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ABSTRACT

The boreal summer western Pacific subtropical high (WPSH) exhibits a remarkable decadal shift in its

spatial pattern and periodicity around the late 1990s. In the former period, the WPSH is primarily charac-

terized by a large-scale uniform pattern over Asia and its surrounding area with an oscillating period

of ;4–5 yr. However, the WPSH-related atmospheric circulations shift to a dipole structure and oscillate

at ;2–3 yr in the recent period. We found that this decadal shift is largely contributed by the ENSO regime

change.During the former period, the tropical Pacific was dominated by the conventional eastern Pacific (EP)

El Niño–Southern Oscillation (ENSO) with an oscillating period of ;4–5 yr. Strong anticyclone anomalies

usually are maintained over the western North Pacific (WNP) during the EP El Niño decaying summer, ac-

counting for most of the WPSH temporal and spatial variability. In contrast, the recent period features much

more frequent occurrence of central Pacific (CP) El Niño events in the tropical Pacific with a;2–3-yr oscillating

period. A dipole structure in the WNP and Indian Ocean is evident during both developing and decaying

summers ofCPElNiño, consistentwith theWPSH leadingmode after the late 1990s. The results have important

implications for seasonal prediction of the WPSH and associated Asian summer climate anomalies.

1. Introduction

The western Pacific subtropical high (WPSH) is an

important circulation system over the subtropical western

North Pacific (WNP) and adjacent lands. As a crucial

component of East Asian summer monsoon circulation

system, the WPSH exhibits remarkable interannual and

decadal variability in terms of its intensity, structure, and

zonal and meridional displacements (e.g., Tao and Xu

1962; Huang 1963; Lau and Li 1984; Tao and Chen 1987;

Ding 1994; Zhao and Chen 1995). Possible mechanisms

for the multiple time scale variability of the WPSH have

drawn widespread attention due to pronounced climate

implications over East Asia (e.g., Tao and Chen 1987; Sui

et al. 2007; Chung et al. 2011; Xu et al. 2015; Wang et al.

2017), and so far the variability is not fully understood.

Due to the active regional ocean–atmosphere inter-

action, the underlying warm pool is intimately

associated with the WPSH interannual variations. A

warmer (colder) warm pool and thus enhanced (weak-

ened) local convections could excite a low-level anom-

alous cyclone (anticyclone), which tends to shift the

WPSHmore northward and westward (southward and

eastward) (e.g., Nitta 1987; Lu 2001). It is well known

that the warm pool sea surface temperature (SST) and

associated convection conditions are largely de-

pendent on the El Niño–Southern Oscillation

(ENSO) state (e.g., Picaut et al. 1996), the dominant

interannual climate variability resulting from coupled

ocean–atmosphere interactions in the tropical Pacific.

Therefore, the ENSO and WPSH exhibit a close re-

lationship and their physical linkages have been exten-

sively investigated (e.g., Zhang et al. 1996; Wang and

Zhang 2002;Wang et al. 2013; Xiang et al. 2013). During

the El Niño developing autumn, the negative SST

anomalies in the tropical western Pacific can trigger a

western North Pacific anticyclone (WNPAC) and

favors a strengthened WPSH (Zhang et al. 1996; WangCorresponding author: Wenjun Zhang, zhangwj@nuist.edu.cn
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et al. 2000; Wang and Zhang 2002). This atmospheric

teleconnection develops rapidly in late autumn and

persists until the following spring and early summer

during El Niño episodes through local WNP wind–

evaporation–SST feedback (e.g., Wang et al. 2000) or so-

called combination-mode mechanism (e.g., Stuecker

et al. 2015; Zhang et al. 2016). Meanwhile, the previous

winter El Niño–induced tropical Indian Ocean (IO)

warming can persists through summer and anchors the

WNPAC by exciting an atmospheric Kelvin wave in the

WNP (IO capacitor effect; Xie et al. 2009).

The WPSH also exhibits prominent interdecadal vari-

ability; for example, it has been argued that it experienced

a decadal change in the late 1970s (e.g., Hu 1997; Gong

and Ho 2002; He and Gong 2002). Compared with the

prior period, the WPSH tends to be stronger and shifted

southwestward during the later period. Accordingly,

southern China has experienced a warmer and wetter

condition after the late 1970s (He and Gong 2002). The

decadal WPSH variation around the late 1970s is

argued to be associated with enhanced heating in the

Indo-Pacific warm pool (e.g., Zhou et al. 2009). An-

other argument is that the northward movement and

enhancement of the baiu associated heating intensifies

the upper-tropospheric ridge and shifts the WPSH

northward due to the baroclinic intensification along

the baiu rainband (Matsumura et al. 2015). However,

several studies proposed that this decadal westward

extension of the WPSH is just a manifestation of

global warming (Wu and Wang 2015; Huang and Li

2015; He et al. 2015). When the WPSH is measured by

its dynamic definition such as vorticity, the boreal sum-

merWPSH displays no remarkable decadal change in its

intensity and location since the late 1970s.

Recently, two leading modes have been extracted for

the large spatial-scale pattern associated with theWPSH

(Wang et al. 2013). The first mode is characterized by a

consistent sign of the geopotential height covering the

entire Asian–Australian monsoon region. The second

mode exhibits a dipole pressure pattern with opposite

sign in the WNP and IO. In particular, the relative im-

portance of these two leading modes is changed around

the late 1990s with the previous second mode becoming

the dominant one in the recent period (Huang et al.

2018). In accordance, the climate response to theWPSH

has also been changed over the East Asian and Indian

summer monsoon regions. At present, the mechanisms

for the decadal shift of the WPSH dominant modes

around the late 1990s have not been clearly illustrated. It

is notable that ENSO also has experienced a prominent

decadal change around the late 1990s. A new type of El

Niño has been observed to occur more frequently with

the air–sea action center located in the central Pacific

(CP), which differs considerably from the traditional El

Niño that features a SST anomaly center over the east-

ern Pacific (EP) (Larkin andHarrison 2005; Ashok et al.

2007; Kao and Yu 2009; Kug et al. 2009; Yeh et al. 2009;

Zhang et al. 2014). Some studies argued that the CP

warming has become the dominant mode in the tropical

Pacific since the late 1990s with relatively weaker am-

plitude and shorter oscillating period (McPhaden et al.

2011; Xiang et al. 2013; Wang and Ren 2017).

It is compelling to hypothesize that the WPSH de-

cadal shift around the late 1990s may be related to

changes of the tropical Pacific SST variability, since the

tropical Pacific SST is a key factor affecting the WPSH.

Whether these two phenomena are closely associated

deserves scientific attention for improving the seasonal

prediction of the WPSH. The purpose of this present

study is to investigate the possible reasons of the decadal

shift of the WPSH around the late 1990s. Our analyses

show that this decadal shift can be largely attributed to

the ENSO regime change. In the remainder of this pa-

per, section 2 introduces the data, methodology, and

definition of ENSO events. The WPSH decadal shift

around the late 1990s is described in section 3, and the

related decadal changes of the ENSO-associated SST

in the tropical Pacific are also shown. In section 4, we

present an important role of the ENSO regime change

on the decadal shift of the WPSH. The major conclu-

sions are summarized and discussed in section 5.

2. Data and methodology

The monthly atmospheric circulation datasets (1979–

2016) used in this study are derived from the National

Centers for the Environmental Prediction–National Cen-

ter for the Atmospheric Research (NCEP–NCAR) re-

analysis (Kalnay et al. 1996). The precipitation data are

taken from Climate Prediction Center Merged Analysis

of Precipitation (CMAP) (Xie and Arkin 1997). The

SST anomalies (1979–2016) are examined based on the

global sea ice and sea surface temperature analyses from

the Hadley Centre (HadISST1) provided by the Met

Office (Rayner et al. 2003). The horizontal resolutions of

the SSTand atmospheric circulation datasets are 2.583 2.58
and 183 18, respectively. Anomalies for all variables are

defined as the deviation from the long-term climatological

mean (1979–2016) and long-term trends are removed. To

focus on the interannual variability of the WPSH, a 7-yr

high-pass Fourier filter was applied to each dataset. Note

that our qualitative conclusion remains the same even

with nonfiltering data. All statistical significance tests

were performed based on the Student’s t test.

The WPSH index (WPSHI) measuring the WPSH

intensity is defined as the boreal summer (JJA) mean
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of 850-hPa geopotential height (H850) anomaly aver-

aged over the interannual variability center of theWPSH

(158–258N, 1158–1508E), following the previous study

(Wang et al. 2013). ENSO events are defined by a

threshold of 60.5 standard deviations of the Niño-3.4
index (SST anomaly averaged over the region 58S–58N,

1208–1708W) during the winter (DJF) season. According

to this definition, nine El Niño events (1982/83, 1986/87,

1991/92, 1994/95, 1997/98, 2002/03, 2004/05, 2009/10,

2015/16) and ten La Niña events (1983/84, 1984/85,

1988/89, 1995/96, 1998/99, 2000/01, 2005/06, 2007/08,

2010/11, 2011/12) over the period of 1979–2016 are

selected. The ENSOyears listed here correspond to year

(0)/year (1), where 0 and 1 indicate the developing and

decaying year of ENSO, respectively. Further, four EP

El Niño events (1982/83, 1986/87, 1991/92, 1997/98) and

fiveCPElNiño events (1994/95, 2002/03, 2004/05, 2009/10,
2015/16) are identified based on the equatorial Pacific

precipitation anomaly evolutions. ENSO associated

SST anomalies can force the atmosphere through the

local convection. Thus, the location of equatorial Pacific

convection can be used as an effective indicator when

attempting to classify two types of El Niño in terms of

the atmospheric teleconnection (e.g., Zhang et al. 2013;

Johnson and Kosaka 2016). For the nine El Niño events,

precipitation anomalies are all located over the western

equatorial Pacific during the developing years. After

their mature phases, four of them extend eastward in

late winter (Figs. 1a–d), while other five events do not

show this extension and evolve in situ (Figs. 1e–i). It can

also be seen in Fig. 2 that in late winters, those four El

Niño events (1982/83, 1986/87, 1991/92, 1997/98) show

strong precipitation anomalies over the eastern equato-

rial Pacific. In contrast, the precipitation anomaly centers

of other five El Niño events (1994/95, 2002/03, 2004/05,

2009/10, 2015/16) are maintained over the central-to-

western equatorial Pacific with relatively small precipi-

tation anomalies over the eastern equatorial Pacific.

3. Decadal shift of the leading mode for the WPSH
and tropical Pacific SST

Figure 3 shows the two leading modes of summer

(JJA) H850 in the Asian-Australian monsoon region

(208S–408N, 308E–1808) through the empirical orthogo-

nal function (EOF) analysis. EOF1 accounts for 33.0%

variance and is characterized by a consistent uniform

pattern over the entire region with the center stretching

from the WNP to South Asia (Fig. 3a). EOF2 with 24.3%

explained variance features a dipole structurewith opposite

pressure anomalies over the WNP and IO (Fig. 3b). The

13-yr-window running correlations of the WPSHI with

principal components PC1 and PC2 are calculated and

displayed inFig. 3d.Weemploy a bootstrapped significance

test (Hesterberg et al. 2003) for the 13-yr running correla-

tion by considering possible impacts of randomness, and

results are similar to the Student’s t test (Fig. 3d). One can

see that the correlations exhibit prominent decadal vari-

ations. While PC1 shows gradually decreased association

with the WPSHI, the relationship between PC2 and the

WPSHI gradually strengthens. After 1998, the correlation

coefficients of the WPSHI with PC2 become higher than

that with PC1, indicating that the WPSH is mainly dom-

inated by the secondmode in the recent period. Since the

impact of the second mode on the WPSH became

dominant after the 1998, we here choose the year 1998 as

the change year and divide the whole period into two

periods (1979–98 and 1999–2016), which is roughly

consistent with the previous studies (Huang et al. 2018).

As the periodicity is one important feature of the

variability, we here conduct a power spectrum analysis

on the WPSH in Fig. 4. It is found that the summer

WPSH index exhibits significant 2–3-yr and 3–5-yr os-

cillating periods (Fig. 4a), consistent with the previous

studies (Sui et al. 2007; Wu and Zhou 2008; Chung et al.

2011; Wang et al. 2017). Since the change of the leading

mode of the WPSH is our focus in this study, we then

investigate the main oscillating periods of the PC1 and

PC2 in these two separated periods (i.e., 1979–98

and 1999–2016). It is shown that PC1 during 1979–98 and

PC2 during 1999–2016 display ;5-yr and 2–3-yr oscil-

lating periods, respectively (Figs. 4b,c).We also checked

the main oscillating periods of PC2 in the years 1979–98

and PC1 in the years 1999–2016 respectively. They both

oscillate at ;5 years (not shown), suggesting that the

main period of PC2 rather than PC1 has changed in

the late 1990s. Since the WPSH is dominated by the

PC2 in the 1999–2016 period, the WPSH oscillates

relatively faster than that during the 1979–98 period.

As illustrated in the introduction, the tropical Pacific

SST is a key factor affecting the intensity, structure, and

horizontal position of the WPSH. Previous studies ar-

gued that the CPENSO has become the dominant mode

in the tropical Pacific since the late 1990s with rela-

tively weaker amplitude and shorter oscillating period

(McPhaden et al. 2011; Xiang et al. 2013; Wang and

Ren 2017). To figure out the possible role of the tropi-

cal Pacific SST anomalies on the WPSH, we perform a

singular value decomposition (SVD) analysis on the

summer (JJA) 850-hPa geopotential height over the

Asian–Australian monsoon domain (208S–408N, 308E–
1808) and preceding winter (DJF) tropical Pacific (308S–
308N, 1208E–708W)SSTanomalies during the two periods

of 1979–98 and 1999–2016, respectively.During the former

period, the leading SVD mode (68.6% variance) of the

850-hPa geopotential height anomalies is characterized
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by a uniform pattern over the entire region (Fig. 5a) and

the tropical Pacific SST anomalies exhibit an EP ENSO-

like pattern, with maximum SST center located in the

eastern equatorial Pacific (Fig. 5c). During 1999–2016,

the dominant SVD mode of the WPSH-related circula-

tion pattern is changed from a uniform to a dipole pat-

tern (Fig. 6a), accounting for 55.5%of the total variance,

accompanied by the CP ENSO-like SST anomaly mode

with maximum SST anomalies located mainly in the

central equatorial Pacific (Fig. 6c). Their cross regres-

sions display almost same patterns (Figs. 5b,d, 6b,d).

Also, EOF analyses are applied to the winter tropical

Pacific SST anomalies during the two periods of 1979–98

and 1999–2016, and the dominant SST modes are simi-

lar with those based on the SVD analyses (not shown).

Meanwhile, power spectrum analyses show that the

leadingmode of thewinter tropical Pacific SST anomalies

for the former and latter period oscillates at 4–5 years and

2–3 years, respectively (not shown), which are consistent

with that of the WPSH. Both temporal and spatial char-

acteristics of the 850-hPa geopotential height and the

tropical Pacific SST imply that the WPSH decadal vari-

ation is highly correlated with the ENSO decadal change.

It is easy to expect that this concurrent ENSO decadal

FIG. 1. Longitude–time diagrams of the equatorial (28S–28N) precipitation anomaly for nine El Niño events.
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change could have contribution in shaping the decadal

variation of the WPSH temporal-spatial features.

We further perform cross-power spectrum analysis

between the PC1 of WPSH and the preceding winter

Niño-3.4 index during 1979–98, and PC2 of WPSH and

the preceding winter Niño-3.4 index during 1999–2016.

It is found that the dominant coherence periodicity be-

tween them appears at 4–6 years and 2–3 years, re-

spectively (Fig. 7). It again supports that the preceding

ENSO and WPSH is significantly correlated and the

ENSO regime shift could play an important role for the

WPSH decadal change.

To examine the ENSO linkage with WPSH during its

developing summers, we conduct a similar SVD analy-

sis between the summer (JJA) geopotential height and

subsequent winter (DJF) tropical Pacific SST anomalies

during two periods of 1979–98 and 1999–2016. The ge-

opotential height anomalies are characterized by dif-

ferent amplitudes (see next section) but similar dipole

patterns during these two periods. Meanwhile, the cor-

responding SST anomalies also show prominent decadal

variations with its maximum SST center shifting from

the eastern to central equatorial Pacific (not shown).

Since ENSO events are both accompanied with aWPSH

dipole structure in the developing summer, the cross

power spectrum analysis is performed between the

WPSH PC2 and subsequent winter (DJF) Niño-3.4 index
during the two periods. Results show that the dominant

coherence periodicity between them appears at 4–6 years

and 2–4 years, respectively (not shown), which are almost

the same as that in Fig. 7. Overall, the SVD and cross

power spectrum analyses results indicate that the WPSH

FIG. 3. Regressed spatial pattern of the (a) EOF1 and (b) EOF2 mode derived from boreal summer (JJA) 850-

hPa geopotential height anomalies (shading; in m) over the Asian–Australian monsoon domain (208S–408N, 308E–
1808) during 1979–2016 (only showing values that are significant at the 90% confidence level). (c) The standardized

time series of PC1 (blue line), PC2 (red line), and theWPSH index (WPSHI; black line). The green boxes in (a) and

(b) denote the region where the WPSHI is defined. (d) The time evolution of the 13-yr running correlation of

WPSHI with PC1 (blue line) and PC2 (red line). The black dashed line denotes the 90% confidence level based on

the two-tailed Student’s t test and the solid circles denote that the running correlation coefficients are significant at

the 90% confidence level with a bootstrapped test.

FIG. 2. Normalized area-averaged precipitation anomalies

(mmday21) over the eastern equatorial Pacific (28S–28N, 1508–1008W;

red) and the western equatorial Pacific (28S–28N, 1408E–1708W; blue)

during El Niño late winter seasons (February–April).
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and ENSO are significantly correlated, and the ENSO

regime shift could be responsible for the decadal change

of the WPSH temporal-spatial features during both its

developing and decaying summers.

4. Possible contribution of ENSO regime shift on
the WPSH decadal change

a. Contribution of more frequent CP El Niño on the
WPSH decadal change

To examine the possible contributions of ENSO to the

WPSH decadal change, we first composite the PC1 and

PC2 during all ENSO developing and decaying sum-

mers for the two periods (Fig. 8). During the El Niño
developing summer in the 1979–98 period, the com-

posite PC1 and PC2 values are negative and comparable

(red hollow circle in Fig. 8a and ‘‘PRE’’ red border bar

in Fig. 8c), whereas during the 1999–2016 period the

value of PC1 is close to zero and PC2 becomes signifi-

cantly stronger (red solid circle in Fig. 8a and ‘‘POST’’

red border bar in Fig. 8c). During El Niño decaying

summer in the former period, the composite PC1 is

relatively stronger and PC2 is very weak (blue hollow

circle in Fig. 8a and ‘‘PRE’’ blue border bar in Fig. 8d);

FIG. 5. (a),(b) Boreal summer (JJA) 850-hPa geopotential height anomalies and (c),(d) preceding winter (DJF)

SST anomalies regressed onto the standardized SVD-PC1 during 1979–98. The SVD is performed between the 850-

hPa geopotential height anomalies over the Asian–Australian monsoon domain (208S–408N, 308E–1808) and SST

anomalies over the tropical Pacific domain (308S–308N, 1208E–708W) during 1979–98. The stippled area denotes the

corresponding values are significant at the 90% significance level.

FIG. 4. Power spectrumof the summerWPSH index during (a) 1979–2016, (b) 1979–98, and (c) 1999–2016. The red dashed line denotes the

90% confidence level.
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however, in the later period the PC1 becomes much

weaker and the PC2 enhances obviously (blue solid

circle in Fig. 8a and ‘‘POST’’ blue border bar in

Fig. 8d). These results suggest that El Niño–associated
EOF2 intensity is strongly enhanced and associated

EOF1 intensity is largely weakened in the later period

compared with the former period, for both the de-

veloping and decaying summers. It means the dipole

pattern (represented as the EOF2) has become the

dominant mode of theWPSH during El Niño summers

in the later period. Meanwhile, the composite PC1

and PC2 during the La Niña developing and decaying

summers are both weakened and exhibit no enhance-

ment of EOF2 associated circulation in the later pe-

riod (Fig. 8b). It seems that the decadal shift of the

WPSH main mode is mainly associated with the El

Niño events rather than the La Niña events. So, we

next focus on the El Niño state and inspect different

impacts of the El Niño on the WPSH for the former

and later periods.

FIG. 7. Coherence spectrum between (a) PC1 and preceding winter (DJF) Niño-3.4 index during 1979–98 and

(b) PC2 of WPSH and the preceding winter (DJF) Niño-3.4 index during 1999–2016. The red dashed line denotes

the 90% confidence level.

FIG. 6. As in Fig. 5, but for the 1999–2016 period.
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We further display the composite PC1 and PC2 in the

developing and decaying summers for the two types of

El Niño events (Fig. 9). A significant positive PC1 value

appears during the EP El Niño decaying summer and

a negative PC2 value can be detected during the EP El

Niño developing summer. The PC2 values are relatively

smaller than the PC1 values. In contrast, no significant

PC1 anomaly is shown associated with CP El Niño.
However, significant PC2 anomalies are displayed dur-

ing both CP El Niño developing and decaying summers

with reversed sign. These results further confirm our

previous results that the EP El Niño is accompanied

mainly by the WPSH EOF1 associated variability while

the CP El Niño is closely related to the WPSH EOF2

associated variability. Since the late 1990s, the CPEl Niño
has occurred much more frequently and EP El Niño has

become less common (4 of 5 El Niño events are the EP El

Niño in 1979–98 and all four El Niño events are the CP El

Niño; see Table 1). Therefore, theWPSHmain variability

has changed from the EOF1 pattern to the EOF2 pattern

due to the ENSO regime change.

We further extend our study period (1951–2016) to

examine whether the main conclusion remains the same

for more samples. We project the 1951–2016 850-hPa

geopotential height anomalies onto the spatial patterns

of the leadingWPSHEOFs to obtain PC time series and

again composite PC1 and PC2 in the developing and

decaying summers for the two types of El Niño events.

FIG. 8. Scatterplot of the composite WPSH PC1 and PC2 during 1979–98 (PRE; hollow circle) and 1999–2016

(POST; solid circle) of (a) El Niño and (b) La Niña events. The blue and red colors denote the ENSO developing

and decaying summers, respectively. Also shown are compositeWPSHPC1 and PC2 during 1979–98 and 1999–2016

corresponding to the (c) developing (red border bar) and (d) decaying (blue border bar) summer of El Niño events,

respectively. The solid bars denote that the composite is significant at the 90% significance level.
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In this relatively longer period, eight EP El Niño events

(1957/58, 1968/69, 1972/73, 1976/77, 1982/83, 1986/87,

1991/92, 1997/98) and nine CP El Niño events (1963/64,

1965/66, 1969/70, 1977/78, 1994/95, 2002/03, 2004/05,

2009/10, 2015/16) are identified based on the equatorial

Pacific precipitation anomaly evolutions (also see our

definition in section 2). The same results can be derived

(not shown), further confirming our main conclusion.

b. Discussion on possible reasons for different
impacts of two types of El Niño on the WPSH

To further discuss possible reasons for differentWPSH

responses to the two types of El Niño events, we show in

Fig. 10 the composite SST and atmospheric circulation

anomalies during the developing and decaying summers

of the two types of El Niño events.

During the EP El Niño developing summer, signifi-

cantly positive SST anomalies develop in the central and

eastern equatorial Pacific, whereas the western tropical

Pacific is marked by sporadic weak cold SST anomalies

and IO SST anomalies are almost absent (Fig. 10a). The

equatorial Pacific warming usually triggers anomalous

cyclonic circulation over the WNP and central Pacific

region (e.g., Wang and Zhang 2002) as a Rossby wave

response (Matsuno 1966; Gill 1980). Meanwhile, the

central and eastern equatorial Pacific warming leads to

subsidence over the Maritime Continent and IO via a

weakenedWalker circulation (Kumar et al. 1999, 2006),

giving rise to the anticyclonic wind anomalies in the low

level of the IO. So, the 850-hPa geopotential heights

over the WNP and IO are opposite in sign and thus a

west–east dipole structure similar to the WPSH EOF2

pattern tends to appear (Fig. 10a). During the EPElNiño
decaying summer, significantly positive SST anomalies

disappear in the central Pacific and only small-scale

warming is maintained in the eastern tropical Pacific. In

contrast, significant warm SST anomalies in the tropical

IO can also excite a strong WNPAC on a large scale via

the IO delayed capacitor effect (Xie et al. 2009), re-

sembling theWPSHEOF1 pattern (Fig. 10b). TheWNP

cold SST anomalies could also play some role with re-

gard to the WNPAC through the local air–sea interac-

tion (Wang et al. 2000).

During the CP developing summer, warm SST anom-

alies appear in the central tropical Pacific and almost

no strong SST anomalies can be detected in the western

Pacific and IO (Fig. 10c). This central Pacific warming can

result into a cyclonic anomaly in the WNP as a Rossby

response and simultaneously produce subsidence anom-

alies over the IO via the Walker circulation. Therefore,

negative and positively H850 occurs over the WNP and

IO, respectively (Fig. 10c), resembling theWPSHEOF2

pattern (Fig. 10a). During the CP El Niño decaying

summer, the eastern equatorial Pacific is already cov-

ered by weak negative SST anomalies (Fig. 10d). Very

different from the EP El Niño decaying summer, the

anomalous WNP cooling and the IO warming cannot

be obviously found (Figs. 10d, 11). Therefore, the WNP

anticyclone anomalies could be mainly associated with

the cold SST anomalies in the eastern equatorial Pacific

as a Rossby wave response. Simultaneously, the eastern

Pacific cold SST anomalies favor anomalous rising in

the IO and thus weakly negative H850 there via a

strengthened Walker circulation. In addition, there ex-

ist significantly positive SST anomalies in the Maritime

Continent (Fig. 10d), which tend to force the anomalous

descending motion through local anomalous Hadley cir-

culation and further strengthen the WPSH. Therefore,

the WPSH-associated large-scale feature resembles the

WPSH EOF2 pattern (a dipole structure).

In general, during the EP El Niño decaying summer,

the WPSH tends to exhibit a uniform pattern resem-

bling the EOF1 pattern, whereas it tends to display a

dipole pattern similar to the EOF2 pattern during EP El

Niño developing summer. In contrast, both CP El Niño
developing and decaying summers tend to be accom-

panied by a dipole pattern of the WPSH similar to the

EOF2 pattern. The ENSO associated SST anomalies

FIG. 9. Composite WPSH PC1 and PC2 during 1979–2016 cor-

responding to the developing (red border bar) and decaying (blue

border bar) summer of two types of the El Niño events. The

solid bars denote that the composite is significant at the 90%

significance level.

TABLE 1. El Niño events for the PRE and POST periods during the

years 1979–2016.

1979–98 1999–2016

EP El Niño events 1982/83, 1986/87,

1991/92, 1997/98

CP El Niño events 1994/95 2002/03, 2004/05,

2009/10, 2015/16
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play an important role with regard to the WPSH spatial

patterns.

5. Summary and discussion

The present study demonstrates that the significant

variations of the WPSH temporal and spatial charac-

teristics around the late 1990s are largely due to the

changes of the dominant mode of the air–sea system in

the tropical Pacific. In the pre-1998 period, the WPSH

is dominated by a large-scale uniform pattern with an

;5-yr oscillating period. In the post-1998 period, the

main mode of the WPSH is shifted to the dipole pattern

and the oscillating period is shortened to 2–3 years. The

WPSH decadal change corresponds to the ENSO re-

gime shift from the EP ENSOmode with a period of 4–5

years to the CP ENSO mode with a period of 2–3 years.

The WPSH tends to display a uniform pattern resem-

bling the EOF1 pattern during the EP El Niño decaying

summer. In contrast, the EPElNiño developing summer

and the CP El Niño developing and decaying summers

tend to accompany a dipole pattern of theWPSH similar

with the EOF2 pattern. It seems that La Niña makes

only minor contributions to the WPSH decadal change

around the late 1990s. Different WPSH responses to the

two types of El Niño are mainly associated with distinct

SST anomalies over the central-to-eastern Pacific and

also local WNP and IO SST anomalies. Since the CP

El Niño has occurred more frequently and EP El Niño

becomes less common after the late 1990s, the WPSH

main variability has been changed from the EOF1-

related uniform pattern to the EOF2-related dipole

pattern.

Considering important climate impacts of different

WPSH leading modes (Huang et al. 2018), we also ex-

amine the multimodel performance of the Atmospheric

Model Intercomparison Project (AMIP5) in simulating

the temporal and spatial features of theWPSH.Among 22

FIG. 10. Composite SST anomalies (shading; in 8C) and 850-hPa geopotential height anomalies (contours; in m;

positive values are solid while negative values are dashed) in the (a),(c) developing and (b),(d) decaying summer of

the two types of El Niño events: (a),(b) EP El Niño and (c),(d) CP El Niño. The stippled area denotes the cor-

responding values are significant at the 90% significance level.

FIG. 11. Composite SST anomalies (8C) in the IO basin (208S–
208N, 408–1008E) and WNP (108–258N, 1508E–1608W) in the de-

veloping and decaying summer of EP (red border bar) and CP

(blue border bar) El Niño events. The solid bars denote the com-

posite is significant at the 90% significance level.
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AMIP5 models, only three of them can simulate the two

modes of the WPSH and there is no decadal shift of

relationship between the PCs and WPSHI (not shown).

It seems that ability of the AMIP5 models in simulat-

ing the Asian atmospheric response to the tropical SST

is poor and more efforts are required to improve the

simulation capacity. Here we do not consider the coupled

simulations from phase 5 of the Coupled Model Inter-

comparison Project (CMIP5), since they cannot realisti-

cally capture the ENSO diversity in the zonal structure

(not shown). We also use atmospheric models (i.e.,

GFDL AM2.1 and NCAR CAM5) to conduct exper-

iments by specifying the ENSO associated SST anoma-

lies in the tropical Pacific. As in theAMIP5 experiments,

the models cannot capture the leading EOF modes of

the WPSH.

The ENSO regime change around the late 1990s is of

great interest in recent research, but its physical reasons

remain unclear. For example, one study argued that the

background state of the tropical Pacific might be the

reason for the ENSO regime change (Xiang et al. 2013).

Another argued that the ENSO regime change could

be related to the North Atlantic SST anomaly (Ham

et al. 2013; Wang et al. 2017). One recent study pro-

vides another possible mechanism, namely that the

tropic Pacific cold tongue mode may contribute to

more frequent occurrence of CP El Niño under global

warming (Li et al. 2017).

It should be noted that this study mainly explores the

possible mechanisms for the decadal variation of the

WPSH from a perspective of ENSO regime changes.

Influences by other possible forcings, such as tropical

Atlantic SST anomaly (e.g., Lu and Dong 2005; Rong

et al. 2010; Hong et al. 2014) and Tibetan Plateau snow

cover (e.g., Zhang et al. 2004; Wu et al. 2012; Xiao and

Duan 2016), may provide some contribution on the

WPSH temporal and spatial variations at multiple time

scales, which deserves further exploration.
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