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Abstract: By decomposing observed El Nifio and La Nifia events into a strong group and a weak
group, respectively, we discovered that the strong La Nifia group has its peak center more towards
the west compared to the weak La Nifia group, whereas the strong El Nifio group has its peak
center more towards the east compared to the weak El Nifio group. The cause of this structure
asymmetry is investigated through an ocean mixed-layer heat budget analysis. It was found that
the asymmetry is closely linked to the longitudinal distribution of SST anomaly (SSTA) skewness
along the equator, and is fundamentally caused by nonlinear dynamic heating, especially nonlinear
horizontal temperature advection. It was demonstrated that near the equatorial central Pacific,
the anomalous zonal and meridional currents generate negative nonlinear zonal and meridional
temperature advection anomalies for both the El Nifio and La Nifia events, thus favoring a stronger La
Nifia and a weaker El Nifio. Over the eastern Pacific, due to the dominant geostrophic zonal current
anomalies and the southward shift of SSTA centers, nonlinear horizontal temperature advection
anomalies tend to be positive for both the El Nifio and La Nifa, thus favoring a stronger growth of
El Nifio than La Nifia. Nonlinear vertical temperature advection anomalies play minor roles in the
central Pacific and tend to partially offset the nonlinear horizontal advection effect in the equatorial
eastern Pacific.

Keywords: ENSO asymmetry; SSTA skewness; nonlinear dynamic heating

1. Introduction

El Nifio Southern Oscillation (ENSQO), which is the most dominant mode on the inter-
annual timescale, can provide sources of predictability for global weather and climate [1-5].
However, ENSO-based climate predictions have sometimes proven to be unsuccessful, one
possible reason being the complexity of ENSO [6-8]. Much observational evidence has
suggested that ENSO events exhibit great differences in amplitude, temporal evolution,
and spatial patterns. Understanding the diversity of ENSO is of great importance for socioe-
conomics as the ENSO sea surface temperature anomaly (SSTA) magnitude and location
can largely influence ENSO teleconnections to tropical and extratropical regions [7,9,10].
Many studies have suggested that the positive phase and negative phase of ENSO, which
are denoted as El Nifio and La Nifia, are not in a pure mirror image and show several
asymmetric features. It was noted that the amplitude of El Nifio is on average larger than
that of La Nifia [11-14] and El Nifio tends to terminate rapidly after its mature phase and
transition to a La Nifia in the following winter while La Nifa usually persists longer and
re-intensifies in the next year [7,15-20].

Atmosphere 2023, 14, 1185. https:/ /doi.org/10.3390/atmos14071185

https:/ /www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos14071185
https://doi.org/10.3390/atmos14071185
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos14071185
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14071185?type=check_update&version=1

Atmosphere 2023, 14, 1185

20f12

In addition to the amplitude and evolution asymmetries between El Nifio and La
Nifia, the spatial structure also shows asymmetric features. Previous studies have pointed
out that SSTA fields associated with El Nifio exhibit two major longitudinal centers over
the equatorial Pacific: one with an anomalous warming center in the eastern Pacific and
the other in the central Pacific [21-23]. Some observational evidence also showed that
the El Nifio events that appear in the eastern Pacific tend to be stronger than those that
appear in the central Pacific. However, the La Nifia SSTA center shows a more limited
longitudinal excursion, mostly located in the central Pacific, especially for the stronger La
Nifa [6,24-27].

What causes the asymmetry of ENSO? Much effort has been devoted to solving this
issue and most studies have attributed this complex issue to nonlinear dynamics. For
example, the amplitude asymmetry is suggested to be caused by nonlinear vertical tem-
perature advection [12], nonlinear horizontal advection [13], the outcropping thermocline
nonlinearity [12,28,29], tropical instability wave activity [30,31], biophysical feedback [32],
etc. However, how do the nonlinear dynamics influence the ENSO spatial structure asym-
metry? Why does a stronger El Nifio favor developing towards the eastern Pacific while a
stronger La Nifia favors developing towards the central Pacific? This paper attempts to
address this question based on an ocean mixed-layer heat budget analysis.

The rest of this paper is organized as follows: Section 2 describes the data and method.
Section 3 shows the asymmetric features of ENSO spatial structure. The physical causes of
the spatial structure asymmetry between El Nifio and La Nifia are discussed in Section 4.
Conclusions are presented in Section 5.

2. Materials and Methods
2.1. Data

The SST field used in this study is adopted from the Extended Reconstructed Sea
Surface Temperature version 5 (ERSST.v5) [33]. The three-dimensional ocean current
and temperature fields are obtained from Simple Ocean Data Assimilation version 2.2.4
(SODAv2.2.4) [34], the National Center for Environmental Prediction (NCEP) Global Ocean
Data Assimilation System (GODAS) [35] and global ocean reanalysis products: Ocean
Reanalysis System 5 (ORAS5) [36].

The surface heat flux fields are taken from various datasets, including the Earth
System Research Laboratory Twentieth Century Reanalysis version 2c (20CRv2c) [37], the
National Center for Environmental Prediction Reanalysis version 2 (NCEP2) [38] and the
fifth generation of atmospheric reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ERA5) [39]. For the current study, we focus on our analysis from
1958 to 2019. Since the datasets of SODAv2.2.4 and 20CRv2 only cover up to 2010, while
GODAS and NCEP2 flux cover 1980 onwards, these datasets are combined together to
analyze the circulation patterns. SODAv2.2.4 and 20CRv2 apply to 1958-1979, and GODAS
and NCEP2 apply to 1980-2019.

2.2. Method

To verify the link between ENSO spatial structure asymmetry and amplitude asym-
metry, skewness is calculated. It can represent the asymmetry of a probability distribution
function, with a value of 0 representing a normal distribution [40]. The skewness is defined
as skewness = m3/(1m,)%/2, where my is k™ moment, m; = 1/NYN, (x; — Y)k, x;j is the ith
observation (seasonal mean field in here), X is the long-term climatological mean, and N is
the number of observations.

To understand the relative roles of ocean advection and surface heat flux terms in
causing the asymmetric spatial structure of ENSO, the oceanic mixed-layer heat budget is
diagnosed. Following previous studies [13,41-44], the mixed-layer temperature anomaly
(MLTA) tendency equation can be written as follows:
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where T denotes mixed-layer temperature, u, v, and w represent the three-dimensional
mixed-layer current, a prime denotes the interannual anomaly field, a bar represents the cli-
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denote the linear advection terms, and — (u’ %—7;) ,— (U’ %—5) ,— (w’ aa—TZ/) denote the non-
linear temperature advection terms. Q/net represents the net surface heat flux anomaly
that includes anomalous longwave radiation, shortwave radiation, latent heat flux and
sensible heat flux, p = 1015 kg-m~3 denotes the density of water, Cp = 4000 J kg ! K~ is
the specific heat of water, and H denotes the climatological mixed-layer depth (we take
50m in our study). The climatological annual cycle is calculated based on the period of
1958-2019. The anomaly field is calculated by subtracting the original monthly mean field
from its climatological annual cycle at the period. The MLTA tendency term (dT’/dt) is
calculated by a centered finite difference method using monthly data. The mixed-layer
heat budget analysis results are based on the average of SODAv2.2.4-GODAS and ORAS5
datasets, whereas the heat flux is calculated according to the average of 20CRv2c-NCEP2
and ERA5.

3. Asymmetric Features of ENSO Spatial Structure
3.1. Composite Analysis of SST Anomaly

To examine the spatial structure of El Nifio and La Nifia events during their mature
phase (DJE, December-January-February), composite analyses are conducted in this section.
First, El Nifio and La Nifia events are selected as the normalized DJF Nifio-3.4 SSTA index
is greater (smaller) than 0.5 (—0.5) standard deviations. Then, we further divide those cases
into relatively stronger and weaker groups to compare their spatial structures. Figure 1
shows the normalized DJF Nifio-3.4 SSTA index during 1958-2019, a weak (strong) El Nifio
event is defined as the normalized DJF Nifio-3.4 SSTA index is between 0.5 and 1 (greater
than 1) standard deviation and weak (strong) La Nifia event is defined as the normalized
DJF Nifio-3.4 SSTA index is between —1 and —0.5 (smaller than —1) standard deviation.
Light red (light blue) bars denote weak El Nifio (La Nifia) events and red (blue) bars denote
strong El Nifio (La Nifia) events, respectively. The selected strong and weak El Nifio/La
Nifia events are shown in Table 1.
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Figure 1. Time series of normalized DJF Nifio—3.4 index from 1958 to 2019. Dashed lines indicate 0.5
(—0.5) and 1.0 (—1.0) standard deviations, respectively. Light red (light blue) bars denote relatively
weaker El Nifo (La Nifa) events and red (blue) bars denote relatively stronger El Nifio (La Nifia)
events.
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Table 1. The selected strong and weak El Nifio/La Nifia events during 1958-2019.

Strong Year Weak Year
El Nino 1965, 1972, 1982, 1986, 1991, 1963, 1968, 1976, 1977, 1987,
1994, 1997, 2009, 2015 2002, 2006, 2014, 2018, 2019
1962, 1964, 1966, 1967, 1971,
La Nifia 1970, 1973, 1975, 1988, 1999, 1974, 1983, 1984, 1995, 2000,

2007, 2010 2005, 2008, 2011, 2017

Figure 2 shows the composite DJF SSTA for strong and weak El Nifio/La Nifia events,
respectively. It is interesting to notice that a stronger El Nifio shifts its maximum location
eastward, approximately located around 120° W (Figure 2a), while a stronger La Nifia tends
to shift its SSTA center westward, approximately around 160° W (Figure 2c). In contrast,
the SSTA center for a weaker El Nifio lies more westward than stronger El Nifio, which
implies that the amplitude for El Nifio that appears in central Pacific tends to be weaker
(Figure 2b). Similarly, for La Nifia events, the amplitude is weaker when its SSTA center is
shown more to the east (Figure 2d). This raises a very interesting scientific question about
the spatial structure asymmetry between El Nifio and La Nifia: why does a stronger El Nifio
favor developing towards the eastern Pacific while a stronger La Nifia favors developing
towards the central Pacific?
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Figure 2. Composite DJF SSTA (shading, °C) for strong and weak El Nifio (a,b)/La Nifa (c,d). The
dotted region denotes above 90% confidence level.

3.2. Temperature Skewness

As we show in the previous subsection, the stronger El Nifio (La Nifia) tends to
shift its center to the equatorial eastern (central) Pacific, which implies that the amplitude
of stronger El Nifio might be stronger (weaker) than La Nifia in the eastern (central)
Pacific. To verify the link between the spatial structure asymmetry and the amplitude
asymmetry, the skewness of SSTA is further calculated (Figure 3a). It is interesting to
note that positive skewness is presented in the equatorial eastern Pacific, while negative
skewness is shown in the equatorial central Pacific, which indicates that the amplitude
for El Nifio events is stronger (weaker) than La Nifia events in the equatorial eastern
(central) Pacific. Therefore, the zonally asymmetric feature of ENSO spatial structure is
closely linked to the longitudinal distribution of SSTA skewness along the equator. As the
skewness measures the general features between El Nifio and La Nifia, we also calculated
the asymmetric component of the composite SSTA for total El Nifio and total La Nifia
events (Figure 3b). Here, the asymmetric component is defined as the sum of the composite
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El Nifio and La Nifia SSTA, following [45]. It was shown that the pattern of asymmetric
component of SSTA between total El Nifio and La Nifia resembles the SSTA skewness to a
large extent. In the following, we will analyze the physical cause of the spatial structure
asymmetry of El Nifio and La Nifia based on a mixed-layer heat budget analysis. To reveal
general nonlinear dynamical heating feature of ENSO, we will compose all El Nifio and La
Nifa cases. As the positive (negative) skewness is mainly located to the east of 120° W (west
of 170° W), the mixed-layer heat budget analysis will be conducted over the equatorial
central Pacific (5° N-5° 5, 160° E-170° W, red box in Figure 3) and the equatorial eastern
Pacific (5° N-5° S, 120°-90° W, blue box in Figure 3).

(a) SSTA Skewness (b) Asymmetric Component (El Nifio + La Nifia)
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Figure 3. (a) DJF SSTA skewness; (b) asymmetric component of composite SSTA (shading, °C) for
total El Nifio and La Nifia events. Red box denotes the central Pacific (5° N-5° S, 160° E-170° W) and
blue box represents the eastern Pacific (5° N-5° S, 120°-90° W).

4. The Physical Causes of the Spatial Structure Asymmetry between El Nifio and
La Nifia

In this section, the mixed-layer heat budget results will be shown to reveal the physical
causes of the spatial structure asymmetry between El Nifio and La Nifia. As we examine
the SSTA spatial structure during ENSO mature phase, the MLT budget is conducted
towards ENSO developing phase (June-November). Figure 4 shows the MLT budget results
for El Nifio and La Nifia over the equatorial central Pacific and the eastern Pacific. Note
that an eastward extension of the diagnosis region in the equatorial eastern Pacific by 10°
yields similar results. Although the MLT budget is not exactly in a balance due possibly
to some subgrid processes and the uncertainties of ocean reanalysis data and heat flux
data, the relative strength of the MLTA tendency terms (dT’dt) calculated directly from
the reanalysis data also show similarities to that calculated by Equation (1) (sum term)
(Figure 4a,b), giving us the confidence to make further analyses. It was shown that over the
central Pacific, the amplitude of the MLT tendency is stronger for La Nifia than El Nifio
(Figure 4a), indicating that the negative SSTA development for La Nifa is larger than the
positive SSTA development for El Nifio. In contrast, over the eastern Pacific, the positive
MLT tendency for El Nifio is stronger than its negative counterpart for La Nifia (Figure 4b),
which suggests a larger growth for El Nifio events. Moreover, Figure 4 shows that the MLT
tendency is mostly contributed by the dynamic terms, while the net surface heat flux terms
tend to dampen the SSTA development for both El Nifio and La Nifia.

In the following, we will focus on explaining the role of the dynamic terms in causing
the asymmetry of MLT tendency for El Nifio and La Nifia events over the equatorial central
and the eastern Pacific, respectively. For the dynamic terms (zonal/meridional / vertical
ocean temperature advection), each term is further decomposed into two linear and one
nonlinear term (see description of the linear and nonlinear terms in Section 2.2) following
Su et al. [13]. Figure 5a,b shows the decomposition of temperature advection terms into
linear and nonlinear terms for El Nifio and La Nifia events over the equatorial central
Pacific (Figure 5a) and the eastern Pacific (Figure 5b). Note that over the equatorial central
Pacific region (Figure 5a), the linear term for El Nifio is positive and La Nifia is negative,
which favors the development of positive (negative) SSTA for El Nifio (La Nifia) events.
However, the nonlinear terms are negative for both El Nifio and La Nifia, which tend to
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weaken the El Nifio and strengthen the La Nifia development in this particular region. It is
interesting to note that although the linear terms for El Nifio in the region are larger than
those of La Nifa, the total advection contribution for El Nifo is smaller than that of La
Nifia due to the nonlinear advective effect (Figure 5a). This explains physically why the
ocean dynamics over the equatorial central Pacific are more favorable for the growth of
La Nifia than El Nifio. On the contrary, such an ocean dynamic role is very different over
the equatorial eastern Pacific. Figure 5b shows that whereas the linear advection terms
are positive for El Nifio and negative for La Nifia, which contributes to the growth of both
El Nifio and La Nifia, the nonlinear advection terms are positive for both El Nifio and La
Nifia. This implies that the nonlinear terms tend to enhance El Nifio but weaken La Nifia.
While the sum of the linear terms for El Nifio is comparable to that of La Nifia, the total
dynamic advection tendency for El Nifio is almost three times as large as that of La Nifia
but due to the addition of the nonlinear terms (Figure 5b). This indicates that over the
equatorial eastern Pacific, the ocean dynamics are more favorable for the growth of El Nifio
than La Nifia.
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Figure 4. The mixed —layer budget results over the (a) equatorial central Pacific (5° S-5° N, 160° E—
170° W) and (b) the eastern Pacific (5° S-5° N, 120°-90° W). Along the x axis is the observed
MLT tendency, the MLT tendency calculated by (Equation (1)), the three-dimensional total ocean
temperature advection, the surface heat flux. Hatched bar and dotted bar represent composite results
for El Nifio and La Nifia events, respectively.

Therefore, our budget analysis demonstrates that the nonlinear advection terms play
important roles in shifting the ENSO center locations and causing asymmetric spatial
structure between El Nifio and La Nifia. In the following, we further analyzed individual
nonlinear advection terms in the equatorial central/eastern Pacific region, and the results
are shown in Figure 5¢,d. It was noted that in the equatorial central Pacific, nonlinear
horizontal and vertical temperature advection terms are negative for both the El Nifio and
La Nifia events, thus favoring a stronger La Nifia and a weaker El Nifio. Compared with
the nonlinear horizontal advection, the nonlinear vertical advection plays a minor role over
the central Pacific. In the eastern Pacific, the anomalous horizontal nonlinear temperature
advection terms tend to be positive for both El Nifio and La Nifia, thus favoring a stronger
growth of El Nifio than La Nifia. However, the nonlinear vertical temperature advection is
negative for both, which tends to offset the nonlinear horizontal advection effect.

How does the nonlinear temperature advection affect the ENSO spatial structure asym-
metry? To answer this question, we first examined the longitude-depth cross-section of the
anomalous ocean temperature and ocean currents along the equatorial region (Figure 6a,b).
For El Nifio, the highest MLT anomaly is around 120° W and the zonal current anomaly
in the mixed layer is eastward (u’ > 0) from central to the eastern Pacific (Figure 6a). Ac-
cording to Su et al. [13], zonal current anomaly is dominated by the geostrophic current in
association with the thermocline depth variation. Therefore, the eastward current anomalies
lead to a negative zonal nonlinear advection (—u/0T//0x < 0) over the central Pacific (west
of 170° W) while leading to a positive zonal nonlinear advection (—u/dT//dx > 0) over the
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eastern Pacific (east of 120° W) (Figure 6a). Therefore, the zonal nonlinear advection tends
to weaken El Nifio in the central Pacific, while strengthening El Nifio in the eastern Pacific.
For the La Nifia composite, the lowest MLT anomaly is also around 120° W. The anomalous
westward current (u’ < 0) leads to a negative zonal nonlinear advection (—u/dT//dx < 0)
over the central Pacific (west of 170° W) while inducing positive zonal nonlinear advection
(—uwdTr/9x > 0) over the eastern Pacific (east of 120° W) (Figure 6b). Therefore, La Nifa
tends to be strengthened in the central Pacific but weakened in the eastern Pacific due to
the effect of nonlinear zonal advection.
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Figure 5. The advection terms over the (a) equatorial central Pacific (5° S-5° N, 160° E-170° W) and
the (b) eastern Pacific (5° S-5° N, 120°-90° W). Along the x axis is the total advection terms, linear
advection terms and nonlinear advection terms. (c,d) Decomposition of nonlinear advection terms.
Along the x axis is the total nonlinear advection, zonal nonlinear advection, meridional nonlinear
advection and vertical nonlinear advection. Hatched bar and dotted bar represent composite results
for El Nifio and La Nifia events, respectively.
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Figure 6. Longitude—depth cross—section of the anomalous ocean temperature (shading; unit:
°C) and zonal currents (vector; unit: m-s~1)/vertical currents (vector; unit: 10* m-s~1) along the
equatorial region (within +5°) at the development stage (June—November) of (a) El Nifio and (b) La
Nifa.
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Then, we analyzed the nonlinear meridional temperature advection via the
longitudinal-depth cross-section of the ocean temperature and currents anomaly
(Figure 7). It can be seen that for El Nifio (La Nifia), over the central Pacific, the maximum
(minimum) MLT anomaly is located near the equator (Figure 7a,b) and the anomalous
Ekman-induced meridional current is equatorward (poleward) in both hemispheres, caus-
ing negative nonlinear meridional advection (—v/0T//dy < 0) for both El Nifo and La
Nifia (Figure 7a,b). However, over the eastern Pacific, although the maximum (minimum)
MLT anomaly for El Nifio (La Nifia) locates slightly south of the equator, the meridional
current is northward (southward) (Figure 7c,d), which both generates positive meridional
nonlinear advection (—v/dT//dy > 0) (Figure 7c,d). According to Su et al. [13], over the
eastern Pacific, due to the presence of climatological ITCZ (Inter-Tropical Convergence
Zone) north of the equator, although the maximum (minimum) MLTA locates south of
the equator, the anomalous convergence (divergence) appears north of the equator, which
generates northward (southward) current for El Nifio (La Nifia). Therefore, the negative
meridional nonlinear temperature advection tends to weaken (strengthen) El Nifio (La
Nifia) in the central Pacific while the positive meridional nonlinear temperature advection
tends to strengthen (weaken) El Nifio (La Nifia) in the eastern Pacific.
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Figure 7. Latitudinal —depth cross—section of the anomalous ocean temperature (shading; unit: °C)
and meridional currents (vector; unit: m-s—1)/vertical currents (vector; unit: 10* m-s—1) averaged
over the central Pacific (160° E-170° W) at the development stage (June-November) of (a) El Nifio
and (b) La Nifa. (c,d) are the same as (a,b) but are averaged over the eastern Pacific (120°-90° W).

In addition, as the vertical temperature gradient is smaller in the mixed layer over the
central Pacific (Figure 7a,b), the nonlinear vertical advection is small and plays a minor
role. Over the eastern Pacific, the equatorial region (5° S-5° N) is dominated by anomalous
downwelling (upwelling) for El Nifio (La Nifia) due to the convergence (divergence) of
eastward (westward) geostrophic current [13]. This downwelling (upwelling) generates
negative nonlinear vertical advection given the negative (positive) vertical temperature
gradient (Figure 7c,d), acting to offset the nonlinear horizontal advection effects.
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Therefore, it was found that nonlinear horizontal temperature advection, namely the
nonlinear zonal and meridional advection are mainly responsible for the spatial structure
asymmetry between El Nifio and La Nifia. Over the equatorial central Pacific, zonal and
meridional nonlinear temperature advection terms tend to be negative for both the El Nifio
and La Nifia events, thus favoring the development of a stronger La Nifia and a weaker El
Nifio. Towards the eastern Pacific, the nonlinear horizontal temperature advection terms
tend to be positive for both El Nifio and La Nifia, thus favoring a stronger growth for El
Nifio than La Nifia. Anomalous nonlinear vertical temperature advection plays a minor
role in the central Pacific and tends to offset the nonlinear horizontal advection effect in the
equatorial eastern Pacific.

5. Conclusions and Discussions

In this study, the structure asymmetry between strong and weak El Nifio and La Nifia
episodes is revealed via observational analyses. By decomposing El Nifio and La Nifia
events into a strong group and a weak group, it was found that the strong El Nifio group
tends to shift its peak SSTA center towards the east relative to the weak El Nifio group,
whereas the strong La Nifia group tends to shift its center towards the west compared to the
weak La Nifia group. This zonally asymmetric feature of ENSO spatial structure is closely
linked to the longitudinal distribution of SSTA skewness along the equator. Positive SSTA
skewness appears in the equatorial eastern Pacific, while negative skewness is located in
the equatorial central Pacific, implying that the amplitude of El Nifio events is stronger
(weaker) than La Nifia events in the equatorial eastern (central) Pacific. The skewness
distribution is consistent with the ENSO structure asymmetry characteristic.

A further diagnosis of the ocean mixed-layer heat budget for El Nifio and La Nifia
events demonstrates the importance of the nonlinear dynamic heating in contributing to
the aforementioned ENSO pattern asymmetry. Although the linear terms contribute to the
growth of both El Nifio and La Nifia in the equatorial central and the eastern Pacific, the
nonlinear dynamic terms tend to be negative (positive) for both the El Nifio and La Nifia
events in equatorial central (eastern) Pacific (Figure 8), causing a stronger growth of La
Nifia (El Nifio) over the equatorial central (eastern) Pacific.

The cause of the distinctive nonlinear temperature advection processes for El Nifio
and La Nifia is further investigated and shown in a schematic diagram (Figure 8). Over
the central Pacific, the westward (eastward) zonal currents for La Nifa (El Nifio) cause
anomalous negative nonlinear zonal advection for both El Nifio and La Nifia. Meanwhile,
the meridional current anomalies in CP are equatorward for El Nifio and poleward for
La Nifia (Figure 8), which leads to a negative meridional nonlinear advection for both
El Nifio and La Nifia (Figure 8). Over the equatorial eastern Pacific, as the maximum
SSTA center is located near 120° W, the westward (eastward) zonal currents for La Nifia
(El Nifio) cause anomalous positive nonlinear zonal advection for both El Nifio and La
Nifia. Meanwhile, as the SSTA center associated with ENSO is located slightly south of
the equator, the anomalous northward (southward) meridional current during El Nifio (La
Nina) (Figure 8) causes a positive nonlinear meridional temperature advection anomaly for
both El Nifio and La Nifia (Figures 7c,d and 8a,b).

To sum up, the mixed-layer budget analysis results indicate that the nonlinear hori-
zontal temperature advection terms play an important role in causing the distinctive ENSO
pattern asymmetry shown in Figure 2. Some previous studies [12,29] suggested a “ther-
mocline outcropping” mechanism. The key premise behind this mechanism is the impact
of the mean state on the anomalous wind stress-thermocline depth relationship. Because
the mean ocean thermocline depth is shallow in the equatorial eastern Pacific, a nonlinear
relation between anomalous wind stress in the central Pacific and anomalous thermocline
anomaly in the eastern Pacific was assumed, that is, a westerly wind stress anomaly in the
central Pacific could lead to a positive thermocline depth anomaly in the eastern Pacific, but
an easterly wind stress anomaly in the central Pacific could not cause a comparable negative
thermocline depth anomaly in situ because the thermocline might outcrop to the surface.
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An opposite argument was applied to the warm ocean such as the central Pacific or Indian
Ocean where the mean thermocline is deep. In an Indian Ocean Dipole (IOD)-related work,
it was demonstrated that such an argument is faulted [46]. Our further analysis (figure not
shown) shows a linear relationship between the zonal wind stress anomaly in the central
Pacific and the thermocline depth anomaly in the eastern Pacific (with a linear correlation
coefficient of 0.9). There is no obvious asymmetry between positive and negative events,
and the thermocline depth anomaly associated with La Nifia can reach a similar amplitude
as El Nifio. Based on these results, we argue that the background mean SST/thermocline
depth distribution does not play a critical role in causing the El Nifio and La Nifia pattern
asymmetry discovered in the current study.

(a) El Nifio — developing June-November
N

Central Pacific Eastern Pacific
= Negative horizontal Positive horizontal
10°N nonlinear advection nonlinear advection
i t !
' =
T = =0
O, e e e R i
ar’ T’
10°S —u' =<0 _u";LN,
ar’ i gf'
el —_ —
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(b) La Nifa — developing June-November
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Figure 8. Schematic diagram of nonlinear horizontal advection in causing spatial structure asymmetry
for El Nifio (a) and La Nina (b). Black/Green vectors indicate anomalous zonal/meridional cur-
rents; red /blue shading represents the El Nifio—related /La Nifia—related mixed—layer temperature
anomaly during ENSO developing June-November).

Moreover, given the observed characteristic shown in Figure 2, it is natural to ask
what is the capability of the current state-of-art coupled atmosphere—ocean models in
reproducing the ENSO pattern asymmetry feature. Therefore, a further diagnosis of
the coupled model (such as CMIP6) simulations is needed. In addition to revealing the
asymmetric spatial SSTA patterns, the diagnosis of the model’s nonlinear dynamical heating
processes is also needed. Such diagnosis works will be performed in future endeavors.
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