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1 Introduction

The intraseasonal variability (ISV) of the East Asian-west-
ern North Pacific summer monsoon (EA-WNPSM), caus-
ing floods and droughts, links to the sequential passages 
of frontal systems, advance/retreat of the western North 
Pacific subtropical high (WNPSH), and tropical cyclone 
(TC) during June–July–August (JJA; Chen et al. 2004). On 
the intraseasonal time scale, the East Asian summer mon-
soon (EASM) is categorized as the Changma (in Korea), 
Meiyu (in China), and Baiu (in Japan) with remarkable dif-
ferences in their characteristics and rainy periods (Chang 
et al. 1998; Kang et al. 1999; LinHo and Wang 2002; Qian 
et al. 2002; Ha et al. 2005; Ha and Lee 2007). Wang and 
Xu (1997) have shown statically significant climatological 
intraseasonal oscillations (CISOs), which are considered 
as phase-locking of ISOs. However, the summer monsoon 
ISO is not always phase-locked (Wang and Rui 1990). Due 
to its irregularity and complexity, understanding nonlinear 
characteristics and establishing physical sources of predic-
tion over the EA-WNPSM region are crucial problems, 
with the aim of reducing social and economic losses (Yoo 
et al. 2010a).

The skillful prediction of the EA-WNPSM is an impera-
tive, but difficult task because of the prominent seasonal 
migration of the monsoon rainband from May to August 
(Tao and Chen 1987) and various processes that govern the 
monsoon circulation (Wang et al. 2000, 2008b; Wu et al. 
2009; Zhou and Zou 2010; among others). The previous 
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studies have mentioned that the mechanisms to influence 
EA-WNPSM variability are recognized as the El Niño-
Southern Oscillation (ENSO), Indian Ocean (IO), western 
Pacific (WP) thermal statuses (Chang et al. 1998; Wang 
et al. 2000; Lau et al. 2000; Lau and Wu 2001; Yun et al. 
2008, 2009; Xie et al. 2009), the North Atlantic Oscillation 
(Wu et al. 2009), Tibetan Plateau warming via two distinct 
Rossby wave trains (Wu et al. 2007; Wang et al. 2008a), 
spring Eurasian snow cover (Yang and Xu 1994; Liu and 
Yanai 2002; Yim et al. 2010), and spring Arctic Oscilla-
tion (Gong and Ho 2003; Gong et al. 2011) as well. Wang 
et al. (2013) showed the current coupled climate models 
have limited skills in the seasonal prediction of the EASM 
precipitation in general, even though their skills have been 
steadily improved. They also compared prediction skills 
of the dynamical models’ multi-model ensemble (MME) 
and physical–empirical (P–E) model and concluded that 
the MME generated better results for the WNPSM rainfall, 
while the P–E model was better for predicting the EASM 
land rainfall (Wang et al. 2015).

Chu et al. (2012) identified four major intraseasonal 
modes in the EA-WNPSM, classified by a self-organizing 
map (SOM) analysis. They also demonstrated that the four 
modes can be regarded as components of the monsoon ISO, 
which is the phase locked to the seasonal cycle to a certain 
degree. Oh and Ha (2015) (hereinafter referred to as OH15) 
discussed the distinct instability with dynamic-thermo-
dynamic characteristics by underlying their regional fea-
tures. Following previous studies (Chu et al. 2012; OH15), 
our objective is to provide primary sources to predict the 
four intraseasonal modes in the EA-WNPSM using the 
P–E model. It carries important implications for prediction 
to build on meaningful and proper precursors of the four 
modes including nonlinear characteristics. For a broader 
scope, we changed the names of the four modes from previ-
ous studies to pre-Meiyu&Baiu (SOM1), Changma&Meiyu 
(SOM2), WNPSM (SOM3), and monsoon gyre (SOM4) 
modes, respectively.

To address the physical processes that drive interannual 
changes with the ultimate goal of assessing the predic-
tion of the EA-WNPSM, we attempt to use persistent and 
tendency precursors. The persistence signals for January–
April (JFMA)/February–May (FMAM) and the tendency 
indicates April–May minus February–March (AM minus 
FM)/April minus March. The tendency signals indicate 
the direction of the anomaly development. To objectively 
and physically select consequential predictors, we focus on 

the SST/2m air temperature over land (T2m) and sea level 
pressure (SLP) field, which reflect the ocean and land sur-
face anomalous conditions (Wang et al. 2015; Yim et al. 
2015).

The next section describes observational datasets and 
methods used in this study. Section 3 describes the primary 
sources to predict the four modes. Section 4 addresses the 
prediction of the principal components, and the last con-
tains our major results and discussion.

2  Data and methods

2.1  Observational datasets and methods

The present study used daily geopotential height at 850 hPa 
obtained from the National Centers for Environmental Pre-
diction-Department of Energy (NCEP-DOE) Reanalysis 2 
(NCEP2; Kanamitsu et al. 2002) and daily large-scale cir-
culation fields (low-level winds, geopotential height, upper-
level zonal wind) from NCEP-National Center for Atmos-
pheric Research (NCAR) (NCEP1; Kalnay et al. 1996) 
during the period of 1979–2012. The daily large-scale cir-
culation fields are used as input datasets of the SOM. The 
SST data for the period 1979–2012 was obtained from the 
Hadley Centre Sea Ice and Sea Surface Temperature data-
set (HadISST) made available by the British Atmospheric 
Data Centre (BADC) (Rayner et al. 2003). Daily precipita-
tion data was collected from the Tropical Rainfall Measur-
ing Mission (TRMM) precipitation feature database 3B42 
(multi-satellite) for 1998–2012. Since the daily TRMM 
3B42 began in January 1998, no earlier data was available.

Here we use stepwise regression to establish prediction 
equations. The stepwise procedure has a virtue to choose 
important predictors from the larger potential predictors 
on the basis of a 95 % statistical significance level, so that 
the selected predictors are simple, yet have a good predic-
tive ability. To directly compare the relative contributions 
of each predictor, all independent variables are normalized 
and highly significant according to an F-test procedure.

2.2  Extraction of four SOM modes

The SOM is a clustering algorithm and type of an unsu-
pervised learning to classify the training data without 
any external information, which is related to feedfor-
ward networks (Kohonen 1990). This approach was first 
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proposed by Chattopadhyay et al. (2008) for the Indian 
monsoon and has been applied to distinguish the domi-
nant intraseasonal modes in the EASM by Chu et al. 
(2012) and OH15. Following previous studies (Chu et al. 
2012; OH15), we adjust their SOM analysis, of which 
input data is used as six daily dynamical monsoon indi-
ces representing the western North Pacific subtropi-
cal high (WNPSH), upper-level vorticity, vertical wind 
shear, and low-level southeasterlies (Wang et al. 1998; 
Lau et al. 2000; Wang et al. 2001; Ha et al. 2005). A 
detailed description of the input data is presented in Chu 
et al. (2012). The method classifies the data in a speci-
fied number of SOM patterns on the basis of the least 

Euclidean distance between the SOM patterns and 
observations (Kohonen 1990). Before selecting the four 
dominant SOM patterns, 3 by 3 maps were determined 
by Chu and Ha (2011). The 3 by 3 SOM patterns were 
chosen based on two criteria: (1) the number of clus-
tered days for each SOM pattern should be large enough 
to capture the observed daily fields and (2) the number 
of SOM patterns should be small enough to describe the 
distinct intraseasonal patterns. They determined the four 
modes on the basis of their spatial and temporal informa-
tion. The four SOM spatial patterns of the precipitation 
field corresponding to the day clustered at the respective 
mode show  the major variability in the EA-WNPSM 

Fig. 1  a–d Spatial distribution of precipitation from 1998 to 2012 
(shading) and 850 hPa geopotential heights from 1979 to 2012 (con-
tour) associated with the four dominant self-organizing map (SOM) 
patterns obtained by compositing the daily data and e corresponding 

clustered days for each mode. The lower column shows the frequency 
time series as the number of days for each June–July–August (JJA) 
period
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(Fig. 1a–e). The four modes account for more than 60 % 
of the total frequency (Fig. 1e). The modes can divide 
themselves roughly into two classes, which are associ-
ated with more frequent occurrences: early summer 
(SOM1 and SOM2) and late summer (SOM3 and SOM4) 
modes. A detailed description of the SOM can be found 
in OH15. Note that there are slight changes of the name 
for the four modes.

3  Physical precursors for the dominant 
intraseasonal modes

To improve the quality of prediction over the EA-
WNPSM region, four dominant intraseasonal modes are 
identified by the SOM analysis. Because of the nonlin-
ear variability of monsoon rainfall, it is difficult but nec-
essary to predict the intraseasonal precipitation of the 
EA-WNPSM. In order to reduce social and economic 
losses, our objective in this study is to develop a physi-
cal understanding of the sources for prediction over the 
EA-WNPSM region, using interannual variability (IAV) 
of the SOM patterns. The IAV is represented as annual 
occurrences in a particular mode, which is defined by 
counting the number of days in a year (Fig. 2; OH15). 
The prediction of the IAV helps to understand how many 
times the modes appear at the specific time period in a 
year.

To objectively and physically select consequential pre-
dictors, we focus on the SST/T2m and SLP, which reflect 
the ocean and land surface anomalous conditions and use 
the P–E model with persistency and tendency precursors. 
Stepwise regression analysis is used to set the prediction 
equation on the basis of a 95 % statistical significance 
level and to verify the relative independence of the selected 
predictors.

3.1  Pre‑Meiyu&Baiu (SOM1) mode

The pre-Meiyu&Baiu mode is characterized by a zon-
ally elongated jet stream which represents an anoma-
lous cyclonic vorticity over the Asian jet exit region. In 

Fig. 2  The annual number of 
days clustered at the four modes 
during 1979–2012

Fig. 3  Predictors selection based on the correlation maps of the a 
anomalous January–February–March–April (JFMA) mean SST/T2 m 
(shading) and SLP (contour) and b anomalous April–May (AM) 
minus February–March (FM) SST/T2 m regarding the interannual 
variability (IAV) indicated by the annual number of days clustered in 
the pre-Meiyu&Baiu (SOM1) mode. The pink solid (green dashed) 
contour indicates positive (negative) correlation coefficient between 
SLP and SOM1 time series starting from 0.339, which is the value 
exceeding 95 % confidence level, with an interval of 0.1. The black 
contour indicates the areas exceeding 95 % confidence level for SST/
T2 m. The black bold boxes are the region of defining predictors
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addition, the mode is linked to baroclinic instability, 
resulting from the strong meridional temperature gra-
dient through a thermal wind relationship (Sampe and 
Xie 2010; OH15). A first predictor is land warming over 
northeast Asia [120°–140°E, 45°–60°N] that persists 
from JF to MA (Fig. 3a). One possible explanation for 
the persistent warming over the northeast Asia is attrib-
uted to a persistent anticyclone anomaly from preced-
ing winter to concurrent summer (Fig. 4). The warm-
ing over the northeast Asia brings about propagating an 
anomalous cyclonic circulation to the southern part of 
the anomalous anticyclone along the wave propagation. 
To test the warming influence on this mode, we mim-
icked a virtual forcing with a linear baroclinic model 

(LBM) and confirmed that the anomalous low over south-
ern Japan was preceded by the warming over the north-
east Asia (Figure not shown). It has been pointed out by 
Yim et al. (2010) that the warming over the northeast Asia 
foreshadowed a development of the anomalous cyclonic 
circulation in early summer, with a rainfall enhancement 
over East Asia. The anomalous cyclonic circulation cools 
Kuroshio SST through reducing downward solar radia-
tion reaching the surface. The cooling tendency lasts until 
JJA, which reflects a deepening of the cyclone. Thus, a 
second predictor is defined as the Kuroshio cooling signal 
on the AM minus FM SST tendency field [130°–180°E, 
20°–35°N] (Fig. 3b). The cooling tendency there will 
enhance the SST meridional gradient that reflects strong 

Fig. 4  Seasonal sequence of the correlation coefficients with SST (shading) and geopotential height at 850 hPa (contour) for pre-Meiyu&Baiu 
(SOM1) mode. The contour interval is 0.1
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baroclinic instability. A strengthened and southward-
shifted wind shear, related to the baroclinic instability, is 
found from the following spring to summer period (Figure 
not shown), and the southward jet stream tends to increase 
droughts in northern China and floods in the southern 
China (Yu et al. 2004). 

The anomalous anticyclonic circulation over the WNP 
region exists, together with the enhanced summertime north 
Pacific subtropical high (NPSH) in this mode. Yun et al. 
(2015) showed that the in-phase relationship between the 
WNPSH and NPSH is associated with the quasi-biennial-
type ENSO, showing a fast phase transition from warm to 
cold phases. Figure 4 shows an abrupt termination of the El 
Niño phase that evolves into the La Niño phase from pre-
ceding December–January–February (DJF) to JJA. Thus, 
the eastern Pacific SST anomaly itself could not directly 
influence this mode. Instead, a persistent Eastern IO SST 
warming, affected by the preceding wintertime ENSO, 
is a third predictor (Fig. 3a). The persistent warming sig-
nal over the eastern IO [100°–120°E, 30°–10°S] leads to 
warming over the maritime continent, hence, it helps to 
maintain the subtropical high in Fig. 4 (Wang et al. 2013). 
The mode features that the anomalous anticyclonic circu-
lation causes the anomalous cyclonic circulation over the 
southern Japan through the Rossby wave train, but intensity 
of the anticyclone is weaker than the SOM2. The anoma-
lous cyclonic circulation produces the enhanced rainfall in 
the mode as a result.

3.2  Changma&Meiyu (SOM2) mode

The Changma&Meiyu mode is associated with advec-
tion of moist and warm air by strong southwesterly winds 
along the northwestern flank of the WNPSH (Fig. 1b). 
The southwesterly winds along the WNPSH cause con-
vective instability, triggered by warm, moist air at the 
low-level and cold, dry air at the upper-level from the 
north (OH15). The Changma&Meiyu mode is strongly 
related to the preceding ENSO through the WNPSH that 
is an evidence of a strong tropical–subtropical connection 
in Fig. 6 (Wang et al. 2000). Because of the WNPSH, a 
northward-shifted and localized rainband with intense 
precipitation over the Korean Peninsula and suppressed 
convection over the WNP are represented (Fig. 1b). Then, 
how can the WNPSH sustain itself until summertime? The 
interaction between the northern IO warming and WNPSH 

can contribute to the maintenance of the subtropical high. 
The northern IO warming result from the southwestward 
extension of the WNPSH and it can enhance the anticy-
clone by generating an atmospheric Kevin wave response 
(Wang et al. 2013). In addition, the resultant WP cooling 
to the southeast of the WNPSH, due to wind-evaporation-
SST feedback, reduces precipitation heating and it can 
generate a descending Rossby wave that strengthens the 
WNPSH (Wang et al. 2000, 2013). Both a warming over 
the IO and weak cooling over the WNP forced by the pre-
ceding ENSO through the Walker circulation generate a 
Rossby wave train. As a result, the anomalous anticyclone 
over the WNP region plays an important role in predict-
ing this mode (Yun et al. 2008). Thus, a first predictor is 
the persistent SST difference between the IO [50°–100°E, 
20°S–5°N] and WP [125°–150°E, 0°–10°N] (Fig. 5a).

Fig. 5  Predictors selection based on the correlation maps of the a 
anomalous January–February–March–April (JFMA) mean SST/
T2 m (shading) and SLP (contour) and b anomalous SST differ-
ence between April and March regarding the interannual variabil-
ity (IAV) indicated by the annual number of days clustered in the 
Changma&Meiyu (SOM2) mode The pink solid (green dashed) con-
tour indicates positive (negative) correlation coefficient between SLP 
and SOM2 time series starting from 0.339, which is the value exceed-
ing 95 % confidence level, with an interval of 0.1. The black contour 
indicates the areas exceeding 95 % confidence level for SST/T2 m. 
The black bold boxes are the region of defining predictors
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Furthermore, localized rainfall over the Korean Peninsula 
prevails in this mode, so that we select the warming tendency 
between April and March over the Kuroshio region [130°–
160°E, 25°–35°N] as a short temporal scale (Fig. 5b). The 
abrupt Kuroshio warming tendency may be concomitant 
with the strength of the anticyclonic circulation, indicating 
a link with the wind-driven circulation by air-sea interaction 
(Fig. 6).

3.3  WNPSM (SOM3) mode

In the WNPSM mode, a strong cyclonic circulation 
anomaly over the WNP, with intense precipitation, and an 

anticyclonic circulation anomaly over southern Japan are 
represented (OH15). The anomalous cyclonic circulation 
induces convective activity over the WNP, while the anticy-
clonic circulation over southern Japan leads to southeasterly 
wind that brings warm, moist air to the Korean Peninsula. 
The circulation patterns are considered as the Pacific-Japan 
(PJ) teleconnection pattern (Nitta 1987). A first predic-
tor is associated with a persistent warming over the WP 
region [140°–170°E, 10°S–10°N] (Fig. 7a), which causes 
an increased deep convection through enhanced evapo-
ration. The PJ pattern has relevance to the propagation of 
the convection over the WP region extending from tropics 
into the mid-latitudes in JJA (Fig. 8). Due to the anomalous 

Fig. 6  Same as Fig. 4 but for the Changma&Meiyu (SOM2) mode
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anticyclone over the southeast of Japan induced by PJ pat-
tern, the Korean Peninsula is influenced by an abundant 
moist and warm air (Fig. 1c). In addition, the mode is 
strongly correlated with typhoon activity at a 99 % confi-
dence level with a correlation coefficient (CC) (0.49**). It 
has been agreed that the PJ pattern influences the TC activity 
(Choi et al. 2010). A second predictor is SLP tendency over 
the north Pacific (NP) [150°–240°E, 20°–40°N] (Fig. 7b). A 
meridional expansion of the anomalous cyclonic circulation 
over the WP leads to the simultaneous northward retreat of 
the anticyclonic circulation over the NP region (Fig. 8) (Li 
and Wang 2005). As the evidence of these relationships, we 
found that the two selected precursors are correlated with 
each other at the 90 % confidence level with a CC of −0.3, 
and those results suggest the robustness of the PJ telecon-
nection pattern. 

3.4  Monsoon gyre (SOM4) mode

The cold, dry easterly flow over East Asia produced by 
the anomalous cyclonic circulation over the WNP results 
in suppressed precipitation by terminating moisture 
transport in the monsoon gyre mode (Fig. 1d; OH 15). 
This mode is related to significant persistent SST signals 
over the IO and Atlantic. Even though this mode can be 
explained by both the IO and Atlantic cooling, we focus 
on the IO cooling as a predictor, ruling out the Atlantic 
cooling effect. This is because the two regions are not 
independent, i.e. a significant relationship between the IO 
and Atlantic cooling has been identified. Figure 9 shows 
the correlation map of the SST/T2m and SLP. As a pre-
dictor, we select the IO cooling [50°–120°E, 25°S–10°N], 
which is triggered by the decaying phase of La Niña. The 
signal plays an essential role in weakening the WNPSH, 
with opposite to the Changma&Meiyu mode. It has been 
agreed that the IAV of the monsoon gyre mode shows a 
negative correlation with that of the Changma&Meiyu 
mode (CC of −0.53) (OH 15). Thus, the two modes have 
the similar predictors. The resultant IO cooling, followed 
by the termination of La Niña, is continuous with a north-
ward propagation of Rossby waves by a deep convection 
over WP (Fig. 1d and Fig. 10; Lau and Peno 1992; Yoo 
et al. 2010b). The anomalous cyclonic circulation over 
the WP is highly correlated with the mode in conjunction 
with a weak EASM. 

4  Prediction of the principal components

We have found the distinguishing predictors for the domi-
nant modes in the EA-WNPSM and have attempted to pre-
dict the four modes through stepwise regression analysis. 
The interpretation establishes the physical consideration for 
prediction of the empirical patterns. The prediction equa-
tions and predictors definition are presented in detail in 
Table 1. For each prediction equation, the all independent 
variables fit a 95 % significance level based on an F-test. 
Figure 11 shows the temporal correlation skills for the pre-
diction using the cross-validated method. To check the pre-
dictive capability of the P–E model, the cross-validation is 
performed by removing 3 years from each step (Michaelsen 
1987). The cross-validated correlation skills between the 
IAV and the prediction for each mode show the significant 
correlations at a 95 % confidence level, with CCs of 0.63, 
0.64, 0.54, and 0.54 in sequence. It demonstrates that the 

Fig. 7  Predictors selection based on the correlation maps of the a 
anomalous February–March–April–May (FMAM) mean SST/T2 m 
(shading) and SLP (contour) and b anomalous April–May (AM) 
minus February–March (FM) SLP regarding the interannual vari-
ability (IAV) indicated by the annual number of days clustered in 
the WNPSM (SOM3) mode. The pink solid (green dashed) contour 
indicates positive (negative) correlation coefficient between SLP and 
SOM3 time series starting from 0.339, which is the value exceed-
ing 95 % confidence level, with an interval of 0.1. The black contour 
indicates the areas exceeding 95 % confidence level for SST/T2 m. 
The black bold boxes are the region of defining predictors
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four modes can be predicted with significant skills from 
0.54 to 0.64. 

The persistent warming over the northern East Asia 
and SST cooling tendency over the Kuroshio Cur-
rent are distinctive precursors for the pre-Meiyu&Baiu 
(SOM1) mode. Both the precursors are linked to an 
anomalous cyclonic circulation at the mid-latitude. The 
Changma&Meiyu (SOM2) mode is sustained by the ther-
modynamic feedback between the WNPSH and underly-
ing SST difference between IO and WP, which is mainly 
affected by the preceding ENSO (Yun et al. 2008). For the 
WNPSM (SOM3) mode, the persistent warming SST and 
deepened convection over the WP are key factors of pre-
diction. This mode is evenly supported by the PJ telecon-
nection pattern, propagating the Rossby wave and extend-
ing it to the mid-latitudes. The monsoon gyre (SOM4) 
mode is associated with the resultant IO cooling followed 
by the preceding La Niña, which makes the WNPSH get 
weakened.

Fig. 8  Same as Fig. 4 but for the WNPSM (SOM3) mode

Fig. 9  Predictors selection based on the correlation maps of the 
anomalous January–February–March–April (JFMA) mean SST/
T2 m (shading) and SLP (contour) regarding the interannual vari-
ability (IAV) indicated by the annual number of days clustered in the 
monsoon gyre (SOM4) mode. The pink solid (green dashed) contour 
indicates positive (negative) correlation coefficient between SLP and 
SOM4 time series starting from 0.339, which is the value exceed-
ing 95 % confidence level, with an interval of 0.1. The black contour 
indicates the areas exceeding 95 % confidence level for SST/T2 m. 
The black bold box is the region of defining predictor
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Fig. 10  Same as Fig. 4 but for the monsoon gyre (SOM4) mode

Table 1  Definition of the selected each predictor for prediction and corresponding simulation equations for the four modes

Mode Name Definition Prediction equation

Pre-Meiyu&Baiu JFMA NEA T2 m [120°–140°E, 45°–60°N] SOM1 = 0.411*[1. JFMA NEA T2 m]  
−0.356*[2. AM-FM Kuroshio SST]  
+ 0.449*[3. JFMA EIO SST]

AM-FM Kuroshio SST [130°–180°E, 20°–35°N]

JFMA EIO SST [100°–120°E, 30°–10°S]

Changma&Meiyu JFMA IO-WP SST [50°–100°E, 20°S–5°N]
−[125°–150°E, 0°–10°N]

SOM2 = 0.514*[1. JFMA IO-WP SST]  
+ 0.392*[2. A-M Kuroshio SST]

A-M Kuroshio SST [130°–160°E, 25°–35°N]

WNPSM FMAM WP SST [140°–170°E, 10°S–10°N] SOM3 = 0.292*[1. FMAM WP SST] 
−0.491*[2. AM-FM NP SLP]AM-FM NP SLP [150°–240°E, 20°–40°N]

Monsoon gyre JFMA IO SST [50°–120°E, 25°S–10°N] SOM4 = − 0.591*[1. JFMA IO SST]
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5  Summary and discussion

In the present study, we have investigated the sources 
of predictability for the four dominant modes in the EA-
WNPSM and have established the P–E model by develop-
ing a physical understanding of the sources. To objectively 

and physically select the consequential predictors, we 
focused on the SST/T2m and SLP, based on the asymmetric 
response to the ENSO, the ocean and land surface anoma-
lous conditions. The physically meaningful and statistically 
robust predictors were selected based on the persistency 
(i.e. JFMA and FMAM) and tendency (i.e. AM minus FM 

Fig. 11  a–d The predicted and cross-validated predictions for the four SOM modes during 1979–2012. The cross-validation was done by 
removing three years around the predicted year
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and April minus March). To establish the prediction equa-
tions, we used the stepwise regression. The regression has 
a virtue to identify important predictors from the larger 
potential predictors on the basis of a 95 % statistical sig-
nificance level. The selected important predictors on the 
basis of the stepwise regression proved the statistical signif-
icance and relative independence. To check the prediction 
skills of the empirical model, we adjusted the cross-valida-
tion method to remove 3 years from each step (Michaelsen 
1987). The cross-validated correlation skills between the 
predictions and IAV are significant. The cross-validated 
prediction results demonstrated that the four modes could 
be predicted with significant skills ranging from 0.54 to 
0.64.

The four modes together explained more than 60 % of 
the total variance. For the pre-Meiyu&Baiu mode, the SST 
cooling tendency over the Kuroshio Current was the most 
distinct predictor and it could modulate the strong vertical 
wind shear, linked to the baroclinic instability. Two other 
predictors were relevant to induce the associated circu-
lation field. There was a strong connection between the 
Changma&Meiyu mode and WNPSH that plays an impor-
tant role in predicting the mode. The IO warming and WNP 
cooling through the Walker circulation generated a Rossby 
wave train. Additionally, the abrupt Kuroshio warming ten-
dency as a second predictor, associated with localized rain-
fall over the Korean Peninsula, was relevant to the wind-
driven circulation by air-sea interaction. Precursors for the 
WNPSM and monsoon gyre modes in late summer were 
more difficult to find their precursors. A first predictor of 
the WNPSM mode had relevance to the persistent warming 
over the WP region. The warming induced a significant PJ 
teleconnection pattern. A second predictor was the decrease 
of pressure over the north Pacific, induced by the north-
ward extension of the anomalous cyclone over the WP. The 
two predictors detected the associated circulation patterns 
in the WNPSM mode. The monsoon gyre mode was mostly 
linked to the persistent SST cooling over the IO and cor-
related with a weakened WNPSH. We demonstrated that 
the four intraseasonal modes, which involved the nonlinear 
rectification of the mean state by the asymmetric response 
to ENSO, could be predicted reasonably well by the statis-
tical method. This study has important implications for pre-
diction by establishing the physical precursors of the four 
dominant modes over the EA-WNPSM region.

We also found that the four modes have distinctive spa-
tial structures and temporal variabilities by the preced-
ing ENSO. Regarding the distinct response to ENSO for 
the four modes, impacts on the regional climate are not 
directly linked. Thus, ENSO indirectly affects the intrasea-
sonal phases of the EA-WNPSM via a tropical atmospheric 
bridge, IO SST, Atlantic SST, and among others. The 
Indian and Atlantic Ocean affected by the preceding ENSO 

have more influence on the Changma&Meiyu and monsoon 
gyre modes than the pre-Meiyu&Baiu and WNPSM modes. 
Their detailed mechanisms will be explored in the future.
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