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ABSTRACT

The ultimate goal of climate research is to produce climaggligtions on various time scales. In China, efforts to
predict the climate started in the 1930s. Experimentalatmral climate forecasts have been performed since thd #80s,
based on historical analog circulation patterns. Howeleg, to the inherent complexity of climate variability, terdcasts
produced at that time were fairly inaccurate. Only from tite [L980s has seasonal climate prediction experiencethstibs
progress, when the Tropical Ocean and Global Atmospheijeqgtrof the World Climate Research program (WCRP) was
launched. This paper, following a brief description of thetdry of seasonal climate prediction research, provides/arview
of these studies in China. Processes and factors assouwiiltetthe climate variability and predictability are dissesl based
on the literature published by Chinese scientists. Thegbest in China mirror aspects of the climate research affade in
other parts of the world over the past several decades, ammhaticularly associated with monsoon research in East As
the climate warms, climate extremes, their frequency, atehsity are projected to change, with a large possibtiat they
will increase. Thus, seasonal climate prediction is everenmoportant for China in order to effectively mitigate disers
produced by climate extremes, such as frequent floods, dteuand the heavy frozen rain events of South China.
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1. Introduction above seasonal movement of the rain belt and its associated
In 1934, a well-known Chinese meteorologist, ZHljltmospherlc circulation features, both locally and retyote

Kezhen, published a paper to document the southeasternoloeratl(.)nal Iong-rz_:mge weather forecas_tlng (ref_err_mg to
; s ; L o seasonal climate prediction or short-term climate préatijt
Asian monsoon’s circulation characteristics and its a8S0C_ o 4'in 1958 based on various empirical methods. YANG

tion with rainfall in China (Zhu, 1934). Following that, TU X P y

Changwang, who was later the administrator of the Chhi%anchu, a senior climatological expert at the Institute of
Meteorological Administration in the 1950s, studied the r mospheric Physics (IAP), Chinese Academy of Sciences

: . L . CAS), was the pioneer in this field. He proposed making
lationship between precipitation in China and atmosphe ; - S .
S . short-term climate predictions by considering the pezsice
oscillations and attempted to provide an outlook for summ

e . o T
precipitation in China by considering the early signalstef aofmeteorologlcal quantities, historical analog patteatio-

. S X . spheric periodicities, and atmospheric teleconnectiool- F
mospheric oscillations, particularly the Southern Hernése . ; .
o . : lowing that, various statistical methods were developedl an
oscillation (Tu, 1937). This was the first attempt to address . : . .
employed in short-term climate predictions for both sdfent

seasonal climate prediction. Tu and Huang (1944) further . N
reésearch and operational applications.

revealed that the monsoon in China is characterized by sea-| 1088, the climate model development group at the IAP,

sonal migration from South China to North China during thl%d by ZENG Qingcun, conducted a dynamical seasonal cli-

spring—summer and a retreat during late summer—auturpnnate prediction experiment by running the IAP atmospheric

fained only on the basi of Suffciont understancing of (52 SrcUIation model (AGCWY coupled with a tropicl
acific oceanic general circulation model (OGCM). The re-
sults were encouraging and were published in 1990 (Zeng et
* Corresponding author: WANG Huijun al., 1990). The philosophy of the experimental research was
Email: wanghj@mail.iap.ac.cn based on the impacts of the tropical oceanographic ancsnalie
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on the global atmosphere, which is the theory of the Trogial height of 500 hPa or sea-level pressure) has been anothe
cal Ocean and Global Atmosphere Program (TOGA). Valid&spic of interest in recent years (Kang et al., 2007; Wang et
tion of the AGCM’s capability to “forecast” the summer rainal., 2007b; Zhu et al., 2008). However, the effectiveness of
fall anomaly, given the observed SST, was performed (Warggatistical downscaling is weak when applied to rainfall in
1997). The results revealed a general low predictabilithef China as compared to Southeast Asia (e.g. the Philippines).
summer rainfall anomaly over a large part of China, particthis is likely attributable to the fact that precipitation i
larly in the northern areas. Therefore, a number of corre€hina is substantially affected by mid- and high-latitudev
tion techniques were developed to improve the GCM outpalility, which is quite difficult to predict, in addition taWw-
(Zeng et al., 1994; Wang et al., 2000b). Variable effectswelatitude variability, whereas precipitation in Southeasia is
achieved by applying correction schemes. mainly modulated by tropical variability. Thus, new statis
There have also been scientific endeavors to improtieal downscaling schemes suitable for use in China should
OGCM and ENSO predictions (Zhou et al., 1998; Zhou arizk developed in the future to achieve better predictionescor
Zeng, 2001) and to improve land surface process modeliAgecent scheme proposed by Wang and Fan (2009) has the
(Dai and Zeng, 1996). The comprehensive land surface ppmtential to result in higher prediction skill. In their szhe,
cess model developed at the IAP by Dai and Zeng (1996) whe summer precipitation anomaly patterns in the histbrica
adopted as the major basis for coding the common land modehlog years are considered, together with the model out-
at the National Center for Atmospheric Research (NCAR) put precipitation anomaly, to compose the final prediction.
the US (Zeng et al., 2002). Meanwhile, the coupled model d@utputs from six European CGCMs for the years of 1979—
veloped for seasonal climate prediction was later widegdus2001 were employed to verify the effectiveness of the new
for various purposes, including a doubling &duced cli- scheme. Cross-validation for summer precipitation predic
mate change simulation, paleoclimate simulations fordle | tion shows that the anomaly pattern correlation coefficient
glacial maximum and the mid-Holocene, and so on (Wanigcreases and the root-mean-square error (RMSE) reduces.
and Zeng, 1992a, 1992b; Wang et al., 1993). Based on the above CGCMs, Liu and Fan (2012a) and Chen
Since global GCMs had course resolutions, dynamicet al. (2012) also developed statistical downscaling nsdel
downscaling predictions were tested by several groupstmpredict spring and summer precipitation in China, sepa-
China (e.g., Liu et al., 2005a). Liu et al. (2005a) employedrately. Both the statistical downscaling models outpenfed
modified regional climate model (RegCM) to perform a 1Ghe original CGCMs. Also, from the results of Liu and Fan
yr (1991-2000) hindcast experiment forced by hindcast 2012a), it is indicated that a combination of the synchrano
sults from a coupled GCM (CGCM) that was jointly develand preceding information involved in the statistical dewn
oped by the IAP and the National Climate Center of China @ataling model is an effective method to improve the pre-
the basis of the European Center for Medium-Range Weatldgstive capability. All of these previous studies develdpe
Forecasting (ECMWF) model. The anomaly pattern correlstatistical downscaling schemes to improve regional déma
tion coefficient between the observed and simulated sumnpeediction. Recently, Sun and Chen (2012) showed that the
precipitation demonstrated variable scores from year &, yestatistical downscaling method can also be used to improve
but with overall limited skill. A study by Gao et al. (2006)global climate prediction if the better predicted and maae s
demonstrated that the spatial resolution of regional diimable predictors can be successfully selected from the CGCM.
models plays an important role in reproducing the summer Since 2003, both dynamical and statistical models have
precipitation anomaly. They indicated that a grid pointcspabeen developed to make seasonal forecasts of the climate
ing of at least 60 km is needed to reproduce the observeackground conditions for dust weather in North China and
precipitation patterns reasonably well (Gao et al., 2006). tropical cyclones over the western North Pacific (WNP)
The role of land surface processes in short-term climaté/ang et al., 2003; Wang et al., 2006; Lang and Wang, 2008).
variability in China was first tested through AGCM sensitivThe results are promising, particularly when the GCM output
ity experiments. The results of early experiments by Yeh istcombined with the preceding observed SST anomalies, as
al. (1983, 1984) suggested that initial soil moisture ovgnawvell as the major atmospheric modes including the Antarctic
cover anomalies may lead to anomalous summer climat@scillation, North Pacific Oscillation etc.
This finding was subsequently demonstrated by several other Another interesting finding is associated with the selec-
numerical experiments (e.g., Lin et al., 2001). Therefefe, tion of the object that is to be predicted. Traditionallye th
forts have been made to design soil moisture and temperatorecipitation anomaly (or another quantity) in comparitmn
assimilation schemes in order to improve seasonal climat®emulti-year average is selected as the predictand. Tae ye
prediction skill (Zhan, 2008; Zhan and Lin, 2011). Snow anw-year increment for a quantity is chosen as the new pre-
sea ice cover changes as well as dynamical vegetation pititand (Wang et al., 2000b; Fan et al., 2008). When new
cesses have also been found to play roles in seasonal clinsististical models established for the new predictand) sisc
variability (Zhao et al., 2004b; Chen et al., 2009; Wu et athose for summer precipitation, surface air temperaturd, a
2009a, 2009b; Liu et al., 2012; Ma et al., 2012; Li and Wan§yNP tropical cyclone frequency, are applied, higher predic
2012). tion scores can be achieved.
Statistical downscaling for rainfall prediction in Chinstu In the context of the above brief history of seasonal cli-
ing GCM outputs of large-scale circulation (e.g. geopotemate prediction research, the present paper reviews Ghines
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studies on the factors and processes associated with preapuntered in predicting summer rainfall.
tation and monsoons, and seasonal predictions for theteima Concurrently, the climatological summer seasonal rain-
background of dust weather in North China and typhoon aell in China also exhibits some particular features. Theetn
tivity. A summary and an indication of prospects for futuref the EASM usually begins in South China in May, with a
research is provided in the concluding section. strong rainfall band in coastal southeastern China. Fatigw
that, rainfall moves seasonally to the north until mid-Asgu
) ) with a rainfall band shifting to the middle and lower basins
2. Factorsand processes associated with sSUm-  of the Yangtze River in mid-June and a further shift north-
mer precipitation and monsoon ward to North China in mid-July. After mid-August, the
2.1. Major characteristics of the East Asian summer mon- EASM rt_—:‘trgats s;/w;;t_ly (o the south. Hc_)(\j/vevebT, the_ %/e;re-to-
soon and precipitation year variations of this pattern are considerable, wit s
guence of events often being disturbed and causing substan-
A substantial part of China’s population lives in the basingal rainfall anomalies. The variability of rainfall in Ofma
of the greatrivers such as the Yangtze River. In additioni; agusually exhibits two leading patterns, as indicated by the a
cultural production plays a significant role in China’s d@me glytical Empirical Orthogonal Function (EOF). The first one
tic economy. As a result, climate, particularly in the sums a triple pattern with more/less rainfall in both southeas
mer, exerts a significant influence on the country. Anomarn China and North China sandwiched between less/more
lous climate events, particularly floods and droughts tesulainfall in the middle and lower basins of the Yangtze River.
ing from the East Asian summer monsoon (EASM) anomalyhe second one is a dipolar pattern with more/less rainfall
often cause severe disasters. For example, the devastgingouthern China along with less/more rainfall in northern

floods in the middle and lower basin of the Yangtze River ighina. The key to summer rainfall prediction is estimating
the summer of 1998 cost over two thousand human lives ai@ occurrence probability of the rainfall pattern.

resulted in a direct loss of 145.09 billion RMB-(20 billion
US dollars). The severe drought in West China in the sud2. Roleof SST

mer of 1996 resulted in a deficiency of drinking water for a Due to their longer persistence relative to atmospheric
population of 18 million and accounted for a loss of 15 binternal anomalies, SSTs play an important role in summer
lion RMB (~ 2 billion US dollars). Thus, the prediction ofprecipitation prediction. As such, the SST is also a practi-
summer precipitation and the EASM is a major priority fogal factor in seasonal climate prediction. El Nifio/La Alif
seasonal climate research in China. events are the strongest signal of global climate on interan
Itis well known that the formation of monsoons is relateflyal timescales. Naturally, their impacts on the EASM have
to the seasonal transition of the structure of atmosphetic Geen investigated in a great number of studies. As early as
culation. The circulation system forming the EASM is difthe 1930s, before a coherent link between El Nifio and the
ferent from that of the Indian summer monsoon, albeit th&pouthern Oscillation (SO) had been established, and before
are linked to each other to some extent, as summarizedtf¥ word ENSO had been coined, Chinese scientists had al-
Tao and Chen (1987). In comparison to the Indian summeiady noted a relationship between summer rainfall in China
monsoon, the moisture source for the EASM area is not ordid the SO. Tu (1937) found that the SO is positively corre-
the Bay of Bengal, but also the South China Sea and the Wigéd to the rainfall in the middle-lower basin of the Yargytz
subtropical Pacific (Wang and Chen, 2012). In contrast, tRgver, but negatively correlated to the rainfall in soutstea
southwesterly airflow bringing moisture to the Indian sunern China. Decades later, when a record strong ENSO event
mer monsoon rainfall solely originates from the ITCZ, blowpccurred in 1982/83, the link between the EASM and ENSO
ing along the Somali coast across the Arabian Sea to reaghs extensively investigated. Some studies suggested that
South Asia. Both the EASM and the South Asian monso@Re impact of ENSO depends on the timing of warm/cold
are strongly regulated by ENSO and the mechanical/thermagknt occurrence or the location where warming/cooling firs
effects of the Tibetan Plateau, and this is demonstrateddfherges (Tao et al., 1988; Li, 1990). The impact of ENSO
many recent publications (e.g., Wang et al., 2000a; Zhao\@is further clarified and found to depend on the phase stage
al., 2007; Wang and Chen, 2012). The EASM can be ajf the event. In the summer following the mature phase of
fected by extratropical processes from the Northern Hengin E| Nifio event, such as those in 1983 and 1998, the middle
sphere (e.g. the Arctic Oscillation, Arctic sea ice exterdnd lower basin of the Yangtze River is expected to receive
North Atlantic Oscillation, North Pacific Oscillation, atite  more rainfall (Huang and Wu, 1989). The time-lagged impact
interdecadal modes in the Atlantic and Pacific), as Supdorwf ENSO on the EASM occurs through a |ower-tropospheric
by numerous recent evidence (e.g., Sun et al., 2008a, 2008kicyclone around the Philippine Sea in the western Pacific
In addition, the EASM is affected by synoptic systems of thehe southwesterly in the rear of the anticyclone overlaps
Southern Hemisphere, including the Mascarene High, Augnd intensifies the climatological southwesterly in the sum
tralian High, and Antarctic Oscillation. These featuréssi mer and transports more moisture to East China, resulting in
trate that complicated systems are involved in the formatighore rainfall in the basin of the Yangtze River. However,
of the EASM, and this explains the strong interannual vathe formation of the lower-level anticyclone is controvats
ability of China’s rainfall as well as the great challenges e One viewpoint is that it is induced by a tropical Rossby wave
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propagating westward and that it self-intensifies throoghl change in the Pacific Decadal Oscillation can contribute to a
air—sea interactions near the Philippines (Wang et al.0@D0 decadal shift in East Asian monsoon rainfall.
The Rosshy wave is excited by the ENSO-induced diabatic As for the Indian Ocean, Chinese scientists have found
heating anomalies over the central-eastern Pacific. Wheen that its SST is closely correlated to the June—July mean rain
wave reaches the western Pacific, it induces an anticycldak in the Yangtze River basin (Luo et al., 1985; Jin and
near the Philippine Sea. The associated lower-level winfken, 1987; Deng et al., 1989). An SST structure with warm
modify the seasonal trade wind, and the local feedback l@@omalies in the eastern Indian Ocean and South China Sea
tween evaporation and wind favors the enhancement of tleng with cold anomalies in the western part of the Indian
anticyclone. The other viewpoint is that the anticyclone ©cean is linked to more rainfall in central China, and vice
induced by Indian Ocean basin-scale warming following arersa (Chen, 1988). This point was also confirmed by studies
ENSO event (Yang et al., 2007; Li et al., 2008). The warnon the link between the rainfall in China and the SST con-
ing is often excited by the ENSO event, with a lag of severabst between the South China Sea and Arabian Sea (Deng
months. This process is analogous to charging an eleceical., 1989), as well as studies on the impact of the Indian
capacitor. Nonetheless, the underlying physics needs to®f&T dipolar mode (Li and Mu, 2001). In addition to this
further revealed. More recently, the impact of ENSO wagructure, the basin-scale warmth/coldness, which issihd-|
found to be nonlinearly dependent on the amplitude of tlreg mode on interannual timescales, is another SST pattern
event itself. However, a stronger ENSO event tends to havat influences the EASM. Numerical experiments by Wu and
a larger impact on summer rainfall in China (Xue and Lil,iu (1995) revealed that the Indian Ocean basin-scale anoma
2007). On the other hand, there are some studies that hkes excite not only neighborhood rainfall responses bsi al
found the relationship between ENSO and East Asian mdarge-scale circulation anomalies in the western trodrzal
soon is unstable (Wang, 2002; Wang and He, 2012; Wangcétc. In view of the excitation role of western Pacific heat-
al., 2013; He et al., 2013; He, 2013; He and Wang, 2013ag on the EAP or PJ wave train, the hypothesis that the In-
2013b). Over some periods, their relationship is close, hdian Ocean SST influences East Asian summer rainfall seems
over other periods it is broken, indicating that cautioniddo reasonable. As mentioned above, recent studies have illus-
be applied when making predictions of East Asian monsotnated that this pattern indeed favors an enhancement of sum
using the ENSO signal. mer rainfall in central China by forcing an anticyclone over

In comparison with ENSO, the tropical western Pacifithe Philippine Sea (Yang et al., 2007; Li et al., 2008). This
exerts a more direct influence on the EASM. The westepnovides an alternative explanation for the increased semm
tropical Pacific is part of the largest warm pool of the wasld'rainfall in El Nifio events that follow these summers.
oceans. Previous studies have revealed that summer rain-As for the Atlantic Ocean, the winter North Atlantic SST
fall in North China is negatively correlated with the SSTan be a precursor to the following summer’s rainfall in the
in the western Pacific Ocean, and this relationship is oppoiddle and lower basin of the Yangtze River. An early warm
site for rainfall in central China (Tao et al., 1988). This agNorth Atlantic favors an early onset of the following sum-
pears reasonable, since the warmer western tropical Pagtfier's Mei-yu in central China, and vice versa (Xu et al.,
tends to trigger stronger local convection. Enhanced aonv2001). Additionally, a dipolar SST pattern with warm water
tion intensifies the subtropical anticyclone over the wastein the latitudes north of Newfoundland and cold water in the
Pacific, favoring a stronger northward-stretching souttwe south favors the emergence of meridional circulation pasgte
erly reaching a northerly location. Soon after, the undedy in both the winter and the following summer, causing more
mechanism was extensively explored by Huang and Li (198)mmer rainfall in northeastern China (Bai, 2001). These At
and Nitta (1987), who both proposed a wave train origindgntic impacts are physically reasonable, because two wave
ing from the convection region and propagating to the nortlrains, an arched extratropical one and another jet-gusdbe
east. They respectively coined the wave train the EastpAsiaropical one, have been found to link East Asia to the North
Pacific (EAP) and Pacific—Japan (PJ) pattern. Since there istiantic (Li, 2004; Sun et al., 2009). These impacts have
seesaw relationship between the SSTs of the central-eastdready been verified in recent studies on the Atlantic Multi
and western Pacific, the western Pacific can potentiallysactdecadal Oscillation (Lu et al., 2006; Wang et al., 2009).
a bridge linking ENSO to East Asia.

In addition to the tropical Pacific, the SST in the WNP2-3:  Roleof land surface processes
particularly in the region of the Kuroshio Current, is aresth  The impact of land surface processes on the East Asian
factor that influences summer rainfall. As early as the 197@sonsoon climate has been illustrated in many studies (e.qg.,
studies suggested that the winter SST in the region is welh et al., 1996; Yang and Lau, 1998). By introducing an
correlated with the following summer’s rainfall in the mldd improved climate model with modified land surface param-
and lower basin of the Yangtze River. When the primary axéderization, Lin et al. (1999) found that the predictionllski
of the region with maximum SST is located in a southerlyan be improved to some extent. Wang (2001) conducted en-
position, it favors more summer rainfall in central Chinaga semble integrations with the IAP AGCM to investigate the
vice versa. Due to the coherence of the Pacific basin SST, thechanism of severe flooding over the Yangtze River val-
extent and manner in which ENSO acts as a role in this linklsys in 1998 and found that the excessive snow cover over the
unclear. Recently, Zhu et al. (2011) further found that esphaTibetan Plateau during winter and springtime can lead to a
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weakening of the South Asian High, followed by a weakems EXPSSTs+SM, and the one without rainfall replacement
ing of the East Asian monsoon circulation and its associateas EXRSSTSs.
monsoon precipitation over the lower reaches of the Yangtze Results from the spatial anomaly correlations between
River valleys. This result was further demonstrated in lsimi the hindcast rainfall anomalies and observed results fer20
research (Zhang and Tao, 2001). JJA ensemble hindcasts during 1981-2000 over China show
Meanwhile, the impact of soil moisture on the simulatiothat, when only considering the SSTA as the predictor, the
of EASM has also been revealed by Wang (2001); he sugpasonal prediction skill of summer rainfall anomaliesrove
gested that wet soil conditions during springtime over 8ouChina is relatively low, with a spatial anomaly correlatom:
China can lead to a weakening of the EASM followed bgfficient (ACC) of —0.05 averaged during 1981-2000, and
increased monsoon precipitation over the lower reachestioé ACCs are even less thar0.5 for the years 1992 and
the Yangtze River valleys. Using observational data over th993. However, by taking into account more realistic land
Huaihe River basin from HUBEX (Huaihe River Basin Exsurface conditions during the hindcast period, the sedsona
periment in China), Lin et al. (2001) further indicated thatredictability of summer rainfall anomalies over China is
the sensitivity of the land surface model to the initial solargely increased; the 20-yr averaged ACCs of summer rain-
moisture is quite strong in late spring and summer over tfel anomalies over China reaeh 0.19, with a positive cor-
Huaihe River basin; however, this sensitivity becomes reklation for most years during 1981-2000 (Zhan, 2008).
atively weak in autumn. Using the IAP AGCM, Guo and
Wang (2003) suggested that the prediction skill of the 19@84. Role of atmospheric teleconnection
summer rainfall anomalies could be increased by introdyicin ~ Atmospheric teleconnection refers to a recurring, per-
more realistic initial soil moisture. sistent, and large-scale pattern of atmospheric ciranati
Furthermore, Zhan and Lin (2011) investigated the imwhich links the climate variability in different regions.h&@
pact of initial soil moisture anomalies over the Yangtzgientification of atmospheric teleconnection is of major im
and Huaihe river basins that were induced by the extrerpértance for understanding and predicting a region’s déma
freezing-rain disasters of January 2008, on the seasoeal pr |n the last two decades, teleconnection patterns that are
dictive skill of spring rainfall anomalies over China usitg related to the EASM have received increasing attention. Re-
IAP AGCM, whose land surface process scheme had besgits have indicated that the variability of the summer mon-
replaced with Common Land Model (CoLM) (Liu, 2007)soon and the corresponding precipitation are significantly
They suggested that, when the “observed” initial soil moigtuenced by atmospheric teleconnection from the tropias, th
ture anomalies are taken into account, the model’s predictNorthern Hemispheric mid-to-high latitudes, and even the
skill in terms of the spring precipitation anomalies in 2008outhern Hemisphere. In this section, we review the roles
can be substantially increased. In particular, over Nonith aof atmospheric teleconnection over these three regions.
Northwest China, the model predicted rainfall anomalies th ) )
agreed quite well with the observations, and the anomaly pat4-1. Teleconnection from the tropics
tern correlation coefficient (ACC) between the observed and At tropical latitudes, there are four teleconnection pat-
predicted spring precipitation over the whole of China irterns that have been shown to have an impact on the EASM.
creased from-0.02 to 0.11. One is the PJ or EAP teleconnection pattern (Nitta, 1987;
Recently, the influence of land surface conditions dduang and Li, 1987; Lau, 1992). Observational data, recon-
dynamical seasonal forecasts was systematically assestadcted data, theoretical work, and modeling analysee hav
through two sets of June—July—August (JJA) hindcasts fiodicated that this teleconnection pattern results froomaar
the 20-yr period from 1981 to 2000 by an IAP AGCM thalous heating over the tropical western warm pool, and its var
has been coupled with CoLM (Zhan, 2008). In these twability has a close connection to the circulation and rdinfa
sets of experiments, 10 ensemble members were conduaitthe EASM (e.g., Nitta, 1987; Huang and Lu, 1989; Huang
each year using the model atmospheric initial conditiomnd Sun, 1992; Lau, 1992; Shi and Zhu, 1993; Huang and
from 00 UTC 10-19 May, and then the model was intéfan, 1999; Han and Zhang, 2009). With a positive-phase
grated from 15 May to 31 August; the observed SST dafaegative-phase) EAP pattern, the EASM-related raingall i
from the UK Meteorological Office HadiSST dataset was afess (more) than normal.
plied in both sets of experiments. The only difference be- The ENSO, acting as a major source of interannual vari-
tween the two experiments was that, in the second set, wiamility in the tropics, has a profound influence on the trop-
driving the land surface model CoLM in the coupled experieal climate and even on the climates of some extratropical
ment, the model-simulated rainfall at each time-step was diegions. The EASM is one such climate system subjected
carded and replaced by the observed GPCP (Global Pre¢gpp-ENSO impact, as has been revealed by many previous
itation Climatology Project) precipitation data. Giverath studies, from current observational data to historicabnec
rainfall is the primary factor determining land surface din structed proxy data (Huang and Wu, 1989; Chen et al., 1992;
tions (soil moisture, in particular), forcing the surfacedel Li, 1992; Shen and Lau, 1995; Zhang et al., 1996; Lau and
with the observed rainfall at each time-step ensured tlat reweng, 2001). However, ENSO is most active in the win-
istic representation of the land surface conditions dutlireg ter time; therefore, how does it exert a delayed impact on
model hindcast integrations; this experiment was des@ghathe following summer’s rainfall in East Asia? By investigat
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ing the observed evolution of ENSO-related circulatiomfroterns have been revealed. Using upper-level meridional
winter to summer and by conducting a numerical sensitiwinds, Lu et al. (2002) identified the existence of a telecon-
ity experiment, Wang et al. (2000a) pointed out that the EARection pattern in July, which emerges from North Africa to
teleconnection is responsible for the link between ENSO akdst Asia along the Asian westerly jet in the midlatitudes.
the East Asian climate. Further analysis revealed the possible role of this uppest
Condensation heating in the South Asian monsoon regitateconnection in linking the EASM to the South Asian sum-
is an important source of atmospheric variability. Dai et ainer monsoon, and even to farther westward heat sources over
(2002) found that the latent heat of condensation of thetSodihe Atlantic. Enomoto et al. (2003) proposed a “silk road”
Asian summer monsoon can excite a teleconnection patteégieconnection along the East Asian jet. The identification
which can result in an in-phase variability of precipitatio of this teleconnection presents one possible mechanism for
over India and North China. Recently, Liu and Ding (2008he formation of the Bonin high, a predominant subtropi-
demonstrated that the onset of South Asian summer monsg@ahanticyclone near Japan in the summer that is associated
over Kerala in the southwestern coast of the Indian Peransulith the Mei-yu frontal zone. By synthetically analyzingth
can lead to a so-called southern teleconnection of the Assummer midlatitude circulation of the Northern Hemisphere
summer monsoon, which emanates from the western coasbaig and Wang (2005) found that there is a recurrent cir-
India, across the Bay of Bengal, to the Yangtze River vallegamglobal teleconnection (CGT) pattern, and the two upper-
and southern Japan. Via this teleconnection pattern, ttee davel teleconnection patterns over the Eurasian contiaent
of South Asian summer monsoon onset over Kerala on tregional manifestations of the CGT pattern. The CGT pat-
southwestern coast of the Indian Peninsula provides a pottrn is significantly associated with the rainfall and scefa
tially valuable signal for predicting the onset of the Mei-y air temperature in Western Europe, European Russia, India,
over the Yangtze River valleys two weeks later. East Asia, and North America.
2.4.2. Teleconnection from the extratropical Northern _Although the North_ Pacmg |s_l(_)cated dov_vnstre_am _Of East
Hemisphere A5|a, the teleconnecthn y_arlablllty over this region |_scal
) _ important to EASM variability. Zhang et al. (2007) indicdte
Over the extratropical Northern Hemisphere, the Norifjat the boreal winter North Pacific Oscillation (NPO) has a
Atlantic Oscillation (NAO)/Arctic Oscillation (AO) is the delayed impact on the following summer’s rainfall over the
largest hemisphere-scale interannual mode. Signals of fhgaihe River valleys, with a strong (weak) NPO correspond-
N_AO/AO in the East As_,ian summer climate have been irihg to less (more) rainfall. Lian (2007) suggested that the
dicated by several studies. Xu et al. (2001) revealed thatjfsceding winter NPO shows a negative correlation with the
a strong (weak) winter NAO year, the onset of the Mei-yu isASM, resulting in a dipole pattern of anomalous summer
advanced (delayed). Sung et al. (2006) demonstrated a $ignfall over eastern China.
nif?cantly delayed impact pf.the. winter North At!antic Oscil Recently, two kinds of teleconnection patterns over the
lation (NAO) on the precipitation of the following EASM. asjan continent and the North Pacific region have been re-
Using 530-yr (1470-1999) reconstructed NAO and eastgjgaled. zhao et al. (2007) pointed out that the upper-level
China drought and flood indices, Fu and Zeng (2005) also ymmer air temperature over the Asian continent and the
dicated that the winter NAO can influence summer droughNgyth Pacific co-varies out of phase. They named this pattern
and flooding for the following one to three years in Eashe Asia—Pacific Oscillation and found that this telecornec
China. Furthermore, Ju et al. (2005) indicated that the NA§n has an impact on the Asian summer climate. In inves-
can also modulate the decadal variability of the East Asiggating the lower-level circulation variability over tifesia—
summer climate. Thus, the variability of the NAO can providRorth Pacific region, Sun et al. (2008b) identified the Arabia
some useful information for seasonal and long-term predisgninsula—North Pacific Oscillation (APNPO). This telecon
tion of the EASM and corresponding droughts or floodingection essentially reflects the co-variability of the NidPa-
In addition, other studies have revealed that the NAO/AQO {&ic high and the South Asian summer monsoon. The AP-
other seasons is also related to the East Asian summer glpQ is closely related to the Asian summer monsoon circu-
mate. For example, Gong and Ho (2003) showed that the M@yion in the upper and lower levels, the moisture trangport
AO is highly negatively correlated with the summer rainfalion and rainfall on both interannual and decadal timeescal
in the Yangtze River valleys. Sun et al. (2008a) and Yuap addition, the APNPO is found to have a persistent feature
and Sun (2009) found that the summer NAO can modula{®m spring to summer, which provides potentially valuable

Rossby wave train along the Asian upper-level jet. However,

this impact experienced a decadal shift around the late,9794-3. Teleconnection from the Southern Hemisphere

with a strong impact after the late 1970s and a weak impact Although the EASM occurs over the Northern Hemi-

before. Recently, Sun and Wang (2012) further found that tepheric subtropics, a number of recent studies have iraticat

summer NAO also has a dominantrole in the summer precthat Southern Hemispheric teleconnection patterns are als

itation over the mid and high latitudes of East Asia. important in the variability of the EASM. In investigatiniget
The upper-level jet is the major Rossby wave conduible of the Mascarene high and the Australian high in the vari

Along this upper level jet, several zonal teleconnection paability of the EASM, Xue et al. (2003) found that these two
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highs are closely related to the variability of the Antar@is- 1990). To make real-time dynamical seasonal predictions
cillation (AAO). Thus, they proposed the hypothesis that thn a two-tiered fashion, the SST is predicted by a coupled
AAO may be an important far-reaching external forcing faatmospheric—ocean general circulation model (CGCM) in the
the year-to-year variability of the EASM. Some later stgdidfirst step. Then, an AGCM is forced with the predicted SST
confirmed this hypothesis, revealing the existence of a pagven by the first step. Because systematic errors in the pre-
itive relationship between the boreal spring AAO and sundicted SST can be corrected in a statistical way, adverse im-
mer rainfall in the Yangtze River valleys (Gao et al., 20031acts on the atmosphere predictions that arise from emors i
Nan and Li, 2003; Xue et al., 2004; Fan, 2006) and a neghe SST can be minimized.
tive relationship between the AAO and summer precipitation Focusing on climate anomalies in the summer and win-
in central North China (Wang and Fan, 2005). In additioter as well as the spring, the integrations start from diffier
to the AAO, Wang and Fan (2006) suggested that the uppeates in February and October for seasonal prediction and in
level meridional teleconnection of zonal wind between thterannual prediction, respectively, in China. Usuallg pine-
middle and high latitudes in the Southern Hemisphere is netieted SST is available over the tropical Pacific, and there-
atively correlated to the EASM circulation on an interannu#ore, a linear combination of the observed SSTA in the ini-
scale. Zhu et al. (2009) compared the AAO-EASM link itial month and the predicted monthly SSTA are used as the
the NCAR/NCEP reanalysis with that in the ERA40 reanalyewer boundary conditions of the AGCM. The role of the ob-
sis, and a similar relationship was found. served (predicted) SSTA is gradually decreased (incrg@ased
Different from the tropical and Northern Hemispheridén the tropical Pacific in the integration. Over other oceani
teleconnection patterns, the possible mechanism undgrlyregions, the observed SSTA in the initial month is maintdine
the impact of the Southern Hemispheric teleconnection pétroughout the integration process.
tern on the EASM is quite complicated. Up to this point, fo 5
kinds of mechanisms have been proposed. Xue et al. (20 3]) '
suggested that the Southern Hemispheric teleconnectton pa . ) N
terns influence the EASM via changing the cross-equatorial Forecasting of the tropical Pacific SST has been per-
flows. Wang (2005) revealed that the meridional wind shoermed since the early 1990s in China by using dynami-
a circum-Pacific teleconnection pattern, which could be of@l models or mathematical statistics models. Mathematica
way to couple the Southern and Northern Hemisphere’s ciatistics has evolved significantly in recent years (&g
mate. Wang and Fan (2006) suggested that the meridioRaRl- 1998). However, even more achievements have been
teleconnection in the zonal wind field, with its main part iffade through dynamical prediction methods (Zhou et al.,
the Eastern Hemisphere, from the mid and high latitudes }§98; Wu and Ni, 1999; Zhou and Li, 2000; Shi et al., 2001;
the Southern Hemisphere to the tropical region, is resptmsiZhou and Zeng, 2001). Several ENSO prediction systems
for the link between the Southern Hemispheric upper—le\)é‘?‘ve been established in China since 1999, such as the IAP
zonal wind teleconnection and the EASM. These three possNSO forecast system (Zhou et al., 1999; Zhou and Zeng,
ble mechanisms are all related by a simultaneous connectt@91), established by using the Tropical Pacific-Global At-
between the Southern Hemispheric teleconnection and fR@sphere Coupled Model, incorporated with an initializati
East Asian climate. For the seasonal delayed impact of ffg1€me in which only the observed or analyzed SSTA is in-
boreal spring AAO on the EASM, Sun et al. (2009) propos&?rted into the cquple_d model. The Ngtl(_)nal Climate Center
that an anomalous AAO can affect the convection activifNCC) set up a simplified ENSO prediction model (Zhao et
over the Maritime Continent, via the excitation of anomaloi®l» 2000), and the IAP established a probabilistic ENSO en-
meridional circulations along the central South Pacific arfgmble prediction system based on an intermediate coupled
two meridional teleconnection wave train patterns. TherBlodel (ICM) developed by Keenlyside and Kleeman (2002)
after, the anomalous convection propagates northwargjaléind Zhang et al. (2005a). In general, the prediction skill fo
the seasonal cycle and then changes the western Pacific $4®-SST gradually decreases with time. As for the dynami-
tropical high in the following seasons, consequently irmpa&a| model, the prediction is more reliable than that actdeve
ing the EASM’s rainfall. by means of persistence predictions, if the integrated t&me
The identification of the above atmospheric teleconnd@nger than three months, which highlights the importarfce o

tion patterns has greatly deepened our understandingO§fan data assimilation. Zhang et al. (2006) concluded that
EASM variability and vastly improved EASM prediction.  the incorporation of SST assimilation with ARGO (the broad-
scale global array of temperature/salinity profiling flyaits-

servation data is greatly beneficial for the predictionlsiil
3. Seasonal prediction of precipitation and the summer rainfall anomaly in China. Zheng et al. (2006)
monsoons found that prediction skills can be significantly improved b
assimilating SST observations into an intermediate caliple
model. In addition, the accuracy of ENSO simulation is dis-
3.1.1. Methods turbed to a large degree by the “climate drift”. Recently, a
The two-tiered method can save computer resourd€gressive correction method was presented with the pyimar
and was thus developed quite early in China (Zeng et @Qal of improving ENSO simulations in a regional coupled

SST forecast using air—sea coupled general circula-
tion models

3.1. Two-tier prediction approaches
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GCM,; it was shown that it is superior to the anomaly couhus far is generally low. Considering that interactivearce
pling both in reducing the coupled model climate drift and iatmosphere coupling is neglected in the two-tier method, a
improving the ENSO simulation in the tropical Pacific Oceaone-tier approach was proposed and applied to seasonal cli-
(Fu and Zhou, 2007). mate prediction.

More recently, dynamical predictions of SST have expe-
rienced new achievements in China. For example, using th@. One-tier approach
parameterization proposed by Zhang et al. (2005), Zhu et al. ) )
(2013) established a hybrid coupled model by embedding an Supported by the National 9th Five-Year Development
SSTA model in an OGCM. Such an embedded approach ff3@n (1996-2000), the first generation of a dynamical cli-
proved to be effective in improving ENSO simulations anglateé model prediction operation system was established at
forecasts (Zhu et al., 2009), and its skill is notable in prd2€ NCC in 2001 (Ding et al., 2004). The seasonal prediction
dicting the whole process of the 1997/98 EI Nifio, which hdBodel system consists of the Coupled Global Atmosphere—
not been represented well by many forecast systems (LandSgan Model (CGCM/NCC) and the Global Ocean Data As-
and Knaff, 2000). Moreover, to overcome the shortcomingénilation. The CGCM consists of a T63L16 AGCM (Dong,
of the ICM in some ENSO cases (such as the 2007/08 £301) and L30T63 OGCM (Zhao et al., 2000). The T63L30
Nifia event), a coupled assimilation scheme was prelimin&GCM and L30T63 OGCM are coupled through a daily flux
ily developed to be capable of assimilating the atmosphefB0maly coupling scheme (Yu and Zhang, 2000). The ob-
data into the ENSO ensemble prediction system to impro%rvatlonal data gs_ed in th_|s system comprise both the Globl
the initial atmospheric state (Zheng and Zhu, 2010). An ,11_'¥remperature-8al|n|ty Profile Program (GTSPP) data (from
retrospective forecast comparison showed that the piedict:981) and ARGO data (from 1998; Liu etal., 2005b).
skill of assimilating wind observations was better thart tha Since the spring of 2003, four-season climate prediction
of assimilating SST observations. The assimilation of wirfoduced by dynamical climate models has been in opera-
observations for the 2007/08 La Nifia event triggered betfiPn (Li et al., 2005). Two years later, monthly-moving sea-

predictions, while that of SST observations failed to pdevi sonal climate products were released at the beginning &f eac
an early warning for that event. month with a lead time of 0-6 months. Results from 20-

yr hindcasting experiments and routine operation of seslson

3.1.3. Ensemble atmospheric forecast climate prediction since 2003 show that this system has vari

The earliest experimental extraseasonal prediction afle capability of seasonal prediction from year to year in
summer monsoon rainfall anomalies by GCMs in China w&sst Asia.
carried out by Zeng et al. (1990) at the IAP. Verifications With the development of climate system models and earth
showed that, in general, the model possesses relativelly hitystem models, two one-tier prediction systems were estab-
prediction skill in eastern China, especially for the Yamgt lished at the IAP based on version 3.0 and version 4.0 of the
River and northern China, but it is insufficient for northeasCommunity Climate System Model (CCSM) developed by
ern and northern China (Wang, 1997; Zeng et al., 199Te NCAR and a self-designed initialization system. These
Modifications of the surface albedo parameterization (Ljprediction systems are hereafter referred to as PCCSM3 and
and Zeng, 1997), the horizontal resolution (Zhang et aPCCSM4, respectively (Liu and Wang, 2G1¥a and Wang,
2004), and the correction system (Zhao et al., 1999) have 28&14). PCCSM3 is composed of an ocean—atmosphere cou-
sulted inimprovements in seasonal climate prediction.oks fpled model that consists of complete air—sea interactioh an
the summer rainfall anomaly in 1998, patterns in most patt&o initialization systems for the ocean component, onedei
of China have been successfully predicted by the systembiased on observational SST, similar to Zhou et al. (1999) and
advance (Lin et al., 1998; Chen and Lin, 2006). Zhou and Zeng (2001), and the other based on NCEP Climate

Based on the original two-level AGCM mentioned abové;orecast System Reanalysis (CFSR) data, which can import
a nine-level AGCM was developed in the late 1990s (Zeng@tep ocean information. A detailed discussion on the per-
al., 1987; Zhang, 1990; Liang, 1996). The resolution was formance of PCCSM3 is available in Liu and Wang (26'.4)
in longitude by 4 in latitude, with nine vertical levels with a PCCSM4 is based on CCSM4, the later version of CCSM3,
top at 10 hPa. The model has been used in real-time extrasgi#hh a mixed-layer ocean model that involves complete air—
sonal prediction for summer climate anomalies in Chinassintand interaction, partial air-sea interaction, and an e
2002 (Lang et al., 2004a). The drought conditions over rortinitialization scheme (Ma and Wang, 2014). Retrospective
ern northeast China and the Yellow River valleys and postmmer prediction experiments have been carried out and
itive rainfall anomalies over eastern northeast Chinatisowlemonstrate that both PCCSM3 and PCCSM4 possess good
China, and most parts of western China are well captured fediction skill in terms of summer climate, especially 6o f
the model. SST and over the tropical zone. In addition, PCCSM3 and

There have been some successful cases of real-time #@€SM4 show good capability in simulating the year-to-year
sonal prediction of summer precipitation in China and mowariability of the Asian summer monsoon (data not shown).
soons via the dynamical approach. However, the overall skoth PCCSM3 and PCCSM4 have begun real-time summer
of GCM-based seasonal precipitation prediction in Chirdimate prediction since 2013.

4iu, S., and H. J. Wang, 2014: Extra-seasonal short-terdigiien systems based on CCSM3 and their evaluation.J. Climatol, under review.
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Precipitation forecasting for the rainy season (JJA) iskesed on EOF. The maximum similarity and minimum differ-
crucial task for short-term climate prediction in China.-Reence are actually two methods for deriving the coefficiefts o
sults show that among 160 stations, there are 69 statiohs vétregression equation and thus belong to a regression scheme
ACCs between predictions and observation that are ab&®me studies have used the mean bias correction method to
zero, accounting for 43.12% (Ding et al., 2002). Thereforeeduce the model error of the IAP GCM (Zhao et al., 1999;
the accuracies of the prediction are generally low, but mighang, 2003; Chen, 2003) and improve the forecast skill of
be good in some particular years over eastern China. Far realmmer seasonal rainfall over China.
time prediction of the summer climate in 2006, the predic- One shortcoming of the mean bias correction method is
tions of summer rainfall anomalies are quite similar to ebsehat the magnitude of the corrected anomalies is much smalle
vations (data not shown). than the observation due to the weak interannual variation o

The temperature in West China (such as Xinjiang, Tibdhe original simulation (Wang et al., 2000b). In order tomve
Qinghai, Gansu, Ningxia, and Shaanxi), North China, the reeme this shortcoming, some effective methods have been
gions between the Yangtze and Yellow rivers, and the soutteveloped to correct the magnitude of the predicted interan
east part of Northeast China, can in part be successfully pneial variation, which multiply the year-to-year or seadona
dicted, with the central values of the ACCs reaching or exariation by the ratio of their observed to predicted stadda
ceeding the 90% significance level. Among the 160 statiodsviation or standard difference (Wang et al., 2000b; Lang,
in China, 77 stations’ ACCs of temperature are greater tha@03).
zero, which accounts for 48.12% of the total. Li et al. (2005) introduced a coupled pattern technique

In order to effectively improve numerical prediction skill based on singular value decomposition analysis (SVD) (Ward
the so-called “dynamical analogue prediction” approach hand Navarra, 1997) and EOF (Feddersen et al., 1999) to cor-
been recently investigated (Ren, 2006). Based on the atmeet the model error in the IAP GCM. The EOF correction
spheric analogy principle, information from historicalaan method is a combination of the minimum difference and the
logue data is utilized to estimate the model errors (Ren aocdupled pattern technique based on EOF in Zeng et al. (1994,
Chou, 2006; Gao et al., 2006). When applied to extraseasob@97). Since the summer rainfall over China is mostly sub-
prediction experiments on an operational atmospherefocéapical monsoon rainfall, the chaotic component is gneate
CGCM, results showed that it can reduce the prediction grrahan that of tropical rainfall, due to the larger contriloutiof
and successfully improve predictive skill (Ren, 2006). the internal atmospheric process (Wang et al., 1997; Lang

In addition, some statistical downscaling methods hae¢ al., 2004b). Therefore, Li (2008) introduced a double
been applied, which also result in improved skill of seasoneross-validation method to obtain the prior informationat
climate prediction in China (e.g., Chen, 2008). This is dishe feasibility of the correction method and to determire th

cussed in more detail in the following section. number of truncation modes of SVD and EOF, which im-
_ _ proved the seasonal forecast skill significantly. In additi
3.3. Downscaling and correction of model results Li (2008) explained the phenomenon pointed out by Fedder-

As a simplification of a realistic climate system, the GCMen et al. (1999) that the post-processed results were mot se
inevitably has model errors resulting from the paramegerizsitive to the choice of methods based on the SVD and EOF.
tion of physical processes, the effects of unresolved scal€he significant improvement of forecast skill achieved by th
and imperfect boundary conditions. In particular, modebupled pattern technique suggested that there was arshift i
errors are considerable for simulations of precipitatiod a the spatial pattern of variability of summer rainfall ovériGa
monsoons, due to their intricate mechanisms. Therefae, sh the IAP GCM, which resulted in a substantial drop in the
tistical downscaling or model error correction is essefidia  skill score.
dynamical seasonal prediction in operation. Analogy correction is also a widely used model error cor-

Model error correction is an approach to combine botlection method. The analogy scheme always assumes that
statistical and dynamical methods together. It is a model oa similar spatial pattern of the predictand for the targeairye
put statistics technique, which regards the GCM as a blalcks already occurred in past years. Based on the fact that
box and reduces the model error based on a certain stdtistdifferent model error patterns of the IAP GCM for summer
relation between model output fields and historical obgkrveainfall over China appear in ENSO warm years, cold years
data. The model error correction is not only much easier &amd normal years, separately, Chen and Lin (2006) developed
implement than the advancement of the model parameteriaanethod to estimate the model error in the target year. Ren
tion of physical processes and dynamical cores, but it & alsnd Chou (2007) proposed an analogue correction method
much cheaper than increasing the model resolution. Cobased on the assumption that the errors in the predicted re-
monly used correction methods include mean bias correctisnlts with similar initial conditions are the same. In adutit
regression analysis, coupled field techniques, analogy-analue to the high spatial pattern correlation between summer
sis, magnitude correction of predicted interannual vemmgt rainfall anomalies over the East Asian and western Pacific re
and statistical downscaling. gion (EAWM) and tropical region and successfully predicted

Zeng et al. (1994, 1997) outlined four methods for cotropical precipitation, Wang and Fan (2009) developed a cor
recting model error: mean bias correction, maximum simiection method with the predicted tropical precipitaticrea
larity, minimum difference, and a coupled pattern techaiq@analogical index. This new scheme can substantially imgrov
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the forecast skill of summer rainfall with six models in th&ot only gave a better hindcast for the exclusive rainfafirov
Development of a European Multimodel Ensemble Systettme middle—lower reaches of the Yangtze River valleys on the
for Seasonal to Interannual Prediction (DEMETER) systenseasonal scale, but also for the two occurrences of Mei-yu

Recently, the statistical downscaling technique, which iainfall, which was the main characteristic of the 1998 sum-
based on the assumption that atmospheric variability on lmer climate on the sub-seasonal scale.
cal scales is conditioned, though not determined, by large Moreover, a rare catastrophic flood occurred in central
scales (von Storch et al., 1993; von Storch, 1999), was-inteastern China in 2003, and it was not predicted in advance
duced to correct model error. Statistical downscalingamrr by any of the prediction departments in China except for the
tion methods aim at specifying the local field (the predidtanNCC using the regional climate model (Ding et al., 2006).
e.g., the precipitation or its model error) statisticallgrh a The flood and drought distribution of the summer rainfall
large-scale field (the predictor) that is skillfully pret#id by in eastern China derived from the regional climate model is
the dynamical model. The choice of predictor depends gmite consistent with observations.
the predictand and should satisfy two conditions. First, it o o
must be possible to accurately specify the predictand frem -4 Development of new statistical prediction models for
predictor. Second, the predictor should be well prediced b~ SUMMer precipitation
the dynamical model. Large-scale fields such as geopotentia Current operational skill for summer precipitation in
height, sea level pressure, air and surface temperatuoe-veChina, with both statistical and dynamical model methods,
ity, and tropical SST have been used as predictors to imprasequite limited. Recently, a year-to-year incremental ap-
the forecast skill of precipitation (Zhang et al., 2005; Remproach was proposed for forecasting summer rainfall ower th
2008; Zhu et al., 2008; Chen, 2008; Ke et al., 2009; Kang miiddle—lower reaches of the Yangtze River valleys (RYRV)
al., 2009; Li et al., 2009). (Fan et al., 2008). In this prediction procedure, the year-t

In statistical downscaling correction schemes, the statigear increase or decrease (represented by DY) of RYRV is
tical relation between large-scale fields and local préatict firstly forecasted to yield a RYRV or the percentage anoma-
can be identified by coupled pattern techniques (Zhang,et &ks of the RYRV. Thus, the statistical forecast model fa th
2005), analogy analysis (Ren and Chou, 2007), regressiovi of RYRV is established first and then applied to forecast
analysis (Chen, 2008; Ke et al., 2009; Kang et al., 2009; Stire RYRV. Five predictors of the DY of RYRV include the
and Chen, 2012; Liu and Fan, 2013; 2014, Liu and Li, 2014)Y of the March—April-May (MAM) mean AAQO index, the
and Bayesian schemes (Li et al., 2009). The predictandsiimdex of the DY of the Ural circulation in MAM, the index of
clude the summer rainfall and its model error. For the formehe DY of the East Asian circulation in MAM at 500 hPa, the
only the large-scale fields are used. In this case, the dededY of the meridional wind shear between 850 hPa and 200
rainfall fields obtained by statistical models with largede hPa in MAM over Indo-Australia, and the index of the win-
fields as predictors are regarded as more valuable than thieseDY of the southern Pacific sea level pressure. The model
achieved with the rainfall field simulated by a nonlinear GCMaptures the interannual variability of the observed p&rce
as predictors. This is usually true in view of the poor fostcaage anomalies of the RYRV well, with a correlation coeffi-
skill of the GCM for summer rainfall over China. A newcient between the observed and modeled percentage anoma-
scheme proposed by Wang and Fan (2009) achieved a lardiely of the RYRV of 0.79 during the training period of 1965—
improved hindcast of summer precipitation over China. 186 (32 years), with a RMSE of 20%. The model hindcast for
their scheme, they attempted to make adequate use of trd@97—2006 shows a high level of accuracy for the percent-
cal summer precipitation predictability to reinforce th#ra- age anomalies of the RYRV, with an RMSE of 18%. It even
tropical precipitation predictability in China, and the#sults reproduces the upward and downward trends of the percent-
were encouraging. The new scheme of Wang and Fan (2068¢ anomalies of the RYRYV, respectively, during the periods
is based on the fact that the forecast skill of local field$ia t from 1985 to 1998 and 1999 to 2006. In particular, the model
GCM is usually related to the different states of large-scaduccessfully reproduces the abnormal precipitation eleser
fields. from 1997 to 1999, with relative errors below 10%.

Besides statistical downscaling, the dynamic downscal- The year-to-year increment was also applied to forecast-
ing method using a high-resolution regional climate mod&lg summer rainfall over North China (RNC) (Fan et al.,
can be applied to regional climate prediction. Over EasaAs2009). Fan et al. (2009) identified only five predictors for
where the topography is complex, a high-resolution rediorthe DY of the RNC, including the DY of the DJF North East
climate model could be more capable of depicting the smahlisia sea level pressure circulation, the DY of the MAM North
scale weather systems and capturing local climate dedaiés, Pacific circulation at 500 hPa, the DY of the intensity of the
to the more reasonable terrain and higher resolution codune South Asian high, the DY of the intensity of the June
pared to a GCM (Yu et al., 2010). The extreme floodingolar vorticity over the Northern Hemisphere, and the DY of
over the middle—lower reaches of the Yangtze River valleysthe June Nifio3 index. Results demonstrated that the eerrel
the summer of 1998 was selected as a case to investigatetitne coefficient between the observed and simulated percent
performance of the Weather Research and Forecasting maxtgt anomalies of the RNC is 0.8 during the training period of
(WRF) in retrospective summer precipitation predictiora(M1965-99, with an RMSE of 18%. It was noted that the model
et al., 2014). The results were encouraging. The WRF modeproduces the downward trend of percentage anomalies of
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the RNC. The model shows good prediction capacity for tlgiently, real-time predictions for the spring DWF have been
hindcast period of 2000-06, with an RMSE of 21%. Thperformed every year with a lead time of several months. A
model captures the abnormal drought year in 2002, with a rebmparison of the prediction with the observation shows gen
ative error of 10% for the precipitation prediction. Thenef, eral agreement for four years but disagreement for two years
it appears that the year-to-year increment approach haspot  With the goal to improve the prediction, Lang (2008) de-
tial to significantly improve the operational forecast kkil veloped a new method by considering major predictors that
summer rainfall over China due to its advantages of: (1) useame from either the preceding observed atmosphere or from
ing merely five or six predictors that can explain 60%—80%e GCM output by applying multiple linear regression tech-
of the interannual variances of a predictand; and (2) cagjur niques. The predictors identified include the seasonal mean
the decadal trend of a predictand. anomalous surface air temperature, precipitation, the AO,
Liu and Fan (2012b) also applied the year-to-year incr&AO, SO, near surface meridional wind, and the Eurasian
ment prediction approach to develop an effective statistiavesterly index in the preceding winter and current spring.
downscaling scheme for summer rainfall prediction at the Based respectively on the observed data and corre-
station-to-station scale in southeastern China. The ienlepsponding forecast experimental data, two prediction nedel
dent sample test and the cross-validation test showedhthat({model-l and model-11, hereafter) were set up for the spring
downscaling scheme yields better predicted skill for summBWF using regression analysis. Validation of the models in-
precipitation at most stations over southeastern China ttdicates that the correlation coefficient between the oleskerv
the original GCM outputs, with greater correlation coeffiand modeled time series is larger than 0.93 for the caldmati
cients, as well as lower RMSEs. period of 1955—-2001 for both models. An examination of the
retrospective forecasts shows that both models posselss hig
o ) prediction skill for the spring DWF in North China. How-
4. Seasonal prediction of the climate back- ever, there are two deficiencies embedded in model-I. One

ground for dust weather and typhoon activ- is a time limitation that may arise in the real-time prediaoti

ity because the DJF mean observational data are used in the pre-
] diction, and the other is that the synchronous climate $igna
4.1. Climate background of dust weather the spring is not taken into account. However, in general, th

Dust weather is quite frequent in North China in the winprediction skill of the spring DWF in North China could be
ter and spring, resulting in air pollution and climatic cens largely reinforced if these two models, especially modgel-I
guences. Recently, dust weather anomalies have dranhaticalere applied in practice.
changed on seasonal, interannual, and decadal timescaleBesides the sophisticated influencing processes and fac-
(Wang and Dong, 1996; Zhou and Zhang, 2003; Wang tets, the spring dust weather in China possesses regioaal ch
al., 2012). This is related to many land surface processesaateristics. Although much progress has been made in fre-
well as atmospheric circulation. Thus, the prediction aftduquency prediction in China, the prediction for synoptidisgr
weather frequency (DWF) is a challenging but neverthelegsast weather in China is still difficult. New prediction meth
worthwhile task. ods are urgently needed in future studies, such as a regional

Dust weather in North China has been revealed to bkmate model to make more reliable predictions of both the
closely related to surface wind velocity, humidity, andface DWF and individual dust events.
air temperature. On seasonal and interannual timescales, s ) o
face wind and precipitation are regarded as having the mdst- Climate background of typhoon activity
important roles in DWF (Ye et al., 2000; Zhang and Ren, Typhoon activity significantly influences China. It is im-
2003). In addition, the preceding SST anomalies in the Raoertant and difficult to forecast interannual typhoon attiv
cific, the ENSO cycle, and climatic factors in the northerim the WNP. Major scientific achievements associated with
middle and high latitudes (e.g., geopotential height at 58@asonal forecasts of WNP typhoon activity are reported in
hPa, polar vortex intensity, AO, and westerlies in the nemth this subsection. One aspect is the relationship between ty-
high latitudes) are also documented as significantly infftuerphoon activity and atmospheric circulation, and the otker i
ing the DWF in China (Zhao et al., 2004a; Kang and Wanthe development of statistical and dynamical predictionlimo
2005). Recently, a significant negative correlation betweels of typhoon activity.
the AAO and spring DWF in North China was reported (Fan _ _ o
and Wang, 2004), which provides a new important potentiaf3- Factorsassociated with typhoon activity
predictor for DWF prediction. The selection of predictors is based on the relationship

In 2003, a GCM-based numerical prediction method fdretween typhoon activity and atmospheric circulation. Xie
spring DWF was proposed and tested by Wang et al. (2008).al. (1963) indicated that 80% of typhoons develop in the
The prediction was realized according to the dynamicalgastern part of the equatorial convergence zone over the wes
predicted anomalous cold air intensity, precipitations- suern Pacific. They further identified that when the equato-
face air temperature, etc., in winter and spring. Encoutial westerly is enhanced and extended northward and east-
aging results were obtained by performing a real-time sesard, the typhoon genesis frequency is increased. Ding et
sonal prediction experiment utilizing the IAP GCM. Subseal. (1977) further provided a synoptic conceptual model for
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the formation of multiple typhoons in the ITCZ, and theyous high-level cyclonic circulation, and lower SSTs in the
emphasized the role of interaction of the tropical circulanajor typhoon genesis region, thus providing an unfaverabl
tions of both hemispheres in the development of the ITC&Znvironment for typhoon genesis, and vice versa. Through
Dong and Zhang (1979) suggested that there is a strongetlgt meridional teleconnection in the high tropospheretexis
at the middle-low level before the formation of typhoons img primarily in the Pacific sector, the convective actiti
the ITCZ. In this sense, the strengthened jet at the middteser the equatorial region of the western Pacific are con-
low level on both sides of the ITCZ could be an indicatanected to the AAO, and in turn are connected to the convec-
for the formation of typhoons in the ITCZ. Chen (1965) sugive activities in the WNP, which are associated with typhmoo
gested that the movement of typhoons is led by three to sewtivities.
days by the high-middle latitude circulation over East Asia The NPO is a major mode in the interannual atmospheric
Tao et al. (1962) pointed out that there are meridional andriability over the North Pacific, as indicated by a seesaw
zonal flow patterns over the tropical and subtropical areapattern between the high- and low-latitude sea-level press
Asia, which cause distinct characteristics of typhoorvégti variability. Wang et al. (2007a) discussed the relatiop&te-
through the position of the zonal wind belt over the Northween the NPO and typhoon activity, as well as hurricane fre-
ern Hemisphere, the distribution of long waves, and the-loaguencies. The correlation coefficient between the NPO index
tions of subtropical highs and the ITCZ. Xu and Gu (1978) JJAS and the WNPTF is 0.37 for the period 1949-98. The
further indicated that only when both the upper- and lowelRPO is also correlated with the annual hurricane number in
level zonal-dominated circulations synchronously turto inthe tropical Atlantic at-0.28 for the same period. The vari-
meridional-dominated circulation over the tropical weste ability of the NPO is found to be concurrent with changes in
Pacific do multiple typhoons and stronger typhoons occur.the thermal and dynamical conditions of the WNPTF and the
Previous studies have also suggested that tropical arhual hurricane number via atmospheric teleconnections.
subtropical circulations in the Southern Hemisphere play a Fan (2007) further suggested that the sea ice cover in the
important role in the development of typhoons (Li, 1956; Talorth Pacific both in DJF and in MAM is negatively corre-
et al., 1962, Ding et al., 1977; Xu and Gu, 1978; Wang anated with the annual WNPTF during the period 1965-2004.
Leftwich, 1984). These studies speculate that outbreaksfAfomalous sea ice cover may modulate the WNPTF through
cold air along with enhanced low-level cross-equatorialflovariations in the NPO or through meridional teleconnection
near Australia would result in an enhanced ITCZ, which faa the high troposphere existing primarily in the Pacific-sec
vors the development of typhoons over the WNP. These studr
ies were based on case studies and provide potential indica-Zhou et al. (2008) reported that the spring Hadley Cell is
tors of medium-range weather forecasts for typhoon actiwegatively correlated to the summer WNPTF. In addition, the
ity. By employing long-term datasets, it has been indicatéeleconnection pattern over the extratropical Asian-itae-
that the ENSO and stratospheric Quasi-Biennial Oscillatigion, which can give rise to anomalous large-scale atmo-
(QBO) can influence the interannual variability of typhoospheric circulations such as the western North Pacific sub-
activity over the WNP via changes in thermal and dynamiopical high, the South Asian high, and westerly jets, &nid
cal conditions over the typhoon genesis region (Pan, 19&®gd as co-varying with the WNPTF (Zhou and Cui, 2008).
Ding and Wright, 1983, Li, 1985; Dong and Zhong, 1989; L i
Chan, 1995). Therefore, ENSO is one of the main predicto‘]‘s&l' Development of statistical models for typhoon activ-
for seasonal prediction models for typhoon activity over th ity prediction
WNP (Chan et al., 1998, 2001). Chan et al. (1998) developed an operational statistical
However, the interannual variability of typhoon activitie forecast model for seasonal tropical cyclone activity dlier
is much more complicated than previously recognized. ThWWNP and the South China Sea using the projection pursuit
the search for other predictors of typhoon activities is s eegression technique. Predictors include monthly valdes o
sential aspect in research on the variability and predidiab indices representing the ENSO and environmental condition
of typhoon activities. In this context, the role of highifatle over East Asia and the WNP for the months from April of
atmosphere modes has been stressed recently. the previous year to March of the current year. However,
The AAQ is an extratropical annular mode in the Souttthe scheme partially failed in 1997 and 1998, during which
ern Hemisphere. Recent analysis has indicated that the AA@arm and a cold ENSO event occurred, respectively. Chan
has close relationships with the DWF in North China anet al. (2001) improved the scheme by covering new predictors
summer rainfall over North China and the Yangtze Riveelated to ENSO and updated the scheme to include April and
valleys (Gao et al., 2003; Fan and Wang, 2004; Wang ahtay predictors.
Fan, 2005; Fan, 2006; Sun et al.,, 2009). Wang and Fan Fan (2007) considered the influence of high-latitude cir-
(2007) showed that the WNP typhoon frequency (WNPTElation, including newly identified predictors such as sea
is also significantly negatively correlated with the AAO ince cover over the North Pacific and the NPO in the winter—
June—July—August-September (JJAS) in the period 1949-88ring. Multi-linear regression was applied to establigha
Based on the above studies, a positive phase of the JJAS Aid@ecast model for the WNPTF by using the datasets of 1965—
corresponds to a larger magnitude of vertical zonal wiri®. The forecast model shows a high correlation coefficient
shear, anomalous low-level anticyclonic circulation, mae (0.79) between the model-simulated and the actual typhoon
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frequencies for the period of 1965-99. The forecast modairgence fields in the lower and upper troposphere during
also exhibits reasonable hindcasts for the typhoon frequéime summer, which are related to the thermal and dynami-
cies for the years 2000-06. Therefore, this work demoacal conditions for typhoon genesis. After analyzing thdir 3
strates that the new predictors are significant for the pra-(1970-2003) ensemble hindcast experiment results,st wa
diction of the interannual variability of the WNPTF. Crossfound that the temporal correlation coefficients between th
validation of the model performance demonstrated the higindcast and observation were 0.70 and 0.62 for the vertical
forecast skill of the model established. shear of zonal wind and the divergence field, respectively, i

Later, Fan and Wang (2009) proposed a new approachthe key region of the WNP. These results suggested that the
forecasting the WNPTF. In their work, the year-to-year imnodel possesses good potential skill for predicting thgelar
crease or decrease in typhoon frequency is first forecastedc¢ale climate background for WNP typhoon activity.
yield a net typhoon frequency prediction. This new approach
has been successfully applied in establishing forecaseimod
of the summer/spring rainfall over the Yangtze River vadleyb. Summary and future prospects
and North China, the temperature in North China, and the o . ] .
EASM (Fan et al., 2008, 2009; Fan and Wang, 2009; Fan, Frequ_ent flooding in Som_Jth 9h|na and serious drought; in
2012; Fan et al., 2012). Results demonstrate that the ni@th China often cause significant damage to human life,
approach can capture not only the interannual variability gihe nation’s economy, _and publlc_ security. Such dlsaste_rs
also the linear trends of a predictand, showing high prigict have recently resulted in economic losses of about 20 mil-
capability. lion Euros per year in C_hlna. I_n addlthn, th_e issue of wa-

Only five predictors were used in the model set up Hﬁr supply has become mcrgasmgly serious in North China,
Fan and Wang (2009), including winter sea ice cover ovéfere the economy and society are undergoing rapid devel-
the North Pacific and other indices of thermal and dynanfiPment and the population and level of urbanization are in-
cal conditions over the WNP. The model performs with re&€asing at present, and are predicted to continue to iserea
sonable accuracy for the periods of calibration and valid@ver the next 30 years. Therefore, short-term climate predi
tion. The model successfully captures the larger typho§RN Will be a continuous focus for atmospheric research in
frequency anomalies in the WNP during 1997 and 1998 afdfin@. This is even more important when we consider that
the smaller anomalies of the WNPTF during 2002-07. Tﬁ@e frequency of climate extremes in China will likely be re-
cross-validation test of the prediction model showed that tinforced under the global warming background, based on the
new approach and the prediction model result in better pRRServed climate variability in the 20th century and GCM-
diction skill, as compared to models established baseden ficjected climate change in the 21st century. .
typhoon frequency itself. Thus, it appears that this new ap- Despite tremendous social demands, short-term climate
proach has the potential to improve the operational fotecR&ediction for the country is scientifically a difficult issu
skill for typhoon frequency in the WNP. ba5|cally because _the I|r_1k l?e_ztvv_een the (_:I|mate variakalitgt

Sun and Chen (2011) developed a statistical downscH]€ tropical oceanic variability is complicated, unstalaied
ing method to predict the WNPTF using six predictors frorgenerally weak, as well as the fact that the_ internal vasanc
DEMETER CGCMs during 1974-2001. The prediction skilf? the mid- and high-latitude atmosphere is large. In addi-
of the statistical downscaling method is much better than tHion. large uncertainty remains in understanding the rofes
of the raw CGCMs. Similar improvement can also be fountRrious land surface processes, su_ch as soll m0|_sturer—unde
in the prediction of the number of landfalling Chinese ty@round water tables, snow and sea ice cover etc., in shont-te
phoons (Sun and Ahn, 2011). In addition, the multi-mod§&limate variability in China. . o .
ensemble has the best prediction performance. Therefore, Therefore, GCM-based seasonal climate predictions, ei-

combining a multi-model ensemble and statistical downscHl€r Via the “two-tiered” or “one-tiered” approach, havei
ing greatly improves the CGCM prediction skill. ited skill, even when the state-of-the-art GCM is employed.

The spatial correlation coefficient between the simulateti a

4.3.2. Dynamical approach for typhoon activity prediction gpserved JJA mean precipitation anomalies in China south of

Wang et al. (2006) carried out a real-time numerical e40°N is less than 0.2 on average for the years of 1979-2001
periment on the climate background conditions over the WNer all models in the DEMETER program of Europe (Wang
associated with typhoon activity for 2006 by using the IABnd Fan, 2009). There have also been validations of domestic
GCM. They reasonably predicted less than normal typhoorodels for seasonal prediction in China, and similar result
genesis in 2006 according to the prediction of the climat®ve been obtained.
background for the WNPTF, including reduced convective There have been numerous analyses and modeling studies
activity, an increased magnitude of vertical zonal windsshe aimed at understanding various processes and factorsrespo
and low-level divergence over the WNP. sible for the seasonal climate variability in China. Beside

Lang and Wang (2008) further evaluated the capabilithe local elements, some remote factors have been identified
of the IAP GCM to forecast the climate background for tyAmong these, snow cover over the Tibetan Plateau and Eura-
phoon activity over the WNP. They focused on the verticala, sea ice cover in the Northern Hemisphere, the SST in
shear of zonal wind, outgoing longwave radiation, and dike tropical ocean, the NAO, AAO, and cross-equatorial flow
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in the Indian-Pacific sector are the most notable. Studiesaspects such as process-based studies, GCM improvement,
these aspects have helped to establish more rational anddefvnscaling techniques, new statistical models baseden th
fective forecast models for the seasonal climate varighili  identification of new predictors and new processes, new in-
China. tegration schemes for seasonal prediction, and the develop

However, much effort has been devoted to developimgent of various data assimilation schemes for land surface
new techniques to improve seasonal climate prediction, pand oceanic processes. Multi-model ensembles always give
ticularly for the summer precipitation. These endeavors ihigh scores of seasonal prediction. Thus, the design of new
volve dynamical and statistical downscaling, year-toryea schemes associated with the method of multi-model ensem-
cremental forecasting, and new statistical models thaptadble prediction is another important research focus in the fu
new sets of predictors including preceding observatiomal iture.
formation and/or GCM output.
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achieved by the NCC in its seasonal precipitation predictidatural Science Foundation of China (Grant Nos. 411301@8B an
for the year 2003 (Ding et al., 2006). However, there has be41210007).
no reports thus far to show an improved prediction skill blase
on multi-year dynamical downscaling seasonal forecasts. R
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will likely be promising. Bai, R. H., 2001: Relations between the anomaly of sea strfac

Statistical downscaling and correction techniques devel- temperature in the Atlantic and the precipitation in summer
oped for climate prediction in China have achieved signifi-  over northeast ChindJarine Science Bulletir20, 23-29. (in
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