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ABSTRACT

Significant climate anomalies persist through the summer (June–August) after El Niño dissipates in spring

over the equatorial Pacific. They include the tropical Indian Ocean (TIO) sea surface temperature (SST)

warming, increased tropical tropospheric temperature, an anomalous anticyclone over the subtropical

northwest Pacific, and increased mei-yu–baiu rainfall over East Asia. The cause of these lingering El Niño

effects during summer is investigated using observations and an atmospheric general circulation model

(GCM). The results herein indicate that the TIO warming acts like a capacitor anchoring atmospheric

anomalies over the Indo–western Pacific Oceans. It causes tropospheric temperature to increase by a moist-

adiabatic adjustment in deep convection, emanating a baroclinic Kelvin wave into the Pacific. In the

northwest Pacific, this equatorial Kelvin wave induces northeasterly surface wind anomalies, and the re-

sultant divergence in the subtropics triggers suppressed convection and the anomalous anticyclone. The

GCM results support this Kelvin wave–induced Ekman divergence mechanism. In response to a prescribed

SST increase over the TIO, the model simulates the Kelvin wave with low pressure on the equator as well as

suppressed convection and the anomalous anticyclone over the subtropical northwest Pacific. An additional

experiment further indicates that the north Indian Ocean warming is most important for the Kelvin wave and

northwest Pacific anticyclone, a result corroborated by observations.

These results have important implications for the predictability of Indo–western Pacific summer climate:

the spatial distribution and magnitude of the TIO warming, rather than simply whether there is an El Niño in

the preceding winter, affect summer climate anomalies over the Indo–western Pacific and East Asia.

1. Introduction

El Niño–Southern Oscillation (ENSO) is the domi-

nant mode of climate variability on instrumental re-

cords. Typically, El Niño develops during boreal

summer, peaks during early winter, and decays the

following spring (Fig. 1). Hereafter, seasons refer to

those for the Northern Hemisphere. We denote the

ENSO-developing year as year 0 and the following year

as year 1. Thus, the summer [June–August (JJA)] of the

ENSO-developing year is symbolized as JJA(0), while

the summer of the following year as JJA(1). By JJA(1),

eastern Pacific sea surface temperature (SST) returns

either to or slightly below normal. By shifting tropical

convection, El Niño excites atmospheric teleconnection

into other tropical oceans and the extratropical Pacific–

North America (PNA) sector. The so-called atmo-

spheric bridge effect in the tropics is manifested in the

delayed spring warming of the Indian (Klein et al. 1999)

and North Atlantic (Enfield and Mayer 1997) Oceans.

Because of large SST anomalies in the tropics and an

effective tropics-to-midlatitude waveguide, the PNA

teleconnection is most pronounced during the peak

phase of El Niño, providing winter climate predictabil-

ity for North America (Trenberth et al. 1998; Alexander

et al. 2002).

Pronounced ENSO-related anomalies linger myste-

riously during JJA(1) after eastern Pacific SST anoma-

lies have dissipated. Chinese researchers have long

suggested that during the summer, following El Niño,
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pronounced precipitation anomalies tend to take place

near the Yangtze River (Fu and Teng 1988; Huang and

Wu 1989; Huang et al. 2004), causing major floods there

as in 1954 and 1998 summers. Over the northwest (NW)

Pacific, climatic anomalies can be even larger and more

robust during the summer following than preceding the

El Niño peak, despite much weaker SST anomalies in

the eastern Pacific.

Figure 2 illustrates some of the mysterious JJA(1)

anomalies based on surface observations over the NW

Pacific, as represented by correlation with the Niño-3.4

(58S–58N, 1208–1708W) SST index at its peak phase

[November–December (ND)(0)–January(J)(1), here-

after NDJ(0)]. At Guam (13.58N, 1458E), precipitation

is not significantly correlated with ENSO during its

developing phase. A negative correlation begins to de-

velop around December–February (DJF)(1), peaks

during February–March(1), and persists through JJA(1)

(Fig. 2a, solid) when the eastern Pacific SST index al-

ready turns slightly negative. Consistent with the rain-

fall correlation, sea level pressure (SLP) in the broad

subtropical NW Pacific begins to develop strong posi-

tive correlation with El Niño at NDJ(0), which peaks

during the spring (Wang et al. 2003). This correlation

decays thereafter but remains significant at the 95%

level through JJA(1) (Fig. 2b). The South China Sea

(SCS) is the third example, displaying pronounced

warming twice at the peak phase of El Niño (Liu et al.

2004) and July–September (JAS)(1) (Xie et al. 2003;

Wang et al. 2006), respectively (Fig. 2c). The summer

warming is associated with a reduction in the southwest

monsoon and ocean upwelling it induces. The delayed

ENSO effects extend to the midlatitude atmosphere.

Precipitation at Hachijo Island (33.18N, 139.88E) south

of Tokyo, Japan, displays two peaks in correlation with

ENSO (Fig. 2a, dashed): one in DJF(1) and one in

JJA(1), both of which are well above the 95% signifi-

cance level. The summer correlation at Hachijo is of the

opposite sign to that at Guam, linked by a meridional

teleconnection pattern (Nitta 1987). Our last example is

Ishigaki Island (24.38N, 124.28E), Japan, where sea level

shows a significant positive correlation at a very long

lag, during November–December(1) (Fig. 2d). Such

prolonged ENSO effects during JJA(1) are the focus of

the present study.

Over the subtropical NW Pacific, an anomalous high

pressure system with an anticyclonic surface circulation

begins to appear at the ENSO mature phase (winter)

and develops into maximum intensity during spring

(Harrison and Larkin 1996; Wang et al. 2000, 2003),

broadly consistent with Fig. 2b. At its peak phase

(spring), this surface high is roughly collocated with

negative SST anomalies, suggestive of a local ocean–

atmosphere interaction (Wang et al. 2000; Lau and Nath

2003). Wang et al. (2000) propose that SST-induced

anticyclonic circulation, superimposed on the spring

northeast trades, acts to reinforce the initial SST

anomalies via surface evaporation and wind stirring.

Their mechanism is a variant of wind–evaporation–SST

(WES) feedback that emphasizes the role of meridional

wind instead of zonal wind in the previous literature

(Xie 2004). The anticyclonic anomaly persists into

JJA(1) as corroborated by in situ observations (Fig. 2),

but the local SST feedback does not seem to persist

through summer. A local feedback requires positive

correlation between SST and precipitation but obser-

vations indicate that this correlation is weak or even

negative during summer (Wang et al. 2005). Results

from the present study show that atmospheric anoma-

lies during JJA(1) over the NW Pacific are forced not by

local SST, but remotely by Indian Ocean SST.

The tropical Indian Ocean (TIO) warms up following

the El Niño peak because of the downwelling ocean

Rossby waves in the southwestern basin (Xie et al. 2002;

Huang and Kinter 2002) and heat flux changes elsewhere

(Klein et al. 1999; Tokinaga and Tanimoto 2004). See

Schott et al. (2008) for a recent review of the TIO re-

sponse to ENSO. During the El Niño mature phase,

precipitation decreases over the TIO despite this basin-

wide warming, leading to a notion that the TIO warming

is largely a passive response to ENSO teleconnection

without much climatic influences. Countering this notion,

however, recent modeling studies suggest that the TIO

warming is partially responsible for the formation of the

FIG. 1. Correlation of tropical Indian Ocean (208S–208N, 408–

1008E) SST (solid) with the Niño-3.4 (58S–58N, 1708–1208W) SST

index for November(0)–December(0)–January(1). Numerals in

parentheses denote years relative to El Niño: 0 for its developing

and 1 for decay year. The dashed curve is the Niño-3.4 SST au-

tocorrelation as a function of lag. The black triangle denotes De-

cember(0), the peak phase of ENSO.

1 FEBRUARY 2009 X I E E T A L . 731



NW Pacific anticyclone anomaly from winter to spring

(Watanabe and Jin 2003; Annamalai et al. 2005), and its

persistence into JJA(1) (Yang et al. 2007). These results

form the following capacitor hypothesis (Yang et al.

2007): El Niño teleconnection causes TIO SST to increase

like a battery charging a capacitor; the TIO warming

persists through the summer [JJA(1)], and exerts its cli-

matic influences on surrounding regions after the El Niño

decay, like a discharging capacitor. Early studies based on

correlation (Wu et al. 1995) and idealized general circu-

lation model (GCM) experiments (Wu and Liu 1995)

have hinted at TIO SST effects on East Asian-western

Pacific climate in summer. More recently, Yoo et al.

(2006) note that spring TIO SST is a good predictor for

the summer NW Pacific anticyclone. While they do not

clarify what maintains this relationship between spring

SST and summer atmospheric anomalies, Fig. 1 shows

that the TIO SST persistence is the likely cause. Ohba

and Ueda (2006) suggest that SST gradients between

the North Indian and NW Pacific Oceans are important

for June precipitation variability east of the Philippines.

While the persistence of the NW Pacific anticyclone

through summer may indeed be due to the TIO capac-

itor effect, the mechanism by which TIO SST affects the

subtropical NW Pacific remains unclear.

The TIO capacitor effect may go beyond the sub-

tropical NW Pacific surface circulation. Tropospheric

temperature is known to increase over the tropics fol-

lowing El Niño (Yulaeva and Wallace 1994; Sobel et al.

2002), and the tropospheric warming lasts much longer

than El Niño itself. Atmospheric GCM experiments

show that much of the persistence in zonal-mean tro-

pospheric temperature increase is not due to eastern

Pacific SST, but to the SST warming over the tropical

Indian and Atlantic Oceans (Kumar and Hoerling 2003;

Lau et al. 2005). It is unclear whether and how the lin-

gering tropospheric warming is related to surface anom-

alies, such as the subtropical NW Pacific anticyclone.

The present study examines robust, ENSO-induced

climatic anomalies during JJA(1) when SST anomalies

have mostly vanished over the equatorial Pacific. They

include the TIO warming, NW Pacific anticyclone,

FIG. 2. Correlation with the NDJ(0) Niño-3.4 SST index: (a) rainfall at Guam and Hachijo Islands; (b) subtropical NW

Pacific SLP (108–258N, 1308–1708E), and surface wind vorticity defined as (278–338N) minus (118–158N) zonal wind difference

averaged in 1208–1508E; (c) SCS SST (58–158N, 1108–1258E); and (d) sea level height at Ishigaki Island. (b) and (c) Based on

ICOADS. Dotted lines indicate the 95% significance level, which varies with the data record length. (In (a), the significance

level is 0.44 for the shorter Hachijo record.) The black triangle denotes December(0), the peak phase of ENSO.
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and tropospheric warming. As reviewed briefly above,

these anomalies have previously been studied some-

what in isolation. We note that most literature on the

NW Pacific anticyclone deal with its formation and

development from winter to spring (Wang et al. 2000,

2003; Watanabe and Jin 2003; Annamalai et al. 2005),

but few focus on its maintenance for JJA(1) (Yang

et al. 2007). Summer is the rainy season for East Asia

when precipitation variability has huge socioeconomic

impacts. The present study attempts a synthesis to

reveal relationships among and mechanisms for these

anomalies by tracking ENSO correlation into JJA(1).

Specific questions of interest include the following:

What maintains the robust precipitation and circu-

lation anomalies over the NW Pacific? Is there evi-

dence for remote influences of the TIO on the NW

Pacific; what about local SST effect? Is the long-lasting

tropospheric warming in any way related to surface

anticyclone over the NW Pacific? Observational diag-

nostics are the main approach but numerical modeling

is also used as necessary to test hypotheses.

In the following, section 2 describes the datasets

and atmospheric GCM. Section 3 presents observa-

tional diagnosis, discusses the ENSO-induced anoma-

lies during JJA(1) in the global tropics and over the

Indo–western Pacific region, and tests the local SST

and TIO capacitor hypotheses. Section 4 examines

atmospheric anomalies in response to the TIO warm-

ing in models. Section 5 is a summary and discusses

broad implications.

2. Methods

a. Observational data

We use the Hadley Centre Global Sea Surface Tem-

perature (HadSST) dataset (Rayner et al. 2006), the

Center for Climate Prediction (CPC) Merged Analysis

of Precipitation (CMAP; Xie and Arkin 1996), and the

National Centers for Environmental Prediction–National

Center for Atmospheric Research (NCEP–NCAR) at-

mospheric reanalysis (Kalnay et al. 1996), originally on 18,

2.58, and 2.58 grids, respectively. We have regridded these

datasets onto a common 2.58 latitude 3 108 longitude grid

for a 29-yr period from 1979 to 2007 (limited by CMAP’s

satellite rainfall estimates). All of the features to be dis-

cussed have large zonal scales, and the coarse zonal grid

spacing is to help suppress small-scale variability.

We complement the above data-assimilated/statistically

interpolated datasets with ship observations in the In-

ternational Comprehensive Ocean–Atmospheric Data

Set (ICOADS; Worley et al. 2005), originally on a 28

grid. Grid points without at least one observation for a

given month are flagged as missing. No additional

interpolation is made. We regrid ICOADS onto the

same 2.58 latitude 3 108 longitude grid, and limit our

analysis to after 1950, when observations are relatively

abundant.

To extend the precipitation record back beyond the

CMAP period, monthly observations at Guam are used

to track rainfall over the subtropical and midlatitude

NW Pacific, respectively. We average data at five sta-

tions to form an island-mean precipitation series, which

runs nearly continuously from 1945. A different method

by normalizing data at each station with its standard

deviation yields a similar island-mean series. Observa-

tions at Hachijo Island for a shorter period (1980–2007)

are used to monitor rainfall in the midlatitude NW

Pacific. Monthly-mean sea level height data (1969–

2007) at Ishigaki Island are obtained from the Univer-

sity of Hawaii Sea Level Center.

The present study focuses on interannual variability

associated with ENSO. To reduce the effect of pro-

nounced intraseasonal variability over the Indo–western

Pacific Oceans, we perform a 3-month running average.

A 9-yr running mean is then applied (separately for each

calendar month) to remove decadal and longer varia-

tions, which are significant over the tropical Indo-Pacific

Oceans (Deser et al. 2004; Du and Xie 2008). We

use SST averaged over the eastern equatorial Pacific

(Niño-3.4: 58S–58N, 1208–1708W) to track ENSO, which

is referred to as the ENSO index. Typical decorrelation

time for such bandpass-filtered time series is slightly

more than half a year (Fig. 1). We estimate the total

degree of freedom as (analysis period in years)/1.5. For

a 29-yr time series, a correlation of 0.43 reaches the 95%

significance level based on t test.

b. GCM

The atmospheric GCM used is the ECHAM5, the

latest Hamburg version of the European Centre for

Medium-Range Weather Forecasts (ECMWF) model.

A detail description of ECHAM5 is given by Roeckner

et al. (2003). ECHAM5 employs a spectral dynamic

core. We use a version with triangular truncation at

zonal wavenumber 63 (T63; equivalent to 1.98 hori-

zontal resolution) and 19 sigma levels in the vertical.

The model is forced with the observed monthly cli-

matology of SST and sea ice. We analyze a 20-yr period

of the control (CTL) simulation. We carry out two ad-

ditional experiments. In the TIO run, we add 18C SST

over the TIO (208S–208N, 408–1108E). In the other ex-

periment, the same SST anomalies are imposed on the

South Indian Ocean (SIO; 208S–08, 408–1108E). Exper-

iments with a more realistic 0.58C SST anomaly yield

similar results. In both TIO and SIO runs, the SST
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anomalies are kept constant in time and the model is

integrated for 20 yr. Thus, the experiments are equiva-

lent to 20-member ensemble runs.

3. Observational analysis

This section examines spatiotemporal variations in

ENSO correlation to infer the mechanisms for atmo-

spheric anomalies.

a. MAM(1)

During March–May (MAM)(1), El Niño begins to

decay but large positive anomalies of SST and precipi-

tation remain in the eastern equatorial Pacific (Fig. 3).

The westerly wind anomalies near the international

date line are displaced south of the equator, rendering

them ineffective to sustain the Bjerknes feedback and

El Niño (Vecchi and Harrison 2006; Lengaigne et al.

2006). Precipitation decreases over the off-equatorial

western Pacific, with a broad high pressure anomaly

over the NW Pacific. The anomalous winds there in-

tensify the prevailing northeast trades, contributing to

the SST cooling (Wang et al. 2000). The upwelling

Rossby waves in the ocean may also be a factor for the

surface cooling (Wang et al. 1999).

Positive SST anomalies cover the entire TIO, with

the maximum (.0.8) over the tropical southwest In-

dian Ocean (SWIO), a signature of the downwelling

Rossby waves over the shallow thermocline dome

(Murtugudde and Busalacchi 1999; Behera et al. 2000;

Xie et al. 2002; Huang and Kinter 2002). While the

SST anomalies are more or less symmetrical, precipi-

tation anomalies are nearly antisymmetric about the

equator, positive over the SWIO, and negative over

the eastern north Indian Ocean (NIO). Surface winds

show a C-shaped pattern typical of the response to

antisymmetric heating, northeasterly north and north-

westerly south of the equator. Kawamura et al. (2001)

and Wu et al. (2008) suggest that this antisymmetric

atmospheric pattern is due to be the WES feedback

FIG. 3. MAM(1) correlation with the NDJ(0) Niño-3.4 SST index: (a) SST, (b) SLP (contours) and

surface wind velocity, and (c) precipitation (gray shade and white contours at intervals of 0.1) and

tropospheric temperature (contours).
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within the TIO. The northeasterly anomalies, in par-

ticular, help sustain the NIO warming through summer

after the onset of the southwest monsoon in May (Du

et al. 2009).

The free troposphere warms up along the entire

equatorial belt, with tropospheric temperature correla-

tion above 0.8 everywhere except over the western Pa-

cific (minimum ;0.58 at 1608E). The correlation features

an off-equatorial maximum on either side of the equa-

tor over the central/eastern Pacific and an equatorial

maximum to the east, reminiscent of the Matsuno–

Gill pattern (Matsuno 1966; Gill 1980) anchored by

the eastern Pacific warming. This tropical-wide tropo-

spheric warming takes place despite the tropical-mean

precipitation anomaly being nearly zero, supporting the

idea that deep convection adjusts tropospheric tem-

perature to a moist-adiabatic profile over the warming

eastern Pacific, spreading the tropospheric warming

throughout the tropics via fast equatorial waves (Su

et al. 2001; Chiang and Sobel 2002). El Niño–induced

tropospheric warming has been proposed to cause SST

to increase over other tropical oceans that support deep

convection (Chiang and Sobel 2002; Chiang and Lintner

2005).

b. JJA(1)

Figure 4 shows JJA(1) correlations with the NDJ(0)

ENSO index. SST anomalies vanish along the equator

across the Pacific while SST correlation remains strong

and exceeds 0.6 over much of the TIO. In contrast to

MAM(1), when the decaying El Niño remains the major

forcing for atmospheric anomalies, strong atmospheric

correlations with coherent large-scale structure shift to

the TIO and neighboring NW Pacific. The strongest

atmospheric anomalies at the surface are located over

the NW Pacific, including decreased rainfall and in-

creased SLP. An anomalous anticyclone develops there,

with northeasterly anomalies from the Bay of Bengal to

the international date line. This summer anticyclone has

been noted in previous studies (e.g., Wang et al. 2003)

and the resultant weakening of the southwesterly

monsoon wind causes a pronounced warming over the

SCS (Xie et al. 2003; Wang et al. 2006). SST correlation

is weakly negative but statistically marginal over the

FIG. 4. Same for Fig. 3, except for JJA(1).
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eastern half of the NW Pacific anticyclone (maximum

correlation rmax ; 20.4), suggesting that local SST is

not the main anchor for the decreased precipitation and

increased SLP there. (More analysis of the SST corre-

lation will be presented in section 3c.) This anticyclone

is the most significant surface atmospheric anomaly

during JJA(1) (rmax ; 0.7) that originates from ENSO,

while the TIO warming is the most significant major

SST anomaly (rmax ; 0.8), implying that the latter is the

cause of the former. An empirical orthogonal function

(EOF) analysis confirms this conclusion (see the ap-

pendix).

Tropospheric temperature displays a Matsuno–Gill

pattern that is consistent with a localized heating in the

TIO, with a Kelvin wave–like wedge penetrating into

the western Pacific on the equator and Rossby wave–

like, off-equatorial maxima over the western Indian

Ocean to Africa. Tropical convection adjusts tropo-

spheric temperature close to a moist-adiabatic profile,

consistent with the equivalent potential temperature

(ue) in the planetary boundary layer (Emanuel et al.

1997). Thus, an SST increase over a convective region

acts to warm the tropospheric column. The spatial

pattern of tropospheric temperature anomalies (Figs.

3c, 4c) appears to support this moist-adiabatic adjust-

ment to ocean warming. Figure 5 shows tropospheric

temperature correlation with the NDJ(0) ENSO index

in the tropical Pacific and TIO, along with the SST

correlation. Over the tropical Pacific, the troposphere

begins to warm up soon after the development of El

Niño. The tropospheric warming there reaches the

maximum about a season after the El Niño peak and

decays rapidly after April(1), falling below the 95%

significance level by July(1). Over the TIO, on the

other hand, tropospheric warming commences quite

late, developing rapidly in November(0) and reaching

the peak in April(1). It persists at high correlation until

August(1), and then decays rapidly with the TIO SST

warming.

SST correlation falls to near zero on the equator (as

the thermocline begins to shoal), but significant SST

warming remains on either side of the equator in the

eastern Pacific during JJA(1) (Fig. 4a). The southern

SST warming does not have much of a signature in SLP

because the mean SST is too cold for deep convection

(Figs. 4b,c). North of the equator, by contrast, the SST

warming over the far eastern Pacific warm pool and

Caribbean Sea induces weak negative SLP anomalies

and appears to reinvigorate the off-equatorial tropo-

spheric warming. Because of the great geographical

distance, it is unlikely that the lingering eastern Pacific

SST anomalies north of the equator are the main cause

of the NW Pacific anticyclone.

c. Kelvin wave–induced divergence off the equator

Precipitation correlation is weakly positive over the

warm TIO, but not well organized in space. Restoring

tropospheric temperature toward a moist-adiabatic

profile, Su and Neelin (2003) show that their model

simulates tropospheric temperature and precipitation

anomalies during the developing and mature phases of

El Niño. They report that the precipitation response is

rather complicated and not necessarily correlated with

local SST.

Given weak local SST correlation, the robust NW

Pacific anticyclone at the surface is mysterious. We

propose a mechanism for the TIO to force this surface

anticyclone remotely. The moist-adiabatic adjustment

provides a mechanism that couples SST and tropo-

spheric temperature over the warm TIO (Emanuel

et al. 1997; Neelin and Su 2005). Via this coupling, the

TIO warming forces a warm equatorial Kelvin wave to

the east. Figure 6 superimposes tropospheric temper-

ature and surface wind correlations with the NDJ(0)

ENSO index. Surface friction drives northeasterly

winds onto the equatorial low pressure in the baro-

clinic Kelvin wave, inducing surface divergence and

suppressing deep convection in the subtropical NW

Pacific.

The circulation–convection feedback is important to

amplify this Kelvin wave–induced Ekman divergence

(WIED). While the Kelvin wave in the free tropo-

sphere is nearly symmetric about the equator, the re-

sponse of convective and surface anomalies clearly

favors the summer hemisphere (Fig. 6), where con-

vective feedback is strong with high SST and precipi-

tation in the mean. The negative rainfall anomalies

FIG. 5. Longitude–time section of correlation with the NDJ(0)

Niño-3.4 index: SST (light shade . 0.4; dark , 20.4; white con-

tours at intervals of 0.1), and tropospheric temperature (black

contours) on the equator. The black arrow denotes December(0),

the peak phase of ENSO.
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over the NW Pacific excite an equatorial Kelvin wave

of an opposite sign, weakening the warm Kelvin wave

wedge emanating from the TIO. Indeed, the warm

Kelvin wave wedge is much shorter in zonal exten-

sion than the off-equatorial Rossby waves to the west

(Fig. 4c), opposite to the Matsuno–Gill model predic-

tion.1 In the warm Kelvin wave wedge near the equa-

tor, precipitation anomalies are not very coherent as

the deep subsidence of the wave in the free tropo-

sphere opposes the surface convergence in creating

precipitation changes. Section 4 tests this hypothesis

further with an atmospheric GCM.

Modeling studies suggest a TIO contribution to the

NW Pacific anticyclone anomaly during MAM(1) (Su

et al. 2001; Watanabe and Jin 2003; Annamalai et al.

2005). We note that from the NIO to NW Pacific during

MAM(1), northeasterly wind anomalies and the nega-

tive precipitation band are located on the northern edge

of the warm Kelvin wave wedge (Fig. 3c). This collo-

cation of surface anomalies with the Kelvin wave’s

northern flank is consistent with our Kelvin WIED

mechanism.

d. Northwest Pacific precipitation

The NW Pacific warm pool reaches far north during

summer, with the 278C SST contour expanding north

of 308N (Fig. 7). In addition to the basin-scale inter-

tropical convergence zone (ITCZ) anchored by an off-

equatorial warm SST band, a subtropical rainband

develops during late summer and early fall (July–

September) in the NW Pacific, riding on the expanding

warm pool. This subtropical rainband appears as a local

meridional maximum in precipitation (158–258N), and it

is a key element of the NW Pacific monsoon (Murakami

and Matsumoto 1994; Wang and LinHo 2002). The late-

July onset of this subtropical NW Pacific convection

weakens and displaces the mei-yu–baiu rainband

northward that covers east China and Japan during June

to mid-July (Ueda et al. 1995, 2009).

Interestingly, summer precipitation variance is much

stronger in the subtropical rainband than in the ITCZ

over the NW Pacific despite the mean precipitation

being much larger in the latter (Fig. 7). Figure 8a shows

the time–latitude section of local correlation between

monthly SST and precipitation over the western Pacific.

In the subtropical NW Pacific, the subtropical rainfall

variance intensifies during July–September but is not

correlated with the local SST. Our analysis of ENSO

correlation indicates that much of the subtropical NW

Pacific rainfall variability is instead remotely forced,

by the TIO warming in particular. This TIO capacitor

effect is pronounced during JJA(1), possibly corre-

sponding to interannual variability in the onset and

early development period of subtropical NW Pacific

convection. The cause of high variance from August

onward needs further investigation.

FIG. 6. JJA(1) correlation with the NDJ(0) Niño-3.4 SST index: tropospheric (850–250 hPa) temper-

ature (contours), precipitation (white contours at intervals of 0.1; dark shade . 0.4; light , 20.4), and

surface wind velocity (vectors).

1 Factors such as the mean flow and its shear as well as heating

latitude also influence the apparent zonal extent of these waves.
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The anticyclone anomaly over the subtropical NW

Pacific begins to develop during the El Niño winter.

Figure 9 shows the ENSO correlations of precipitation

(shade), SST (color contours), and surface wind velocity

in the NW Pacific. In Fig. 9, the onset of the El Niño–

induced anticyclone in December(0) is manifested as

the sudden appearance of the anomalous northerlies

and SST cooling in 08–108N. Wang et al. (2000) suggest

that the rapid onset of the anticyclone and SST cooling

is due to their mutual interaction as follows. The SST

cooling north of the equator reduces precipitation, ex-

citing a westward-propagating Rossby wave. The re-

sulting northerly wind anomalies intensify the mean

northeast trades and amplify the initial SST cooling via

evaporation and wind stirring. Hereafter we call this the

WES-V feedback to emphasize the importance of me-

ridional wind perturbations, where the traditional WES

feedback considers the zonal wind effect on evaporation

(Xie and Philander 1994). Mean northerly winds (V) are

a necessary condition for this WES-V feedback, which is

indeed met during December–April (Fig. 8b). (One may

use V 5 2 m s21 as a threshold for the WES-V feedback

to operate given that weather-related variance is high in

the ITCZ.) The mean northerlies weaken from February

on, and the WES-V mechanism is unlikely to be important

from April into the summer, as corroborated by the rapid

transition of the local SST–precipitation correlation from

positive to negative in 08–108N during April–July (Fig. 8a).

Here we have used the SST–precipitation correlation as a

test for the ocean-to-atmospheric feedback.

Figure 9 shows that ENSO correlations also display a

rapid transition from May(1) to July(1). The center of

negative rainfall correlation is confined to 08–108N up to

May(1), and jumps to 108–208N in June(1). The north-

ward shift is also seen in the center of the anticyclonic

vorticity (as measured by the meridional shear). The

northward shift in the anticyclonic center suggests that

different mechanisms are at work before May(1) and

during JJA(1), consistent with our inference that Pacific

and TIO SST anomalies are important for the respective

periods. The northward shift of precipitation correlation

is also consistent with the evolution of precipitation

variance, whose maximum shifts from the ITCZ during

winter and spring to the subtropical rainband during

summer. The El Niño–induced negative SST anomalies

in the ITCZ decay rapidly from April(1). At 1458E, the

negative JJA(1) precipitation anomalies at 158N are not

associated with significant SST correlation (Fig. 9), in-

dicating the importance of remote forcing for the

maintenance of the subtropical anticyclone during

JJA(1).

e. Further teleconnections

Atmospheric anomalies in the subtropical NW Pacific

during JJA(1) excite additional teleconnections in both

the ocean and atmosphere. In the ocean, the anticy-

clonic wind curl anomalies force downwelling Rossby

waves that propagate westward (results not shown from

an ocean reanalysis), leading to a rise in sea level at

Ishigaki Island that peaks in the following December

(Fig. 2d), almost a year after the mature phase of El

Niño. In the atmosphere, the southwesterly anomalies

on the western flank of this anomalous anticyclone

transport moisture from the SCS, increasing summer

rainfall over the mid-/lower reaches of the Yangtze

River of China. Suppressed convection over the sub-

tropical NW Pacific, through upper-tropospheric con-

vergence, excites the Pacific–Japan (PJ) teleconnection

(Nitta 1987), with a low pressure centered east of Japan

(Fig. 6). Developing under the vertically sheared cli-

matological meridional flow, the PJ vorticity anomalies

exhibit an apparent poleward phase tilt with height

(Kosaka and Nakamura 2006). The surface low around

Japan is associated with an anomalous increase in local

precipitation near Japan as observed at Hachijo Island

(Fig. 2a).

FIG. 7. (a) July–September climatology of SST (black contours

with 29.58C dashed) and precipitation (shade . 150 mm month21;

white contours at 50 mm month21 intervals). (b) Standard deviation

of precipitation for July–September (shade . 75 mm month21;

white contours at 25 mm month21 intervals), along with the pre-

cipitation climatology (black contours).
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4. Model results

This section uses atmospheric GCM experiments to

test the hypothesis that the TIO warming affects NW

Pacific climate during summer. In the GCM, the im-

posed TIO warming2 causes precipitation to increase

over much of the basin (Fig. 10a). Over the equatorial

Indian Ocean, precipitation somehow decreases despite

the SST increase. Precipitation decreases and a surface

anticyclone forms over the subtropical NW Pacific, with

a cyclonic circulation to the northeast of Japan. In

08–208N from the NIO to western Pacific, the southwest

monsoonal winds weaken, helping sustain the SST

warming there in observations (Xie et al. 2003; Du et al.

2009). The model response is qualitatively consistent

with observations (Figs. 4 and A1), but the NW Pacific

anomalies are too weak while TIO precipitation anom-

alies too large. This result is consistent with a multi-

model study of Li et al. (2008).

TIO-induced tropospheric warming forms a spatial

pattern reminiscent of the Matsuno–Gill pattern, with

the Kelvin wave response extending eastward and cov-

ering the entire equatorial Pacific (Fig. 10b). Compared

with JJA(1) observations (Fig. 4), the eastward exten-

sion of the baroclinic Kelvin wave response is too large,

resulting in unrealistic, strong surface easterly anoma-

lies over the equatorial Pacific. This too-strong Kelvin

wave response is related to too weak a precipitation

reduction over the NW Pacific, which would otherwise

excite a baroclinic Kelvin wave of the opposite sign and

leaves little net anomalies in the equatorial Pacific.

Thus, TIO warming indeed forces a baroclinic Kelvin

wave with low SLP centered on the equator, triggering a

precipitation reduction and surface anticyclone to the

north. The model result of too weak a NW Pacific re-

sponse suggests that the feedback between local con-

vection and circulation is important for their anomalies

to amplify and reach the observed magnitude. A com-

parison with the observed JJA climatology indicates that

model precipitation is weaker by a factor of 2 over the

subtropical NW Pacific, limiting the convection–circulation

feedback. The poor simulations of subtropical NW

Pacific summer rainfall have been flagged as a major

problem for atmospheric GCMs (Kang et al. 2002).

The Japan pole of the PJ pattern is too weak and

shifted northward compared to observations. Such de-

ficiencies may be due to too-weak convective anomalies

FIG. 8. (a) Monthly precipitation standard deviation (black contours, mm month21) and SST–precipitation correlation (dark

shade . 0.3; light , 20.3; white contours at 0.1 intervals) at 1458E as a function of time and latitude. (b) ICOADS climatology

of surface wind velocity (vectors, m s21), its meridional component (contours), and regions with SST . 298C (shade) as a

function of time and latitude over the western Pacific (1458E).

2 Care needs to be taken in designing SST-forced, atmospheric

GCM experiments because SST changes may be a response to a

remote forcing as happens over the TIO during the developing and

mature phases of ENSO (Kumar and Hoerling 1998; Wu et al. 2006;

Deser and Phillips 2006; Copsey et al. 2006). Our prescription of

TIO SST as forcing here is justified by the facts that it is the most

robust SST anomalies of the global ocean during JJA(1) and that

tropospheric temperature anomalies are consistent with a Matsuno–

Gill pattern forced by a heat source over the TIO (Fig. 4).

1 FEBRUARY 2009 X I E E T A L . 739



in the subtropical NW Pacific and/or errors in simu-

lating mean precipitation and mean flow, from which

the PJ mode draws energy (Kosaka and Nakamura

2006).

a. Linear baroclinic model
To illustrate the importance of the convection–

circulation feedback, we turn to a primitive-equation

model linearized around the observed JJA mean state

FIG. 10. Anomalies of precipitation (color, mm month21; right color bar) and surface wind velocity (m s21; wind speed

smaller than 0.5 m s21 has been masked out) in (a) the TIO and (d) SIO atmospheric GCM runs, and (c) TIO–SIO difference.

(b) Anomalies of tropospheric temperature (8C; left color bar) in the 250–850-hPa layer in the TIO run.

FIG. 9. Time–latitude section of correlation at 1458E with the NDJ(0) Niño-3.4 index: SST (color

contours), precipitation (dark shade . 0.4; light shade , 20.4; white contours at 0.1 intervals), and

surface wind velocity (vectors). The black triangle denotes December(0), the peak phase of ENSO.
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as represented by the NCEP–NCAR reanalysis. The

detailed description of the linear baroclinic model

(LBM) may be found in Watanabe and Kimoto (2000).

We use a version with T42 resolution in the horizontal

and 20 sigma levels in the vertical. The model is forced

by prescribed diabatic heating. In the vertical, the heating

is confined between 900 and 100 hPa, with a peak at 500

hPa to mimic condensational heat release in deep con-

vection. The heating (Q) is confined in the horizontal,

following a half-cosine function in latitude (y),

Q 5 Q0 cos p
�

y� ysð Þ= yn � ysð Þ � 1=2
�
; for ys , y , yn:

ð1Þ

Within a longitudinal band xw , x , xe, it is zonally

uniform except in a 58 zone on east and west sides where

it ramps off to zero.

Figure 11a shows the LBM surface response near

the steady state to a broad heating over the TIO: xw 5

408E, xe 5 1008E; ys 5 208S, yn 5 208N. The maximum

heating rate is set at 1 K day21. Because of the strong

monsoon circulation in the JJA mean state, the low-

level circulation anomalies are rather asymmetric, with

a stronger response north than south of the equator.

Equatorial symmetry strengthens at upper levels and

near the international date line near the surface. The

Kelvin wave response is visible in the sea level pressure

field. On the northern flank of the Kelvin wave, surface

friction turns the winds northeasterly, causing surface

divergence there.

To test whether this Kelvin wave–induced diver-

gence would lead to a strong anticyclone with the help

of convection–circulation feedback, we conduct the

following experiment with interactive heating over the

NW Pacific. For simplicity, the horizontal and vertical

structure of the interactive heating follows Eq. (1),

with xw 5 1208E, xe 5 1808; ys 5 108N, yn 5 208N, a NW

Pacific region chosen based on observations (Fig. 4).

The magnitude of convective heating is parameterized as

a linear function of surface convergence Q0 5 �a= � us,

FIG. 11. The linear atmospheric model response to the TIO heating (a) with and (b) without

interactive heating over the subtropical NW Pacific: sea level pressure (black contours, hPa),

wind velocity (m s21) at 1000 hPa, and diabatic heating rate at 500 hPa (dark shade . 0.25; light

, 20.25 K day21; white contours at 0.25 K day21 intervals).
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where us is the perturbation surface wind velocity aver-

aged in the same NW Pacific region, and the coefficient a

controls the strength of the convection–circulation feed-

back. Although crude, the empirically based parameteri-

zation is intended to illustrate the effect of this feedback

on the development of NW Pacific anomalies in response

to the TIO heating. The LBM is forced by the same broad

TIO heating as before, but with an additional, interactive

heat source over the NW Pacific. Convective feedback

coefficient a is chosen so that the maximum heating rate

is 1.8 K day21 in the steady state. The results are quali-

tatively insensitive to the choice of a.

Figure 11b shows the LBM response on day 30 when

it is in a nearly steady state. The model response is now

dominated by a strong anticyclone from the SCS to

NW Pacific, where the convection–circulation feedback

amplifies the Kelvin wave–induced Ekman divergence

and maintains a strong diabatic cooling. The model re-

sponse resembles observed anomalies during JJA(1)

from the north Indian Ocean to the NW Pacific (Figs. 4

and A1), including anomalous easterlies in 108–208N

from the Arabian Sea to the international date line. The

importance of reduced convection over the NW Pacific

for the anticyclonic circulation is consistent with Terao

and Kubota’s (2005) linear model study using pre-

scribed heating. The LBM with interactive NW Pacific

heating even simulates a weak cyclonic circulation east

of Japan, consistent with observations and with Kosaka

and Nakamura’s (2006) suggestion that the PJ pattern is a

dynamical mode of the atmosphere shaped by the summer

mean flow. The general agreement between the LBM

experiment and observations supports our hypothesis that

the Kelvin wave forced by the TIO warming triggers the

suppression of convection and the development of a sur-

face anticyclone over the NW Pacific.

b. North Indian Ocean effect

An additional GCM experiment has been carried out

to narrow down the TIO subdomain that is most im-

portant for the formation of the NW Pacific anticyclone.

In the SIO run where the SST increase is limited to the

tropical South Indian Ocean (SIO), precipitation in-

creases south and decreases north of the equator, with a

C-shaped, antisymmetric wind pattern (Fig. 10d), similar

to observations over the western TIO (Fig. 6). The pos-

itive and negative anomalies of this precipitation dipole

in the meridional direction are nearly equal in magni-

tude, rendering a small basin mean. As a result, anoma-

lies over the Pacific are negligible. Figure 10c shows the

TIO–SIO difference, which may be taken as the response

to an NIO warming. The rainfall increase over the NIO is

much larger than the reduction south of the equator. The

net increase in the basin-mean precipitation forces a

Kelvin wave response with low pressure and easterly

wind anomalies over the equatorial Pacific, triggering a

reduction in precipitation and the formation of a surface

anticyclone over the subtropical NW Pacific. These

model results indicate that SST anomalies over the NIO

are more important for NW Pacific summer anomalies

than those over the SIO. The preference for the NIO is

likely due to higher mean SST, and hence stronger SST

forcing of the atmosphere than over the SIO.

Figure 12 shows the observed SST correlation with a

summer NW Pacific anticyclone index defined as the

(27.58–32.58N) minus (108–158N) difference in surface

zonal wind averaged in 1308–1608E. The correlation is

low with local SST but strong over the NIO and SCS,

corroborating the GCM results. SST correlation is also

high over the equatorial southeast Indian Ocean, where

negative IOD events sometimes develop during JJA(1),

as in 1998. GCM results show that during summer of

1998, the east equatorial Indian Ocean warming is im-

portant in reducing precipitation anomalies in East Asian

and the NW Pacific (Shen et al. 2001). There is a tendency

for NW Pacific precipitation to correlate negatively with

that over the TIO, the middle reach of the Yangtze River,

and near Japan, broadly consistent with the GCM.

5. Summary and discussion

We have investigated ENSO-induced anomalies dur-

ing the summer [JJA(1)] following its peak phase using

observations and atmospheric models. The anticyclone

centered in the subtropical NW Pacific emerges as the

dominant anomaly pattern in the lower troposphere

from our correlation and EOF analyses. This anomalous

anticyclonic circulation explains many regional JJA(1)

climate anomalies related to ENSO in Fig. 2. The

weakened southwest monsoon causes the SCS to warm

up; precipitation decreases at Guam and SLP increases in

the anticyclone; the negative wind curls force downwel-

ling ocean Rossby waves detected as a sea level rise

at Ishigaki Island a few months later; and the PJ tele-

connection from the subtropics intensifies baiu rainfall

over Japan as observed at Hachijo Island.

Such summer atmospheric anomalies must be an-

chored by SST anomalies somewhere even though

eastern Pacific SST anomalies have dissipated by

JJA(1). The SST increase over the TIO and SCS is the

most robust ocean anomaly pattern during JJA(1),

making it a likely cause of persistent atmospheric

anomalies (block arrow in Fig. 13). The tropospheric

temperature anomaly pattern resembles the Matsuno–

Gill response to a localized heat source over the TIO,

offering additional support for the capacitor mecha-

nism in which the El Niño–induced TIO warming
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persists through the summer and sustains atmospheric

anomalies after El Niño itself is gone. Observed pre-

cipitation anomalies are weak over the TIO, suggesting

the moist-adiabatic adjustment as the mechanism for

the SST forcing of tropospheric temperature.

Atmospheric GCM experiments show that the long

persistence of positive SST anomalies outside the

tropical Pacific maintains the delayed tropospheric

warming during and after the decay of El Niño (Kumar

and Hoerling 2003; Lau et al. 2005). Our results sug-

gest that this tropospheric warming triggers the sup-

pression of NW Pacific convection. To our knowledge,

our study is the first that relates these two robust at-

mospheric anomaly patterns that outlast El Niño. The

JJA(1) tropospheric warming displays a Kelvin wave

wedge extending into the western Pacific, acting to

lower SLP near the equator and induce northeasterly

winds and divergence north of the equator. The Ekman

divergence initiates the suppression of deep convec-

tion over the NW Pacific (Fig. 6). The linear atmo-

spheric model results support the Kelvin WIED

mechanism and illustrate the importance of circulation–

convection feedback for amplifying the surface high over

the NW Pacific: surface divergence in the high pressure

suppresses convection while the reduced latent heating

intensifies the high and anticyclonic circulation.

We have conducted an atmospheric GCM experiment

by increasing SST over the TIO. The model reproduces

the baroclinic Kelvin wave over the equatorial Pacific

and the anticyclone anomaly in the NW Pacific, in sup-

port of the above Kelvin wave–induced Ekman diver-

gence mechanism. The NW Pacific anticyclone is too

weak compared to observations because the model un-

derestimates the summer precipitation climatology in the

subtropical rainband, and hence the local circulation–

convection feedback. An additional experiment with

the SST warming confined to the south of the equator

indicates that the NIO SST warming is the most im-

portant forcing of the Pacific response both on and

north of the equator. This model result is consistent

FIG. 13. Seasonality of major modes of Indo–western Pacific climate variability. Vertical

arrows indicate causality, and the block arrow emphasizes the TIO capacitor effect, the major

finding of the present study.

FIG. 12. Precipitation (gray shade and white contours) and SST (black contours) correlation

during JJA with a NW Pacific anticyclone index, defined as (27.58–32.58N) minus (108–158N)

zonal wind difference averaged in 1208–1508E. Only correlation above 60.4 is shown, and

contour intervals are 0.1.
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with the observational analysis that NW Pacific anti-

cyclone is most highly correlated with NIO SST.

The NW Pacific anticyclone anomaly begins to develop

at the peak of El Niño and persists through the following

summer (Harrison and Larkin 1996; Wang et al. 2003).

The center of this anticyclone, as well as the center of

negative precipitation anomalies, displays a northward

shift from 58–108N during winter to 158N during summer

(Fig. 9). This meridional shift reflects a change in mech-

anism for maintaining the anticyclone. During winter, the

precipitation decrease is collocated with negative SST

anomalies, with the latter possibly being induced by the

intensified northeasterly trades through the WES-V mech-

anism (Wang et al. 2000) with contributions from the TIO

warming via the Kelvin WIED mechanism. During JJA(1),

the precipitation decrease is most highly correlated with

NIO SST, reflecting the remote influence from there,

likely via the baroclinic Kelvin wave. Local JJA(1) SST

anomalies are rather complicated, varying from positive

in the western to marginally negative in the central and

eastern parts of the NW Pacific anticyclone (Fig. 4).

The schematic in Fig. 13 summarizes the results. El Niño

develops during the summer of year 0, peaks in winter, and

decays in the spring of year 1. It induces the basin-wide

warming over the TIO that persists through JJA(1).

During the summer following El Niño, the TIO warm-

ing is the main culprit for the anomalous anticyclone

and suppressed rainfall over the subtropical NW Pacific.

The following important question still remains: how is

the TIO warming maintained through JJA(1)? A com-

panion paper (Du et al. 2009) suggests that ocean–

atmosphere interaction within the TIO is important.

FIG. A1. Regression upon the NDJ(0) Niño-3.4 index for (left) JJA(0) and (right) JJA(1): (top) SST (8C) and (bottom) precipitation

(mm month21).

TABLE A1. Statistics of summer (JJA) EOF modes over the

Indo-western Pacific: explained variance (row 2), and season rel-

ative to the peak of El Niño (row 3) inferred from correlation (r)

with the NDJ(0) ENSO index (row 4). For comparison, row 5 lists

the simultaneous correlation with the JJA ENSO index. The PC

pairs of (SST-2, Rain-1) and (SST-1, Rain-2) are correlated at 0.78

and 0.74, respectively.

EOF SST-2 Rain-1 SST-1 Rain-2

Variance (%) 16 21 29 17

Season inferred JJA(0) JJA(0) JJA(1) JJA(1)

r-Niño NDJ(0) 0.71 0.76 0.69 0.75

r-Niño JJA 0.66 0.72 0.33 0.05
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Specifically, the downwelling ocean Rossby wave an-

chors the warming, not only over the SWIO thermocline

dome but also over the NIO by inducing northeasterly

wind anomalies, which relax the southwest monsoon

during early summer and reduce latent heat flux from

the ocean.
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APPENDIX

JJA(0) and JJA(1) Comparison

A typical El Niño event affects the Indo–western

Pacific climate during summers of both its developing

and decay years. Figure A1 compares ENSO-induced

anomalies between JJA(0) and JJA(1) based on a re-

gression analysis referenced to the NDJ(0) ENSO in-

dex. During JJA(0), El Niño warming already takes

shape over the equatorial Pacific, increasing rainfall and

inducing westerly wind anomalies there to sustain the

Bjerknes feedback. South of the equator from the

Maritime Continent to the eastern Indian Ocean, SST

decreases, suppressing atmospheric convection there.

Over the eastern Indian Ocean, the SST cooling is

coupled with the southeasterly wind anomalies, and the

couplet often develops into an Indian Ocean dipole

(IOD) mode, growing on the Bjerknes feedback (Saji

et al. 1999; Webster et al. 1999; Schott et al. 2008). In the

subtropical NW Pacific (158–208N), a surface cyclonic

anomaly develops as part of the baroclinic Rossby wave

forced by the Pacific warming.

While the centers of action for SST, precipitation, and

surface winds are in the tropical Pacific during JJA(0),

they shift to the Indo–western Pacific during JJA(1),

anchored by the TIO warming (Figs. 4 and A1c,d). De-

creased precipitation and the anticyclonic circulation

over the subtropical NW Pacific are the most pronounced

anomalies of the atmosphere during JJA(1). From the

NIO to the NW Pacific, anomalies of precipitation and

surface winds tend to have opposite signs during JJA(0)

and JJA(1). This biennial tendency of the Indo–western

Pacific response to ENSO, previously noted (e.g., Wang

et al. 2003; Alexander et al. 2004), is due to the difference

in forcing mechanism: the JJA(0) anomalies are largely

forced directly by eastern Pacific SST while the JJA(1)

anomalies are largely forced by TIO SST.

We have performed EOF analyses separately for

precipitation and SST over the Indo–western Pacific

Oceans (208S–408N, 408E–1808) for the JJA season. The

dominant modes are similar to the regression patterns in

Fig. A1 (Table A1). Specifically, the second SST and

first precipitation modes resemble the JJA(0) regres-

sions, explaining 16% and 21% of the total variance,

respectively. Their principal components (PCs) corre-

late highly with the NDJ(0) ENSO index. The first SST

and second precipitation EOF modes resemble the

JJA(1) regressions, explaining 29% and 17% of the

total variance, respectively. Their PCs correlate highly

with the ENSO index 6 months before [NDJ(0)], but not

simultaneously [JJA(1)], which is indicative of the TIO

capacitor effect.
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