
1.  Introduction
Tropical Instability Waves (TIWs) are oceanic mesoscale waves that develop in the equatorial Pacific and Atlan-
tic. They propagate westward as cusp-like perturbations that ride on the sea surface temperature (SST) fronts 
on both sides of the equatorial cold tongue, and have a wavelength range of 1,000–2,000 km, a period range of 
10–40 days, and a phase speed of ∼0.5 m/s (Legeckis, 1977; Philander, 1978; Weisberg & Weingartner, 1988). 
In the equatorial Pacific, TIWs represent the primary source of mesoscale variability. It is found that TIWs 
are generated as a result of barotropic instability induced by the meridional velocity shear within the equato-
rial current system, and baroclinic instability induced by the temperature gradient within the temperature fronts 
on the northern side of the equatorial cold tongue (e.g., Masina et  al., 1999; Qiao & Weisberg, 1998; Wang 
et al., 2020; Z. Yu et al., 1995). These instability processes are well connected to the thermodynamic structure of 
the eastern Pacific's equatorial cold tongue (J.-Y. Yu & Liu, 2003).
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interannual evolution of TIWs during the multiyear La Niña.
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TIWs exhibit intense seasonal and interannual variations (Boucharel & Jin, 2019). Modulated by the seasonal 
cycles of the meridional velocity shear and temperature gradient near the equator, TIWs develop in the boreal 
(“boreal” will be omitted henceforth) summer and reach their peak during autumn and winter (Legeckis, 1977; 
Wang et al., 2017, 2019). On the interannual timescale, TIW activity is strongly modulated by the El Niño-Southern 
Oscillation (ENSO) (Boucharel & Jin, 2019), which is the dominant mode of the global interannual climate varia-
bility, oscillating between warm (El Niño) and cold (La Niña) phases. ENSO events generally develop in summer, 
peak in winter, and decay in the spring of the following year. During the developing year of La Niña events, 
the activity of TIWs is more intense due to the strengthened equatorial cold tongue, enhancing the meridional 
temperature gradient and thus making the background flow more baroclinically unstable. The opposite is true 
during El Niño events (An, 2008; Contreras, 2002; Yang & Liang, 2019; J.-Y. Yu & Liu, 2003).

Previous studies have shown that TIWs do not just respond passively to the background ocean state. Strong feed-
backs from TIWs on the mean state and seasonal cycle of the eastern Pacific Ocean have been identified (Hansen 
& Paul, 1984; Imada & Kimoto, 2012; Jochum et al., 2007; Maillard, Boucharel, Stuecker, et al., 2022; Menkes 
et al., 2006). For instance, TIWs act to warm up the cold tongue and reduce the meridional temperature gradient 
by equatorward heat flux (Hansen & Paul, 1984; Jochum et al., 2007; Menkes et al., 2006). They also reduce the 
mean strength of the Equatorial Undercurrent (EUC), which results in a cooling effect that partly counterbalances 
the warming effect provided by the anomalous TIW-induced heat flux (Maillard, Boucharel, & Renault, 2022). 
In addition, recent studies reported that the TIW-induced warming effect tends to be stronger during La Niña 
than El Niño. This asymmetric feedback may be responsible for the ENSO amplitude asymmetry (e.g., An, 2008; 
Vialard et al., 2001).

In contrast to El Niño events which usually persist for 1 year, La Niña events tend to persist through the subse-
quent one or 2 years and often re-intensify during the subsequent winters (e.g., DiNezio & Deser, 2014; Hu 
et al., 2014; Kessler, 2002; Ohba & Ueda, 2009; Okumura et al., 2011). Previous studies have shown that multi-
year La Niña events account for 35%–50% of total La Niña events (e.g., Okumura & Deser, 2010). These events 
can bring different climate impacts during their different periods (e.g., Okumura et al., 2017; Zhu & Yu, 2022). 
The thermodynamic structure of the equatorial cold tongue is quite different between the first-year La Niña and 
the second-year La Niña when a multiyear La Niña occurs (Feng et al., 2015; Hu et al., 2014; Park et al., 2021; 
Wu et  al.,  2019; Zheng et  al.,  2015). Anomalous cool water persists in the near-surface layer of off-equator 
regions of the eastern Pacific in the second year, which is not observed in the first year. This leads to a weaker 
meridional temperature gradient in the eastern Pacific during the second year compared to the first year (Chen 
et al., 2022; Geng et al., 2023). In addition, Hu et al. (2017) observed that the South Equatorial Current (SEC) 
is weaker during the second year compared to the first year. As the development of TIWs is controlled by the 
meridional temperature gradient and velocity shear, it is expected that the differences in the cold tongue and the 
equatorial current system can impact the generation of TIWs during the different years of the multiyear La Niña 
event. This motivates us to conjecture that a multiyear La Niña may impact the TIWs in a way different from a 
single-year La Niña.

So far, how multiyear La Niña events modulate the interannual TIW activities remains unclear. This study 
aims to address this issue, using a functional analysis tool, multiscale window transform (MWT) (Liang & 
Anderson, 2007), and the canonical transfer theory (Liang, 2016). We begin by introducing the methodology 
and data in Section 2, followed by a demonstration of the distinctly different influences on the TIW activities 
in different developing years exerted by the multiyear La Niña events (Section 3). The study is summarized and 
discussed in Section 4.

2.  Method and Data
2.1.  Quantification of Instability Energy Pathways

The main goal of this study is to quantify the two main energy pathways responsible for generating the TIWs, 
namely, the barotropic instability energy pathway (BT, kinetic energy transfer from the background flow scale to 
the TIW scale) and the baroclinic instability energy pathway (BC, potential energy transfer from the background 
flow scale to the TIW scale, and then converted into kinetic energy on the TIW scale). To achieve this, first, 
we need to separate the background flow and TIW perturbations from the raw signals. The classical formalism 
(e.g., Lorenz, 1955; von Storch et al., 2012) based on Reynolds mean-eddy decomposition does not work here 
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because it is formulated with temporal (or zonal) averaging and hence is inappropriate to investigate energy burst 
processes such as the TIW formation. A common practice in the literature in remedying this is to use filters. For 
instance, a velocity field 𝐴𝐴 𝐴𝐴(𝑡𝑡) can be filtered into two components, that is, 𝐴𝐴 𝐴𝐴(𝑡𝑡) = 𝑢𝑢

′(𝑡𝑡) + 𝑢𝑢(𝑡𝑡) , in which 𝐴𝐴 𝐴𝐴
′(𝑡𝑡) repre-

sents the eddy component and 𝐴𝐴 𝑢𝑢(𝑡𝑡) represents the background component (also time-dependent). A fundamental 
but somehow overlooked question arises: what is the energy of the filtered field? It is very common in the liter-
ature to use 𝐴𝐴

[

𝑢𝑢(𝑡𝑡)
]2 and 𝐴𝐴

[

𝑢𝑢
′(𝑡𝑡)

]2 (up to some constant) as the energy of the background and eddy components. This 
practice is problematic because 𝐴𝐴

[

𝑢𝑢(𝑡𝑡)
]2
+
[

𝑢𝑢
′(𝑡𝑡)

]2 , that is, the total energy is not conserved. A simple example of 
the multiscale energy representation problem is shown in the appendix of Yang and Liang (2019). In fact, multi-
scale energy is a concept in phase space, such as that in the Fourier power spectrum. It is connected to physical 
energy by the Parseval's theorem.

To tackle the above problem, Liang and Anderson (2007) developed the MWT, a functional analysis tool that 
allows for a decomposition of signals onto several mutually orthogonal subspaces (referred to as scale windows 
𝜛 hereafter) while retaining their localized (i.e., time-dependent) information. For a  set of specially designed 
orthogonal filters, Liang and Anderson (2007) found that a pair of transform coefficient and reconstruction exists, 
just analogous to the Fourier transform and its inverse. The reconstruction is just like the conventional filter, while 
the transform coefficient, defined in the phase space, allows for a faithful representation of the energy on a certain 
scale window. Liang and Anderson (2007) proved that the energy on a scale window 𝜛 is proportional to the square 
of the transform coefficient, that is, (�̂∼�� )2 , where (̂⋅)�∼� is the MWT operator (n denotes the discrete time step).

Using MWT, we decompose the original fields into three orthogonal scale windows, namely, a background flow 
window (with periods >48 days), a TIW window (with periods 12–48 days), and a high-frequency (submesos-
cale) window (with periods <12 days), which are denoted by ϖ = 0, 1, 2, respectively. The definition of the 
TIW window is based on the major period of TIWs (Lyman et al., 2007; Qiao & Weisberg, 1995, 1998), and 
is consistent with our previous study that analyzes the TIW energetics using MWT (He et al., 2023). Using the 
MWT transformed coefficients, the multiscale KE and the available potential energy (APE) are

�� = 1
2
�0�̂∼�

ℎ ⋅ �̂∼�
ℎ ,� (1)

and

�� = �
2
(

�̂∼�
)2,� (2)

respectively, where 𝐴𝐴 𝒖𝒖ℎ is the horizontal velocity, ρ0 = 1 025 kg m −3 is the reference density of seawater, and ρ is 
the density perturbation from a background reference profile 𝐴𝐴 𝜌𝜌(𝑧𝑧) , that is, the time- and area- mean of the original 
density field at each depth, 𝐴𝐴 𝐴𝐴 =

g2

𝜌𝜌0
2𝑁𝑁2

 (𝐴𝐴 𝐴𝐴 =

√

−
g

𝜌𝜌0

𝜕𝜕𝜌𝜌

𝜕𝜕𝜕𝜕
 , g = 9.8 m s −2).

Based on MWT, BT and BC can be quantitatively described by the cross-scale transfer of KE and APE from 
the background flow window to the TIW window (Liang & Anderson, 2007). As proved in Liang (2016), the 
cross-scale KE and APE transfers are given by:

Γ�
� =

�0
2

[

(̂���)
∼�

∶ ∇�̂∼�
ℎ − ∇ ⋅ (̂���)

∼�
⋅ �̂∼�

ℎ

]

� (3)

and

Γ�
� = �

2

[

(̂��)
∼�

⋅ ∇�̂∼� − �̂∼�∇ ⋅ (̂��)
∼�]

,� (4)

respectively, where the colon “𝐴𝐴 ∶ ” is the double-dot product of two dyads.

The above transfer matrices follow a conservation law:
∑

𝑛𝑛

∑

𝜛𝜛

Γ𝜛𝜛

𝑛𝑛 = 0,� (5)

which indicates that the sum of cross-scale transfers over all sampling time steps n and windows 𝜛 is equal to 
0. [The subscript n is omitted in the aforementioned equations for simplicity]. This property suggests that these 
transfers neither produce nor consume energy; their sole function is the redistribution of energy within the phase 
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(frequency) space. It is worth noting that this seemingly fundamental property does not hold in other traditional 
energetics formalisms. To distinguish, 𝐴𝐴 Γ𝜛𝜛 is referred to as “canonical transfer” (Liang, 2016).

Note that the canonical transfers in Equations 3 and 4 should be further decomposed to pick out the window-window 
interactions within our three-scale window framework. This is fulfilled by the “interaction analysis” as illustrated 
in Liang and Robinson (2005). The following briefly describes the procedure. Note that 𝐴𝐴 Γ𝜛𝜛 is just a linear combi-
nation of some triple product terms like

Γ� = ℜ̂∼�(�̂�
)∼�.� (6)

It can be decomposed, taking the TIW window (𝐴𝐴 𝐴𝐴 = 1 ) for example, as:

Γ1 = ℜ̂∼1(�̂�
)∼1 = ℜ̂∼1

̂(

2
∑

�1=0

�∼�1

2
∑

�1=0

�∼�1

)

∼1

= ℜ̂∼1
[

̂(�∼0�∼0)
∼1

+ ̂(�∼0�∼1)
∼1 ̂+(�∼1�∼0)

∼1
]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Γ0→1

+ ℜ̂∼1
[

̂(�∼1�∼2)
∼1

+ ̂(�∼2�∼1)
∼1 ̂+(�∼2�∼2)

∼1
]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Γ2→1

+ ℜ̂∼1
[

̂(�∼0�∼2)
∼1

+ ̂(�∼2�∼0)
∼1
]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Γ0

⨁

2→1

+ ℜ̂∼1
[

̂(�∼1�∼1)
∼1
]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Γ1→1

.

� (7)

On the right side of the Equation  7, the first term 𝐴𝐴 Γ0→1 represents the energy transfer from the background 
flow window (ϖ = 0) to the TIW window. A positive 𝐴𝐴 Γ0→1

𝐾𝐾
 indicates a KE transfer to the TIW window from 

the background flow window via BT (i.e., K 0 → K 1). The APE stored in the background flow window can be 
released to the TIW window, and then converted to the TIW-scale KE (hereafter referred to as TIW EKE for 
brevity) through BC (i.e., A 0 → A 1 → K 1), where a positive APE transfer 𝐴𝐴 Γ0→1

𝐴𝐴
 represents an APE transfer from 

the background flow window to the TIW window (A 0 → A 1) and a positive buoyancy conversion −b 1 (expressed 
as 𝐴𝐴 −𝑔𝑔𝑔𝑔𝑔∼𝜛𝜛𝑤̂𝑤∼𝜛𝜛 ) signifies the conversion from the TIW APE to the TIW EKE (A 1 → K 1). However, in Equa-
tion 4, the quasi-geostrophic definition of APE has been adopted, which may not provide sufficient accuracy 
for the near-surface layer where TIWs are concentrated, as intense density perturbation along with weak strat-
ification exists in this layer. So in evaluating 𝐴𝐴 Γ0→1

𝐴𝐴
 , Equation 4 may not be accurate enough. We hence, instead, 

use −b 1 (i.e., the second phase of BC) to make the inference of the baroclinic instability pathway, following He 
et al. (2023). Therefore, in this study, the strength of TIW activity, BT, and BC are quantitatively described by 
K 1, 𝐴𝐴 Γ0→1

𝐾𝐾
, and −b 1, respectively. But caution should be used here, since in general −b 1 may be quite different from 

𝐴𝐴 Γ0→1

𝐴𝐴
 (see, e.g., Liang & Robinson, 2004).

In this study, we introduce the high-frequency window (ϖ = 2) to separate TIW signals from the submesoscale 
signals in the eastern tropical Pacific Ocean, as was done in our previously published paper (He et al., 2023). 
In that study, we have shown that the energy transfer between the TIW and the submesoscale variability (𝐴𝐴 Γ2→1 ) 
is negligible compared to that between the TIW variability and the background flow (𝐴𝐴 Γ0→1 ), suggesting that the 
high-frequency submesoscale variability is not likely to have a significant influence on the TIW activity. In addi-
tion, the 𝐴𝐴 Γ0

⨁

2→1 and 𝐴𝐴 Γ1→1 terms in Equation 7 are negligibly small. Therefore, these three terms 𝐴𝐴 Γ2→1 , 𝐴𝐴 Γ0
⨁

2→1 , 
and 𝐴𝐴 Γ1→1 will not be considered in this study.

2.2.  Data

Monthly 1 ° × 1 ° SST data is distributed by Hadley Center sea ice and sea surface temperature (HadISST; Rayner 
et al., 2003) is used for the period 1993–2022. In the absence of geostrophic balance within the equatorial band, 
geostrophic surface currents derived from satellites often lead to an underestimation of the TIW signal near 
the equator, as noted in previous studies (He et al., 2023; Tuchen et al., 2018). Furthermore, certain variables 
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essential for analyzing the generation mechanisms of TIWs, such as vertical velocity and density, are not provided 
by the observation. To overcome these limitations, we use outputs from the daily 1/12° Global Ocean Physics 
Reanalysis (GLORYS12V1) for the period 1993–2020 from Copernicus Marine and Environment Monitoring 
Service (CMEMS) (Jean-Michel et al., 2021). We will refer to this data set as GLORYS hereafter. The GLORYS 
product has 50 levels in the vertical. Since the TIW signals are concentrated in the near-surface layer, we use 
only the top 28 levels spanning the 0–300 m depth range. It is worth noting that the comparison between different 
oceanic reanalysis data sets has shown that GLORYS can realistically simulate the TIW activity in the equatorial 
Pacific (Xue et al., 2023). Daily global surface geostrophic current data from the Archiving, Validation, and Inter-
pretation of Satellite Oceanographic Data (AVISO) on a 1/4 ° × 1/4 ° grid is used for the period 1993–2022. This 
data set is derived from the observations of multiple satellite altimeters (Traon et al., 1998) and will be referred 
to as AVISO hereafter. We use AVISO to validate the results from GLORYS and examine the latest multiyear La 
Niña event (2020–2022).

2.3.  Definition of the Multiyear La Niña

The Niño-3.4 index is the SST anomaly averaged over the region 170°W–120°W and 5°S–5°N from HadISST. A 
La Niña event is defined when a 5-month moving average of the Niño-3.4 index is lower than or equal to −0.5℃ 
in a period longer than 5 months. A multiyear La Niña event is defined as two La Niña events occurring during 
two consecutive winters. During the period 1993–2023, five multiyear La Niña events (1998–2001, 2007–2009, 
2010–2012, 2016–2018, 2020–2023) are identified. These results are consistent with the La Niña years observed 
in the Oceanic Niño Index provided by NOAA (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ONI_v5.php). We refer to the first developing year of each multiyear La Niña event (1998, 2007, 2010, 
2016, 2020) as the first year, and the second La Niña developing year (1999, 2008, 2011, 2017, 2021) as the 
second year. For the 1998–2001 and 2020–2023 multiyear La Niña events which persisted for 3 years, we only 
consider the first 2 years (1998–2000 and 2020–2021), as the similarity between the second and third years of the 
multiyear La Niña event is still controversial and thus previous multiyear ENSO studies generally only considered 
the first 2 years (e.g., Park et al., 2021; Wu et al., 2019). Note that due to the time limit of the GLORYS data 
set, the latest multiyear La Niña event (2020–2022) is only considered in the results using HadISST and AVISO.

3.  Results
3.1.  Background State

We first examine differences between the SST patterns in the TIW active season (June–February) of the first and 
second years of the multiyear La Niña events during 1993–2022. In addition to the common feature of the La 
Niña phenomenon, that is, the anomalous SST cooling over the equatorial Pacific, composite maps of the SST 
anomalies capture the contrast between the different years (Figure 1). The key difference appears in the merid-
ional distribution of the SST anomalies. During the first year, the development of the anomalous SST cooling 
is restricted to the equatorial region in summer (June-July-August, JJA) and autumn (September-October-No-
vember, SON) (Figures 1a1 and 1a2). In contrast, during the second year, the anomalous SST cooling is more 
meridionally widespread, affecting off-equator regions in the same seasons (Figures 1b1 and 1b2). As a result, 
the meridional SST gradient in the equatorial eastern Pacific is weaker during the second year compared to the 
first year. The above description is consistent with previous studies (Chen et al., 2022; Feng et al., 2015; Geng 
et al., 2023; Hu et al., 2014; Park et al., 2021; Zheng et al., 2015). In winter (December-January-February, DJF), 
the difference in the meridional SST gradient is no longer evident, but the SST east of 120°W is cooler during the 
second year compared to the first year (Figures 1a3 and 1b3).

Next, we investigate the differences between the first and second years of the multiyear La Niña events during 
1993–2018 in the equatorial cold tongue and current system by depicting depth-latitude distributions of the 
composited density and zonal velocity anomalies, respectively. Between 0 and 160 m, the long-term mean density 
on the equator is larger than that on both sides of the equator (Figures 2a1–2b3), revealing the cold tongue on the 
equator and the thermocline troughs on both sides of the equator (Wang et al., 2017). Throughout the first year, 
the density in the first 160 m is strengthened at the equator (Figures 2a1–2a3), consistently with the anomalous 
SST cooling restricted to the equatorial region (Figures 1a1–1a3), indicating a strengthening of the cold tongue. 
In contrast, during the summer of the second year, the density is strengthened on both sides of the equator 

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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(Figure 2b1), consistently with the anomalous SST cooling over the off-equator regions (Figure 1b1). Further-
more, in the autumn and winter of the second year, the positive density anomalies in the first 80 m are stronger on 
both sides of the equator and weaker on the equator (Figures 2b2 and 2b3) compared to the first year (Figures 2a2 
and 2a3). The distributions of the density anomalies during the second year reflect a relatively weak equatorial 
cold tongue and a weakened thermocline trough on the north side of the equator. This is due to the anomalous 
surface and subsurface cool water persisting in the off-equator region of the tropical eastern Pacific only during 
the second year, which is the signal of the westward Rossby wave reflected at the oceanic eastern boundary in the 
winter of the first year (Feng et al., 2015; Hu et al., 2014; Park et al., 2021; Wu et al., 2019; Zheng et al., 2015).

The long-term mean zonal velocity is positive on the equator between 40 and 200 m (Figures 2c1–2c3 and 2e), 
corresponding to the eastward EUC, while the negative velocity on both sides of the equator between 0 and 100 m 
corresponds to the westward SEC (Figures 2c1–2c3 and 2e). North of the equator, the long-term mean zonal 
velocity is positive between 4°N–9°N and 0–120 m, corresponding to the eastward North Equatorial Counter-
current (NECC) (Figures 2c1–2c3 and 2e). In the summer, autumn, and winter of both the first and second years, 
there are significant positive zonal velocity anomalies near the EUC (Figures 2c1–2c3 and 2d1–2d3), indicating 
that the EUC is strengthened. In the summer and autumn of the first year and the autumn of the second year,  there 
are significant negative zonal velocity anomalies about the SEC (especially the northern branch of SEC) and 
between the northern branch of SEC (nSEC) and NECC (Figures 2c1, 2c2, and 2d2), suggesting that SEC is 
strengthened and the nSEC is shifted northward. During the first year, the positive zonal velocity anomalies 
about the EUC and the negative zonal velocity anomalies about the nSEC are stronger in summer and autumn 
(Figures 2c1 and 2c2) than those during the second year (Figures 2d1 and 2d2), representing that the EUC and 
nSEC are more strengthened. In the winter of both the first and second years, only the EUC is significantly 
strengthened (Figures 2c3 and 2d3); and there are still negative zonal velocity anomalies between the nSEC and 
NECC, suggesting that the nSEC is still abnormally far north (Figures 2c3 and 2d3). Besides, the EUC is still 
stronger in the winter of the first year (Figure 2c3) compared to the second year (Figure 2d3). As the nSEC is 
trapped in the equatorial front between the equatorial cold tongue and the thermocline trough in thermal–wind 
balance (Wang et al., 2017), the weaker meridional density gradient across the equatorial front in the summer and 
autumn of the second year can explain the weakening of the nSEC. The strengthening of trade winds during La 
Niña drives an enhanced zonal wind stress over the western and central equatorial Pacific (Izumo, 2005), which 
can explain the strengthening of the EUC (Figures 2c1–2c3 and 2d1–2d3) as the EUC is driven by the integrated 
wind stress over the equatorial Pacific (McPhaden, 1993). It is expected that the differences in the equatorial 
current system and cold tongue can impact the generation of TIWs.

Figure 1.  Composites of the sea surface temperature (SST) anomalies from HadISST (shadings, ℃) for (a1–a3) the first and (b1–b3) second years of the multiyear La 
Niña events during 1993–2022 in (a1 and b1) June-July-August, (a2 and b2) September-October-November, and (a3 and b3) December-January-February. The long-
term mean SST is superimposed, with solid contours above or equal to 26℃ and dashed contours below 26℃ (contour interval: 1℃). Hatched areas are significant at 
the 95% confidence level.
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3.2.  TIW EKE and Its Sources

We compare the anomalous TIW EKE (K 1) composited for the first and second years of the multiyear La Niña 
events during 1993–2018 respectively in Figures  3a1–3a3 and  3b1–3b3 as depth-latitude maps averaged in 
180°–100°W. During the first year, the TIW EKE anomalies exhibit significantly positive values north of the 
equator extending vertically from the surface to more than 160 m from summer to winter (Figures 3a1–3a3). 

Figure 2.  (a1–b3) The depth-latitude distributions of the composited density anomalies (ρ, shadings, kgm −3) averaged across 180°–100°W for (a1–a3) the first and 
(b1–b3) second years of the multiyear La Niña events during 1993–2018 based on GLORYS. (c1–d3) As in (a1–b3), but for the zonal velocity anomalies (u, shadings, 
ms −1). The long-term mean density and zonal velocity are superimposed as solid and dashed contours for positive and negative values on (a1–b3) and (c1–d3), with 
contour spacing of 0.5 kgm −3 and 0.2 ms −1, respectively. Hatched areas are significant at the 95% confidence level. (e) Horizontal distribution of the annual mean zonal 
velocity (u, shadings, ms −1) averaged vertically between the surface and 150 m.
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Conversely, during the second year, the TIW EKE anomalies are slightly weakened in summer (Figure 3b1) and 
significantly positive in autumn and winter (Figures 3b2–3b3) but still weaker compared to the first year. These 
results suggest a feature of the multiyear La Niña that TIWs are more active during the first year compared to the 
second year. We further analyzed the sources of TIW EKE to uncover the cause of such a feature in TIW activity 
during the multiyear La Niña.

Regard to the sources of TIW EKE, that is, BT (𝐴𝐴 Γ0→1

𝐾𝐾
) , and BC (−b 1), the background flow is more barotrop-

ically and baroclinically unstable during the first year, promoting the anomalous generation of TIWs, as seen 
in the substantial positive BT and BC anomalies north of the equator from summer to winter (Figures 3c1–3c3 
and 3e1–3e3), compared to the weaker positive BT and BC anomalies in the same period of the second year 
(Figures 3d1–3d3 and 3f1–3f3), respectively. The strengthened BT during the first year is located between the 
NECC and the enhanced nSEC, suggesting that it is caused by the strengthened meridional velocity shear that 
is produced by the anomalously enhanced and northward nSEC (Figures 2c1–2c3). The enhanced BC during 
the first year is located between the cold tongue and thermocline trough north of the equator, suggesting that 
it is caused by the increased meridional temperature shear on the north edge of the strengthened cold tongue 
(Figures  1a1–1a3 and  2a1–2a3), while the relatively attenuated BC during the second year is caused by the 
decreased meridional temperature shear between the weaker equatorial cold tongue and the weakened thermo-
cline trough (Figures 1b1–1b3 and 2b1–2b3). During the first year, the positive anomalies of BT are concentrated 
from the surface to 40–60 m (Figures 3c1–3c3), while those of BC are concentrated from 10 m to 160–200 m 
(Figures 3e1–3e3). This suggests that the BT anomalies favor the TIW anomalies near the surface, while the BC 
anomalies favor the TIW anomalies in the subsurface.

Figure 3.  The depth-latitude distributions of the composites of the tropical instability wave eddy kinetic energy (shadings, ×10 −2m 2 s −2) anomalies based on GLORYS 
averaged across 180°–100°W for (a1–a3) the first and (b1–b3) second years of the multiyear La Niña events during 1993–2018 based on GLORYS. (c1–d3) As in (a1–
b3), but for the BT anomalies (shadings, ×10 −8m 2 s −3). (e1–f3) As in (a1–b3), but for the BC anomalies (shadings, ×10 −8m 2 s −3). Hatched areas are significant at the 
95% confidence level.
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One can see that most of the TIW EKE, BT, and BC anomalies exist only in the Northern Hemisphere. The 
weaker BT and BC south of the equator result respectively from a weaker branch of the SEC and a weaker 
temperature front on this side of the equator. Consequently, the TIW variability is also weakened (e.g., Hansen & 
Paul, 1984; Masina et al., 1999; Z. Yu et al., 1995).

The area-averaged and vertically integrated results reveal distinct characteristics of seasonality of the TIW EKE anom-
aly and its sources between the first and second years (Figure 4). During the first year, the TIW EKE anomaly exhibits 
significantly positive from June to February (Figure 4a). In contrast, during the second year, it is significantly negative 
from June to July and only becomes significantly positive from November to February (Figure 4b). This disparity 
indicates a notable difference in the seasonality of the TIW EKE anomaly between the first and second years. TIW 
activity is enhanced from summer to winter during the first year, while it is suppressed in summer and enhanced in 
autumn and winter during the second year. The TIW EKE anomaly presents a striking contrast between the summers 
of the first and second years. For instance, in July, the TIW EKE during the first year is 3.0 m 3 s −2, which is 1.8 times 
the long-term mean TIW EKE (1.7 m 3 s −2) and twice the TIW EKE during the second year (1.5m 3 s −2), suggesting the 
distinct difference of TIW activity between the first and second years. Furthermore, both the BT and BC anomalies are 
significantly positive in the autumn of the first year, confirming that both the BT and BC anomalies contribute to the 
enhanced TIW EKE. Notably, the BC anomaly exhibits significantly greater strength than the BT anomaly in summer 
and February, with its evolution more closely aligned with that of the TIW EKE anomaly. During the second year, the 
BC anomaly is significantly negative in June and positive in winter, also aligning more closely with the seasonality of 
the TIW EKE compared to the BT anomaly, suggesting that BC plays a crucial role in modulating the TIW EKE during 
the second year. Overall, these results indicate that BC is vital for the impact of the multiyear La Niña on the TIW 
EKE, and the disparity in the BC anomaly accounting for the divergent seasonality observed in the TIW EKE anomaly.

To make sure that the difference in TIW activity in the composites based on GLORYS reanalysis is not an artifact of 
a particular multiyear La Niña event, we compare the distribution of the surface TIW EKE (K 1) anomalies averaged 
over the TIWs active season (June-February) during the first and second years of every one of the multiyear La Niña 
events (Figure 5). Results from GLORYS reanalysis show positive TIW EKE anomalies over the eastern equatorial 
Pacific, especially north of the equator, for every year during the multiyear La Niña events (Figures 5a and 5b). This 
aligns with previous studies indicating enhanced TIW activity during La Niña (An, 2008; Contreras, 2002; J.-Y. Yu 
& Liu, 2003). However, for each multiyear La Niña event, the TIW EKE anomaly averaged over the eastern equa-
torial Pacific north of the equator, where the strongest TIW EKE anomalous signals exist during the multiyear La 
Niña (Figures 3a1–3a3 and 3b1–3b3), is stronger during the first year (1998, 2007, 2010, and 2016) compared to the 
second year (1999, 2008, 2011, and 2017). These results indicate that the difference in TIW activity over the years 
of a multi-year La Niña is a robust feature of the impact of the multi-year La Niña on TIWs, with TIWs being more 
active in the first year. Furthermore, this feature is also evident in the results from AVISO observations, demonstrat-
ing the fidelity of the GLORYS reanalysis (Figures 5c and 5d). The latest multiyear La Niña event (2020–2022), 
observable thanks to AVISO, produced similar results with TIW activity notable stronger in the first year than in 
the second. The possible reason for the negative TIW EKE anomaly during some second years such as 2021 is 
the abnormally weak BC. During these years, the meridional temperature gradient between the weaker equatorial 
tongue and the anomalously weakened thermocline trough may be too weak to reach its long-term mean amplitude, 

Figure 4.  Composites of the tropical instability wave (TIW) eddy kinetic energy (EKE) (black lines; m 3 s −2), BT (blue lines; 
𝐴𝐴 ×10

−6
m

3
s−3 ), and BC (red lines; ×10 −6m 3 s −3) anomalies averaged over the eastern equatorial Pacific vertically integrated 

from the surface to 300 m for (a) the first and (b) second years of the multiyear La Niña events during 1993–2018 based on 
GLORYS. In each subplot, the ordinate for the TIW EKE is on the left-hand side, and that for other terms is on the right. The 
error bars represent the 95% confidence band.
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resulting in the abnormally suppressed BC. As the major source for the TIW EKE anomalies, the abnormally weak 
BC can lead to the abnormally weak TIW EKE. Note that the TIW EKE anomalies from GLORYS are always 
stronger than those from AVISO, which is attributed to the satellite-based geostrophic surface current underesti-
mating the TIW EKE near the equator where geostrophic balance is absent (He et al., 2023; Tuchen et al., 2018).

Comparing the time series of Niño-3.4 index (Figure  6a) and the area-averaged surface TIW EKE anomaly 
(Figure 6b) shows that TIWs are more active during the first year of a multiyear La Niña event, regardless of the 

Figure 5.  (a)–(b) Spatial distribution of the surface tropical instability wave (TIW) eddy kinetic energy (EKE) anomalies (shadings, ×10 −2m 2 s −2) based on GLORYS 
averaged over June through February for (a) all the first and (b) second years of the multiyear La Niña events during 1993–2018. (c)–(d) are the same as (a)–(b) but 
based on Archiving, Validation, and Interpretation of Satellite Oceanographic Data for (c) all the first and (d) second years of the multiyear La Niña events during the 
period 1993–2022. The label on each subplot denotes the surface TIW EKE anomaly averaged over the region 180 °–100 °W and 0 °–9 °N for each year.
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amplitude of La Niña during the event. For example, the 2010–2012 event had a stronger La Niña during the first 
year, while the 1998–2000 event had a stronger La Niña during the second year, and these events both led to a 
stronger TIW activity during the first year. On the other hand, the density difference anomaly between the equator 
and 6°N, corresponding to the density/temperature gradient between the equatorial tongue and the thermocline 
trough on the northern side of the equator (Figure 2a1), is shown (Figure 6c). Comparing the time series of the 
density difference anomaly and the TIW EKE anomaly, one can see that for every multiyear La Niña event including 
the 1998–2000 event, the density difference anomaly in the autumn of the first year is more positive than it in the 
autumn of the second year, which well coincides with the TIW EKE anomaly. As the density difference between the 
equator and 6 °N is normally positive (Figure 6c), the stronger positive density difference anomaly during the first 
year compared to the second year indicates a larger density/temperature gradient. This demonstrates that the strong 
TIW activity during the first year is caused by the large temperature gradient, and TIW activity during the multiyear 
La Niña is controlled by the strength of the temperature gradient in the near-surface layer between the equatorial 
tongue and the thermocline trough on the north side of the equator, instead of the amplitude of La Niña, consistent 
with previous studies (e.g., Masina et al., 1999; Qiao & Weisberg, 1998; Wang et al., 2020; Z. Yu et al., 1995). 
On the other hand, previous research showed that stronger TIW activity may weaken the meridional temperature 
gradient by TIW-induced heat advection (e.g., Hansen & Paul, 1984; Imada & Kimoto, 2012; Jochum et al., 2007; 
Maillard, Boucharel, Stuecker, et al., 2022; Menkes et al., 2006). Therefore, there is a negative feedback between 
TIWs and meridional temperature gradient whereby the large temperature gradient in the first year causes the strong 
TIW activity, which in turn may reduce the temperature gradient by the strong TIW-induced heat flux.

One can also see that in the summer of the second years of most of the multiyear La Niña events except the 2016–
2018 one, the density difference anomaly is negative, suggesting it is not only weaker than it in the summer of the 
first year but also weaker than its long-term mean. This results in the negative BC anomaly (Figures 3f1 and 4b) 
and thus contributes to the negative TIW EKE anomaly in the summer of the second year (Figure 4b), indicating 
that TIW activity is abnormally suppressed by the weakened temperature gradient via BC in the summer of the 
second year during most multiyear La Niña events.

Besides, one can also see that for most of the multiyear La Niña events except the 2020–2022 one, their first 
year is preceded by a strong El Niño (Niño-3.4 > 1 in December). Several previous studies have suggested that a 
strong El Niño event is a pre-onset condition for a following multi-year La Niña event (Hu et al., 2014; Iwakiri & 
Watanabe, 2021; Wu et al., 2019). A preceding strong El Niño event has the potential to trigger a Multiyear La Niña 
event. Subsequently, this multiyear La Niña event exerts a substantial strengthening effect on TIW activity during 
the first year, followed by a relatively weaker impact on TIW activity during the second year. This indirectly links the 
influence of a preceding strong El Niño event to the variations in TIW activity during the multiyear La Niña. In this 
way, the linkage between the complete ENSO cycle, which comprises of a strong El Niño event and a subsequent 
multiyear La Niña event, and TIW activity is established. Herein, in this study, the differences in the impact of the 

Figure 6.  (a) Time series of Niño-3.4 index (℃) from June(0) to February(2) for the multiyear La Niña events during 1993–2022 based on HadISST, with the black thick 
line being a composite time series. The dashed horizontal lines at ±0.5℃ denote the threshold of El Niño-Southern Oscillation (ENSO) events, and the lines at ±1℃ denote 
the threshold of strong ENSO events. (b) is the same as (a) but for the surface tropical instability wave eddy kinetic energy anomaly (×10 −2m 2 s −2) averaged over the region 
180 °–100 °W and 0 °–9 °N for the multiyear La Niña events during 1993–2022 based on Archiving, Validation, and Interpretation of Satellite Oceanographic Data. (c) is the 
same as (a) but for the density difference anomaly (kgm −3) between 0 ° and 6 °N averaged over 180 °–100 °W and 0–50 m for the multiyear La Niña events during 1993–2018 
based on GLORYS. Note that (0), (1), and (2) denote the year before multiyear La Niña events, the first year, and the second year, respectively.
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multiyear La Niña event on TIW activity between the first and second years are identified and highlighted. This 
contributes to deepen our understanding of the interaction between the ENSO cycle and TIWs.

4.  Summary and Discussion
In this work, we investigated the impact of the multiyear La Niña on TIWs and identified a unique feature of it, 
that is, stronger TIW activity during the first year compared to the second year. Using MWT and canonical trans-
fer theory, the mechanism behind this feature is analyzed based on reanalysis data. Our findings reveal that during 
the first year, the equatorial cold tongue experiences anomalous strengthening, with cool SST anomalies confined 
to the equator. In contrast, the second year witnesses the spread of anomalously cool SST to off-equator regions, 
a weakened thermocline trough, and a less pronounced equatorial cold tongue compared to the first year. These 
disparities yield a stronger meridional density shear during the first year compared to the second year, resulting 
in a stronger baroclinic instability pathway, particularly in summer. On the other hand, the nSEC is stronger in the 
summer and autumn of the first year compared to the second year, caused by the stronger equatorial front north of 
the equator, resulting in a more intensified meridional velocity shear and a stronger barotropic instability energy 
pathway. Finally, the combination of the stronger barotropic and baroclinic instability energy pathways during 
the first year generates more TIW EKE from summer to winter. During the second year, the baroclinic instability 
energy pathway suppresses the TIW EKE in summer and provides a slight enhancement in autumn and winter, 
which is secondarily contributed by the weak barotropic instability energy pathway.

Our findings emphasize the importance of the impact of the thermodynamic structure of the equatorial cold 
tongue on TIWs during La Niña events. Our study also demonstrates that the impacts of ENSO on TIW activity 
are nonlinear. That is, the modulation of the interannual variability of TIW activity by ENSO cannot be expressed 
simply as a linear equation with the amplitude of ENSO events (i.e., Niño-3.4 index) as the independent vari-
able. The interannual variability of TIW activity is modulated not only by the amplitude of ENSO but also by 
the longevity of ENSO events. The aforementioned feature can be seen as a response of TIWs to the temporal 
evolution of La Niña. Therefore, our findings suggest that it is important to classify the temporal evolution of La 
Niña events in order to analyze more accurately the impact of La Niña on TIWs.

On one hand, it has been reported that a meridionally expansive anomalous SST cooling pattern, potentially 
associated with North Pacific Meridional Mode and/or South Pacific Meridional Mode, is crucial for the rede-
velopment of La Niña during the second year (Hu et al., 2014; Iwakiri & Watanabe, 2021; Park et al., 2021; Shi 
et al., 2023). According to Hu et al. (2014), a strong La Niña in the first year is a precondition for its redevel-
opment in the following years. This ensures a strong westward propagating cooling temperature anomaly in the 
off-equatorial Pacific, suppressing the recharge process of ENSO, and thus favoring the persistence of the La 
Niña event. On the other hand, previous studies have shown that TIWs can exert significant meridional heat flux, 
heating the equator and cooling the off-equator regions, thereby reducing the meridional temperature gradient 
north of the equator (Maillard, Boucharel, Stuecker, et al., 2022; Szoeke et al., 2007; Xue et al., 2023). Given the 
substantial difference in the TIW activity between the first and second years of the multiyear La Niña event, it is 
worth investigating how the TIW-induced nonlinear dynamical heating (NDH) feedback varies during different 
years. As TIWs are more active during the first year, more heat is transported into the equatorial cold tongue, 
warming the SST on the equatorial eastern Pacific and cooling the SST on the off-equatorial regions, which may 
lead to a meridionally broader SST cooling over the tropical Pacific after the first year. This meridionally broader 
SST cooling may contribute to the redevelopment of La Niña in the second year. During the second year, the 
warming and cooling may be reduced due to the suppressed TIW activity, which may lead to a narrower region 
of SST cooling. This would not favor the redevelopment of La Niña in the third year. Therefore, if this proposed 
mechanism holds, TIWs may give feedback on the persistence of La Niña events by affecting the meridional 
structure of ENSO. Due to the small sample size of triple-dip La Niña events, in this study we did not analyze the 
TIW activity and its influence during this period. We leave this issue to future study with longer data.

Previous studies have indicated that the critical juncture for a La Niña shifting from recession in the spring of 
the second year to redevelopment typically transpires in the summer (Gao et al., 2022; Liu et al., 2023; Zheng 
et al., 2015). As can be seen in Figure 4, the most pronounced disparity in TIW activity between the first and 
second years also occurs in summer. Therefore, the reduction in NDH due to the suppressed TIW activity in the 
summer of the second year may contribute to the redevelopment of La Niña, increasing the likelihood of the 
double-dip La Niña event and improving its amplitude during the second year. This suggests another possible 
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pathway through which TIWs exert feedback on the temporal evolution of La Niña events via immediate heating. 
We look forward to extending this study to the investigation of the above potential feedback of TIWs on multiyear 
La Niña events.

Studying multiyear La Niña events is challenging due to the limited temporal coverage of available observations. 
This study primarily relies on the analysis of just five events. Using coupled GCMs to examine the TIWs vari-
ations related to the multiyear La Niña would be useful to understand the ability of models to simulate TIWs 
variations with respect to the observations, and allow for a comprehensive exploration of the feedback mechanism 
between TIWs and ENSO.

In this study, buoyancy conversion (−b 1) is used as the identification of baroclinic instability, as was done in 
many previous studies. However, it should be noted that while buoyancy conversion is important on its own, it 
represents a physical concept that may not invariably correspond to baroclinic instability, a point demonstrated 
in several real ocean studies, as exemplified by Liang and Robinson (2004). For instance, scenarios involving 
strain-induced frontogenesis can exhibit substantial conversion from eddy APE to EKE due to the establishment 
of a secondary overturning circulation. Such situations, however, may not necessarily imply the occurrence of 
baroclinic instability (McWilliams, 2016). Liang and Robinson (2007) has proved that, in the MWT-based frame-
work, the canonical APE transfer from the mean flow to the perturbation field is related to the baroclinic insta-
bility in the classical sense (e.g., Pedlosky, 1979), with localized information retained. Considering the possible 
large deviation of the quasi-geostrophic definition of APE in the near-surface layer where TIWs are concentrated, 
making the canonical APE transfer not reliable, we look forward to using a more generalized APE, such as the 
one introduced by Holliday and Mcintyre (1981), and its associated canonical transfer to address the baroclinic 
generation of TIWs in future studies.

Data Availability Statement
The GLORYS and AVISO data sets are available at the Copernicus Marine and Environment Monitoring 
Service via https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_PHY_001_030/descrip-
tion and https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047/description, 
respectively. HadISST is available at the Met Office Hadley Center via https://www.metoffice.gov.uk/hadobs/
hadisst/. The MWT-based multiscale energetics analysis package can be downloaded at http://www.ncoads.cn/
upload/202009/24/ms-eva_ocean.zip.
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