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Abstract Observed analysis of the 35 years of 1979–2013 reveals considerable interdecadal change and
signiﬁcant recent intensiﬁcation in the difference of convective precipitation between the South Asian
monsoon (SAM) and East Asian monsoon (EAM) systems during the major summer monsoon season
(June–July). We propose that the recent strengthening of the zonal gradient of sea surface temperature (SST)
between the Indian Ocean, western Paciﬁc, and eastern Paciﬁc is a possible cause for the intensiﬁcation
of the convective precipitation contrast. It is noted that the strengthening of the zonal SST gradient
associated with the recent mega-La Niña trend tends to reinforce the negative connection between SAM
and EAM systems by inducing enhanced convection over the maritime continent and then facilitating
the northwestward emanation of Rossby waves. Consequently, a cyclonic circulation anomaly that effectively
changes the local Hadley circulation has been formed over the SAM region, resulting in the noticeable
difference between the SAM and EAM. The years 2013 and 1983 are further investigated as the strongest
extreme years for positive and negative phases of submonsoon contrast, respectively. The result conﬁrms
that the meridional dipole height pattern along the Asian Jet stream, which is caused by the strong zonal
gradient of tropical SST, serves as a key trigger in strengthening the submonsoon contrast.

1. Introduction
Recent decades have witnessed prominent interannual variability, interdecadal changes, and many
unprecedented extremes in global climate [e.g., Rahmstorf and Coumou, 2011; Ha et al., 2012; Seo et al., 2012;
Kosaka et al., 2012; Chowdary et al., 2014]. The recent intensiﬁcation of the Northern Hemisphere summer
monsoon is indicative of these signiﬁcant changes, which is attributable to the mega-La Niña trend [Wang
et al., 2013a, 2014b] and enhancement of the interrelationship between submonsoon systems [Lee et al.,
2014a]. In particular, it has been reported by the earlier studies [Lee and Wang, 2014; Lee et al., 2014a] that the
Asian summer monsoon system is the action center of these signiﬁcant changes in Northern Hemisphere
summer monsoon. The South Asian monsoon (SAM) and East Asian monsoon (EAM), which are the major
submonsoon systems of Asian summer monsoon (see Figures 1a and 1b), have also experienced remarkable
changes not only in their own variabilities but also in the relationship between them [e.g., Kim et al., 2002;
Kripalani et al., 2002; Yun et al., 2010]. Here we further show that the out-of-phase convective precipitation
relationship between the SAM and EAM has been intensiﬁed along with signiﬁcant changes in their own
interannual to interdecadal variability (Figure 1d).
Previous studies have shown that the interconnection between the SAM and EAM appears in both the in-phase and
out-of-phase relationship between the two submonsoons [Kripalani and Kulkarni, 1997, 2001; Lee et al., 2013b]. In
general, the variability of the EAM is signiﬁcantly affected by that of the SAM through two distinct wave trains: an
extratropical circumglobal wave train traveling along the upper level westerly jet stream and a tropical wave train
propagating along the lower level monsoon westerly [e.g., Wang et al., 2001; Ding and Wang, 2005; Yun et al., 2010;
Lee et al., 2011a, 2013a; Moon et al., 2013; and many others]. The western North Paciﬁc subtropical high (WNPSH) has
also been considered a key system bridging the SAM and EAM climates [Lee et al., 2013b], and is closely associated
with the thermal state of tropical sea surface temperature (SST) (e.g., El Niño–Southern Oscillation (ENSO) and Indian
Ocean (IO) warming) [Wang et al., 2001, 2013b; Lee et al., 2011b, 2014b; Kosaka et al., 2013].
Despite the aforementioned previous studies, factors that control the tight linkage and independence
between the SAM and EAM are not well understood. Although several previous studies have found the
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Figure 1. Climatology of June–July during 1979–2013. (a) Precipitation and (b) OLR. June–July normalized time series of
(c) precipitation and (d) inverse OLR anomalies averaged over the South Asian monsoon (SAM) and East Asian monsoon
(EAM). In Figures 1a and 1b, the red and blue boxes indicate the SAM [5°N–22.5°N, 65°E–110°E] and EAM [25°N–40°N,
110°E–145°E] domains, respectively. In Figures 1c and 1d, the black solid line denotes the 7 year running mean time
series of SAM-EAM (difference of SAM minus EAM).

strengthening of negative relationship between the SAM and EAM on the interannual time scale [Kim
et al., 2002; Kripalani et al., 2002], the enhanced submonsoon contrast between the SAM and EAM on
the interdecadal time scale has received relatively little attention. Furthermore, the detailed dynamics on
the strengthening of the submonsoon contrast are not fully explained yet. Therefore, to investigate the
out-of-phase relationship between the SAM and EAM, we deﬁne the submonsoon contrast index
(hereafter SAM-EAM) as the convective precipitation difference between the two regions. Note that the
submonsoon contrast in convective precipitation exhibits the decadal change from the negative phase
before 1990 to the positive phase after 2000 (Figure 1d). Because the intensiﬁcation of the SAM-EAM
after 2000 does not happen in total precipitation (Figure 1c), we focus on the submonsoon contrast in
convective precipitation represented by outgoing longwave radiation (OLR). The submonsoon contrast
in convective precipitation indicates the regional polarization between the SAM and EAM. This implies
that the extreme rainfall events such as heavy ﬂoods and mega droughts are likely to occur more
frequently in the opposite sign between the SAM and EAM, due to a more favorable condition for
Rossby wave response to convective heating anomalies.
This study aims to understand (1) characteristics of large-scale climate anomalies in relation to the
strong submonsoon contrast and (2) controlling mechanisms for the recent strengthening in the
contrast between these two monsoon systems. Furthermore, we highlight a signiﬁcant role of the zonal
SST gradients on the recent intensiﬁcation of the submonsoon contrast. Recently, Wang et al. [2013a]
have demonstrated the role of the mega ENSO in the intensiﬁcation of Northern Hemisphere summer
monsoon. Here the mega ENSO is deﬁned as the SST difference between the western Paciﬁc K-shaped
area and the eastern Paciﬁc triangle [see Wang et al., 2013a, Figure 3], which reﬂects the zonal SST
gradient between the western Paciﬁc (WP) and eastern Paciﬁc (EP) (hereafter, WP-EP_zg). This zonal SST
gradient along the equatorial Paciﬁc is also signiﬁcantly connected with the zonal SST gradient between the
WP and the IO (hereafter, WP-IO_zg) through the Walker circulation [Klein et al., 1999]. The possible impacts
of the two zonal SST gradients are discussed in detail.
The remainder of this paper is organized as follows. Section 2 describes the data, method, and indices used in
this study. Section 3 shows the characteristics of the submonsoon contrast. Extreme years of 2013 and 1983
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Figure 2. Composite differences between positive and negative phases of SAM-EAM (denoted by black contour). (a) SST
(K), (b) 850 hPa geopotential height (m), (c) 200 hPa geopotential height (m), and (d) 200 hPa zonal wind (m/s). Shading
is only shown for values signiﬁcant above the 90% conﬁdence level. In Figures 2b–2d, the thick blue contour indicates the
mean value during the negative phases, while the red contour denotes the mean value during the positive phases.

are also examined in terms of the submonsoon contrast. Section 4 illustrates the effect of zonal SST gradient
on the submonsoon contrast on the interannual and interdecadal time scales. In the section 5, we provide
summary of the main results and discussion.

2. Data
The subseasonal mean ﬁelds of June–July for the period 1979–2013 were analyzed using the following data
sets: (1) atmospheric data from National Centers for Environmental Prediction/Department of Energy (NCEP/
DOE) reanalysis (R2) [Kanamitsu et al., 2002], (2) SST obtained from the Extended Reconstructed Sea Surface
Temperature (ERSST) [Smith et al., 2008], (3) rainfall data from Global Precipitation Climatology Project (GPCP)
version 2.2 combined precipitation data set [Adler et al., 2003], and (4) OLR obtained from National Oceanic
and Atmospheric Administration (NOAA). OLR provides a meaningful estimation of large-scale convective
precipitation. The anomaly was calculated by removing the climatological mean during 1979–2013. For
assessing the tropical thermal state, the zonal SST gradient indices of WP-EP_zg and WP-IO_zg were deﬁned
as the SST difference between the WP and EP, and between the WP and IO. Here the SST indices are calculated
by area averaging over three area domains: western Paciﬁc [20°S–20°N, 120°E–160°E], eastern Paciﬁc
[10°S–10°N, 160°W–120°W], and Indian Ocean [20°S–20°N, 50°E–100°E]. In addition, climate indices such as
the Niño3.4 index [5°S–5°N, 170°W–120°W] and Paciﬁc Decadal Oscillation (PDO) obtained from the webpage
(http://www.esrl.noaa.gov/psd/data/timeseriesimeseries) were used. The monsoon indices for total and
convective precipitation were simply deﬁned by the precipitation and the inverse OLR anomaly (i.e., multiply
OLR by 1) area averaged over the SAM [5°N–22.5°N, 65°E–110°E] and EAM [25°N–40°N, 110°E–145°E] regions
(see Figures 1a and 1b).

3. Characteristics of the Contrast Between SAM and EAM
3.1. Characteristics of the Submonsoon Contrast
To understand the underlying processes of the submonsoon contrast between the SAM and EAM, we
have performed the composite analyses of the SST and large-scale circulation with respect to signiﬁcant
positive and negative phases of the SAM-EAM (Figure 2). The positive (negative) phase of the SAM-EAM
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Figure 3. (a, c) Spatial patterns of the ﬁrst two EOF modes for the June–July OLR anomaly and (b, d) their associated PC
time series during the period from 1979 to 2013. Red lines in Figures 3b and 3d denote the 7 year running averaged
PC1 and PC2 time series, respectively. (e) Regression of simultaneous SST (shading) and geopotential height at 850 hPa
(contours) against the PC2 time series. (f) Same as Figure 3e but for zonal wind and geopotential height at 200 hPa. Shading
in Figures 3e and 3f is only shown for (Figure 3e) SST and (Figure 3f) zonal wind anomalies signiﬁcant above the 90%
conﬁdence level.

is chosen as the year when the SAM-EAM index is greater (less) than 1 ( 1) standard deviation (SD)
threshold, and vice versa. The selected years are 1994, 2004, and 2013 for the positive phase and 1982,
1983, 1987, 1989, and 1993 for the negative phase, respectively. Note that the positive phase years
appear after the year 1994 due to the recent intensiﬁcation in the contrast, while the negative phase
years appear before 1994.
Composite analysis reveals that the SAM and EAM difference is positively large when North Paciﬁc SST is
positive and the zonal gradient of tropical SST is enhanced in association with a La Niña phase (Figure 2a). The
Paciﬁc SST dipole pattern (i.e., the eastern Paciﬁc cooling versus western Paciﬁc warming) coexists with the
cold SST anomaly over the northwestern Indian Ocean, which is signiﬁcantly consistent with the mega-La
Niña structure shown in Wang et al. [2013a]. Because the variability of Asian summer monsoon is signiﬁcantly
inﬂuenced by a lower level subtropical high system over the North Paciﬁc (NPSH), an upper level highpressure system over the South Asia (SAH) and the westerly jet stream, we investigate the mean structures of
NPSH, SAH, and jet stream that are displayed by thick red contours for the positive SAM-EAM years and by
blue contours for the negative SAM-EAM years, respectively in Figures 2b–2d. It is interesting to note that the
SAM-EAM is accompanied by the northward shifts of the NPSH, the SAH, and the subtropical jet stream. A
northward shift of the SAH and subtropical jet stream can be induced by either a positive North Paciﬁc SST
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Figure 4. Anomalies of precipitation (shading) and OLR (contours) in June–July (a) 2013 and (b) 1983. Shading is only
shown for precipitation anomalies greater than 1 standard deviation.

[Lau et al., 2004] or an enhanced SAM [Zhang et al., 2005; Yun et al., 2010]. In particular, the SAM rainfall
anomaly tends to increase latent heating and modulate the local Hadley circulation [Yun et al., 2010], which
consequently generates an upper level meridional height dipole anomaly along the Asian Jet stream. The
meridional dipole pattern caused by the northward shift in the SAH and the jet stream might induce EAM
rainfall deﬁciency.
To extract dominant modes of interannual to interdecadal variability of the submonsoon contrast
between the SAM and EAM, we apply an empirical orthogonal function (EOF) analysis to the June–July
OLR anomalies over the Asian monsoon domain [equator to 50°N, 50°E–160°E] (Figures 3a–3d). The ﬁrst
two principal modes of the Asian summer monsoon, which explain about 32% of the total variance, are
statistically separated from the higher modes in terms of sampling error of North et al. [1982]. The two
modes show different phase relationships between the two submonsoon systems: the ﬁrst EOF mode
displays a weak in-phase relationship between the SAM and EAM with the main variability center over
the western North Paciﬁc summer monsoon region, while the second EOF mode reveals a signiﬁcant
out-of-phase relationship. Thus, the second EOF mode represents the submonsoon contrast well, with a
high correlation coefﬁcient between the PC2 time series and SAM-EAM index (r ~ 0.8). In addition, the
out-of-phase relationship between the SAM and the EAM is signiﬁcantly related to the zonal gradient of
the tropical SST with a La Niña phase and the meridional height dipole pattern along the Asian Jet
stream (Figures 3e and 3f), which is identical to the composite ﬁeld for the monsoon contrast displayed
in Figure 2. Note that in contrast with the principal component of the ﬁrst EOF mode (PC1), the PC2
shows a clear increasing trend, which is a signiﬁcant indicator of the recent strengthening in the
submonsoon contrast.
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Figure 5. Anomalies in June–July 2013. (a) SST, (b) 850 hPa geopotential height, (c) 200 hPa geopotential height, and (d)
200 hPa zonal wind. Shading is only shown for anomalies greater than 1 standard deviation. The thick blue contours
indicate the June–July climatological mean during 1979–2012, while the red contours denote the mean value in June–July
2013. The analysis domain for each index is denoted by the yellow box.

3.2. Extremes of the Submonsoon Contrast: 2013 Versus 1983
Because of the strong year-to-year variability in submonsoon contrast, an extreme case study is
necessary for better understanding of the anomalous characteristics. In addition to composite analysis
in section 3.1 (see Figure 2), we have examined the anomalous features of the strongest extreme years
for positive and negative phases in submonsoon contrast. In 2013, the SAM exhibited the strongest
convective precipitation on record since 1979, whereas the EAM showed the second poorest convective
precipitation (see Figure 1d). By contrast, the year 1983 had the second weakest SAM and the richest
EAM and consequently reveals a maximum negative phase in the submonsoon contrast. The anomalous
characteristics of the submonsoon contrast are evident in Figure 4. On the other hand, the Paciﬁc-Japan
(PJ) pattern-like dipole convection anomalies over the western North Paciﬁc are only signiﬁcant in 1983
(Figure 4b). The PJ pattern, which is a meridional dipole teleconnection pattern between the subtropics
and midlatitudes over the East Asian-western North Paciﬁc region [Nitta, 1987], could be caused by
the strong zonal gradient of the tropical SST, i.e., warming of IO SST and cooling of WP SST [Kosaka et al.,
2013; Wang et al., 2013b]. However, the year 2013 does not exhibit the well-organized PJ-like
teleconnection pattern (Figure 4a).
The summer of 2013 had a strong zonal SST gradient associated with the La Niña phase (WP-IO_zg and
Niño3.4 are 1.9 SD and 0.5 SD), which cooccurred with northward shift of the NPSH and the upper level SAH,
and the subtropical jet stream (Figure 5). The summer of 1983 forms a striking contrast to that of 2013
(Figure 6), with a weak El Niño phase (WP-IO_zg and Niño3.4 are 2.1 SD and 0.4 SD) and southward shifts of
the NPSH, SAH, and jet stream. These anomalous features are in substantial accord with the composite result
shown in Figure 2. To show the characteristics of the meridional dipole height pattern in extreme
submonsoon contrasts, the indices of northward shifts of NPSH and SAH and of the jet stream are deﬁned by
calculating the area-averaged anomalies of 850 hPa geopotential height over [40°N–55°N, 180°W–140°W],
200 hPa geopotential height over [30°N–45°N, 60°E–100°E], and 200 hPa zonal wind over [30°N–40°N, 120°
E–160°E], respectively. The indices are called NNPSH, NSAH, and JET, and their domains are displayed as
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Figure 6. Same as Figure 5 but for the year 1983.

blue boxes in Figures 5 and 6. In addition, the WNPSH index is deﬁned as the area-averaged 850 hPa
geopotential height anomalies over [15°N–30°N, 110°E–150°E].
The summer of 2013 exhibited strong intensities of positive NNPSH and NSAH and negative JET, while that of
1983 showed the opposite. All of the indices are greater (or less) than 1 (or 1) SD: 2.0 SD for NNPSH,
1.7 SD for NSAH, and 2.3 SD for JET in 2013; 1.6 SD for NNPSH, 2.0 SD for NSAH, and 1.4 SD for JET in 1983.
The linkage between the SAM-EAM and the WP-IO_zg, NNPSH, NSAH, and JET, which is shown for extreme
monsoon contrast years, is also signiﬁcant in the interannual relationship during the period of 1979–2013
(see Table 1). Consequently, this conﬁrms that the meridional height dipole anomaly along the Asian Jet
stream, which is caused by the strong zonal gradient of tropical SST, acts as an important trigger in
strengthening the submonsoon contrast.
On the other hand, the WNPSH, which corresponds to the southern center of action of the PJ teleconnection
pattern, is not signiﬁcantly related to the SAM-EAM (r ~ 0.05; see Table 1). For example, the summer of 2013
had an insigniﬁcant WNPSH (0.0 SD), while that of 1983 showed a strong WNPSH (1.0 SD). The composite
lower level height anomalies in Figure 2b also reveal the insigniﬁcant WNPSH. This distinction indicates
that the PJ-like teleconnection pattern does not play a key role in enhancing the submonsoon contrast.
Table 1. Correlation Coefﬁcients Between the June–July Indices Used
a
in This Study
CC
WP-IO_zg
NNPSH
NSAH
JET
WNPSH

WP-IO_zg

0.15

NNPSH

NSAH

JET

0.51

0.45
0.51

0.56
0.42
0.48

0.25

0.02

0.16

SAM-EAM
0.52
0.47
0.53
0.60
0.05

a

The correlation coefﬁcients in bold indicate values that are significant at the 95% conﬁdence level. The correlation coefﬁcients with
itself and overlapping values are left empty.
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zonal SST gradient in the tropical IndoPaciﬁc region on the monsoon contrast
will be discussed in the next section.

4. Effect of Zonal SST
Gradient on the
Submonsoon Contrast
Wang et al. [2013a] have shown that
the mega ENSO represents a broader
range of variability over North Paciﬁc
than ENSO measured by the Niño3.4
index. In fact, the mega ENSO is more
signiﬁcantly related to the PDO
(r ~ 0.67) than the Niño3.4 index
(r ~ 0.31) is. This could be an indicator
that the mega-ENSO-related zonal SST
gradient is more important for the
modulation of the meridional dipole
height pattern over North Paciﬁc
(seen in section 3) than ENSO alone is.
To focus on the effect of the zonal
SST gradient on the submonsoon
contrast, we deﬁne two zonal SST
gradient indices: WP-EP_zg and WPIO_zg (see data section). Because the
Indian Ocean SST is signiﬁcantly
connected with the Paciﬁc Ocean SST
through
the Walker circulation [Klein
Figure 7. (a) Time series of June–July normalized indices of Niño3.4, PDO,
WP-EP_zg, WP-IO_zg, and SAM-EAM during 1979–2013. (b) Same as
et al., 1999], the two indices are not
Figure 7a but for 7 year running mean time series.
independent of each other, with a
correlation coefﬁcient of 0.73 on the
interannual time scale (Figure 7a). However, the WP-IO_zg is less related to the mega ENSO (r ~ 0.66) in
comparison with the WP-EP_zg almost represented by the mega-ENSO variation (r ~ 0.90).
On the interannual time scale, the SAM-EAM is signiﬁcantly correlated with the WP-IO_zg (r ~ 0.52) and
the WP-EP_zg (r ~ 0.32). Table 2 displays the signiﬁcant interannual relationship between the SAM-EAM
and the zonal SST gradients associated with the mega ENSO, indicating that strong zonal SST gradients
along the equator play an important role in the recent intensiﬁcation of the SAM-EAM contrast by
enhancing the Walker and Hadley circulation as shown in Klein et al. [1999]. The triple SST pattern (i.e.,
Indian Ocean cooling, western Paciﬁc warming, and eastern Paciﬁc cooling) can also intensify the SAM
rainfall through the northwestward propagation of Rossby waves [Wang et al., 2013a; Xiang and Wang,
2013]. The regressed ﬁelds against the two zonal SST gradients on the interannual time scale reveal a
marked submonsoon contrast between the SAM and EAM (ﬁgure not shown).

Table 2. Correlation Coefﬁcients Between the June–July SAM-EAM and Climate Indices on the Interannual (IA) and
a
Interdecadal (ID) Time Scale
CC With SAM-EAM
On IA time scale
On ID time scale

WP-IO_zg

WP-EP_zg

0.52
0.63

0.32*
0.55

PDO
0.37
0.62

Mega ENSO

Niño3.4

0.40
0.64

0.20
0.15

a

The correlation coefﬁcients in bold (with asterisk) indicate values that are signiﬁcant at the 95% (90%) conﬁdence
level, respectively.
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Figure 8. Regression of simultaneous anomalies against the June–July WP-IO_zg index during 1979–2013. The 7 year
running mean is applied to all data sets. (a) SST, (b) OLR, (c) 200 hPa geopotential height, and (d) 200 hPa zonal wind
anomaly. Shading is only shown for values signiﬁcant above the 90% conﬁdence level.

The connection between the SAM-EAM and zonal gradients of tropical SST is more evident on the
interdecadal time scale (i.e., 7 year running mean) (see Table 2). On the interdecadal time scale, the mega
ENSO (i.e., WP-EP_zg) and PDO are negatively correlated with a correlation coefﬁcient of 0.92. Figure 7b
reveals the increasing trend in zonal SST gradients (WP-EP_zg and WP-IO_zg) and a decreasing trend in PDO.
It is worth noting that the SAM-EAM shows a clear increasing trend similar to the zonal SST gradients,
implying a signiﬁcant association between the SAM-EAM and the zonal SST gradients. This combined effect
of the interdecadal phase of mega ENSO and the negative PDO could contribute to the ampliﬁcation of the
sharp contrast between SAM and EAM in recent decades.
It should be noted that the SAM-EAM is better correlated with the WP-IO_zg (r ~ 0.63) than the WP-EP_zg
(r ~ 0.55) on the interdecadal time scale. Thus, we investigate climate anomalies associated with the WP-IO_zg
variation on the interdecadal time scale (Figure 8). The positively strong WP-IO_zg (Figure 8a) is associated with
abundant SAM and deﬁcient EAM convective precipitation (Figure 8b). The associated upper level height ﬁeld
shows a prominent meridional dipole pattern (i.e., southern cyclonic and northern anticyclonic anomalies
along ~ 30°N) (Figure 8c). In the thermal wind balance, the weakened upper level zonal wind anomaly appears
between the height dipole (Figure 8d). This feature resembles the SAM-EAM-related meridional height pattern
and the weakened zonal wind anomaly around 30°N (Figures 2c and 2d).
The WP-IO_zg related climate anomalies are in substantial agreement with the epochal difference of the
June–July climate anomalies between 1979–1990 and 2000–2013 (Figure 9). Note that the subperiods exhibit
the negative (i.e., 1979–1990) and positive (i.e., 2000–2013) phases of the submonsoon contrast on the
interdecadal time scale (see Figure 1d). There exist the southeastern Indian Ocean-western Paciﬁc warming and
northeastern Paciﬁc cooling, meridional dipole height pattern, and weakened zonal wind anomalies
around 30°N. The decadal change is also similar to the composite pattern for the submonsoon contrast (Figure 2).
Consequently, the ﬁndings suggest that the meridional dipole height pattern along the Asian Jet stream, which is
associated with the strong zonal gradient of tropical SST, is a key mechanism in modulating the submonsoon
contrast on the interannual time scale. On the interdecadal time scale, the zonal SST gradients through the Indian
Ocean, western Paciﬁc, and eastern Paciﬁc have intensiﬁed with the mega La Niña and the negative PDO, which
could result in the recent strengthening of the meridional dipole height pattern and the submonsoon contrast.
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Figure 9. Epochal difference of June–July anomalies between 1979–1990 and 2000–2013. (a) SST, (b) 850 hPa geopotential
height, (c) 200 hPa geopotential height, and (d) 200 hPa zonal wind. Shading is only shown for values signiﬁcant above the
90% conﬁdence level.

5. Discussion and Conclusion
This study concentrated on the recent strengthening in the submonsoon contrast between the SAM and
EAM. We suggest that the strong zonal SST gradient between the Indian Ocean, western Paciﬁc, and
eastern Paciﬁc, which is associated with the mega La Niña and the negative PDO on interannual and
interdecadal time scales, is a key factor in generating the sharp contrast of convective precipitation
between the SAM and EAM. The strong zonal SST gradients contributed to the enhanced convection
near the maritime continent and subsequently provided a favorable condition for the northwestward
emanation of Rossby waves and the resultant cyclonic anomaly over the SAM region [Xiang and Wang,
2013]. Finally, the cyclonic anomaly associated with the zonal SST gradient effectively changed the local
Hadley circulation, forming a strong meridional height gradient pattern along the upper level Asian Jet
stream during the summer of interest.
Years 2013 and 1983 are compared as the strongest extreme years for positive and negative phases of
submonsoon contrast. The result conﬁrms that the meridional dipole height pattern along the Asian Jet
stream, which is associated with the strong zonal gradient of tropical SST, serves as a key trigger in enhancing
the submonsoon contrast. On the other hand, the WNPSH, which serves as an important element of the
PJ teleconnection pattern, shows no signiﬁcant relationship with the SAM-EAM. Lee et al. [2013b] have
demonstrated that the WNPSH exerts a great impact on the submonsoon relationship between the SAM and
EAM. We argue that the WNPSH-related PJ teleconnection pattern has a more signiﬁcant effect in forming
the in-phase relationship between the SAM and EAM shown in Figure 3a, which is manifested in the signiﬁcant
correlation between the WNPSH and the PC1 time series in Figure 3b (r ~ 0.56).
On the other hand, there is the difference of the submonsoon contrast between total and convective
precipitations (see Figures 1c–1d and 10). As shown in Figure 10a, the SAM exhibits a gradual increase
after 2000. This increase in convective precipitation is in substantial accord with that in total
precipitation (r ~ 0.87 on the interannual time scale and r ~ 0.84 on the interdecadal time scale).
Meanwhile, despite of a high correlation on the interannual time scales (r ~ 0.77), the EAM in convective
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precipitation shows a different
decadal change from that in total
precipitation (r ~ 0.18 on the
interdecadal time scale) (Figure 10b).
The EAM in convective precipitation
only shows the rapid decrease after
2000. The difference in EAM
between convective and total
precipitations may be contributed
by a signiﬁcant role of large-scale
precipitation on total precipitation,
particularly, in the EAM.
Furthermore, the interdecadal
change in EAM precipitation shows a
signiﬁcant subseasonal difference in
addition to considerable regionality
[e.g., Ha et al., 2009]. The discrepancy
in EAM might be in part caused by
the inhomogeneous change in
precipitation. To carefully check the
relative contribution of convective
and large-scale precipitations to total
precipitation, we have examined the
change in submonsoon contrast using
Figure 10. Time series of June–July (a) SAM and (b) EAM normalized indices European Centre for Medium-Range
Weather Forecasts Re-Analysis (ERA)
for precipitation and inverse OLR. The thick line indicates the 7 year running
mean time series.
interim precipitations. However, the
ERA-interim precipitation does not
represent the decadal change shown in GPCP precipitation (ﬁgure not shown). Due to the insufﬁcient
observation of large-scale precipitation, it is difﬁcult to investigate the relative contributions of convective
and large-scale precipitations to total precipitation. We speculate that the intensiﬁed submonsoon
contrast is mainly attributable to the Rossby wave response to the convective heating anomaly over the
SAM and western North Paciﬁc region. The physical processes remain elusive, which should be investigated
in the future work.
It cannot be ruled out the possible impact of other climate factors (e.g., Indian Ocean Dipole mode
[Kripalani et al., 2010]) on the increasing submonsoon contrast, which should be investigated in a future
study. The difference between the SAM and EAM was particularly prominent during the June–July
period, which may be induced by the different mean state between June–July and August [e.g., Ha et al.,
2012]. The increasing contrast between the SAM and EAM does not indicate an increasing SAM rainfall.
In fact, a declining trend in SAM summer rainfall has been reported in recent decades [Yun et al., 2010;
Annamalai et al., 2013]. Annamalai et al. [2013] have suggested that the drying of the SAM could be
caused by a zonal shift in monsoon rainfall (i.e., from the SAM to the western Paciﬁc) due to global
warming. It is not clearly established whether SAM rainfall increases or decreases under a global
warming. This aspect should be the subject of future work.
The potential role of tropical SST change in driving the SAM-EAM relationship should be supported
through the model experiment, which will be examined in the numerical experiments in the future
study. The extreme contrast between the SAM and EAM has a great implication for worldwide weather
and climate. For example, the meridional height dipole pattern over the North Paciﬁc can affect extreme
ﬂoods/droughts over North America [Bell and Janowiak, 1995]. In addition, the signiﬁcant interdecadal
changes in the submonsoon relationship have important implications for seasonal climate prediction of
summer monsoon precipitation that remains still limited [e.g., Kang et al., 2004; Wang et al., 2009; Lee
et al., 2010; Wang et al., 2014a; and many others]. In particular, this study could contribute to better
prediction of unexpected weather and extreme climate over the Asian monsoon region.
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