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Abstract
Amplitude of El Niño and La Niña was significantly different during 1980–2016 but almost same during 1958–1979. The 
cause of this interdecadal change is investigated through an oceanic mixed-layer heat budget analysis. It was found that this 
interdecadal change was primarily attributed to the distinctive effects of nonlinear zonal temperature advection between the 
two periods. During 1980–2016 nonlinear zonal advection, working together with nonlinear meridional advection, contributes 
to the El Niño and La Niña amplitude asymmetry. During 1958–1979 the nonlinear zonal advection had an opposite effect. 
The difference in the nonlinear zonal advection between the two interdecadal periods was caused by distinctive longitudinal 
locations of El Niño centers. Maximum SST anomaly (SSTA) centers were confined near the coast of South America (east 
of 90° W) during the first period but appear near 110° W during the second period. Because of this difference, an anomalous 
eastward ocean surface current (caused by a positive thermocline depth anomaly during El Niño) would generate a nega-
tive (positive) nonlinear zonal advection before (after) 1980. The distinctive longitudinal locations of El Niño centers are 
possibly caused by the interdecadal changes of mean thermocline and high-frequency wind variability over the equatorial 
western-central Pacific. A hypothesis was put forth to understand distinctive initiation locations between El Niño and La Niña.

Keywords  El Niño and La Niña amplitude asymmetry · Interdecadal change · Nonlinear advection · El Niño initiation 
location · Mean thermocline change · Westerly wind events

1  Introduction

As a dominant interannual mode in the tropics, the El Niño-
Southern Oscillation (ENSO) involves strong coupling 
between the atmosphere and ocean and has a great impact 
on climate worldwide (e.g., Ropelewski and Halpert 1987; 
Huang and Wu 1989; Bove et al. 1998; Changnon 1999; 
McPhaden et al. 2006; see a review on fundamental ENSO 
dynamics by Li and Hsu 2017). Previous studies investigated 

how remote sea surface temperature anomaly (SSTA) in the 
tropical Pacific influenced the climate in mid- and high- lati-
tudes. For example, ENSO can directly affect the climate in 
North America in northern winter via the “Pacific-North 
America” (PNA) pattern (Wallace and Gutzler 1981), or 
indirectly affect North American rainfall in boreal summer 
through a so called “Asia–North America” pattern (Zhu and 
Li 2016, 2018). ENSO also exerted a delayed impact on 
summer rainfall in East Asia via the development and main-
tenance of an anomalous anticyclone over western North 
Pacific (WNP) (e.g., Wang et al. 2000, 2003; Wu et al. 2010, 
2017; Li et al. 2017).

Previous observational, theoretical and modeling stud-
ies have laid foundation for understanding ENSO coupled 
air-sea instability (e.g., Rasmusson and Carpenter 1982; 
Philander et al. 1984), oscillatory behavior (e.g., Cane and 
Zebiak 1985; Suarez and Schopf 1988; Battisti and Hirst 
1989; Jin 1997; Li 1997; Weisberg and Wang 1997; Picaut 
et al. 1997; Neelin et al. 1998) and phase locking charac-
teristic (e.g., Chang et al. 1994; Li 1997). An interesting 
feature is amplitude asymmetry between El Niño and La 
Niña. During the past 3–4 decades, the amplitude of El Niño 
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was often stronger than that of La Niña. Burgers and Ste-
phenson (1999) showed that positive skewness of the SSTA 
mainly appeared in the eastern equatorial Pacific. Jin et al. 
(2003), An and Jin (2004) and An et al. (2005) found that the 
ENSO amplitude asymmetry was caused by nonlinear verti-
cal temperature advection. But this result was questioned 
by Su et al. (2010), who demonstrated through analyzing 
multiple ocean reanalysis datasets that nonlinear horizon-
tal advection was essential in causing the asymmetry while 
nonlinear vertical advection plays an opposite role. Su et al. 
(2010) further indicated that the discrepancy between them 
lies in oceanic vertical velocity bias in the test version of 
SODA data used by Jin et al. (2003), An and Jin (2004) and 
An et al. (2005).

The El Niño and La Niña amplitude asymmetry may 
closely relate to their evolution asymmetry. For example, 
Okumura and Deser (2010) suggested that the asymmetry 
could arise from the asymmetry of duration of warm and 
cold ENSO events, as El Niño life span is much shorter than 
that of La Niña (Wu et al. 2010). A heat budget analysis 
indicated that such an evolution asymmetry arose from both 
asymmetric wind stress and heat flux impacts (Chen et al. 
2016c). It is, however, not clear whether the asymmetric 
circulation and heat flux patterns were caused by the ampli-
tude asymmetry.

It was suggested that there might be a two-way interac-
tion between ENSO and the mean state. On the one hand, 
the interdecadal change of the Pacific mean state such as 
Pacific Decadal Oscillation (PDO) could greatly modulate 
the ENSO behavior (e.g., Kirtman and Schopf 1998; Choi 
et al. 2009; Xiang et al. 2013; Chung and Li 2013; Yeo et al. 
2016; Okumura et al. 2017; Li et al. 2019). On the other 
hand, the change of the mean state could be influenced by 
nonlinear rectification of ENSO (e.g., Rodgers et al. 2004; 
Yeh and Kirtman 2004). Besides the PDO, Atlantic Multi-
decadal Oscillation (AMO) could modulate ENSO vari-
ability (e.g., Dong et al. 2006; Kang et al. 2014). Global 
warming induced mean climate change could significantly 
modulate ENSO feedback processes (e.g., Collins et al. 
2010; Cai et al. 2014; Chen et al. 2015, 2017a).

The current study was motivated by observational fact 
that El Niño and La Niña amplitude asymmetry underwent 
an interdecadal change (e.g., Wang and An 2001; An 2004). 
What caused such an interdecadal change is still an open 
issue. As shown in Sect. 3, El Niño and La Niña ampli-
tude asymmetry was statistically significant after 1980, but 
became insignificant during 1958–1979. The objective of 
the current study is to reveal the fundamental cause of this 
interdecadal change. The remaining part of this paper is 
organized as following. In Sect. 2, data and methods are 
introduced. In Sect. 3, the observed evolution characteristics 
of El Niño and La Niña amplitude asymmetry since 1958 
are examined. Ocean mixed layer heat budgets prior to and 

after 1980 are diagnosed, and the cause of the amplitude 
asymmetry is examined in Sect. 4. A further discussion on 
key issues about interdecadal change of ENSO amplitude 
asymmetry is given in Sect. 5. Finally, a conclusion is given 
in the last section.

2 � Data and analysis method

2.1 � Data

The SST field used in this study is from the Extended Recon-
structed Sea Surface Temperature version 3b (ERSST.v3b; 
Xue et al. 2003; Smith et al. 2008). It has a resolution of 
2° × 2°, and covers the period of 1854 to present. For the 
current study, we focus on our analysis to the period from 
1958 to 2016. In addition, three-dimensional ocean current 
and temperature fields and surface height fields are used 
and they are obtained from Simple Ocean Data Assimila-
tion version 2.2.4 (SODAv2.2.4; Carton et al. 2000; Carton 
and Giese 2008) and the National Center for Environmental 
Prediction (NCEP) Global Ocean Data Assimilation system 
(GODAS; Behringer 2007) products. Oceanic thermocline 
depth fields (20 °C isotherm depth) are obtained indirectly 
from SODAv2.2.4 and GODAS. SODAv2.2.4 product has 
a horizontal resolution of 0.5° × 0.5° and 40 vertical levels 
with 10-m resolution in the upper 100 m. GODAS product 
has 1° in zonal and 1/3° in meridional resolution and 40 ver-
tical levels with 10-m resolution in the upper 200 m. Consid-
ering that mixed-layer heat budget result might be sensitive 
to ocean reanalysis data (Huang et al. 2010), a comparison 
has been done for the budget with and without the use of 
GODAS. The result is not sensitive. Both the SODA and 
GODAS products have been used in a number of previous 
ENSO studies (e.g., Chen et al. 2016a, b).

The surface heat flux fields are taken from various data-
sets for different periods, including Earth System Research 
Laboratory Twentieth Century Reanalysis version 2c 
(20CRv2c; Compo et al. 2006), National Center for Envi-
ronmental Prediction Reanalysis version 2 (NCEP2; Kan-
amitsu et al. 2002) and European Center for Medium-Range 
Weather Forecasts (ECMWF) Re-Analysis data (ERA-
Interim; Dee et al. 2011). The 20CRv2c and NCEP2 prod-
ucts have the resolution of about 2° in meridional direction 
and 1.875° in zonal direction, while the ERA-Interim data 
has a 1° × 1° resolution.

Given the uncertainty in the reanalysis products (e.g., 
Kumar and Hu 2012), we use the ensemble average of the 
three reanalysis heat flux datasets (NCEP2, ERA-Interim and 
20C-v2) for mixed-layer heat budget analysis. A comparison 
of composite heat flux anomalies for El Niño and La Niña 
between the ensemble average product and the OAFlux dataset 
for the period of 1984–2009 was carried out, and the result 
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shows that they are quite similar (figure not shown). This adds 
the confidence to use the ensemble mean product.

The daily atmospheric wind fields and wind stress fields 
are taken from the 40-year ECMWF Re-Analysis (ERA40) 
data (Uppala et al. 2005) and ERA-Interim. Both ERA40 and 
ERA-Interim data have a horizontal resolution of 1° × 1° and 
12 vertical levels. All data above are interpolated into 1° × 1° 
grid prior to analysis.

2.2 � Method

To investigate the relative contributions of ocean 3-dimen-
sional advection terms and surface heat flux terms in caus-
ing the asymmetric SSTA tendency between El Niño and La 
Niña group, an oceanic mixed-layer heat budget is diagnosed. 
Following previous studies (Li et al. 2002; Chen et al. 2015, 
2017a, 2019), the mixed-layer temperature anomaly (MLTA) 
tendency equation may be written as follows:

where T denotes mixed-layer temperature, u, v, w repre-
sent 3D mixed-layer current velocity, a prime denotes the 
interannual anomaly field, a bar represents the climato-
logical mean annual cycle field, Q′

net
 denotes the net sur-

face heat flux anomaly that includes anomalous longwave 
radiation, shortwave radiation, latent heat flux and sensi-
ble heat flux, � = 1015 kg m−3 denotes the density of water, 
Cp = 4000 J kg−1K−1 is the specific heat of water, and 
H = 30 m denotes a constant climatological mixed-layer 
depth in the eastern equatorial Pacific. The climatological 
annual cycle mean state is calculated based on the period of 
1958–1979 and 1980–2016 respectively. The anomaly field 
is calculated by subtracting original monthly mean field from 
its climatological annual cycle at each period respectively. 
The mixed-layer heat budget analysis results are based on 
the ensemble average of SODAv2.2.4 and GODAS, whereas 
the atmospheric fields are plotted according to the ensemble 
average of three reanalysis datasets, 20CRv2c, NCEP2 and 
ERA-Interim.

Skewness is used to measure the asymmetry of a prob-
ability distribution function and 0 is for a normal distribution 
(White 1980). The skewness is defined as:

where mk =
1

N

∑N

i=1
(xi − x̄)k , x̄ denotes the long-term cli-

matological mean value; mk is the kth moment, xi is the ith 
observation and N is the number of observations. A positive 
skewness implies that a positive anomaly is greater than a 
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negative anomaly. To examine whether or not a positive or 
negative skewness is statistically significant, a range esti-
mate method following Hong et al. (2008) and Su et al. 
(2010) was applied. For the current sample length, a con-
fidence level of 95% corresponds to the amplitude of the 
skewness exceeding ± 0.67 (Su et al. 2010).

The Mann–Kendall test (MK test) method is used to test 
whether there is a significant change in a time series. The spe-
cific mathematical description is as follows.

Suppose there is a time series ( Y1 , Y2…Yn) . Let mi represent 
the cumulative number of ith sample Yi that is greater than Yj 
( 1 ≤ j ≤ i ). Define dk as following:

Assume that the original sequence is random series. The 
mean and variance of dk can be expressed as

By standardizing dk , a new function ( UFk ) can be obtained:

Function UFk forms a UF curve. It can be used to test 
whether or not the original series has a significant trend. 
Applying this method to the inverse sequence, one may obtain 
another curve UB. The intersection of the two curves (UF and 
UB) within a significance interval indicates that there is a 
changing point at this intersection. Given a significance level 
of � = 0.05, the threshold values for UF and UB are ± 1.96. If 
UF > 0, the sequence has an increasing trend; otherwise, it has 
a decreasing trend. The trend is significant when UF is greater 
than 1.96 or less than − 1.96.

3 � Observed evolution characteristics 
of ENSO amplitude asymmetry

The time series of observed monthly SST anomaly aver-
aged in Niño-3 region is shown in Fig.  1. Note that 
before 1980, the amplitude of El Niño and La Niña was 
approximately same, whereas after 1980 the amplitude 
of El Niño was obviously stronger than that of La Niña. 
The Mann–Kendall test (MK test) method is used to test 
whether there is a significant change point in the time 
series of Niño-3 index. Figure 2 shows the test result. 
It is clearly seen that an intersection of the UB and UF 
curves appears in 1979. This implies that a significant 
changing point happened in 1979. Therefore, we define 

dk =

k
∑

1

mi, (2 ≤ k ≤ n)

E
(

dk
)

=
k(k − 1)

4
, var

(

dk
)

=
k(k − 1)(2k + 5)

72

UFk =
dk − E

(

dk
)

√

var
(
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two interdecadal periods, 1958–1979 (hereafter ID1) and 
1980–2016 (hereafter ID2), in an attempt to investigate the 
characteristics and physical cause of El Niño and La Niña 
amplitude asymmetry between the two periods.

In this study ENSO cases were defined as 3-month mean 
SSTA averaged over Niño-3 region being greater than 0.5 °C 
(less than − 0.5 °C) for five consecutive overlapping seasons. 
As shown in Fig. 1, the developing phases of selected El 
Niño and La Niña cases are indicated by a color bar with red 
representing the developing phase of El Niño and blue rep-
resenting the developing phase of La Niña. A crude measure 
of the El Niño and La Niña amplitude asymmetry is the 
average of the Niño-3 Index in December for all El Niño 
and La Niña events for ID1 and ID2. The result is shown by 
green line in Fig. 1. The average value is − 0.12 °C in ID1 
and 0.71 °C in ID2, implying that the amplitude of La Niña 

is slightly stronger in the former period but the amplitude 
of El Niño is much greater than La Niña in the latter period.

A better measure of the amplitude asymmetry is to calcu-
late the skewness of monthly SSTA for each of the periods. 
Figure 3 shows that the skewness is in general small and 
negative along the equatorial Pacific during ID1 but became 
significantly larger and positive during ID2, in particular 
over the eastern equatorial Pacific. The result indicates that 
the amplitude of El Niño is significantly stronger than that 
of La Niña during ID2 but the amplitude asymmetry became 
insignificant during ID1.

Following Wu et al. (2010), the asymmetric (symmetric) 
component of the skewness fields between the two periods 
is obtained by adding (subtracting) the two skewness fields. 
Maximum asymmetry appears over the region between 5° S 
and 5° N , 110° W and 80° W. In the subsequent mixed layer 

Fig. 1   Time series of sea surface temperature anomaly (SSTA) in 
Niño-3 region with 3-month mean (thick black line) and mixed-layer 
temperature anomaly (MLTA) in the equatorial eastern Pacific region 
(5°  S  –5°  N, 110°–80°  W; light black line) with 7-month running 
mean during 1958–2016. The thick green line denotes the difference 

(unit: °C) of average El Niño amplitude and average La Niña ampli-
tude (defined as Niño-3 index in December) in ID1 and ID2 respec-
tively. The developing phase for each El Niño (La Niña) case is indi-
cated by a red (blue) bar

Fig. 2   Mann–Kendall test of 
Niño-3 Index (unit: °C) during 
1960–2016. The red line is UB 
and the blue line is UF. The 
0.05 significant level is indi-
cated by two black dotted lines
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heat budget analysis, we will focus on our diagnosis in this 
maximum asymmetry region. From Fig. 1, one can see that 
the time series of MLTA is quite similar to that of the SSTA. 
This implies that the result derived from the mixed layer heat 
budget can be used to interpret the SSTA change.

4 � Cause of interdecadal change of ENSO 
amplitude asymmetry—a Mixed‑layer 
heat budget diagnosis

The oceanic mixed layer heat budget is diagnosed in the key 
analysis region (5° S –5° N , 110° W–80° W) during the 
developing phases of El Niño and La Niña for ID1 and ID2 
respectively. Figure 4 shows the contributions from indi-
vidual dynamic and thermodynamic terms for El Niño and 

La Niña composites at each period. The overall budget is 
reasonable and residual terms are relatively small.

Both the observed and diagnosed MLTA tendencies show 
that they are almost same for El Niño and La Niña composite 
during ID1 but quite different during ID2. This indicates that 
the mixed layer heat budget analysis adequately captures 
the amplitude symmetry (asymmetry) in ID1 (ID2), being 
consistent with the observed SSTA evolution characteristic. 
The cause of the MLTA tendency asymmetry, as seen from 
Fig. 4, is primarily attributed to 3-dimensional temperature 
advection terms, as heat flux terms tend to offset the advec-
tion effect. For example, during ID2, the sum of advection 
terms is 0.41 °C month−1 for El Niño and − 0.26 °C month−1 
for La Niña, while the heat flux term is − 0.14 °C month−1 
for El Niño and 0.08 °C month−1 for La Niña. A stronger 
positive contribution of the advection favors a stronger El 
Niño, while a stronger negative contribution of the heat flux 

Fig. 3   Distribution of skewness 
in the period of a 1958–1979 
and b 1980–2016 within (15° S 
–15° N , 180°–80° W), shading 
denotes the value exceeding a 
confidence level of 95% using t 
test. c is the sum of (a, b)
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favors a weaker El Niño. The overall MLTA tendency is 
dominated by the advection term.

Next we focus on examining the role of individual advec-
tion terms. Following Su et al. (2010), the temperature 
advection term is decomposed into nine terms (for details 
about these terms, readers are referred to Eq. 1). Each of 
zonal, meridional and vertical advection consists of three 
terms, two linear terms and one nonlinear term. Figure 5 
shows the diagnosis result for sum of linear and nonlinear 
advection terms. Note that during ID2 the nonlinear advec-
tion is positive for both El Niño and La Niña, while the 
linear advection has a similar value but an opposite sign. 
Adding the nonlinear term to the linear term leads to a 
stronger (weaker) MLTA tendency for El Niño (La Niña). 
This indicates that the nonlinear advection is essential to 
cause the amplitude asymmetry. This result is consistent 
with Su et al. (2010).

Interestingly, the nonlinear advection behaved differently 
during ID1. It is negative (positive) during El Niño (La 
Niña), and tends to suppress the linear advection effect for 
both El Niño and La Niña. As a result, El Niño and La Niña 
tendencies during the period were approximately symmetric.

Comparing the nonlinear advection terms between ID1 
and ID2 (as shown in Fig. 5a, b), one can see clearly that 
the difference is mainly caused by the difference during El 
Niño. The terms are almost same during La Niña. To reveal 

the cause of the difference between ID1 and ID2 during El 
Niño, we further examine individual nonlinear advection 
terms during ID1 and ID2 and the result is shown in Fig. 5c. 
Note that the main difference lies in nonlinear zonal tem-
perature advection. It contributes negatively to the MLTA 
tendency during ID1 and changes to a positive contribution 
during ID2. The nonlinear meridional and vertical tempera-
ture advection terms are almost same during ID1 and ID2. In 
contrast, three individual nonlinear advection terms always 
kept the same sign for ID1 and ID2 during La Niña (Fig. 5d). 
Therefore, it is concluded that the nonlinear zonal tempera-
ture advection plays a critical role in causing the interdec-
adal change of El Niño and La Niña amplitude asymmetry.

What causes the change of nonlinear zonal temperature 
advection? To address the question, we plotted the horizon-
tal patterns of composite anomalous mixed-layer horizontal 
currents ( u′, v′ ), MLTA and SSTA (Fig. 6). Here the mixed-
layer depth is defined as where the temperature is 0.5 °C 
lower than surface temperature. A common feature between 
ID1 and ID2 is eastward (westward) ocean surface current 
anomaly along the equator for El Niño (La Niña). The main 
difference lies in the longitudinal locations of maximum pos-
itive SSTA center denoted by green dots in Fig. 6a, b. During 
ID1, the maximum SSTA/MLTA center of El Niño is located 
near the coast of South America (east of 90° W). During 
ID2, the center of the maximum SSTA appears at 115° W, a 

Fig. 4   The diagnosed results of mixed-layer heat budget, terms (left)–
(right) along the x axis: the mixed-layer temperature anomaly ten-
dency, the sum of temperature advection term, the sum of surface 
heat flux, the sum of the advection term and surface flux term, 
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◦C month
−1 ). The calculation is based on SODAv2.2.4 and GODAS. 

Red and blue bars represent results for positive terms and negative 
terms, respectively. All the terms are averaged over the far eastern 
equatorial Pacific (5°  S –5°  N , 110°–80° W), 30  m depth for the 
developing phases. a 1958–1979 of El Niño composites; b 1980–
2016 of El Niño composites; c 1958–1979 of La Niña composites; d 
1980–2016 of La Niña composites
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westward shifting of 30° in longitude. As a result, a negative 
(positive) zonal nonlinear advection anomaly appears in the 
green box (shown in Fig. 6a, b) during ID1 (ID2).

In contrast, maximum negative SSTA centers are always 
located near the western boundary of the eastern equato-
rial Pacific box during La Niña (Fig. 6c, d). Because of 
that, anomalous zonal temperature advection keeps the 
same sign (i.e., positive) for ID1 and ID2. This leads to 
positive nonlinear zonal advection for both the periods, 
weakening the amplitude of La Niña.

To sum up, the nonlinear zonal advection term ( −u� �T
�

�x
 ) 

is negative (positive) during El Niño (La Niña) prior to 
1980. This weakens the amplitude of both El Niño and 
La Niña. After 1980, the nonlinear zonal temperature 
advection is positive in both El Niño and La Niña, which 
tends to enhance the amplitude of El Niño but suppress the 
amplitude of La Niña. Given that nonlinear meridional and 
vertical advection terms are essentially same, the inter-
decadal change of nonlinear zonal temperature advection 

holds a key in determining the change of the El Niño and 
La Niña amplitude asymmetry characteristic.

The eastward ocean surface current anomaly during El 
Niño (as shown in Fig. 6a) cannot be explained by surface 
zonal wind stress anomaly alone (Su et al. 2010). To address 
this issue, we separate anomalous zonal current into wind-
induced Ekman current and geostrophic current following 
Su et al. (2010):
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Fig. 5   Linear advection, nonlinear advection and sum of linear and 
nonlinear advection terms of mixed layer heat budget during the 
developing phase of El Niño and La Niña for the period of a 1958–

1979 and b 1980–2016. Nonlinear zonal, meridional and vertical 
advection terms during the c El Niño and d La Niña developing phase 
for the period of 1958–1979 and 1980–2016
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where � denotes the density of seawater, H1 is the mean 
thermocline depth, � ′

x
 and � ′

y
 is anomalous zonal and meridi-

onal wind stress, rs = 0.5 day−1 is a dissipation coefficient, 
g′ = 0.026 m s−1 is the reduced gravity, h′ is the thermocline 
depth anomaly represented by 20 °C isotherm depth anom-
aly, and � is the planetary vorticity.

Our diagnosis result shows that the anomalous zonal 
current at the equator is dominated by geostrophic current 
component while Ekman current component is negligible 
(shown in Fig. 7). According to Eq. (5), anomalous geos-
trophic current is determined by thermocline depth anom-
aly. During El Niño developing phase, the thermocline 
depth in the equatorial central and eastern Pacific is deep-
ened and there is a maximum center of thermocline depth 
anomaly at the equator. This leads to �

2h′

�y2
 < 0 and thus a 

positive geostrophic current ( u′

g
> 0). Conversely, the ther-

mocline depth in the equatorial central and eastern Pacific 
becomes shallower during La Niña. According to Eq. (5), 
a minimum center of thermocline depth anomaly contrib-
utes to a negative geostrophic current anomaly ( u′

g
< 0).

(6)u
�

e
=

1

�H1

rs�
�

x
+ �y�

�

y

r2
s
+ (�y)2

, v
�

e
=

1

�H1

rs�
�

y
− �y�

�

x

r2
s
+ (�y)2

It is important to note that the interdecadal change 
of nonlinear zonal advection depends on the change of 
anomalous SSTA pattern associated with El Niño. While 
the maximum SSTA center is near the American coast 
during ID1, it shifted westward to 115° W during ID2. 
What caused such a shift? Figure 8 illustrates the evo-
lution of the SSTA and MLTA patterns during El Niño 
developing phase (from April to September) for both the 
periods. It is interesting to note that in ID1, a warm SSTA 
starts to develop from the American coast (around 85° W) 
(Fig. 8a). As it develops, the SSTA center shifts slightly 
westward and is primarily confined over the region east 
of 90° W (Fig. 8b, c). In contrast, in ID2 a maximum 
SSTA center forms in the central Pacific (around 170° W) 
(Fig. 8d). It then shifts eastward in the following months 
as it develops (Fig. 8e–f). During the entire developing 
phase, the maximum SSTA remains west of 110° W. 
Thus, the distinctive initial warming characteristics may 
determine the subsequent location of the maximum SSTA 
center.

In contrast, initial cooling characteristics during La Niña 
are different from those of El Niño. Figure 9 shows the com-
posite La Niña SSTA evolution patterns during the two inter-
decadal periods. It is interesting to note that the cold anomalies 

(a) (b)

(c) (d)

Fig. 6   Composite SSTA (shading; unit:   °C), MLTA (contour; 
unit:  °C) and anomalous horizontal currents (vector; unit: m s− 1) of 
El Niño (top panels) and La Niña (bottom panels). The left panels are 
El Niño (top panel) and La Niña (bottom panel) in 1958–1979 respec-

tively, and right is in 1980–2016. Green line box indicates the diag-
nosed box. The green dot and triangle denote the maximum (mini-
mum) SSTA and MLTA center of El Niño (La Niña). Variables that 
pass the 90% bootstrap significance level are shown
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associated with La Niña always move eastward, with maxi-
mum cooling centers being confined west of 110° W.

5 � Discussion: what controls the distinctive 
characteristics of El Niño initiation 
location between the two interdecadal 
periods?

In the previous section, we demonstrate that initial warm-
ing locations for El Niño are different between ID1 and 
ID2. What causes the distinctive El Niño initiation char-
acteristics between ID1 and ID2? We speculate that it may 
be partially controlled by the interdecadal change of the 
Pacific mean state. Figure 10 illustrates the mean SST, 
850 hPa wind and thermocline depth change between ID1 
and ID2. An interdecadal warming leads to enhanced trade 
wind at the equator (Fig. 10a). The wind stress curl fur-
ther causes the shoaling of equatorial thermocline through 
Sverdrup transport (Li 1997). SODAv2.2.4 and GODAS 
show a shallower mean thermocline depth in ID2 than ID1 
(Fig. 10b).

The Sverdrup relationship between the zonal mean wind 
stress curl and zonal mean meridional current can be writ-
ten as follows:

where ρ is the seawater density, H is the mean thermocline 
depth, τ is the wind stress, β is the planetary vorticity gradi-
ent, and Vs is the Sverdrup flow.

The difference of mean zonal wind stress averaged over 
170° W–90° W between ID1 and ID2 is shown in right-top 
panel of Fig. 10. The maximum zonal wind stress differ-
ence appears near the equator and there is a cyclonic wind 
stress curl at north and south of the equator. According to 
Eq. (7), the cyclonic shear of wind stress would generate 
a northward (southward) Sverdrup transport in northern 
(southern) hemisphere, lifting the equatorial thermocline.

How does the aforementioned thermocline change influ-
ence the El Niño initiation? It is speculated that during 
ID1 the mean thermocline depth in the western and cen-
tral Pacific was so deep that it prevented any significant 
SST changes in situ caused by interannual thermocline 

(7)�Vs =
curl�

�H

Fig. 7   Anomalies of zonal currents (black solid line; unit: m  s−1), 
geostrophic currents (red dotted line; unit: m  s−1) and Ekman cur-
rents (blue dashed line; unit: m  s−1) along the equator (within ± 2°) 
during the developing phase of El Niño (top panels) and La Niña 

(bottom panels). The left panels are composite El Niño (top panel) 
and La Niña (bottom panel) in 1958–1979 respectively, and right is 
in 1980–2016
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fluctuation. As a result, the thermocline fluctuation can 
only induce a detectable SSTA over the eastern equatorial 
Pacific where mean thermocline is shallow. In ID2, the 
mean thermocline depth in the western and central Pacific 
is relatively shallow so that a local SSTA can be induced 
by an interannual thermocline depth anomaly.

Another possible cause is the occurrence of stronger 
high-frequency (HF) wind variability in ID2 than in ID1. It 
has been shown that westerly wind events (WWEs) play an 
important role in triggering a strong El Niño by inducing 
a strong thermocline depth anomaly at the equator (e.g., 
Chen et  al. 2017b). Figure 11 shows the difference of 
standard deviation (STD) of HF zonal surface wind (HF-
U) and wind stress anomaly (HF-Taux). Both the surface 
wind and wind stress fields are 90-day high-pass filtered. 
Stronger zonal surface wind and wind stress variabilities 
appear in the tropical Pacific during ID2 than ID1, espe-
cially in (10° S–5° N, 150° E–180). The STD of HF-U 
and HF-Taux averaged in the box in ID2 is larger than ID1 
(Fig. 11c). Considering that El Niño may induce stronger 
HF winds, the STD of HF wind variability with El Niño 
years removed is also calculated (Fig. 11d), and the results 
are essentially same as those from all years calculation. 

Therefore, it is concluded that stronger HF wind and wind 
stress variability appears in ID2 than ID1.

What causes the stronger HF-U and HF-Taux anomaly 
over the equatorial western Pacific? The difference of 
mean 850 hPa specific humidity field between ID2 and ID1 
(Fig. 12a) shows that the mean specific humidity increased 
in ID2, particularly over the equatorial western Pacific. The 
vertical profile of the area averaged specific humidity differ-
ence field shows that maximum increase appears in lower 
troposphere (around 700 hPa, Fig. 12b). This moisture pro-
file, along with more unstable vertical temperature profile, 
favors more unstable atmospheric stratification in ID2. As 
a result, stronger HF wind variability may develop in ID2.

To quantitatively measure the strength of WWEs, we 
use an accumulated WWE index (AWI) proposed by Chen 
et al. (2017b). AWI is obtained by integrating the HF wind 
stress anomaly over the equatorial western Pacific (5° S–5° 
N, 120° E−180) for a given period each year. For the period 
of January-December, the average AWI in ID1 is 0.58 
m s−1 and increases to 0.83 m s−1 in ID2, indicating a 43% 
increase. A 34% increase is obtained if one only considers 
the period of January-May. The result indicates that stronger 
wind variability appears in ID2 than ID1 regardless of which 
period is considered.

Fig. 8   Evolution of SSTA 
(shading, with intervals of 
0.1 °C) and MLTA (contour, 
with intervals of 0.4 °C) 
during the developing phase 
(April–September) of El Niño 
for 1958–1979 (left panel) and 
1980–2016 (right panel). Green 
box indicates the budget diagno-
sis box. Green dots represent the 
maximum SSTA center. Black 
dots denote the SSTA pass the 
90% bootstrap significance 
level. Contour shows MLTA 
that exceeds 90% bootstrap 
significance level

(a)

(b) (e)

(c) (f)

(d)
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The enhanced HF wind variability may strengthen inter-
annual thermocline fluctuation, as demonstrated by idealized 
oceanic general circulation model experiments (Chen et al. 
2017b). Figure 13b shows the difference of STD of 2–7 years 
band-pass filtering thermocline depth anomaly. A stronger 
interannual thermocline depth variation ( D′ ) appeared in the 
equatorial western Pacific in ID2. The STD of D′ averaged 
over (10° S–5° N, 150° E−180) increased by 27% in ID2. 
Therefore, more unstable atmosphere stratification in ID2 
led to stronger HF-U variability, which induced stronger SST 
variability in the equatorial western-central Pacific through 
stronger thermocline variability.

The linkage between high-frequency wind disturbance 
and zonal location of atmosphere and ocean coupling has 
been pointed out by previous studies. For instance, Hu et al. 
(2012) suggested that a stronger and more eastward extended 
westerly wind activity along the equatorial Pacific in early 

months of a year was associated with more active air-sea 
interaction over the cold tongue, which favoring the develop-
ment of eastern Pacific El Niño.

To sum up, both the mean thermocline change and the 
high-frequency wind variability change favor the westward 
shift of El Niño initiation location. As a result, the initiation 
warming location shifts from the South American coast in 
ID1 to the western-central Pacific in ID2 (Fig. 8). But such 
mean state and high-frequency wind effects should affect 
both El Niño and La Niña. In fact, La Niña initiation loca-
tions also shifted westward in ID2 compared to ID1 (Fig. 9). 
The key difference lies in the distinctive initiation locations 
between El Niño and La Niña in ID1—A cold SSTA was 
initiated to the west of the green box (Fig. 9a), while a warm 
SSTA was initiated near South American coast (Fig. 8a). 
This difference led to distinctive nonlinear zonal advection 
signs between El Niño and La Niña in ID1 and thus the 

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 9   As in Fig. 8 but is for La Niña in former period (left panel) and latter period (right panel), and green line box indicates the diagnosed box 
and green dot represents the minimum SSTA center
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distinctive ENSO amplitude asymmetry evolutions between 
the two interdecadal periods.

What causes the different initiation location between El 
Niño and La Niña in ID1? We hypothesize that it was likely 
controlled by the longitudinal tilting of the climatological 
mean thermocline depth (Fig. 14). In the far eastern equato-
rial Pacific, the mean thermocline depth was so shallow that 
a further shoaling of the thermocline did not affect much of 
subsurface temperature below the mixed layer. As a result, 
SST change was not very sensitive to thermocline shoal-
ing. However, it was very sensitive to the deepening of the 
thermocline, as the increase of thermocline depth would 
lead to a great increase of subsurface temperature, which, 
through mean upwelling, further affects surface tempera-
ture. This is why a positive SSTA was easily generated near 
the South American coast, while a negative SSTA appeared 
more frequently in the region a few hundred miles away 
from the coast where the mean thermocline is deeper com-
pared to the coastal region but still shallower compared to 

central equatorial Pacific. As a result, the initiation of a SST 
anomaly during La Niña appeared to the west of that of El 
Niño in ID1. The hypothesis above, however, requires fur-
ther observational validation.

While the argument above emphasizes the importance 
of the mean state change in affecting ENSO behavior, one 
cannot rule out possibility that ENSO amplitude change may 
rectify the mean state change. For example, a simple theoret-
ical model study by Jin et al. (2003) and a general circulation 
model study by Choi et al. (2009) pointed that ENSO might 
modify the mean state via oceanic nonlinear processes. A 
recent study by Capotondi et al. (2018) suggested that the 
power of low-frequency tail of high-frequency wind is a 
key to the ENSO variability. Further studies are needed to 
understand actual physical mechanisms behind the upscale 
feedback processes.

Fig. 10   Difference of mean 
state from 1958–1979 to 1980–
2016 (latter minus former) of 
a SST (shading; unit: °C) and 
horizontal 850 hPa wind fields 
(vector; unit: m s−1) and zon-
ally averaged (170° W–90° W) 
zonal wind stress (curve, unit: 
10−3N m

−2 ) and b thermocline 
depth (shading; unit: m). Dots 
denote the a SST and b ther-
mocline depth difference fields 
exceeding the 90% significance 
level using t test. The vector 
only shows the meridional wind 
exceeding the 90% significance 
level

(a)

(b)
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6 � Conclusions

An observational analysis was conducted to reveal the inter-
decadal change of El Niño and La Niña amplitude asymme-
try. It was found that the amplitude of El Niño and La Niña 
is approximately symmetric before 1980, but the amplitude 
of El Niño becomes significantly stronger than that of La 
Niña after 1980. A MK test shows that this change is statisti-
cally significant at the end of 1979. Thus two interdecadal 
periods (1958–1979 and 1980–2016) are separated to inves-
tigate physical processes that control the ENSO amplitude 
change respectively.

By diagnosing the oceanic mixed-layer heat budget, 
we found that the temperature tendency associated with 
dynamic and thermodynamic terms during El Niño and La 
Niña developing phase is similar before 1980. However, the 
tendency of El Niño is obviously stronger than that of La 

Niña after 1980. The difference is primarily attributed to 
the ocean dynamics term. By further separating the dynamic 
term into linear and nonlinear advection terms, we found 
that the nonlinear advection, in particular the nonlinear 
zonal advection, was critical in causing the interdecadal 
change of ENSO amplitude asymmetry behavior. The non-
linear zonal advection term ( −u� �T �

�x
 ) was negative before 

1980 but became positive after 1980. This led to a symmet-
ric damping effect to El Niño and La Niña during ID1 but 
an asymmetric effect to El Niño and La Niña. As a result, a 
stronger El Niño but a weaker La Niña occurred during ID2.

It is found that anomalous geostrophic currents dominate 
surface zonal currents at the equator in both the periods. 
Positive (negative) thermocline depth anomalies during El 
Niño (La Niña) generate eastward (westward) geostrophic 
currents. While the center of the maximum SSTA during El 
Niño developing phase was confined to the South American 

Fig. 11   Difference (ID2 minus 
ID1) of standard deviation 
(STD) of a high-frequency sur-
face zonal wind (shading; unit: 
m s−1) and b zonal wind stress 
(shading; unit: 10−2 N m−2) 
anomaly fields. c, d Show the 
average standard deviation of 
high-frequency zonal surface 
wind and wind stress anomaly 
over the blue box region (10° 
S–5° N, 150° E−180) based on 
c all years and d all years except 
El Niño years
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coast (east of 90° W) in ID1, it shifted westward to 110° W 
in ID2. Such a change was critical for generating a negative 
(positive) nonlinear zonal advection in ID1 (ID2). However, 
for La Niña, the maximum negative SSTA center always 
located to the west of the key diagnosis box so that the zonal 
nonlinear advection remained the same sign.

The different nonlinear zonal advection behaviors during 
El Niño were closely related to distinctive initial warming 
scenarios between ID1 and ID2. During ID1, initial warming 
started in April from the Pacific east coast. The SSTA center 
then shifted westward slightly and was confined in the far 
eastern equatorial Pacific (east of 90° W) during El Niño 
developing phase (from June to September). In contrast, an 
anomalous SSTA center firstly formed in the equatorial cen-
tral Pacific (around 170°W) in ID2. It then shifted eastward 
to 110° W in the following months. It appears that the El 
Niño initiation location controls the subsequent evolution of 
the SSTA center. In contrast, a negative SSTA center during 
La Niña was initiated to the west of 110° W during both the 
interdecadal periods.

The cause of the distinctive initial warming locations 
between ID1 and ID2 is possibly attributed to the interdec-
adal change of the mean state at the equator. It is noted that 
the equatorial thermocline depth becomes shallower in the 
central equatorial Pacific in ID2. As a result, SSTA is more 

sensitive to anomalous thermocline forcing in the central 
equatorial Pacific. Enhanced moisture and unstable atmos-
phere stratification in the western equatorial Pacific in ID2 
may further invigorate high-frequency wind variability such 
as WWEs, which favor stronger thermocline and SST vari-
ability in situ. All these factors favor the westward shift of 
El Niño initiation location in ID2.

The change of the mean state and the high-frequency 
wind variability in ID2 also contributed to the westward 
shift of initiation location for La Niña. Therefore, the key 
difference that caused the asymmetric El Niño and La Niña 
amplitude evolutions lies in the distinctive initiation loca-
tions between El Niño and La Niña in ID1. We hypothesize 
that the difference is caused by the longitudinal tilting of the 
climatological mean thermocline depth. In the far eastern 
equatorial Pacific, the mean thermocline depth is so shallow 
that a further shoaling of the thermocline does not affect 
much change of subsurface temperature below the mixed 
layer. As a result, SST change is more (less) sensible to ther-
mocline deepening (shoaling). This is why a positive SSTA 
was easily generated near the South American coast, while a 
negative SSTA appeared a few hundred miles away from the 
coast where the mean thermocline is deeper compared to the 
coastal region but shallower compared to central Pacific. As 

Fig. 12   a Difference (ID2 minus ID1) of mean 850  hPa specific 
humidity field (shading; unit: g  Kg−1) and dots denote the region 
exceeding the 90% significance level using t test; b vertical profiles 
(unit: hPa) of the mean specific humidity (red) and temperature 
(black; unit: °C) difference (ID2 minus ID1) fields averaged over the 
blue box region (10° S–5° N, 150° E−180)

Fig. 13   a Time series of the accumulated WWE-index for the period 
of January–December (black) and January–May (red) each year. The 
difference of standard deviation (ID2 minus ID1) of 2–7 years band-
pass filtering thermocline depth anomaly (shading, unit: m). Dots 
denote the area exceeding the 90% significance level using t test
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a result, the initial cooling during La Niña appeared to the 
west of the initial warming during El Niño in ID1.

The hypothesis above, however, requires further obser-
vational validation and physical understanding. Through a 
quantitative diagnosis of mixed layer heat budget, we demon-
strate the role of nonlinear zonal advection and initial warm-
ing/cooling location in affecting the ENSO amplitude asym-
metry. While the fact that El Niño often initiated in the South 
America coast (western-central Pacific) prior to (after) 1980 
has been well established by previous observational studies 
(e.g., Rasmusson and Carpenter 1982; Philander et al. 1984; 
Philander 1990), explaining its physical cause and applying 
it to the interdecadal change of ENSO amplitude asymmetry 
are, to our knowledge, of the first time. Thus, the current 
study provides a new physical linkage among the interdecadal 
mean state change, ENSO amplitude asymmetry, nonlinear 
zonal advection and initial warming/cooling location.
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