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ABSTRACT

The Pacific–Japan (PJ) pattern, also known as the East Asia–Pacific pattern, is a teleconnection that sig-

nificantly influences the East Asian summer climate on various time scales. Based on several reanalysis and

observational datasets, this study suggests that the PJ pattern has experienced a distinct three-dimensional

structural change in the late 1990s. Compared with those during 1979–98, the PJ pattern shifts eastward by

approximately 208 during 1999–2015, and the intensity of its barotropic structure in the extratropics weakens

significantly. As a result, its influences on the summer rainfall along the mei-yu band are weakened after the

late 1990s. These observed changes can be attributed to three reasons. First, the location where the PJ pattern

is excited shifts eastward. Second, the easterly shear of the background wind is very weak around the source

region of the PJ pattern after the late 1990s, which prevents the convection-induced baroclinic mode from

converting into barotropic mode and thereby from propagating into the extratropics. Third, the PJ pattern–

induced rainfall anomalies are weak along the mei-yu band after the late 1990s. As a result, their feedbacks to

the PJ pattern become weak and play a considerably reduced role in maintaining the structure of the PJ

pattern in the midlatitudes. In contrast, the eddy energy conversion from the basic flow efficiently maintains

the PJ pattern before and after the late 1990s and thereby contributes little to the observed change.

1. Introduction

It has been known for decades that the rainfall

anomalies over midlatitude East Asia tend to be op-

posite of those over the western North Pacific (WNP)

on both the intraseasonal and interannual time scales in

boreal summer (e.g., Nitta 1986, 1987).When enhanced

(suppressed) rainfall is observed over the WNP,

suppressed (enhanced) rainfall is often observed along

the mei-yu/baiu/changma (mei-yu) rainband stretching

from the Yangtze River valley to the south of Japan

(Nitta 1987; Huang and Lu 1989; Wang et al. 2001). This

seesaw-like pattern, referred to as the Pacific–Japan

(PJ) pattern (Nitta 1987) or the EastAsia–Pacific (EAP)

pattern (Huang and Li 1987), is one of the major tele-

connections that alter the rainfall along themei-yu band,

the major rainband over East Asia in boreal summer in

both observation (Kosaka et al. 2011; Huang et al. 2012)

and climate models (Kosaka and Nakamura 2011; Gong

et al. 2018). ThePJ/EAP (PJ) pattern consists of twomajor

centers: one is a baroclinic center near the Philippines over

the WNP and the other is an equivalent barotropic center

over the midlatitude Far East, the latter of which tilts

northward with height (Kosaka and Nakamura 2006). Di-

agnostic analysis shows that the PJ pattern is a northward-

propagating Rossby wave train in the lower troposphere

and an equatorward-propagating Rossby wave train in the

upper troposphere (Kosaka andNakamura 2006), implying

its vertical coupling with the Rossby waves emanated from

the mid- and high latitudes to the subtropics in the upper

troposphere (Hirota and Takahashi 2012).

The formation and maintenance mechanism of the PJ

pattern have been an important issue since the discovery

of the PJ pattern, and to our knowledge there are three

major viewpoints. The first viewpoint regards the PJ

pattern as a free Rossby wave train excited by convec-

tive activity near the Philippines (Nitta 1987; Huang

and Li 1987). This idea is supported by modeling studies

with both simple barotropic models (e.g., Kurihara and

Tsuyuki 1987) and general circulation models of differ-

ent hierarchies (e.g., Huang and Li 1987; Nikaidou 1989;

Huang and Sun 1992). The variability of the convection

near the Philippines and thereby the PJ pattern are

suggested to be driven by sea surface temperature (SST)

anomalies either locally (Nitta 1987; Huang and Lu

1989) or remotely (Huang and Wu 1989; Zhang et al.Corresponding author: Dr. Lin Wang, wanglin@mail.iap.ac.cn
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1996, 1999; Wang et al. 2000; Xie et al. 2009; Kosaka

et al. 2013; Xie et al. 2016). The second viewpoint sug-

gests that the PJ pattern can be interpreted as an in-

trinsic atmospheric dynamical mode inherent in the

complicated basic flow over East Asia (Kosaka and

Nakamura 2006, 2010) because the structure of the PJ

pattern can maintain itself against dissipation through

extracting barotropic (Tsuyuki and Kurihara 1989; Lau

and Peng 1992) and baroclinic (Kosaka and Nakamura

2006, 2010) energy from the basic flow. The third view-

point suggests that the latent heat released by mei-yu

rainfall acts as a bridge to relay the variability of con-

vection over theWNP to the variability of the PJ pattern

in the midlatitudes (Lu and Lin 2009). A simple model

experiment indicates that the midlatitude center of the

PJ pattern near Japan will be very weak if there are no

feedbacks from the mei-yu rainfall (Lu and Lin 2009).

Most of the previous studies focused on the variability

of the PJ pattern on intraseasonal and interannual time

scales (e.g., Kawamura et al.1996; Yang et al. 2010),

whereas the interdecadal variations of the PJ pattern

remain less known. On one hand, a regime shift was

observed in the East Asian summer monsoon (Huang

et al. 2012; Ding et al. 2013; Zhang 2015; Tao et al. 2017;

Wang et al. 2017;Wu et al. 2016; Yang et al. 2018) and in

the Pacific (Kosaka and Xie 2013; L’Heureux et al. 2013;

England et al. 2014; Zhang et al. 2016) since the late

1990s, implying possible interdecadal changes of the PJ

pattern. On the other hand, the structure of certain at-

mospheric patterns may experience significant changes

in association with a shift of the climate regime (e.g.,Wang

et al. 2007, 2010; Lin et al. 2017). Therefore, it is interesting

to investigate whether the structure of the PJ pattern ex-

periences interdecadal changes in the late 1990s and, if so,

what is the possible reason. These two issues will be ad-

dressed in this paper. Section 2 describes the datasets and

methods used in this study. Section 3 presents evidence

that the PJ pattern shows clear structural change both

horizontally and vertically in the late 1990s, and section 4

discusses the possible mechanism that is responsible for

this observed change. Finally, section 5 summarizes the

main findings and section 6 provides further discussions.

2. Data and methods

Monthly mean atmospheric reanalysis data used

in this study are from the National Centers for Envi-

ronment Prediction–Department of Energy (NCEP–

DOE) Atmospheric Model Intercomparison Project-II

reanalysis dataset (Kanamitsu et al. 2002), which has a

horizontal resolution of 2.58 3 2.58 and spans the period

1979–2015. The ERA-Interim dataset (Dee et al. 2011)

from the European Centre for Medium-Range Weather

Forecasts was also used to check whether the results re-

ported in this study are sensitive to the choice of dataset,

and the results suggest that using different datasets yield

the same conclusion (not shown). Therefore, the results

obtained only from the ERA-Interim dataset are shown.

Monthly mean precipitation data are from the Global

Precipitation Climatology Project (GPCP) dataset with a

2.58 3 2.58 resolution for the period 1979–2015 (Adler

et al. 2003). The interpolated monthly mean outgoing

longwave radiation (OLR) data on 2.58 3 2.58 grids for

the period 1979–2015, provided by the National Oceanic

andAtmospheric Administration (NOAA), are used as a

proxy for convection (Liebmann and Smith 1996). The oce-

anic dataare fromtheHadleyCentreSea IceandSeaSurface

Temperature (HadISST) dataset (Rayner et al. 2003).

This study focuses on the boreal summer, defined as the

mean of June–August. Following Kosaka and Nakamura

(2010), the PJ pattern is defined as the first empirical

orthogonal function (EOF) of the summermean 850-hPa

relative vorticity field over East Asia (08–608N, 1008–

1608E), and the PJ index is defined as the normalized first

principal component (PC) time series. Meteorological

variables linearly regressed onto the PJ index are used to

indicate the PJ pattern–relatedmeteorological fields. The

two-tailed Student’s t test is used to evaluate the confi-

dence level of linear correlation and regression.

3. Observed structural changes of the PJ pattern

Figure 1a presents the spatial pattern of the first EOF

(EOF1) of the summer mean 850-hPa relatively vortic-

ity field over East Asia (08–608N, 1008–1608E) during

1979–2015, which explains 17.1% of the total variance

and is well separated from the remaining modes accord-

ing to the criteria of North et al. (1982). The pattern is

zonally elongated and extends meridionally from the

tropics to north of Japan. Corresponding to the positive

phase of the first PC (PC1) time series (Fig. 1b), an

anomalous anticyclonic center is observed over theWNP

at approximately 158N and an anomalous cyclonic center

is observed over the midlatitudes of East Asia at ap-

proximately 308N (Fig. 1a). In addition, a weak cyclonic

center is also observed over the Sea of Okhotsk, implying

the northward propagation of Rossby wave train into

high latitudes along the coast of East Asia in the lower

troposphere. All these features resemble the typical PJ

pattern (Nitta 1987; Kosaka and Nakamura 2006). Here-

after, the pattern in Fig. 1a and the time series in Fig. 1b are

called the PJ pattern and the PJ index, respectively.

a. Eastward shift of the PJ pattern after the late 1990s

To depict the possible structural changes of the PJ

pattern in the late 1990s, the period 1979–2015 is divided

608 JOURNAL OF CL IMATE VOLUME 32

Unauthenticated | Downloaded 08/27/22 05:03 PM UTC



into two subperiods—the preperiod (1979–98) and the

postperiod (1999–2015)—and various variables are then

regressed onto the PJ index during the two subperiods.

Figure 2a shows the PJ pattern–related 850-hPa relative

vorticity pattern in the preperiod. It is characterized by

the zonally elongated centers with alternating signs,

which quite resemble the PJ pattern obtained from the

period 1979–2015 (Fig. 1a). The maximum of the anti-

cyclonic center near the Philippines is located west of

1408E, and the maximum of the cyclonic center over the

midlatitudes is located southeast of Japan (Fig. 2a).

The wave activity flux (Takaya and Nakamura 2001) of

the PJ pattern emanates from regions surrounding the

Philippine Islands and points northeastward toward the

cyclonic center near Japan, confirming the Rossby wave

nature of the PJ pattern (Nitta 1987). In the postperiod,

in contrast, a similar wavelike pattern can still be ob-

served over the WNP, but the pattern shifts eastward

(Fig. 2c). Especially, the maximum of the anticyclonic

center near the Philippines shifts from west of 1408E

in the preperiod to east of 1408E in the postperiod by

approximately 208. The cyclonic center near Japan

and the anticyclonic center over the Sea of Okhotsk

also shift eastward by approximately 108. In addition

to circulations, the eastward shift of the PJ pattern can

be recognized from the wave activity fluxes between

108 and 308N (Figs. 2a,c). These results suggest that

the PJ pattern–related lower-tropospheric circulation

pattern experiences a distinct eastward shift in the

late 1990s.

The variability of the PJ pattern is related to the

summer rainfall over East Asia and the WNP (Kosaka

et al. 2011), so the eastward shift of the PJ pattern is

expected to have some embodiment in the rainfall.

Figure 3 presents the summer mean OLR and rainfall in

the two subperiods corresponding to the positive phase

of the PJ pattern. In both periods the PJ pattern is

closely related to the convection activity and rainfall

around the Philippines, and the Philippine convection

and rainfall anomalies associated with one standard

deviation of the PJ pattern locally account for more than

20% of their respective climatological magnitudes. In

the preperiod, suppressed convection (Fig. 3a) and

rainfall (Fig. 3b) are observed over the WNP (108–208N,

1108–1608E), with the minimum center being located

between 1308 and 1408E, and enhanced convection and

precipitation are observed over the lower reaches of the

YangtzeRiver valley and southeast of Japan (Figs. 3a,b).

In addition, suppressed convection and reduced rainfall

can also be observed at high latitudes near the Sea of

Okhotsk. All these features resemble those reported in

previous studies (e.g., Kosaka and Nakamura 2006).

In the postperiod, in contrast, both the suppressed

convection (Fig. 3c) and rainfall (Fig. 3d) at the sub-

tropics shift eastward. The minimum center east of the

Philippines shifts from approximately 1308E in the pre-

period to approximately 1508E in the postperiod. In ad-

dition, the center of enhanced convection and rainfall

near Japan also shifts eastward and shrinks, and the sig-

nals of convection and rainfall over the lower reaches of

the Yangtze River valley almost disappear. These results

suggest an eastward shift of the PJ pattern–related rain-

fall anomalies at midlatitudes and thereby weakened in-

fluences of the PJ pattern on the summer rainfall over

eastern China in the postperiod. The changes in rainfall

and convection are in alignment with those shown in the

lower-tropospheric circulation (Figs. 2a,c). Therefore, it

is reasonable to conclude that the PJ pattern shifts east-

ward significantly in the late 1990s.

b. Weakened vertical coupling of the PJ pattern after

the late 1990s

Traditional studies regard the PJ pattern as a free

Rossby wave train propagating from the subtropics to

FIG. 1. (a) EOF1 pattern of the summer mean 850-hPa relative

vorticity over theWNP (08–608N, 1008–1608E) for the period 1979–

2015. The variance explained by EOF1 is indicated in the upper-

right corner. (b) The corresponding normalized PC1 time series

(i.e., the PJ index).
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the mid- and high latitudes in the lower troposphere

(Nitta 1987; Huang and Li 1987). Recent studies suggest

that this lower-tropospheric wave train shows a northward-

tilted structure in the extratropics, and it is strongly coupled

to a southward-propagating Rossby wave train from the

mid- and high latitudes to the subtropics in the upper

troposphere (Kosaka and Nakamura 2006; Hirota and

Takahashi 2012).Considering adistinct eastward shift of the

lower-tropospheric PJ pattern was observed after the late

1990s (section 3a), it is interesting to examine whether the

vertical structure of thePJ pattern changed in the late 1990s.

Figure 2b shows the PJ pattern–related 200-hPa rel-

ative vorticity pattern in the preperiod. Zonally elon-

gated centers with alternating signs are observed along

the coast of East Asia, and the associated wave activity

fluxes indicate southward Rossby wave propagation

between approximately 158 and 358N. Nevertheless, the

wave activity fluxes in the upper troposphere (Fig. 2b)

are weaker than those in the lower troposphere (Fig. 2a)

despite the well-organized relative vorticity patterns

(Fig. 2b). All these features are consistent with Kosaka

and Nakamura (2006). In the postperiod, in contrast, the

meridionally oriented relatively vorticity pattern in the

upper troposphere is not well organized (Fig. 2d). A

northwest–southeast-oriented wavelike pattern is ob-

served north of 208N, and the cyclonic center between

108 and 208N shifts eastward slightly, consistent with its

lower-tropospheric counterpart. Recall that the relative

vorticity fields in the upper troposphere are obtained by

regressions onto the PJ index, the PC1 time series of the

EOF1 of the 850-hPa vorticity field. Hence, it is inferred

that the PJ pattern–related vertical coupling between

the lower and upper troposphere is weakened after the

late 1990s.

To confirm the aforementioned inference, the vertical

structure of the PJ pattern is further examined. Figure 4

shows the latitude–altitude section of PJ pattern–related

relative vorticity averaged over the longitude band

(1108–1508E) where the main body of the PJ pattern is

located. In the preperiod, the PJ pattern features a

baroclinic structure between 108 and 208N and an

equivalent barotropic structure north of 208N (Fig. 4a).

The well-organized extratropical barotropic structure

slightly tilts northward with height, facilitating the

FIG. 2. The summer mean relative vorticity (contour) and the associated wave activity flux (arrow;m2 s22) at

(a) 850 and (b) 200 hPa regressed onto the normalized PJ index during the preperiod. (c),(d) As in (a) and (b),

respectively, but for the postperiod. Contour intervals (CIs) are 1 3 1026 s21 in (a) and (c), and 2 3 1026 s21 in

(b) and (d). The three shadings indicate the 90%, 95%, and 98% confidence levels, respectively, based on a two-

tailed Student’s t test. The vertical lines indicate 1408E, and the stars indicate the maxima location in the respective

subtropical action centers at 850 hPa.
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extraction of baroclinic energy from the basic flow via

zonal eddy heat flux (Kosaka and Nakamura 2006). All

these characteristics are consistent with those reported

in Kosaka and Nakamura (2006). In the postperiod, in

contrast, though the amplitude is weakened slightly, the

baroclinic structure of the PJ pattern in the subtropics

remains almost the same. However, the barotropic

structures of the PJ pattern in the extratropics vanishes

greatly (Fig. 4b), and only some weak cyclonic anoma-

lies can be observed near 358N in the lower troposphere

(Fig. 4b), consistent with those shown in Fig. 2. This re-

markable difference confirms that the PJ pattern–related

vertical coupling between the lower and upper tropo-

sphere in the extratropics is significantly weakened after

the late 1990s.

4. Possible mechanism

a. Role of convection near the Philippines

As reviewed in section 1, the PJ pattern is traditionally

regarded as a free Rossby wave train excited and ema-

nated from the subtropicalWNP (Nitta 1987; Huang and

Li 1987). Hence, the first candidate to explain the

observed structural changes of the PJ pattern is the

changes of the Rossby wave source (RWS) over the sub-

tropical WNP. Figure 5 presents the PJ pattern–related

RWS (Sardeshmukh and Hoskins 1988) in the pre- and

postperiods. In the preperiod, significant anticyclonic

and cyclonic RWS are observed over the subtropical

WNP (approximately 158–258N, 1208–1608E) in the

lower (Fig. 5a) and upper (Fig. 5b) troposphere, re-

spectively. This baroclinic RWS is consistent with the

baroclinic structure of the PJ pattern (Figs. 2a,b), and

it indicates the baroclinic response of the atmosphere

to convective perturbations over the Philippine Sea

(Figs. 3a,b). The centers of the RWS are located near

158N, 1358E in both the lower and upper troposphere,

and the main body of the anticyclonic (cyclonic) RWS

signals in the lower (upper) troposphere is located to the

west of 1408E (Figs. 2a,b). In the postperiod, however,

the RWS over the subtropical WNP between 1208 and

1408E in both the lower (Fig. 5c) and upper (Fig. 5d)

troposphere shifts to the east of 1408E. The eastward

shift of the RWS in the postperiod is consistent with the

FIG. 3. The summermean (a) OLR (CI5 4Wm22) and (b) GPCP rainfall (CI5 1mm day21) regressed onto the

normalized PJ index during the preperiod. (c),(d) As in (a) and (b), respectively, but for the postperiod. The three

shadings indicate the 90%, 95%, and 98% confidence levels, respectively, based on a two-tailed Student’s t test. The

vertical line in each panel indicates 1408E, and the stars indicate themaxima location in the respective subtropical

action centers.
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eastward shift of the PJ pattern–related convection/

rainfall and thereby diabatic heating over the WNP

(Fig. 3). Hence, these results suggest that the location

where the PJ pattern is excited shifts eastward after the

late 1990s, and this is very likely the direct cause of the

eastward shift of the PJ pattern.

The eastward shift of PJ pattern–related RWS, con-

vection, and rainfall around the Philippines after the late

1990s is also associated with the eastward movement

of the climatological variability center of convection.

Figure 6 shows the standard deviation, which is used to

measure the strength of interannual variability, of the

summer mean convection and rainfall in the preperiod

and postperiod. In the preperiod, the variability of both

the OLR (Fig. 6a) and rainfall (Fig. 6b) showsmaximum

centers over approximately (108–208N, 1208–1408E). The

variability of the OLR also shows a second maximum

center over approximately (108–208N, 1408–1708E)

(Fig. 6a), but a similar center is not observed for

rainfall (Fig. 6b). The consistency in OLR and the

rainfall field suggests that the place where the diabatic

heating is most active on the interannual time scale is

located over (108–208N, 1208–1408E) in the preperiod.

In the postperiod, the maximum centers of variability

significantly weaken and even disappear for both

OLR (Fig. 6c) and rainfall (Fig. 6d) over (108–208N,

1208–1408E), whereas consistent maximum centers are

observed over (108–208N, 1408–1608E). This result sug-

gests that the place where the diabatic heating is most

active on the interannual time scale shifts eastward (or is

FIG. 4. As in Figs. 2a and 2c, but for the summer mean relative vorticity averaged between 1108 and 1508E.

FIG. 5. As in Fig. 2, but for the RWS (CI 5 2 3 10211 s22) at 850 and 200 hPa.
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more concentrated on the eastern side) in the postperiod.

A comparison between Figs. 6 and 3 suggests that the re-

gion with the most active convection and rainfall (and

thereby diabatic heating) over the subtropicalWNP(Fig. 6)

coincides with the center of PJ pattern–related convection

and rainfall (Fig. 3) in both subperiods. Therefore, the

observations indicate that the shift of thePJ pattern–related

convection around the Philippines, which is suggested to be

the direct cause of the eastward shift of the PJ pattern in the

postperiod, is a very robust phenomenon that even mani-

fests itself in the climatology. Further discussion regarding

why the climatological variability center of convection in

the tropics shifts eastward is presented in section 6.

b. Role of the vertical shear of the background zonal

wind

From this subsection on, the reason that leads to changes

in the vertical structure of the PJ pattern in the extratropics

will be explored. Although the subtropical convection that

could excite the PJ pattern over the Philippine Sea shifts

eastward in the postperiod, the intensity of the PJ pattern–

related convection anomalies remains almost the same

(Fig. 3), implying that the diabatic heating necessary to ex-

cite the PJ pattern does not changemuch. Therefore, the PJ

pattern–related RWS over the Philippine Sea remains of

similarmagnitude (Fig. 5), and the baroclinic structure of the

PJ pattern between 108 and 208N is both well-established

with similar intensity in both subperiods (Fig. 4). In this

circumstance, the weak extratropical anomaly of the PJ

pattern in the postperiod implies that the PJ pattern–related

disturbances are possibly trapped within the tropics by cli-

matological-mean flow.

It is well known that the convection-induced latent

heating over the Philippine Sea usually maximizes in

the midtroposphere in boreal summer, and this heating

is able only to excite baroclinic disturbances that are

trapped within the tropics (e.g., Lu 2004). To convey the

thermally induced baroclinic disturbances to the extra-

tropics, the baroclinic structure must be converted into a

barotropic structure around the source region (Kosaka

and Nakamura 2006). In this process, the easterly shear

of background zonal flow is very important for the con-

version (Kasahara and da Silva Dias 1986; Lim and

Chang 1986; Kato and Matsuda 1992; Wang and Xie

1996), and this mechanism has been proved to be im-

portant to explain the structure of the PJ pattern in dif-

ferent summermonths (Lu 2004).Here, wewill show that

this mechanism can also explain the different extra-

tropical structure of the PJ pattern in the two subperiods.

Figure 7 shows the vertical profile of the area-

averaged summer mean zonal wind over the source

region of the PJ pattern. In the preperiod, the region

(108–208N, 1008–1608E) is examined because it is where

the subtropical center of the PJ pattern is excited

FIG. 6. The interannual standard deviation of the summer mean (a) OLR [shading interval (SI)5 1Wm22] and

(b) GPCP rainfall (SI 5 0.2mmday21) during the preperiod. (c),(d) As in (a) and (b), respectively, but for the

postperiod. The vertical line in each panel indicates 1408E.
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(Figs. 3a,b). This region is also the same as that used in

Lu (2004). Strong easterly shear is observed in this re-

gion, and it provides a favorable environment for the

conversion of baroclinic disturbances into barotropic

ones. As a result, the convection-induced disturbances

are able to propagate into midlatitudes with an equiva-

lent barotropic structure (Fig. 4a). In the postperiod,

however, the easterly shear is very weak around the

source region of the PJ pattern (Fig. 7), indicating the

baroclinic–barotropic coupling process is inhibited at

this time. Therefore, the convection-induced distur-

bances are largely trapped south of 208N (Fig. 4b)

as a result of the small baroclinic Rossby deformation

radius. Note in the postperiod the region (108–208N,

1108–1708E) is used to calculate the vertical shear. This

region overall shifts 108 eastward compared to the pre-

period, in accordance with the eastward shift of the

PJ pattern–related convection activity around the Philip-

pines. The changes of the vertical shear ismainly caused by

the eastward shift of the PJ pattern (Fig. 7). These results

suggest that both Philippine convection activity and large-

scale environmental flow play essential roles in the full

buildup of the PJ pattern, whose nature could be inter-

preted as the Rossby wave train. The convection activity

around the Philippines acts as external forcing and could

affect the wave source associated with the PJ pattern. In

contrast, the atmospheric basic flow could exert a profound

influence on the propagation of Rossby wave and wave–

mean flow interactions associated with the PJ pattern. The

three-dimensional structure of the PJ pattern will not or-

ganize coherently like that in the preperiod if either of the

aforementioned two factors is weak or not present.

In addition to the vertical shear of zonal wind, the

vertical shear of the meridional wind is also an essential

factor for the formation of the PJ pattern (Kawamura

et al. 1996; Kosaka and Nakamura 2006). The vertical

shear of the meridional wind during the two subperiods,

however, is quite similar (not shown), indicating its

negligible contribution to the weakened vertical cou-

pling of the PJ pattern after the late 1990s.

c. Role of the feedbacks from mei-yu rainfall

As reviewed in section 1, the third mechanism of the

formation of the PJ pattern emphasizes the feedbacks of

mei-yu rainfall (Lu and Lin 2009). An inspection of Fig. 3

indicates that the rainfall and convection anomalies

associated with the PJ pattern along the mei-yu band

(308–408N, 1008–1608E) weaken considerably in the

postperiod. The upper-tropospheric RWS field along

the mei-yu band also confirms this change (Fig. 5). In

this circumstance, the reduced rainfall anomaly along

the mei-yu band in the postperiod will lead to weak-

ened feedbacks to circulation (Lu and Lin 2009), and it

is unable to relay the variability of convection activity

around the Philippines to the PJ pattern in the mid-

latitudes. This process may also contribute to the sig-

nificant weakening of the barotropic anomaly of the PJ

pattern north of 208N.

One natural question is why the PJ pattern–related

precipitation anomaly along themei-yu band isweakened

in the postperiod. This question is difficult to answer ul-

timately because the variations of mei-yu rainfall on the

interannual time scale involves self-maintained feedbacks

between rainfall and circulation (Kosaka et al. 2011).

However, it can be addressed to some extent by exam-

ining the linearized quasigeostrophic (QG) omega equa-

tion. Under the QG approximation, the vertical motion

can be induced by three major processes: the vertical

difference of horizontal vorticity advection, the Laplacian

of horizontal temperature advection, and theLaplacian of

diabatic heating (Holton 2004; Kosaka et al. 2011; Hu

et al. 2017; Gu et al. 2018), which is defined as follows:
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where all operators and variables are of conventional

usage in meteorology. The QG omega equation has

been used in previous studies to diagnose the vertical

motion over the main rain belts of East Asia (Kosaka

et al. 2011; Gu et al. 2018). In solving Eq. (1), v0 is set to

FIG. 7. Vertical profile of the summer mean zonal wind (m s21)

averaged over the region (108–208N, 1008–1608E) for the preperiod

(blue solid line) and over the region (108–208N, 1108–1708E) for the

postperiod (red solid line). The dashed lines indicate the vertical

profile of zonal wind averaged over the region (108–208N, 1108–

1708E) in the preperiod (blue dashed line) and over the region

(108–208N, 1008–1608E) in the postperiod (red dashed line).
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be zero along the lateral boundaries and at the bottom

(1000hPa) and top (70hPa) boundaries. The calculated

vertical velocity by solving Eq. (1) with full forcing on the

right-hand side shows comparablemagnitude and a similar

spatial pattern to the observed anomalies, especially along

the mei-yu rain belt, suggesting the QG omega equation

provides a good approximation to the vertical motion in

the reanalysis. To investigate the different causes ofmei-yu

rainfall anomalies in the two subperiods, followingKosaka

et al. (2011), only the effect of dry dynamics (i.e., the first

two processes related to vorticity and temperature advec-

tion) is considered, whereas the effect of moist diabatic

heating is excluded because there are strong interactions

between rainfall and circulation along the mei-yu band

(Sampe and Xie 2010; Kosaka et al. 2011).

Figure 8 presents the latitude–altitude section of the PJ

pattern–related vorticity advection (contour in the upper

panel), temperature advection (contour in the lower

panel), and the vertical velocity (arrow) by solvingEq. (1)

with either the vorticity forcing or the thermal forcing

only. Here the vertical velocity has beenmultiplied by21

for visual purposes. For simplicity, only the anomalous

vorticity advection 2yg(›z
0

g/›y) and temperature advec-

tion 2u0

g(›T/›x) are drawn because these are the domi-

nant terms responsible for the vertical motion along the

mei-yu band (Zhao et al. 2015), while the forced vertical

motion is calculated by solving the full version of Eq. (1).

In the preperiod, the anomalous vorticity advection term

is positive in the upper troposphere and negative in the

lower troposphere at approximately 358N (Fig. 8a), where

the climatological latitude of mei-yu band is located, and

anomalous temperature advection is positive at the same

latitude throughout the troposphere with maxima in the

upper troposphere (Fig. 8b). These configurations create

strong vertical difference of horizontal vorticity advection

and strong Laplacian of horizontal temperature advection

along the mei-yu band. As a result, enhanced upward mo-

tion is generated to keep the large-scale circulation in hy-

drostatic and geostrophic balance, and it creates a favorable

environment for enhanced rainfall anomalies along the

mei-yuband (Figs. 3a,b). In the postperiod, in contrast, both

the anomalous vorticity advection and temperature ad-

vection are weak at approximately 358N (Figs. 8c,d).

Therefore, the vertical motion induced by dry dynamics is

weak, which results in weak rainfall anomalies along the

mei-yu band (Figs. 3c,d).

d. Role of the energy conversion from basic flow

Kosaka and Nakamura (2006, 2010) suggested that

the PJ pattern is a moist dynamical mode inherent in the

basic flow over the WNP. On one hand, the PJ pattern

excited by convection near the Philippines can extract

eddy energy efficiently from the basic flow via barotropic

and baroclinic processes. On the other hand, it can re-

inforce the anomalous convection by modulating anom-

alous water vapor convergence and vertical motion and

further strengthen the PJ pattern amplitude. Therefore, it

is necessary to investigate whether the energy conversion

FIG. 8. (a) The 1008–1508E averaged summer mean PJ pattern–related vorticity advection (contour; CI 5 0.4 3

10211 s22) and associated forced vertical velocity (arrow; Pa s21) by solving the QG omega Eq. (1) during the

preperiod. (b) As in (a), but for the temperature advection (contour; CI 5 0.4 3 1026K s21) and the associated

forced vertical velocity (arrow). (c),(d) As in (a) and (b), respectively, but for the postperiod. The vertical velocity is

multiplied by 21 for visual purposes. The three shadings indicate the 90%, 95%, and 98% confidence levels, re-

spectively, based on a two-tailed Student’s t test.
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from basic flow contributes to the observed structural

changes of the PJ pattern.

To quantitatively estimate the efficiency of different

energy conversion processes in maintaining the PJ pat-

tern, the time scale t of a certain PJ pattern–related en-

ergy conversion process was evaluated following Kosaka

and Nakamura (2010). Five time scales are considered—

tCK, tCP, tCQ, tDry, and tTotal—which represent the time

scale to gain energy by barotropic energy conversion

(CK), baroclinic energy conversion (CP), diabatic gen-

eration (CQ), dry energy conversion (CK 1 CP), and

total energy conversion (CK 1 CP 1 CQ), respectively.

SeeKosaka andNakamura (2010) formore details. Here,

the eddy energy and conversion terms are integrated

horizontally over (58–858N, 08–3608) and vertically from

1000 to 100hPa. The t indicates the time that the spatially

integrated PJ pattern–related eddy energy could be re-

plenished through a particular energy conversion process.

Here, one conversion process will be considered as an

efficient fueling term for the PJ pattern if t is shorter

than a season (i.e., 92 days). The negative value indicates

the conversion process actually acts as an energy sink and

damps the pattern.

Table 1 shows time scales of the five terms in the pre-

and postperiods. In the preperiod, both CP and CQ can

maintain the PJ pattern efficiently, while CK tends to

damp the pattern in a less efficient way. As a result, both

the dry energy conversion and the total energy conver-

sion are efficient to maintain the PJ pattern. In the

postperiod, CK, CP, and CQ are all efficient to sustain

the PJ pattern. Especially, CQ shows a surprisingly high

efficiency that can replenish the available potential en-

ergy of the PJ pattern in less than 3 days. Although it

remains somewhat doubtful that CQ can contribute to

the maintenance of the PJ pattern in the extratropics

because of the weak baroclinic–barotropic coupling in

the postperiod (section 4b), the results in Table 1 do

suggest that the energy conversion from the basic flow is

efficient to maintain the PJ pattern in both subperiods.

This result indicates that the energy conversion from the

basic field to the PJ pattern is not likely responsible for

the structural changes of the PJ pattern in the late 1990s.

5. Discussion

A remarkable finding of this study is the diminished

barotropic structure in themidlatitudes and the weakened

vertical coupling of the PJ pattern after the late 1990s

(Fig. 4). Here, the definition of the PJ pattern is based on

the EOF1 of the 850-hPa relative vorticity as a result of

the more prominent structure of the PJ pattern in the

lower troposphere (Kawamura et al. 1996). One may ask

whether these reported phenomena under this ‘‘bottom

up’’ strategy is robust and reliable. To address this issue,

similar analyses were performed under the ‘‘top down’’

strategy. That is, EOF analysis is applied to the 200-hPa

relative vorticity field in the same region as that used for

the 850-hPa relative vorticity (08–608N, 1008–1608E), and

different variables are then regressed onto the normalized

PC1 time series (PC1200hPa). Figure 9 shows the latitude–

altitude pattern of the relative vorticity over the longitude

band (1108–1508E) regressed onto PC1200hPa. This figure is

identical to that in Fig. 4 but is based on PC1200hPa. In the

preperiod, the relative vorticity regressed onto PC1200hPa
clearly shows a baroclinic structure in the low latitudes

and an equivalent barotropic structure in the mid- and

high latitudes (Fig. 9a), which is very similar to those

shown in Fig. 4a. The barotropic structure in the extra-

tropics extends to 1000hPa, indicating strong coupling of

circulation between the upper and lower troposphere. In

the postperiod, in contrast, only two barotropic centers in

themidlatitudes are observed, and the baroclinic structure

in the low latitudes disappears (Fig. 9b). Moreover, the

TABLE 1. Time scales (day) that the eddy energy associated with

the PJ pattern could be replenished through a particular energy

conversion process in the preperiod and postperiod. Five energy

conversion processes are evaluated (refer to the text for defini-

tions).The eddy energy and conversion terms were integrated

horizontally over (58–858N, 08–3608) and vertically from 1000 to

100 hPa.

Term Preperiod (1979–98) Postperiod (1999–2015)

tCK 276.1 71.3

tCP 10.6 12.2

tCQ 6.1 2.7

tDry 23.5 19.5

tTotal 7.9 3.9

FIG. 9. As in Fig. 4, but regressed onto the normalized PC1200hPa.
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two barotropic centers in the extratropics cannot extend

into the lower troposphere (Fig. 9b) as in the preperiod

(Fig. 9a). These results suggest that the leading upper-

tropospheric variability over the East Asia–NWP region is

no longer related to the convection-induced baroclinic

pattern over the subtropical WNP in the postperiod, con-

firming the robustness of the results reported in sections 3.

The PJ pattern was traditionally regarded as a dipolar

teleconnection that is most prominent in the lower tro-

posphere (Nitta 1987; Huang and Li 1987). However, the

results shown in this study suggest that it may be more

appropriate and insightful to regard the PJ pattern as a

three-dimensional pattern that includes baroclinic struc-

ture in the low latitudes and barotropic structure in the

mid- and high latitudes. The structures in both the lower

and upper troposphere are important because the dipolar

structure in the lower troposphere is important to alter

the moisture convergence, while the zonally elongated

structure in the upper troposphere is important to alter

the vertical motion. This resultant moist dynamical

feedback plays an important role in the self-maintenance

of the PJ pattern (Kosaka and Nakamura 2006, 2010).

Therefore, it may be necessary to revisit the definition of

the PJ pattern to consider the three-dimensional struc-

ture of the PJ pattern in the future studies.

Another issue is why the PJ pattern–related convec-

tion and climatological variability of the convection

center around the Philippines shift eastward in the

postperiod. This may be understood from two aspects.

On one hand, the eastward shift may be related to the

eastward retreatment of the climatological subtropical

high over WNP in the postperiod (Fig. 10), whose lo-

cation may anchor the convection variability center

(Yang et al. 2017). The Pacific SST pattern switched

to negative Pacific decadal oscillation (PDO; Mantua

et al. 1997) like in the late 1990s. The resultant cooling in

the tropical eastern Pacific and warming in the tropical

western Pacific can help to strengthen the Walker cir-

culation (L’Heureux et al. 2013) and enhance the con-

vection activity in the western Pacific (Zhang et al.

2016). Therefore, the latent heating is enhanced in the

WNP, facilitating the eastward retreatment of subtrop-

ical high resulting from Sverdrup vorticity balance (Liu

et al. 2001; Zhou et al. 2009). On the other hand, the

eastward shift of the PJ pattern–related convection

may be caused by the shift of the associated tropical

SST forcing (Chen and Zhou 2014; Yim et al. 2014).

Figure 11 presents the evolutions of SST anomalies as-

sociated with the PJ index in the preperiod (left panel)

and the postperiod (right panel), which show distinct

differences. The PJ pattern is related to the decaying

phase of the canonical eastern Pacific ENSO before the

late 1990s (Figs. 11a–e) and to the developing phase of

the central Pacific ENSO (Ashok et al. 2007) after that

(Figs. 11f–j), consistent with Yim et al. (2008). If we

focus on summer, when the PJ pattern is observed, we

could see that the warm SST anomalies in the Indian

Ocean are weakened and those in the eastern Maritime

Continent are enhanced in the postperiod (Figs. 11c,h).

This shift of SST anomalies suggests that SST forcing of

the PJ pattern shifts eastward, consistent with Chen and

Zhou (2014), who investigated the decadal changes in

the periodicity of the PJ pattern in the mid-1990s (see

their Figs. 7a,b). Further studies are needed to validate

the aforementioned two hypotheses.

6. Conclusions

Based on several reanalysis and observational datasets,

this study reveals that the PJ pattern, the dominant

summertime teleconnection over East Asia, experienced

significant structural changes in the late 1990s. In the

preperiod (1979–98), the PJ pattern features a meridional

dipole over the WNP in the lower troposphere (Fig. 2a),

and a baroclinic structure in the subtropics and an equiv-

alent barotropic structure in the extratropics (Fig. 4a),

consistent with those reported in previous studies (e.g.,

Kosaka and Nakamura 2006). In the postperiod (1999–

2015), the PJ pattern shifts eastward by approximately 208

(Fig. 2c). Meanwhile, although its baroclininc structure in

the subtropics remains almost unchanged, its barotropic

structure in the extratropics is remarkably weakened

(Fig. 4b). As a result, the influence of the PJ pattern on the

mei-yu rainfall in the postperiod is diminished compared

with the preperiod (Figs. 3c,d).

These observed changes in the PJ pattern can be

explained from three aspects. First, the place where the

PJ pattern–related diabatic heating released around the

Philippines is located over approximately (108–208N,

1208–1408E) in the preperiod (Figs. 3a,b) but is shifted

eastward after the late 1990s (Figs. 3c,d). This east-

ward shift is also associated with an eastward shift of

FIG. 10. Climatological summer mean 500-hPa western Pacific

subtropical high (indicated by 5870-gpm contour) during the pre-

period (blue line) and postperiod (red line).
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climatological convection variability (Fig. 6). Conse-

quently, this shift directly leads to the eastward move-

ment of the PJ pattern in the postperiod. Second, when

the PJ pattern–related convection over the subtropical

WNP shifts eastward after the late 1990s, it moves into a

region where the easterly shear of the background zonal

wind is weak (Fig. 7). As a result, the thermally excited

baroclinic disturbance over the subtropical WNP is less

efficiently converted into barotropic disturbance and

propagates into the extratropics. This is likely the main

reason for the weakened intensity of extratropical baro-

tropic structure of the PJ pattern after the late 1990s.

Third, because of the weakened barotropic anomalies of

the PJ pattern after the late 1990s, the PJ pattern–related

rainfall along themei-yu band is alsoweakened as a result

of the diminished vorticity advection and temperature

advection (Fig. 8). Thus, the latent heating released by

anomalous mei-yu rainfall is reduced, which may further

contribute to the weakened barotropic anomalies of the

PJ pattern in the extratropics. In addition to these three

aspects, the possible role of energy conversion from the

basic field to the PJ pattern is also examined. It reveals

that the energy conversion efficiency remains similar in

the two subperiods (Table 1), indicating the basic flow

contributes little to the observed change of the PJ pattern.

In this study we found the PJ pattern experienced a

structural change in the late 1990s, which seems to be

contradicted with some previous studies that suggest an

interdecadal change of the PJ pattern or the East Asian

summer monsoon in the early or mid-1990s (e.g., Chen

FIG. 11. Regression of SST onto the normalized PJ index in (a) the preceding winter, (b) the preceding spring,

(c) the simultaneous summer, (d) the following autumn, and (e) the following winter during the preperiod

(CI 5 0.28C). (f)–(j) As in (a)–(e), respectively, but for the postperiod. The three shadings indicate the 90%,

95%, and 98% confidence levels, respectively, based on a two-tailed Student’s t test.
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and Zhou 2014; Yim et al. 2014). To check the robustness

of our results, all the analyses were repeated by dividing

the period into two subperiods from the early and mid-

1990s. It reveals that the structural difference of the PJ

pattern between the pre- and postperiods is not as evident

as reported in this study (not shown). These results sug-

gest that the structure of the PJ pattern experienced a

clear change not in the early or mid-1990s but in the late

1990s. Note that this study considers the changes of the

three-dimensional structure of the PJ pattern in boreal

summer (June–August), and that this is different from the

changes of the periodicity of the PJ pattern (Chen and

Zhou 2014) or the early summer (May and June) rainfall

over East Asia (Yim et al. 2014). Hence, it is reasonable

and understandable that the time shift reported in this

study is slightly different from previous studies.

The results shown in this study may have more impli-

cations. The PJ pattern is one of the most important tele-

connections to alter the East Asian summer climate

(Kosaka et al. 2011; Huang et al. 2012), and it is also the

bridge that transfers the influence of El Niño–Southern

Oscillation (ENSO) to East Asia in ENSO’s decaying

summer (Zhang et al. 1996; Wang et al. 2000; Xie et al.

2009; Kosaka et al. 2013; Xie et al. 2016; Zhang et al. 2017;

Li et al. 2017). In the presence of the eastward shift and

the reduced amplitude of the barotropic structure of the

PJ pattern, one may expect that the influences from the

PJ pattern and possibly from ENSO on the summer cli-

mate over EastAsiawill diminish. These issues have been

shown to some extent in our analysis (Figs. 3c,d, 11), but

further related studies are still needed in the future.
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