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ABSTRACT

The impacts of El Niño–Southern Oscillation (ENSO) on the northwest Pacific (NWP) climate during

ENSO decay summers are investigated based on the outputs of 37 coupled general circulation models

(CGCMs) from phase 5 of the Coupled Model Intercomparison Project (CMIP5). Large intermodel spread

exists in the 37 state-of-the-art CGCMs in simulating the ENSO–NWP relationship. Eight high-skill and eight

low-skill models are selected to explore how the bias arises. By comparing the results among high-skill

models, low-skill models, and observations, the simulation skill of the ENSO–NWP relationship largely de-

pends on whether the model can reasonably reproduce the ENSO decay pace.Warm SST anomaly bias in the

equatorial western Pacific (EWP) is found to persist into the ENSO decay summer in the low-skill models,

obstructing the formation of an anomalous anticyclone in the NWP. Further analysis shows that the warm

EWPSST anomaly bias is possibly related to the excessive westward extension of cold tongue in thesemodels,

which increases climatological zonal SST gradient in the EWP. Under westerly wind anomalies, the larger

climatological zonal SST gradient could lead to warmer zonal advections in the low-skill models than that in

the high-skillmodels, which could lead towarmEWPSST anomaly bias in the low-skill models.And thewarm

EWP SST anomaly bias could strengthen westerly wind anomalies over the western Pacific by triggering

convection and atmospheric Rossby waves, which, in turn, could maintain the warm SST anomaly bias in

the EWP.

1. Introduction

The northwest Pacific summer monsoon (NWPSM)

is one of the important subcomponents of the global

monsoon, and it has considerable impacts on the live-

lihood of more than one billion people in East Asia.

The interannual variability of NWPSM is intrinsically

strongly affected by El Niño–Southern Oscillation

(ENSO) (Huang andWu 1989; Chang et al. 2000; Chou

et al. 2009; Lin and Lu 2009; Chen and Zhou 2014). An

anomalous northwest Pacific anticyclone (NWPAC),

forming in the El Niño mature phase and maintaining

in the following spring and summer, is a key system

linking ENSO andEast Asia climate (Zhang et al. 1999;

Lau and Nath 2000; Wang et al. 2000; Zhang and Sumi

2002; Chou et al. 2003; Wang et al. 2003; Wu et al. 2003;

Hu et al. 2014). In post–El Niño summers, there are

cold and wet anomalies in eastern China and Japan,

while precipitation tends to decrease in the subtropical

northwest Pacific (NWP) (Zhang et al. 1999; Wang

et al. 2000).

Extensive studies have been conducted to investigate

the mechanism for the formation and maintenance of

anomalous NWPAC. In El Niño mature phase, the

change of Walker circulation leads to an anomalous
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anticyclone developing in the tropical NWP, and the

anticyclone could maintain into the following summer

through local wind–evaporation feedback (Wang et al.

2003). Moreover, the El Niño–induced tropical Indian

Ocean (TIO) warming could reinforce the anomalous

NWPAC through the Indian Ocean capacitor effect

(Xie et al. 2009). The TIO warming forces a Matsuno–

Gill (Matsuno 1966; Gill 1980) pattern in tropospheric

temperature with a Kelvin wave propagating into the

tropical western Pacific and induces anomalous

NWPAC through Ekman divergence and suppressed

convection (Yang et al. 2007; Xie et al. 2009; Yang et al.

2010). The two mechanisms may work together to

maintain the NWPAC (Xie et al. 2016). In addition, the

tropical Indo–western Pacific sea surface temperature

(SST) gradient can also influence the formation of

NWPAC anomalies (Terao and Kubota 2005; Chen

et al. 2012; Cao et al. 2013; Wu et al. 2014; He and Zhou

2015), which is associated with the duration of El Niño
decay phase.

The above results are mainly based on observations.

The outputs from phase 5 of the Coupled Model In-

tercomparison Project (CMIP5) (Taylor et al. 2012)

provide a good opportunity to explore the relationship

between ENSO and East Asia summer climate using

state-of-the-art coupled general circulation models

(CGCMs). Previous studies mainly focused on the im-

pacts of the Indian Ocean capacitor effect on the simu-

lation skill of summer climate in East Asia (Hu et al.

2014; Song and Zhou 2014; Tao et al. 2016) and ignored

the important impacts of SST anomalies in other re-

gions. Tao et al. (2016) focused on evaluating the effects

of the Indian Ocean basin mode in CMIP3/CMIP5.

Although Tao et al. (2016) pointed out that theNWPAC

bias in the models may be associated with the SST

anomalies in the equatorial western Pacific (EWP), they

did not provide further analysis and did not explore the

source of the SST anomaly bias in the EWP. He and

Zhou (2015) indicated that the NWPAC intensity is

dominated by the zonal SST gradient between the TIO

and the EWP. However, they did not explore the rela-

tive impacts of SST anomalies in the two regions on the

NWPAC bias in CMIP5 CGCMs. In this paper, we

perform more detailed diagnosis and attribution analy-

sis about the NWPAC bias during the ENSO decay

summer and find that the NWPAC is more sensitive to

SST anomalies in the EWP than to SST anomalies in the

TIO and SST anomalies in the local NWP in CMIP5

CGCMs. Furthermore, the causes of SST anomaly bias

in the EWP are investigated. This will be helpful to

advance the understanding of the model performance

and improve the East Asia–NWP summer climate

prediction.

The rest of this study is organized as follows. Section 2

provides a brief description of datasets and methods. In

section 3, we evaluate the model performance in simu-

lating the relationship between ENSO and NWPSM.

Section 4 identifies the primary source of bias in simu-

lation of anomalous NWPAC related to ENSO in

CMIP5 CGCMs. Then, we investigate the causes of the

major bias in section 5. A summary is presented in

section 6.

2. Model, observational datasets, and methods

a. Datasets

The SST used in this study is from the monthly mean

historical Extended Reconstructed Sea Surface Tem-

perature, version 3 (ERSST3), dataset (Smith et al.

2008), which has a horizontal resolution of 28 3 28. The
oceanic potential temperature and current velocity data

are from the Simple Ocean Data Assimilation version

2.2.4 (SODA_2.2.4) (Carton and Giese 2008), and the

monthly mean output is mapped onto a uniform 0.58 3
0.58 3 40-level grid. The monthly mean rainfall is from

version 2 of the Global Precipitation Climatology Proj-

ect (Adler et al. 2003), which is available on a 2.58 3 2.58
grid. The shortwave (SW) and longwave (LW) radia-

tion, latent heat flux (LHF), sensible heat flux (SHF) at

sea surface, and zonal wind stress have a resolution of

1.8758 3 1.8758, which is from the National Centers for

Environment Prediction–National Center for Atmo-

spheric Research (NCEP–NCAR) reanalysis (Kalnay

et al. 1996). The atmospheric circulation data and air

temperature with a resolution of 2.58 3 2.58 are also

from the NCEP–NCAR reanalysis.

This study uses monthly mean outputs from historical

simulation of 37 CMIP5 coupled models. Brief de-

scriptions of the 37 CMIP5 coupled models including

their modeling centers, horizontal resolutions, and ver-

tical levels are listed in Table 1. Monthly mean variables

used include SST, precipitation, wind, air temperature,

zonal wind stress, downward and upward SW and LW

radiation, LHF and SHF at sea surface, oceanic poten-

tial temperature, and current velocity. Because of the

large number of experiments included in the CMIP5

framework, only one member (r1i1p1) run of each

model is analyzed. To help understand the effect of SST

anomalies in different regions on the bias, we perform a

suite of sensitivity experiments by using CAM4, which is

an atmospheric general circulation model (AGCM)

from the National Center for Atmospheric Research.

Five sets of experiments are implemented including one

standard climatological SST run (CAM4_Clim) as a

control run and four sensitivity AMIP-type runs. The
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details of experiment names and SST boundary condi-

tions are summarized in Table 2. To reduce uncertainties,

each set of experiments is integrated 30 years. The differ-

ences between sensitivity runs and control run (hereafter

denoted as SST_HSM–CAM4_Clim, SST_HSM_1EWP–

CAM4_Clim, SST_HSM_2EWP–CAM4_Clim, and

SST_HSM_4EWP–CAM4_Clim) represent atmospheric

response to specific SST anomalies, respectively. All the

model datasets are interpolated onto the same 2.58 3 2.58
grid before analysis.

We denote the ENSO developing year as year(0) and

its decay year as year(1). Thus, the ENSOmature winter

[December–January–February (DJF)] is symbolized as

D(0)JF(1), the following spring [March–April–May

(MAM)] is denoted as MAM(1), and the following sum-

mer [June–July–August (JJA)] is denoted as JJA(1). We

focus on the ENSO decay summer season [JJA(1)] from

1979 to 2005.

b. Methods

The anomalous NWPAC index is defined as the dif-

ference of 850-hPa zonal winds between a northern

region (208–308N, 1108–1408E) and a southern region

(58–158N, 1008–1308E), following Wang et al. (2001)

TABLE 1. The climate modeling centers, horizontal resolution and vertical levels of 37 CMIP5models are listed. The high-skill models are

denoted by an asterisk, and the low-skill models are denoted by two asterisks.

Model Institute Atmospheric resolution

ACCESS1.0 Commonwealth Scientific and Industrial Research Organization (CSIRO)

and Bureau of Meteorology (BoM), Australia

192 3 144L38

BCC_CSM1.1 Beijing Climate Center, China Meteorological Administration, China 128 3 64L26

BCC_CSM1.1(m) 320 3 160L26

BNU-ESM* College of Global Change and Earth System Science, Beijing Normal

University, China

128 3 64L26

CanCM4** Canadian Centre for Climate Modeling and Analysis, Canada 128 3 64L35

CanESM2**

CCSM4 National Center for Atmospheric Research, United States 288 3 192L26

CESM1(BGC) Community Earth System Model Contributors, United States 288 3 192L26

CESM1(CAM5)* 288 3 192L30

CESM1(FASTCHEM) 288 3 192L26

CESM1(WACCM) 144 3 96L66

CMCC-CM Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy 480 3 240L31

CMCC-CMS 192 3 96L95

CNRM-CM5 Centre National de Recherches Météorologiques and Centre Européende
Recherche et Formation Avanceesen Calcul Scientifique, France

256 3 128L31

CSIRO Mk3.6.0** Queensland Climate Change Centre of Excellence and Common wealth

Scientific and Industrial Research Organization, Australia

192 3 96L18

FGOALS-g2* LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences

and CESS, Tsinghua University, China

128 3 60L26

FGOALS-s2* LASG, Institute of Atmospheric Physics, China 128 3 108L26

FIO-ESM* The First Institute of Oceanography, SOA, China 128 3 64L26

GFDL CM2.1* NOAA Geophysical Fluid Dynamics Laboratory, United States 144 3 90L24

GFDL CM3.0 144 3 90L48

GFDL-ESM2G 144 3 90L24

GFDL-ESM2M* 144 3 90L24

GISS-E2-H NASA Goddard Institute for Space Studies, United States 144 3 90L40

GISS-E2-R

HadCM3** Met Office Hadley Centre, United Kingdom 96 3 73L19

INM-CM4.0** Institute for Numerical Mathematics, Russia 180 3 120L21

IPSL-CM5A-LR** Institute Pierre-Simon Laplace, France 96 3 95L39

IPSL-CM5A-MR 144 3 143L39

IPSL-CM5B-LR 96 3 95L39

MIROC5 University of Tokyo, National Institute for Environmental Studies, and

Japan Agency for Marine-Earth Science and Technology, Japan

256 3 128L40

MIROC-ESM 128 3 64L80

MIROC-ESM-CHEM 128 3 64L80

MPI-ESM-LR** Max-Planck-Institute für Meteorologie (Max Planck Institute for

Meteorology), Germany

192 3 96L47

MPI-ESM-MR** 192 3 96L95

MRI-CGCM3 Meteorological Research Institute, Japan 320 3 160L48

NorESM1-M Norwegian Climate Centre, Norway 144 3 96L26

NorESM1-ME*
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with a reversed sign. The boreal winter Niño-3.4 index is
defined as the SST anomalies averaged over the region

of 58S–58N and 1208–1708W to represent the ENSO var-

iability. Although the atmospheric response to El Niño
and La Niña is asymmetric in observations (Hoerling

et al. 1997), the ENSO asymmetric features are under-

estimated in CMIP5 models (Zhang and Sun 2014).

Therefore, the linear regression method used here is

reasonable. In this study regressed anomalies are calcu-

lated in eachmodel first and then are averaged across the

models with equal weights, which is denoted as the mul-

timodel ensemble mean (MME).

The equatorial oceanic Kelvin wave forcing function

Kf is used to calculate the tropical ocean dynamic re-

sponse to the zonal wind stress anomaly (Battisti 1988;

Vimont et al. 2003). It is obtained by projecting the zonal

wind stress regression map onto the meridional Kelvin

wave structure (see Battisti 1988 for details):

K
f
(x, l)5

ð30N
30S

t
x
(x, y, l)c

0
(y) dy .

Here x is the longitude, y is the latitude, t(x, y, l) rep-

resents the zonal wind stress anomaly at a given lag

timel, and c0(y) is the meridional equatorial Kelvin

wave structure. The meridional structure of equatorial

Kelvin wave can be obtained through solving the dy-

namic equations of the upper-layer ocean on an equa-

tional b plane (Gill 1980; Battisti 1988). Results are

generally insensitive to realistic values for the equiva-

lent depth of the first baroclinic mode (Vimont et al.

2003). TheKelvin wave forcing functionKf indicates the

relative strength of the equatorial Kelvin wave forcing

produced by a given zonal wind stress, as a function of

longitude. Positive (negative) values of Kf indicate that

zonal wind anomalies force a downwelling (upwelling)

equatorial oceanic Kelvin wave that tends to warm

(cool) the SST.

To understand the physical processes associated with

the SST anomaly evolution in CGCMs, the heat budget

of the ocean mixed layer is analyzed as follows:

›T 0

›t
5

Q0
net

rC
p
h
2 u

›T 0

›x
2 y

›T 0

›y
2 u0›T

›x
2 y0

›T

›y
2Re0w ,

whereT 0 is SST anomaly, rCph is the heat capacity of the

mixed layer, the mixed layer depth is determined by a

temperature difference of 0.58C between local tem-

perature and local SST (Monterey and Levitus 1997).

The net surface heat flux into the ocean is Qnet 5
QSW 1QLW 2QLHF 2QSHF, where QSW, QLW, QLHF,

and QSHF denote net SW radiation, net LW radiation

(positive downward), LHF and SHF at the surface (pos-

itive upward), respectively. The remaining five terms are

the ocean heat transport effect, including anomalous

advection of mean temperature gradient and the advec-

tion of anomalous temperature gradient bymean current.

As the vertical ocean current velocity is unavailable from

CMIP5 model outputs, we estimate the anomalous en-

trainment and vertical diffusion Re0w by surface wind

anomalies over the equator qualitatively. The nonlinear

advection terms are usually small and are not shown.

3. The relationship between ENSO and NWPSM
simulated by CMIP5 CGCMs

ENSO is a primary factor to impact the NWP sum-

mertime climate (Huang and Wu 1989; Chang et al.

2000; Chou et al. 2003; Lin and Lu 2009; Chen and Zhou

2014). The primary climate effect of ENSO is repre-

sented in terms of precipitation and large-scale atmo-

spheric circulation change (Bellenger et al. 2014). To

evaluate the model performance in the simulation of

ENSO teleconnection to the NWP summer climate in 37

state-of-the-art CGCMs during El Niño decay summers,

Figs. 1a,b show the regressed anomalies of JJA(1) pre-

cipitation and 850-hPa wind on D(0)JF(1) Niño-3.4 in-

dex in observations and CGCMs MME.

In observations, the most obvious climate feature asso-

ciated with ENSO is a tripole rainfall anomaly pattern ac-

companied by an anomalous anticyclone and an anomalous

cyclone (Fig. 1a). Positive rainfall anomalies emerge over

the mei-yu–baiu region (288–388N, 1058–1508E) and the

TABLE 2. Description of control and sensitivity experiments.

Experiment name SST boundary condition

CAM4_Clim Climatological SST with seasonal cycle.

SST_HSM The SST anomalies in the tropical Indo-Pacific Ocean (208S–208N, 408E–808W) in the HSM from

January to December are added on climatological SST.

SST_HSM_1EWP The SST anomaly differences between the LSM and the HSM in the EWP (108S–108N, 1408E–1708W)

are added on SST_HSM.

SST_HSM_2EWP Doubled SST anomaly differences between the LSM and the HSM in the EWP (108S–108N, 1408E–1708W)

are added on SST_HSM.

SST_HSM_4EWP Quadrupled SST anomaly differences between the LSM and the HSM in the EWP (108S–108N, 1408E–1708W)

are added on SST_HSM.
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EWP, and negative rainfall anomalies are located in the

tropical NWP. An anomalous anticyclone is located to

the southof 308Nandananomalous cyclone is located to the

north of 308N. Compared with observations, the NWPAC

and rainfall anomalies are quite weak in MME. Most cir-

culation and precipitation signals are below the 90% confi-

dence level. Figure 1c shows the regression of JJA(1)

NWPAC index on D(0)JF(1) Niño-3.4 index in observa-

tions and the 37 CGCMs. The NWPAC index anomalies

spread widely among the CGCMs. In the BNU-ESM and

theFIO-ESM, theNWPACindex anomalies are larger than

the observations. In the other models, the NWPAC index

anomalies are smaller than the observations, and even

negative NWPAC index anomalies appear in 11 models. In

general, CMIP5 CGCMs show large spread in simulating

the relationship of ENSO and the NWP summer climate.

4. The source of ENSO-related NWP summer
climate biases in CGCMs

In this section, we investigate the source of ENSO-

related NWP summer climate biases in the models. We

first compare the temporal evolution of ENSO-related

SST anomaly pattern between models and observations.

FIG. 1. Regressed anomalies of JJA(1) precipitation (shading; units: mmday21) and 850-hPawind (vectors; units:

m s21) upon the D(0)JF(1) Niño-3.4 index in (a) observations and (b) MME. (c) ENSO regressed NWPAC indices

in observations and 37CGCMs. Brown dots indicate that the regressed precipitation anomalies are significant at the

90%confidence level. Arrows are drawn if the regressedwind anomalies are significant at the 80% confidence level.

Red boxes indicate the regions used to define the NWPAC index.
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Then, we document the local air–sea interaction and the

Indian Ocean capacitor effect in the models compared

with observations. Last, the impacts of the EWP SST

anomaly bias in the model simulations are analyzed.

a. The evolution of ENSO-related SST pattern

Based on NWPAC index anomalies (Fig. 1c), two

groups of models have been selected. One group has

eight models with the largest NWPAC index anomalies

that are denoted by an asterisk in Table 1 and referred to

as a high-skill group. The other group has eight models

with obviously negative NWPAC index anomalies that

are denoted by two asterisks in Table 1 and referred to

as a low-skill group. We attempt to find out where the

bias comes from by comparing the differences among

observations and these two groups of models. Figure 2

FIG. 2. Regressed anomalies of SST (shading; units: K), precipitation (contours; units: mmday21) and 850-hPa winds (vectors; units:

m s21) in (left) concurrent winter [D(0)JF(1)], (center) subsequent spring [MAM(1)], and (right) subsequent summer [JJA(1)] upon the

D(0)JF(1) Niño-3.4 index in (a)–(c) the observations, (d)–(f) the HSM, and (g)–(i) the LSM. Blue (pink) lines denote10.5 and11 (20.5

and21) mmday21 contours of precipitation anomalies that are significant at the 90% confidence level. Arrows are drawn if the regressed

wind anomalies are significant at the 90% confidence level.

FIG. 3. Regressed anomalies of meridional-mean (58–208N) 850-hPa winds (vectors; units: m s21) and SST (shading; units: K) upon the

D(0)JF(1) Niño-3.4 index in (a) the observations, (b) the HSM, and (c) the LSM as a function of calendar month and longitude. Brown

dots indicate that the regressed SST anomalies are significant at the 90% confidence level. Arrows are drawn if the regressed wind

anomalies are significant at the 90% confidence level.
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shows the evolution of SST, precipitation, and low-level

circulation anomalies associated with ENSO in the ob-

servations, the MME of high-skill models (HSM), and

the MME of low-skill models (LSM).

During the winter of El Niño mature phase, the

ENSO-related SST extends too far west in the HSM and

the LSM (Figs. 2a,d,g). This suggests an SST anomaly

bias with excessive westward extension in CGCMs,

which has been mentioned in previous studies (Collins

et al. 2010; Kim and Yu 2012; Chowdary et al. 2014;

Gong et al. 2015; Chowdary et al. 2016; Tao et al. 2016).

Comparing the two group models, we find that the SST

anomaly bias is more westward in the LSM than in the

HSM, corresponding with more westward extension of

equatorial positive rainfall anomalies and wind anoma-

lies. As the simulation skill of ENSO-related SST

pattern is better in the HSM than in the LSM, the

ENSO-related atmospheric circulation anomalies in the

HSM are more similar to observations. There is an

anomalous anticyclone over the SCS in the HSM, while

the anomalous circulation is obviously underestimated

in the LSM.

During the post–El Niño spring and summer, the ob-

served EWP SST anomalies gradually dissipate, and an

anomalous NWPAC shifts northward (Figs. 2b,c), con-

sistent with Wu et al. (2003). In the HSM, the models

reasonably reproduce the evolution of anomalous SST,

rainfall, and atmospheric circulation from winter to

summer (Figs. 2e,f), with gradual decay of warm SST

anomalies in the EWP, SST warming in the TIO, and

development of an anticyclone over the NWP. In the

LSM, the ENSO-related SST anomaly decay pace

displays a prominent discrepancy from the observations.

The most significant SST anomaly discrepancy is that

the warm EWP SST anomalies do not completely decay

but persist into summer (Fig. 2i). In response to the

warm SST anomaly bias in the EWP, there are above-

normal precipitation and westerly wind anomalies over

the western Pacific and the Maritime Continent, which

are not favorable for the development of an anticyclone

FIG. 4. Regressed anomalies of tropospheric (1000–200 hPa) temperature (shading; units: K)

and 200-hPawinds (vectors; units: m s21) in JJA(1) onto theD(0)JF(1)Niño-3.4 index in (a) the
observations, (b) the HSM, and (c) the LSM. Black dots indicate that the regressed temper-

ature anomalies are significant at the 90% confidence level. Arrows are drawn if the regressed

wind anomalies are significant at the 90% confidence level.
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over the NWP. As a consequence, the anomalous

NWPAC is almost invisible. By comparing the differ-

ences of SST anomalies, precipitation, and low-level

circulation anomalies among the observations, the

HSM, and the LSM, presumably, two preliminary con-

clusions could be drawn as follows. One is that the cri-

terion of choosing high-skill and low-skill models is

reasonable, and the other is that the NWPAC bias might

be traced back to the atmospheric response to un-

realistic warm SST anomalies in the EWP, and the

simulation skill of ENSO–NWP teleconnection may

depend on the ENSO decay pace. The second result is

consistent with Hu andWu (2015), who identified overly

strong impacts of EWP SST anomalies during April(1)–

June(1) in CanCM4, CanESM2, CSIRO Mk3.6.0,

HadCM3, INM-CM4.0, IPSL-CM5A-LR, IPSL-CM5A-

MR, and MIROC5, among the 23 models in their

analysis.

b. Local air–sea interaction and Indian Ocean
capacitor effect

It is well documented that the formation and main-

tenance of NWPAC depend on the local air–sea in-

teraction associated with ENSO teleconnection (Wang

et al. 2000, 2003; Zhang and Sun 2014) and ENSO-

induced Indian Ocean capacitor effect (Yang et al. 2007;

Xie et al. 2009; Huang et al. 2010; Xie et al. 2010; Yang

et al. 2010; Xie et al. 2016). To get insight into the

reasons for such a large intermodel spread in modeling

ENSO-induced NWP summer climate, we investigate

the model performance in simulation of local air–sea

interaction and Indian Ocean capacitor effect.

The local air–sea interaction mechanism is examined

in Fig. 3. The observed wind anomalies associated with

ENSO are characterized by an anticyclonic shear over

the NWP from January(1) to July(1), corresponding to

positive (negative) SST anomalies to the west (east)

flank of the anticyclone. It suggests the contribution of

local air–sea interaction to the maintenance of the

NWPAC to early summer, which is consistent with Wu

et al. (2010). In both groups of models, such local air–sea

interaction does not persist as long as that in observa-

tions. The local air–sea interaction only persists until

May(1) in the HSM and is not obvious through the pe-

riod in the LSM. The short existence of the local air–sea

interaction may be interpreted as a reason for the

slightly weak NWPAC in most models in summer

(Fig. 1c). Moreover, the local air–sea interaction is much

weaker in the LSM than in the HSM, suggesting that the

air–sea positive feedback in the NWP is difficult to be

established in the LSM, which may be further caused by

local warmNWPSST anomalies fromwinter to summer.

During the El Niño decay summer, the Indian Ocean

warming acts like a capacitor prolonging the effect of

ENSO on atmospheric circulation and anomalous cli-

mate in the NWP. It is considered as the primary

FIG. 5. Difference of regressed SST anomalies (units: K) between the LSM and HSM from January(1) to December(1).
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mechanism to maintain the anomalous NWPAC in

summer (Yang et al. 2007; Xie et al. 2009; Huang et al.

2010; Xie et al. 2010; Yang et al. 2010; Xie et al. 2016).

Chowdary et al. (2011) suggested the important role of

TIO in predicting the NWP summer climate by using a

CGCM. Figures 4a–c show the JJA(1) tropical tropo-

spheric vertical mean temperature and 200-hPa wind

anomalies obtained by regression onto D(0)JF(1) Niño-
3.4 index in observations, the HSM, and the LSM,

respectively. In observations, the tropospheric temper-

ature presents a Matsuno–Gill pattern (Matsuno 1966;

Gill 1980) anchored to the TIO with a Kelvin wave

propagating into the EWP. Corresponding to the at-

mospheric Kelvin wave, there are strong westerly wind

anomalies at upper level (Fig. 4a) and an anomalous

NWPAC at low level (Fig. 1a). Since the HSM captures

the ENSO-related SST anomalies during the El Niño
decay summer, the Matsuno–Gill pattern of air tem-

perature and atmospheric circulation is reproduced in

the HSM (Fig. 4b). In the LSM, there are prominent

warm SST anomalies in the western Pacific (Fig. 2i),

which leads to positive rainfall anomalies in the EWP

and triggers a Matsuno–Gill pattern over the western

Pacific. Note that the Matsuno–Gill pattern is located

over the TIO in the observations and the HSM but over

the western Pacific in the LSM. Thus, there are low-level

easterly winds anomalies over the EWP and the Mari-

time Continent corresponding to the Kelvin wave in the

observations and the HSM (Figs. 2c,f), but there are

low-level westerly winds there in the LSM (Fig. 2i). As a

consequence, the circulation anomalies in the LSM are

significantly different from those in the HSM and the

observations. The results show that theHSM reasonably

captures the SST anomaly evolution associated with

ENSO and the Indian Ocean capacitor effect, while

there is significant warm SST anomaly bias in the EWP

in the LSM compared with the observations, leading to

unreal positive precipitation anomalies and westerly

wind anomalies over the EWP and the Maritime Con-

tinent. Chowdary et al. (2016) also found a weak TIO

response due to the slow decay of El Niño in a

coupled model.

c. The effect of unrealistic EWP SST anomalies

To further substantiate that the source of bias is

forced by the unrealistic EWP SST anomalies, we de-

sign five sets of sensitivity experiments using CAM4

(Table 2). In SST_HSM, the SST anomalies in the

tropical Indian Ocean and Pacific (208S–208N, 408E–
808W) in the HSM are added to the climatological SST

from January(1) to December(1). Because the SST

anomaly differences Dsst between the LSM and the

HSM are most prominent in the EWP region (108S–
108N, 1408E–1708W) throughout the entire decay year

(Fig. 5), the Dsst in the EWP are added to the pre-

scribed SST in SST_HSM run (i.e., SST_HSM_1EWP).

We also conduct experiments with doubled and qua-

drupled Dsst in the EWP (viz., SST_HSM_2EWP and

FIG. 6. Difference of 850-hPa winds (vectors; units: m s21) and precipitation (shading; units: mmday21) in

JJA(1) between (a) SST_HSM, (b) SST_HSM_1EWP, (c) SST_HSM_2EWP, and (d) SST_HSM_4EWP and

CAM4_Clim.
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SST_HSM_4EWP, respectively). The artificially am-

plified tropical western Pacific SST anomaly differ-

ences in these experiments are to examine how the

NWP circulation responds to the changing magnitude

of the warming bias in the EWP in the LSM.

Figure 6 presents anomalous precipitation and 850-hPa

winds in JJA(1) in four sensitivity experiments. In

SST_HSM–CAM4_Clim (Fig. 6a), the low-level atmo-

spheric circulation highly resembles that in the obser-

vations. This indicates that the atmospheric response to

anomalous tropical SST could be reasonably reproduced

in CAM4. In SST_HSM_1EWP–CAM4_Clim (Fig. 6b),

the evolution of atmospheric circulation is quite similar

to that in the LSM in Fig. 2. Significant westerly wind

anomalies dominate over the tropical Indo–western

Pacific, and positive tropical rainfall anomaly belt is so

strong that it extends to the Indian Peninsula. Further-

more, two anomalous cyclones emerge over the SCS and

the Bay of Bengal, which are Rossby wave responses

to the positive rainfall anomalies over the EWP. The

anomalous NWPAC shifts eastward as a result of the inter-

ference of the anomalous cyclone. In SST_HSM_2EWP–

CAM4_Clim and SST_HSM_4EWP–CAM4_Clim

(Figs. 6c,d), this phenomenon is more prominent

than in SST_HSM_1EWP–CAM4_Clim. Specifically,

anomalous NWPAC is missing and replaced by an

anomalous cyclone over the NWP, and the anomalous

cyclone in the Bay of Bengal becomes stronger and

the positive tropical rainfall anomaly belt is also

more conspicuous than in SST_HSM_1EWP–CAM4_

Clim. Overall, the results of sensitivity experiments

suggest that the NWPAC bias is indeed related to

the atmospheric response to the unrealistic EWP

SST anomalies in most CMIP5 CGCMs. The anoma-

lous cyclone induced by the unrealistic EWP SST

anomalies interferes with the intensity and pattern of

anomalous NWPAC.

From the above, the anomalous NWPAC bias in

JJA(1) is related to weak local air–sea interaction, weak

TIO capacitor effect and unrealistic warm EWP SST

anomalies in most CGCMs. Which one is mainly re-

sponsible for this bias? To address this question,

Figs. 7a–c show scatter diagrams in which the x and y

axes represent NWPAC index anomalies and NWP

SST anomalies (108–308N, 1408E–1808), TIO SST anom-

alies (08–208N, 508–1208E), and EWP SST anomalies

FIG. 7. Scatterplots of the JJA(1) NWPAC indices vs (a) NWP, (b) TIO, (c) EWP, and (d) TIO–EWP in 37 CMIIP5

models. Unit used is nondimensional. Black lines denote linear fit.
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(108S–108N, 1408E–1708W), respectively, in 37 CMIP5

models. The correlation coefficients of NWPAC index

anomalies with NWP, TIO, and EWP SST anomalies

are 20.45, 0.47, and 20.73, respectively, all of them

exceeding the 99% confidence level. The stronger cor-

relation between NWPAC index anomalies and EWP

SST anomalies indicates that the simulated NWPAC is

more sensitive to the EWP SST anomalies than to the

TIO SST anomalies and the NWP SST anomalies in

CGCMs. The TIO SST anomalies could generate an

anomalous NWPAC by Indian Ocean capacitor effect,

but the EWP SST anomalies trigger an anomalous cy-

clone over the NWP by a Rossby wave response. Be-

cause of the opposite effect on the NWP circulation, a

new index is defined as the difference of the ENSO-

related TIO SST and ENSO-related EWP SST, which is

called the TIO–EWP index. Figure 7d shows the re-

lationship between ENSO-related NWPAC index and

TIO–EWP index. The correlation coefficient between

them is 0.89, exceeding the 99% confidence level. The

results of CGCMs indicate that the simulated ENSO-

related NWPAC is highly related to the difference be-

tween TIO SST anomalies and EWP SST anomalies

in CGCMs. Since this SST anomaly bias in the EWP

provides significant effects on the ENSO–NWP rela-

tionship, what leads to the bias is another primary

question to be addressed in the next section.

5. Causes of the EWP SST bias

a. Surface heat flux

To understand the physical processes of ENSO-

related EWP SST anomalies, we perform a surface

heat flux analysis to understand the possible causes of

the warm EWP SST anomaly bias. Figure 8 shows the

FIG. 8. Shaded anomalies of meridional-mean (108S–108N) SST (contours; units: K), latent heat flux (shading; units: Wm22), sensible

heat flux(shading; units: Wm22), shortwave radiation (shading; units: Wm22), and longwave radiation (shading; units: Wm22) with the

D(0)JF(1)Niño-3.4 index in (a)–(d) the observations, (e)–(h) theHSM, and (i)–(l) the LSMas a function of calendarmonth and longitude.

The signs of heat fluxes and radiations follow their conventions described in section 2b. White dots indicate that the regressed anomalies

are significant at the 90% confidence level.
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evolution of ENSO-related surface heat fluxes and SST

in the observations, the HSM, and the LSM. Among the

four terms of heat fluxes, the patterns of LHF and SW

radiation are consistent with the SST anomaly pattern

and their amplitudes are larger than the others. The

warm SST anomalies are accompanied by release of

more LHF and gain of less SW radiation during the El

Niño mature and decay phase. Thus, the LHF and SW

radiation mainly serve as damping terms and are not

totally balanced by LW radiation and SHF. In the LSM,

there are stronger positive precipitation anomalies over

the EWP in JJA(1) (Fig. 2i), and the warm EWP SST

anomalies lose more LHF and obtain less SW radiation

than that in observations and the HSM (Figs. 8a,c,e,j,i,k).

The result suggests that surface heat flux anomalies could

not explain the warmEWPSST anomaly bias in the LSM.

Hence, the main contributor to the persistence of warm

EWP SST anomaly bias in the low-skill models should

come from the ocean dynamic processes.

b. Ocean dynamic processes

Chowdary et al. (2014) suggested that the ocean wave

adjustments and persistent westerly wind anomalies

over the equatorial Pacific should be responsible for

slow decay of El Niño based on the CGCM Climate

Forecast System. Previous studies indicate that the zonal

wind anomalies over the EWP have important in-

fluences on the ENSO cycle by triggering equatorial

Kelvin waves (e.g., Zhang and Huang 1998; Huang et al.

2001). It is noteworthy that prominent easterly wind

FIG. 9. Kelvin wave forcing function Kf (shading; units: Nm21) anomalies from January(1) to December(1) based on regression upon

the D(0)JF(1) Niño-3.4 index in (a) the observations, (b) the HSM, and (c) the LSM. Brown dots denote the regressedKf anomalies are

significant at the 90% confidence level.

FIG. 10. Regressed anomalies of zonal-mean (1508E–1708W) SST (shading; units: K), 1000-hPa zonal wind (vectors; units: m s21) upon

the D(0)JF(1) Niño-3.4 index in (a) the observations, (b) the HSM, and (c) the LSM as a function of calendar month and latitude. Brown

dots denote that the regressed SST anomalies are significant at the 90% confidence level. Arrows are drawn if the regressed zonal wind

anomalies are significant at the 90% confidence level.
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anomalies always dominate theMaritime Continent and

western Pacific from boreal winter to summer in the

observations and the HSM (Figs. 2a–f). The easterly

wind anomalies are extremely weak in boreal winter and

spring and replaced by westerly wind anomalies in

summer in the LSM (Figs. 2h–i), which is not conducive

to upwelling equatorial Kelvin wave. The evolution of

anomalous equatorial Kelvin wave forcing function Kf

associated with ENSO during the El Niño decay year is

shown in Fig. 9. Negative (positive) values of Kf denote

upwelling (downwelling) Kelvin wave. It is clear that

significant negative values of Kf appear in the tropical

Indo–western Pacific in January(1) in the observations

and the HSM, and then the upwelling Kelvin wave

propagates eastward. However, in response to westerly

wind anomalies over the EWP, there is downwelling

Kelvin wave dominating in summer in the LSM. The

oceanic Kelvin wave hardly affects SST directly in the

EWP owing to the deep thermocline there. However,

the thermocline in the equatorial eastern Pacific could

be affected and the SST there could be modulated. In

turn, the zonal SST gradient and wind along the equa-

torial Pacific could be altered, which may change the

SST in the EWP indirectly.

Furthermore, Fig. 10 shows the evolution of zonal-

mean (1508E–1708W) SST anomalies and surface zonal

wind anomalies during theElNiño decay year. Note that

there are obvious westerly wind anomalies on the

equator from January(1) to June(1) in observations and

the HSM (Figs. 10a,b), which is conducive to down-

welling and warming of SST. The westerly wind anom-

alies decline quickly in the following summer, which

FIG. 11. (a) Vertical averages of mean zonal advection and (b) mean meridional advection of anomalous temperature gradient,

(c) vertical integrations of anomalous zonal advection, and (d) anomalous meridional advection of mean temperature gradient in the

mixed layer in observations, in which temperature and current anomalies are obtained by regression upon the D(0)JF(1) Niño-3.4 index.
The zonal advection terms (units: 8Cday21) are averages over 108S–108N and as a function of calendar month and longitude. The me-

ridional advection terms (units: 8Cday21) are averages over 1408E–1708Wand as a function of calendar month and latitude. (e)–(h) As in

(a)–(d), but in the HSM; (i)–(l) as in (a)–(d), but in the LSM.
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could be attributed to the generation of easterly wind

anomalies induced by the Indian Ocean capacitor effect

in JJA(1). Thus, the SST anomalies decline in the ob-

servations and the HSM in JJA(1). Meanwhile, in the

LSM, owing to the persistence of warm EWP SST

anomalies and associated Rossby wave response

(Matsuno 1966; Gill 1980), prominent westerly wind

anomalies persist into boreal summer and autumn

(Fig. 10c), inducing downwelling and warming of SST in

the EWP. Indeed, persistent westerly wind anomalies

FIG. 12. (a) Vertical averages of monthly climatology of zonal current and (b) regressed zonal current anomalies

(units: m day21) upon the D(0)JF(1) Niño-3.4 index in the mixed layer in the observations. These are averages over

108S–108N and as a function of calendar month and longitude. (c),(d) As in (a),(b), but in the HSM; (e),(f) as in

(c),(d), but in the LSM.
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over the equatorial Pacific can affect the decay of El

Niño, which is consistent with Chowdary et al. (2014).

We perform an ocean heat budget analysis of the

ocean mixed layer to understand the contribution of

oceanic advection. The mean current advection of

anomalous temperature gradient (hereafter referred

to as mean advection) and the anomalous current ad-

vection of mean temperature gradient (hereafter re-

ferred to as anomalous advection) in the observations,

the HSM, and the LSM are shown in Fig. 11. We focus

on the change of EWP SST anomalies (108S–108N,

1408E–1708W) in JJA(1). Compared with observa-

tions, there is significant cooling due to mean zonal

advection 2u(›T 0/›x) from April(1) in the HSM, which

may be attributed to unreal mean zonal current (Fig. 12c),

facilitating the decay of El Niño (Fig. 11e). Meanwhile,

warm zonal advections [2u(›T 0/›x) and 2u0(›T/›x)]
are stronger around 1508E in the LSM than in the HSM

from winter to summer, which also contribute to the

warm bias in the EWP in the LSM.

Further analysis is conducted to examine the re-

spective contributions of current and SST gradient to

the oceanic advection in the LSM. From Fig. 13, the

excessive cold tongue bias is prominent in CMIP5

CGCMs, which is consistent with previous studies (Li

and Xie 2014; Li et al. 2015, 2016). The cold tongue

extends more westward in the LSM than the HSM and

the observation, leading to larger west-minus-east

mean zonal SST gradient ›T/›x in the EWP (Fig. 14f).

In addition, there are prominent anomalous easterly

current u0 (Fig. 12f) and anomalous zonal temperature

gradient ›T 0/›x (Fig. 14e) associated with the westward

extension of ENSO-related SST pattern around 1508E
in the LSM during the post-ENSO summer, which

contribute to the warm SST anomaly bias in the EWP.

In general, the ENSO-related SST pattern extends

westward during theElNiñomature phase and strengthens

thewesterly wind anomalies over the Indo–western Pacific.

The excessive cold tongue causes larger west-minus-

east mean zonal SST gradient in the EWP in the LSM

FIG. 13. Summer mean climatology of SST (units: 8C) in the tropical Pacific in (a) the

observations, (b) the HSM, and (c) the LSM.
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than in observations and the HSM. The resultant

anomalous warm advection leads to persistence of the

warm SST anomalies in the EWP during the following

spring and summer and causes the slow decay of

El Niño in the LSM. In turn, the warm SST anomaly

bias in the EWP strengthens the westerly wind anom-

alies by triggering local convection and atmospheric

Rossby wave.

FIG. 14. (a) Vertical averages of anomalous zonal temperature gradient and (b) mean zonal temperature gradient

[units: 8Cm21(86 400)21] in themixed layer in the observations, inwhich anomalous temperature and current velocities

are obtained by regression upon the D(0)JF(1) Niño-3.4 index. These are averages over 108S–108N and as a function of

calendar month and longitude. (c),(d) As in (a),(b), but in the HSM; (e),(f) as in (a),(b), but in the LSM.

124 JOURNAL OF CL IMATE VOLUME 30



6. Summary

In this study, we investigate plausible reasons for

biases in simulation of the ENSO–NWP teleconnection

in most CMIP5 CGCMs, including weaker NWPAC

anomalies and excessive westward extension of positive

rainfall anomalies in the EWP. The possible reasons for

and processes leading to these biases are displayed in

Fig. 15. Major conclusions are summarized as follows.

By comparing the evolution of ENSO-related SST

anomaly pattern, the local air–sea interaction, and the

IndianOcean capacitor effect among the observations and

high-skill and low-skill models, we find that the biases of

the ENSO-related NWP summer climate could be mainly

attributed to the simulation of ENSO decay pace. The

unrealistic EWP SST anomalies persist into the ENSO

decay summer, which generate above-normal pre-

cipitation over the EWP and an anomalous cyclone over

theNWP. In turn, the anomalous cyclone couldmodify the

intensity and position of anomalous NWPAC induced by

the Indian Ocean capacitor effect. This conclusion is

confirmed by sensitivity experiments with CAM4.

A new index–TIO–EWP index is defined as the dif-

ference of ENSO-related SST between TIO and EWP,

which has a close relationship with the anomalous

NWPAC. Thosemodels with a TIO–EWP index close to

observations could simulate ENSO–NWP teleconnec-

tion well, which will be useful for the selection of rea-

sonablemodels in predicting the summer climate of East

Asia and NWP.

The occurrence of the SST anomaly bias in the EWP

may involve a positive air–sea feedback. On one hand, the

excessive climatological cold tongue increases climato-

logical zonal SST gradient ›T/›x in the EWP. Because of

the westerly wind anomalies over the western Pacific in-

duced by the warm SST anomaly bias in the LSM, the

larger climatological zonal SST gradient ›T/›x could lead

to warmer zonal advections 2u0›T/›x, which could favor

the persistence of the warm EWP SST anomaly in the

LSM. In addition, the downwelling on the equator forced

by westerly wind anomalies may also contribute to the

persistence of EWP SST anomaly bias. On the other hand,

the warm EWP SST anomaly bias could strengthen west-

erly wind anomalies over the western Pacific by triggering

convection and atmospheric Rossby wave, which, in turn,

could increase the warm SST anomaly bias in the EWP.

This study suggests that the model needs to produce a

reasonable decay pace of ENSO in the equatorial Pacific

to obtain proper ENSO–NWP teleconnection, and mean

state SST bias may be responsible for the bias of the

evolution of ENSO.Here, we only point out themain and

common biases about ENSO-induced NWP summer cli-

mate inCMIP5CGCMs. Theremay be some other biases

in individual models, which need to be explored. Further

understanding of the biases may contribute to improve-

ment of the prediction skill of ENSO teleconnection.
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