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Abstract The Year-to-year variability of the western
Pacific subtropical high (WPSH) is primarily controlled by
atmosphere—ocean interaction (AOI) between the WPSH
and the Indo-Pacific warm pool dipole SST anomalies (AOI
mode) and the anomalous SST forcing from the equatorial
central Pacific (the CP forcing mode). In this study, we show
that the impacts of the WPSH variability on Asian summer
monsoon rainfall have changed after the late 1990s. Before
the late 1990s (the PRE epoch), the WPSH primarily affects
East Asian summer monsoon (EASM) and had little influ-
ence on Indian summer monsoon (ISM), whereas after the
late 1990s (the POST epoch), the WPSH has strengthened
its linkage to the ISM while weakened its relationship
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with the EASM. This epochal change is associated with
a change in the leading circulation mode in the Asia-WP
region. During the PRE (POST) epoch the WPSH variation
is mainly controlled by the AOI (CP forcing) that mainly
affects EASM (ISM). The epochal change of the leading
mode may be attributed to the change of the ENSO proper-
ties in late 1990s: the CP types of El Nino become a leading
ENSO mode in the POST epoch. This work provides a new
perspective for understanding decadal changes of the ENSO-
monsoon relationship through subtropical dynamics.

1 Introduction

The important role of the western Pacific subtropical high
(WPSH) in affecting Asian summer climate has been noticed
for many years. As a crucial component of East Asian sum-
mer monsoon (EASM) (Tao 1963; Lau and Li 1984; Ding
1994), the intensity, shape and location of the WPSH domi-
nate the large-scale quasi-stationary frontal zones in East
Asia (Tao and Chen 1987; Chang et al. 2000; Wang et al.
2001; Lu et al. 2016). Meanwhile, the WPSH shows a sig-
nificant influence on Indian summer climate by affecting
the intensity of Indian summer monsoon (ISM) with the
easterlies at its southern edge (Wang and Fan 1999; Lau
et al. 2000).

Efforts have been devoted to explaining the formation and
variability of the WPSH. The role of the Tibetan Plateau (Ye
and Gao 1979; Ye and Wu 1998; Lee et al. 2015), monsoon
diabatic heating (Hoskins 1996; Rodwell and Hoskins 2001),
and land-sea heating contrast (Wu and Liu 2003; Miyasaka
and Nakamura 2005) has been investigated. Meanwhile,
because the ocean acts as an immense energy source in sum-
mer, the critical role of the sea surface temperature anoma-
lies (SSTA) has received considerable attention for many
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years (e.g., Huang and Wu 1989; Lu and Dong 2001; Zhou
and Wang 2006).

Recently, based upon previous work and their own
numerical experiments, Wang et al. (2013) (hereafter W13)
have identified two different major SSTA mechanisms gov-
erning the two-leading empirical orthogonal function (EOF)
modes of the interannual variability of low-level circulation
in the Asian-western Pacific domain. Both modes represent
the WPSH variability, and the mechanisms regulating these
modes are illustrated in Fig. 1. The atmosphere—ocean inter-
action between the WPSH and SST dipole pattern [north-
ern Indian Ocean (NIO) warming and western north Pacific

(WNP) cooling] is suggested to be responsible for the EOF1
mode. This is because the strong and westward extension of
WPSH can influence the SSTA over WNP/NIO by strength-
ening/weakening mean state winds and induce WNP cool-
ing/NIO warming. The WNP cooling/NIO warming can in
turn strengthen the WPSH through changing in situ precipi-
tation/tropospheric temperature and hence generating atmos-
pheric descending Rossby/warm Kelvin waves (e.g., Wang
et al. 2000; Yang et al. 2007; Li et al. 2008; Xie et al. 2009;
Du et al. 2009; Xiang et al. 2011). The equatorial central
Pacific cooling governs the WPSH EOF2 mode by shift-
ing the rising limb of Walker cell westward, thus causing

(a) EOF1: Atmosphere-Ocean Interaction (AOl) mode
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Fig. 1 The pronounced characteristic of the EOF modes in the
Asian-western Pacific low-level circulation and the responsible SSTA
mechanism for the WPSH variability. The EOF1 mode which fea-
tures an intense high over western Pacific (solid circle with “WPSH”
inside) and a low over Japan (solid circle with “L” inside) is govern-
ing by the atmosphere—ocean interaction between the WPSH and
the underlying SST dipole (warming over the northern 10 and cool-
ing over the WNP) (a). The sum of the anomalous winds and the
mean winds (denoted by the double open arrows) results in enhanced
(reduced) total wind speed that cools (warms) the WNP (northern
10). However, the cooling in the WNP suppresses convection, which,
in turn, generates descent atmospheric Rossby waves, thus strength-
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ening the WPSH. The warming in the northern IO also favors an
enhanced WPSH by generating an anticyclonic vorticity associ-
ated with an atmospheric Kelvin wave response to the east of north-
ern 10 warming (same as the Figure S7 in W13). The EOF2 mode
with a high over western Pacific (solid curve with “WPSH” inside)
and a low over Indian ocean (solid curve with “L” inside) is forced
by the equatorial central Pacific cooling (b). The central Pacific cool-
ing shifts the rising limb of Walker cell westward, therefore reduc-
ing convection around 160E and increasing convection over the mari-
time continent. The suppressed convection (enhanced convection)
strengthens the WPSH by emanating descending Rossby waves (off-
equatorial anticyclonic shear vorticity)
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convection anomalies over the western Pacific/Maritime
Continent which further emanate descending Rossby waves/
off-equatorial anticyclonic shear vorticity (e.g., Wang et al.
2003; Chung et al. 2011; He et al. 2015).

Moreover, multi-decadal variation of Asian summer cli-
mate in recent decades has been noticed (e.g., Wang 2001;
Jiang and Wang 2005; Wang et al. 2008; Fan et al. 2008;
Huang et al. 2013, 2015; Huang and Li 2015; Xu et al. 2015;
Zhu et al. 2011). Particularly, many studies have found the
significant decadal shift of the interannual variability of
Asian summer climate in the 1990s. Kwon et al. (2005)
revealed that the leading mode of summer precipitation over
the East Asia and western North Pacific region has changed
in the middle 1990s, which is attributed to the central role of
the equatorial central Pacific SSTA after the middle 1990s
(Yim et al. 2008). Feng et al. (2014) studied the modulation
of the Pacific decadal oscillation (PDO) in different phases
on the behavior of the EASM in El Nino decaying years. Jin
et al. (2016) found that a decadal shift in ENSO telecon-
nection over the western Pacific impacts the Eastern China
precipitation dipole after the middle 1990s. In terms of the
WPSH, although He and Zhou (2015) noticed the different
role of the SSTA in affecting the WPSH variability in the
early 1990s, the specific mechanism is unclear, and the pos-
sible decadal shift of the WPSH-associated influence hasn’t
been studied. Therefore, we examine the decadal shift of the
WPSH’s influence on Asian summer climate and investigate
the possible mechanism in this study.

Our analysis of observations confirms that such decadal
changes take place. After the late 1990s, the WPSH has
increased influences on the ISM and weakened effects on the
EASM. This decadal change is associated with the changed
leading EOF mode of the WPSH. The equatorial central
Pacific SSTA has become a major forcing to the WPSH
after the late 1990s, causing the change of the leading mode.
These findings have important implications for Asian sum-
mer monsoon prediction. The rest of the paper is organized
as follows. Section 2 introduces the data and method. Sec-
tion 3 shows the decadal change in the WPSH influence on
the Asian summer climate in the late 1990s. The decadal
change of the primary EOF mode of the low-level Asian-
Pacific circulation after the late 1990s is revealed in Sect. 4.
Section 5 investigates the contribution of the upper-level
circulations. The possible mechanism is discussed in Sec-
tion 6. Section 6 summarizes the results.

2 Data and method

The monthly mean datasets used in this study are geo-
potential height, zonal and meridional winds derived
from the National Centers for Environmental Prediction
(NCEP)/Department of Energy (DOE) AMIP-II Reanalysis

(Kanamitsu et al. 2002), the precipitation from Global Pre-
cipitation Climatology Project V2.3 (Adler et al. 2003) and
the sea surface temperature from the National Oceanic and
Atmospheric Administration (NOAA) Extended Recon-
structed SST Version 3b (ERSST V3b) (Smith et al. 2008).
In terms of the monsoon rainfall index, the Indian summer
monsoon rainfall index (ISMRI) and the Yangtze River
rainfall index (YRRI) are chosen to represent the Indian
summer monsoon rainfall and the east Asian summer mon-
soon rainfall, respectively. Here ISMRI/YRRI is calculated
as the regionally averaged precipitation over (10°-30°N,
72°-85°E)/(28°-34°N, 106°-122°E).

The summer mean (June—July—August) record during
1979-2016 is analyzed in this study. In order to focus on
the interannual variability associated with the WPSH, all
involved datasets during 1979-2016 have been de-trended
before the analysis. The statistical significance is assessed
using the Student’s t test. It should be noted that the influ-
ence of the autocorrelation on the freedom degree has not
been considered, because of the short record in this study.

3 Changes in the WPSH’s influence on the Asian
summer climate

To quantify the year-to-year variability of the WPSH, fol-
lowing W13, a WPSH index (WPSHI) is defined by the
regionally averaged H850 over the climatological maximum
interannual variability center (15°-25°N, 115°-150°E). The
normalized summer WPSHI during 1979-2016 is shown in
Fig. 2.

The close relationship between WPSHI and the princi-
pal components (PCs) of the EOF modes for the 850-hPa
geopotential height (H850) over the Asian—Australian
monsoon domain has been discussed in W13. However, we
find a decadal shift in the relationship between WPSHI and
PCs in this study. Figure 3 displays the 13-years running
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Fig. 2 The normalized JJA WPSH index during 1979-2016 which is
defined by the regionally averaged 850-hPa geopotential height over
(15°N-25°N, 115°E-150°E)
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Fig. 3 13-year running correlation of WPSHI with PC1 (thick solid
line) and PC2 (thick dash line) of the EOF modes for the JJA 850-
hPa geopotential height over the Asian—Australian monsoon domain
(20°S—40°N, 30°E-180°E) during 1979-2016, in which the thin dash
line denotes the 95% confidence levels

correlation of WPSHI with PC1 and PC2 of H850, respec-
tively. Compared with the weakening trend in the correlation
of the WPSHI with PCl1, it is noteworthy that the correlation
between the WPSHI and PC2 increases steadily and exceeds

Fig. 4 Correlation of the JJA
WPSHI with the JJA pre-

the correlation between the WPSHI and PC1 after the late
1990s. Considering the different spatial patterns between
EOF-1 mode and EOF-2 mode (W13), the high correlation
of the WPSHI with PC2 after the late 1990s implies that the
spatial pattern reflected by the WPSHI and the associated
influences may have changed after the late 1990s. Therefore,
we compare the WPSH’s influence during 1979-1999 (PRE
epoch) with that during 2000-2016 (POST epoch) and dis-
cuss the possible mechanism in the following part.

Figure 4 shows the circulation pattern reflected by
WPSHI and the associated climate anomalies during the
PRE and POST epochs, respectively. During the PRE epoch,
a positive WPSHI reflects a high pressure circulation in the
western Pacific and a low pressure circulation over Japan,
reminiscent of Pacific-Japan (PJ) pattern (Nitta 1987) or East
Asia-Pacific (EAP) pattern (Huang and Sun 1992), which is
associated with suppressed convection in the tropical west-
ern North Pacific and enhanced convection extending from
the Yangtze River valley to Japan. Meanwhile, there is no
significant rainfall signal in the India Peninsula (Fig. 4a).
However, after the late 1990s (Fig. 4b), associated with a

cipitation (shading), 850-hPa
geopotential height (contours)
during 1979-1999 (a) and
2000-2016 (b). The light,
medium and dark shading indi-
cates the significant above 90,
95 and 99% confidence levels,
respectively
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positive WPSHI, there is a large subtropical high extending
from the western Pacific to northern Asia and a low pres-
sure circulation over the Indian Ocean, concurring with the
enhanced convection in the southeast flank of subtropical
high along the rain band stretching from the Maritime Con-
tinent to India and the reduced convection over the Philip-
pine Sea and the equatorial western Pacific. Influence of the
WPSH on East Asia obviously weakens with the absence of
the Japan low during the POST epoch.

To quantitatively investigate the decadal change of the
WPSH’s influence on Asian summer climate, we calculate
the correlation coefficient (CC) of WPSHI with the ISMRI
and the YRRI during PRE and POST epochs, respectively
(Table 1). With a CC of — 0.02 between WPSHI and ISMRI,
the ISM is not linked to the WPSH during the PRE epoch.
However, the CC between WPSH and ISMRI increases to
0.58 during POST epoch (significant at 95% confidence
level), indicating the increasing association of the WPSH
with the ISM after the late 1990s. Meanwhile, the WPSH
is closely related with YRRI with a CC of 0.67 during
1979-1999 (significant at 99.9% confidence level); but after
the late 1990s, the CC between WPSHI and YRRI decreases
to 0.40, which is apparently lower than the PRE epoch CC,
and the statistical significance drops below the 90% con-
fidence level. It suggests that the influence of the WPSHI
on the EASM has weakened after the late 1990s. Briefly,
compared to the significant influence of the WPSHI on the
EASM during the PRE epoch, the WPSHI is more closely
related with the ISM during the POST epoch.

Overall, associated with different circulation patterns, the
influences of the WPSH on Asian summer climate have a
decadal change after the late 1990s. The WPSH’s influence
on the EASM has weakened and the relationship between
the WPSH and the ISM becomes significant after the late
1990s.

4 Change of the leading modes of Asian-western
Pacific circulation

To understand why the influence of WPSH on Asian mon-
soon rainfall changed after the late 1990s, we investigate

Table 1 The correlation coefficient of the JJA WPSHI with JJA
ISMRI and JJA YRRI during PRE and POST epochs

PRE (1979-1999) POST
(2000~
2016)

ISMRI -0.02 0.58

YRRI 0.67 0.40

Boldface numbers are significant at the 95% confidence level

whether the leading modes of Asian-western Pacific 850 hPa
geopotential (H850) circulation have changed.

To begin with, we examine the two leading EOF modes
of the H850 during the entire period of 1979-2016 (Fig. 5).
The EOF-1 with a percent variance of 31.2% is characterized
by an intense high pressure system extending from the west-
ern Pacific to the Indian Ocean and a low pressure system
located over Japan, which concurs with suppressed rainfall
over the South China Sea to the western North Pacific and
enhanced rainfall over the region from the middle and lower
reach of the Yangtze River valley to Japan (Fig. 5a). In the
correlation map of the SSTA and 850-hPa winds (Fig. 5c¢),
anomalous northeasterlies associated with cold SSTA over
the western Pacific around 160°E and anomalous easterlies
accompanied by warming over the northern Indian Ocean
are observed. The positive feedback between the WPSH and
underlying dipolar SST anomaly in Indo-western Pacific
warm pool has been demonstrated to play a central role in
sustaining the above circulation pattern by W13 (also see
Fig. 1a).

The spatial pattern of the EOF-2 mode features a dipole
pattern with a high pressure system over the Pacific and a
low pressure system over the Indian Ocean, which are asso-
ciated with enhanced rainfall on the southwest flank of the
high pressure circulation and suppressed rainfall extending
from the Philippine Sea southeastward to the equatorial
western Pacific (Fig. 5b). The main feature of the associ-
ated SST anomaly is the significant negative SST anomaly
over the equatorial central Pacific (Fig. 5d). The numeri-
cal experiment in W13 has demonstrated that the equatorial
central Pacific cooling is responsible for the formation of the
spatial pattern of EOF-2 (See Fig. 1b).

Note that the results in Fig. 5 show that the EOF 1 and
EOF 2 are, respectively, more tightly linked to precipitation
over the EA subtropical front and Indian summer monsoon
(Table 2).

As we showing in Fig. 3, there is a decadal change in the
relationship between WPSHI and PCs after the late 1990s.
Meanwhile, comparing Figs. 4 and 5, the precipitation pat-
tern associated with the WPSHI during the PRE epoch in
Fig. 4a resembles the corresponding spatial patterns of
EOF-1 mode in Fig. 5a, but the POST WPSHI reflects a
precipitation pattern similar to that of the EOF-2 mode in
Fig. 5b. This motivates us to further examine the leading
circulation modes during the PRE and POST period.

Figure 6 shows that during the PRE epoch, the atmos-
pheric-ocean interaction in Indo-Pacific warm pool sustains
an intense high pressure system extending from the Pacific
to the Indian Ocean and the PJ pattern along Asian coast,
which resembles the spatial pattern of EOF-1 mode in the
entire period of 1979-2016. However, after the late 1990s,
with the equatorial central Pacific cooling becoming the
major player, the center of the high pressure system moves
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Fig. 5 The EOF-1 mode (left-side panels of a, ¢, e) and the EOF-2
mode (right-side panels of b, d, f) during 1979-2016. a The spatial
pattern of the leading EOF mode derived from JJA 850-hPa geo-
potential height (m; contours) over the Asian—Australian monsoon
domain (20°S—40°N, 30°E-180°E) during 1979-2016 and the corre-
lated precipitation (mm day~!; shading) over the Indo-Pacific domain
with the PC of EOF-1. The percent variance for the EOF-1 is given

Table 2 The correlation

: ISMR YRRI
coefficient of the PC1 and PC2
with JJA ISMRI and JJA YRRI PC1 —0.15 0.44
during 1979-2016, respectively PC2 0.54 022

Boldface numbers are signifi-
cant at the 95% confidence level

eastward and northward and a relatively low pressure system
appears in the northern Indian Ocean. A dipole geopoten-
tial height pattern resembles the spatial pattern of EOF-2
mode during 1979-2016. Actually, the pattern correlation of
the POST EOF-1 mode with the EOF-2 mode in the entire
period is 0.96, but only is 0.28 with the EOF-1 mode in
the entire period. Similarly, the spatial pattern of the PRE
EOF-1 mode resembles the spatial pattern of the EOF-1
mode in the entire period (1979-2016), as evidenced by the
pattern correlation coefficient of 0.95 (0.50) with the EOF-1
(EOF-2) mode in the entire period.

The above evidence suggests that with the equatorial cen-
tral Pacific cooling acting as the major forcing, the EOF-2
mode of H850 in the entire period has become the EOF-1
mode after the late 1990s. It also explains the higher CC
between PC2 in the entire period and WPSHI after the late
1990s, and the decreased CC in the entire period between
PC1 and WPSHI, although the latter still shows high

@ Springer

at the upper right corner of the panel. ¢ The correlated SSTA (shad-
ing) and 850-hPa horizontal winds (ms™") with reference to the PC
of EOF-1 during 1979-2016. The light, medium and dark shading
in Panels a—d indicates the correlations significant above 90, 95 and
99% confidence levels, respectively. e Standardized time series of
EOF-1 (PC) during 1979-2016. Panels of b, d and f are the same as
in a, ¢ and e, respectively, but for the EOF-2 mode

statistical significance after the late 1990s, possibly due to
the large explained percent variance (Fig. 3).

In sum, the WPSHI reflects different leading circulation
modes during the two epochs, and the change of the low-
level leading circulation mode from PRE to POST epoch has
caused the decadal change in the WPSH influence on Asian
summer monsoon rainfall anomalies.

5 Changes of the upper-level circulations
associated with the WPSHI

Considering the Asian summer monsoon variability is also
closely related to the upper level circulation anomalies, we
examine the changes of the upper-level circulations in this
section.

The WPSH in the lower troposphere and the East Asian
jet stream (EAJS) in the upper troposphere are the two
dominant components of the EASM circulation system. Lin
et al. (2010) found a decadal shift in the relationship between
EAJS and WPSH after the late 1970s. Here, we calculate
the CCs between WPSHI and EAJS index (EAJSI) during
the two epochs. Following Lin et al. (2010), the EAJSI is
defined as the PC time series of the leading EOF mode of
zonal winds at 200 hPa over (20°N-60°N, 120°E-150°E)
(Fig. 7). We find a decadal shift in the relationship between
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Fig. 6 The EOF-1 mode during 1979-1999 (left-side panels of a, ¢, e) and 2000-2016 (right-side panels of b, d, f). Panels a (b), ¢ (d) and e (f)
are the same as in Fig. 5 a (b), ¢ (d) and e (f), respectively, but for results based upon the EOF-1 mode for the period of 1979-1999 (2000-2016)

WPSHI and EAJSI after the late 1990s. The CC is 0.57 dur-
ing the PRE epoch (significant at 99% confidence level), but
decreases to —(0.17 during the POST epoch, suggesting the
drastic weakening of the relationship between the WPSH
and the EAJS after the late 1990s.

Figure 8a, b exhibit the regression of horizontal winds
at 850 hPa based upon the EAJS during the PRE and POST
epochs, respectively. Before the late 1990s, associated with
the anomalous EAJS, there is a significant anticyclonic
anomaly over the WNP and a cyclonic anomaly over the
Japan Sea, resembling the PJ pattern. Remarkable conver-
gence locates over the region from the middle and lower
reach of the Yangtze River Valley to South Japan. Therefore,
the EAJS is significantly and negatively correlated with the
precipitation over the WNP and positively correlated with
the precipitation over the middle and lower reach of the
Yangtze River Valley and South Japan (Fig. 8c). During the
POST epoch, the relationship between WPSHI and EAJSI
weakens, no significant anticyclone circulation anomaly is
observed over WNP (Fig. 8b), and the connection between
the EAJS and the precipitation over the WNP-EA also weak-
ens, no remarkable precipitation anomalies are observed
over the middle and lower reach of the Yangtze River Val-
ley and WNP (Fig. 8d).

Previous studies have documented that the barotropic
response, which acts as the results of the coupling of exter-
nal mode and internal mode excited by the tropical WNP
precipitation anomaly, is necessary for the meridional tel-
econnection over the WNP-EA (PJ/EAP pattern), because
the barotropic response emanates from the tropics into the
extratropics, enabling the tropical-extratropical teleconnec-
tion (Kato and Matsuda 1992; Wang and Xie 1996). The
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Fig. 7 a The first EOF mode of JJA zonal wind at 200 hPa over
(20°-60°N, 120°E-150°E) and b the corresponding PC1 during
1979-2016 (bars) which is defined as the East Asian jet stream index
(EAJSI). The solid line is the normalized WPSHI during 1979-2016
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Fig. 8 Panels a and b are the regression of the horizontal winds
at 850 hPa (m s™') based upon EAJSI during 1979-1999 (a) and
2000-2016 (b). Panels ¢ and d are the correlation coefficient between

WPSH and the EAJS have been viewed as two components
of the meridional teleconnection over the WNP-EA (Huang
et al. 2003; Lu 2004; Lu and Lin 2009). Therefore, the weak-
ened relationship of the EAJS with the WPSH and the pre-
cipitation over WNP may contribute to the obscure low-level
PJ pattern during POST epoch which can further leads to the
weakened influence of the WPSH on the EASM.

In terms of the decadal shift of the WPSH influence
on the ISM, it is interesting to notice that after remov-
ing the ENSO signals in WPSHI (WPSHI-OUT-ENSO),
the CC between WPSHI-OUT-ENSO and the ISMRI is
0.27 (= 0.03) during 2000-2016 (1979-1999). This result

@ Springer

EAIJSI and JJA precipitation (mm day_l) during 1979-1999 (c¢) and
2000-2016 (d). The light, medium and dark shading indicates signifi-
cance at the 90, 95 and 99% confidence level

implies that POST strengthened influence of the WPSH on
the ISM derives quite possibly from strengthened impact
of ENSO on the ISM. Actually, the CC between the Nino
3.4 index [SSTA averaged over 5°S-5°N, 170°W—-120°W]
and the ISMRI is — 0.16 during PRE epoch, but increases
to —0.74 during POST epoch (significant at 99.9% con-
fidence level). Figure 9 shows the regression map of
velocity potential and divergent wind at 200 and 850 hPa
based upon the Nino 3.4 index during the PRE and POST
epochs, respectively. Compared to the PRE epoch, the
anomalous Indo-Pacific Walker circulation shifts westward
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(a) PRE: Reg. CHI and Div at 850 hPa aganist Nino 3.4
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(b) POST: Reg. CHI and Div at 850 hPa aganist Nino 3.4
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Fig. 9 Regression of JJA 850-hPa velocity potential (10° m?s~!;

shading) and divergent wind (m s™'; vectors) with respect to the Nino
3.4 index during 1979-1999 (a) and 2000-2016 (b). Panels ¢ and d

remarkably in the POST epoch, with the low-level conver-
gence (high-level divergence) center shifting from equa-
torial eastern Pacific to equatorial central Pacific and the
low-level divergence (high-level convergence) center over
the Maritime Continent in the PRE epoch extending north-
westward to the Arabian Sea in the POST epoch (Fig. 9).
This westward shifted Indo-Pacific Walker circulation may
contribute to a strengthened relationship between ENSO
and the ISM. Associated with the equatorial central Pacific
cooling acting as the major forcing for the WPSH variabil-
ity and the enhanced influence of ENSO on the ISM, the
Indo-Pacific Walker circulation associated with WPSHI
strengthens in the POST epoch, with the enhanced lower
tropospheric divergence (upper tropospheric convergence)
over equatorial central Pacific and enhanced lower tropo-
spheric convergence (upper tropospheric divergence)
over the Arabian Sea and Maritime Continent (Fig. 10).
Therefore, we suggest that the strengthened influence of
the WPSH on the ISM during the POST epoch may be
attributed to the westward shifted Indo-Pacific Walker
circulation.
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(d) POST: Reg. CHI and Div at 200 hPa aganist Nino 3.4
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are the same as in Panels a and b, respectively, but for 200 hPa. The
thick line indicates the significant at the 95% confidence level

6 Discussion

In this section, we discuss the root cause of the decadal
change of the low-level Asian-Western Pacific circulation,
which are dominated by two modes during the 1979-2016:
The Atmosphere—Ocean interaction (AOI) mode (EOF 1)
and the central Pacific warming/cooling forced (CPF) mode
(EOF2) (Fig. 5). The AOI mode does not have fundamen-
tally change across the entire period. But the CPF mode
has been enhanced and becomes the leading mode in POST
epoch. Therefore, the decadal change of the low-level Asian-
Western Pacific must arise from the increased CP SST forc-
ing during the POST epoch.

The above assertion is consistent with observed decadal
change of the ENSO properties. Canonical El Nifio has a
warming center in the eastern Pacific (EP), but in recent dec-
ades, El Nifio warming center tends to occur more frequently
in the central Pacific (CP). Since the late 1990s the standing
CP El Nino becomes a dominant mode in the Pacific (Xiang
et al. 2012).

With this decadal shift in the type of El Nino events, the
anomalous Indo-Pacific Walker circulation shifts westward
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(a) PRE: Reg. CHI and Div at 850 hPa aganist WPSHI

= T - ¢ e~ g .
BON =P « » v & «\o 2 « <« « « « - T » o
I B A « e 3 e« . oo
“ B < B o« 4 b e o« I S N
':$-§ « y A & v v v « X K K 7 a2
30N _?1 PN [P R v RRKK 472
| 2 . R NN NTH T
0 v v, v R N
I IR v« <« 1// ¢ & v > 2 7
0 1o R ke < “ e
L FE oy o ¥ Vb
L, LIS PRI * < v woeog T
T A RN S S P rs P
308 T T T — T
30E 60E 90E 120E 150E 180 150W 120W

-09 -07 -05 -03 03 05 0.7 09

(b) POST: Reg. CHI and Div at 850 hPa aganist WPSHI

=T T X < - - c e« < > N 5
BON —PY o« « « «)e « « « ¢« ¢« «« Ao —
b v v v e\e v v v de « « ERCER % Kt P 2o S
f)f & v AR IR IR SR N AR RN KA A A
37“ v « v v« x X x 7 oA

30N e + ¢ v PR I SN r>\\\ a
M - C/ARN LG [~
" q /i -~
) = . 7 -
0 o ? - £
I QR & 3 2
LRI « A XN x e
15 AN 7 > ¢ e \x 1’ TN N —
308 — S e
30E 60E 90E 120E 150E 180 150W 120W

-09 -07 -05 -03 03 05 0.7 09

Fig. 10 Same as in Fig. 9, but with respect to the WPSHI

remarkably in the POST epoch (Kumar et al. 2006), which
favors the WPSH influence the ISM. Meanwhile, there is an
anomalous Walker circulation over the Maritime Continent
and equatorial central Pacific, which can weaken the vertical
shear over the WNP (figure not shown). The weakened verti-
cal shear is unfavorable for the coupling of external mode
and internal mode excited by the tropical WNP precipitation
anomaly and results in non-significant barotropic response
(Kasahara and Silva Dias 1986; Lu 2004; Lin et al. 2010),
thus the PJ pattern weakens during the POST epoch. With
the absence of the PJ pattern, the WPSH’s influence on the
EASM is obscure after the late 1990s.

The causes of the decadal change of the ENSO proper-
ties have been a debating issue. Global warming has been
blamed for the westward shift of maximum warming as well
as more frequent occurrence of CP El Nino (Yeh et al. 2009).
However, since the late 1990s, the epochal mean trade winds
have strengthened and the equatorial thermocline slope has
increased, contrary to the global warming-induced weaken-
ing trades and flattening thermocline. Xiang et al. (2012)
proposed that the recent predominance of CP El Nino arises
from a dramatic decadal change characterized by a grand
La Nin~a-like background pattern and strong divergence in
the CP atmospheric boundary layer. After the late 1990s,
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(€) PRE: Reg. CHI and Div at 200 hPa aganist WPSHI
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the anomalous mean CP wind divergence tends to weaken
the anomalous convection and shift it westward from the
underlying SST warming due to the suppressed low-level
convergence feedback.

7 Summary

We find that after the late 1990s the spatial pattern of the
primary EOF mode of H850 over the Asian—Australian mon-
soon domain has changed, leading to a decadal change of the
WPSH’s influence on Asian summer monsoon.

Prior to the 1999 (1979-1999), the first leading empirical
orthogonal function mode (EOF-1) of the low-level Asian
summer circulation, which is mainly affected by positive
atmosphere—ocean feedback over Indo-Pacific warm pool
oceans, features an intense high pressure system extending
from the western Pacific to the Indian ocean and a PJ pattern
over East Asian coast. With this spatial structure, the WPSH
shows significant influence on the East Asian summer mon-
soon, but none on the Indian summer monsoon.

After the 1999 (2000-2016), the equatorial central Pacific
cooling/warming becomes the major forcing, which shifts
the Indo-Pacific Walker circulation westward and makes
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the EOF-1 mode of the low-level Asian summer circula-
tion change to a dipole pattern with a high pressure system
over the western Pacific and a low pressure system over the
Indian Ocean. This changed EOF-1 mode favors the WPSH
closely connected with the Indian summer monsoon. Mean-
while, with the obscure relationship between the EAJS and
the WPSH and the absence of the PJ pattern, the WPSH’s
influence on the EASM becomes weaker after the late 1990s.

The decadal change of the primary low-level Asian-West-
ern Pacific circulation is believed to arise from the increased
CP SST forcing during the POST epoch. This assertion is
also consistent with the observed decadal change of the
ENSO properties: Since the late 1990s the standing CP El
Nino becomes a dominant mode in the Pacific (Xiang et al.
2012), which is in association with strengthened epochal
mean trade winds and increased CP wind divergence. The
latter tends to shift anomalous convection and associated
Walker cell westward.

The present study presents evidence that the WPSH not
only affects EASM, but also the ISM. The ways by which
WPSH intensifies and affects ISM and EASM involve two
major mechanisms. One is the atmosphere—ocean interaction
(AQOI) between the WPSH and underlying anomalous SST
dipole over the Indian-western Pacific warm pool ocean,
and the other is the central Pacific SST anomalies. The AOI
plays a main role during the El Nino/La Nina decaying sum-
mer in changing EA subtropical frontal rainfall, while the
CP forcing acts during developing El Nino/La Nina sum-
mers to affect Indian summer rainfall. The results suggest
that the two mechanisms are regulated by planetary scale
background circulation and could have interdecadal changes.

In recent decades, PDO has changed from a positive
phase to a negative phase after the late 1990s. Influences
of the recent negative phase of PDO on the decadal change
of Asian summer climate have been studied. For example,
Zhu et al. (2015) have examined contributions of the nega-
tive phase of PDO after the late 1990s to the summer rain-
fall anomalies over East Asia by using numerical model
experiments. Does the changed PDO phase contribute to
the decadal shift of the WPSH’s influence on the Asian
summer climate? With the help of Yali Zhu and Jiehua Ma
for offering their experiments’ outputs, we investigate the
spatial pattern of the EOF1 mode in modeling 40 years out-
puts for negative-PDO experiment and control experiment,
respectively, and compare their differences. It is clear that
the anomalies on the difference map of model experiments
are opposite with those on the difference map of the two
epochs in NCEP2 (figure not shown). Therefore, the PDO
may not be the main direct reason for the decadal shift of
the WPSH’s influence on Asian summer climate (more
designed details of model experiment can be seen in Zhu
et al. 2015). It is possible that the PDO may contribute to the
changed SSTA forcing for the WPSH variability and shows

its indirect influence on the decadal shift of the WPSH’s
influence on Asian summer climate. However, it remains to
be confirmed by further analysis in the future.

In general, the mechanisms that are possibly responsi-
ble for the decadal shift of the WPSH influence, remain to
be confirmed. Further analysis based on more quantitative
diagnose, as well as the state-of-the-art climate models, is
needed in future work.
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