along the southern flank of
the TP, orienting toward the Huaihe River valley and
the Japan Sea in accordance with a positive precipi-
tation anomaly. During the mei-yu front, the water
vapor over the Huaihe River valley mainly originates
from the Indian peninsula and the Pacific Ocean. The
results of EXP1 validate the hypothesis that latent
heating released by convection over the Indian penin-
sula has an important role in flooding on the Huaihe
River valley during mei-yu in June.

4.2 West Tropical Pacific heat sink

The aforementioned analysis indicates that the pre-
cipitation over the Yangtze River valley during June
is closely negatively correlated with the convection in
neighborhood of the Philippine Islands. The response
to a heating sink from EXP2 is presented in Fig. 9. The
response is similar to the composite analysis for flood-
ing years in the Yangtze River valley. In upper tropo-
sphere (Figs. 9a and 9b), the southerly winds along the
center of the cooling as well as a cyclone over south of
China can be identified. The typical quasi-baroclinic
structure is mainly in the subtropical region of China,
complying with thermal adaption proposed by Liu et
al. (2001b). Rossby wave propagations are dominant
in middle and high latitudes, with two ridges over the
Ural Mountains and eastern Siberia and one trough
over Lake Baikal identical to the composite pattern
of Yangtze River valley during flooding. In the lower
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troposphere (Fig.9c), the anticyclone anomaly which
is dominant in southeast China is located northwest of
the cooling. The easterly anomaly prevails to the west
of the cooling, even extending to the Indian peninsula
at 850 hPa. Water vapor converges in South China,
causing heavy precipitation, especially in the Yangtze
River valley. The dipole mode is comprised of neg-
ative precipitation over the West Pacific and positive
precipitation the Yangtze River valley. Precipitation is
deficient in the Huaihe River valley and is abundant in
north China. On the whole, the rainfall pattern looks
like “sandwich” in East China induced by the sensitive
experiment imposing heating in the West Pacific.

5. Discussion and conclusions

The differences of atmospheric circulation between
the flooding in the Huaihe River valley and the
Yangtze River valley during the mei-yu front in June
have been investigated using observation and reanal-
ysis data. The role of latent heating in key tropical
areas, including the Indian peninsula and the tropical
West Pacific, in regulating general atmospheric circu-
lation anomaly over subtropical and mid-high latitudes
favoring June flooding in the Huaihe River valley or
Yangtze River valley has been studied with data anal-
ysis and AGCM experiment. At last the results of
sensitive experiments confirm the hypothesis we pro-
posed. Our main conclusions are the following;:

(1) In the upper troposphere, the common fea-
ture is the quasi-barotropic structure in mid-high lat-
itudes associated with Rossby wave propagation. The
Rossby wavelength is longer during June flooding in
the Huaihe River valley than in the Yangtze River
valley. In mid-high latitudes, the signal of the wave
phase is characterized with single blocking located over
Lake Baikal over the Eurasian continent during flood-
ing in the Huaihe River valley, while two ridges and
one trough characterized by one blockage over the Ural
Mountains and another over eastern Siberia during
flooding in the Yangtze River valley.

(2) An anticyclone in low troposphere locates at
Northwest Pacific penetrating in southeastern China
in both the Huaihe and Yangtze River valleys during
June flooding. The difference is the location of the an-
ticyclone, which is farther north during Huaihe River
flooding. Although convergence in the lower tropo-
sphere with precipitation occurs in both valleys, south-
westerly wind converges with strong northerly wind
during Huaihe River flooding, and southwestly wind
converges with weak easterly wind during Yangtze
River flooding.

(3) Convection in distinct key areas has different
and important roles in heavy rainfall occurring in the
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Huaihe River valley and the Yangtze River valley. Nu-
merical sensitivity experiments verify that the latent
heating imposed over the Indian peninsula could in-
duce heavy rainfall in the Huaihe River valley and
the region to its north. In low troposphere the heat-
ing induces local southerly and a Matsuno-Gill pat-
tern response. The southerly persists to the south-
ern flank of the TP and transports large amounts of
water vapor to the south of the TP and the Huaihe
River valley; enhanced precipitation even stretches to
the Japan Sea. The anticyclone over Northwest Pa-
cific (Fig. 8c) in lower troposphere and Rossby waves
in the upper troposphere are similar to the pattern
during Huaihe River flooding. As for heavy precip-
itation in the Yangtze River valley, the cooling over
the tropical Western Pacific generates a PJ pattern
along the East Asian coast. An anticyclone anomaly
locates in northwest Pacific in the lower troposphere.
A seesaw mode in precipitation occurs between the
tropical West Pacific and South China, including the
Yangtze River valley. These results may include im-
portant implications for the predictability of the East
Asian summer climate that convection of different key
areas exerts distinct influences on the flooding in the
Huaihe River and Yangtze River valleys during early
mei-yu.

Mei-yu flooding also frequently occurs in July. The
mean flow and the associated baroclinicity in July are
quite different from June. Further work will be de-
voted to the differences in heavy precipitation in July
between the Huaihe River valley and Yangtze River
valley.
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