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ABSTRACT: The cause of the southward shift of anomalous zonal wind in the central equatorial Pacific (CEP)

during ENSO mature winter was investigated through observational analyses and numerical model experiments.

Based on an antisymmetric zonal momentum budget diagnosis using daily ERA-Interim data, a two-step physical

mechanism is proposed. The first step involves advection of the zonal wind anomaly by the climatological mean

meridional wind. The second step involves the development of an antisymmetric mode in the CEP, which promotes

a positive contribution to the observed zonal wind tendency by the pressure gradient and Coriolis forces. Two

positive feedbacks are responsible for the growth of the antisymmetric mode. The first involves the moisture–

convection–circulation feedback, and the second involves the wind–evaporation–SST feedback. General circulation

model experiments further demonstrated that the boreal winter background state is critical in generating the

southward shift, and a northward shift of the zonal wind anomaly is found when the same SST anomaly is specified in

boreal summer background state.
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1. Introduction

El Niño–Southern Oscillation (ENSO) is the dominant in-

terannual mode in the tropics with a large fluctuation in sea

surface temperature anomalies (SSTA), zonal wind, and sea

level pressure in the tropical Pacific basin swinging between a

warm (El Niño) and a cold (La Niña) phase on a 2–7-yr period

(Rasmusson and Carpenter 1982; Cane and Zebiak 1985;

Philander 1990; Li 1997a; Wallace et al. 1998). Although the

main atmospheric convective activity associated with ENSO is

confined in the tropics, it can exert a remote impact on global

climate (Ropelewski and Halpert 1987; Trenberth and Caron

2000; Li and Hsu 2018; Taschetto et al. 2020). Because of its

great climate impact, understanding and predicting ENSO has

attracted a great attention in the climate research community

and ENSO dynamics have been widely explored since the

ENSO concept was proposed in early 1980s.

An important feature of ENSO evolution is seasonal phase

locking to annual cycle. A typical ENSO event starts to de-

velop in boreal spring and reaches a peak in boreal winter,

with a maximum SSTA tendency in boreal autumn (Li 1997a).

Factors that affect the ENSO phase locking were investigated

previously (e.g., Li 1997a;Wang et al. 2000; An andWang 2001;

Dommenget and Yu 2016;Wengel et al. 2018; Bayr et al. 2021).

The first possible mechanism is a season-dependent coupled

instability, due to the fact that maximummean upwelling and

maximum zonal SST gradient along the equatorial Pacific

appear in autumn so that both the Bjerknes thermocline

feedback and zonal advective feedback are strongest in the

season (Li 1997a; Li and Hsu 2018). The second mechanism

is associated with the Philippine Sea anomalous anticyclone

because anomalous easterly winds in the western equatorial

Pacific associated with the anticyclone trigger upwelling

oceanic Kelvin waves to terminate ENSO events (Wang et al.

2000; An and Wang 2001). Additional processes relevant to

the phase locking are the seasonality of the shortwave/cloud

cover feedback (Dommenget and Yu 2016) and seasonality of

the latent heat flux feedback and mixed layer depth (Bayr

et al. 2021). Through quantitative calculations, the role of

seasonal variation of ENSO dynamic and thermodynamic

feedbacks related to the annual cycle on the ENSO phase

locking was revealed (Stein et al. 2010; Wengel et al. 2018;

Bayr et al. 2021). Some research argued that the southward

shifting of the zonal wind anomalies in ENSO mature phase

is helpful to terminate ENSO events (Harrison and Vecchi

1999; Vecchi and Harrison 2003; Spencer 2004; Lengaigne

et al. 2006; Lengaigne and Vecchi 2010; McGregor et al. 2012;

McGregor et al. 2013; Abellán and McGregor 2016). Abellán
et al. (2017) noted that CMIP5models that captured the zonal

wind shift could simulate the phase locking of ENSO more

realistically.

The focus of this article is the interesting feature that is the

meridional shift of the maximum zonal wind anomaly during

the life cycle of ENSO (Harrison 1987; Harrison and Vecchi

1999). When El Niño occurs with positive SSTA, a maximum
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low-level westerly anomaly and a positive precipitation anomaly

appear in the central equatorial Pacific (CEP). During the ENSO

developing phase, the zonal wind anomaly field in CEP is ap-

proximately symmetric about the equator, with amaximum at the

equator. The maximum zonal wind anomaly then shifts south-

ward during the mature phase of ENSO (DJF). After that, it

gradually goes back toward the equator. The shift of the maxi-

mum zonal wind anomaly might weaken the equatorial thermo-

cline response, altering the ENSO recharge/discharge process

(McGregor et al. 2012, 2013). While the maximum zonal wind

shifts southward during the ENSO mature phase, the maximum

SSTA center stays approximately on the equator. This poses a

science question as to what causes an equatorially asymmetric

wind response to a symmetric SSTA forcing. A possible factor is

the background SST annual cycle (Spencer 2004; Lengaigne et al.

2006; Vecchi 2006). In boreal winter, themaximum climatological

SST appears south of the equator due to the solar radiative

forcing. As tropical convection can only be triggered above a

certain SST threshold (Gadgil et al. 1984; Graham and Barnett

1987), the SSTA south of equator, superposed on the higher cli-

matological mean SST, may trigger local anomalous convection

more easily. Through a simple model simulation, McGregor et al.

(2012) found that a weakening of climatological wind speed as-

sociated with the seasonal cycle of the South Pacific convergence

zone (SPCZ) might be responsible for the southward wind shift

through its modulation of the Ekman pumping coefficient. Such a

result, however, requires further validation from the observa-

tional analysis and general circulation model simulations. Based

on the pattern of the second EOF mode of the tropical Pacific

surface wind anomalies, Stuecker et al. (2013, 2015) argued that

the southward shift of the zonal wind anomaly resulted from a

nonlinear interaction between ENSO and the annual cycle, which

generated a near annual period combination mode.

In this study, we intend to re-examine this outstanding ENSO

dynamics problem through a combined observational diagnosis

and GCM modeling approach. A new diagnosis method is put

forward to quantitatively investigate the physical mechanism

responsible for the southward shift of the zonal wind anomaly

during ENSO mature phase. Each variable is separated into a

symmetric and an antisymmetric component. By diagnosing the

antisymmetric component of the zonal momentum budget, we

aim to reveal specific processes that give rise to the asymmetric

zonal wind tendency.A full-physicsGCM is further employed to

validate the diagnosis result. The remaining part of this paper is

organized as follows. Section 2 introduces data and methods

used in this study. Section 3 illustrates the observed evolution

characteristics of the asymmetric wind pattern. In section 4 the

zonal momentum budget is diagnosed to explore the specific

physical processes responsible for the southward wind shift. A

set of sensitivity GCM experiments are further carried out to

verify the diagnosis result above in section 5. Finally, conclusions

and discussion are given in section 6.

2. Data and methods

a. Data

The monthly SST field used in this study is from the Hadley

Centre Sea Ice and Sea Surface Temperature dataset (HadISST;

Rayner et al. 2003) with 18 3 18 horizontal resolution. Daily

atmospheric fields including three-dimensional wind (u, y, v)

and monthly variables including specific humidity, geo-

potential height, and precipitation are from the European

Centre for Medium-Range Weather Forecasts (ECMWF)

interim reanalysis (ERA-Interim; Dee andUppala 2009) with

0.58 3 0.58 resolution. The current analysis covers the period

from 1979 to 2018.

b. Methods

To investigate the contrast between the Southern Hemisphere

(SH) and Northern Hemisphere (NH), all variables are

decomposed into a symmetric and an antisymmetric compo-

nent relative to the equator, following Li (1997b). The sym-

metric and antisymmetric components are calculated based

on the following formulas:

var
s
(y)5

var(y)1 var(2y)

2
, (1)

var
a
(y)5

var(y)2 var(2y)

2
, (2)

where y denotes latitude, and subscripts s and a represent the

symmetric and antisymmetric component of a variable except

for the meridional wind field. For the meridional wind field, its

equatorially symmetric and antisymmetric components are

defined as follows:
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To investigate specific physical processes that cause the

equatorial asymmetry of the zonal wind anomaly, an anti-

symmetric zonal wind tendency equation is diagnosed. The

antisymmetric zonal momentum budget equation can be

written as follows:
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where a prime denotes the interannual anomaly; subscript a

denotes the antisymmetric component of each term; u, y, and

v denote the three-dimensional (3D) wind, ›u/›t denotes the

zonal wind tendency, 2u(›u/›x), 2y(›u/›y), and 2v(›u/›p)

are the 3D advection term, f is the Coriolis parameter,

u denotes the geopotential height, and Fx denotes the apparent

momentum sink term that consists of turbulence viscosity and

surface friction. Following the concepts of apparent heat

source and moisture sink (Yanai et al. 1973), we calculated this

apparent momentum sink term Fx based on the original

zonal momentum equation using daily reanalysis raw data.

All terms on the left- and right-hand sides of the original

momentum equation except Fx could be calculated first.

Then Fx can be determined based on these terms. To ensure
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the robustness of the budget analysis result, a parallel di-

agnosis using JRA-55 reanalysis data is also conducted. The

resulting momentum budget is consistent with that derived

from the ERA-Interim data. Below only the analysis from

ERA-Interim is shown.

3. Observed structure and evolution characteristics of the
zonal wind anomaly during ENSO

To obtain the composite zonal wind pattern and evolution

features, we select the following El Niño (1982/83, 1986/87,

1987/88, 1991/92, 1994/95, 1997/98, 2002/03, 2004/05, 2006/07,

2009/10, and 2015/16) and La Niña (1983/84, 1984/85, 1988/89,

1995/96, 1996/97, 1998/99, 1999/2000, 2005/06, 2007/08, 2008/09,

2010/11, 2011/12, and 2016/17) cases for a composite analysis.

Following Chen et al. (2016), El Niño (La Niña) cases are se-

lected as the SST anomaly averaged over the Niño-3.4
region in boreal winter exceeds one positive (negative)

standard deviation. The composite evolutions of SST and

850-hPa wind anomalies for El Niño and La Niña are

shown in Fig. 1. For El Niño (La Niña), pronounced

westerly (easterly) anomalies occur in the CEP. There is a

slight difference in the zonal location of the zonal wind

anomaly between the El Niño and La Niña composites.

The easterly anomalies during La Niña are located farther

toward the west compared to the westerly anomalies

during El Niño, which is somehow related to the zonal

asymmetry of SSTA pattern (Kang and Kug 2002) and

rising branch of the Walker circulation (Bayr et al. 2014,

2018) between El Niño and La Niña.
In Oct(0) and Nov(0) [that is, October and November in

an ENSO developing year, denoted by (0); an ENSO

decaying year is denoted by (1)], the maximum center of the

zonal wind anomaly is located approximately on the equa-

tor. In Dec(0), as the intensity of both the anomalous SST

and wind reaches a maximum, the center of the zonal wind

anomaly starts to move southward. In Jan(1) and Feb(1), the

maximum center of the zonal wind anomaly can reach as

far as 88S.
Figure 1 illustrates that the zonal range of the main south-

ward shift of the zonal wind anomaly appears at 1608E–1508W
and the time period for such a shift happens in D(0)JF(1). To

further illustrate the vertical structure of the zonal wind shift,

Fig. 2 shows the meridional–vertical distributions of the zonal

wind anomaly field averaged over 1608E–1508W from SON(0)

toMAM(1) for both El Niño and LaNiña composites. It is seen

FIG. 1. Compositemonthly evolutions of the SST (shading; 8C), 850-hPawind (vector; m s21) and 850-hPa zonal wind [contour; interval:

1m s21; solid (dashed) line indicates westerly (easterly)] anomaly fields fromOct(0) toMar(1) during (a)–(f) El Niño and (g)–(l) La Niña;
the 0 and 1 in parentheses after month names denote an ENSO developing and decaying year respectively. The triangles mark the

maximum center of zonal wind anomalies.
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that during boreal autumn [SON(0)], the anomalous zonal

wind for both El Niño and LaNiña is approximately symmetric

relative to the equator. In D(0)JF(1) as ENSO reaches its

peak phase, themaximum zonal wind center moves southward.

The southward shift of the zonal wind anomaly is confined in

the lower troposphere (1000–700 hPa). Thus, next we will focus

on diagnosing the zonal momentum budget terms averaged

over 1000–700 hPa.

FIG. 2. The meridional–vertical cross section along 1608E–1508W of composite zonal wind anomalies u0 (m s21)

from SON(0) to MAM(1) during (a)–(c) El Niño and (d)–(f) La Niña.
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4. Antisymmetric zonal momentum budget diagnosis

To investigate the specific physical processes that cause the

zonal wind shift, we diagnosed the antisymmetric zonal mo-

mentum budget. The reason to focus on the antisymmetric

momentum budget is to reveal key processes that cause the

equatorial asymmetry. For the reader’s convenience, the full

budget that includes the combined antisymmetric and sym-

metric components is shown in Figs. S1 and S2 in the online

supplemental material. The top panels of Fig. 3 show the

anomalous zonal wind and zonal wind tendency fields for both

the El Niño and La Niña composites in D(0)JF(1). Note that as

the maximum zonal wind anomaly shifts south of the equator

(Figs. 3a,d), there is an obvious asymmetry relative the equator

in the zonal wind tendency field; that is, there is in general a

positive (negative) zonal wind tendency south (north) of the

equator for El Niño, while it is opposite for La Niña (Figs. 3b,e).
The lower panel of Fig. 3 displays the antisymmetric

component of the zonal wind tendency field (Figs. 3c,f). To

the first order of approximation, the patterns in the lower

panels resemble the middle panel. Such a contract of the

zonal wind tendency between SH and NH is strongest in

boreal winter compared to other seasons. In the following we

will pay primary attention to the generation of the maximum

antisymmetric zonal momentum tendency over 08–158S,
1608E–1508W (i.e., green box in Fig. 3).

Because of its nearly mirror image of the zonal wind ten-

dency patterns between El Niño and La Niña (figures not

shown), hereafter we will focus on the antisymmetric zonal

momentum budget diagnosis averaged over 1000–700 hPa for

El Niño. The horizontal patterns of each budget term on the

right-hand side of Eq. (5) are shown in Fig. 4. Note that

the antisymmetric meridional advection term {2[y(›u/›y)]
0
a},

the Coriolis force term (f y0a), and the pressure gradient force

term [2(›u/›x)0a] all contribute positively to the increase of the

anomalous westerly in the SH (Figs. 4b,d,e), while the apparent

momentum sink term [(Fx)
0
a] tends to damp the westerly ten-

dency (Fig. 4f). The antisymmetric zonal advection term

{2[u(›u/›x)]
0
a} and vertical advection term {2[v(›u/›p)]

0
a}

have little effect.

FIG. 3. Composite patterns of anomalous zonal wind u0 (m s21), zonal wind tendency ›u0/›t (1025 m s22), and the

antisymmetric component of the zonal wind tendency averaged over 1000–700 hPa in D(0)JF(1) for (left) El Niño
and (right) La Niña. The green box denotes the key diagnosis region (1608E–1508W, 08–158S) for the zonal mo-

mentum budget.
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The relative contributions of the momentum budget terms

on the right-hand side of Eq. (5) to the zonal wind tendency

are estimated based on the average values over the green box

region (08–158S, 1608E–1508W), and the result is shown in

Fig. 4g. The left bar in Fig. 4g shows the antisymmetric zonal

wind tendency, which is balanced by summation of six bars

to its right. The largest contribution to the zonal wind ten-

dency arises from the antisymmetric meridional advection

term 2[y(›u/›y)]
0
a, followed by the pressure gradient force

term 2(›u/›x)0a and the Coriolis force term f y0a. In the fol-

lowing we will investigate physical mechanisms associated with

each of these terms.

a. Meridional advection term

By further decomposing each variable into a climatological

mean state component and an interannual anomaly component,

FIG. 4. The composite antisymmetric zonal momentum budget results in D(0)JF(1) for El Niño: (a)2[u(›u/›x)]0a,
(b) 2[y(›u/›y)]0a, (c) 2[v(›u/›p)]0a, (d) f y

0
a, (e) 2(›u/›x)0a, and (f) (Fx)

0
a (1025 m s22). The green box is 1608E–

1508W, 08–158S. (g) The averaged results over the green boxes of (a)–(f).
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the antisymmetric meridional advection term2[y(›u/›y)]
0
a can

be written as

2

�
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, (6)

where abar denotes the climatologicalmean state component and a

prime denotes the interannual anomaly component. The three

terms in the right-hand side of Eq. (6) represent 1) the advection of

the anomalous zonal wind u0 by themeanmeridional wind y, 2) the

advection of themean zonal wind u by anomalousmeridional wind

y0, and 3) the nonlinear term denoting the advection of the anom-

alous zonal wind by the anomalous meridional wind.

Figure 5 shows the decomposition result. It is obvious that

the antisymmetric meridional advection term is primarily at-

tributed to the advection of the anomalous zonal wind by the

mean meridional wind. To quantitatively compare the rela-

tive roles of these advective terms, we calculated the average

values of the four terms over the key analysis box (08–158S,

1608E–1508W) (Fig. 5e). It is clear that the antisymmetric

advection of the anomalous zonal wind u0 by the mean me-

ridional wind y [i.e., 2[y(›u0/›y)]a] is the dominant term. The

term2[y0(›u/›y)]a has little effect, while the term2[y0(›u0/›y)]a
has even a negative impact.

Through the following decomposition,
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the antisymmetric component of the anomalous zonal wind

advection by the mean meridional wind can be written as

2
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52y
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s
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2 y

s

›u0
a

›y
. (8)

The top panels of Fig. 6 show the horizontal patterns of

two terms on the right-hand side of Eq. (8). It is seen that the

FIG. 5. Horizontal distributions of (a) 2[y(›u/›y)]0a, (b) 2[y(›u0/›y)]a, (c) 2[y0(›u/›y)]a, and (d) 2[y0(›u0/›y)]a in
D(0)JF(1) for El Niño (1025 m s22). (e) The averaged results of (a)–(d) over the green box.
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antisymmetric meridional advection 2[y(›u/›y)]0a is mainly

determined by2ya(›u
0
s/›y) (Figs. 6a,b), that is, the advection of

anomalous symmetric zonal wind by antisymmetric mean

meridional wind.

Therefore, a mechanism for the southward wind shift is put

forth based on the momentum budget diagnosis above. It

involves a two-step process. The first step is the advection of

the anomalous zonal wind by the climatological southward

mean flow. Initially the zonal wind anomaly associated with

ENSO is symmetric about the equator, and its maximum is

right on the equator. This leads to a positive (negative) me-

ridional gradient of the zonal wind anomaly south (north) of

the equator. Because the winter mean flow has a pronounced

southward component in the CEP (Fig. 6c), the mean wind

advects the zonal wind anomaly southward. As a conse-

quence, 2ya(›u
0
s/›y) is positive in SH but negative in NH.

Therefore, the advection of the zonal wind anomaly by the

mean meridional flow is one of the major mechanisms for the

southward wind shift.

What causes the southward climatological mean flow in the

CEP in boreal winter? To address this question, we examine

the mean precipitation and wind fields and their antisymmetric

components in the tropical Pacific basin (Fig. 7). It is inter-

esting to note that there is a great contrast in the cross-

equatorial mean flow between the western and eastern parts

of the basin (Fig. 7b). To the west, southward flows dominate,

in association with heavier rainfall along the SPCZ. To the

east, northward flows dominate, in association with greater

precipitation along the intertropical convergence zone (ITCZ)

north of the equator. The separation line between then lies at

about 1408W. Therefore, the CEP is a region controlled by

southward cross-equatorial mean flow in DJF.

b. Pressure gradient and Coriolis force terms

The antisymmetric zonalmomentumbudget analysis (Fig. 4g)

indicates that beside the anomalous meridional advection, the

positive zonal wind tendency south of the equator during El

Niño arises from the antisymmetric pressure gradient force

2(›u/›x)0a and the Coriolis force f y0a terms. To understand the

relevant physical processes, we examine the horizontal pattern

of the antisymmetric low-level wind, precipitation, and geo-

potential height anomaly fields (Figs. 8a,b). Note that there

is a marked development of an antisymmetric mode in

the CEP. This antisymmetric mode is characterized by a

positive (negative) precipitation anomaly south (north) of the

equator, a southward cross-equatorial wind anomaly, and a

negative (positive) geopotential height anomaly center south

(north) of the equator. On the one hand, a southward wind

anomaly results in a positive zonal wind tendency in the SH

due to the Coriolis force (Fig. 4d). On the other hand, a low

pressure anomaly south of the equator near eastern boundary

of the analysis domain leads to a positive zonal pressure

gradient force (Fig. 4e). Thus, the development of the anti-

symmetric circulation and precipitation patterns holds a key

for the positive contributions to the zonal wind tendency by

the pressure gradient and Coriolis force terms.

Thus, the second step of the process involves the develop-

ment of the antisymmetric mode. We argue that the following

two positive feedback processes are responsible for the un-

stable development of the antisymmetric mode. The first pos-

itive feedback involves the moisture–convection–circulation

feedback. The initial southward shift of the westerly anomaly is

caused by the anomalous meridional advection 2y(›u0/›y).
Then the shifted westerly anomaly advects high meanmoisture

from the warm pool (Fig. 8e). This causes the increase of local

moisture and moist static energy (MSE) (Fig. 8c), which fur-

ther enhances the local precipitation in SH. The precipitation

anomaly south of the equator drives an antisymmetric circu-

lation response, which further strengthens the precipitation

through the boundary layer convergence. Through this positive

moisture–convection–circulation feedback, the antisymmetric

mode grows.

The second positive feedback involves thewind–evaporation–

SST (WES) feedback. The southward shift of the westerly dur-

ing El Niño reduces the mean trade easterly wind in the region,

FIG. 6. Horizontal distributions of (a) 2ya(›u
0
s/›y) and

(b) 2ys(›u
0
a/›y) in D(0)JF(1) for El Niño (1025m s22). (c) Climatic

antisymmetric wind inDJF (vector; m s21) and composite symmetric

zonal wind anomaly u0
s in D(0)JF(1) averaged over 1000–700 hPa for

El Niño (shading; m s21).
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leading to the reduction of the surface wind speed and thus

surface evaporation. This causes a warm SSTA south of the

equator (Fig. 8d), which may further strengthen the cross-

equatorial flow through a positiveWES feedback process (e.g.,

Xie and Philander 1994; Li and Philander 1996; Li 1997b).

Thus, the thermodynamic atmosphere–ocean interaction process

also contributes to the development of an antisymmetric mode.

As a result of the two positive feedback processes, the initial

shift due to the anomalous meridional advection is further

amplified and extended farther to the south. The meridional–

vertical structure of the antisymmetric mode can be represented

by a pronounced anomalous vertical overturn circulation in the

region (Fig. 8f).

To sum up, the zonal momentum budget analysis reveals two

mechanisms responsible for the southward zonal wind shift.

The first is the anomalous zonal wind advection by the clima-

tological cross-equatorial wind. The second is the zonal wind

acceleration caused by antisymmetric pressure gradient and

Coriolis forces in the presence of a marked antisymmetric

circulation/precipitation pattern in the CEP.

5. Sensitivity of atmospheric response to SSTA pattern
and season

The composite SSTA pattern during the ENSO mature win-

ter exhibits a slightly equatorial asymmetry, with a maximum

SSTA center located at 18S in the far eastern Pacific (Fig. 1; Su

et al. 2010). Does this asymmetric SSTA play a role in the

southward shift of the zonal wind anomaly in central Pacific? To

address this question, we designed a set of sensitivity numerical

experiments using an atmospheric general circulation model,

ECHAM4.6 (Roeckner et al. 1996). The model has a horizontal

resolution of 2.88 3 2.88 (T42) and 19 vertical levels extending

from the surface to 10hPa.

A control experiment was first run with specified climato-

logical monthly SST field. Then two sensitivity experiments

were followed. In the first sensitivity experiment (EXP_

SSTA), the model was forced by the climatological SST plus an

anomalous SST pattern in DJF (Fig. 9a) derived from the El

Niño composite. In the second sensitivity experiment (EXP_

SSTA–sym), the model was forced by the climatological SST

plus the symmetric component of the El Niño SSTA composite

field (Fig. 9b). The SSTA pattern is added in all calendar

months in the two sensitivity experiments. All these experi-

ments were integrated for 20 years, and the outputs from the

last 10 years were analyzed.

Figures 9c–f show the difference between the sensitivity

experiments and the control experiment of the simulated

precipitation and 850-hPa wind fields. The wind and precipi-

tation responses in EXP_SSTA and EXP_SSTA–sym are re-

markably similar (Figs. 9c,e). The zonal mean zonal wind

anomaly in the CEP shows a clear southward shift (Figs. 9d,f),

similar to the observation. The main difference between the

two sensitivity experiments lies on the magnitude of the shifted

zonal wind anomaly (Figs. 9d,f). The maximum westerly

anomaly in EXP_SSTA reaches 8m s21 while it is about

6m s21 in EXP_SSTA–sym. This implies that antisymmetric

SSTA can to a certain extent affects the zonal wind shift

through the WES feedback, even though the effect of the

moisture–convection–circulation feedback might be stronger.

FIG. 7. (a) Horizontal patterns of climatological wind averaged over 1000–700 hPa (vector;

m s21) and precipitation (shading; mmday21) in DJF. (b) As in (a), but for their antisym-

metric components.
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A parallel diagnosis of the antisymmetric zonal momentum

budget is conducted for the AGCM simulation. Figure 10

shows the horizontal distribution of each of the antisymmetric

zonal momentum budget terms in EXP_SSTA–sym. The green

box denotes the region of the maximum anomalous westerly

wind and the maximum anomalous westerly tendency simu-

lated by the AGCM. Figure 11a illustrates the box-averaged

values of the budget terms. The two leading positive tendency

terms are 1) the meridional advection term and 2) the pres-

sure gradient force term. This is consistent with that from the

observational diagnosis. The main difference between the

observation and simulation lies on the Coriolis force term. It

is speculated that the difference is attributed to the model

bias in zonal location of the simulated zonal wind anomaly.

The budget terms in EXP_SSTA in general resemble those in

EXP_SSTA–sym (Fig. 11b).

In contrast to boreal winter, the SPCZ in boreal summer

becomes weaker and withdraws westward. Maximum precipi-

tation appears along the ITCZ north of the equator, and there

is pronounced northward cross-equatorial flow in the western

and central Pacific. It is anticipated that such a mean state

change could affect the anomalous atmospheric response.

To demonstrate themean state effect, we conducted another

set of two sensitivity experiments in which the model was

forced by the same SSTA patterns as in the previous sensitivity

experiments but under the boreal summer (JJA) background

mean condition. Figure 10 shows the simulated precipitation

andwind responses. Note that themaximum zonal wind anomaly

FIG. 8. Composite patterns of an antisymmetric mode during El Niñomature winter: (a) anomalous precipitation

(shading; mmday21) andwind averaged over 1000–700 hPa (vector;m s21), (b) anomalous geopotential height field

averaged over 1000–700 hPa (gpm), (c) anomalous specific humidity (shading; g kg21) and moist static

energy (MSE) fields [contour interval: 0.4 3 103 Wm2; solid (dashed) line indicates positive (negative)

value] averaged over 1000–700 hPa, where MSE5CpT1Lyq1Ø, (d) anomalous SST (shading; K) and

wind at 850 hPa (vector; m s21), (e) anomalous zonal moisture advection 2u0
a(›q/›x) (shading; 10

9 s21) and

moist enthalpy advection 2u0
a(›h/›x) (contour; 103 Wm2 s21) averaged over 1000–700 hPa, where moist

enthalpy h 5 CpT 1 Lyq, and (f) anomalous streamfunction (106 m2 s21) to represent a vertical overturning

circulation averaged over 1608E–1508W. Arrows represent vertical velocity at 500 hPa and meridional

velocity at 925 and 150 hPa.
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now shifts northward in both the experiments (Figs. 12a,c).

Such a northward shift is also seen in the zonal mean zonal

wind fields (Figs. 12b,d). However, the northward shift in boreal

summer is weaker than the southward shift in boreal winter,

which is primarily attributed to the larger background mean

cross-equatorial wind in boreal winter. Thus, the numerical

model experiments clearly demonstrate the importance of the

seasonal mean state in determining the meridional shift the

zonal wind anomaly associated with ENSO.

6. Summary and discussion

A composite analysis of the ERA reanalysis dataset revealed

a marked equatorial asymmetry of low-level zonal wind anom-

alies in CEP during the ENSO mature winters. The maximum

westerly (easterly) anomaly center during El Niño (La Niña)
shifted from the equator in the preceding season to a southern

location in boreal winter. The zonal wind anomaly center

reached the southernmost position in February and then

weakened as it gradually moved back to the equator.

An antisymmetric zonal momentum budget diagnosis was

performed to understand the mechanisms responsible for

generating the equatorially asymmetric zonal wind tendency

between SH and NH in boreal winter. The result indicates

that the antisymmetric zonal wind tendency was attributed to

the advection of the symmetric zonal wind anomaly by anti-

symmetric meridional mean flow and antisymmetric zonal

pressure gradient and Coriolis forces, the latter of which was

closely associated with the development of an unstable anti-

symmetric mode in CEP.

Figure 13 is a schematic diagram illustrating the two-step

process for the southward shift of the westerly anomaly during

El Niño. The first step involves the advection of the anomalous

zonal wind by the climatological southward cross-equatorial

wind. As the sun moves to the SH in boreal winter, the rainfall

along the SPCZ strengthens, leading to a southward cross-

equatorial mean flow. This antisymmetric mean flow advects

the El Niño westerly into the SH.

The second step involves the amplification and farther south-

ward extension of the zonal wind anomaly, which are accompa-

nied by the development of an antisymmetric mode in the CEP

(Fig. 8). Two positive feedbacks are responsible for the growth of

the antisymmetric mode. The first positive feedback involves a

moisture–convection–circulation feedback. The initial shift of the

FIG. 9. (a),(b) The SSTA patterns specified in EXP_SSTA and EXP_SSTA–sym. (c),(e) Anomalous 850-hPa

wind (wind: vector; u: contour; m s21) and precipitation (shading; mmday21) responses in DJF to the specified

SSTA forcing in EXP_SSTA and (d) EXP_SSTA–sym. (d),(f) Meridional profiles of the simulated zonal wind

anomaly averaged over 1508E–1708W.
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westerly by the anomalous meridional advection causes a

positive moisture advection anomaly south of the equator as

the mean moisture is higher in the western Pacific warm pool.

This leads to the increase of moisture and moist enthalpy (or

MSE) south of the equator. The increased low-level moisture

and moist enthalpy promote a positive precipitation anomaly

in situ, leading to the development of antisymmetric circula-

tion. The so generated cross-equatorial wind anomaly may

further strengthen the precipitation anomaly through en-

hanced boundary layer convergence. Through this positive

moisture–convection–circulation feedback, the antisymmetric

mode develops.

The second positive feedback involves the atmosphere–

ocean interaction. It was found that an antisymmetric

SSTA pattern, with a warm (cold) anomaly south (north)

of the equator, also develops during El Niño mature winter.

The antisymmetric SSTA pattern results from reduced wind

speed and surface evaporation south of the equator, because

the shifted westerly anomaly tends to offset the mean trade

easterly. The antisymmetric SSTA pattern further strengthens

the anomalous cross-equatorial flow. Through the positive

wind–evaporation–SST feedback the antisymmetric SSTA pat-

tern develops.

As a consequence of the two positive feedbacks, the an-

tisymmetric mode develops in CEP during El Niño mature

winter. This mode is characterized by a southward cross-

equatorial wind and a low pressure center south of the

equator, which contribute a positive westerly tendency

south of the equator through the combined pressure gradi-

ent and Coriolis forces.

Idealized numerical model experiments were carried out to

understand the role of the anomalous SSTA patterns and the

FIG. 10. The patterns of the composite antisymmetric zonal momentum budget terms in DJF for EXP_SSTAsym

(shading) in (a)2[u(›u/›x)]0a, (b)2[y(›u/›y)]0a, (c)2[v(›u/›p)]0a, (d) f y
0
a, (e)2(›u/›x)0a, (f) (Fx)

0
a (m s21 month21).

Contours in (a)–(f) represent the antisymmetric anomalous zonal wind tendency (›u/›t)0a (interval: 0.1m s21

month21). The green box (1608E–1808, 08–158S) denotes the region of the maximum anomalous westerly wind and

the maximum anomalous westerly tendency.
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mean flow in causing the southward wind shift. The results

show that a perfectly symmetric SSTA pattern is able to sim-

ulate the same westerly southward shift during El Niño ma-

ture winter, suggesting that the shift is primarily attributed to

moisture–convection–circulation feedback in CEP, while the

effect of WES feedback is relatively weaker. The boreal

winter background mean state is critical to cause the south-

ward shift. Given the same SSTA pattern, the zonal wind

anomaly shifts to the SH during boreal winter but to the NH

during boreal summer.

An open question is why the unstable development of

the antisymmetric mode happened in the CEP. It is argued

that the following two factors are critical. The first is the

zonal location of the maximum zonal wind anomaly. It is

typical that in response to ENSO SSTA forcing, a maxi-

mum zonal wind anomaly center is located in the CEP.

The second is the zonal location of the maximum cross-

equatorial wind (Fig. 6c). It is the combination of the two

factors that determines the favorable location for the

southward shift.

The current result differs from McGregor et al. (2012), who

suggested that a weaker boundary layer damping coefficient

favored a stronger westerly tendency south of the equator. Our

momentum budget diagnosis shows that the friction term al-

ways offsets the zonal wind tendency and the damping effect is

greater south of the equator. It is worth mentioning that the

term Fx in the current analysis was calculated based on the

residual of the momentum budget. Therefore, it represents

surface friction as well as unresolved subgrid processes such as

turbulent viscosity, diffusion, and subgrid vertical mixing. In

the current study we focused on investigating the mechanism

responsible for the southward shift of anomalous westerly

(easterly) during El Niño (La Niña). Given that El Niño ex-

hibits different flavors in its spatial pattern (i.e., EP-type and

CP-type), would the two types of El Niño behave differently in

terms of their zonal wind shift characteristics and mechanism?

We will address this question in near future in lieu of ENSO

pattern diversity.

FIG. 11. (a) The individual budget terms (m s21 month21) av-

eraged over the green box shown in Fig. 10 for EXP_SSTA–sym.

(b) As in (a), but for EXP_SSTA.

FIG. 12. As in Figs. 9c–f, but for the boreal summer season (JJA).
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