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Abstract
A composite analysis of observational data reveals that maximum westerly anomalies associated with both the EP and CP El 
Niños shift southward to 5° S during their mature phase (boreal winter), with different zonal locations. A zonal momentum 
budget analysis indicates that leading factors to cause the southward shift of the zonal wind anomaly for both EP and CP 
El Niño composites are anomalous pressure gradient force and anomalous meridional advection, while anomalous Coriolis 
force has an opposite effect. The difference in the longitudinal locations arises from the zonal shift of maximum SST anomaly 
centers between EP and CP El Niño. Prior to northern winter, the westerly anomaly for both types of El Niño is approximately 
symmetric about the equator. The advection by the climatological mean cross-equatorial wind leads to initial southward shift 
of the maximum westerly and subsequent development of an antisymmetric mode through a moisture-convection-circulation 
feedback and a wind-evaporation-SST feedback. An EOF analysis of the tropical Pacific surface wind field indicates that both 
the first and second leading modes are important in contributing to the southward shift of the maximum westerly anomaly 
with distinctive longitudinal locations for CP and EP El Niño.

Keywords  Southward shift of westerly anomalies · Zonal momentum budget · Meridional advection by the climatological 
mean flow · Development of an antisymmetric mode

1  Introduction

The El Niño-Southern Oscillation (ENSO), as the most 
dominant interannual variability in the globe, is character-
ized by a marked sea surface temperature anomaly (SSTA) 
and associated wind and precipitation anomalies in the equa-
torial Pacific (Rasmusson and Carpenter 1982; Cane and 
Zebiak 1985; Philander 1990; McPhaden et al. 1998). The 
seasonal phase locking is one of the most robust and defining 

characteristics of ENSO evolution. ENSO typically starts to 
develop in boreal spring or summer and reaches its mature 
phase in boreal winter (Rasmusson and Carpenter 1982; Phi-
lander 1990). The cause of this phase locking is attributed to 
the annual modulation of the stability of ENSO due to the 
seasonal variation of the background state of the tropical 
Pacific (Philander et al. 1984). There are various theories to 
explain this seasonal modulation, including but not limited 
to the season-dependent coupled instability in eastern equa-
torial Pacific (Li 1997; Li and Hsu 2017), equatorial easterly 
forcing associated with an anomalous low-level anticyclone 
in tropical western North Pacific (Wang et al. 1999, 2000; 
An and Wang 2001), or a season-dependent cloud-radiation 
feedback (Neelin et al. 2000; Dommenget and Yu 2016).

An interesting characteristic of ENSO evolution is that 
during its mature phase, the maximum zonal wind anomaly 
in the equatorial central Pacific (CP) tends to shift southward 
away from the equator, while the SSTA center is approxi-
mately symmetric about the equator (Harrison 1987). This 
southward shift decreases the amplitude of the wind anom-
aly at the equator, which may affect its development and 
favor a faster phase transition (Harrison and Vecchi 1999; 
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Vecchi and Harrison 2003; Spencer 2004; Lengaigne et al. 
2006; McGregor et al. 2012). It has been shown that the 
southward shift of the zonal wind anomaly could alter the 
discharge process of the warm water volume at the equa-
tor (McGregor et al. 2012, 2013). Abellán and McGregor 
(2016), Abellán et al. (2017) showed that models with better 
performance of the southward shifting could simulate ENSO 
phase locking more realistically.

Various studies attempted to understand the causes of the 
westerly shift. For instance, it was suggested that the south-
ward shift might be attributed to the equatorially asymmetric 
mean state as maximum mean SST and the South Pacific 
convergence zone (SPCZ) are located south of the equator 
(Vecchi and Harrison 2003; Spencer 2004; Lengaigne et al. 
2006; Vecchi 2006; McGregor et al. 2012). Such an asym-
metry might favor the development of anomalous convection 
south of the equator. However, such a hypothesis requires 
further observational, theoretical and modeling support. 
Using a simple atmospheric model, McGregor et al. (2012) 
suggested that a weakening of boundary layer Ekman damp-
ing favored the southward shift of the westerly anomaly, but 
such a weakening is not observed in a momentum budget 
diagnosis (Gong and Li 2021). Recently Gong and Li (2021) 
proposed a mechanism that involves two-step processes. The 
maximum westerly anomaly was initially pushed southward 
by anomalous advection of the climatological mean cross-
equatorial flow. It was further amplified by unstable develop-
ment of an antisymmetric mode through both the moisture-
convection-circulation and wind-evaporation-SST (WES) 
feedbacks (Xie and Philander 1994; Li and Philander 1996).

However, the study of Gong and Li (2021) focused on 
the contrast of El Niño and La Niña composite without 
the separation of EP and CP El Niño types. The distinc-
tive SSTA patterns between CP and EP type El Niño have 
been studied in great deal (e.g., Larkin and Harrison 2005; 
Ashok et al. 2007; Kug et al. 2009; Yeh et al. 2009; Kao and 
Yu 2009). For CP (EP) El Niño, maximum SSTA centers 
are located in central (eastern) Pacific. It has been shown 
that the El Niño type is to a large extent controlled by the 
inter-decadal mean state (McPhaden et al. 2011; Chung and 
Li 2013; Xiang et al. 2013; Capotondi et al. 2015; Hu and 
Fedorov 2018). The EP El Niño dominated during the period 
of 1979–1998 while the CP El Niño dominated during the 
period of 1999–2014. Besides, the temporal evolution of 
CP and EP El Niño also shows a distinctive feature (Chen 
and Li 2021).

There are controversial views on the meridional shift of 
the zonal wind anomaly during the mature phase of CP and 
EP El Niño. For instance, McGregor et al. (2013) suggested 
that the extent of meridional shift of the zonal wind anomaly 
depended on the El Niño magnitude. The wind shift might 
play a role in the termination of a strong El Niño but not of 
a moderate El Niño or a La Niña (Lengaigne et al. 2006; 

McGregor et al. 2013), because the wind shift for a moderate 
El Niño or a La Niña is weak. Zhang et al. (2015) suggested 
that the zonal wind shift was only presented for EP El Niño 
but not for CP El Niño or La Niña. This is in contrast with 
Gong and Li (2021), who pointed out that there was a clear 
southward shift of the zonal wind anomaly during La Niña 
mature winter.

The controversial views above motivated the current 
study. In this paper, we intend first to examine the observed 
wind evolution patterns for the EP and CP El Niño groups 
respectively and then to investigate the physical mechanisms 
responsible for the zonal wind shift. The remainder of this 
paper is organized as follow. Section 2 introduces the data-
sets and methods. Section 3 illustrates the observed evo-
lution features of the zonal wind anomaly patterns for the 
two types of El Niño. A zonal momentum budget analysis 
is followed to reveal mechanisms responsible for the wind 
difference in Sect. 4. A discussion on possible cause of the 
controversy views is given in the Sect. 5. Finally, a conclu-
sion is given in Sect. 6.

2 � Data and methods

a. Data
The primary data used in this study are daily reanalysis 

fields including geopotential height (hgt), horizontal and 
vertical velocity(u, v, � ), precipitation (pr) and specific 
humidity (q) from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) interim (ERA-Interim; Dee 
and Uppala 2009) and SST product from the HadISST ver-
sion 1.1 (Rayner et al. 2003). The daily reanalysis data are 
used in the zonal momentum budget diagnosis. The horizon-
tal resolution of the atmospheric reanalysis data from ERA-
Interim is 0.5°× 0.5°, and the horizontal resolution of SST is 
1°× 1°. The current analysis covers the period of 1979–2018.

b. Methods
Most of previous studies that defined a CP El Niño were 

based on the longitudinal location of maximum SSTA center 
during its mature phase, neglecting the SSTA temporal evo-
lution during its onset and developing stage. Here we fol-
low the work by Xiang et al. (2013), who defined a CP El 
Niño based on the SSTA location in both the developing and 
mature phases. Four CP El Niño cases were picked up since 
1979. These CP El Niño years are in 1994/1995, 2002/2003, 
2004/2005, 2009/2010. It is worth mentioning that these four 
cases are common CP El Niño events among different defini-
tions from different authors (Ashok et al. 2007; Kug et al. 
2009; Yeh et al. 2009; McPhaden et al. 2011; Wang et al. 
2019). Disputable CP El Niño events include those in 1986, 
1987, 1991 and 2006, which exhibited a mixed feature as 
the SSTA center appeared in EP in some period and moved 
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to CP in other period during the El Niño life cycle. To com-
pare the aforementioned CP El Niño group with the EP El 
Niño group, three robust EP El Niño events (1982/1983, 
1997/1998, 2015/2016) are selected. It is worth noting that 
Paek et al. (2017) considered 2015/2016 as a strong mixed 
El Niño not a pure EP-type El Niño due to its westward 
SSTA location. However, according to Wang et al. (2019), 
despite its more westward location than 1997/1998, its maxi-
mum SSTA still always locates in eastern Pacific. The wind 
response of 2015/2016 is examined and it is more like the 
“pure” El Niño. Thus, this event is still deemed as EP El 
Niño in our research to increase the sample size.

To understand the fundamental mechanism for the equa-
torial asymmetry, we diagnose the antisymmetric zonal 
momentum budget following Gong and Li (2021). Each vari-
able is decomposed into a symmetric and an antisymmetric 
component relative to the equator. Following Li (1997), any 
variables except the meridional wind field (v) can be decom-
posed into

where y denotes latitude, subscripts s and a represent the 
symmetric and antisymmetric component respectively. For 
the meridional wind field (v), its equatorially symmetric and 
antisymmetric components are defined as:

To investigate specific physical processes that cause 
the equatorial asymmetry of the zonal wind anomaly, an 
antisymmetric zonal wind tendency equation using daily 
data is diagnosed. The antisymmetric zonal momentum 
budget equation can be written as follows:

where u, v, � denote the 3-dimensional (3D) wind, �u
�t

 denotes 
the zonal wind tendency, −u �u

�x
 , −v �u

�y
 , and −��u

�p
 are 3D 

advection terms, f  is the Coriolis parameter, � denotes the 
geopotential height, Fx denotes the apparent momentum sink 
term that is calculated using daily raw data and original zonal 
momentum equation following the idea of Yanai et al. (1973). 
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2
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A prime denotes the interannual anomaly, and subscript a 
represents the antisymmetric component of each term. Each 
variable in the nonlinear advection terms may be decom-
posed into a climatological mean component and an interan-
nual anomaly, to reveal the mean flow effect.

3 � Observed features of the westerly shift 
during EP and CP El Niño events

The composite evolution patterns of anomalous SST and 
zonal wind fields for EP and CP El Niño groups are shown 
in Fig. 1. In northern fall (Fig. 1a, d), the westerly anomalies 
are quasi-symmetric with a maximum center right on the 
equator for both EP and CP El Niño composites. Then the 
westerly center moves to the south of the equator for both 
types of El Niño in boreal winter (Fig. 1b, e). The extent 
of the meridional shift is similar, about 5° in latitude. It 
is worth noting that the westerly anomaly center displays 
a farther eastward location for EP El Niño group with its 
maximum center at about 160° W, while the westerly center 
appears at about 180° for CP El Niño composite. The west-
erly anomaly weakens quickly in subsequent spring in the 
CP El Niño composite, while the westerly anomaly can still 
be seen in EP El Niño composite (Fig. 1c, f).

Figure 2 shows the vertical structure of the anomalous 
zonal wind field averaged over the maximum center region 
for two types of El Niño. Considering their different zonal 
locations, the zonal wind anomaly is averaged over 170° 
E–150° W for EP El Niño and over 160° E–160° W for CP 
El Niño. The result clearly indicates that the maximum west-
erly anomaly is confined in lower troposphere and shifted 
to near 5° S in DJF for both EP and CP El Niño composite, 
despite of a weaker intensity for CP El Niño.

Given that the anomalous westerly for both types of El 
Niño is confined in the lower troposphere, in the following 
we will focus on the momentum budget analysis within the 
1000–700 hPa layer. Figure 3 illustrates the horizontal pat-
terns of vertically (1000–700 hPa) integrated zonal wind 
field and its antisymmetric tendency in boreal winter. The 
vertically averaged zonal wind fields (Fig. 3a, c) resemble 
the surface wind anomaly fields shown in Fig. 1a, d, with a 
southward shift of the maximum westerly in central Pacific 
(green boxes in Fig. 3a, c). The bottom panel of Fig. 3 shows 
the 1000–700 hPa integrated antisymmetric zonal wind 
tendency field. A positive (negative) zonal wind tendency 
appears in general to the south (north) of the equator over 
the green box longitudes. In the following we will diagnose 
the antisymmetric zonal wind budget in the green boxes to 
reveal factors that generate and maintain maximum westerly 
anomalies south of the equator.
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4 � Antisymmetric zonal momentum budgets 
for EP and CP El Niño composites

To understand specific physical processes that cause the 
southward shift of the maximum westerly anomaly for EP 
and CP El Niños, the antisymmetric zonal momentum 
budget is conducted based on Eq. 5. The budget results aver-
aged over the green boxes are displayed in Fig. 4. The value 
of each term represents the contrast of zonal wind tendency 
between Southern Hemisphere (SH) and Northern Hemi-
sphere (NH). A positive value means that this term contrib-
utes westerly acceleration in SH, and thus is responsible for 
the generation and maintenance of the maximum westerly 
anomaly south of the equator. For EP El Niño (Fig. 4a), the 
two leading positive terms are anomalous meridional advec-

tion [ −
(

v
�u

�y

)�

a
 ] and anomalous pressure gradient force 

[ −
(

��

�x

)�

a
 ], followed by the Coriolis force ( fv′

a
 ). The budget 

result of CP El Niño (Fig. 4b) is similar to that of EP El 

Niño, with the same leading terms, namely, anomalous 
meridional advection and anomalous pressure gradient force. 
However, anomalous Coriolis force term has an opposite 
sign for CP El Niño, implying that this term tends to deceler-
ate the maximum westerly south of the equator. The apparent 
momentum sink term [ 

(

Fx

)′

a
 ] has strong negative effect for 

both EP and CP El Niño.
The horizontal distributions of the three leading terms are 

shown in Fig. 5. The meridional advection term is in gen-
eral positive in the green box, whereas the pressure gradient 
force term is positive primarily to the west of the box, as a 
minimum anomalous pressure center is located to the east 
of the box. The Coriolis force term has a positive (negative) 
value to the northeast (southwest) of the box, and its average 
value depends on relative strength of the positive and nega-
tive values. For EP El Niño, the positive value dominates, 
and for CP El Niño, the negative value in the southwest of 
the box prevails (Fig. 5c, f).

By further separating the anomalous meridional advec-
tion term into the advection of the anomalous zonal wind by 

Fig. 1   The composite evolution patterns of anomalous SST (shad-
ing; °C) and 10-m zonal wind (contour; m s−1) fields for a–c EP El 
Niño and d–f CP El Niño from SON to MAM. The interval for a–c 

is 1 m s−1 and for d–f is 0.5 m s−1
. The triangles mark the center of 

maximum zonal wind anomalies
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Fig. 2   Vertical-latitude cross 
sections of anomalous zonal 
wind fields averaged at a–c 
170° E–150° W from SON to 
MAM for EP El Niño and d–f 
160° E–160° W for CP El Niño. 
The triangle marks the center of 
maximum zonal wind anomalies



790	 Y. Gong, T. Li 

1 3

the mean climatological flow and the advection of the mean 
zonal wind by anomalous meridional flow, Gong and Li 
(2021) found that the most important contributor of the 
meridional advection term is −va

�u
�

s

�y
 . which represents the 

advection of symmetric component of the anomalous zonal 
wind by the antisymmetric component of the climatological 
meridional wind. Following this approach, we decompose 
the meridional advection term for both the CP and EP El 
Niño composites and found that the same term ( −va

�u
�

s

�y
 ) 

dominates. The physical interpretation of this term is 
straightforward. In northern winter there are pronounced 
climatological southward low-level cross-equatorial flows. 
The mean southerlies push the El Niño generated maximum 
westerly southward from the equator. The main difference 
between CP and EP El Niño lies on the longitudinal location 
of the maximum westerly. Compared to EP El Niño, the 
maximum westerly appears further toward the west in CP El 
Niño (Fig. 6), because of its westward location of the SSTA 
center. As a consequence, the meridional advection tends to 
shift its effect westward in CP El Niño compared to that in 
EP El Niño.

The westward shift feature for CP El Niño is also seen 
in the development of an antisymmetric unstable mode, as 

Fig. 3   Composite horizontal patterns of anomalous zonal wind (u’, m 
s.−1) and antisymmetric zonal wind tendency [ 

(

�u′

�t

)

a
 ] averaged over 

1000-700 hPa in D(0)JF(1) for a, b EP El Niño and c, d CP El Niño. 

The green boxes denote the maximum westerly regions for EP El 
Niño (0°–15° S, 170° E–150° W) and CP El Niño (0°–15° S, 160° 
E–160° W)

Fig. 4   The values of each of the antisymmetric zonal momentum 
budget terms (unit: 10–5  m  s−2) in D(0)JF(1) for a EP El Niño and 
b CP El Niño, averaged over the green boxes shown in Fig. 3. The 
whiskers indicate the standard deviations among cases



791Comparison of southward shift mechanisms of equatorial westerly anomalies between EP and CP…

1 3

shown in Fig. 7. The antisymmetric mode manifests the 
asymmetry of precipitation along with asymmetric pressure, 
moisture, SST and wind. It was argued that the southward 
shift of the maximum westerly during El Niño may pro-
mote the development of an antisymmetric mode through 
various positive feedback processes (moisture-convection-
circulation feedback and wind-evaporation-SST feedback; 
Gong and Li 2021). After the maximum westerly anomalies 
shift southward by the meridional advection, it advects high 
mean moisture and moisture enthalpy eastward from the 
warm pool, increasing the atmospheric convection in situ. 
The enhanced convection induces cross-equatorial flow 
and promotes the development of an antisymmetric mode. 
Meanwhile, the westerly anomalies decrease the mean trade 

wind, leading to a decreased surface evaporation and thus a 
warmer SSTA in SH. The warm SSTA can further strengthen 
the antisymmetric mode development. Figure 7 confirms 
that the longitudinal location of the antisymmetric mode 
differs between CP and EP El Niño. The maximum centers 
of the anomalous SST, precipitation, geopotential height and 
moisture fields all display westward in the former compared 
to those in the latter (Fig. 7). Such a longitudinal location 
difference is primarily caused by the SSTA pattern diversity 
between CP and EP El Niño.

The relatively weaker intensity of the antisymmetric 
mode for CP El Niño compared to EP El Niño is possibly 
attributed to the difference of the westerly anomaly inten-
sity at the equator. The wind difference is further caused by 

Fig. 5   The horizontal patterns of three leading terms [ −
(

v
�u

�y

)�

a
 , −

(

��

�x

)�

a
 and fv′

a
 ] (unit: 10–5  m  s−2) in the antisymmetric zonal momentum 

budget analysis in D(0)JF(1) for a–c EP El Niño and d, e CP El Niño
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the distinctive SSTA intensities between the two types of 
El Niño. Accompanying with an anomalous low pressure 
center south of the equator (Fig. 7f), anomalous southward 
cross-equatorial winds dominate the central Pacific while 
anomalous northerlies appear in the southwestern Pacific 
(Fig. 7e). This explains why the Coriolis force displays a 
positive (negative) zonal wind tendency to the northeast 
(southwest) of the green box shown in Fig. 5f.

5 � Discussion

In this section we would like to discuss what causes the 
discrepancy between the current work and the previous 
study of Zhang et al. (2015) regarding the southward shift 
of the westerly anomaly during the CP El Niño. As seen 
from Figs. 1 and 2, there is a clear southward shift in DJF 
in the CP El Niño composite. Zhang et al. (2015), however, 
suggested that the zonal wind shift only occurs during EP El 
Niño, not CP El Niño. The conclusion by Zhang et al. (2015) 
was based on an EOF analysis of the surface wind anom-
aly field in the tropical Pacific, following McGregor et al. 
(2012) and Stuecker et al. (2013). The main assumption of 
Zhang et al. (2015) is that the leading EOF mode represents 

a symmetric wind pattern while the second EOF mode rep-
resents an asymmetric wind pattern so that the southward 
shift is only represented by the second mode. By composing 
the reconstructed wind anomalies based on the second EOF 
mode, Zhang et al. (2015) got a weak southward shift for CP 
El Niño composite. This prompted them to conclude that the 
CP El Niño does not exhibit a southward shift.

To demonstrate the importance of both the EOF modes 
in representing the observed southward shift characteristics, 
we follow exactly the same methodology applied in Zhang 
et al. (2015). To remove the influence of other factors, the 
same ENSO cases are selected and the same dataset are used 
below. Figure 8 illustrates the two leading EOF modes of 
the surface wind anomaly field in the tropical Pacific. Note 
that both the modes exhibit a clear equatorial asymmetry. 
While the maximum westerly anomaly center associated 
with EOF1 appears 10° west of the dateline, the maximum 
westerly anomaly center associated with EOF2 is located at 
20° east of the dateline. In addition, there are pronounced 
equatorial easterly anomalies in the western Pacific associ-
ated with an anomalous anticyclone there. The pronounced 
difference in the longitudinal location of the maximum west-
erly center between the two EOF patterns, as demonstrated 
later, is critical in reconstructing the anomalous wind pat-
terns associated with CP and EP El Niño.

Figure 9 shows the reconstructed wind anomaly patterns 
for EP and CP El Niño composite, based on the first prin-
cipal component (PC1), the second principal component 
(PC2) and combined PC1 and PC2 respectively. Obviously, 
the zonal wind anomaly fields reconstructed based on PC1 
show a clear southward shift of the maximum westerly for 
both EP and CP El Niño, with the maximum zonal wind 
center around 3° S (Fig. 9a, d). The reconstructed zonal 
wind anomaly based on PC2 is strong for EP El Niño but 
very weak for CP El Niño (Fig. 9b, e). This is because the 
observed westerly anomaly center for CP El Niño appears 
west of the dateline (Fig. 1e) while the westerly anomaly 
center of EOF2 appears at east of the dateline (around 160° 
W) (Fig. 8b). Therefore, the CP El Niño induced westerly 
anomaly center has an approximately 90° phase difference 
with the EOF2 wind center. This is why the CP El Niño 
wind pattern can hardly be projected onto EOF2. The recon-
structed wind fields based on both the EOF modes, on the 
other hand, show a clear southward shift for both the EP and 
CP El Niño composites (Fig. 9c, f), with distinctive longitu-
dinal locations. Such reconstructed wind patterns resemble 
the observed composites (Fig. 1b, e).

Fig. 6   Horizontal patterns of the antisymmetric climatological mean 
wind ( ua , va ; vector, m s−1) in boreal winter (DJF) and the symmet-
ric component of the anomalous zonal wind ( u′

s
 , shading, m s−1) in 

D(0)JF(1) averaged over 1000–700 hPa for a EP El Niño and b CP El 
Niño composite
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Fig. 7   The composite patterns of the antisymmetric mode during 
EP El Niño (left) and CP El Niño (right) in D(0)JF(1). Variables 
shown are (a, e) anomalous precipitation (shading, mm day−1) and 
average wind over 1000  hPa-700  hPa (vector, m s−1), b, f) anoma-
lous SST (shading, K) and geopotential height averaged over 1000–
700 hPa (contour, interval for b: 1 gpm, interval for f: 0.5 gpm), and 
c, g anomalous specific humidity (shading, g kg−1) and moist static 

energy (MSE) [contour interval: 0.4 × 103 W m2; solid (dashed) line 
indicates positive (negative) value] averaged over 1000 hPa-700 hPa, 
where MSE = CpT + Lvq + ∅ . d, h The horizontal distribution of 
anomalous moisture advection ( −u′

a

�q

�x
, shading, 109  s−1) and anom-

alous moist enthalpy ( h = CpT + Lvq ) advection ( −u′

a

�h

�x
 , contour, 

103 W m2 s−1) averaged over 1000–700 hPa. Triangles at each panel 
mark the anomaly centers
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Thus, based on the EOF analysis above, we demonstrate 
that a southward shift of the westerly anomaly does exist 
in CP El Niño composite and that the previous study that 
used the same longitudinal zone (140° E–140° W) average 
neglected the marked longitudinal asymmetry between the 
EP and CP El Niño and severely underestimated the south-
ward shift in the CP composite. Because of the use of the 
wider longitudinal domain, a maximum anomalous precipi-
tation center appears north rather than south of the equator 
in CP El Niño composite (Fig. 10 of Zhang et al., 2015), 
which is inconsistent with the anomalous wind pattern (e.g., 
Fig. 7e). Therefore, to fully represent the southward shift 
characteristics for both the CP and EP El Niño, one needs to 
consider both the longitudinal and latitudinal asymmetries 
of the zonal wind anomaly field.

6 � Conclusion

A composite analysis of the observational data reveals that 
the southward shift of the maximum westerly anomalies 
occurs during the mature phase (DJF) of both EP and CP 
El Niño. The extent of the southward shift for the two types 
of El Niño is similar, near 5° in latitude (Figs. 1, 2). How-
ever, the longitudinal locations of the southward shift differ 
during EP and CP El Niño. The maximum westerly center 
appears at 160° W for EP El Niño composite and west of the 
dateline for CP El Niño composite (Fig. 1). In addition, the 
intensity of the shifted westerly anomalies appears weaker 
for CP El Niño compared to EP El Niño.

Physical mechanisms for the southward shift are exam-
ined through an antisymmetric zonal momentum budget 
analysis. For both the CP and EP El Niño, dominant pro-
cesses that generate and maintain the antisymmetric zonal 
wind tendency arise from the advection of the El Niño gen-
erated symmetric zonal wind anomaly by the southward 
cross-equatorial climatological mean flow and an anoma-
lous pressure gradient force linking to the development of 
an antisymmetric mode. The main difference between the 
two types of El Niño lies on the anomalous Coriolis force 
(Fig. 4), which is controlled by anomalous circulation pat-
tern south of the equator.

The distinctive longitudinal locations of the southward 
shift between the CP and EP El Niño are primarily attributed 
to the different zonal locations of the maximum SSTA center 
at the equator. Compared to EP El Niño, the maximum SSTA 
center shifts westward in CP El Niño, and so is the maxi-
mum westerly at the equator. As the season progresses from 
boreal fall to winter, maximum solar radiation shifts to SH, 
leading to a strengthened SPCZ and a southward climatolog-
ical cross-equatorial flow in western-central Pacific, which 
advects the anomalous westerly southward. The zonal loca-
tion of the westerly anomaly center is primarily determined 
by the location of initial westerly maximum at the equator. 
As indicated by Gong and Li (2021), an antisymmetric mode 
is further developed due to anomalous moisture advection 
caused by the shifted westerly anomaly. The antisymmetric 
mode is further magnified through a moisture-convection-
circulation feedback and a wind-evaporation-SST feedback 
(Gong and Li 2021). The current observational analysis 
illustrates distinctive longitudinal locations for the antisym-
metric mode between two types of El Niño, as seen from 
anomalous precipitation, wind, moisture and geopotential 
height fields (Fig. 7). They are about 15° in longitude apart. 
Such a zonal asymmetry is consistent with the longitudinal 
difference in the maximum equatorial westerly field between 
CP and EP El Niño (Fig. 6).

Fig. 8   a, b The horizontal patterns and c, d corresponding normal-
ized PC time series of the leading two EOF modes of 10-m wind 
anomalies (vector, m s−1) in the tropical Pacific (10°–10° S, 100° 
E-80° W). The color shading in (a, b) denotes the anomalous zonal 
wind field (m s−1)
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