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Abstract Quasi-decadal (QD) climate variability is detected in the tropical Pacific based on the recent

70 years of observations. This QD variability is identified in equatorial sea surface temperatures (SSTs), the
pattern of which resembles the Central Pacific (CP) El Nifio-Southern Oscillation (ENSO) but extends further
meridionally to the northeastern subtropical Pacific. Whereas equatorial upper-ocean heat content and SSTs

are in quadrature for ENSO, these two quantities are almost in phase on the QD timescale. Further analysis
shows that nonlinear dynamical heating, primarily originating from strong El Nifio events, tends to lead QD
SSTs by a quarter of its dominant period (approximately 30 months) and shapes the dominant QD periodicity
in observations. Our results suggest that the observed QD variability largely originates from ENSO nonlinearity
and thus is fundamentally different from ENSO's oscillatory nature.

Plain Language Summary The climate variability of the tropical Pacific atmosphere-ocean
system profoundly influences the global weather and climate patterns on a wide range of temporal scales. The
dynamical understanding of interannual climate variability dominated by the well-known El Nifio-Southern
Oscillation (ENSO) phenomena has established a promising way for the operational seasonal to interannual
climate prediction. So far, nevertheless, there is still a lack of consensus for the understanding of tropical
Pacific decadal climate variability despite the increasing desire for climatic information on longer timescales.
In this article, we illustrate the evolution features and possible governing mechanisms of a prominent quasi-
decadal (QD) variability in the tropical Pacific with the utilization of an advanced spectrum approach and
reliable observational data sets. The results show that this QD variability that makes up a substantial portion
of tropical Pacific low-frequency variance is largely equatorial originated from the ENSO nonlinearity, which
is dynamically different from the oscillatory nature of the ENSO phenomenon. Our study has important
implications for the decadal climate prediction and improving the representations of tropical Pacific decadal
variability in climate models.

1. Introduction

The tropical Pacific ocean and atmosphere exhibit pronounced interannual and low-frequency climate vari-
ability. Being the leading interannual climate mode, the El Nifio-Southern Oscillation (ENSO) phenomenon
has been extensively studied over the past several decades, laying the foundation for operational predictions of
seasonal to interannual climate variations (e.g., Bjerknes, 1969; McPhaden et al., 2010; Meehl et al., 2021; Neelin
et al., 1998). However, there is still a lack of consensus regarding the dynamic nature of Pacific low-frequency
variability beyond ENSO timescales (e.g., Z. Liu, 2012; Z. Liu & Di Lorenzo, 2018; Newman et al., 2016;
Power et al., 2021; Stuecker, 2018). In particular, some studies argued that a statistically significant narrowband
quasi-decadal (QD; also simply referred to ‘‘decadal’’ in some previous studies; here we add “quasi” to distin-
guish it from longer multi-decadal timescales) spectral peak (~10 yr periodicity) above a red noise background
spectrum can be detected in sea surface temperature (SST) and sea level pressure fields across the Pacific basin
(e.g., Brassington, 1997; Tourre et al., 2001). Later studies showed that QD variability is manifested by a basin-
wide spatial structure reminiscent of the Central Pacific (CP) ENSO and its associated atmospheric teleconnec-
tions (e.g., Lyu et al., 2017; Ren et al., 2013; Stuecker, 2018; Sullivan et al., 2016). Similar QD variability also
exists in many other statistical climate modes, such as the Pacific meridional mode (PMM), the North Pacific
Gyre Oscillation (NPGO), the Pacific Decadal Oscillation (PDO), and the Interdecadal Pacific Oscillation as
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evidenced by their respective spectral features (e.g., Chiang & Vimont, 2004; Di Lorenzo et al., 2010, 2008; C.
Liu et al., 2019; Lyu et al., 2017; Power et al., 1999, 2021; Stuecker, 2018). Especially, one recent study argued
that the SST forcing in the equatorial central Pacific can generate PMM-like off-equatorial SST anomalies by
altering the extratropical atmospheric circulation and associated surface heat fluxes (Stuecker, 2018). Tropical
Pacific QD variability also exerts a strong influence on decadal variations of precipitation over southern China
and the United States, as well as tropical cyclone activity in the western North Pacific (Kao et al., 2018; C. Liu
et al., 2019; S.-Y. Wang et al., 2009, 2010, 2011, 2014).

Considering the importance of tropical Pacific QD variability to climate in the surrounding regions, a comprehen-
sive understanding of its dynamical mechanisms is warranted. Historically, a substantial body of hypotheses has
been put forward to explain the spatial and temporal features of tropical Pacific decadal variability. To first order,
decadal variability can be conceptualized as a reddening ocean process driven by white uncorrelated atmospheric
forcing. The long damping timescale due to the large ocean heat capacity effectively enhances variance at low
frequencies but with no preferred spectral peaks (Frankignoul & Hasselmann, 1977; Hasselmann, 1976). On
this basis, it was found that an ENSO-like SST pattern (albeit with much-reduced amplitude) and corresponding
atmospheric circulation anomalies can be somewhat realistically reproduced with only a thermodynamic slab
ocean coupled to a general circulation atmosphere model (Clement et al., 2011). In their model configuration, the
cloud shortwave radiative feedback in the equatorial Pacific and the off-equatorial trade wind-evaporation-SST
(WES) feedback plays important roles in the ENSO-like SST pattern formation. However, the absence of dynamic
coupling with the ocean prevents this “thermodynamic ENSO” from reaching realistic SST amplitudes as seen
in the observations. Ocean dynamical processes are often invoked to explain a preferred timescale of decadal
SST variability. Theoretical studies have shown that there exists a family of basin-scale free eigenmodes in the
context of linear ocean dynamics with a first baroclinic mode vertical structure (Jin, 2001; Z. Liu, 2002). These
free oceanic eigenmodes essentially reflect the collective roles of oceanic Rossby waves at different latitudes that
have different intrinsic time periodicities ranging from a few years (close to the equator) to several decades (far
from the equator). Specific free decadal eigenmodes of ocean dynamics can be energized through either temporal
stochastic forcing with favorable wind patterns or ocean-atmosphere coupled dynamics. For example, it has been
hypothesized that tropical Pacific QD variability can be dynamically regarded as a recharge-discharge oscillator
or a delayed oscillator through a dynamical coupling between tropical SST and subtropical ocean Rossby wave
dynamics resulting in slow variations of Sverdrup transport (X. Wang et al., 2003a, 2003b; White et al., 2003).
These oscillatory dynamics proposed to explain tropical SST variability on decadal timescales are very similar
to those on interannual timescales for ENSO, except that the latter emphasizes ocean memory from equatorial
wave dynamics (e.g., Jin, 1997a, 1997b; Suarez & Schopf, 1988). Besides the first baroclinic oceanic Rossby
wave, it has also been hypothesized that decadal ocean memory can arise from higher-order vertical baroclinic
modes in the equatorial Pacific based on one model simulation (Liu, 2002). Alternative perspectives of oceanic
tunnels (i.e., the Subtropical Cells, STCs) are also provided to link the extra-tropical and tropical climates on
decadal timescales (e.g., Capotondi et al., 2005; Chang et al., 2006; Gu & Philander, 1997; Kleeman et al., 1999;
Lohmann & Latif, 2005; Nonaka et al., 2002; Power et al., 2021; Stuecker et al., 2020; Zeller et al., 2020; Zhang
& McPhaden, 2006). Due to the blocking effect of the oceanic potential vorticity barrier induced by the Intertrop-
ical Convergence Zone in the North Pacific, the mechanism of the meridional oceanic circulation is argued to be
more viable in the South Pacific (e.g., Luo et al., 2003; Luo & Yamagata, 2001; Schneider et al., 1999).

Apart from linear oscillatory theories, external and internal forcings can also drive tropical Pacific decadal vari-
ability. On the one hand, a few studies presume QD variability to be (at least partially) externally forced by solar
activity variability considering their similar periodicities (e.g., Chunhan et al., 2021; Liang et al., 2021; Meehl
et al., 2008, 2009; White & Liu, 2008a, 2008b). However, these results are highly model-dependent. On the other
hand, ENSO can rectify onto the tropical Pacific mean state and contribute to its decadal variability (e.g., Choi
et al., 2011, 2013; Hayashi & Jin, 2017; Hayashi et al., 2020; Kim & Kug, 2020; Ogata et al., 2013; Rodgers
et al., 2004; D. Z. Sun et al., 2014; F. Sun & Yu, 2009). For example, the ENSO-induced nonlinear dynamical
heating (NDH), especially pronounced during strong El Nifio events, tends to be positive in the equatorial eastern
Pacific for both El Nifio and La Nifia events and can thereby cause the asymmetry of ENSO intensity (An &
Jin, 2004; Jin et al., 2003). The relevant ENSO residuals usually exhibit low-frequency changes, varying from
one decade to another. While most previous studies focus on the time-mean rectification effect over a particular
period, its connections with the observed decadal variability received less attention.
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Despite numerous mechanisms postulated, no consensus has been reached for the underlying mechanisms of trop-
ical Pacific QD variability so far (e.g., Power et al., 2021). Since the 1950s, after which observations of relatively
good quality become available, QD variability has experienced about seven “cycles”, allowing a chance to further
investigate its possible mechanisms. In this study, we combine spectral and heat budget analyses to investigate
tropical Pacific QD temporal and spatial features. We find that the QD signal largely originated from the equato-
rial central Pacific with ENSO-related NDH playing a key role in its genesis.

2. Data and Methodology
2.1. Data Set

The primary data sets used in this study are the Extended Reconstructed Sea Surface Temperature, version 5
(ERSSTVS) from the National Oceanic and Atmospheric Administration (Huang et al., 2017), as well as the ocean
reanalysis from the German contribution to the Estimating the Circulation and Climate of the Ocean project,
version 3 (GECCO3; Kohl, 2020). We also use other ocean reanalysis products and found similar results (see
details in our main text). Reanalysis surface turbulent heat fluxes used in the mixed-layer heat budget analysis
were obtained from the fifth reanalysis product of the European Center for Medium-Range Weather Forecast
(ERAS; Hersbach et al., 2020). The analysis period is from 1950 to 2020. All variables were linearly interpo-
lated onto a common grid with a 1° X 1° horizontal spatial resolution and a 10 m vertical resolution in the upper
ocean (down to 350 m depth). Anomalies were calculated relative to the climatology of the whole period and
were linearly detrended. To isolate variability on QD timescale, an 8-20-year bandpass Lanczos filter was used
(Duchon, 1979).

2.2. Methodology
2.2.1. Mixed-Layer Heat Budget

To quantify the contributions of different oceanic and atmospheric processes to observed tropical Pacific decadal
variability, an ocean mixed layer heat budget analysis in partial flux form is utilized (An et al., 1999):

o@r) o(r)\ @ T o T
aT _ Qm_< (@) , (U)>+wTH_<u8_T T 0T>_<0T T 0T> 0

ot pCH ox dy H ax " Vay "Wz “ox Ve TWoz

The variables 7, u, and v denote the anomalous ocean temperature, zonal, and meridional ocean currents veloc-
ities averaged in the mixed layer, respectively. T}, and w represent the ocean temperature anomalies and vertical
current velocities at the bottom of the mixed layer, while Q,, is the net anomalous heat flux into the ocean at
the sea surface. Variables with an over-bar indicate climatological mean states, p = 1,022 kg/m? is the density
of seawater, # = 50 m is the mixed layer depth, and C, = 4,000 J/(kg K) is the heat capacity of seawater. The
grouped five terms on the right-hand side represent thermal damping, dynamical damping by horizontal mean

circulation, thermocline feedback, advective feedbacks in three directions, and NDH, respectively.
2.2.2. Multitaper Frequency-Domain Singular Value Decomposition (MTM-SVD)

Following previous studies, we here utilize the well-established MTM-SVD method to explore the observa-
tional features of the tropical Pacific decadal variability. The MTM-SVD is a multivariate signal processing
method well suited for detecting narrowband spatiotemporal signals embedded in a red noise background (Mann
& Park, 1994, 1999). It has been successfully applied to many research topics, such as the recent findings on the
Atlantic multidecadal oscillation origins (Mann et al., 2021, 2020). A summary of this method is available in Text
S1 in Supporting Information S1, and more details can be found in a review article by Mann and Park (1999).

3. Observational Features of Tropical Pacific QD Variability

Figure 1a shows the local fraction variance (LFV) spectrum for joint normalized raw oceanic fields over the trop-
ical Pacific region (30°S—-30°N, 100°E—80°W). Considering the sea surface height (SSH) is more representative
of decadal information than the thermocline depth (isotherm 18°C; D18) around the equatorial central Pacific
(Figure S1 in Supporting Information S1; Zhao et al., 2021), we here chose SSH as a dynamical field for analyses,
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Figure 1. (a) Local fractional variance (LFV) spectrum for the combined tropical Pacific (30°S—30°N, 100°E—80°W) sea surface temperature (SST), sea surface
height (SSH), and equatorial cross-section of subsurface temperature in the upper ocean (~350 m). The horizontal two dashed lines denote the corresponding 90%

and 95% confidence levels based on the bootstrap method. (b) The time evolutions of Nifio4 (thin red) and subtropical (thin blue) SST indices, as defined by dashed
boxes in (d). Their 8-20 yr bandpass filtered components (thick), as well as the reconstructed Nifio4 index (green) using the MTM-SVD method on a decadal timescale
(period = ~10.7 yr; the red dot in (a)), are superimposed. Spatial distribution of the SST anomalies variance (shading, °C?) and corresponding variance ratio (contours,
%) on (c) interannual, (d) quasi-decadal, and (e) longer timescales. Bias-rectified wavelet power spectra of normalized SST indices in the indicated (f) Nifio4 and (g)
subtropical regions. Regions enclosed by gray and black contours indicate statistically significant variability at the 90% and 95% confidence levels when tested against
an AR(1) null hypothesis. The parabola regions indicate the “cone of influence”, where edge effects become important.

in combination with SST and equatorial subsurface ocean temperature. The result shows that Pacific climate vari-
ability exhibits prominent multiple-timescale features. These spectral results are rather robust to changes in the
domain of analysis, the combinations of physical fields, the study period, and different data sources (Figure S2 in
Supporting Information S1; Balmaseda et al., 2012; Carton et al., 2018; Zuo et al., 2019). Statistically significant
LFV peaks on broad interannual timescales (e.g., 2—7 yr) largely reflect the well-known ENSO phenomenon as
evidenced by the spatial pattern of the SST variance map (Figure 1c). Being the most energetic climate mode on
interannual timescales, the ENSO-associated SST variability takes up around 60% of the total variance with its
action center located in the equatorial central to eastern Pacific. In addition to the ENSO signal on interannual
timescales, two additional significant peaks on longer timescales are detected. The first peak mainly represents
the secular trend as it lies within one bandwidth (twice of the minimum resolvable frequency in this study) of zero
frequency, which is not our focus here. The other peak is a narrow-band QD signal (period~10.7 yr), suggesting
the potential existence of a spatially coherent oscillatory mode on this timescale. The corresponding variance of
the detrended SST anomalies within the 8—20 yr period band exhibits a basin-scale structure reminiscent of the
CP-ENSO and/or PMM (Stuecker, 2018) with large spatial loadings in the equatorial central Pacific, the subtrop-
ical northeast Pacific, and high latitude coastal regions of North America. The fraction of explained SST vari-
ance by QD variability is generally larger than 15% and even higher than 25% around the tropical central Pacific
(Figure 1d). In comparison, the SST variance on timescales longer than 20 yr is less pronounced and mostly
confined to the extratropical North Pacific (Figure le). Very similar results are obtained using other SST data
sets (Figure S3 in Supporting Information S1; Ishii et al., 2005; Kennedy et al., 2011; Rayner et al., 2003). Based
on the SST variance map, we choose SST indices over the traditional Nifio4 (5°S-5°N, 160°E—150°W) and the
subtropical northeast Pacific (15°N-25°N, 120°-160°W) regions to examine the temporal and spectral features
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Figure 2. Phase evolution of tropical Pacific sea surface temperature (SST; shading, °C), sea surface height (SSH; contours, cm), and equatorial subsurface temperature
(shading, °C) anomalies on quasi-decadal (QD) timescales (period = ~10.7 yr in the MTM-SVD analysis). The contour interval is 1.5 cm and the zero isolines are

omitted.

of QD variability. These two indices are highly correlated (R = 0.87; Figure 1b) on the QD timescale. Similar QD
variability can also be reconstructed using the MTM-SVD method (Figure 1b). However, the distinguishable QD
variability is somewhat intermittent in terms of wavelet power and its statistical significance against an AR(1)
null hypothesis (Figures 1f and 1g). There is only a marginally significant center around the 2000s on the QD
timescale for both indices. While different statistical methods reveal a consensus phenomenon of distinguishable
QD variability in observations (e.g., Lyu et al., 2017; Sullivan et al., 2016), its periodic behavior is most apparent
in the recent two decades and may not necessarily reflect a natural oscillatory signal like ENSO.

Figure 2 shows the reconstructed phase evolution of the QD variability based on the MTM-SVD method.
The three-dimensional structure of the QD variability generally resembles that for ENSO (Figures S4-S6 in
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Supporting Information S1), especially around its mature phase, including the ENSO-like spatial pattern in SST,
the zonal dipole contrast of the equatorial subsurface temperature as well as its surface expressions in SSH.
Specifically, tropical Pacific decadal variability first emerges in the equatorial central Pacific and then spreads
toward the subtropical regions, reflecting its equatorial origin. This propagating feature is supported by the
cross-correlation analysis between tropical and subtropical SST and SSH variabilities, which is also evident
in other data sets (Figure S7 in Supporting Information S1). The observational pattern evolution shown here is
consistent with model results of one previous study, showing that a prescribed SST forcing in the tropical central
Pacific alone can generate PMM-like subtropical SST anomalies (Stuecker, 2018). Despite the highly similar
spatial structures and phase evolutions, there exists one fundamental difference between the QD variability and
the interannual ENSO phenomenon around the transition phase (i.e., ocean memory; Figure 2a; Figures S4a, S5a,
and S6a in Supporting Information S1). Prominent subsurface oceanic signals manifested as basin-wide increased
or decreased anomalies of equatorial warm water volume are evident during the transition phases of ENSO
(Figures S4a, S5a, and S6a in Supporting Information S1). The recharge-discharge process describing the slow
ocean adjustment to ENSO-associated atmospheric circulation anomalies is of central importance to the oscilla-
tory nature of the ENSO phenomenon (Jin, 1997a, 1997b; Meinen & McPhaden, 2000). A similar ocean phase
transition process is very weak for the QD variability (Figures 2a and 2b). The equatorial SST and SSH evolutions
are largely simultaneous at the QD timescale, as also shown by their Hovmoller diagrams with multiple SSH
products (Figure S8 in Supporting Information S1). It appears that equatorial ocean dynamics are inadequate to
provide sufficient ocean memory for the existence of an ENSO-like oscillatory mode in the tropical Pacific on
decadal timescales (Z. Liu, 2002). Moreover, an oceanic Rossby wave signal in the subtropical North Pacific at
the initial phase is manifested as a negative SSH anomaly (Figure 2a), which indicates that it is not a positive
precursor for the following positive phase (Figures 2b—2¢). By broadening the meridional data range used in the
analysis, we also assess possible positive SSH precursors from the subtropical South Pacific (Figures S9a and
S10 in Supporting Information S1) and notice no clear extratropical propagational evidence for the subsequent
positive QD phase (Figure S9e in Supporting Information S1). These results suggest that the QD variability might
largely reflect reddening ocean processes instead of being a physical oscillatory mode.

4. Physical Processes and Dynamical Origin of Tropical Pacific QD Variability

Next, we conduct an ocean mixed-layer heat budget analysis over the Nifio4 region to examine the detailed physi-
cal processes governing the corresponding SST variability. The heat budget closure is reasonably good throughout
the study period (Figure S11 in Supporting Information S1). To examine the driving processes of SST variability
on QD timescales, Figure 3 displays the cross-regression coefficients between the different physical feedbacks, as
well as their combinations, and QD SST variability. The time tendency term (dT/dt; Figure 3a) is relatively small
compared to the main feedback terms and thus the decadal variability can be regarded at a quasi-equilibrium state
to first order. As shown in Figure 3b, both the thermal damping (td) by anomalous net surface heat flux and the
dynamical damping (dd) by the mean ocean circulation act to damp the local SST anomalies, with the former
playing the dominant role. A further decomposition shows that thermal damping (td) is mainly contributed by
the shortwave radiative feedback (sw; Figure S12 in Supporting Information S1). Here, the decomposition is
based on the ERAS reanalysis data set from 1979 to 2018, which exhibits almost identical variability with the
net surface heat flux anomalies obtained from GECCO3. As the center of QD SST variability is located close
to the edge of the Indo-Pacific warm pool, they can easily trigger anomalous deep convection that can dampen
the initial SST warming by reducing solar insolation. In contrast, the thermocline feedback (Figure 3c) and
anomalous ocean currents that act on mean temperature gradients (Figure 3d), are major positive feedbacks
contributing to SST anomaly growth. In particular, there is a convergent ocean surface current toward the Nifio4
region that can transport the climatological warm temperature via horizontal advection (Figures S13aand S13b
in Supporting Information S1). The consequent local anomalous downward motions reduce the cooling effects of
the mean upwelling and thus increase SST anomalies (Figure S13c in Supporting Information S1). In addition,
surface westerly winds to the west of the central Pacific warm SST anomalies lead to a deepening of the local
thermocline and fuel the development of the surface warming via the thermocline feedback. We emphasize that
all these positive feedbacks are largely in phase with the SST anomaly evolution with a minor phase lag, which
cannot provide enough memory to sustain a linear oscillatory regime (Figures 3c and 3d).
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Figure 3. Cross regression coefficients of different feedbacks (°C/year) for the normalized mixed layer temperature in the
Nifio4 region on quasi-decadal (QD) timescales (8—20 yr bandpass filtered). Positive x-axis values (unit: month) indicate
feedbacks lag the ocean temperature and negative x-axis values indicate they lead. The tendency term is denoted by “dT/
dt”, which can be decomposed into damping feedback (damp), thermocline feedback (th), advective feedbacks (adv),

and nonlinear dynamical heating (ndh). The damping feedback consists of thermal damping (td) and dynamical damping
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(dd). The “x™, “y”, and “z” suffixes in (d and e) represent the corresponding zonal, meridional, and vertical components,
respectively. The abbreviation “RHS” denotes the summation of all the feedbacks on the right-hand side of Equation 1.

Interestingly, there is a conspicuous phase-lag relationship between the NDH term and QD variability (Figure 3e),
providing a potential origin for the QD variability. To gain more insights into the NDH's role, Figure 4 displays
the NDH time-series, its connections with the ENSO nonlinearity, and comparisons with the QD SST variability.
Only interannual components (<8 yr) are used in calculating the nonlinear quadratic terms to avoid possible inter-
ference from the decadal variability. The NDH variability is highly consistent among different data sets (Figure
S14 in Supporting Information S1) and dominated by its zonal component (Figure S15 in Supporting Informa-
tion S1). It is equal to the sum of quadratic products between ENSO-related ocean fields (Figures S16 and S17a
in Supporting Information S1) and can be roughly represented by the magnitude squared of ENSO intensity (i.e
(Nifio3.4)?; Figure 4a). In particular, the NDH and ENSO magnitude squared tend to be large during strong El
Nifio events (e.g., 1972, 1982, 1997, 2009, 2015), which generally match the phase transition of the QDV from
positive phase to negative phase (red dots in Figures 4a and 4b). The close relationship between the QD varia-
bility and ENSO nonlinearity is also evidenced by their temporal cross-correlations (Figure S17b in Supporting
Information S1). We emphasize that the decadal NDH and the QDV phase transition are not well-matched for the
2015 case, which is possibly due to the edge effect in the filtered data and/or interference from other processes.
Figure 4c shows the spatial pattern of cross-regression coefficients between the decadal NDH and QD variability.
The QD variability is significantly preconditioned by the NDH over the central equatorial Pacific at a lead of
around 30 months, resembling the ENSO-induced NDH on interannual timescales (Figure 4d). This negative
NDH could be subsequently amplified by the tropical air-sea interaction processes and eventually evolve into the
CP-ENSO-like pattern.

To gain more insight into the preferred periodicity, we display the wavelet results of the NDH and ENSO ampli-
tude squared (Figures 4e and 4f). Their wavelet features are generally similar, both of which exhibit enhanced
variance around the strong El Nifio events. On the QD timescales, the ENSO amplitude squared shows enhanced
power since the 1970s, which resembles the wavelet features of the tropical Nifio4 index (Figure 1f). Simi-
lar decadal signatures can also be seen from the wavelet results of the mixed-layer NDH, albeit with reduced
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Figure 4. Time series of Nifio4 NDH (blue, °C/year) and the sign-reversed ENSO amplitude squared (-(Nifio3.4)2, red). (b)
Time series of 8-20 yr bandpass filtered Nifio4 index (gray, °C), NDH (blue, °C/year), and ENSO amplitude squared (red).
Red dots in (a and b) denote the years of strong El Niiio. (c) Regressed 8—20 yr bandpass filtered NDH on QD variability

at a lead time of 30 months. The signs of regression coefficients have been reversed. (d) Regressed NDH on the Nifio3.4
index. Bias-rectified wavelet power spectra of normalized (¢) NDH and (f) ENSO amplitude squared indices. The decadal
components have been removed before quadratic analysis. Regions enclosed by gray and black contours indicate statistically
significant variability at the 90% and 95% confidence levels when tested against an AR(1) null hypothesis. The parabola
regions indicate the “cone of influence”, where edge effects become important.

amplitude and time range (Figure 4e). This difference may be related to the ocean data quality and the consequent
underestimation of NDH during the early stage. Anomalies of physical quantities in the equatorial subsurface are
larger and less affected by other processes compared to those in the mixed layer (Hayashi et al., 2020). Thus, the
related subsurface NDH exhibit more prominent decadal variance (Figure S18 in Supporting Information S1).
The above result suggests that the quadratic ENSO nonlinearity could lead to the preferred QD timescale. More
physically, strong El Nifio events generally lead to QDV phase transition and with a return period around 10 yr
from 1970 to 2018 (5 cases in 49 yr), which can explain the observed dominant QD periodicity.

5. Conclusions and Discussion

The observations over the past seven decades exhibit prominent QD SST variability in the tropical Pacific that
resembles the CP ENSO spatial pattern. Using multiple statistical approaches and data sets, we demonstrate
that the observed QD signal is equatorially originated, with the first appearance in the central equatorial Pacific
and subsequently spread toward the extratropical regions, in agreement with a previous study (Stuecker, 2018).
Further analysis shows that QD variability lacks apparent upper-ocean memory while the ENSO-induced nonlin-
ear rectification effect is a very possible candidate for its dynamical origin. We emphasize that other possible
positive feedbacks (i.e., ocean linear dynamics and WES feedbacks) can further enhance QD variance and the
CP-ENSO-like SST pattern.

So far, some ocean reanalysis products are still struggling in depicting the ENSO-related upper ocean current
correctly (Figure S19 in Supporting Information S1). For example, the ocean reanalysis product from Global
Ocean Data Assimilation System (GODAS; Behringer & Xue, 2004; not used in our analyses) has a large bias
in upper ocean currents even for the climatology (Huang et al., 2010) and thus fails to capture the anomalous
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eastward zonal current in the equatorial central Pacific associated with El Nifio events (Figure S19e in Support-
ing Information S1). A similar problem also exists in the SODA3.3.1 data (Figure S19d in Supporting Informa-
tion S1; Carton et al., 2018), which may explain its relatively weak NDH intensity (Figure S14c in Supporting
Information S1). In this sense, the inaccurate representation of ENSO-related ocean physical quantities can affect
the decadal variability of NDH and its connections with QD variability. At present, the ENSO-related NDH is
poorly simulated in most of the climate models (Hayashi et al., 2020), presumably leading to unrealistic tropical
Pacific decadal variability and their climate impacts. Understanding the causes of those simulation biases is
beneficial to improving the model representation of tropical Pacific decadal variability, which we will investigate
in future studies.

Data Availability Statement

Reanalysis data sets used in this article are all publicly available: the ERSST at https://psl.noaa.gov/data/gridded/
data.noaa.ersst.v5.html; the Hadley Centre SST at https://www.metoffice.gov.uk/hadobs/hadisst/data/HadISST_
sst.nc.gz; the Cobe SST at ftp://ftp.cdc.noaa.gov/Datasets/COBE/sst.mon.mean.nc; the Kaplan SST at ftp://ftp.
cdc.noaa.gov/Datasets/kaplan_sst/sst.mon.anom.nc; the GECCO3 at https://www.cen.uni-hamburg.de/en/icdc/
data/ocean/reanalysis-ocean/gecco3.html; the ORASS at https://www.cen.uni-hamburg.de/icdc/data/ocean/easy-
init-ocean/ecmwf-oras5.html; the ORAS4 at https://icdc.cen.uni-hamburg.de/thredds/aggregationOras4Catalog.
html; the SODA3.3.1 at https://www2.atmos.umd.edu/~ocean/index_files/soda3.3.1_mn_download.htm; the
GODAS at https://psl.noaa.gov/data/gridded/data.godas.html; the ERAS at https://cds.climate.copernicus.eu/#!/
search?text=ERA5&type=dataset.
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