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and shifts northwestward, which are largely different from 
El Niño. The equatorial CEP cooling plays a dominant 
role in the maintenance of NWPC. The negative rainfall 
anomalies induced by CEP cooling force the anticyclonic 
wind anomalies over the WP as a Rossby wave response, 
which further cause the lower (upper) level convergence 
(divergence) over the MC and NWP. The resultant conver-
gence leads to the enhanced convection there, inducing the 
NWPC as a Rossby wave response. Besides, the equato-
rial easterly wind anomalies trigger the upwelling oceanic 
Kelvin wave and maintain the CEP cooling as the Bjerknes 
feedback.

Keywords Asymmetry · ENSO · El Niño and La Niña · 
Northwest Pacific circulation · Central and eastern Pacific 
cooling

1 Introduction

El Niño-Southern Oscillation (ENSO) is a dominant inter-
annual variability over the tropical Pacific and exerts the 
great influence on global climate through atmospheric tel-
econnections (e.g., Lau and Nath 1996; Trenberth et al. 
1998; Webster et al. 1998). It contains two phases, the 
warm phase (El Niño) and the cold phase (La Niña). How-
ever, El Niño and La Niña are not simply mirror images, 
but have significant asymmetry in spatial structure (e.g., 
Hoerling et al. 1997; Burgers and Stephenson 1999; Kang 
and Kug 2002; Jin et al. 2003; An and Jin 2004; McPhaden 
and Zhang 2009; Su et al. 2010) and duration (e.g., Oku-
mura and Deser 2010; Okumura et al. 2011; Hu et al. 
2013).

ENSO is a major factor for the East Asian climate vari-
ability. The warming (cooling) over the equatorial eastern 

Abstract The present study has revealed the asymmet-
ric characteristics of summertime atmospheric circulation 
anomalies over the Indo-Pacific for El Niño and La Niña, 
as well as the possible mechanism. During the summer 
when El Niño has dissipated, there are basin-wide warming 
over the tropical Indian Ocean (TIO) and cooling over the 
equatorial central and eastern Pacific (CEP). The northwest 
Pacific (NWP) anticyclone is maintained by a combined 
effect of the TIO warming and equatorial CEP cooling. The 
impact of TIO warming is via the Kelvin wave-induced 
divergence mechanism, and the effect of CEP cooling is 
by stimulating a Rossby wave response to its northwest. 
Correspondingly, there are lower (upper) level conver-
gence (divergence) over the TIO and divergence (conver-
gence) over the NWP. The tropical atmospheric waves and 
large-scale circulation anomalies could couple together 
and maintain the anticyclone. However, for La Niña, there 
are easterly wind anomalies over the equatorial western 
Pacific, and the anomalous NWP cyclone (NWPC) is weak 
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Pacific suppresses (enhances) convection over the western 
Pacific (WP), which affects the variability of East Asian 
monsoon (Huang and Wu 1989; Huang and Sun 1992; 
Zhang et al. 1996). The anomalous atmospheric circulation 
over the northwest Pacific (NWP) plays an important role 
in bridging teleconnection from ENSO to the East Asian 
climate (Zhang et al. 1996; Chang et al. 2000a, b; Wang 
et al. 2000; Wu et al. 2003; Yang et al. 2007; Xie et al. 
2009; Chen et al. 2012, 2014; Wang and Wu 2012). The 
anomalous NWP anticyclone/cyclone (NWPAC/NWPC) 
would weaken/intensify the East Asian monsoon. The 
NWP circulation anomalies develop rapidly in late fall of 
the year when ENSO matures (Wang et al. 2000), and the 
anomalies can persist into summer (e.g., Wu et al. 2003; 
Yang et al. 2007; Xie et al. 2009; Tao et al. 2015). There 
are two possible mechanisms maintaining the NWPAC dur-
ing the different phases of El Niño: (1) From fall to spring, 
the NWPAC is a Rossby wave response to SST cooling 
located to its southeast. The northeasterly wind anomalies 
of NWPAC superimpose on the northeasterly trade winds, 
and reinforce initial cold SST anomalies via evaporation, 
forming a positive feedback between SST and circulation 
anomalies (Wang et al. 2000; Wang and Zhang 2002). (2) 
During summer when El Niño has dissipated, the tropical 
Indian Ocean (TIO) warming prolongs the influence of El 
Niño, which contributes to the development of NWPAC 
via the “capacitor effect” (Yang et al. 2007, 2010; Wu et al. 
2009a; Xie et al. 2009).

The atmospheric response to El Niño and La Niña is 
also nonlinear (Hoerling et al. 1997) though most studies 
use the linear statistical methods, such as empirical orthog-
onal function (EOF), regression or correlation to analyze 
atmospheric circulation anomalies associated with ENSO. 
Several studies have investigated the asymmetry of atmos-
pheric response to ENSO over East Asia. For El Niño, there 
are southerly wind anomalies along the coast of East Asia. 
However, the opposite meridional wind anomalies do not 
appear during La Niña, and the impact of La Niña on the 
East Asian monsoon seems weaker than El Niño (Zhang 
et al. 1996). Wu et al. (2010b) studied the asymmetry of 
NWP lower level circulation anomalies in boreal winter, 
which are weaker and shift more westward during La Niña 
than El Niño. They interpreted that both the asymmetry 
of anomalous heating and NWP sea surface temperature 
(SST) anomalies contribute to this asymmetric response. 
Zhang et al. (2014) further revealed that the asymmetric 
response of atmospheric circulation is related to the intra-
seasonal oscillation, leading to the asymmetry of rainfall 
anomalies over southern China during boreal winter.

Until now most studies focused on the East Asian winter 
monsoon (EAWM) in the mature phase of ENSO, and the 
asymmetric characteristics of East Asian summer monsoon 
(EASM) in the decaying phase of ENSO are still not clear. 

Thus, we attempt to address the following questions in pre-
sent study. First, is the summertime atmospheric response 
over the NWP between El Niño and La Niña asymmetric? 
Second, if so, what is the physical mechanism causing the 
asymmetry? The rest of the paper is organized as follows. 
Section 2 describes the data and analysis methods. The 
asymmetric characteristics, including the SST, precipita-
tion and circulation anomalies, are examined in Sect. 3. 
Section 4 evaluates the possible mechanism, which are fur-
ther explored by using the results of an atmospheric general 
circulation model (AGCM) and a Linear Baroclinic Model 
(LBM) in Sect. 5. Section 6 provides the summary.

2  Data and analysis methods

2.1  Data

The SST data used in present study is the Hadley Centre 
Sea ICE and Sea Surface Temperature (HadISST) data-
set (Rayner et al. 2003). It has a 1° × 1° horizontal reso-
lution and starts from January 1870 to the present. The 
monthly mean atmospheric variables used here are the 
National Centers for Environmental Prediction/National 
Center for Atmospheric Research (NCEP/NCAR) reanaly-
sis product (Kalnay et al. 1996), spanning the period from 
January 1948 to the present. This dataset is available in a 
2.5° × 2.5° horizontal resolution and extends from 1000 to 
10 hPa with 17 pressure levels in vertical. The precipita-
tion data from the monthly mean Global Precipitation Cli-
matology Project (GPCP; Adler et al. 2003), which has a 
2.5° × 2.5° horizontal resolution since January 1979, is 
also used. Due to the decadal shift in El Niño influences on 
Indo-Western Pacific and East Asian climate in the 1970s 
(Wang 1995; Wang et al. 2008; Huang et al. 2010; Xie et al. 
2010; Wu et al. 2012), the period of above data are selected 
from January 1979 to December 2012.

2.2  Analysis methods

The monthly mean climatology is first calculated for the 
study period, and interannual anomalies are then computed 
as the departure from the climatology. In this study, we 
focus on the interannual relationship, and the linear trend 
has been removed from all the data. Hereafter, any month 
in the El Niño onset and decay year is identified by suf-
fix (0) and (1), respectively. DJF represents the seasonal 
mean in December-January–February, MAM represents the 
seasonal mean in March–April–May, and JJA represents 
the seasonal mean in June–July–August. The intensity of 
NWP circulation anomalies is defined as the difference 
of 850 hPa zonal winds between a southern region (5°–
15°N, 90°–130°E) and a northern region (22.5°–32.5°N, 
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110°–140°E), following Wang and Fan (1999). The 
Niño3.4 index is defined as SST anomalies averaged over 
the central and eastern equatorial Pacific (CEP, 5°S–5°N, 
170°–120°W), and the Niño4 index is defined as SST 
anomalies averaged over the equatorial central Pacific (CP, 
5°S–5°N, 160°E–150°W). The domain of north Indian 
Ocean (NIO) is defined as 0°–20°N, 40°–100°E.

To diagnose the contribution of the factors (e.g., circu-
lation and moisture) to moisture transportation, moisture 
budget is analyzed in the present study. The moisture trans-
portation can be decomposed:

where the variable with bar means climatology state, and 
the variable with prime mean the departure from the clima-
tology state. q,V ,ω represent the specific humidity, hori-
zontal wind, and pressure velocity, respectively. The value 
in angle bracket means a mass integration from the surface 
to 300 hPa, that is:

According to Yanai et al. (1973), the atmospheric appar-
ent heat source Q1 is used to represent the total diabatic 
heating (including radiation, latent heating, and surface 
heat flux),

�−∇ · (qV)′� = �−(q∇ · V)′� + �−(V · ∇q)′�

= �−ω̄∂pq
′� + �−ω′∂pq̄� + �−ω′∂pq

′� + �−V̄ · ∇q′�

+ �−V ′ · ∇q̄ +−V ′ · ∇q′�

X = −
1

g

300 hPa
∫

surface

Xdp

where Cp is the specific heat at constant pressure, T is 
the temperature, t is the time, ω is the vertical p velocity, 
σ = RT/CpP − ∂T/∂P is the static stability, R is the gas 
constant, P is the pressure, and �V  is the horizontal velocity 
vector.

Composite analysis is used, and the significance level 
is estimated based on the standard two-tailed Student’s t 
test. The normalized D(0)JF(1) Niño3.4 index, JJA(1) NIO 
SST index and Niño4 index shown in Fig. 1 are used to 
identify El Niño and La Niña events in this study. As men-
tioned before, the TIO warming persists into summer and 
unleash its influence when El Niño has dissipated (Yang 
et al. 2007, 2010; Wu et al. 2009a; Xie et al. 2009). Some-
times, El Niño decays rapidly into La Niña, and the CEP 
cooling could play a role in development and maintenance 
of the summertime NWPAC (Fan et al. 2013; Wang et al. 
2013; Xiang et al. 2013; Chen et al. 2015). Thus, an El 
Niño event is firstly defined as normalized D(0)JF(1) 
Niño3.4 index is above 0.5. Then normalized JJA(1) 
NIO SST index requires more than 0.5 to emphasize the 
“capacitor effect”. Furthermore, normalized JJA(1) Niño4 
index is below 0.5, indicating the decaying of CEP warm-
ing. El Niño tends to decay rapidly after the mature phase, 
whereas La Niña persists and re-emerges in the subsequent 
year (Kessler 2002; Larkin and Harrison 2002; McPhaden 
and Zhang 2009; Hu et al. 2013). Thus, a La Niña event is 
defined as normalized D(0)JF(1) Niño3.4 index is below 
−0.5, normalized JJA(1) NIO SST index and Niño4 index 

Q1 = Cp

∂T

∂t
− Cp

(

ωσ − �V · ∇T
)

,

Fig. 1  The evolution of the 
normalized Niño3.4 index 
(top) during D(0)JF(1), NIO 
SST anomalies (middle) during 
JJA(1) and Niño4 index (bot-
tom) during JJA(1) from 1979 
to 2011. NIO SST anomalies 
and Niño4 index are pushed 
forward for a year. According to 
the definitions in Table 1, a total 
of 4 El Niño events (red shaded 
1982, 1987, 1997, 2009), 7 La 
Niña events (blue shaded 1983, 
1984, 1988, 1998, 1999, 2007, 
2010) are identified
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are below −0.5. As a result, there are 4 El Niño events 
(1982, 1987, 1997 and 2009) and 7 La Niña events (1983, 
1984, 1988, 1998, 1999, 2007 and 2010), which are listed 
in Table 1. Note that using all El Niño and La Niña events 
according to the 0.5 criterion does not alter the major con-
clusions, but the composite maps show weak intensity and 
less significance (figures not shown). The selected El Niño 
and La Niña events are more proper to present the asym-
metric characteristics.

3  Observed asymmetric characteristics

3.1  SST pattern

Figure 2 shows the evolution of SST anomalies for El Niño 
and La Niña from D(0)JF(1) to JJA(1). For El Niño, there 
exists significant SST warming in the equatorial CEP and TIO 
during D(0)JF(1) (Fig. 2a). From MAM(1) to JJA(1), the SST 
anomalies over the equatorial CEP decay rapidly, but the TIO 

Table 1  The definitions of 
El Niño and La Niña, and the 
corresponding selected years for 
the period of 1979–2011

Types Definitions Years

El Niño Nor D(0)JF(1) Niño 3.4 > 0.5
Nor JJA(1) NIO > 0.5
Nor JJA(1) Niño 4 < 0.5

1982, 1987, 1997, 2009

La Niña Nor D(0)JF(1) Niño 3.4 < −0.5
Nor JJA(1) NIO < −0.5
Nor JJA(1) Niño 4 < −0.5

1983, 1984, 1988, 1998, 1999, 2007, 2010

(a) (d)

(b) (e)

(c) (f)

Fig. 2  Composite anomalies of SST (°C) during D(0)JF(1), MAM(1) and JJA(1) for El Niño (left panels a–c) and La Niña (right panels d–f). 
Dots indicate significant level reaches 90%
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warming sustains (Fig. 2b, c). Previous studies have revealed 
that El Niño is a major forcing for the TIO warming (Lau and 
Nath 1996; Klein et al. 1999; Xie et al. 2002; Wu et al. 2008; 
Du et al. 2009; Tao et al. 2014). Note that the negative SST 
anomalies tend to develop over the equatorial CEP during 
JJA(1) after the El Niño event, indicating the phase transition 
of ENSO. However, the La Niña-related SST anomalies are 
different from El Niño. The equatorial CEP cooling decays 
slowly and there are still significant SST anomalies during 
JJA(1) (Fig. 2d–f). Besides, the TIO SST anomalies do not 
show the basin-wide characteristic, and there is pronounced 
warming near the northwest coast of Australia. The similar 
Indo-Pacific pattern is also shown in CMIP5 models, which 
is caused by the westward bias in the simulation of ENSO’s 
SST pattern (Tao et al. 2015). Okumura and Deser (2010) 
found that the coastal warming is induced by the northwest-
erly wind anomalies, which is attributed to the asymmetry of 
atmospheric response to El Niño and La Niña.

3.2  Indo‑Pacific precipitation

Figure 3 shows the evolution of precipitation anomalies 
over the Indo-Pacific for El Niño and La Niña from D(0)

JF(1) to JJA(1). In D(0)JF(1), the large-scale suppressed 
rainfall anomalies are located over the Maritime Conti-
nent (MC) while enhanced rainfall anomalies are found 
over the equatorial CP for El Niño (Fig. 3a). Both the sup-
pressed and enhanced rainfall anomalies decay rapidly in 
MAM(1) (Fig. 3b). The wet anomalies over the CP dis-
sipate during JJA season, and the center of dry anomalies 
moves northeastward to the NWP (Fig. 3c). Note that the 
wet anomalies forced by TIO warming play a crucial role 
in the development of NWP dry anomalies through the 
Kelvin wave-induced Ekman divergence mechanism (Xie 
et al. 2009). For La Niña, the patterns of rainfall anomalies 
are almost opposite to El Niño during DJF and MAM sea-
son (Fig. 3a, b, d, e), but the centers shift more westward, 
which have been mentioned by Hoerling et al. (1997). In 
JJA(1), there exists considerable difference between El 
Niño and La Niña. The dry anomalies over the CP cor-
responding with equatorial CEP cooling persist through 
JJA, and there are no significant rainfall anomalies over 
the east Indian Ocean (Fig. 3f). Unlike the rainfall anoma-
lies over the NWP with large zonal coverage for El Niño, 
the La Niña-related wet anomalies show large meridional 
coverage with two rainfall centers over the MC and NWP. 

(a) (d)

(b) (e)

(c) (f)

Fig. 3  Composite anomalies of precipitation (mm) during D(0)JF(1), MAM(1) and JJA(1) for El Niño (left panels a–c) and La Niña (right pan-
els d–f). Dots indicate significant level reaches 90%
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The wet and dry anomalies over the MC and CP present a 
zonal dipole pattern. The Indo-Pacific rainfall anomalies in 
JJA(1) for El Niño and La Niña are induced by the differ-
ent SST patterns there, which is also emphasized by Lu and 
Lu (2014). Besides, as shown in Fig. 5 of Xie et al. (2009), 
the ENSO-related rainfall anomalies are mainly concen-
trated over the west Indian Ocean and there are no signifi-
cant rainfall anomalies over the east Indian Ocean. Here, 
the asymmetry of TIO rainfall responses to El Niño and La 
Niña may explain this phenomenon.

3.3  Anomalous NWP circulation

The evolution of NWP circulation anomalies for El Niño 
and La Niña from D(0)JF(1) to JJA(1) are shown in Fig. 4. 
Large wind anomalies are observed over the NWP, and the 
NWPAC or NWPC moves northward in JJA(1). The asym-
metry of NWP circulation anomalies in boreal winter and 
its influence on the EAWM have been investigated in previ-
ous studies (Wu et al. 2010b; Zhang et al. 2014). Thus, we 
pay more attention on the JJA season. For El Niño and La 
Niña, their corresponding lower level circulation anomalies 
are not symmetric (Fig. 4c, f). The center of NWPC for La 

Niña is closer to the coast of East Asia, and its extent is 
smaller than El Niño (Fig. 4f). The intensity of NWP circu-
lation anomalies for each event is further checked in Fig. 5. 
All El Niño events correspond to the NWPAC (Fig. 5a), and 
most La Niña events correspond to the NWPC except for 
the 2007 event (Fig. 5d). Most La Niña-related NWPCs are 
weaker than El Niño-related NWPACs, even with anoma-
lous anticyclones after the 2007 event, which is due to that 
the location of circulation anomalies shifts more northwest-
ward. Note that the anomalous NWPCs are stronger for 
1983 and 1984 events, which will be discussed in the last 
section.

4  Possible mechanism

NWP circulation is sensitive to the tropical ocean status, 
and there are two views to understand the dynamic pro-
cess. On one hand, tropical SST anomalies would lead to 
the adjustment of large-scale tropical circulation, includ-
ing Walker and Hadley circulation, which in turn induces 
anomalous NWP circulation (Wu et al. 2009a, b; Chung 
et al. 2011; Chen and Zhou 2014). On the other hand, the 

(a) (d)

(b) (e)

(c) (f)

Fig. 4  Composite anomalies of 850 hPa wind velocity (m s−1) during 
D(0)JF(1), MAM(1) and JJA(1) for El Niño (left panels a–c) and La 
Niña (right panels d–f). Blue vectors indicate significant level reaches 

90%. ‘AC’ and ‘C’ represent the centers of anomalous NWPAC and 
NWPC, respectively
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lower level NWP circulation is sensitive to anomalous heat-
ing in atmosphere following Gill-response mechanism (Gill 
1980; Wang et al. 2000; Xie et al. 2009; Fan et al. 2013; 
Karori et al. 2013; Chen et al. 2015). Thus, according to 
the asymmetric characteristics in the previous section, the 
possible mechanisms are analyzed in this section in order 
to investigate how these two aspects work together during 
JJA(1) in El Niño and La Niña. Besides, to better under-
stand the dynamical processes in the rainfall response, 
moisture budget analysis is also performed.

4.1  Kelvin wave‑induced divergence for El Niño

During JJA season, the SST anomalies over the NWP have 
almost dissipated (Fig. 2c, f). So local air-sea interaction 
has little effect on the rainfall anomalies there, which seem 

to be mainly forced by the remote oceans. Figure 6 shows 
the 1000–200 hPa mean tropospheric temperature (TT) and 
200 hPa wind anomalies during JJA(1) for El Niño and La 
Niña. Due to the wet anomalies related to TIO warming 
(Fig. 3c), the TT anomalies over the TIO display the Mat-
suno-Gill (Matsuno 1966; Gill 1980) pattern with the warm 
Kelvin wave eastward to the equatorial WP for El Niño. 
Upper level southwesterly wind anomalies dominate the MC 
region (Fig. 6a), and lower level northeasterly wind anoma-
lies are induced at the north flank of the Kelvin wave owing 
to the Ekman divergence (Fig. 4c). Then the resultant diver-
gence over the NWP further trigger the suppressed convec-
tion there, inducing the anomalous anticyclone as the Rossby 
wave response (Xie et al. 2009). Correspondingly, there are 
lower (upper) level convergence (divergence) over the TIO 
and divergence (convergence) over the NWP (Fig. 7a, c).

(a) (d)

(b) (e)

(c) (f)

Fig. 5  The intensity of NWP circulation anomalies, NIO and equa-
torial CP SST anomalies for El Niño (left panels a–c) and La Niña 
(right panels d–f). The abscissa represents the contained events 

(numbers) and their corresponding composite mean (“M”) in each 
type. The ordinate represents the intensity of anomalies
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To verify the relative contribution of circulation and 
moisture to the rainfall response over the NWP, moisture 
budget analysis is performed. The detailed information of 
the moisture budget equation is introduced in Sect. 2.2. 
Figure 8a–c presents the composite anomalies of column-
integrated moisture flux divergence �−∇ · (qV)′�, and its 
decomposed circulation �−(q∇ · V)′� and moisture terms 
�−(V · ∇q)′� during JJA(1) for El Niño. The pattern of 
�−∇ · (qV)′� resembles the pattern of rainfall, showing the 
moisture flux divergence over the NWP, and at its south and 
north sides existing moisture flux convergence (Fig. 8a). 

In addition, �−(q∇ · V)′� plays a more dominant role than 
�−(V · ∇q)′� in �−∇ · (qV)′� (Fig. 8b, c). The moisture flux 
divergence over the NWP is further decomposed into six 
terms, which are shown in Figs. 9 and 10. The moisture 
flux divergence anomalies over the NWP are mainly attrib-
uted to the mean vertical gradient of humidity transported 
by anomalous vertical motion (−ω′∂pq̄), emphasizing the 
influence of Kelvin wave-induced divergence (Fig. 6a). The 
contribution of rest terms is rather small. 

With the disappearance of tropical Pacific SST anoma-
lies, the Indian Ocean gradually plays a more important 

(a) (b)

Fig. 6  Composite anomalies of 1000–200 hPa mean tropospheric 
temperature (shaded °C) and 200 hPa wind velocity (vector m s−1) 
during JJA(1) for a El Niño and b La Niña. Green dots and black vec-

tors indicate significant level of tropospheric temperature and wind 
velocity reaches 90%, respectively

(a) (c)

(b) (d)

Fig. 7  Composite anomalies of 1000 hPa (contour 
CI = 2× 10

5 m2 s−1), 200 hPa potential velocity (contour 
CI = 4× 10

5 m2 s−1) and relevant divergent wind component (vec-
tor m s−1) during JJA(1) for El Niño (top panels a, c) and La Niña 

(bottom panels b, d). Green dots and black vectors indicate signifi-
cant level of potential velocity and divergent wind component reaches 
90%, respectively. Thick black lines indicate zero contour



2015Asymmetry in summertime atmospheric circulation anomalies over the northwest Pacific during…

1 3

role (Yang et al. 2007, 2010; Wu et al. 2009a, 2010a; Xie 
et al. 2009). As a result, the tropical atmospheric waves 
and large-scale circulation anomalies could couple together 
and contribute to the development of NWPAC. Note that 
the equatorial CEP cooling during JJA(1) after the El 
Niño event also seems to contribute to the maintenance of 
NWPAC in some extent (Fan et al. 2013; Wang et al. 2013; 

Xiang et al. 2013; Chen et al. 2015), which will be further 
examined by using AGCM.

4.2  Rossby wave‑induced convergence for La Niña

The La Niña related TT anomalies exists throughout the 
global tropical strip, and are weaker over the TIO than 

(a) (d)

(b) (e)

(c) (f)

Fig. 8  Composite anomalies of column-integrated moisture 
flux divergence 

(〈

−∇ · (qV)′
〉)

, and its decomposed circulation 
(〈

−(q∇ · V)′
〉)

 and moisture terms 
(〈

−(V · ∇q)′
〉)

 during JJA(1) for 

El Niño (left panels a–c) and La Niña (right panels d–f). Dots indi-
cate significant level reaches 90%

(a) (b)

Fig. 9  The regional mean moisture budget terms over the a NWP for El Niño and b MC&NWP for La Niña. No. 1–7 represent 
〈

−∇ · (qV)′
〉

, 
〈

−ω̄∂pq
′
〉

, 
〈

−ω′∂pq̄
〉

,
〈

−ω′∂pq
′
〉

, 
〈

−V̄ · ∇q′
〉

, 
〈

−V ′ · ∇q̄
〉

 and 
〈

−V ′ · ∇q′
〉

, respectively
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CP (Fig. 6b). There are westward cold Rossby wave with 
significant westerly wind anomalies over the equato-
rial WP, indicating the response to equatorial CP negative 
rainfall anomalies (Fig. 3f). The lower level response of 
cold Rossby wave is the WP anticyclonic wind anomalies 
(Fig. 4f), which further cause the lower (upper) level con-
vergence (divergence) over the MC and NWP (Fig. 7b, d). 
Then the resultant convergence leads to the enhanced con-
vection there, inducing an anomalous cyclone as a Rossby 
wave response.

Figure 8d–f presents the composite anomalies of 
〈

−∇ · (qV)′
〉

, 
〈

−(q∇ · V)′
〉

 and 
〈

−(V · ∇q)′
〉

 during 
JJA(1) for La Niña. For 

〈

−∇ · (qV)′
〉

, there are moisture 
flux divergence over the CP and moisture flux convergence 
over the MC and NWP (Fig. 8d), of which 

〈

−(q∇ · V)′
〉

 
account for a larger percentage than 

〈

−(V · ∇q)′
〉

 (Fig. 8e, 
f). Furthermore, 

〈

−ω′∂pq̄
〉

 is dominant in 
〈

−∇ · (qV)′
〉

 
over the MC&NWP, indicating the crucial effect of Rossby 
wave-induced convergence (Fig. 9b).

Besides, the equatorial easterly wind anomalies trigger 
the upwelling oceanic Kelvin wave and maintain the CEP 
cooling as the Bjerknes feedback (Okumura and Deser 
2010; Okumura et al. 2011; Hu et al. 2013). Note that, the 
NWPC is mainly forced by equatorial CEP cooling, and 
the signal over the TIO is relatively weak (Figs. 6b, 7b, d). 
Unlike El Niño for which the TIO and equatorial CEP SST 
anomalies cooperate together to maintain the anomalous 
NWP circulation, the equatorial CEP cooling plays a more 
dominant role for La Niña. The mechanism for the mainte-
nance of anomalous NWP circulation during ENSO decay-
ing summer will be fully discussed by AGCM and LBM in 
the next section.

5  Model results

5.1  Solutions to the AGCM

The AGCM used is ECHAM6, the newest generation 
of AGCM developed by the Max Planck Institute for 

Meteorology (Stevens et al. 2013). It is also the atmos-
pheric component of the Earth System Model developed 
by the Max Planck Institute for Meteorology in Hamburg 
(MPI-ESM). In this study, a version with triangular trun-
cation at zonal wavenumber 63 (T63; equivalent to 1.9° 
horizontal resolution) and 47 vertical levels extending to 
0.01 hPa is used. A detailed description of ECHAM6 is 
given in Giorgetta et al. (2013).

Five simulations using ECHAM6 model are conducted 
with different boundary conditions. In CTRL, the model is 
forced by the observed monthly climatology of SST and sea 
ice. For El Niño, a series of simulations are conducted to 
separate impacts of TIO warming and equatorial CEP cool-
ing on NWPAC (i.e. IOW, CEPCEL and IOW&CEPCEL). 
For La Niña, additional composite negative SST anomalies 
are added over the CEP to identify the crucial influence of 
CEP cooling on NWPC (i.e. CEPCLA). The detailed infor-
mation of simulations are referred to Table 2 and Fig. 10. 
In all experiments, the SST anomalies are kept constant in 
time and the model is integrated for 20 years. Thus, each 
simulation is equivalent to 20-member ensemble runs. 
Ensemble-mean results for JJA calculated as the departure 
from CTRL are analyzed.

5.1.1  AGCM results for El Niño

The simulated rainfall and 850 hPa wind anomalies for 
IOW, CEPCEL and IOW&CEPCEL are presented in 
Figs. 11a–c and 12a–c, respectively. The observed charac-
teristics are well reproduced in IOW&CEPCEL, although 
the simulations exist west shift (Figs. 11c, 12c). Also note 
that the CP dry anomalies is stronger than observation, and 
the wet anomalies on the north side of NWP dry anoma-
lies are missing. Besides, the model results indicate that 
the NWPAC is maintained by a combined effect of the TIO 
warming and equatorial CEP cooling. Chen et al. (2015) 
have conducted the similar simulations by using CAM4, 
and found that the TIO warming is the main contribution 
in MAM(1) via Kelvin wave-induced divergence. How-
ever, the impact of the equatorial CEP cooling increases in 

Fig. 10  Representation of the 
regions employed to force the 
simulations. Red box repre-
sents the region employed to 
force IOW, blue box represents 
the region employed to force 
CEPCEL, and blue dashed box 
represents the region employed 
to force CEPCLA in Table 2
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JJA(1). Here, the present study is consistent with their con-
clusions. Compared with TIO warming, the equatorial CEP 
cooling has a stronger impact on NWPAC during JJA(1), as 
shown in IOW and CEPCEL (Figs. 11a, b, 12a, b).

5.1.2  AGCM results for La Niña

Figures 11d and 12d show the difference of simulated 
rainfall and 850 hPa wind anomalies between CEPCLA 
and CTRL during JJA(1), respectively. Model results gen-
erally reproduce the observed characteristics. The SST 
anomalies over the CEP trigger the dry anomalies over 
the CP and wet anomalies with two centers over the MC 
and NWP (Fig. 11d), inducing the lower level anticyclonic 
and cyclonic wind anomalies over the CP and NWP as the 
Rossby wave response, respectively (Fig. 12d). Note that 
there exist some discrepancies in simulations, as the CP dry 

anomalies is stronger, and the centers of MC&NWP wet 
anomalies and NWPC shift more eastward than observa-
tions. The unrealistic wet anomalies with anticyclonic wind 
anomalies are located over the west Indian Ocean, and 
stronger dry anomalies exist over the South China Sea than 
observation. Besides, previous studies have done detailed 
research on the mechanism for the maintenance of NWPAC 
during El Niño decaying summer (Yang et al. 2007, 2010; 
Wu et al. 2009a, 2010a; Xie et al. 2009). For these reasons, 
in next subsection, solutions to the LBM are considered to 
further examine the specific dynamic processes involved in 
how equatorial CEP cooling affects the NWPC.

5.2  Solutions to the LBM

The LBM described in Watanabe and Jin (2002) is used. 
The model is built upon atmospheric primitive equations 

Table 2  List of simulations: control run (CTRL), Indian Ocean warming run (IOW), CEP cooling run for El Niño (CEPCEL), IOW&CEPCEL 
run, and CEP cooling run for La Niña (CEPCLA)

Simulation SST forcing field Integration

CTRL Global climatological SST 20

IOW Added composite positive SST anomalies for El Niño to climatological SST over 10°S–25°N, 40–100°E (red box 
in Fig. 10) from June to August

20

CEPCEL Added composite negative SST anomalies for El Niño to climatological SST over 10°S–10°N, 150°E–100°W 
(blue box in Fig. 10) from June to August

20

IOW&CEPCEL IOW + CEPCEL 20

CEPCLA Added composite negative SST anomalies for La Niña to climatological SST over 30°S–30°N, 140°E–90°W 
(blue dashed box in Fig. 10) from March to August

20

(a) (c)

(b) (d)

Fig. 11  The simulated precipitation (mm) anomalies during JJA(1): a IOW minus CTRL, b CEPCEL minus CTRL, c IOW&CEPCEL minus 
CTRL. Dots indicate significant level reaches 90%
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and has been widely used as a diagnostic tool for exam-
ining the steady linear response to idealized forcing (e.g., 
Annamalai et al. 2005; Xie et al. 2009; Zheng et al. 2010; 
Tao et al. 2014; Qu et al. 2015). Its horizontal resolution is 
T21, and it has 20 sigma levels in the vertical. The model 
employs horizontal and vertical diffusion, Rayleigh fric-
tion, and Newtonian damping. The latter two terms have 
a time scale of (1 day)−1 for σ ≥ 0.9 and σ ≤ 0.03, while 
(30 day)−1 for 0.03 < σ < 0.9. In this study, the dry ver-
sion of the LBM is used to investigate the contribution of 
precipitation change to the circulation response. The hori-
zontal shape of the heating is elliptical and the heating 
anomaly is imposed on summer (JJA) mean state from the 
NCEP–NCAR reanalysis. The vertical heating profile fol-
lows the gamma distribution, and the maximum heating 
is at σ = 0.45. The model is integrated for 50 days. The 
response reaches the equilibrium after 15 days, so the last 
30 days are analyzed.

Figure 13a presents the vertical profile of diaba-
tic heating anomalies averaged over the equatorial CP 
(10°S–10°N, 150°E–160°W), MC (5°S–5°N, 120°–130°E) 
and NWP (15°–25°N, 120°–160°E). According to Yanai 
et al. (1973), the atmospheric apparent heat source Q1 
is calculated to represent the total diabatic heating. The 
observed largest diabatic heating in the three regions are 
all located in 400–500 hPa (Fig. 13a), thus it is reasonable 
to put the maximum heating at σ = 0.45 in the LBM. The 
heating rate is 1.6 K/day for the CP and NWP regions, and 
about 3 K day−1 for the MC region. Figure 10b–d shows 
the horizontal distribution of diabatic heating anomalies 
used to force the LBM, and the response of circulation 
anomalies to these heating. The negative diabatic heating in 

Fig. 13b indicates the negative rainfall anomalies over the 
equatorial CP (center at 0° and 175°E), with the zonal and 
meridional extent of 25° and 10°, respectively. To represent 
positive rainfall anomalies over the MC and NWP, ideal-
ized positive diabatic heating anomalies are imposed there 
(center at 0° and 130°E, 20° and 140°E), with the zonal 
extent of 10° and 20°, and the meridional extent of 10° and 
5°, respectively (Fig. 13c).

As shown in Fig. 13b, the negative heating anomalies 
are imposed over the equatorial CP to simulate the dry 
anomalies induced by sea surface cooling. The equatorial 
CEP cooling-related negative rainfall anomalies over the 
CP trigger a pair of lower level off-equatorial anticyclones 
as the response of cold Rossby wave. On one hand, the 
easterly wind anomalies over the equatorial WP as a part 
of anomalous Walker circulation induce the wet anomalies 
over the MC (Fig. 3f). On the other hand, the southwesterly 
wind anomalies cause the moisture fluxes convergence over 
the NWP firstly, where the circulation term plays a more 
dominant role than moisture term (Figs. 8e, 9b). Then the 
moisture fluxes convergence leads to the wet anomalies 
over the NWP (Fig. 3f). As a result, the positive rainfall 
anomalies both over the MC and NWP are induced by the 
equatorial CEP cooling.

The response of circulation anomalies to MC&NWP 
heating is further examined in Fig. 13c. There are the 
cyclonic wind anomalies over the NWP and easterly wind 
anomalies over the equatorial WP. The wet anomalies over 
the MC and NWP cause the lower level NWPC and east-
erly wind anomalies as the response of warm Rossby and 
Kelvin wave, respectively. The equatorial easterly winds 
further induce the upwelling oceanic Kelvin wave, which 

(a) (c)

(b) (d)

Fig. 12  The simulated 850 hPa wind velocity (m s−1) anomalies during JJA(1): a IOW minus CTRL, b CEPCEL minus CTRL, c 
IOW&CEPCEL minus CTRL. Blue vectors indicate significant level reaches 90%
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maintains the equatorial CEP cooling as the Bjerknes feed-
back, and even leads to the development of another La 
Niña. Several studies have reported the importance of zonal 
wind anomalies over the equatorial WP induced by the TIO 
SST anomalies in the phase transition of ENSO (Wu and 
Kirtman 2004; Annamalai et al. 2005; Kug et al. 2005; Kug 
and Kang 2006; Ohba and Ueda 2007). In present study, 
the equatorial easterly wind anomalies are important to the 
persistence of equatorial CEP cooling (Okumura and Deser 
2010; Okumura et al. 2011; Hu et al. 2013).

As shown in Fig. 13d, both positive and negative heating 
anomalies are imposed to investigate how the dry anoma-
lies induced by sea surface cooling regulate the develop-
ment of NWPC. There are anticyclonic and cyclonic wind 
anomalies over the WP and NWP, respectively. Compared 
to Fig. 13c, the NWPC shifts more northwestward, and 
its intensity weakens. The equatorial CEP cooling-related 
negative rainfall anomalies over the CP induce the anti-
cyclonic wind anomalies as the response of cold Rossby 
wave, which regulate the location and intensity of NWPC. 

Moreover, the equatorial easterly wind anomalies are 
strengthened, indicating the self-sustaining mechanism of 
equatorial CEP cooling.

6  Summary and discussion

Based on the results of statistical analysis and numerical 
experiments, the present study has revealed the asymmet-
ric characteristics of summertime atmospheric circulation 
anomalies over the Indo-Pacific for El Niño and La Niña as 
well as the possible mechanism. During the summer when 
El Niño has dissipated, there are positive and negative 
SST anomalies over the TIO and equatorial CEP, respec-
tively. Both observations and model results indicate that 
the NWPAC is maintained by a combined effect of the TIO 
warming and equatorial CEP cooling. The TIO warming 
triggers the Matsuno-Gill (Matsuno 1966; Gill 1980) pat-
tern with the warm tropospheric Kelvin wave eastward to 
the equatorial WP, which contributes to the development of 

(a) (b)

(c)

(d)

Fig. 13  a Vertical profile of diabatic heating anomalies averaged 
over the equatorial CP (10°S–10°N, 150°E–160°W), MC (5°S–5°N, 
120°–130°E) and NWP (15°–25°N, 120°–160°E) in observation. 
Vertical column-integrated diabatic heating anomalies imposed for 
b CP cooling (blue dashed contour and shaded CI = 0.2 K day−1), 

c MC&NWP heating (red contour and shaded CI = 0.2 K day−1), 
d MC&NWP heating and CP cooling, and the response of 850 hPa 
wind velocity (vector m s−1) and stream function (contour m2 s−1) to 
the heating anomalies
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NWPAC via the “capacitor effect” (Yang et al. 2007, 2010; 
Wu et al. 2009a; Xie et al. 2009). The impact of CEP cool-
ing is by stimulating a Rossby wave response to its north-
west (Fan et al. 2013; Wang et al. 2013; Xiang et al. 2013; 
Chen et al. 2015). Correspondingly, there are lower (upper) 
level convergence (divergence) over the TIO and diver-
gence (convergence) over the NWP. As a result, the tropical 
atmospheric waves and large-scale circulation anomalies 
could couple together and contribute to the development of 
NWPAC. The whole processes for El Niño are illustrated 
by the schematic diagram in Fig. 14a.

The characteristics of SST, precipitation, circulation 
anomalies and tropical atmospheric waves for La Niña are 
different from El Niño. There still exists significant sea sur-
face cooling over the equatorial CEP during the summer 
following La Niña event, forcing the zonal dipole rainfall 
anomalies. There are positive rainfall anomalies from the 
MC to NWP and negative rainfall anomalies over the equato-
rial CP. As the NWPAC for El Niño, an anomalous cyclone is 
located over the NWP, but its position shifts more northwest-
ward. Besides, at the south flank of NWPC, there are anticy-
clonic wind anomalies over the WP. The response of tropical 
atmospheric waves and large-scale circulation indicates that 
the equatorial CEP cooling seems to play a more important 
role than TIO cooling in the maintenance of NWPC. To 
identify the crucial influence of CEP cooling, CEPCLA is 
designed with the composite SST anomalies added to clima-
tological SST over the CEP to force an AGCM. The results 
of model generally reproduce the observed features.

Furthermore, the LBM is further used to reveal the 
detailed dynamic processes that equatorial CEP cool-
ing influences the NWPC. The whole processes shown in 
Fig. 14b can be divided into two parts: First, the equatorial 
CEP cooling-related negative rainfall anomalies over the 
CP trigger anticyclonic wind anomalies over the WP as the 
response of cold Rossby wave. On one hand, the easterly 
wind anomalies over the equatorial WP as a part of anoma-
lous Walker circulation induce the wet anomalies over the 
MC. On the other hand, the southwesterly wind anomalies 
cause the moisture fluxes convergence over the NWP, lead-
ing to the wet anomalies over the NWP. Thus, the positive 
rainfall anomalies over the MC and NWP are induced by 
the equatorial CEP cooling-related large-scale circula-
tion anomalies. The lower level NWPC is triggered by the 
positive rainfall anomalies there as the response of warm 
Rossby wave, and the anticyclonic wind anomalies would 
regulate its location and intensity. Second, the MC&NWP 
positive rainfall anomalies further enhance equatorial east-
erly wind anomalies as the response of warm Kelvin wave. 
Thus, the equatorial CEP cooling-related zonal dipole rain-
fall anomalies are coupled with the equatorial easterly wind 
anomalies, which further trigger the upwelling oceanic 
Kelvin wave and maintain sea surface cooling as the Bjerk-
nes feedback.

The anomalous NWP circulation for 1983 and 1984 La 
Niña events seem to have considerable strength compared 
with El Niño events (Fig. 5). Their relevant circulation pat-
terns are checked, which are different from composite map 

Fig. 14  Schematic diagrams 
illustrate the main mechanisms 
involved in El Niño and La 
Niña. Red and blue shadings 
over the TIO and CEP represent 
SST anomalies. Black arrows 
represent the upper level 
convergence and divergence. 
Purple arrow represents lower 
level easterly wind anomalies 
forced by TIO warming for El 
Niño and equatorial CEP cool-
ing for La Niña, respectively. 
The upward and downward 
blue arrows, purple arrow, and 
dashed blue arrow represent 
the large-scale circulation 
anomalies. Yellow and green 
shadings represent the negative 
and positive rainfall anoma-
lies, respectively. ‘AC’ in blue 
circle represents the NWPAC. 
‘C’ in red circle represents the 
NWPC. ‘AC’ with anticyclonic 
dark blue arrow represents the 
anticyclonic wind anomalies 
over the WP
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of El Niño (figures not shown). The NWPCs in 1983 and 
1984 are slightly north than El Niño, and the anticyclonic 
wind anomalies over the WP cause moisture flux conver-
gence over the MC&NWP and then the rainfall anomalies. 
The circulation discrepancy in these two events can be 
attributed to the SST pattern (figures not shown). For 1983 
event, the warming persists over the NWP, and there still 
exists a positive feedback between local SST anomalies 
and NWPC. For 1984 event, the TIO cooling forces dry 
anomalies there, which seem to contribute the development 
of NWPC. Though the issues affecting the NWP circula-
tion differs in 1983 and 1984 events, the key mechanism of 
the CEP cooling affecting the maintenance of NWPC still 
works.

The impacts of equatorial CEP cooling in El Niño and 
La Niña on the NWP circulation anomalies are different. 
For El Niño, the effect of equatorial CEP cooling is directly 
by stimulating a Rossby wave response to its northwest. For 
La Niña, however, the equatorial CEP cooling plays a dom-
inant influence on the NWPC through the Rossby wave-
induced convergence mechanism. The different impacts 
of the equatorial CEP cooling in El Niño and La Niña are 
due to their different distribution and duration. The El Niño 
related cooling show the significant SST anomalies over 
the equatorial CEP, which arise in JJA(1) (Fig. 2c). While 
the cooling in La Niña lasted from D(0)JF(1) to JJA(1) has 
a larger area and the maximum center is over the equatorial 
CP (Fig. 2f). Model results further demonstrate the differ-
ent response of equatorial CEP cooling in El Niño and La 
Niña, as shown in Figs. 11b, d, 12b, d.

This study mainly focuses on the circulation anomalies 
over the NWP. However, precipitation is a good indicator 
describing the influence of the NWP circulation anomalies 
on EASM system. As shown in Fig. 3, anomalous NWP cir-
culation-related summer rainfall patterns over East Asia in 
El Niño and La Niña are different. There are positive rainfall 
anomalies from the reaches of the Yangtze River to south-
ern Japan for El Niño, indicating enhanced Meiyu/Baiu/
Changma rainfall. The rainfall anomalies for La Niña do not 
show the rainband characteristic, and there are positive rain-
fall anomalies concentrated from 118° to 130°E, which are 
owing to that the center of anomalous NWP circulation is 
closer to the coast of East Asia than that of El Niño.

Besides, El Niño can be divided into several types, the 
central-Pacific and eastern-Pacific types (Ashok et al. 
2007; Kao and Yu 2009; Kug et al. 2009), or according to 
its decay pace (Chowdary et al. 2016a, b), and the atmos-
pheric response to different types of El Niño is also differ-
ent. However, in the present study, we intend to reveal and 
contrast the different characteristics between El Niño and 
La Niña. The different types of El Niño are not considered 
for now, and this topic will be kept in our mind and further 
investigated in the future.
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