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ABSTRACT

This review provides a synopsis of the major progress thatben made in monsoon studies in China and to further
bridge the gap between the Chinese and international nuédgizcal community. It consists of seven major sectionseAf
the introduction, the second section begins with the glofmisoon systems and their seasonal variation, based onrsame
methods proposed in recent years. Besides, some majaseaaganal features of East Asian monsoon, including the ofise
South China Sea summer monsoon are discussed. In the tbiiohsave review the interactions between ENSO and the East
Asian monsoon, focusing in particular on the results of @sémeteorologists that indicate the influence of ENSO on the
East Asian summer monsoon (EASM) is obviously differentfthat on the tropical monsoon. Besides the tropical Pacific,
other ocean basins, such as the Indian Ocean and the Atlao#ian, are also important to the East Asian monsoon, and
this topic is discussed in the fourth section. In the fifthtiee; we address the role of land surface processes in Eésh As
monsoon. For example, we describe work that has shown more cover in spring on the Tibetan Plateau is followed by
a weakened EASM and more summer rainfall in the Yangtze Rigkeys. The sixth section focuses on the influence of
atmospheric circulation in the Southern Hemisphere (SHEASM, demonstrating how the signal from the SH is likely to
provide new clues for the seasonal forecasting of summuefatbin China. Finally, in the seventh section, we concateon
the interdecadal variations of EASM. In particular, we laidla significant interdecadal variation that occurred aetin of
the 1970s, and how our understanding of this feature cotédtabrecasting ability.
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1. Introduction soon (EASM) and its socio-economic impacts. The poem

China is located in the East Asian monsoon region. Cﬁx_ells us that the warm southerly comes in summertime, char-

mate anomalies in China, especially in the eastern part%cftenzed by hot weather and rich rainfall, thus providing a

the country, are significantly affected by the East Asian moﬁOOOI harvest and keep_lng the_ people from suffering hunger
0T ; : ; nd coldness. The ancient Chinese also knew well the abrupt
soon. China’s socio-economic dynamics are severely &ffiec

by climate disasters, such as droughts, floods and Coldsurc@anges of the summer monsoon, as described in a poem

due to the large variability of the East Asian monsoon. It i ritten by SU Dongpo (1037 AD-1101 AD) during the Song

. X asty. The poem relates that the Mei-yu terminates sud-
estimated that the damages and losses (e.g. the prope éﬁl in late July, when the southeast wind prevails in the
caused by such disasters amounts to 3%—6% of the t(ﬁa y Y, P

gross domestic product of China. The advance and retreaE 8pgtze River basin. There are more references proving that

. . e ancient Chinese recognized that the seasonal vagation
this monsoon, especially the summer monsoon, plays a r

Sst Asia, characterized by wind direction and rainfale ar
in the weather and climate of China. Because it affects gl i ’ y :

. : epwise and abrupt. Knowledge of the monsoon provided
cultural production, the monsoon has been noted since the

time of the ancient Chinese. Based on textual research, Z Lidance for agricultural production and for the developme

(2005) proved that the world’s first literature on the Moms00’ the a”C.'eT“ Chinese civilization. :
Descriptions of the weather, climate and the seasonal

was recorded in the "Grand Stories” written by the great hi\S/é\riations of East Asian monsoon based on modern meteo-
torian SIMA Qian (145 BC-87 BC). King SHUN’s poem

“Southerly Wind” was written for singing around the 22nd t rology originated from the classical works of Zhu (1934) and

: : . u and Huang (1944). By using limited observational data,
23rd centuries BC. The poem very concisely yet poignan L . o
: . . u (1934) found that Mei-yu in the Yangtze River basin is
describes the major features of the East Asian summer mQn-
caused by the confluence between the summer monsoon from
the south and the cold air mass from the north. When the
* Corresponding author: XUE Feng southeast wind prevails after late July, however, thereds |

Email: fxue@lasg.iap.ac.cn rainfall due to the lack of ascending airflow. According to

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2015



FEBRUARY 2015 XUE ET AL. 207

the hot and moist feature of EASM, Tu and Huang (1944griability is presented in section 8.
took the 20C isoline of wet-bulb potential temperature as the
northern boundary of the summer monsoon. They found that
there are two abrupt changes during the advance and ret'at Seasonal and intraseasonal variation of the
of EASM. global monsoon system and East Asian
With the availability of upper atmosphere data after the monsoon
1950s, Chinese meteorologists began to explore the nefatio ) o
ship of EASM with the variations in the upper atmospheri%-l- The global monsoon system and its seasonal variation
circulation in East Asia. Tao et al. (1958) noted that theebns  Classically, monsoon is a climate concept characterized
of Mei-yu is associated with the northward displacement bfy a large seasonal variation of wind and rainfall. In partic
the jet stream over East Asia. When the jet stream disappeaaes, wind direction exhibits a very large variation duritng
and the easterly winds begin to appear, the Mei-yu peried tannual cycle. In the East Asian monsoon region, for instance
minates. Huang and Yu (1962) and Huang and Tang (1968 northerly wind prevails in winter while the southerlynati
found that the variability of the western Pacific subtropicarevails in summer, resulting in a cold and dry winter and a
high (WPSH) plays a role in summer rainfall in China. Thlot and humid summer. For this reason, Zeng et al. (1994)
northward jump of the WPSH during mid-June and mid-Julproposed the seasonality of horizontal wind for a quargat
forinstance, corresponds to the onset and termination of Mdescription of monsoon. The seasonality can be expressed by
yu over the Yangtze River valleys, respectively. Tao and Cliwe wind difference between winter and summer divided by
(1964) further revealed that the east-west movement of tiwe annual mean or the sum of winter and summer. Since the
WPSH is closely related to that of the South Asian high (theind direction in winter tends to be opposite to that in sum-
Tibetan high) in the upper troposphere. These studies imer, it can be expected that seasonality is large in monsoon
EASM were later summarized by Tao and Chen (1987) anggions.
Ding (1994). These classical works have laid out a firm basis The distribution of seasonality allows the monsoon region
for monsoon research and have developed the capabilitytacdbe accurately described (Zeng and Zhang, 1998; Xue and
forecast monsoon activities in China. Zeng, 1999). In the lower troposphere (Fig. 1a), there are
Building upon the above classical works, monsoon réhree maxima in both hemispheres. In the tropics, a large
search in China has advanced remarkably in recent decadessonality coincides with the tropical monsoon regiore Th
This is largely due to the availability of observationalaatmaximum is found in the Asian—Australian monsoon region,
as well as advances in computing power and climate modeisth the centers in the western Pacific warm pool (WPWP)
Research in this area now covers all aspects of the monsamgjon and the tropical Indian Ocean. In the subtropics, es-
including observational studies, climate modeling andjure pecially in the subtropical Pacific, there are also maxima of
tion. Due to the advent of the internet and widespread inteseasonality, with the value less than that in the tropicschvh
national communication, part of this work is already knowis closely related to the seasonal migration of the subtropi
to the world’s meteorological community and has also beeal high. In high latitudes, the maxima of seasonality corre
introduced in a number of summaries and books. In recesmond to the seasonal variation of storm tracks of the west-
years, many Chinese meteorologists have published paptyg. Broadly speaking, the above three regions with large
in international journals. However, some very important reseasonality represent the three evident monsoon regions in
sults have been published in Chinese (mostly with an Engligte lower troposphere, i.e., the tropical monsoon regioa, t
abstract). Based on the above considerations, we focussirbtropical monsoon region and temperate-frigid monsoon
this review on these studies published in Chinese jourahls, region.
though those published in international journals are alsp-m  Seasonality exhibits a clear baroclinic structure in the ve
tioned. tical direction. In particular, the subtropical monsoogiog
Several important aspects are highlighted in this artends to approach the tropical one with height; and as atresul
cle, focusing on seasonal and interannual to interdecatfed two monsoon regions merge into a whole in the upper tro-
timescales. In section 2, we begin with an introduction ef ttposphere (Fig. 1b). This is called the planetary monsoon due
global monsoon systems, together with the South China Seaits large scale. In the stratosphere, seasonality is much
(SCS) summer monsoon and intraseasonal variation of theger than that in the troposphere due to the opposite-circu
East Asian monsoon. This is followed by a review of the idation between winter and summer. There is a well-defined
terannual variability of EASM, as this variability is imgant belt between the tropics and subtropics in each hemisphere,
to summer rainfall prediction in China. Sections 3 and 4 f@nd the northern belt is much stronger than the southern one
cus on the influence of the tropical oceans on EASM, inclu¢FFig. 1c). It is also noted that there exists a night jet in-win
ing ENSO, the Indian Ocean and the Atlantic Ocean. Sectiter over high latitudes that collapses after late springhsu
5 reviews the influence of land surface processes, includithgit the maximum belt in the upper stratosphere tends to be
show cover and soil moisture. Section 6 discusses the gitermcated more poleward than that in the middle stratosphere.
tions of the atmospheric circulations in both hemisphenesa  In summary, the defined seasonality can describe the
their influence on EASM. Finally, the interdecadal varidyil classical monsoon region as well as other monsoon regions
of the East Asian monsoon and its influence on interannuweith large seasonal variations. All these monsoon regions
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ates from the westerlies in high latitudes of Eurasia at tite e
of September, followed by development in the south of India
and adjacent oceans in the middle October. The winter cir-
culation in East Asia establishes from the end of October to
middle November. After that, the SCS, the tropical western
Pacific and Indian Ocean gradually change into the winter cir
culation pattern eastward and southward. Finally, theeavint
circulation in the tropical middle Pacific south to the Alieut
Islands and in the North Atlantic sets up in the second half of
December.

The Asian summer monsoon circulation initiates from the
winter circulation in the Southern Hemisphere (SH). In the
SH subtropics, an earlier establishment of winter cirdoiat
(boreal summer) is found in the regions of the Mascarene and
Australian highs, which can influence Asian summer mon-
soon through the cross-equatorial flows (CEFs) in East Afric
and near Indonesia (Fig. 2b). In addition, in agreement with
the onset date of SCS summer monsoon (SCSSM), summer
circulation in the SCS begins in the second half of May. Over
the regions extending from India, eastern China to Japan,
= summer circulation begins in the first half of June, in good
0 60E  120e 180 1200 60N 0 agreement with the summer monsoon rain belt. Globally, the
boreal or austral winter circulation initiates in high tates
of Eurasia and Antarctica, both of which are the coldest re-
gions on Earth. Therefore, the seasonal variation of the at-
mospheric circulation in the lower troposphere initiatesrf
the coldest region in the winter hemisphere.

As the global monsoon system, the establishment of win-
ter and summer circulation also exhibits a clear 3D strctur
(Fig. 3). In the Northern Hemisphere (NH), the winter cir-

90°N

60°N

0 60E 120€ 180 120W 60N 0

30°N

Fig. 1. Distribution of seasonality (dimensionless): (a) 850 hPa;

(b) 200 hPa; (c) 50 hPa. Regions larger than 2 or 4 are lightly

and heavily shaded, respectively. [Reprinted from Xue and e

Zeng (1999)]

60°S

with large seasonality can be referred to as the global mon ..
soon system, which includes the tropical, subtropical anc

temperate-frigid monsoon in the lower troposphere, the-pla  **™N

etary monsoon in the upper troposphere, and the stratdspher so°N e

monsoon.

In order to further reveal the seasonal variation of the **™
global monsoon system, Zeng and Zhang (1992) utilized ¢
spatial correlation in one region to describe the seasotteof
atmospheric circulation. Based on the correlation coeffici  so-s
with the winter or summer, it is easy to determine the stgrtin
time and duration of each season. The case study by Zhar ¢
and Zeng (1998) proved that this method is generally effec: so°s
tive. Later, Xue et al. (2002) improved the division of the

EQ

AN

season to match with the usual division of the seasons. Using;g 5 pistribution of the start time of the 850 hPa wind field
the pentad mean data, they identified the global distributio (yyjian pentad): (a) northern winter; (b) northern sumne-
of the starting time of winter and summer circulation in the gions earlier than pentad 18 or 54 are shaded. [Reprinted fro

lower troposphere (Fig. 2a). The Asian winter monsoortiniti Xue et al. (2002)]
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3000 \61 27 a1 10 tists from many countries, including Chinese scientists; p
27 4 a e 50 ticipated in this experiment (Ding et al., 2004).
] 2 30 Based on the observational data from SCSMEX and
24 : i
] _ NCEP reanalysis data, Li and Qu (2000) and He et al. (2000
e 21 50 =
E 131 69 o3 70 2 revealed the large-scale features related to the onset -of SC
< 1c ] 60, 66 100 o SSM. These features can be summarized as follows: the de-
-EJJ 15 ; 150 = .. . .
3 69\ ~%3 99 2 velopment of the Somali jet and cross-equatorial flow in the
g 12 O J {200 3 P . J L quatc
66 <66 69266 F 250 & eastern Indian Ocean; the rapid intensification of the heat
9 g 300 : . . . .
400 source in the Indochina Peninsula, South China, the Tibetan
6 1 69 500 . .
72 66 Plateau and adjacent regions; the development and north-
3 C %72 Lo 700 . .
53 63_| 850 westward movement of the South Asian high at 200 hPa;
r . \ NI ; f 1000 . . 9 .
60S  30S EQ 30N 60N the acceleration of the westerly in the eastern Indian gcean
and the split of the subtropical high and the formation of the
- o i p p g
301, monsoon depression in the Bay of Bengal. Associated with
1 18 20 the above changes, the subtropical high retreats eastaraid,
24 1 \ e rainfall and southwest wind prevails in the SCS, signalirey t
~ 21 33 21 p g
E w Us = onset of SCSSM. Besides the regional characteristicsthe o
S 181 s 100 = set of the SCSSM is also connected with the seasonal transi-
£ 15 —Hiso 5 - ic ci ' '
e =0 ;g? Yoo & tion of the global atmospheric circulation from boreal veint
o o ) 50 e =0 § to summer.
| ¢ Cmo A~ The onset of SCSSM is directly represented by the
6 .4+500 . . y
3 4724 27 | B 33.| 200 abruptness of the wind field. After the onset, the northeast
75 - 30, (LY 850 wind is substituted by the southwest wind in the SCS. In order
T T T T T 1000 y . .
60S  30S EQ 30N 60N to study the abruptness more objectively, Zeng et al. (2005
Latitude y P ) y 9

Fig. 3. Latitude—height cross section of the start time (Julian
pentad): (a) northern winter; (b) northern summer. Regéans

proposed a new method called the normalized finite temporal
variation method, which can be obtained from the time series
of a functional of the wind field. It is shown that the critical

lier than pentad 21 or 60 are shaded. [Reprinted from Xue et alday of abruptness in one region can be determined objegtivel

(2002)]

by this method (Zhang et al., 2005). This day is referred to
as the presage day, which is just 2—4 days earlier than the

culation initiates from the mid-high stratosphere betwthen onset day of monsoon defined by the conventional method.
tropics and subtropics at the end of October, and then prdys a typical example, Fig. 4a shows the daily normalized
agates downward. In the SH, the winter circulation iniatdinite temporal variation with height in the SCS. During the
from the stratospheric subtropics at the end of April anghproonset stage, a rapid adjustment is found below 400 hPa, with
agates downward. Similar to the winter circulation, aniearl a maximum between 850 and 700 hPa. Above 700 hPa, the
establishment of the summer circulation is also found in tle@justment tends to be longer with smaller amplitudes. The
stratosphere. In general, it takes about two months for thr@ximum occurs on 16 May and continues until 28 May. Af-
establishment of the winter or summer circulation. The set®r that, the major adjustment is related to the establistime
sonal variation originates from the stratosphere possibly of summer monsoon in South and East Asia. In particular,
to the fact that the stratospheric circulation is very saresto  a significant adjustment occurs in the lower stratosphede an
the solar radiation absorbed by the ozone layer; the wimterupper troposphere between 20 April and 1 May, and then it
summer circulation is then established in the polar regidnsextends downwards into the troposphere. Therefore, the ad-
the lower troposphere. Afterwards, it develops indepetigenjustment of the stratospheric circulation is an indicatain
downwards and upwards, finally resulting in the establishionsoon circulation in the lower troposphere and foreshad-
ment of the whole circulation system. ows the onset of SCSSM.
The onset of SCSSM undergoes a northward process, as

2.2. SCSSM shown in Fig. 4b. Between 88 and 138E, a major abrupt-

The onset of SCSSM is a key indicator characterizing timess is found in the west or the east of 4B0To the east of
abrupt transition from the dry season to the rainy season dfi’E, the abruptness occurs on 15 May with a center along
subsequent seasonal change in the Asian monsoon regidiiPE, corresponding to the onset of SCSSM. To the west of
Unlike the Indian summer monsoon, the onset of SCSSMOCE, the abruptness is generally characterized by a station-
is achieved during a relatively short period (Tao and Chesy mode along 9%, with a presage day between 26 April
1987; Ding et al., 2004). It plays a role in connecting EASMnd 2 May. Therefore, due to the separation of the Pacific and
with Indian summer monsoon due to the geographical poBidian Ocean by the Indochina Peninsular, the atmospheric
tion. Due to the importance of SCSSM to Asian monsoon, &irculation exhibits a different evolution on the two sides-
international experiment about SCSSM called the SCS Mapecially in the onset stage of summer monsoon.
soon Experiment (SCSMEX) was conducted in 1998; scien- Some studies have revealed the physical mechanisms re-
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Fig. 4.(a) Height—time cross section of the daily normalized fitetaporal variation for the 850
hPa mean wind field in the SCS region. Panel (b) is the samé asdapt for the longitude—
time cross section along 78. The heavy lines show the major abrupt changes, and thedash
lines show the secondary transition. (Reprinted from Zdrad. £2005)

sponsible for the onset of SCSSM (Chen et al., 2000b; Disgowed that the EASM exhibits a clear ISO with bi-weekly
et al., 2004). Prior to the SCSMEX, four factors were identand quasi-40-day periods. Miao and Lau (1991) found that
fied: (1) the SST anomalies in the tropical ocean, especialhe 30-60-day oscillation is phase-locked with the sedsona
ENSO events; (2) the activity of the tropical intraseas@sal variation of summer monsoon rainfall. Based on power spec-
cillation; (3) the midlatitude circulation; and (4) the theal trum analysis and a band-pass filter, Ju et al. (2005) redeale
contrast between the Asian continent and the adjacent ecedimat the ISO of EASM exhibits a wave-train pattern along the
especially the heat source in the Tibetan Plateau. FolpwiRast Asian coast that propagates northward. They also noted
the SCSMEX, it has been well recognized that the seasott@t the monsoon activity in the tropics is generally opfosi
evolution of the tropical large-scale circulation and tlee-c to that in the subtropics due to the activity of ISO.
responding thermal conditions play a dominant role in the As a dominant component of the EASM system, the
onset process. Under these large-scale circumstances oMIPSH is most evident during boreal summer. In general, the
seasonal evolution from boreal winter to summer, the prog/PSH migrates northward in a stepwise fashion with two
agation of the intraseasonal oscillation triggers the ibgpve distinct northward jumps, as shown by its ridge line in Fig.
ment of deep convection in the SCS and leads to the onsebaf In mid-June, it jumps northward for the first time, and the
SCSSM. Among these factors, the thermal contrast betwedni-yu season in the Yangtze River valleys starts. The sec-
the continent and ocean is a basic factor, the SST and the et northward jump usually occurs in late July. The WPSH
source in the Tibetan Plateau is a direct factor, and the mghifts to its most northern position, signaling the end @ th
latitude disturbance and tropical intraseasonal ositiids a Mei-yu season in the above regions and the start of the rainy
triggering factor. season in northern and northeastern China (Fig. 5b). Com-
pared with the first jump, the second jump of the WPSH is
much more evident. Su and Xue (2010) showed that the first
The intraseasonal oscillation (ISO) plays a very impojump is mainly caused by the enhancement of the convective
tant role in modulation of the seasonal variation or the aaetivities in the SCS, while the second jump is influenced by
nual march of East Asian monsoon. Zhu and Yang (1988¢th the convective activities over the WPWP and the circula

2.3. Intraseasonal oscillation of East Asian monsoon
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33N valleys due to the maintenance of the ridge.
31N | @) Besides EASM, recent studies have also noted the ISO in
East Asian winter monsoon (EAWM) and air temperature and
rainfall in China in winter. Liu and Yang (2010) showed that
winter rainfall in South China is closely related to the iagh
Madden—Julian oscillation (MJO). With the eastward move-
ment of MJO from the western Indian Ocean to the western
Pacific, a wet—dry oscillation with a 20-day period appears
in South China. A typical example was the unusually se-
vere storm and freezing rain that occurred in the winter of
2008, when the ISO prevailed in southern China (Tao and
Wei, 2008). Besides the anomalous circulation in high lati-
tudes of Eurasia, a large amount of moisture was transported
into southern China with the 1ISO of southwest wind ahead of
the trough over the Bay of Bengal, exciting severe freezing
rain in southern China.

31MAY
10JUN
20JUN
30JUN
10JUL
20JUL
30JuL
9AUG
19AUG
29AUG

3. Interactions between East Asian monsoon
and ENSO

3.1. The influence of ENSO on EASM

The severe flood and drought events that occur frequently
during the summer monsoon season have motivated many
Chinese meteorologists to look for predictors. In the early
1930s, Chinese meteorologists began to explore the pbssibi
ities of long-range weather forecasting in China using mod-

Fig. 5. (a) Ridge line of the WPSH (units: latitude) and (b) ern meteorological methods. Based on the limited observa-
latitude—time cross section of precipitation (units: mm'd  tional data at that time, Tu (1937) systematically studfes t
averaged over 126130E; regions larger than 6 mmd are  re|ationships between the climate anomalies in China aad th
shaded. [Reprinted from Su and Xue (2010)] three atmospheric oscillations, i.e., the North Pacifici@sc
tion, the North Atlantic Oscillation (NAO) and the Southern
tion systems in high latitudes. Through the phase-lockef tipscillation (SO), which were first identified by Sir Gilbert
northeastward propagation of the Rossby wave-train fr@n talker. He found that a cold and dry winter often appears in
WPWP and the downstream propagation of Rossby wavesiRina when the SO is intensified during the preceding fall,
hlgh Iatitudes, the convective activities over the Warmlpognd vice versa. However, the correlation between the sum-
and the circulation systems in high latitudes play a key rojger rainfall anomaly in China and the SO in the preceding
in the second northward jump of the WPSH. In addition, thginter or spring was relatively lower. This fact indicatéet
interactions between the WPSH and the release of latent hggke is a higher predictability for the winter climate arayn
on its western edge lead to a low-frequency oscillation ef thy, China. Unfortunately, it seemed that there is difficulty i
WPSH. predicting the summer climate anomaly in China. These re-

Some other studies have focused on the intraseasofigts were later demonstrated to be true, based on longer-te

variation of the WPSH. Usually, the intraseasonal actigity data. It is worth noting that, considering the limited aable

the WPSH possesses two modes during boreal summer (§ia@a and the lack of meteorological knowledge at that time,
etal., 2001). While the first mode exhibits a continuous westy’s work was a truly remarkable achievement.

ward extension from the central Pacific to west of l2With It is now known that the SO and El Nifio are essentially

a period of 20-30 days, the second mode is characterized§¥ same phenomenon, which are a result of the interactions
a stagnant step between TE5and 155E during the west- petween the atmosphere and ocean in the tropical Pacific,
ward extension. In addition, the aCtiVity of the WPSH with ater referred to as ENSO. Since the 19808, it has been rec-
shorter period of 5-10 days is related to the westerly betweggnized that ENSO is the strongest interannual signal in the
35’Nand 45N. When a trough in the westerly extends southropical ocean—atmosphere system, and that it plays aatruci
ward to 30N, the WPSH tends to be intensified. Tao angble in the interannual variability of the global atmosgher
Wei (2006) further noted that the stationary Rossby wave dffculation. The interaction between ENSO and EASM is
the upper troposphere over Eurasia propagates onto the c@ggiously of primary importance in understanding the EASM
of China (1153-130°E) along the subtropical jet, leading to aariability and the prediction of summer rainfall in ChirGf
northward jump of the WPSH by exciting a longwave ridggarticular interest is the response of the monsoonal flows to
there. As a result, hot weather appears in the Yangtze RIS T in the equatorial eastern Pacific. Numerous studies have

Q
31MAY 15JUN 30JUN 15JUL 30JUL 14AUG 29AUG
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been devoted to the influence of ENSO on EASM and sum-
mer rainfall in China. Previous studies have noted the possi 4o°Nn
ble association of the tropical Hadley cell anomaly caused b

the SST anomaly in the eastern Pacific with the WPSH anc

I
; . j . o 20°N . [H )
the rainfall anomaly in China during El Nifio years (Chen, i TV W<

@) N

Drought . A¢

strong conjrection

1977; Xu, 1986). Later, Fu and Teng (1988) found that in the § 7} j
different stages of ENSO, the response of the EASM circula- EQ ~ R pn = = J
tion to the ENSO signal is totally different. In the onsetiyea . S 4

Walker Cifculation Arfomaly

/-

the WPSH tends to be weakened and retreats eastward. A ogeg
a result, there is less rainfall over the Yangtze River yalle
However, in the succeeding year after the onset of ENSO (the
decaying stage of ENSO), the WPSH tends to be intensifiec
with a more westward extension, and there is more rainfall 20°N
over the Yangtze River valleys. They also noted that the sum-
mer monsoon anomaly in China during the decaying stage o
ENSO is much more significant, indicating that ENSO shows
a more lagged effect on EASM than other regions, such as
the Indian summer monsoon. The phase-dependentimpact (20°S ™ = : : = -
ENSO on the East Asian climate is also evidentin the season 20 100E 120E  140°E  160°E  180°E  160°W
ally evolving, dominant interannual variability modes (\&u
al., 2009a). Fig. 6. Schematic diagram of the East Asia—Pacific teleconnec-

At the same time, Huang and Li (1988) showed that thetion pattern showing relationships among the convectiviiac
influence of ENSO on EASM is more directly correlated with ti€s in the warm pool of the tropical western Pacific, the WPSH
the convection activity largely driven by the WPWP SST thanand the summer rainfall distribution in Chlna:_ the (a) wargni
the SST anomaly in the equatorial eastern Pacific. Huang an%nd (b) cooling state of the warm pool. [Reprinted from Huang
Sun (1992, 1994) further found that the WPSH exhibits anet al. (20062)]
obviously northward shift in early summer with an enhanced
convection around the Philippines. This results in less-raiAsia. The results showed that there is a more complex rela-
fall in the Yangtze River valleys and more rainfall outside dionship between subtropical rainfall variability in Edsdia
this region. In contrast, there appears to be an almost oppod the western Pacific SST anomaly.
site rainfall distribution in China along with a more south- Based on the concept of phase-dependent influence, it
ward WPSH when the convection activity around the Philigtas recently been found that, while the overall summer-
pines is weaker than normal. Based on theoretical consideinfall-SST relationship has a negative correlation dker
ations and model experiments, they proposed an East-Asigestern North Pacific (WNP), this relationship experiences
Pacific (EAP) teleconnection pattern caused by the convecsignificant interannual variation (Wu et al., 2009b). Dur-
tion anomaly mentioned above through the propagation iofj ENSO-developing (decaying) summers, the rainfall-SST
the planetary wave (Fig. 6). The EAP pattern is also evidettrrelation is significantly positive (negative). The five
in the atmospheric circulation fields that dominate the wateorrelation is attributed to the interplay between the amom
vapor transport associated with the typical interannugt valous Walker circulation and the CEFs associated with the en-
ability modes of summer precipitation (Zhou and Yu, 2005hanced WNP summer monsoon. The former leads to negative
The EAP pattern provides a physical basis for summer rai@infall anomalies in the western Pacific, whereas therlatte
fall prediction in China. The significant impact of the weste leads to a cold SST anomaly resulting from enhanced surface
Pacific SST on the interannual variability of the WPSH, itatent heat fluxes. The negative correlation is attributed t
conjunction with the remote eastern Pacific forcing, hambethe maintenance of an anomalous Philippine Sea anticyclone
demonstrated by numerical modeling (Wu and Zhou, 2008from the EIl Nifio winter peak to the subsequent summer. The

On the other hand, a recent study by Lin and Lu (2009nhomalous anticyclone, on the one hand, suppresses the lo-
suggests that subtropical precipitation anomalies in East rainfall, and on the other hand, induces a warm in situ
Asia, in turn, can significantly affect large-scale cirdidas SST anomaly through both enhanced solar radiation (result-
and may be crucial for the maintenance of the EAP patteing from a decrease in cloud amount) and the reduced sur-
Diagnosis by using observational and reanalysis data intfice latent heat flux (resulting from the decrease of the mon-
cated that the patterns are clearer in summers when the ssamn westerly). The rainfall-SST correlation is insigrifit
tropical rainfall anomalies are greater. The simulatedlitss in the remaining summers. Thus, the overall weak, negative
using a linear baroclinic model indicated that a subtrdpicainfall-SST correlation is attributed to the significarga-
heat source, which is equivalent to the diagnosed positithee correlation of the ENSO-decaying summers.
subtropical precipitation anomaly, induces zonally ekmed The subtropical westerly jet over East Asia is an impor-
zonal wind anomalies that resemble the diagnosed onegant component of the EASM system (Li et al., 2005a; Zhang
both the upper and lower troposphere over extratropical Eas al., 2006). The meridional displacement of the jet stream
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likely plays a role in connecting El Niflo events in the prewith a suppressed convection in the succeeding year; an op-
ceding winter and the eastern China rainfall anomaly in tip@site EAP pattern and summer rainfall distribution appear
subsequent early summer. Li (1992) and Lu (2005) foumad China.
that there appears to be a clear signal of the SST anomaly in )
May and June associated with the summer rainfall anomaly?- Nonlinear response of EASM to ENSO
in northern China. Recently, using station precipitatietag The aforementioned studies have revealed the relation-
Lu and Lin (2009) found that after the El Nifio peak in Junehip between ENSO and EASM and the associated ENSO-
the precipitation is significantly suppressed in the Huaihéype rainfall distribution in China. This classical theqmo-
Yellow River regimes, while it is enhanced in the Yangtzeides us with an important basis for summer rainfall predic-
River valleys. They indicated that this relationship begwe tion in China. In fact, the present prediction system in @hin
ENSO and the eastern China rainfall anomaly is establishéepends, to a certain degree, on the prediction of the ENSO
possibly through the meridional displacement of the Asiaignal in the model, and it does result in success in summer
jet stream in the upper troposphere, which results in sugdnfall prediction in China (Zeng et al., 2003).
pressed precipitation in the Huaihe—Yellow River regimes. Observational analysis has shown that most ENSO events
The enhanced precipitation in the Yangtze River valleys reeach moderate intensity, and that strong ENSO events occur
sults from the WNP anticyclonic anomaly in the lower tropdnfrequently. When the ENSO signal is not so strong, it is
sphere. They further suggested that this meridional digplapossible that some other factors can, to some degree, modu-
ment of the Asian jet is due to the effects of ENSO on thate the response of the EASM circulation to the ENSO sig-
zonal flow in the NH. After the El Nifio peak, the ENSO+al, thereby inducing a different rainfall distributiom fact,
related warming in the tropical troposphere persists iheo tif we examine summer rainfall patterns in China with ENSO
following early summer. This increases the meridional grgear by year, it is easy to see that the rainfall anomaly dis-
dient of temperature and, by thermal wind balance, leadsttibution in some years is not coincident with, and is some-
the enhancement of westerlies in the subtropics south of tiraes opposite to, the aforementioned relationship betwee
westerly jet stream and the resultant southward displanemENSO and EASM, such as in 1995 (Zhao, 1999). Since the
of the westerly jet stream. anomaly of EASM circulation and summer rainfall in China

Perhaps the best example showing the influence of EN8@uced by a strong ENSO is much more significant than that
on EASM and summer rainfall in China is the catastrophinduced by a moderate ENSO, only the strong ENSO signal
flood in the Yangtze River valleys in the summer of 1998. i$ reflected in the previous composite or correlation analy-
was reported that the flood caused the deaths of 3000 peaide For this reason, it is necessary to divide the ENSO svent
and economic damage of 250 billion Yuan. This extreme disased on their intensities if the nonlinear response of EASM
aster prompted Chinese meteorologists to carry out a seti@&NSO is to be depicted precisely.
of studies (Tao et al., 1998; Huang et al., 1998; Lu, 2000). A Based on the above considerations, Xue and Liu (2008)
very strong El Nifio event occurred in 1997 and decayed divided ENSO events into strong and moderate categories.
1998. In the decaying stage of the ENSO cycle, the convddiey then analyzed the influence of ENSO with different in-
tion activities around the Philippines tended to be suma@s tensities on EASM and summer rainfall in China based on a
and the WPSH tended to extend more southwestward. Tdwnposite analysis. While the rainfall distribution in@dim-
southerly wind in the south flank of the WPSH brought posite ENSO years agrees well with the aforementioned rela-
large amount of moisture from the tropics, which convergdibnship between ENSO and EASM, the rainfall pattern in the
in the Yangtze River valleys. As a result, there were a serie@derate ENSO years generally corresponds to the northern
of heavy rainfall events in the summer of 1998. Thereforpattern, with more rainfall along the Yellow—Huaihe River
the strong El Nifilo event played a crucial role in this severegimes and the coastal areas of southern China and less rain
flood, although other factors cannot be excluded. fall in the Yangtze River valleys and southward. This rdinfa

A unique feature of the interannual variability of EASMpattern is very much different from the classical ENSO-type
is its pronounced biennial oscillation, which is often reéel rainfall pattern, with more rainfall in the Yangtze Riverva
to as tropospheric biennial oscillation (TBO). Strong TB@eys. Since the rainfall anomaly induced by the strong ENSO
signals are exhibited in many components of EASM systenismuch larger than that induced by the moderate ENSO (e.g.,
such as the WPSH and summer rainfall in China (Huaniie devastating flood in 1998 in the Yangtze River valleys),
1988). The WPWP is believed to be a key area connecting thrdy the strong ENSO signal is represented in the previous
TBO and ENSO (Xu and Zhu, 1998; Huang et al., 2006a). iésult.
the warm pool is warmer in a particular year, the WPSH and To further illustrate the influence of ENSO on EASM,
the summer rain belt over China tends to extend more noriude and Liu (2008) compared the composite WPSH at 500
ward. This is due to a stronger convection around the PhilipPa during the strong and moderate ENSO years with the cli-
pines and the associated EAP pattern; thus, there is more ranatological mean. Similar to the previous result, the WPSH
fall in northern China and less rainfall in the Yangtze Riveaends to be enhanced with a more southwestward extension in
valleys. In the meantime, seawater upwelling is intensifietde ENSO years. Also, the influence of ENSO on the WPSH
due to the stronger convergence in the warm pool. As a tends to be enhanced from June to August, with the small-
sult, the SST in the warm pool tends to be decreased alargj difference from the climatological mean in June and the
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largest difference in August. This indicates a long laggirigys tends to be later (earlier). Qian et al. (2009) furthdi-i
effect of ENSO on the EASM circulation. On the other hanaated that there is more Mei-yu rainfall in the Huaihe River
there is a significant difference between the strong and maalleys when a CP-El Nifio occurs in spring. By contrast, a
erate ENSO years. While the influence of the strong ENSfanonical El Nifio in the eastern Pacific corresponds to more
starts earlier, with a large anomaly, the influence of the-molllei-yu rainfall south of the Yangtze River valleys. More re-
erate ENSO is relatively weak. There is a small differen@ently, Su and Xue (2011) showed that the two northward
from the climatological mean in June. This difference tenggmps of the WPSH are related with the SST anomalies in
to be enhanced in July and reaches its maximum in Auguste different regions of the tropical Pacific. The first jump
As a result, the influence of the moderate ENSO on the Més-positively correlated with the SST anomalies in the trop-
yu along the Yangtze—Huaihe River valleys during June—Jubal central Pacific from the preceding winter to June. By
is not so significant. A further comparison between two modentrast, the second jump is positively related to ENSO in
erate ENSO years (1995 and 2003) shows that, due to the preceding winter, but this correlation tends to be weak-
different influences of the circulation in high latitudesdanened with the decay of ENSO and disappears in July. Due
the SH circulation in June and July, the WPSH may also ebo- the EASM activity being influenced by the two northward
hibit a different change, thereby inducing a different falin jumps of the WPSH, it is suggested that simply forecasting
distribution in China. In other words, the response of thte intensity of ENSO without regard to the spatial struetur
EASM circulation to moderate ENSO can be, to a large def the SST anomalies will not adequately predict the associ-
gree, modulated by the internal atmospheric dynamics. Fated rainfall anomalies in China.
thermore, comparison with the strong ENSO in 1983 shows ] o
that strong ENSO not only plays a direct role in summer raif:3:  The role of EAWM and extratropical atmospheric dis-
fall in China, but also controls the influence of other fastor turbances in the ENSO cycle
such as the SH circulation. Strong ENSO is essentially dif- Since the seminal work of Bjerknes, ENSO has been con-
ferent from moderate ENSO, and therefore the intensity silered to be a product of the interactions between the at-
ENSO must be divided in practical prediction. By comparingnosphere and the ocean. Besides the influence of ENSO on
the EASM activities in the strong La Nifia years of 1988 anlASM, the East Asian monsoon also plays a role in ENSO,
1989, Xue (2008) also showed that, due to the modulationedpecially in the onset of ENSO. Li (1989) found that, prior
some other factors on La Nifia signals, summer precipitatito the occurrence of an El Nifio event, cold waves frequently
in China may exhibit a different pattern even in the baclappear in East Asia. A strong winter monsoon in East Asia
ground of two similar La Nifia events. The results indicateads to an enhanced convection and weakened trade winds in
that the response of EASM and summer rainfall in China the western Pacific, which induces the 30—-60-day osciltatio
ENSO is essentially nonlinear. and anomalous Kelvin wave. Li (1990) further indicated that
Besides the EASM, the ESWM circulation exhibits a simthere is an obvious interaction between ENSO and EAWM.
ilar nonlinear response to the ENSO cycle. Based on a cowihile EAWM can excite an El Nifio event, it can also be re-
posite analysis, He et al. (2008) compared the EAWM circduced by the EI Nifio. By using a coupled general circulation
lation response to strong and weak ENSO with the tropiaalodel, Li and Mu (1998) performed a series of numerical ex-
one. In the tropics, the response to an El Nifio is generafigriments and proved that a stronger winter monsoon in East
opposite to a La Nifia, and the anomalous intensity is al8aia results in an obvious SST anomaly in the eastern Pacific.
proportional to the ENSO intensity, i.e., the atmosphegic rlt is therefore suggested that a stronger winter monsogispla
sponse in the tropics exhibits a quasi-linear feature. By-coa role in triggering the onset of an El Nifio event.
parison, the responses of the EAWM circulation in mid-high The role of westerly bursts (or the westerly anomaly) over
latitudes are complex. The phase reversal of the circulatithe western Pacific in triggering the onset of ENSO has been
pattern is not evident for the warm and cold events as itésnphasized (Li, 1995; Huang et al., 1996). Fu and Huang
in the tropics. Moreover, the most significant signal is fdun(1997) found that these westerly bursts are closely rekated
when a strong El Nifio occurs, characterized by the enhanttee southward propagation of the westerly in East Asia along
ment of the westerly jet in East Asia and a weaker EAWMuvith a Eurasian teleconnection pattern in high latitudeghW
As a result, eastern China experiences a warmer winter dhe eastward propagation of the westerly, the SST in the cen-
to the anomalous southerly wind along the East Asian coasal and eastern Pacific tends to increase. Li and Mu (2002)
Instead, the influence of strong La Nifia events is relativeindicated that the westerly anomalies can induce the subsur
weaker with a large uncertainty. face ocean temperature anomaly in the Pacific warm pool and
Besides the intensity of ENSO, recent studies have eits eastward propagation; they concluded that the ENSO cy-
phasized the influence of the spatial distribution of the SSTe is essentially related to the subsurface ocean temyerat
anomaly in the tropical Pacific on EASM and summer rairanomalies in the tropical Pacific driven by the zonal wind
fall in China. Different from canonical El Nifio events, the anomalies over the western and central Pacific.
is another type of El Niflo with the most significant SST On the other hand, it should be noted that not all westerly
anomaly being in the central Pacific (CP-El Nifilo). Wangnomalies associated with strong EAWM trigger the onset of
et al. (2009a) found that when the central Pacific is warmENSO. Zhang et al. (2000) showed that the westerly anomaly
(colder) in spring, the Mei-yu onset in the Yangtze Rivervain the western Pacific undergoes two remarkable enhance-
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ments in the spring and summer of the onset year of an @tean play a role in the position and intensity of the WPSH
Niflo. Besides the eastward propagation of the westerty frand EASM through the Walker circulation (Chen, 1991).
the equatorial Indian Ocean, the strong convergence of the Since the discovery of the Indian Ocean dipole (IOD, or
meridional wind from extratropical atmospheric disturbes Indian Ocean zonal mode), more attention has been paid to
in both hemispheres is more important to the enhancementtod influence of the tropical Indian Ocean on EASM. Many
the westerly anomaly. Compared with the NH, the meridionstudies have focused on the influence of the IOD on summer
wind to the east of Australia is more stable and makes a moainfall in China (e.g., Li and Mu, 2001; Yan et al., 2001;
significant contribution to the enhancement of the westerKiao et al., 2002; Qian and Guan, 2007, among many oth-
anomaly. ers). In general, the results further demonstrate thaetiser
In addition to triggering the onset of ENSO, extratropical significant correlation between the spring I0D and summer
atmospheric disturbances also play a role in the developmsainfall in China, and that there is more rainfall in souther
and decay of ENSO (Xue and He, 2007). In the develo@hina associated with a positive phase of the |IOD. When the
ment phase of ENSO, the westerly anomaly in the equateNSO signal is relatively weak, the IOD seems to be a plau-
rial central and eastern Pacific is further enhanced by the sjble predictor. The influence of the IOD can be seen more
clonic anomaly in the southeastern Pacific and the assdciattearly in 2003 and 2004, when the SST anomalies in the
southerly anomaly. It is also noted that the decay of ENS®pical Pacific were weak. Xiao and Liang (2006) revealed
is much faster than the development; other factors besidkat the different summer rainfall distributions in thesmt
the classical Kelvin wave are therefore involved in the gecgears were to a large degree caused by the different phases
of ENSO. In fact, the rapid eastward movement of the antif the IOD. The significant impact of the 10D on East Asian
cyclonic anomaly in Australia results in a weakening of thelimate has also been demonstrated by a series of numerical
cyclonic anomaly in the subtropical South Pacific; the Seutbxperiments (Yan and Zhang, 2004; Yan et al., 2007). In a
ern Oscillation pattern tends to disappear. Moreover, whpositive phase of the 10D, for instance, there appears to be
ENSO reaches its mature phase, the deepened Aleutian 'owanomalous easterly in South Asia and an anomalous anti-
and the intensified anticyclonic anomaly (in particulag thcyclone near the Bay of Bengal, resulting in less rainfall in
wind anomaly in the subtropical North Pacific) enhances tseuthern India and more rainfall in southern China.
subtropical cell in the ocean, inducing upwelling of suefac  Recent studies have revealed that the IOD is closely re-
water in the equatorial eastern Pacific, thereby accetgratlated with ENSO through the Walker circulation (Li et al.,
the decay of ENSO. 2002; Mu and Li, 2002); therefore, the combined effects of
The persistence of ENSO is also influenced by extrahe IOD and ENSO and their modulation on the response
ropical atmospheric disturbances (Yang and Li, 2005a; Li et EASM to the ENSO signal are also noted (Yang and Li,
al., 2008a). It has been found that the intensity of longe2005b; Yang et al., 2006). Xiao et al. (2000) found that dur-
duration ENSO is generally weaker than that of shortang El Nifio years, SST anomalies with an east-warmer and
duration ENSO. For longer-duration ENSO, the decay of tlwgest-colder distribution in the Indian Ocean enhance the in
anomalous cyclone in the eastern North Pacific and the devfelence of ENSO on EASM. This exaggerates the southern-
opment of the anomalous anticyclone in the WNP tend to Beod and northern-droughtrainfall pattern in China. Farth
slower. In addition, the stronger winter monsoon and weak®iore, Liu et al. (2008b) pointed out that the lesser amount of
summer monsoon in Australia lead to a longer duration of thainfall in northern China during El Nifio years can be mit-
westerly anomaly in the equatorial western Pacific. Thergated to a certain degree if the IOD is in a positive phase,
fore, the westerly anomaly in the equatorial western Pacifiile the co-occurrence of La Nifia events and a negative
is favorable for the persistence of ENSO, while the eastepfase of the IOD is not conducive to summer rainfall in north-
anomaly foreshadows the decay of ENSO. ern China. They noted that there appear to be some regional
features of summer rainfall in China under the combined
effects of ENSO and the 10D during the different phases.
4. Influence of the Indian Ocean and Atlantic Therefore, the effects of the IOD on EASM cannot be ne-
Ocean on East Asian monsoon glected, especially when the ENSO signal is weak.
There have been studies that have focused on the role of
Indian Ocean SST anomalies in the onset of the SCSSM,
Chinese meteorologists have been aware since the e@fhich signals the seasonal transition from the winter eircu
1980s of the influence of the Indian Ocean SST on EASMtion to summer circulation in the Asian monsoon region
and summer rainfall in China. These earlier studies notgdang et al., 2006; Wen et al., 2006; Yuan and Li, 2009).
that there is a significant correlation between summer raiphere are two types of leading modes of SST variability in the
fall in the Yangtze River valleys and the Indian Ocean’s S§hdian Ocean: the basin-scale warm/cold mode (I0OBM), and
anomalies (Luo et al., 1985; Chen et al., 1985). Chen (1988 10D. Both of these play significant roles in the onset of
revealed that there is an opposite correlation of SST anongESSM. The IOBM warming induces an anomalous Walker
lies between the east and west of the tropical Indian Oceagjftculation in the tropical Indo-Pacific region togethetinan
which is often related to ENSO. He further showed that t%omamus descending motion and Suppressed convection in
different types of zonal SST anomalies in the tropical Indighe tropical western Pacific, thereby leading to a delayed on

4.1. Influence of the Indian Ocean
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set. Itis also suggested that the IOBM significantly prokngion, as suggested in many previous studies.
the effect of ENSO on the onset of SCSSM in the succeedin ] )
year. A positive 10D in the preceding period usually corrét-2-  The influence of the Atlantic Ocean
sponds to a delayed onset, such as in 1994, when there was &ompared with the Pacific and Indian oceans, the influ-
strong 10D event (Yuan and Li, 2009). In a similar way, thences of the tropical Atlantic Ocean on the interannualvari
Indian Ocean SST anomaly has an impact on the intensityatfility of EASM and the summer climate anomaly in China
SCSSM (Li et al., 2006). are less frequently mentioned in the literature. This is be-

Several physical mechanisms have been proposed to eadse of its great distance from the Asian monsoon region
plain the influence of the Indian Ocean’s SST anomaly on thed the relatively weak signal of the SST anomaly. However,
EASM. Zhou and Wang (2006) found that the spring Hadldie catastrophic flood in the Yangtze River valleys in summer
cell plays a role in linking the SST anomalies in the Indiaaf 1998 prompted scientists to study the role of the Atlantic
Ocean and EASM. Wen et al. (2006) indicated that the i@cean’s SSTs in EASM. Lu and Dong (2005) showed that, in
fluence can be realized through changing the intensity of tties case, the Atlantic SST anomalies had a significant ilnpac
Indian summer monsoon. Yang et al. (2007) suggested tbatEASM in addition to the anomalous SSTs in the Pacific
the Indian Ocean warming associated with ENSO induces and Indian oceans. They used an atmospheric model to ex-
bust climatic anomalies in summer in the Indo-west Pacifianine the impact of Atlantic SST anomalies on the climate
region, prolonging ENSO’s influence after the tropical eastinomalies of the WNP and East Asia during the summer of
ern Pacific SST has returned to a normal state. A numerid@98. They did this by performing a series of simulations
experiment indicated that, in response to the Indian Oceasing global SSTs and subsets of SSTs, which were carried
warming, precipitation increases over most of the basie-fo out to isolate the impact of the Atlantic Ocean. They further
ing a Matsuno—Gill pattern in the upper troposphere withsaiggested that the impact from the Atlantic occurs as a re-
strengthened South Asian high (Li et al., 2008c). Zhou et allt of a Rossby—Kelvin wave responding to the Atlantic SST
(2009b) demonstrated that a similar mechanism also worksomalies. Actually, the main features of the precipitatio
at an interdecadal scale; that is, the Indian Ocean warmiagomalies in Asia during the summer of 1998 can be well
results in an intensified South Asian high and a westwacdptured by other models, possibly due to the strong impact
extension of the WPSH. Analysis of CLIVAR C20C modeof tropical SST anomalies in this particular case.
els (i.e., the AGCMs forced by historical SSTs) revealed the Besides the tropical Atlantic Ocean, many studies have
dominance of the tropical Pacific’'s and Indian Ocean’s SEMmphasized the role of the NAO or Arctic Oscillation (AO)
anomalies in forcing the interannual variability of immensin climate anomalies in China. Wu and Huang (1999) found
Asian monsoon circulation components (Zhou et al., 2009&)at with a high index of NAO the Siberian high tends to
Liu et al. (2008a) found that there appears to be a seriesbaf weakened along with a weaker EAWM and above-normal
Rossby wave trains in the NH troposphere associated widmperatures in northern China. Xu et al. (2001) showed that
the 10D, initiating from India and extending northeastwardhe onset of Mei-yu in the Yangtze River valleys is positvel
It has been further revealed that the influence of the IOD onrrelated with NAO in the previous winter. Moreover, the
the climate anomaly in the NH is dynamically linked by thearlier onset of Mei-yu often corresponds to a warmer SST in
energy propagation of planetary waves. Analysis of the odlie North Atlantic, and vice versa. Using longer-term data,
put of Atmospheric Model Intercomparison Project (AMIP{ong et al. (2002) further indicated that there is a significa
models also shows that both the tropical Pacific and tropicagative correlation between summer rainfall in the Yamgtz
Indian Ocean regions are important in forcing the interahnRiver valleys and AO in May. When AO in spring is stronger,
variability modes of the Asian—Australian monsoon (Zhou #he jet stream in East Asia tends to move poleward, resulting
al., 2009a). in drier conditions. It is suggested that the signal of theONA

In addition to the summer season, Wu et al. (2009a) rer AO is helpful for summer rainfall prediction in China. It
vealed the seasonally evolving dominant interannual kéfia has also been revealed that a positive phase of the cold sea-
ity modes of the East Asian climate. The first two domison NAO is associated with springtime cooling downstream
nant modes account for 44% of the total interannual vaof the Tibetan Plateau and deficient spring rainfall in ragio
ance, corresponding to the post-ENSO and ENSO turnabseatith of the Yangtze River valleys (Yu et al., 2004; Yu and
years, respectively. A diagnosis of the upper-level velozhou, 2004).
ity potential and mid-level vertical motion fields revealad In addition to short-term fluctuations, North Atlantic
season-dependent Indian Ocean forcing scenario. Thenlnd&STs also exhibit a low-frequency fluctuation with a period
Ocean’s basin-wide warming during El Nifio’s mature wintesf about 65-80 years. This is referred to as the Atlantic Mul-
and the subsequent spring does not have a significant imgat#cadal Oscillation (AMO). Observational analysis has i
on the anomalous circulation in the WNP. This is becaudéeated that during the positive (negative) phase of the AMO
convection over the tropical Indian Ocean is suppressed Gfiina experiences warmer (cooler) summers, and eastern
the remote forcing from the equatorial central-easterifieac China experiences wetter (drier) conditions (Lu et al.,&00
The basin-wide warming plays an active role in impacting thiEhis observational relationship between the AMO and sum-
WNP anomalous anticyclone during ENSQO’s decaying sumner climate in China can be confirmed by model simulations
mer through the atmospheric Kelvin wave or Hadley circuldtu et al., 2008). Furthermore, it has been found that the
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AMO can affect winter climate in China. Both observationghe plateau also played a role in the serious flooding of 1998
analyses and simulated results by several AGCMs indicatethe Yangtze River valleys. The evolution of summer cir-
that the AMO has an impact on the EAWM (Li and Bates;ulation in 1998 was similar to that in years with more snow,
2007). A recent study suggests that a positive phase of thading to a delayed northward movement of the WPSH and
AMO can lead to warmer air temperatures in all four seaaintenance of the rain belt over the Yangtze River valleys.
sons (Wang et al., 2009b). This implies that a transition iccordingly, the plateau’s snow cover is now successfully
the AMO from its current positive phase to a future negativesed to predict summer rainfall in China.
phase will alleviate the warming trend in China caused by The influences of snow cover over Eurasia on East Asian
greenhouse gases. climate have also been noted in recent years, particularly
Other patterns of Atlantic SST fluctuation may also affesince the improved availability of satellite observatilofeta.
decadal variations of climate in China. Gu et al. (2009)-indChen and Sun (2003) found that a Eurasian teleconnection
cated that both Mei-yu rainfall amounts and Mei-yu lengthsattern can be excited by anomalous snow cover through a
exhibit a decadal fluctuation with a period of about 12 yeanadiation effect, thus influencing the activity of EAWM. Due
They suggested that such a fluctuation is related to thdéripao a lagged effect on the atmospheric circulation, the winte
like SST anomalies in the preceding winter. snow can further play a role in EASM and summer climate
Various paleoclimate records have shown that the AsianChina. A recent study by Mu and Zhou (2010) showed
monsoon has been punctuated by numerous sub-orbikelt the total fresh snow extent (TFSE) in winter over north-
timescale events, and that these events were coeval with thern Eurasia is closely related with summer climate anormalie
that happened in the North Atlantic. Based on numerical eix-China. With more TFSE in winter, there is an anomalous
periments, Wang et al. (2004) showed that a warmer Noxthld low to the east of Lake Baikal and a lower surface air
Atlantic, representing an intensified thermohaline catioh, temperature in northeastern China during summertime. With
may lead to a wetter climate over China. This is consiah enhanced subtropical westerly jet in East Asia and a more
tent with evidence derived from climate reconstructions. Thorthward location of the WPSH, a hot and dry summer oc-
illustrate a dynamical explanation for this climatic linke-b curs south of the Yangtze River valleys (Fig. 7). More impor-
tween these two remote areas, Lu and Dong (2008) invessintly, this relationship is independent of ENSO and stable
gated the Asian summer monsoon’s responses to the Atlamtiging the last 40 years. Furthermore, Mu and Zhou (2012)
Ocean forcing by applying an additional freshwater flux inteevealed the related physical mechanism, showing that the
the North Atlantic. Their simulated results showed that theonsistent seasonal evolution of land surface anomaliss ac
weakened Atlantic thermohaline circulation, due to thetire as a bridge for the lagged correlation. A larger TFSE in win-
water flux, led to a significantly suppressed Asian summir is followed by a slower northeastward melting progrdss o
monsoon. Furthermore, the weakened Atlantic thermohalisieow and frozen soil over northern Eurasia in spring. Sub-
circulation can also modulate the ENSO-South Asian masequently, in summer, a lower soil temperature is found over
soon interaction, which suggests the existence of nor-lo&ast Asian middle and high latitudes due to more intensive
mechanisms for the decadal-multidecadal modulation of theelting of snow and frozen soil. The local cooling, through
ENSO-monsoon relationship (Lu et al., 2008). the anomalous meridional wind, is connected to the WPSH
and climate anomaly in China by enhancing the East Asian
jet. In particular, the signal of winter TFSE tends to be
5. Role of land surface processes in East Asianstrengthened during the melting process in spring and be-
monsoon comes more significant in summer. Hopefully, the TFSE can
be used as another indicator for predicting summer clinmate i
It is well-known that the intensity of monsoon is relate€hina.
to land surface processes as well as oceanic state. Eadly stu Like snow cover, prior soil moisture can also play a role
ies noted the influence of snow over the Tibetan Plateau dur-summer rainfall anomalies. It is generally believed that
ing winter and spring on EASM. Zhang and Tao (2001) founaetter soil moisture in spring may reduce land surface tem-
that when there is more spring snow over the Tibetan Plateparature and the associated thermal contrast between land
the local sensible heat from spring to summer becomes weakd sea in summer, resulting in a weak EASM. Early studies
As a result, more rainfall is found over the Yangtze Rivewxere generally confined to numerical simulations due to lim-
valleys due to a later onset and weaker EASM. Chen et @htions of observational data. Wang (1991) showed that the
(2000a) investigated the role of snow over the Tibetan Blatemonthly climate anomaly in China is affected by the initial
based on the viewpoint of air-sea interaction, and sugdestéaomaly of soil moisture, with the affected area confined to
that the winter snowfall over the plateau can affect the attye anomalous center and its south. Zeng et al. (1998) demon-
tivity of EAWM. The zonal wind and SST over the weststrated that an atmospheric model coupled with an advanced
ern Pacific are further changed through the Hadley cell oMand surface model including soil moisture can provide a
East Asia and convective activity in the SCS, thus exertimgore reasonable simulation of the intraseasonal features o
an influence on the WPSH and summer rainfall distributidhe Asian summer monsoon. By introducing a soil moisture
in China. Chen (2001) pointed out that, besides the strongrEtrieval scheme into an operational prediction model, &uo
Nifio, the anomalous snowfall during the previous wintezroval. (2007) proved that a better prediction of summer raliral
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55N Clearly, there is great uncertainty in this area of study due
to limited observational data; further work is needed to re-
veal a definite relationship between spring soil moistuid an

summer rainfall in China.

50N -
45N -

40N -

6. Interactions of the atmospheric circula-
tion between the two hemispheres and East
Asian monsoon

35N
30N+

25N 6.1. Cross-equatorial flows and the essence of monsoon

In the early 1930s, Li (1936a) pointed out that there is an
interaction in atmospheric circulation between the two hem
spheres. Based on the limited data available at the time, Li
(1936a) found that a violent cold surge in East Asia invaded
55N — the SH across the Equator, resulting in rainfall in Darwin,
50N : northern Australia. It was similarly found that a cold surge
in austral winter from Australia can induce the occurrence
of typhoons in the tropical western Pacific (Li, 1936b). It
should be noted that given the sparse distribution of weathe
stations in the tropics in the 1930s, Li's (1936a, b) work was
a truly noteworthy advance. With the increase in the number
of weather stations and the advent of satellite obsergtion
the notion of interactions in the atmospheric circulatibes
tween the two hemispheres became increasingly clear. In
general, a cold surge occurs at the polar region of the win-
ter hemisphere, and the strong, cold air moves rapidly tdwar
the Equator, resulting in precipitation in the summer hemi-
sphere. The winter hemisphere circulation, thereforeygpla
an active role in the interactions. In fact, it is clear theg t

Fig. 7. Correlation of total fresh snow in winter with respect to SUMMer monsoon circulation in South Asia, and even part of

(a) precipitation and (b) temperature in summer over Ctivea.  the EASM circulation, initiates from the South Indian Ocean

gions above the 95% significance level are shaded and the blacAnother branch of the EASM circulation initiates from the

dots indicate the positions of observation stations. [Répad CEF between Sumatra and Sulawesi over Indonesia.

from Mu and Zhou (2010)] As a channel connecting the two hemispheres, the CEF

plays an important role in the exchange of mass, momentum

China can be expected with an improvement in the represand energy between the two hemispheres. After the 1980s,
tation of the initial soil moisture. Based on a regional @b Chinese meteorologists found other CEFs from Australia in
model, it was also shown that the simulation of surface addition to the Somali jet (Wang and Li, 1982; Tang et al.,
temperature and precipitation in China can be improved 1885). Based on more reliable data, Gao and Xue (2006) fur-
a large degree by including the assimilation of soil moistuther proved that, besides the Somali jet, the CEF atE2%
data (Hu et al., 2010; Zhang et al., 2012). of secondary importance to EASM. Many studies have em-

More recently, some studies have revealed a relationshipasized the role of CEF in EASM and summer rainfall in
between soil moisture anomalies in spring and summer rafphina. Huang et al. (1989) found that the Mei-yu rainfall in
fall in China using reanalysis data. Zuo and Zhang (200the Yangtze River valleys is positively correlated withsso
found that, corresponding to wetter soil moisture in sprirgguatorial water vapor transport. Li et al. (1998) noted tha
from the Yangtze River valleys to northern China, there there is an evident displacement of CEF during flooding years
more summer rainfall over the Yangtze River valleys. Liang China. Wang and Xue (2003) found that the Somali jet
and Chen (2010) showed that there is less summer rainfalpllays a role in inter-hemispheric water vapor transpos, re
southern China if the local soil moisture in spring is drieant  sulting in the summer rainfall anomaly in China. They also
normal. Le et al. (2007) found that the EASM is positivelghowed that the Somali jet usually foreshadows the variatio
correlated with soil moisture in spring in southwesternr@hi of EASM, and thus the signal of the Somali jet is useful for
Zhan and Lin (2011) indicated that there is a positive carrelsummer rainfall prediction in China.
tion between rainfall in June and soil moisture in sprindia t Recent studies have revealed that CEF is important to the
Yangtze River valleys. However, Dai and Zuo (2010) deniezhset of SCSSM (Li and Wu, 2002). The onset is directly
there is a significant connection between spring soil mogstunfluenced by the intensification and eastward extension of
and summer rainfall in China, except in some small aredBe equatorial westerly over the tropical Indian OceancWwhi
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is associated with the intensification of the Somali jet. Ga&H. As a result, the WPSH exhibits an obvious east—-west
and Xue (2006) indicated that two pentads prior to the onscillation. Moreover, the WPSH tends to extend westward
set of SCSSM there was a rapid enhancement of the Sontalntinuously in boreal summer because the warm advection
jet. This accelerated the eastward extension of the wgstaabsociated with the MH is much stronger than the cold advec-
over the Bay of Bengal and the eastward retreat of the WP$bin associated with the AH. It is worth noting, in particyla
over the SCS. In the meantime, the rapid enhancement of that the low-frequency oscillation of the WPSH lags behind
CEF in the SCS was favorable for the northward march tfat of the MH or AH by 10-25 days. The two highs, there-
the subtropical high. The SCSSM started, finally, under tliere, are useful for mid-range forecasting of the WPSH and
combined actions of the two CEFs. Furthermore, the S@e associated Mei-yu rainfall.
SSM onset tended to occur earlier when the two CEFs were The two highs also play a role in the interannual variation
stronger and established earlier, and vice versa. of summer rainfall in China. Based on correlation analysis
The interactions of the atmospheric circulation betweemd a case study, Xue et al. (2004) found that with a stronger
the two hemispheres can be indicated by mass transpdi in boreal spring, there is more rainfall from the Yangtze
across the Equator. Zeng and Li (2002) noted that two faRiver valleys to Japan, while there is less rainfall outsifie
tors are important for this transport. One is the annual cthis region. Compared with the MH, the influence of the AH
cle of solar radiation, approximately represented by theako is confined to southern China. When the AH is stronger, there
mean, and the other is the differences in the surface charigcmore rainfall in southern China. Moreover, the relation-
teristics, including sea—land distribution and topogsagbn ship between the two highs and summer rainfall in China is
average, the former is about two times more important thgenerally reproduced by numerical experiments (Xue et al.,
the latter, and hence they are referred to as the first and s&@93a). This result is of importance to summer rainfall pre-
ond force, respectively. The two forces are in-phase owr tiiiction in China.
Asian-Australian region, forming the most pronounced mon- The SH circulation in the midlatitudes plays a role in
soon system over the globe. Conversely, the two forces colBASM, especially in the seasonal transition from boreal
teract each other in the tropical eastern Pacific and Adantspring to summer. He and Yang (1981) showed that there
which is why the trade wind prevails there. The results pdovés a close relationship between the intensity of the soushwe
that the annual cycle of solar radiation plays a primary iole summer monsoon and the SH circulation pattern. When a
the formation of the tropical monsoon, while the differenceneridional pattern appears in the SH, the southwest monsoon

in surface characteristics is of secondary importance. tends to be intensified. Tao et al. (1983) found that two pen-
) o tads prior to the onset of the Asian summer monsoon, the
6.2. The role of the SH circulation in EASM westerly jet over 40-160°E in the SH midlatitudes tends to

An early study by Tao et al. (1962) showed that the albe intensified along with the intensification of CEF, which
ternating changes between the zonal and meridional circytdays a triggering role in the establishment of the EASM cir-
tions in East Asia are closely related to those in Austral@ilation. Zhu and Lu (1984) also noticed the role of SH cold
during boreal summer. The prevailing meridional circulaair activity in the NH seasonal transition. He and Chen (3989
tion in Australia often leads to that in the tropical latiasd analyzed the influence of a quasi-40-day oscillation in the
in East Asia with an intense mass transport from the SH taidlatitude SH on the Asian summer monsoon. They showed
the NH. The effects of cold air activity in Australia on EASMthat after the outbreak of the SH cold air, the westerly to the
were also demonstrated in a numerical experiment (He et abuth of the MH and AH and the easterly to the north tend to
1991). With the intensification of the Australian high (AH)be intensified through the meridional propagation of the os-
the meridional perturbation propagates northward from-Ausillation, resulting in the intensification of CEF and aniaet
tralia, resulting in a northward movement of the wind fieldsian summer monsoon. Based on the similarity theory pro-
and rainfall over East Asia. posed by Zeng and Zhang (1992), Xue et al. (2002) further

Huang and Tang (1988) later noted the importance of tehowed that the earliest seasonal transition in the lower tr
Mascarene high (MH) to EASM. Usually, after the intensifiposphere occurs in the Antarctic region at the end of March.
cation of the MH, the AH tends to be intensified through th€he subsequent transition takes place in the SH subtrapics i
energy dispersion of a Rossby wave in the SH westerly. Suhid-April, finally resulting in the onset of SCSSM from mid-
sequently, the intensification of CEF results in the changéke to late May. All of these studies indicate that the SH cir-
in EASM. Xue and He (2005) further found that both highsulation and EASM are closely connected through the CEFs,
play a role in the east—west oscillation of the WPSH. Takirand that the SH circulation plays a leading role. Hence, the
1980 as a typical example, they showed that the two hig88#l circulation is valuable for EASM prediction.
exhibit a biweekly oscillation, and that the AH downstream ] o .
of the MH tends to be intensified with the intensification df-3- The role of the Antarctic oscillation and sea-ice cov-
the MH. Afterwards, the CEFs to the north of the two highs ~ €rage in EASM
are affected, and the WPSH is further influenced through ad- As a dominant mode in the SH, the Antarctic oscillation
vection. The WPSH tends to be enhanced and extends wéaRO) represents the out-of-phase relationship of seal leve
ward with the intensification of the MH, while it tends to bgressure between the subtropics and high latitudes. With a
weakened and retreats eastward with the intensificatidmeof barotropic structure, the AAO is also evident in tempemtur
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and zonal winds (Gong and Wang, 1998). As a strong in-

. . . - More rainfall in the Yangtze
terannual signal, the AAO plays a role in the SH circulation,

River valley and south China

including the MH and AH. Correlation analysis indicatesttha and less rainfall in north China
the MH is mainly determined by the AAO, while the AH is

influenced by both the AAO and ENSO (Xue et al., 2004). I

Composite analysis further shows that with the intensifica-

tion of the AAO and MH, the Somali jet and the Indian mon- ‘(S“ppresse'j warm pool
soon westerly tend to be strengthened. Accordingly, the AH e g Lm“"edb“ and westward
and the associated CEF become stronger, whereas the trade crosss-EQ flows extension of WPSH

winds over the tropical western and central Pacific become t Enhanced
weaker. In association with the above changes, convective crosssrEQ flows
activities near the Philippine Sea are largely suppresasd. Enhanced Enhanced

a consequence, a Rossby wave train appears from East Asis
via the North Pacific to the western coast of North Amer-
ica. In particular, when the AAO tends to be stronger during \ /
boreal spring through summer, there is more summer rainfall
over the Yangtze River valleys and less rainfall outsidénisf t
region. The influence of the AAO has been further demon-
strated based on longer data (Wang and Fan, 2005; Sun et al.,

Mascarene High Australian High

Positive anomaly of
Antarctic Oscillation

2008). Therefore, the AAO signal is of importance to sum- T

mer rainfall prediction in China. It should be emphasized,

however, that such an anomalous circulation pattern and as- [ Less Antarctic sea-ice and }
sociated rainfall distribution appear under a small déffere deepened circumpolar low

in SST; hence, it is essentially different from the EAP patte

proposed by Huang and Li (1988). Fig. 8. Schematic diagram showing the influence of the major
Besides the AAO, Antarctic sea-ice coverage is also im-systems in the SH on EASM and summer rainfall in China.

portant to the prediction of EASM and summer rainfall in [Reprinted from Xue (2005)]

China. Fu (1981) found that Mei-yu in the Yangtze River val-

leys is negatively correlated with the Antarctic sea-icéh® if the signal of the AAO is taken into account.

preceding year. Peng and Wang (1989) showed that there is

a negative relationship between Antarctic sea-ice andnthe i

tensity of the WPSH, with an eight-month lag in correlation/. Interdecadal variations of the East Asian

The ridge-line of the WPSH and the tropical cyclones landing  monsoon and climate anomalies in China

in China are also influenced by Antarctic sea-ice (Zhao and ] ] ]

Ji, 1989). Xue et al. (2003b) further indicated that when tHel- Theweakening of the East Asian monsoon during the

Antarctic sea-ice tends to increase from boreal springno-su late 1970s and climate shift in China

mer, there is more rainfall in northern China and less rdlinfa  In the last two decades, northern and northeastern China

in southern China. The effects of Antarctic sea-ice on the Stds suffered from severe and persistent droughts, while the

circulation as well as EASM have also been demonstratedfangtze River basin and southern China have been domi-

numerical experiments (Yang and Huang, 1992; Wang andted by much more significant heavy rainfall/flood events.

Huang, 1994). Furthermore, there is a six-month lagged cbfany studies have indicated that this is related to a notable

relation of the AAO with Antarctic sea-ice, possibly due tinterdecadal variation of EASM during the late 1970s to-

the influence of the semi-annual oscillation in the SH higirether with an overall climate shift in China (Peng et al.,

latitudes (Gao et al., 2003). 1999; Wang, 2001; Xue, 2001; Huang et al., 2006b; Ding
In summary, during the seasonal transition from boreal al., 2007; Zhou et al., 2008a). Following the weakening of

spring to summer, the SH circulation, including the AAO anBASM circulation, the WPSH has extended more southwest-

the associated MH and AH, maintains seasonal persistem@d. Accordingly, the summer rainfall regime has experi-

due to the effects of Antarctic sea-ice coverage. The EAS&Mced an obvious abrupt shift in eastern China, with deficien

and summer rainfall in China are influenced by the SH cirainfall and associated droughts in northern China andsexce

culation through the CEFs, as shown in Fig. 8 (Xue, 200%)ve rainfall and increased flooding conditions in the Yaegt

Because of the predictability barrier in boreal spring, men River valleys, staring from the late 1970s. The weakening of

monsoon prediction based on the ENSO signal is largely lilBASM and the rainfall regime shift coincides well with other

ited. As stated above, the SH circulation, especially th©AAclimate change signals that have been observed in other re-

and Antarctic sea-ice coverage, may provide some valuagiens as well as in other variables (Yu and Zhou, 2007; Zhou

information for EASM prediction due to the seasonal persist al., 2008b, 2008c).

tence during boreal spring through summer. In other words, Until now, different physical mechanisms have been pro-

the predictability barrier can be overcome to a certain eegmposed to explain the late 1970s climate shift. Xue (2001)
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noted that the atmosphere—ocean interaction in the west@gian climate exhibits a distinct 3D structure. The surface
Pacific and Indian Ocean plays a role in the weakening dfmate change is coherently connected with the tempegatur
EASM. Gong and Ho (2002) found that changes in the WPSthange over the middle and upper troposphere, with clear
are strongly associated with the variation of SSTs in thé easeasonal features. A prominent cooling trend is found over
ern tropical Pacific and tropical Indian Ocean, which is rdzast Asia in the upper troposphere around 300 hPa. Ac-
sponsible primarily for the rainfall regime shiftin ChinBhis companying this summer cooling, the upper level westerly
hypothesis was demonstrated by Zhou et al. (2009b), who @t stream over East Asia shifted southward and the EASM
amined the responses of five AGCMs to specified, identidehded to be weakened, resulting in the tendency toward in-
Indian Ocean—Western Pacific (IWP) warming. The specifiedeased droughts in northern China and more flooding along
IWP warming led to a westward extension of the WPSH in athe Yangtze River valleys. Yu and Zhou (2007) also regarded
five AGCMs. the spring and summer interdecadal scale climate changes
Other studies have emphasized the role of the Pacifis the seasonal manifestation of one phenomenon. The im-
decadal oscillation (PDO), which shows a clear phase trgyact of springtime tropospheric cooling over East Asia @n th
sition on a decadal timescale (Zhu and Yang, 2003; Yasgrface climate has been demonstrated by numerical experi-
et al., 2005; Zhang et al., 2007; Gu et al., 2007). Durimgents (Xin et al., 2006). In addition, an extended analygis b
the warm phase of the PDO, there is higher SST in the cethiou and Zhang (2009) revealed an interdecadal variability
tral and eastern Pacific but lower SST in the North Pacifiof July—August tropospheric temperatures across theeentir
In this case, the northward moisture transport in East Asiabtropical NH. A major mode was identified, with one sig-
is greatly weakened and cannot reach northern China, tmifsicant cooling center over East Asia and two warming cen-
causing a decrease in precipitation or droughts. In cantrasrs over the North Atlantic and North Pacific, respectively
the Yangtze River basin and southern China receive a latgence, the interdecadal climate transition of the Eastm\sia
amount of moisture and have strong upward motion, creatimate may be a local manifestation of the NH climate shift.
ing favorable conditions for the frequent occurrence offgea  Various numerical experiments have been performed to
rainfall. reveal the physical mechanisms involved in the weakening
Since the monsoon circulation is driven by the thermaf the EASM. The weakening can usually be simulated by
contrast between land and sea, the weakening of the EA@M atmospheric model forced by historical SST (Zeng et al.,
circulation is also related to land-surface conditiongddi- 2007; Fu et al., 2009). Li et al. (2008b) analyzed the ensem-
tion to the oceanic state. Xu et al. (2007) investigateddme ¢ ble runs from 1950-2000 by using two different AGCMs that
sistency of interdecadal variation in EASM with change iwere forced separately by observed tropical and global SSTs
the sea—land springtime surface air temperature overreastehey found that the observed SST forcing, primarily from the
China and the adjacent oceans. They found that the spritrgpics and including both the Pacific and the Indian Ocean,
time sea—land surface air temperature distribution aR&B81 was able to reproduce most of the observed atmospheric cir-
showed a shift in interdecadal trends. It is therefore sugdlation changes associated with the weakening of the EASM
gested that the regional springtime sea—land surfacerair tesince the 1970s. However, most atmospheric models fail to
perature in East Asia might have, in part, led to a weakeningpture the major features of the interdecadal climatd shif
of the effect of sea—land thermal drive on EASM. Ding et ajHan and Wang, 2007), especially with respect to the mon-
(2009) noted that there was an abrupt increase in winter agabn’s rainfall change. Despite reasonable simulatiomef t
spring snow over the Tibetan Plateau (TP) after 1977. Subsbserved circulation changes, they fail to reproduce tlee re
guently, the atmospheric heating fields over the TP assumni®ely small-scale rainfall change patterns over East &l
a significant weakening after the late 1970s. This weakeniagal., 2008b). Recently, using the fourth generation AGCM
is closely related to the significantly reduced surface isenwith a relatively high resolution developed at the Insétof
ble heat flux into the atmosphere and the subsequent cooliktgrospheric Physics, Chinese Academy of Sciences, Chen
over the TP and its surrounding atmosphere. The above amd Xue (2013) showed that the model simulates the decadal
terdecadal variability of heating fields over the land area weakening of EASM circulation as well as the anomalous
the Asian region has consistently reduced the land—sea treermmer rainfall pattern in eastern China, i.e., the inereas
mal contrast in summer in the Asian monsoon region, thoser the Yangtze River basin and the decrease over north-
leading to the weakening of EASM. ern and southern China. Further analysis indicated that the
Congruentwith the summer climate transition, the springecadal weakening of EASM is mainly driven by the warm-
time climate over East Asia also exhibits a similar inteing in the tropical oceans, which is related with the phase
decadal scale transition. This is evidentin both the spirimg transition of the PDO in the late 1970s. Hence, simulated
rainfall and the cooling tendency located downstream of tihesults are model-dependent.
TP. It has been suggested that teleconnections associdglted w Although coupled atmosphere—ocean models forced by
the interdecadal change of the NAO are one mechanism (teenhouse gases can simulate the global warming trend dur-
and Zhou, 2004; Li et al., 2005b; Xin et al., 2006). Yu et alng the latter half of the 20th century, they do not repro-
(2008) attempted to clarify the interdecadal climate clanduce the weakening of EASM (Jiang and Wang, 2005; Yu
over East Asia within the context of 3D coherent structurest al., 2008). Therefore, although it can be argued that the
The results indicated that the decadal-scale shift of thet Eeveakening is caused by anthropogenic global warming, it is
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more likely attributable to the natural variability of thisbal the effect of ENSO as a predictor is weak, as is presently the
atmosphere—ocean system (Chen and Xue, 2013). case.
o . Wang and Huang (2006) indicated that the relationship
7.2. Interannual variability of the East Asian monsoon ot symmer rainfall between northern China and India is also
during different decades variable during different decades, with a higher correfati
Many studies have shown that the interannual variabilipppearing during strong EASM periods. In general, a lower
of EASM is modulated by the decadal climate backgroun8ST in the eastern Pacific is associated with more La Nifia
In particular, the relationship between ENSO and EASM &vents and a higher correlation. After the late 1970s, thie SS
variable during different decades (Wang, 2002). There israthe eastern Pacific tended to be enhanced due to the phase
high correlation and a low correlation period, and a largéansition of the PDO. The relationship of summer rainfal b
interannual variability is found during the higher corteda tween the two regions became weak, as found in the ENSO-
period. This variable relationship also appears in a calplEASM relationship mentioned above.
ocean—atmosphere model (Jiang et al., 2004). As well as the EASM, Xu et al. (1997) noted that the re-
Gao and Wang (2007) examined the correlation betwekionship between the EAWM and ENSO has also changed
summer rainfall in China and SST anomalies in the tropituring different decades. This relationship is modulated b
cal Pacific in the preceding winter. They found that the sidpoth the winter monsoon and the oceanic decadal back-
nificance of ENSO on summer rainfall prediction in Chinground. When they are in-phase, a strong winter monsoon
decreased remarkably after the late 1970s. Before the Imtdavorable for the onset of an El Nifio event. On the other
1970s, when above-normal SSTs occurred over the centrahd, a strong winter monsoon corresponds to a La Nifia
and eastern Pacific during the preceding winter, more suavent.
mer rainfall could be found in northern China and south of
the Yangtze River valleys and less summer rainfall over t%.e
Huaihe River regime, and vice versa. However, all of thesé
relationships were found to obviously weaken after the late Because of the importance of the East Asian monsoon
1970s. For example, during 1951-1974 there were 43 si@-controlling climate anomalies in China, Chinese scien-
tions in total whose summer rainfall anomalies could be préists have invested great effort in monsoon studies sinee th
dicted by the Niflo3 SST anomaly of the preceding wintet930s. In recent years, the availability of a complete @stas
with an accuracy of anomaly sign of greater than 67%, whiénd powerful computers have allowed Chinese scientists to
the total number of such stations reduced to 15 during 1988xplore many aspects of the East Asian monsoon in a more
2003. Zhu et al. (2007) found that the significant differenceomprehensive fashion than was previously the case. These
in the ENSO-related atmospheric circulation anomalies imajor advances have been reviewed in this paper, including
East Asia during different decades are probably respansitiiose related to seasonal variation, interannual vanatial
for the interdecadal variation between ENSO and EASM. Yeterdecadal variation. The major conclusions can be sum-
and Lu (2011) further indicated that the ENSO-related raimarized as follows:
fall anomalies tended to be similar between early and late First, as the monsoon is characterized by large-scale sea-
summer before the late 1970s; that is, the period charactesnal wind reversal, seasonality can therefore be used-to de
ized by a stronger ENSO-summer mean rainfall relationshgzribe the monsoon regions. In addition to the traditional
After the late 1970s, however, the anomalous rainfall pattetropical monsoon, there are the subtropical and temperate-
in eastern China was found to be almost reversed betwédggid monsoons in the lower troposphere, the planetary-mon
early and late summer, resulting accordingly in a weakensdon in the upper troposphere, and the stratospheric mon-
relationship between ENSO and the total summer rainfall smon. These regions with their large seasonality make up the
eastern China. Therefore, the background of the inter@ggcaglobal monsoon system, and exhibit a significant baroclinic
variation of the predictor must be fully considered when trstructure. Similarities of atmospheric circulation hawezh
effect of ENSO is taken into account in operational prediproposed to describe the seasonal variation of monsoods, an
tions of summer precipitation in China. it has been shown that the seasonal variation originates fro
It is interesting to note that, with the decadal variation ithe upper stratosphere and the coldest region of the lower tr
the late 1970s, the SH circulation and its influence on sumnpersphere.
rainfall in eastern China also changed (Sunetal., 201Zh Wi The Asian monsoon exhibits clear patterns of seasonal
a positive anomaly of the AAO in boreal spring, there wagriation, the most significant of which is the onset of SC-
more rainfall over south of the Yangtze River and less rdinf&SM around mid-May, signaling the seasonal transition from
over the Yangtze—Huaihe River valleys before the late 197@¢nter to summer over the entire Asian summer monsoon
On the other hand, there has been more rainfall from sostystem. Recent studies have shown that, instead of a régiona
Chinato the Yangtze—Huaihe River valleys and less raiitfallphenomenon, the onset of SCSSM is connected with the sea-
northern and northeastern China after the late 1970s. I¢leasonal variation of the global atmospheric circulation. The
the influence of the AAO tends to intensify and extend mothermal contrast between the Asian continent and adjacent
northward. Itis therefore suggested that the AAO can be usetkans plays a dominant role in the onset. The CEFs associ-
as an important predictor of summer rainfall in China whested with the SH circulation and the stratospheric circoitat

Concluding remarks
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may foreshadow the onset. Also evidentis the ISO during tReirasia is closely related with summer climate anomalies in
summer monsoon period. Different from the ISO in the trofshina, providing a new predictor for summer climate pre-
ical monsoon region, as represented by the active or breh&tion in China. Soil moisture is believed to be another
monsoon rain, the circulation system and rain belt in thé Edactor that may influence the EASM. Compared with snow
Asian monsoon region exhibit a northward movement in aver, however, there is uncertainty regarding the refatiip
stepwise fashion with two distinct jumps. In particulare thbetween spring soil moisture and summer rainfall in China,
first and second jump of the WPSH are closely connectklgely due to insufficient observational data.
with the start and end of the Mei-yu period in the Yangtze There is interaction of the atmospheric circulation be-
River basin. tween the two hemispheres, and the SH circulation exerts an
Due to the importance of summer rainfall prediction ifluence on EASM through the CEFs. With the intensifica-
China, the relationship between EASM and ENSO has bet@mn of the AAO, the MH and AH in the southern subtropics,
studied extensively. As the strongest signal in the couplatbng with the CEFs, tend to be enhanced. Correspondingly,
ocean—atmosphere system, ENSO plays a fundamental thke WPSH tends to be intensified and located more south-
in EASM and summer rainfall in China. It has been showwestward, thereby inducing an ENSO-like rainfall anomaly
that, compared with tropical summer monsoons, such as in-East Asia. It is also noted that the SH circulation plays a
dian summer monsoon, ENSO has a long-delayed effectleading role during the seasonal transition from boreatevin
EASM. In the succeeding year after the onset of El Nifto summer. In the meantime, the SH circulation maintains a
events, a suppressed convection in the warm pool of tbeasonal persistence due to Antarctic sea-ice coverage. It
tropical western Pacific excites a Rossby wave train and ttierefore suggested that the signal of the SH circulatisn, e
associated East-Asia—Pacific teleconnection patternttend pecially the AAQ, is valuable for the seasonal forecastihg o
WPSH is located more southwestward. As a result, theresismmer rainfall in China.
more rainfall along the Yangtze River basin and less rain- Inaddition to interannual variability, the East Asian mon-
fall in southern and northern China. A typical example osoon also exhibits an interdecadal variability, the mogt si
curred in the summer of 1998, when the Yangtze River valificant feature of which is the weakening of EASM since
leys experienced a devastating flood due to the strong EN8@ late 1970s. Following this weakening, summer rainfall
event of 1997-98. Recent studies also revealed that thare gtterns in China have changed, with more rainfall over the
nonlinear relationship between the magnitude of ENSO aldngtze River valleys and less rainfall over northern China
the EASM circulation and the associated summer rainfall Different physical mechanisms have been proposed to ex-
China; the composite summer rainfall in China in moderag#ain this unique climate shift, including the phase trtiosi
ENSO years exhibits a northern rainfall pattern, which is tof the PDO and global warming. Also noteworthy is that the
tally different from the classical ENSO-type rainfall gati. interannual variability of EASM has changed after this cli-
In addition, the summer rainfall anomaly in China is sensinate shift. For instance, the relationship between summer
tive to the spatial distribution of SST anomalies in the troprainfall in China and ENSO has tended to weaken since the
cal Pacific. These results show a more complex relationship70s, making seasonal forecasts in China based on ENSO
between ENSO and EASM than previously thought. Fumore unreliable. Further studies are needed to reveal the
thermore, extratropical atmospheric disturbances, diofyia nature of this weakening relationship between EASM and
stronger EAWM, play a triggering role in the onset of ENSCENSO.
indicating that the monsoon and ENSO are an interactive sys- Recent studies have shown that the East Asian monsoon
tem. is a complex, nonlinear phenomenon involving atmospheric,
The Indian Ocean and Atlantic Ocean also play a role oteanic and land-based processes, and it exhibits vétyabil
EASM. Chinese scientists have noted the influence of the iR a variety of time scales, ranging from intraseasonal and
dian Ocean on EASM since the early 1980s, and recent stutterannual to interdecadal time scales. It is influenced by
ies have revealed the influence of the IOD on EASM, esp@any factors, including external factors (e.g., ENSO) and i
cially when the ENSO signal is relatively weak. Moreovetgrnal atmospheric dynamics (e.g., the AAO). It is now rec-
the Indian Ocean acts as a charger, largely prolonging thgnized that the prediction of the monsoon is limited by the
effect of ENSO on EASM in the succeeding year. The irkigh-frequency variability associated with its internghdm-
fluence of the Atlantic Ocean, especially the NAO, has alsts. To further enhance monsoon predictability, it is impor
been noted in recent years. These results provide additiotzent to determine in what ways the distribution of these high
information that is useful for summer rainfall predictian i frequency signals interact with the large-scale statippat-
China. terns induced by the slowly changing boundary conditions.
Besides the oceanic state, there is now ample evidenceAlthough marked progress has been made in monsoon
that land surface processes play a role in the EASM intestudies in China over the years, the physical mechanisms for
annual variability. When there is more spring snow on the occurrence of droughts and floods in China and the asso-
TP, for instance, the local sensible heat during springutiino ciated East Asian monsoon variability are still not fully-un
summer tends to be weakened, leading to a weaker EASIrstood. While it is generally accepted that the mean mon-
and more rainfall in the Yangtze River basin. A recent studypon system is highly stable, state-of-the-art climate mod
also noted that the total fresh snow extent in winter ovefs are relatively poor in simulating the East Asian monsoon
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compared to other monsoon regions. Although the predic- with the atmospheric circulatiomcta Oceanologica Sinica
tion of monsoon rainfall in China using dynamical models 7, 103-110. (in Chinese)
has made great advances, it is far from satisfactory (Wang &hen, Q. J., B. Gao, and Q. Zhang, 2000a: Studies on relation o
al., 2015). It is unclear at this stage whether the inabity snow cover over the Tibetaq Plateau in winter to the winter-
current models to simulate and predict monsoon rainfall is Zgr;”(qiﬁrcmion“essoe‘;” chang€hinese J. Atmos. Sg4, 477
due to model deficiencies or the intrinsic lack of predidtabi ' )
ity of the monsoon. In addition, understanding mgdelinq an Chen, Y. L, X. Z. Bai, and Y. P. Zhao, 2000b: A study on the

I ’ T ! O relationships between the onset of the South China Sea sum-
predicting monsoons are of great |m.portancelto the prajecti mer monsoon and the anomalies of tropical ocean and atmo-
qf future climate change due to the increase in the concentra  gpneric circulationsClimatic and Environmental Resear®)
tion of greenhouse gases. The East Asian monsoon region 388-399. (in Chinese)
is one of a few places for which nearly all climate modelspai, C. Y., and Z. Y. Zuo, 2010: Relationship between presiou
project an enhanced interannual variability of summer-rain  winter and spring soil moisture and summer climate in east-
fall in association with global warming (Lu and Fu, 2010).  ern ChinaMeteorological Sciences and Technolp8§, 300
Therefore, our ability to predict the interannual changes i 305. (in Chinese)
monsoon circulation and rainfall is a critical requiremfant ~ Ping, Y. H., 1994:Monsoons over Chin&luwer Academic Pub-
the sustainable development of China. There is a vital need_ lishers, Dordrecht, Boston, 419 pp. ,
in the near future to obtain a complete picture of the spatia{?'ng' Y. H., and Coauthors, 2004: South China Sea monsoon ex-

. . periment and the East Asian monsodttta Meteorologica
and temporal aspects of the East Asian monsoon in order to Sini . .
. inica 62, 561-586. (in Chinese)
advance our understam_jlng apd awareness Qf the monsoorﬂﬁ)lg' Y. H., Z. Y. Wang, and Y. Sun, 2007: Interdecadal vasiat
a new level and to provide guidance for the improvement of 4t the summer precipitation in East China and its assoiatio
seasonal prediction systems in China. with decreasing Asian summer monsoon. Part |I: Observed ev-
idencesInt. J. Climatol, 28, 1139-1161.
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