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Abstract

The mechanisms and processes underlying the phase transition of Tropical Pacific
Decadal Variability (TPDV) remain incompletely understood. One hypothesis suggests that
the equatorward propagation of remotely generated subsurface temperature anomalies and
their subsequent equatorial emergence may play a dominant role. In the first part of the thesis,
we utilize observation and reanalysis data to demonstrate the existence of a decadal
subsurface spiciness (density-compensated temperature and salinity anomalies) mode that is
intrinsic to the ocean-atmosphere coupling in the North Pacific. Specifically, the
strengthening of the Aleutian Low, which is the dominant atmospheric forcing of the Pacific
Decadal Oscillation, drives a dipole pattern of positive and negative spiciness anomalies in
the eastern midlatitude and subtropics, respectively. These anomalies then propagate
equatorward along the North Pacific pathway defined by the mean acceleration potential. The
positive anomaly of midlatitude origin can reach 14°N after seven years of propagation while
the negative anomaly of subtropical origin can arrive at 10°N after three years. In addition, a
negative anomaly emerges in the midlatitude after the occurrence of the positive signal two
years later, then follows the pathway that the positive takes to reach the tropics. Furthermore,
we find that equatorial sea surface temperature variability can also contribute to the
generation of the subsurface spiciness mode. Our results thus suggest a potential decadal
oscillation in the North Pacific involving extratropical-tropical interaction via oceanic tunnel
and atmospheric bridge. In the second part of the thesis, we use observation, reanalysis data,
and model experiments to identify the key role of off-equatorial subsurface temperature
anomalies in the phase reversal of TPDV. During the positive phase of TPDV, equatorial

warming induces anomalous atmospheric responses in the off-equatorial western Pacific,
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leading to negative subsurface temperature anomalies. These temperature anomalies with the
center of action residing in the northwestern region then follow the North Equatorial
Countercurrent pathway toward the central basin to reverse the sign of the anomalies at the
equator around three years later. The TPDV positive phase also possibly modulates the
change of the Kuroshio Extension state a few years later through the tropical-extratropical
interaction, which subsequently projects on the footprinting of Pacific Meridional Mode to
strengthen the abovementioned negative subsurface disturbance 0-12 months before the peak
cold phase. Eventually, the cold phase is completely established after five years. The same
dynamic is also held with an opposite sign for the reversed phase, leading to a preferred
decadal oscillation via off-equatorial subsurface temperature anomalies and extratropical-

tropical ocean-atmosphere interaction.

Keywords: Aleutian Low, Pacific Decadal Oscillation, subsurface spiciness propagating

mode, Tropical Pacific Decadal Variability, extratropical-tropical interaction
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Figure 1.1 Patterns of Pacific low-frequency SST variability. Correlation maps between
monthly NOAA ERSST.v3 SSTA and (a) Pacific Decadal Variability index defined as the
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SST data are from HadISST (Rayner et al., 2003), SSH is from GODAS (Behringer and
Xue, 2004), SLP and winds are from NCEP-NCAR reanalysis (Kalnay et al., 1996). ...... 6
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(c) Latitude-time plot of SSTA averaged over 5°S-5°N. (d) TPDV index defined as 8-20
year bandpass filtered SSTA over 5°S-5°N, 160°E-150°W. In a-c, SSTA and SSH
anomalies are obtained by removing the linear trend and the climatological monthly mean
over 1950-2020. The horizontal solid (dashed) green lines indicate strong and very strong
El Nifio (La Nifia) events that peak in December based on the Oceanic Nifio Index (ONI).
SST data are from HadISST (Rayner et al., 2003) and SSH is from GECCO3 (Kéhl, 2020).
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band. The lower panel depicts zonally averaged isopycnal depths (from 23 to 25.5 kgm™
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Figure 1.7 Same as Figure 1.6, but for the v'T mechanism. The mean (anomalous) flows are
denoted by black (red) arrows. (source: Capotondi et al. 2023). .........cccceeiviviieiivirieaiienn, 13
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Figure 2.1 Standard deviation of low-frequency spiciness variability averaged between 25-

26 o, in the North Pacific associated with CEOF1. The variance explained by CEOFL1 is
shown in (a) for EN422 and (b) for MOAA GPV, respectively. The spatial phase of the
leading mode derived from (c) EN422 and (d) MOAA GPV. The thick black lines denote
the mean acceleration potential contours of 19.7- and 21.0 m?s2 (NPP). The gray line in
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(b) all CEOF modes averaged along the NPP based on EN422. The vertical solid (dashed)
gray lines represent strong and very strong (moderate) EI Nino events that peak in January
based on the Oceanic Nifio INAEX (ONI). .....ooiiiiiiiiiiiece e 33
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Figure 2.4 (a) Lead-lag correlation coefficients between the PC1 of spiciness anomalies and
the PDO index. Horizontal dashed lines indicate the 95% confidence level. (b) Lead-lag
correlation coefficients between the PDO index and reconstructed spiciness anomalies
using CEOF1 averaged along the NPP. Shading indicates correlation coefficients that are
significant at the 95% confidence level (Student’s t-test). The thick black line in (b)
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Figure 2.5 (a) Reconstructed spiciness anomalies using CEOF1 regressed with the PDO
index at lag 22 months (shading and green contours, only regressed values significant at
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Figure 2.7 Bias-rectified wavelet power spectra and corresponding global wavelet spectra of
(@) PDO, (b) PC1 (real), (c) Nifio3, and (d) Nifio4 (5°S-5°N, 160°E-150°W). Thin black
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reconstruction using MTM-SVD on a decadal timescale (right axis, thick red). Similarly,
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Chapter 1
Introduction
1.1 Pacific interannual to decadal climate variability

The Pacific Ocean is the world's largest and deepest ocean, covering over one-third of the
planet's surface. It plays a vital role in the Earth's climate system by storing and transferring
heat energy across the globe. The Pacific is also home to one of the most powerful interannual
climate phenomena known as El Nifio-Southern Oscillation (ENSO) (Timmermann et al.,
2018). ENSO is a complex interaction of atmospheric and oceanic processes in the tropical
Pacific (Bjerknes, 1964; Jin, 1997), occurring every 2-7 years. During an El Nifio event, sea
surface temperature (SST) anomalies (SSTA) in the equatorial central eastern Pacific exhibit
abnormal warming, while the opposite scenario unfolds during a La Nifia event. This
warming/cooling has far-reaching impacts on weather patterns beyond the geographical
boundaries of the Pacific, influencing precipitation patterns, temperature distributions, and
wind regimes in various regions around the world (Lin and Qian, 2019) via atmospheric
teleconnections (Alexander, 1990, 1992; Alexander et al., 2002; Liu and Alexander, 2007).
Given the growing concerns about climate change and its potential consequences, accurate
predictions of ENSO behavior under future climate scenarios are of paramount importance

for informed decision-making and effective planning (Cai et al., 2021; Collins et al., 2010).

Since the late twentieth century, there has been a growing focus on understanding decadal
and multidecadal climate variability, particularly in the Pacific (Folland et al., 2002; Minobe,
1997; Power et al., 1999; Trenberth and Hurrell, 1994; Zhang et al., 1997) and Atlantic

Oceans (Bjerknes, 1964; Deser and Blackmon, 1993; Kushnir, 1994). Mantua et al. (1997)

1
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identified the Pacific Decadal Oscillation (PDO) as the leading empirical orthogonal function
(EOF) of monthly SSTA poleward of 20°N. The spatial structure of the PDO represents a
basin-scale signature resulting from various superimposed physical processes (Liu and Di
Lorenzo, 2018; Newman et al.,, 2016; Schneider and Cornuelle, 2005), leading to a
predominance of one sign of variability in the tropics extending towards the eastern
extratropics and an opposite sign of variability in the central North Pacific (Figure 1.1b). The
resulting pattern is often referred to as the “warm phase” or “cold phase” depending on the
sign of the anomalies in the central North Pacific (Deser and Phillips, 2006; Graham, 1994;
Hare and Mantua, 2000; Trenberth, 1990). The PDO has been shown to have significant
impacts on global climate (Wang et al., 2014; Xu et al., 2022; Zhang et al., 2020) and the

North Pacific ecosystem (Mantua et al., 1997).

Apart from PDO, the second most prominent source of low-frequency variability in the
North Pacific is associated with the second EOF mode of sea surface height (SSH) anomalies
within the region 180°W-110°W, 25°N-62°N, or the second EOF mode of SSTA poleward
of 20°N. The former is generally referred to as the North Pacific Gyre Oscillation (NPGO)
(Di Lorenzo et al., 2008) (Figure 1.1c) while the latter is known as the Victoria Mode (Bond
et al., 2003; Ding et al., 2015b). The NPGO measures changes in the North Pacific gyre
circulation (Ceballos et al., 2009; Di Lorenzo et al., 2008) and is thus a good indicator of
salinity, nutrients, and chlorophyll fluctuations. In contrast, the Victoria Mode is closely
related to the onset of ENSO (Ding et al., 2015b), the development and propagation of the
Madden-Julian Oscillation (MJO) (Wen et al., 2020), and other climatic variations in the

North Pacific (Ding et al., 2015a; Pu et al., 2019; Zou et al., 2020).
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Figure 1.1 Patterns of Pacific low-frequency SST variability. Correlation maps between monthly
NOAA ERSST.v3 SSTA and (a) Pacific Decadal Variability index defined as the first principal
component (PC1) of 8-year low-pass SSTA over Pacific basin (45°S-65°N), (b) 8-year low-pass PDO
index, (c) 8-year low-pass negative NPGO index, (d) IPO index, and (e) 8-year low-pass SPDO index.
Black contours are regression coefficients (°C). The time series of the indices are shown in (f) and
compared against a TPDV index defined as PC1 of 8 year low-pass SST over the equatorial Pacific
(12°S-12°N). (source: Liu and Di Lorenzo 2018).
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In the South Pacific, a significant decadal variation that mirrors the PDO in the Northern
Hemisphere has also been identified (Hsu and Chen, 2011; Lou et al., 2019; Shakun and
Shaman, 2009). It is termed the South Pacific Decadal Oscillation (SPDO) which is defined
as the second EOF mode of SSTA poleward of 20°S (Chen and Wallace, 2015; Shakun and
Shaman, 2009) (Figure 1.1e). The SPDO and PDO are commonly considered as the Southern
and Northern Hemispheres expressions of the Pacific-wide Interdecadal Pacific Oscillation
(IPO), which is defined as the dominant EOF of 13-year lowpass filtered SSTA over the
entire Pacific (Power et al., 1999) (Figure 1.1d). The spatial structure of the IPO is
qualitatively similar to that associated with ENSO (Figure 1.2d) but the IPO exhibits a larger
meridional extent (Power et al., 2021). Consequently, the IPO is often referred to as the

decadal manifestation of ENSO variability (Newman et al., 2016).

Recently, Di Lorenzo et al. (2023) proposed that all the aforementioned statistical climate
modes can be decomposed into two empirical dynamical modes based on a linear inverse
model: the Kuroshio-Oyashio Extension (KOE) and North Pacific-central Pacific (NP-CP)
modes (Figure 1.2). The KOE mode exhibits multidecadal timescale variability with the
center of action in the KOE region and central North Pacific. In contrast, the NP-CP mode
exhibits decadal timescale variability with a center of action extending from the northeastern
to the equatorial central Pacific, resembling the central Pacific ENSO and Pacific Meridional
Mode (PMM) pattern. These two dynamical modes primarily arise from the bidirectional
interaction between the tropics and extratropics, playing a fundamental role in elucidating
the various basin-scale manifestations of Pacific decadal to multidecadal climate variability.

Although extratropical-tropical air-sea coupling can explain the preferred time scale to a
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certain degree, the physical processes responsible for the phase transition of the two

dynamical modes remain unclear, warranting further investigation.
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Figure 1.2 Dynamical modes of Pacific SSTA, derived from the ensemble average eigenmodes of
the dynamical operator of linear inverse models. (a) warming trend, (b) KOE mode, (¢) NP-CP mode,
(d) eastern Pacific-ENSO mode, (e) central Pacific-ENSO mode and (f) ENSO decay mode. (g) The
respective normalized time series (real) derived from HadISST. The units are nondimensional (-1, 1)
and each pattern was normalized using the standard deviation of their correspondent real-part time
series prior to taking the ensemble average. (source: Di Lorenzo et al. 2023)

1.2 Tropical Pacific Decadal Variability (TPDV)

Despite constituting a small fraction of the global surface, the equatorial Pacific is
demonstrated to play a pivotal role in global temperature change (Kosaka and Xie, 2013,
2016). This is further confirmed by a model study suggesting that internal decadal variability
in the tropical Pacific contributes significantly to the decrease in global mean surface
temperature observed during the recent hiatus (Watanabe et al., 2014). Therefore, gaining a

comprehensive understanding of decadal-scale climate variability in the tropical Pacific is
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crucial for distinguishing between natural climate variability and human-induced climate

change.
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Figure 1.3 Observed basinwide changes associated with TPDV transitions. Differences of (a, d) SST,
(b, €) sea level pressure (SLP) and 10-m wind, and (c, f) SSH between (top) 2013-2018 and 2007-
2012 and (bottom) 2007-2012 and 2002-2007. The trend is linearly removed and anomalies are
calculated by removing monthly averages over 1980-2020. SST data are from HadISST (Rayner et
al., 2003), SSH is from GODAS (Behringer and Xue, 2004), SLP and winds are from NCEP-NCAR
reanalysis (Kalnay et al., 1996).

The surface and subsurface changes associated with TPDV phase transitions are shown in
Figures 1.3 and 1.4. The shift from the negative phase (2007-2012) to the positive phase
(2013-2018) is marked by strong warming in eastern midlatitude, extending along the west
coast of North America toward the central equatorial Pacific and cooling in the central-
western midlatitude. The South Pacific exhibits a similar characteristic to its northern
counterpart, albeit with a weaker magnitude. This SST anomaly pattern is qualitatively akin

to the IPO pattern (Figure 1.1). Associated with the SSTA, negative SLP anomalies are
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observed in the extratropical North and South Pacific, accompanied by strong westerlies in
the equatorial western Pacific. The SLP anomaly structure in the North Pacific mirrors the
North Pacific Oscillation (NPO) pattern while in the South it projects onto the Pacific-South

American pattern (Okumura, 2013).
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Figure 1.4 Same as Figure 1.3 but for temperature anomalies averaged over the (left) western
(120°E-180°) and (right) eastern (180°-60°W) Pacific. Contours indicate climatological values of
potential density. Temperature data are from EN.4.2.2 (Good et al., 2013).

The SSH changes (a proxy for thermocline variations) exhibit pronounced zonal
asymmetry in the tropical Pacific with a shallower thermocline in the west and a deeper
thermocline in the central-eastern Pacific (Figure 1.4). The decadal-scale variability of the
thermocline in the western Pacific may be linked to the westward-propagating oceanic
Rossby waves (Capotondi et al., 2003; Capotondi and Qiu, 2022). Subsurface temperature
changes in the western region are most dominant at 5°-15°N between the isopycnals 23-25
kg m3, primarily driven by local Ekman pumping (Capotondi and Qiu, 2022). In contrast,

subsurface temperature changes in the eastern region are more confined to the equatorial
7
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south Pacific at 0-5°S between the isopycnals 23-25 kg m=. The opposite is qualitatively

observed during the positive (2002-2007) to negative (2007-2012) phase transitions.

Internal TPDV is characterized by the strongest SSTA in the equatorial central Pacific,
alternating between decadal periods of anomalously warm and cold events (Chunhan et al.,
2021; Liu et al., 2022). During the peak phase of TPDV, tropical SST forcing induces
atmospheric teleconnection (Alexander, 1992; Alexander et al., 2002), synchronizing
decadal variance across the North and South Pacific (Di Lorenzo et al., 2023; Liu and Di
Lorenzo, 2018; Zhao and Di Lorenzo, 2020). Therefore, TPDV shares common
characteristics with other major statistical climate modes such as the PDO, NPGO, SPDO,
and the IPO (Liu and Di Lorenzo, 2018), emphasizing the pivotal role of TPDV in Pacific

climate variability.

TPDV has significant implications for global climate as it can influence the equatorial
background mean state where interannual ENSO events dominate (McPhaden et al., 2011;
Okumura et al., 2017b; Zhong et al., 2017). Any changes in the background mean state can
modulate the amplitude and frequency of ENSO (Collins et al., 2010; Fedorov and Philander,
2000; Okumura et al., 2017b; Sun and Okumura, 2020; Zhao et al., 2016) as well as its
teleconnections (Meehl and Teng, 2007; Power et al., 1999; Stevenson et al., 2012; Vecchi
and Wittenberg, 2010). In addition, the persistence of decadal-scale climate variability, such
as the IPO, can complicate the disentanglement of internal climate variability from
anthropogenic climate change in the context of the global warming hiatus (England et al.,
2014). Moreover, a recent study demonstrated that accurately reproducing the spatial
structure and key mechanisms of TPDV remains a great challenge for Coupled Model
Intercomparison Project Phase 6 models (Zhao et al., 2023). Therefore, understanding the

8
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key mechanisms of internal TPDV is crucial for enhancing the prediction and management

of the impacts of climate change on the Pacific and beyond.
1.3 Potential mechanisms of TPDV

TPDV as an ENSO residual

The spatial resemblance between ENSO and TPDV has led to a null hypothesis that TPDV
arises as a residue of the long-term linear average of ENSO events (Vimont, 2005) or the
nonlinearities inherent in ENSO dynamics (Cibot et al., 2005; Kim and Kug, 2020; Rodgers
et al., 2004). The former can contribute to the SST pattern of TPDV from the developing to
decaying phases of TPDV and from the random occurrence of uneven numbers of EI Nifio
or La Nifa events during different decadal epochs (Power et al., 2021). The latter gives rise
to the spatial pattern of TPDV via the asymmetries in ENSO event-to-event variations, such

as variations in event magnitude, duration, and location (Capotondi et al., 2020).

Some ENSO events can trigger the phase transition of TPDV through various
mechanisms. Firstly, the strong EI Nifio-induced nonlinear dynamical heating in the ocean
mixed layer can cause a transition of TPDV from a positive to a negative phase (Liu et al.,
2022). Secondly, the onset of ENSO events combined with the establishment of heat content
anomalies in the off-equatorial western Pacific (Meehl et al., 2016) (Figure 1.5) can facilitate
the phase change of TPDV (Meehl et al., 2021). Specifically, these ENSO events can trigger
off-equatorial oceanic Rossby waves, contributing to the accumulation of ocean heat content
in the northwestern and southwestern Pacific (Capotondi and Alexander, 2001; Capotondi et
al., 2003). Subsequently, both locally generated and Rossby wave-induced oceanic heat
content are redistributed equatorward due to ENSO-associated wind anomalies, leading to a

phase transition in TPDV (Meehl et al., 2021).
9
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Figure 1.5 Latitude-time plot of SSH anomalies averaged (a) west and (b) east of the dateline. (c)
Latitude-time plot of SSTA averaged over 5°S-5°N. (d) TPDV index defined as 8-20 year bandpass
filtered SSTA over 5°S-5°N, 160°E-150°W. In a-c, SSTA and SSH anomalies are obtained by
removing the linear trend and the climatological monthly mean over 1950-2020. The horizontal solid
(dashed) green lines indicate strong and very strong EI Nifio (La Nifia) events that peak in December
based on the Oceanic Nifio Index (ONI). SST data are from HadISST (Rayner et al., 2003) and SSH
is from GECCO3 (Kohl, 2020).

Mean advection of temperature anomalies (the ¥T’ mechanism)

The »T' mechanism, where © denotes climatological mean circulation and T' is
temperature anomalies, was proposed to account for the phase transition of TPDV with the
time scale determined by the equatorward ventilation from the subtropical region (Figure
1.6). Gu and Philander (1997) suggested that extratropical surface thermal anomalies can
subduct and propagate westward and equatorward through the subsurface branch of the
subtropical cell (STC) (Liu, 1994; McCreary and Lu, 1994). These anomalies then upwell,

initiating an anomaly of the opposite sign at the equator. Furthermore, subsurface-induced

10
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anomalies further grow due to equatorial positive feedback, leading to the opposite phase of
TPDV, which in turn teleconnects to the extratropics and contributes to the formation of
surface anomalies there. While some subsequent studies have questioned the effectiveness
of extratropical North Pacific subsurface temperature anomalies in facilitating the phase
transition of TPDV (Hazeleger et al., 2001; Schneider et al., 1999a), temperature anomalies
with density-compensated salinity signals or spiciness (Munk, 1981) have been suggested to
play a more important role, particularly in the Southern Hemisphere (Tatebe et al., 2013;

Zeller et al., 2021).
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Figure 1.6 The advection of spiciness anomalies (pink shading) by the mean circulation (black
arrows) on the 25.0 kg m isopycnal surface. Shading indicates isopycnal depth, and the dashed blue
line indicates the ‘potential vorticity barrier” in the 5°—10°N latitude band. The lower panel depicts
zonally averaged isopycnal depths (from 23 to 25.5 kg m™ with a spacing of 0.5 kg m™; solid lines:
23,24 and 25 kg m®; dashed lines: 23.5, 24.5 and 25.5 kg m™), and the flow of equatorward spiciness
anomalies along isopycnal surfaces. (source: Capotondi et al. 2023)
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Anomalous advection of mean temperature (the v'T mechanism)

The v'Tmechanism, where v’ denotes circulation anomaly and T is the climatological
mean temperature, provides an alternative explanation for the phase transition of TPDV
compared to the mean equatorial upwelling of subtropical temperature anomalies from the
pycnocline (Figure 1.7). According to this mechanism, an increase in the rate of the STC
enhances the equatorial upwelling of extratropical cold water, leading to the cooling of the
equatorial surface temperature and consequently, transforming TPDV into a cold phase, and
vice versa (Kleeman et al., 1999). Although there is a strong relationship between STC
variability and TPDV in both models (Capotondi et al., 2005; Cheng et al., 2007; Farneti et
al., 2014a; Klinger et al., 2002; Luibbecke et al., 2008; Solomon et al., 2003) and observations
(McPhaden and Zhang, 2002, 2004), the exact contribution of STC variability to the phase
transition of TPDV remains largely unknown due to the nearly in-phase relationship between
equatorial SST variability and STC changes at the decadal time scale (Capotondi et al., 2023).
Additionally, the strength of the STC depends strongly on the location and magnitude of the
wind forcing, the origin of which is still challenging to determine unambiguously (Capotondi
and Qiu, 2022; Graffino et al., 2019). These wind anomalies might be driven by extratropical
internal atmospheric variability or as a response to equatorial SST anomalies (Stuecker, 2018;
Zhang et al., 2022). In addition, some studies suggested that the Atlantic Ocean can also
contribute to these wind anomalies via atmospheric teleconnection (Sun et al., 2017).
Consequently, the precise importance of the STC-related mechanism to TPDV is yet to be

fully understood.
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Figure 1.7 Same as Figure 1.6, but for the v'T mechanism. The mean (anomalous) flows are denoted
by black (red) arrows. (source: Capotondi et al. 2023).

Wave propagation of temperature anomalies

The propagation of Rossby waves can induce isopycnal displacements that generate
temperature anomalies on climatological mean isopycnal surfaces, contributing to the phase
transition of TPDV (Capotondi and Alexander, 2001; Capotondi et al., 2003; Capotondi et
al., 2023). Specifically, wind-forced oceanic Rossby waves in the off-equatorial region
propagate slowly westward. After reaching the western boundary, these waves move
equatorward along the boundary as coastal Kelvin waves and then eastward along the equator
as equatorial Kelvin waves. The equatorial arrival of these waves then alters the depth of the

thermocline and initiates an opposite sign of equatorial SSTA, causing a phase transition of
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TPDV (Farneti et al., 2014b; Galanti and Tziperman, 2003; Jin et al., 2001; Knutson and
Manabe, 1998; Lysne et al., 1997; Meehl and Hu, 2006; Tatebe et al., 2013; White et al.,

2003) (Figure 1.8).
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Figure 1.8 A wave teleconnection from the midlatitude Pacific to the equator. Midlatitude planetary
Rosshy waves travel westward at all latitudes and are damped. The waves that are amplified in
baroclinically unstable regions of the subtropical gyre arrive to the equator with a larger amplitude
and therefore dominate the midlatitude signal there. (source: Galanti and Tziperman 2003)

Several mechanisms have been proposed to elucidate the decadal-scale tropical climate
variability induced by Rossby waves. Firstly, the zonal coherency of wind forcing, which
becomes increasingly pronounced at decadal timescales, can effectively excite large-
amplitude Rosshy waves that maximize thermocline depth variability in latitudinal bands of
10-15°N and 10-14°S (Capotondi et al., 2003). Secondly, planetary Rossby waves originating

in the eastern extratropics of both hemispheres can be significantly amplified due to
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baroclinic instability when traveling westward along the equatorward boundaries of the
subtropical gyres, resulting in longer transit times in the decadal range (Galanti and
Tziperman, 2003) (Figure 1.8). Finally, the slow eastward propagation of equatorial coupled
waves (White et al., 2003), arising from the coupling of isopycnal depth anomalies and
anomalous zonal wind stress (Tatebe et al., 2013), can extend the delayed negative feedback

to equatorial SST variability at decadal timescales.
Intrabasin atmospheric drivers

Apart from the oceanic processes mentioned earlier, atmospheric processes along the
meridional axis within the Pacific basin can also contribute to TPDV. Based on model
simulations and observations, Barnett et al. (1999) proposed that large-scale low-frequency
atmospheric circulation in the North Pacific can induce zonal wind stress changes in the
western-central equatorial Pacific. These changes subsequently provide feedback on the
mean state of the thermocline, causing low-frequency tropical climate variability. This
hypothesis is established through Hadley cells, which constitute the primary atmospheric
conduit for transferring climate signals from the extratropics to the equator. A later study
based on a 137-year simulation of a fully coupled general circulation model suggested that
midlatitude SSTA can induce equatorial surface wind stress anomalies (Pierce et al., 2000).
These anomalies, in turn, modulate the east-west slope of the equatorial thermocline,
affecting tropical decadal-scale climate variability. Additionally, a similar mechanism has
been proposed in the Southern Hemisphere where the Pacific-South American pattern can
modulate southeasterly trade winds, leading to ENSO-like decadal climate variability

(Okumura, 2013).
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Figure 1.9 Proposed framework for TPDV. (source: Joh and Di Lorenzo 2019)

Recent research has proposed a framework for TPDV associated with the extratropical-
tropical ocean-atmosphere interaction (Joh and Di Lorenzo, 2019). Specifically, during the
positive phase of TPDV, equatorial SST warming induces anomalous extratropical
atmospheric response (Alexander et al., 2002; Trenberth et al., 1998), thereby driving
westward propagating Rossby waves (Ceballos et al., 2009; Qiu, 2003; Taguchi et al., 2007).
The arrival of oceanic Rossby waves at the western boundary then modifies the Kuroshio
Extension (KE) structure, leading to persistent downstream wind stress curl anomalies (Qiu
et al., 2014; Qiu et al., 2007) that project onto the atmospheric forcing of the PMM (Joh and
Di Lorenzo, 2019). The PMM then strengthens equatorial SSTA (Di Lorenzo et al., 2015;

Zhao and Di Lorenzo, 2020), resulting in a negative TPDV phase after around five years
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(Figure 1.9). The reverse cycle is simply the opposite sign of the aforementioned processes
(Di Lorenzo et al., 2023). This hypothesis is a delayed oscillator paradigm (Suarez and
Schopf, 1988) with delayed negative feedback which determines the preferred time scale of

the oscillation given by the westward propagating Rossby wave.
Interbasin teleconnections

In the zonal axis, changes in the global Walker circulation associated with interbasin
interaction can also contribute to the tropical Pacific climate (Cai et al., 2019) (Figure 1.10).
Specifically, low-frequency surface warming in the Indian Ocean has been proposed to
strengthen the atmospheric Walker circulation, increasing surface easterlies in the western-
central Pacific, leading to a La Nifa-like state through tropical atmosphere-ocean coupling
(Luoetal., 2012) (Figure 1.10a). However, the influence of the Indian Ocean appears to have
weakened in recent decades (Dong and McPhaden, 2017; Han et al., 2014) (Figure 1.10c). In
contrast, the Atlantic Ocean exhibited a stronger impact on Pacific decadal climate variability
from 1980 onwards (Figure 1.10c). Tropical Atlantic warming is demonstrated to intensify
the atmospheric Walker circulation (Kucharski et al., 2016; Kucharski et al., 2011; Li et al.,
2016; McGregor et al., 2014; Ruprich-Robert et al., 2017), leading to cooling in the central-
eastern equatorial Pacific (Li et al., 2016; McGregor et al., 2014) (Figure 1.10Db).
Additionally, the influence of the tropical Atlantic on the Pacific can be strengthened by the
Indian Ocean through the warming induced by the Atlantic Ocean in the Indo-Western
Pacific (Li et al., 2016). This, in turn, further favors a La Nifia-like response by enhancing
the easterlies in the equatorial Pacific (Kug and Kang, 2006; Ohba and Ueda, 2007) (Figure

1.10d).
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Figure 1.10 Decadal interbasin connections with the Pacific. (a) Indian Ocean warming induces a
Gill-type response that increases surface easterlies and cold SSTA in the western Pacific. (b) Atlantic
Ocean warming creates a Gill-type response resulting in anomalous easterlies and cold SSTA over
the western and western-central Pacific, respectively. (c) Sliding-window 20-year trends of interbasin
SST differences (ERSST) and equatorial western Pacific wind stress. The wind stress and its 1-
standard deviation spread (shading) are from a 56-member reanalysis of the 20th-century climate.
Wind stress from Extended Reanalysis-Interim for the post-1979 period is also used. Pre- and post-
1980 correlations between the transbasin SST (ERSST) and the ensemble-mean equatorial zonal wind
trends are provided, along with the 1-standard deviation spread of correlations from the 56
realizations. Indian (IND), Pacific (PAC), and Atlantic (ATL) basin SST are calculated over 20°S-
20°N and 21°E-120°E, 20°S-20°N and 121°E-90°W, and 20°S-20°N and 70°W-20°E,
respectively. The Pacific wind is computed over 6°S-6°N, 180°E-210°E. (d) The atmospheric
circulation and surface temperature changes generated owing to Atlantic warming in (b) are amplified
by the Pacific Bjerknes feedback and 10D-Pacific interactions.The depth-longitude section in (d)
illustrates the subsurface temperature and circulation anomalies in the Indo-Pacific. In (a), (b), and
(d), the color shading indicates temperature, with red being warmest and blue being coolest. (source:
Cai et al. 2019)

1.4 Thesis objectives and structures
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Figure 1.11 Processes and mechanisms associated with TPDV. The warm phase of TPDV,
characterized by the strongest equatorial positive SSTA (shading, upper), induces convective heating
anomalies and cyclonic circulations in the extratropical North (blue circle) and South Pacific. The
green arrows signify wave propagation mechanisms, including westward-propagating Rossby waves,
followed by equatorward movement along the boundary as coastal Kelvin waves and along the
equator as equatorial Kelvin waves. The contribution from the Indian and Atlantic Oceans is also
represented by olive green arrows. On the right, subsurface processes proposed to explain the TPDV
phase transition involve the propagation of spiciness anomalies (gray shading) by mean STC (pink
arrows), along with variability in the strength of the STC (blue arrows). The decadal framework
proposed by Joh and Di Lorenzo (2019) is depicted, indicating the Aleutian Low/NPO (blue circle)
inducing westward-propagating Rossby waves (blue arrow) to change KE state, leading to storm track
change to excite downstream atmospheric response (purple circle), contributing to the forcing of the
PMM (white arrows) which in turn drives to TPDV.

While various mechanisms have been proposed to explain TPDV, the primary mechanism
driving its phase transition remains largely unknown (Figure 1.11). This thesis aims to
enhance our understanding of the ocean's role in TPDV by investigating the impact of
remotely generated subsurface temperature anomalies. The research focuses on two main

themes. First, identifying a low-frequency subsurface propagating mode and the underlying
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physical processes that generate this mode through analysis of observational and reanalysis
datasets. We employ the “spiciness” variable as a passive tracer in the ocean to track the
subsurface propagating pattern. Second, determining the mechanisms responsible for the
phase reversal and the preferred time scale of TPDV by examining observational and
reanalysis datasets. Furthermore, we conduct several numerical experiments to support the

findings.

The following two Chapters (Chapter 2 and Chapter 3) are presented as independent
manuscripts that have been submitted for publication. Therefore, each Chapter is organized
with its Introduction, Methods, Results, Summary, and Discussion section. For brevity, the

references from each Chapter are combined into a single bibliography at the end of the thesis.

In Chapter 2, we investigate the surface forcing of isopycnal spiciness anomalies, paying
specific attention to the Aleutian Low and PDO. Moreover, we scrutinize the physical
processes that are responsible for the creation of subsurface spiciness anomalies. This chapter

has been published as a research article in Climate Dynamics.

In Chapter 3, we investigate the origin of water upwelling in the equatorial central Pacific.
Specifically, we focus on two distinct isopycnal ranges, characterized by tropical and
extratropical origins, respectively. We also propose a comprehensive framework for TPDV
that incorporates the role of tropical subsurface temperature anomalies, Kuroshio Extension,
and Pacific Meridional Mode. The finding of this Chapter is to be submitted for publication

in npj climate and atmospheric science.

In Chapter 4, we discuss and conclude the main findings of the study.
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Chapter 2

Aleutian Low/PDO forces a decadal subsurface spiciness propagating mode in
the North Pacific

This Chapter is based on the publication:

San S-C and Tseng Y-h (2023). Aleutian Low/PDO Forces a Decadal Subsurface Spiciness
Propagating Mode in the North Pacific. Climate Dynamics. DOI: 10.1007/s00382-023-
06938-w

Preface

Analysis of observational data reveals the existence of a decadal subsurface spiciness
mode that involves ocean-atmosphere coupling in the North Pacific. Specifically, the
Aleutian Low, the dominant atmospheric forcing of the Pacific Decadal Oscillation (PDO),
drives a dipole pattern of positive and negative spiciness anomalies in the eastern midlatitude
and subtropics, respectively. These anomalies then propagate equatorward along a deflected
route defined by the mean acceleration potential. The positive anomaly can be observed at
14°N after seven years of propagation while the downstream negative anomaly can be tracked
to 10°N after three years of its occurrence. In addition, a negative spiciness anomaly appears
in the midlatitude, followed by the formation of the positive spiciness anomaly two years
later. It takes a similar pathway toward the tropics. Further analysis demonstrates the strong
connection between the equatorial sea surface temperature variability and the extratropical
spiciness anomalies. These, in turn, potentially lead to a decadal climate oscillation in the

North Pacific involving extratropical-tropical interaction.

The dominant physical processes responsible for the subsurface spiciness variability are
significantly different between the eastern midlatitude and subtropical North Pacific. In the
midlatitude, isopycnal spiciness variability exhibits similar characteristics as the temperature
variations at around 50-120 m depth, mainly produced via the subduction, reemergence, and
anomalous advection across mean spiciness gradients. In contrast, interior subtropical
spiciness variability follows the evolution of salinity anomalies at around 120-250 m.
Subduction, spice injection, and anomalous advection generate the isopycnal spiciness
variability.
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2.1 Introduction

The low-frequency dynamics of subsurface temperature/salinity anomalies in the eastern
Pacific Oceans have long been an active theme of research due to their important role in
connecting extratropics with the tropics (Gu and Philander, 1997; Schneider, 2000, 2004).
After a positive temperature anomaly is formed in the subtropical North Pacific, it is then
advected adiabatically by the mean current westward and equatorward along isopycnal
surfaces toward the tropical region (Kolodziejczyk and Gaillard, 2012; Sasaki et al., 2010).
Along the equator, the anomaly flows east by the Equatorial Undercurrent (EUC), upwells,
and warms the surface in the central-eastern equatorial Pacific. The surface warming also
concurrently relaxes the local easterlies. Therefore, this warming is further enhanced via the
positive Bjerknes feedback. Subsequently, the equatorial warming forces deep atmospheric
convection that propagates into the extratropical North Pacific through the Pacific-North
American teleconnection (Alexander, 1990, 1992). This atmospheric perturbation modulates
the strength of the Aleutian Low, zonal wind anomalies, and hence turbulent heat flux in the
midlatitude. Eventually, a negative subsurface temperature anomaly is generated and then
propagates along a similar path of the positive anomaly toward the equator. This could form
a decadal climate variability in the North Pacific with the time scale determined by the

equatorward ventilation of the anomalous signals (Gu and Philander, 1997).

The generation of subsurface temperature/salinity anomalies can be classified into two
distinct mechanisms: subduction and injection. Subduction occurs when an isopycnal is
exposed to the surface and allows sea surface signals to follow the outcrop line toward the
interior ocean (Kolodziejczyk and Gaillard, 2012; Nonaka and Sasaki, 2007). Therefore, the

meridional displacement of the outcrop line which is governed by the compensated
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contribution of sea surface temperature (SST) and sea surface salinity (SSS) anomalies
determines the positive or negative sign of the anomaly on the isopycnal surface (Nonaka
and Sasaki, 2007). This mechanism generates anomaly locally, i.e., just below the position
of the outcrop line. The injection mechanism (spice injection), on the other hand, generates
subsurface anomaly further equatorward away from the isopycnal outcrop position and is
responsible for the positive anomaly (Kolodziejczyk and Gaillard, 2012; Luo et al., 2005;
Wang and Luo, 2020; Yeager and Large, 2004). The injection occurs when the examined
isopycnal is not exposed to the surface, but the large unstable vertical salinity gradient in
conjunction with weak stratification in winter favors convective mixing at the base of the
mixed layer (Yeager and Large, 2004). As a result, the surface saline water is injected into
the ocean interior, creating a density-compensating layer of temperature and salinity
anomalies, termed spiciness anomaly, at the base of the mixed layer (Wang and Luo, 2020;
Yeager and Large, 2004). Furthermore, subsurface anomaly generation involving
atmospheric stochastic forcing is also proposed. In particular, the ocean filters the overlying
atmospheric noise (Hasselmann, 1976) resulting in a large-scale first baroclinic mode
pressure response. The anomalous geostrophic advection then crosses the mean spiciness
gradients which in turn generate low-frequency subsurface spiciness variability (Kilpatrick
etal., 2011). Isopycnal spiciness anomaly formation via this mechanism has also been shown
to dominate in model simulation, leading to a decadal spiciness mode in the tropical North

Pacific (Schneider, 2000).

The spiciness variable, which is often represented as temperature or salinity on a certain
isopycnal surface (Kolodziejczyk and Gaillard, 2012; Li et al., 2012; Zeller et al., 2021), has

been increasingly employed in recent literature to investigate low-frequency ocean climate
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variability. Initially, spiciness (or potential spicity) is constructed as a state variable to
characterize the rest information of thermodynamics not included by the potential density.
Therefore, isolines of spiciness are required to be orthogonal with potential density in the T-
S diagram (Huang, 2011; Huang et al., 2018, 2021; Miller and Willebrand, 1986; Munk,
1981; Stommel, 1962; Veronis, 1972). Spiciness defined in this way is assumed to be
dynamically passive, accurately measuring mixing along isopycnal surfaces (Veronis, 1972).
However, later studies identified that such orthogonal constraint is ambiguous because the
scaling in the axes of the T-S diagram can vary in tandem with the thermal expansion and
haline contraction coefficients (Flament, 2002; Jackett and Mcdougall, 1985; McDougall and
Krzysik, 2015). In addition, the passive behavior of spiciness lies in its variations along
isopycnal surfaces but not the inherited property of any thermodynamic variable (McDougall
et al., 2021; McDougall and Krzysik, 2015). McDougall and Krzysik (2015) sacrificed the
orthogonal enforcement but strictly required the variation of spiciness along isopycnal
surfaces to be proportional to the isopycnal water-mass variations, expressed in density units.
A solid theory available for the construction of spiciness so far is still a matter of ongoing
debate and largely evolving along two main streams: orthogonality (Huang et al., 2021) and
nonorthogonality (McDougall et al., 2021) with the potential density in the T-S diagram.
Recently, Tailleux (2021) suggested that before the construction of spiciness, a neutral
density variable (Tailleux, 2016) that is materially conserved should be well-defined first,
and then any material density function can be used to construct spiciness quantified in terms

of its anomaly along the neutral surfaces.

The corridor for the eastern extratropical subsurface signals propagating toward the

equator is via the so-called subtropical cell (STC) (Liu, 1994; Liu et al., 1994; McCreary and
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Lu, 1994), a shallow overturning circulation confined to the upper 500 m, consisting of the
subsurface equatorward branch, equatorial upwelling branch, and poleward flow in the
surface Ekman layer (Capotondi et al., 2005; Schott et al., 2004). Past observational and
modeling studies have demonstrated the existence of the STC and drawn an overall picture
of the characteristics of the communication windows between the equatorial thermocline and
midlatitude subduction regions (Fine et al., 1987; Liu and Huang, 1998; Liu et al., 1994; Lu
and McCreary, 1995; Lu et al., 1998; McPhaden and Fine, 1988; Rothstein et al., 1998).
Depending upon the longitude at which subduction occurs, the anomaly advected within the
lower branch of the STC can reach the equator via two distinct pathways. In the central North
Pacific, the subducted water first flows southwestward to arrive at the western boundary and
then turns southward toward the equator by the low latitude western boundary undercurrent
(the western boundary pathway). In contrast, water subducted in the eastern subtropical basin
first flows southwestward and then directly feeds into the EUC in the central-eastern
equatorial Pacific (the interior pathway). Though many dynamical aspects of the two
pathways have been well documented in previous literature, a comprehensive separation of
the western boundary and interior pathways remains challenging. Up to now, most of the
studies mainly employed virtual or Montgomery streamfunction evaluated on isopycnal
surfaces to differentiate between the two pathways (Fukumori et al., 2004; Johnson and
McPhaden, 1999; Li et al., 2012). In addition, the preferential pathway that the subducted
anomaly takes to reach the equator as well as the relative contribution of Northern versus
Southern Hemisphere western boundary and interior pathways remain unclear. In the North
Pacific, there is a barrier associated with the high potential vorticity induced by positive
Ekman pumping in the northeastern Pacific, which inhibits the direct communication of
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lower-layer water from the subtropics to the tropics. Therefore, the anomaly has to flow
through a more convoluted route to reach the equator (Johnson and McPhaden, 1999; Lu et
al., 1998; Rothstein et al., 1998) or almost flows toward the western boundary to join the
EUC (Fukumori et al., 2004; Furue et al., 2015; Lu and McCreary, 1995). Furthermore, a
considerable amount of North Pacific ventilated thermocline water heads into the Indian
Ocean via the Indonesian Throughflow which strongly reduces the exchange flux of
subtropical water to the western equatorial region (Lee et al., 2002; Nie et al., 2016; Rodgers
et al., 1999). In the South Pacific, however, due to the absence of such a high potential
vorticity barrier, the anomaly can take a direct pathway toward the equator in the interior
ocean (Luo et al., 2003; Luo and Yamagata, 2001). As a result, the South Pacific contributes
significantly more subtropical water to the tropics than the North Pacific does via the interior
pathway (Fukumori et al., 2004; Goodman et al., 2005; Johnson and McPhaden, 1999). Also,
as the distance coverage of the anomaly in the South Pacific along the interior pathway is
much shorter than its Northern counterpart, the impact of the South Pacific subtropical
anomaly on the tropical climate variability appears to be of greater magnitude and shorter
lead time (Kolodziejczyk and Gaillard, 2012; Kuntz and Schrag, 2018; Luo et al., 2005;

O'Kane et al., 2014; Tatebe et al., 2013; Yang et al., 2005; Zeller et al., 2021).

One appealing question is whether the advection of remotely generated spiciness anomaly
by the mean current can effectively migrate to the equator and impact tropical climate
variability. Modeling (Fukumori et al., 2004; Giese et al., 2002; Pierce et al., 2000;
Schneider, 2000; Schneider et al., 1999b; Yeager and Large, 2004), as well as observational
studies (Schneider et al., 1999a; Zhang & Liu, 1999), have obtained ambiguous conclusions

regarding such propagating signal from the extratropical subduction zone in both
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hemispheres. On the one hand, some studies demonstrated that the magnitude of spiciness
anomaly diminishes significantly during the propagation (Kolodziejczyk and Gaillard, 2012;
Liu and Shin, 1999; Sasaki et al., 2010) and likely cannot arrive in the western equatorial
Pacific (Hazeleger et al., 2001; Schneider et al., 1999a). On the other hand, some studies
found that the spiciness anomaly can spread to the equator via the interior pathway (Li et al.,
2012; Luo et al., 2005) and/or the western boundary pathway (Kolodziejczyk and Gaillard,
2012; Luo et al., 2005; Sasaki et al., 2010; Yeager and Large, 2004) but at much-reduced
amplitude. Moreover, the relative contribution of the mean advection of spiciness anomaly
along the interior pathway versus the western boundary pathway at each hemisphere to the
low-frequency signal peak in the equator is subject to event dependence. Employing an ocean
general circulation model combined with a Lagrangian particle simulator forced with
climatological surface conditions, Zeller et al. (2021) showed one positive event peak in the
subsurface equator is mainly contributed by Southern Hemisphere water traveling along the
interior pathway while another negative event peak is primarily caused by water traveling
via the western boundary pathway in the Northern Hemisphere. Although many efforts have
been made in the role of extratropical signals on the interannual to decadal tropical climate
variability, a thorough understanding regarding the surface forcing of subsurface spiciness
anomaly (SSA) as well as the dominant physical processes responsible for the formation of

isopycnal spiciness anomalies in the North Pacific is still unclear.

In this study, a low-frequency subsurface spiciness propagating mode in the North Pacific
is characterized and linked with the Aleutian Low/PDO by employing two different
observational datasets. The Aleutian Low is the dominant sea level pressure (SLP) pattern in

the North Pacific primarily driven by internal atmospheric dynamics (Alexander et al., 2010;
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Pierce, 2001) while the PDO (Mantua et al., 1997) can be regarded as the first order as the
oceanic expression of the high-frequency atmospheric variability (Newman et al., 2016;
Schneider and Cornuelle, 2005). To the best of our knowledge, this is the first study to
investigate the relationship between SSAs and the Aleutian Low/PDO. We further examine
the physical processes responsible for isopycnal spiciness variability in the midlatitude and
subtropics, respectively. We find that the net surface heat flux (Qnet) and wind stress curl
anomalies associated with the Aleutian Low/PDO create SSAs via subduction and spice
injection mechanisms. In addition, flow pattern change related to the interaction between the
Aleutian Low and PDO generates SSAs through the anomalous advection across the mean
spiciness gradient mechanism. This paper is organized as follows. Section 2 describes the
data and the method utilized. Section 3 presents the main result of the study followed by

discussion and concluding remarks in Section 4 and Section 5, respectively.
2.2 Data and methodology

For the ocean subsurface temperature and salinity, we use the latest EN.4.2.2 in the ‘EN’
series of data sets from the Met Office Hadley Centre (Good et al., 2013), 1° horizontal grids
over 42 non-uniform spaced depth levels spanning from 1900 to present at monthly intervals.
Four ensemble members are available in EN.4.2.2. EN.4.2.2.analyses.g10 (hereinafter
referred to as EN422) is chosen for our analysis while the results extracted from the other
three ensembles are qualitatively consistent and similar. All available sources of
oceanographic measurements are adopted in this product, primarily from the WODQ9. In
addition, the gridded Grid Point Value of the Monthly Objective Analysis (MOAA GPV)
(Hosoda et al., 2008) is also used to compare the evolution of subsurface anomalies during

2001-2019. The MOAA GPV is constructed mainly from Argo floats in combination with
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buoy measurements and casts of research cruises. The horizontal resolution is 1° on standard
pressure levels between 10 and 2000 dbar. For the sea surface height, we use the Global
Ocean Data Assimilation System (GODAS) with 0.33° latitudex1° longitude during 1980-
2019 (Behringer et al., 1998; Behringer and Xue, 2004). In addition, the SLP, SST, and 10-
m wind data from the ERA5 are used (Hersbach et al., 2020). To be consistent with
atmospheric data, our analysis uses the period of 1979 to 2019 except for MOAA GPV which

is analyzed from 2001 to 2019.

The temperature and salinity are first converted to conservative temperature and absolute
salinity based on the TEOS-10 (McDougall and Barker, 2011) before calculating spiciness
following the method proposed by Jackett and Mcdougall (1985) and McDougall and

Krzysik (2015):

jdn 2 [ %° ds, o)
p° asA@Dr
6 6
7o(Sa®)=m, ). ) AyS'y (2)
j=0k=0
6 6
7 (Sa0)=m,) > Bys'y 3)
j=0k=0
6 6 )
7, (Sp©)=m, ). ) Cysy* (4)
j=0k=0

where 7 is spiciness, @ is conservative temperature, Sa is absolute salinity, p is potential

density and pr is reference pressure. z,, 7, and r,are spiciness referenced to 0 dbar, 1000
dbar, and 2000 dbar, respectively. z, =1 kg m?® S, 5(4O><35 16504 g kg’l)/35 and

©®, =40°C. The nondimensional salinity s and nondimensional temperature y are
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Ajk, Bik, and Cjx are the coefficients of the polynomials for spiciness (see McDougall and
Krzysik (2015) for more details). The spiciness in the pressure coordinates is then
transformed to sigma coordinates by linear interpolation on the isopycnals oy = 25-26 kg m"
3with Ay = 0.01 kg m™. The chosen isopycnal level is within the main thermocline (Figure
S2.1). It can capture a larger portion of the formation of spiciness signal than that typically
defined using 25-25.5 gy (not shown), and thus tracking water mass from the source
generation region to the tropics more appropriately. To remove the impacts of the annual
cycle, the interpolated data are filtered with a 13-month running mean. We also analyze the
spiciness based on the definition of Huang et al. (2018). The results are qualitatively similar

despite some small differences in the magnitude of the anomalies.

To account for the pathway connecting extratropics with the tropics, we calculate the mean
acceleration potential, referenced to 2000 dbar (McDougall and Klocker, 2010). It is then
interpolated to sigma coordinates and low-pass filtered with a 13-month running mean. In
this study, the interior and western boundary pathways are not explicitly separated. Here, we
define the North Pacific Pathway (hereinafter referred to as NPP) as the passage between the
acceleration potential contours of 19.7 and 21 m? s which covers a large portion of

extratropical-tropical exchange window to describe the propagation features.

The temporal and spatial characteristics of low-frequency spiciness variability are
investigated using a complex empirical orthogonal functions (CEOF) analysis (Barnett,
1983; Horel, 1984) performed in the North Pacific (0-60°N, 120°E-80°W). The advantage of

CEOF over traditional empirical orthogonal function (EOF) analysis lies in its ability to
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extract propagating properties in the data by providing not only the amplitude but also the
potential phase change. Given the propagative nature of isopycnal spiciness anomalies, this
method can reveal important propagation properties relating to the fate of spiciness

variability (see Text S1 for the details).
2.3 Results

2.3.1 Characteristics of low-frequency spiciness variability
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Figure 2.1 Standard deviation of low-frequency spiciness variability averaged between 25-26 a4 in
the North Pacific associated with CEOF1. The variance explained by CEOF1 is shown in (a) for
EN422 and (b) for MOAA GPV, respectively. The spatial phase of the leading mode derived from
(c) EN422 and (d) MOAA GPV. The thick black lines denote the mean acceleration potential contours
of 19.7- and 21.0 m?s2 (NPP). The gray line in (a) indicates the latitude of 10°N.
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The CEOF analysis of spiciness anomalies averaged between 25-26 o, had identified the
dominant mode of low-frequency variability in the North Pacific. This mode accounts for
about 28% and 51% of the total spiciness variance in the EN422 and MOAA GPV datasets,
respectively (Figure 2.1a, b). It is significantly distinguished from the rest modes and exhibits
the most prominent propagating feature (Figures 2.1c, d, and 2.2). Therefore, we focus
entirely on the first CEOF mode (CEOF1) in this study. The spatial amplitude of CEOFL1 is
similar between the EN422 and MOAA GPV although the latter shows a weaker magnitude
in the eastern midlatitude (Figure 2.1a, b). In general, CEOF1 exhibits maximum variability
equatorward from the outcropping area, centering at 38°N, 140°W. The associated magnitude
reaches 0.12 kg m™ in the center of action but decreases considerably downstream along the
NPP as indicated by the acceleration potential contours of 19.7 and 21 m?s. This area of
maximum spiciness variability is consistent with that identified by Li et al. (2012) based on
the potential temperature averaged between 25-25.5 g4 from the MOAA GPV dataset. While
CEOF1 of the present study possesses only one center of maximum variability in the
extratropics, Li et al. (2012) showed the other secondary variability in the eastern subtropical
region around 20°N east of 130°W. Compared to the CEOF1 of interannual salinity
anomalies evaluated on the gy =25.5 surface of Kolodziejczyk and Gaillard (2012), the
spiciness signal in the present study is much more coherent and stronger, and the center of
action expands further northward to about 50°N (Figure 2.1a, b). These differences may be
ascribed to the isopycnal levels as well as the thermodynamic variable employed for the
analysis. The two previous studies mainly evaluate the anomalies between ¢,=25-25.5 which

are shallower than the isopycnal levels considered here.
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A propagating signal can be seen from the increasing spatial phase of CEOF1 along the
NPP (Figure 2.1c, d). This propagating feature is further demonstrated by the reconstruction
of the first CEOF mode from -180° to 180° at 45° phase intervals (Figure S2.2). The abrupt
zonal change of phase around 38°N coincides with the large variance of the first mode. At
lower latitudes, the phase structure is strongly modulated by the turn to the eastern edge of
the pathway where the potential vorticity barrier (Lu and McCreary, 1995) hinders the direct
equatorward transport from the extratropics to the tropics. Though the spatial phase along the
NPP is qualitatively similar between the two products poleward of 20°N, significant
differences can be observed downstream. While the MOAA GPV shows a smoother phase
transition, the EN422 experiences a significant phase change which is probably due to the

decadal changes in the propagating characteristics. These will be further shown next.
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Figure 2.2 Latitude-time diagram of reconstructed spiciness anomalies using the (a) first and (b) all
CEOF modes averaged along the NPP based on EN422. The vertical solid (dashed) gray lines
represent strong and very strong (moderate) El Nino events that peak in January based on the Oceanic
Nifio Index (ONI).
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The propagating characteristics of the first and all CEOF modes are assessed by
reconstructing the spiciness anomalies on the Hovmoller diagram along the NPP (Figure 2.2).
During 1980-2018, there were episodes of positive and negative spiciness anomalies that
occurred in the extratropical North Pacific (Figure 2.2a). The alternating anomalies (two
negative and one positive) during 2003-2011 have previously been reported (Kolodziejczyk
and Gaillard, 2012; Li et al., 2012; Sasaki et al., 2010) (Figure 2.2). In addition, two major
spiciness events of opposite signs emerged from 2012 onwards: one negative anomaly
appeared in 2012-2013 and the other positive anomaly originated in 2014-2015. Our results
suggest that considering deeper isopycnal levels can characterize the spiciness occurrence
(variability) from the high latitude region at least one to two years in advance compared to

the previous studies.

The reconstructed spiciness anomalies using CEOF1 show a clear pattern of equatorward
propagation with the strongest variability observed poleward of 24°N, consistent with the
spatial amplitude distribution (Figures 2.1a, b and 2.2a). For a positive spiciness anomaly
centering at 35°N, 130°W (-180°, Figure S2.2), it propagates westward and equatorward
along the NPP, corresponding with the increasing phase (Figures S2.2 and 2.3). The
magnitude is then gradually reduced (-45° to 180°, Figures S2.2 and 2.2). In addition, a
negative spiciness anomaly formed in the midlatitude North Pacific centering at 40°N,
150°W subsequently follows the pathway that the positive takes to reach the tropics (-135°,
Figures S2.2 and 2.2). As a result, the equatorward propagation of prominent spiciness
anomalies from 40°N to 10°N lasts for about seven years (Figures 2.2a and S2.2) which is
consistent with the temporal phase change (Figure 2.3). This time scale is in good agreement

with the estimated 7-8 years for the extratropical origin of subsurface signals to reach the
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tropics (Kolodziejczyk and Gaillard, 2012; Schneider et al., 1999a). Our study also reveals
that the propagating signals along the NPP can reach 10°N, especially after 1998/1999
(Figure 2.2). The more equatorward arrival of spiciness anomalies after 1998/1999 on the
one hand may result from the decadal change of the intertropical convergence zone. In
particular, the width of the intertropical convergence zone has narrowed in recent decades as
a response to climate change (Byrne et al., 2018) thus weakening the potential vorticity
barrier in the lower layer (Lu and McCreary, 1995) to facilitate the equatorward propagation
of extratropical signals. On the other hand, the quality-poor data pre-Argo period (before

2001) might contribute to the discrepant signal before and after 1998/1999.
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Figure 2.3 Normalized time series of (a) real and (b) imaginary expansion coefficients of CEOFL1.
The associated temporal phase (in degree) of the CEOF1 is shown as green dots. The black and red
lines are the PDO index from the NOAA Physical Sciences Laboratory and Nifio3 (5°S-5°N, 150°-
90°W) index obtained from the NOAA Climate Prediction Center, respectively. The blue number in
(a) is the simultaneous correlation between PC1 (real) of spiciness anomalies derived from MOAA
GPV and EN422 during the same period (2002-2018) and similarly, the number in (b) is the
correlation obtained from the first imaginary part of the two datasets. The second red number in (a)
is the simultaneous correlation between the PDO and the Nifio3. POS and NEG correspond to PDO
positive and negative phases.

There is a substantial difference between the spiciness signals before and after 1998/1999

(Figure 2.2), a period when the North Pacific SST and the relevant atmospheric conditions
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changed abruptly (Lyon et al., 2014), which is often referred to as climate regime shift
occurring after the winter of 1998/1999. This shift has resulted in shorter persistence of the
PDO cold/warm phases since 1998/1999 compared to the prolonged warm condition before
the regime shift (Figure 2.3). For comparison, the temporal evolution of the first principal
component (PC1) of spiciness anomalies is shown in Figure 2.3. While the imaginary
component almost varies in tandem with the PDO index, there is a time lag between the peak
of the real part with the peak of the PDO in which the latter leads the former longer than a
year. The in-phase relation can be further confirmed by the strong correlation when PDO
leads PC1 (real) of spiciness anomalies by 18-24 months (Figure 2.4a), suggesting the
relevance between the two leading modes of surface and subsurface oceanic variability in the

North Pacific (Figure 2.3). This will be elaborated more in the next section.
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Figure 2.4 (a) Lead-lag correlation coefficients between the PC1 of spiciness anomalies and the PDO
index. Horizontal dashed lines indicate the 95% confidence level. (b) Lead-lag correlation
coefficients between the PDO index and reconstructed spiciness anomalies using CEOF1 averaged
along the NPP. Shading indicates correlation coefficients that are significant at the 95% confidence
level (Student’s t-test). The thick black line in (b) indicates lag 0. Positive lags indicate PDO leads
the spiciness anomalies.
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2.3.2 Forcing mechanism

Motivated by the linkage between PDO and the PC1 (real) of spiciness anomalies, we
further investigate the role of PDO in forcing subsurface variability in the extratropical North
Pacific. All of the following analyses will be based on the long-term EN422 data set unless
noted otherwise. Defined as the leading EOF of monthly SST anomalies (SSTA) poleward
of 20°N (Mantua et al., 1997), the spatial pattern of the positive PDO phase is characterized
by a positive anomaly extending from the high latitude toward the equator along the west
coast of North America combining a negative anomaly in the western-central Pacific (Figure
S2.3a). As the SLP and 10-m wind vector anomalies are regressed onto the PDO index, an
intense cyclonic circulation corresponding with the strengthening of the Aleutian Low can
be found in the North Pacific (Figure S2.3b). In addition, the interannual variability of the
Aleutian Low (defined as the principal component of leading EOF of interannual SLP
anomalies between 20°-60°N, 120°E-80°W) is strongly correlated with PDO, reaching a
simultaneous correlation of 0.63 and as high as 0.68 when Aleutian Low leads the PDO for
three months (Figure S2.3c). This result is consistent with previous studies (Newman et al.,

2016; Schneider and Cornuelle, 2005).

Comparing the spatial structure of CEOF1 (Figure 2.1a, b) and the PDO pattern (Figure
S2.3a) accompanied by its atmospheric forcing (Figure S2.3b), we find that the region of
maximum spiciness variability coincides with the south-eastward extension of positive
temperature anomaly below the center of Aleutian Low. As the SSTA are regressed onto the
PCL1 of spiciness anomalies (shading in Figure S2.4), the resulting pattern is similar to the
positive phase of the PDO. The role of the PDO forcing is further confirmed by the lead-lag

correlation between the PDO index and the PC1 (real) of spiciness anomalies (Figure 2.4a).
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As expected, the highest correlation obtained when the PDO leads the spiciness anomalies
by 22 months. This characteristic is not only present in the short-term but also in the long-
term datasets with very high correlations, 0.92 and 0.72 for MOAA GPV and EN422,
respectively. In addition, at negative lag months, the PC1s do not possess any significant
correlations with the PDO index. These further demonstrate that PDO actively forces the

spiciness anomalies while the latter responds passively.
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Figure 2.5 (a) Reconstructed spiciness anomalies using CEOF1 regressed with the PDO index at lag
22 months (shading and green contours, only regressed values significant at the 95% confidence level
according to a Student’s t-test are shown). The contour interval is 0.025 kg m and the solid (dashed)
contours denote positive (negative) anomalies. (b) Spatial structure of the corresponding CEOF1
(real). The thick black lines represent the defined NPP.

To demonstrate the role of the PDO forcing, we regress the reconstructed spiciness
anomalies using the CEOF1 with the PDO index at a lag of 22 months (the highest correlation
between the PDO and the associated PC1) in Figure 2.5a. The spatial pattern of CEOF1
associated with the real part is also presented in Figure 2.5b. The strongest positive variability
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in the eastern midlatitude is largely explained by the PDO forcing. In addition, there is
another region of negative anomaly associated with the PDO forcing that centers on 20°N,
145°W. The defined NPP almost lies in the region of spiciness variability explained by the
PDO forcing and, thus can be employed to depict the propagation of spiciness anomalies

from the source region toward the tropics.
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Figure 2.6 Reconstructed spiciness anomalies using CEOF1 regressed with the PDO index from lag
0 to lag 84 months (shading and green contours, only regressed values significant at the 95%
confidence level according to a Student’s t-test are shown). The contour interval is 0.025 kg m= and
the solid (dashed) contours denote positive (negative) anomalies. The red and blue boxes represent
the midlatitude (40-50°N, 145-130°W) and subtropical (20-28°N, 140-125°W) regions, respectively.
The thick black lines show the NPP. Positive lags indicate PDO leads the spiciness anomalies.
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Having established a strong relationship between the PDO and SSAs, it is therefore
interesting to see how the spiciness signals evolve after the forcing of PDO. Figure 2.4b
shows the lead-lag correlation between the reconstructed spiciness anomalies using CEOF1
averaged along the NPP and the PDO index. Consistent with the regression in Figure 2.53,
the derived lag correlation shows an equatorward evolving positive (negative) pattern that
originates from the midlatitude (subtropics). The robustness of the PDO in forcing subsurface
spiciness propagating mode can reach approximately 14°N after seven years (positive
anomaly). The negative anomaly that formed in the eastern subtropics can propagate further

equatorward, reaching 10°N roughly after three years.

The equatorward subsurface propagation is hypothesized to play a key role in modulating
tropical climate variability at decadal time scales (Gu and Philander, 1997; Schneider, 2000).
We further examine the PDO-forced propagating characteristic of the subsurface by
regressing the reconstructed spiciness anomalies using CEOF1 with the PDO index from no
lag (lag 0) to seven years later (Figure 2.6). A simultaneous dipole pattern of spiciness
variability is formed associated with the PDO forcing at no lag: positive in the midlatitude
centering at 40°N, 135°W and negative in subtropics centering at 25°N, 130°W. Afterward,
the two anomalous signals propagate equatorward along the NPP. The positive spiciness
anomaly not only propagates downstream but also strengthens until four years later (lag 48).
It then weakens subsequently and continues to propagate until reaching 14°N after seven
years (lag 84). The other negative anomaly formed in the eastern subtropical Pacific can also
be observed three years later (lag 36) around 10°N with a much stronger magnitude than the
above positive anomaly arriving at 14°N. In addition, another negative anomaly (centers at

40°N, 150°W) is formed alternatively in the midlatitude around two years later (lag 24). It
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then gradually amplifies (Stephens et al., 2001) and follows a similar pathway to the positive
one to approach the tropics (see also Figures 2.2a and S2.2). This in turn could create a
decadal cycle of equatorward ventilation, similar to the hypothesis of Gu and Philander
(1997). Further analysis of the power spectrum of the PC1 (real) confirms the robustness of
this propagating mode as there is a significant peak within the 8- to 16-year periods, similar

to the spectral peak of the PDO (Figure 2.73, b).
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Figure 2.7 Bias-rectified wavelet power spectra and corresponding global wavelet spectra of (a)
PDO, (b) PC1 (real), (c) Nifo3, and (d) Nifio4 (5°S-5°N, 160°E-150°W). Thin black contours
indicate statistically significant at the 95% confidence level when tested against a first-order
autoregressive model null hypothesis. The parabola regions indicate the “cone of influence” where
edge effects become important. The horizontal dashed green lines indicate the 8- and 16-year periods.
All the data are analyzed from 1980 to 2018.

The above analysis has identified the role of PDO in forcing SSAs in both midlatitude and
subtropical North Pacific. In addition, the Aleutian Low has been demonstrated as a primary
driver of the PDO (Figure S2.3). We further investigate the connection between SSAs and

the dominant atmospheric forcing of the PDO. Figure 2.8 shows the regression of SLP, 10-
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m wind vector, and Qnet (positive downward) anomalies 22 months ahead with the PC1
(real) of spiciness anomalies. As expected, the midlatitude positive spiciness anomalies are
associated with the strengthening of the Aleutian Low through the change of PDO (Figures
2.5a and 2.8a). Previous studies suggested that the cyclonic wind anomalies associated with
the intensified Aleutian Low produce downward heat flux anomalies along the west coast of
North America (Yu and Kim, 2011), consistent with the band of positive Qnet in the eastern
midlatitude in Figure 2.8b. This pattern is coincident with the positive SSAs in Figure 2.5.
Therefore, our results confirm the strengthening (weakening) of the Aleutian Low drives a
positive (negative) Qnet anomaly in the eastern midlatitude, forcing the corresponding

positive (negative) SSAs.
2.3.3 Formation of isopycnal spiciness anomalies

The generation of SSAs in the eastern extratropical South Pacific can be quantified in
terms of both subduction (Nonaka and Sasaki, 2007) and injection (Kolodziejczyk and
Gaillard, 2012; Wang and Luo, 2020; Yeager and Large, 2004). However, the formation of
isopycnal spiciness anomalies in the eastern subtropical North Pacific (25-33°N, 150-135°W)
can only be ascribed in part to the injection during boreal winter (Katsura, 2018). In contrast,
subduction is proposed for isopycnal temperature variability in the central midlatitude North
Pacific (Schneider et al., 1999a). As a result, whether the subduction or spice injection can

explain the anomalies observed along the isopycnals of 25-26 kg m™ is still unclear.

The PDO-forced subsurface variability results in a dipole pattern of spiciness anomalies
in the midlatitude and subtropics. This suggests that different physical processes are involved

in the formation of SSAs. Therefore, we investigate the positive signal in the midlatitude (the
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red box, Figure 2.6) and the negative signal in the subtropics (the blue box, Figure 2.6)

separately to identify the governing generation mechanisms in the two regions.
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Figure 2.8 (a) SLP (shading and gray contours) and (b) Qnet (shading) anomalies 22 months ahead
regressed with the PC1 of spiciness anomalies. Wind vectors at 10 m regressed with the PC1 are also
imposed. Regressed values significant at the 95% confidence level (Student’s t-test) are shaded for
SLP and Qnet anomalies. Only regressed wind vectors significant at the 95% confidence level are
shown. The red and blue boxes are described in Figure 2.6. The thick black lines represent the NPP.

In general, subsurface spiciness evolution can be determined by the combined vertical
variations of temperature and salinity. In addition, surface oceanic conditions favor the

formation of SSAs (Nonaka and Sasaki, 2007). By combining these features, we can verify
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whether the subduction or spice injection is relevant to the anomalies on the isopycnals of

25-26 kg m=.
a. Midlatitude

Spiciness variability between 25-26 g, largely follows the pattern of temperature
anomalies at around 50-120 m, demonstrating the key role of temperature in regulating SSAs
(Figure 2.9a, c). Salinity anomalies, however, enhance (weaken) the isopycnal spiciness
variability when having the same (opposite) sign with temperature anomalies and are most
pronounced below 100 m (Figure 2.9b, c). While interior temperature variability can
generally be traced to the surface of outcrop, the salinity anomalies between 50-120 m are
disconnected from surface variability, suggesting different dynamics are involved in the
generation of anomalous signals associated with the two variables. Interior salinity variability
in the region might relate to the propagation of subsurface salinity anomalies originating in

the Gulf of Alaska (Pozo Buil and Di Lorenzo, 2015).

To characterize the contribution of subduction versus spice injection in the midlatitude,
Figure 2.10 shows the maps of the isopycnal oo =25 outcrop position and the standard
deviation of spiciness anomalies averaged between 25-26 g, in March. Because the mean
isopycnal depth is shallow in the region (Figure S2.1), 4=25 is exposed to the surface and
its annual wintertime outcrop position is largely located at the southern edge or even outside
the red box (Figure 2.10a). In addition, the mean outcrop line is located at the area associated
with the large standard deviation of late winter isopycnal spiciness variability while the
extreme outcrop line extends further equatorward to the northern edge of the blue box (Figure
2.10b). Therefore, subduction is expected to play a significant role in the formation of SSAs

in the midlatitude.
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Figure 2.9 Time-depth plot of (a) conservative temperature and (b) absolute salinity anomalies
averaged in 40-50°N, 145-130°W (the red box in Figure 2.6). (c) Time-agg plot of spiciness anomalies
averaged over the same region and period as (a) and (b). The horizontal dashed back lines in (a) and
(b) indicate the depth of 50- and 120 m. The thick black lines in (c) show the isopycnal depth of 50-
and 120 m. Anomalies are calculated relative to the mean from 1980 to 2018.
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Figure 2.10 (a) Annual mean outcrop position of g5=25 surface (thin black contours) and (b)
standard deviation of spiciness anomalies averaged between 25-26 g in March. Superimposed in (a)
is mean March sea surface density during 1980-2018 (shading). In all panels, the thick green and
magenta contours denote the mean and extreme equatorward outcrop position of gg=25 in March,
respectively. The red and blue boxes are the regions defined in Figure 2.6.
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Figure 2.11 shows the temporal evolution of the isopycnal o, =25 outcrop latitude,
spiciness anomalies averaged between o,=25-26, SSTA and SSS anomalies in March. The
0 =25 displaces meridionally from its mean position of 35.5°N which is largely explained
by the variation of SSTA associated with PDO (the correlation between SSTA and PDO is
0.75, significance at 99% level). The temporal evolution of isopycnal spiciness anomalies
almost tracks the variability of SSTA but some out-of-phase variations do occur. This
suggests that a variety of surface forcing might play different roles in the formation of SSAs.
To examine how subduction generates SSAs, two representative years are selected for
example, in 2015 when the sea surface was warm and the outcrop line migrated poleward,
and in 2017 when the sea surface was cold and the outcrop line migrated equatorward. The
corresponding spatial distribution of SSTA, SSS anomalies, and the a5=25 outcrop position
is shown in Figure 2.12. In 2015, surface oceanic variability was characterized by strong
positive temperature anomalies and relatively weak SSS anomalies (Figure 2.12a, c). The
warm SSTA caused the isopycnal gy =25 to migrate poleward from its mean position,
forming the positive spiciness anomalies (Figure 2.11a). In this case of “purely” subduction,
isopycnal spiciness anomalies have the same sign as SSTA. In 2017, the anomalously cold
SSTA caused the isopycnal gy =25 to migrate equatorward from its mean position.
Supposedly, negative SSAs were expected but positive signals were found (Figure 2.11a).
This is because the strong positive SSS anomalies have compensated for the impact of
negative SSTA to form positive SSAs as demonstrated by Nonaka and Sasaki (2007). In
general, when the wintertime PDO-related SSTA dominate over salinity, the subduction

generates isopycnal spiciness anomalies that mainly exhibit SSTA signature. In contrast,
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when there is strong meridional compensation between SSTA and SSS anomalies, the

resulting isopycnal anomalies vary out of phase with the SSTA.
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Figure 2.11 (a) Time series of the March outcrop latitude of o5=25 averaged from 145° to 130°W
(black) and the areal mean (the red box) of spiciness anomalies averaged between 25-26 g (green).
The mean outcrop latitude of =25 is shown by the dashed black line. (b) Time series of the areal
mean (35-60°N, 150-115°W) SSTA (red) and SSS anomalies (blue). Superimposed is March PDO
index (black). The red number is the simultaneous correlation between SSTA and PDO.

However, subduction alone cannot fully explain SSAs in the midlatitude North Pacific.
The prolonged periods of warm temperature anomalies at around 60-140 m such as during
1991-1995, 1996-1997, 2005-2006, and 2014-2016 are associated with the persistence of
temperature anomalies via the reemergence mechanism (Alexander and Deser, 1995), which
reinforces the subsurface signals to the following winter (Figure S2.5a) and form positive
spiciness anomalies between 25-26 o, (Figure 2.9a, c). The persistence of negative
temperature anomalies in 1999 hindered the downward penetration of positive surface signal

in the following winter which in turn induced negative isopycnal spiciness anomalies during

47
d0i:10.6342/NTU202400032



1999-2001. The formation of SSAs in the midlatitude is also consistent with the large
reemergence area in the North Pacific (Figure la in Murata et al. 2020). Therefore,

subduction and reemergence are responsible for midlatitude isopycnal spiciness variability.
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Figure 2.12 Monthly mean (top) SSTA and (bottom) SSS anomalies in (left) 2015 and (right) 2017
March. The thick black contours show the corresponding outcrop position of g5=25. The red and blue
boxes are the regions defined in Figure 2.6.

b. Subtropics

As the isopycnal surface o5=25 outcrops in the northern edge of the blue box (Figure
2.10), subduction plays a role in the formation of SSAs in the subtropics. This can be further
verified by the persistent penetration of surface temperature anomalies to the interior ocean
(Figure 2.13a). However, the interannual variability of SSAs in the subtropics greatly follows
the variation of salinity anomalies (Figure 2.13b, c). For example, in 1990 observed positive
spiciness anomaly between g,=25-26 kg m-3 was in tandem with positive salinity anomaly

at around 120-250 m while temperature showed an opposite signature. Due to the critical role
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of salinity in SSAs (Yeager and Large, 2004), injection is expected to play a role in the
formation of spiciness anomalies in the region. During the winter of 1988, a pulse of greater
than normal salinity detrained the interior ocean, and thus formed subsurface warm/salty
anomalies. The penetration of fresher than normal pulse of salinity from the surface down to
around 200 m in 1997 can also explain a large fraction of negative spiciness anomaly in the
isopycnal surfaces 25-25.5ag . Therefore, spice injection contributes considerably to

isopycnal spiciness variability in the subtropical North Pacific.
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Figure 2.13 Same as Figure 2.9 but in the region 20-28°N, 140-125°W (the blue box in Figure 2.6).
The horizontal dashed back lines in (a) and (b) indicate the depth of 120- and 250 m. The thick black
lines in (c) show the isopycnal depth of 120- and 250 m.

As spice injection is associated with the deepening or shoaling of wintertime mixed layer
depth (MLD) (Kolodziejczyk and Gaillard, 2013; Wang and Luo, 2020), following Wade et
al. (2011) and Wang and Luo (2020), we show in Figure S2.6a the lead-lag correlation
between MLD and Ekman pumping, friction velocity, freshwater flux and Qnet anomalies.
Here the MLD is determined by the use of 0.2°C as the temperature threshold (de Boyer
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Montégut et al., 2004). Figure S2.6a suggests that Qnet and Ekman velocity are the two
dominant contributors to MLD changes. These two factors are also closely related to PDO
forcing (Figure S2.6b). As a result, Qnet and wind stress curl anomalies associated with
Aleutian low/PDO induce MLD changes to generate SSAS via the spice injection mechanism

(Figure S2.6). Our result is also consistent with the findings of Katsura (2018).
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Figure 2.14 Spiciness anomalies averaged between 25-26 gy regressed with the areal mean (black
box) sea surface height anomalies from lag 0 to lag 36 months (only regressed values significant at
the 95% confidence level according to a Student’s t-test are shown). The red and blue boxes are the
regions defined in Figure 2.6. Positive lags indicate sea surface height leads.

However, a considerable fraction of salinity variation leading to SSAs is not traceable to
the surface, suggesting that other processes than subduction and spice injection are involved
in the generation of isopycnal spiciness anomalies. For example, the positive salinity
anomaly in 1993 was observed at a depth below 150 m which is completely disconnected
from the anomaly above (Figure 2.13b). This vertical discontinuity can also be found during

1996-2002 and 2014-2017. These years coincide with the phase change of the PDO and
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strong El Nifio events (Figure 2.3) that can generate anomalous geostrophic currents acting
against mean spiciness gradients to form isopycnal spiciness anomalies (Kilpatrick et al.,
2011; Schneider, 2000). Following Kilpatrick et al. (2011), we regress the sea surface height
anomalies averaged in 36-42°N, 170-155°W with spiciness anomalies averaged between 25-
26 oy at various time lags. Figure 2.14 reveals that a large fraction of subsurface spiciness
variability in the blue box is associated with the anomalous advection across the mean
spiciness gradient, consistent with the finding of Kilpatrick et al. (2011). Therefore,
variability of the flow pattern associated with the Aleutian Low/PDO contributes
significantly to the formation of isopycnal spiciness anomalies in the subtropical region

(Figures S2.7 and S2.8).
2.4 Discussion

The SSAs between 25-26 g can enhance significantly within the first four years of their
downstream propagation (lags 12-48, Figure 2.6). This equatorward amplification is
associated with the geostrophic currents acting against the mean spiciness gradient (Figure
2.14), consistent with the study of Kilpatrick et al. (2011) who has demonstrated that the
gradients between alongshore and offshore (black box in Figure 2.14) pressure anomalies
account for the largest fraction of low-frequency spiciness variability below the red box
(region of signal amplification). In addition, the sea surface height variability in the North
Pacific (Figure S2.8) is primarily linked with Qnet (Figure S2.9) and wind stress curl
anomalies (Figure S2.10) as a result of the interaction between the Aleutian Low and PDO

(Fang and Yang, 2016; Luo et al., 2020).

Generally, the boreal winter atmospheric and surface oceanic forcings lead to the

formation of SSAs in the North Pacific. In the eastern midlatitude, the strengthening of the
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Aleutian Low drives positive Qnet anomalies that induce the corresponding positive SSTA
(Figures S2.9 and 2.12). The sea surface density then migrates further poleward (Figures 2.11
and 2.12). Depending upon the degree of the meridional compensation between SSTA and
SSS anomalies (Nonaka and Sasaki, 2007), the resulting isopycnal spiciness anomalies can
have the same or opposite sign with the SSTA (Figure 2.11). In addition, the winter-to-winter
persistence of subsurface temperature signals also contributes to the formation of SSAs via
the reemergence mechanism (Figure S2.5). In the eastern subtropics, subduction and spice
injection contribute to isopycnal spiciness anomalies (Figures 2.10 and 2.13). The latter is
associated with the deepening or shoaling of MLD due to Aleutian Low/PDO-induced Qnet
and wind stress curl anomalies (Figure S2.6). Furthermore, the variability of the flow pattern
as a result of the interaction between the Aleutian Low and PDO generates isopycnal

spiciness anomalies in the two regions (Figure 2.14).

The spiciness is useful to track the water mass variation which can relate to the low-
frequency ocean climate variability. For the SSA change of magnitude +0.03 kg m~ observed
at 10°N (Figure 2.2a), the corresponding temperature and salinity anomalies can reach more
than £0.1 °C and £0.02 g/kg, respectively (not shown). Thus, the emergence of extratropical
origin of spiciness anomalies in the central-eastern equatorial Pacific is of great interest
because of their key role in driving tropical climate variability (Gu and Philander, 1997;
Schneider, 2000; Zeller et al., 2021). By artificially imposing continual interior perturbations
in the western equatorial Pacific, Schneider (2004) showed that the arrival of spiciness
signals can induce a modest coupled mode of ocean-atmosphere response in the tropics. The
occurrences of subsurface warming during 2003-2005 and cooling during 2008-2010 in the

equatorial central Pacific were hypothesized to initiate the weak 2004-2005 EIl Nifio and
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strong 2010-2011 La Nifa events (Li et al., 2012). In the present study, the impact of
extratropical spiciness anomalies on tropical climate variability is still hard to identify clearly
due to the coarse resolution and relatively short record of the dataset employed. Further
investigations that employ coupled general circulation models with sufficiently long
integration are needed to quantify the degree of extratropical subsurface spiciness influence

on tropical climate.

The emergence of subsurface signals in the off-equatorial Pacific, resulting from the SSAs
through the NPP, is also hypothesized to act as an oceanic “precursor” triggering the onset
of ENSO (Ding et al., 2015b). When these signals reach the subtropical and tropical
boundary, the STC and tropical dynamics start to play a role (Chen et al., 2015). There are
consistent warm anomalies observed equatorward of 10°N that precede those strong and very
strong El Nifio events for about one year (Figure 2.2). These positive anomalies in
conjunction with the impact of the Victoria mode, defined as the second EOF of SSTA
poleward of 20°N, may further initiate an anomalous signal of similar sign in the central-
eastern equatorial Pacific which eventually leads to the development of ENSO (Ding et al.,

2015D).

The interannual SST variability in the tropical Pacific can affect the extratropical SSAs
through atmospheric teleconnection. The highest correlations of PC1 (real) with Nifio3 and
Nifio4 indices are 0.48 (PC1 lags 22 months) and 0.61 (PC1 lags 28 months), respectively
(Figure 2.15a). The regression maps of reconstructed spiciness anomalies using CEOF1 with
the Nifio3 (at lag 22 months) and Nifio4 (at lag 28 months) SST indices account for a large
fraction of the positive and negative subsurface signals in the midlatitude and subtropics,
respectively (Figure S2.9), similar to the pattern associated with PDO forcing (Figure 2.5a).
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The main difference between the PDO and tropical forcing is the negative anomaly centers
at 40°N, 150°W that can only be explained by the former, confirming the primary role of
extratropical air-sea interaction in driving the spiciness mode. In addition, the contribution
of Nifio4 has greater magnitudes than Nifio3, consistent with the 21% century shift toward a
more Central Pacific (here represented by Nifio4) type of ENSO (Lee and McPhaden, 2010;
McPhaden, 2012) (Figures 2.7c, d and 2.15b, c¢). These in turn can potentially generate a

decadal climate oscillation in the North Pacific that involves both oceanic and atmospheric

bridges.
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Figure 2.15 Lead-lag correlation coefficients between Nino SST indices and the PC1 of spiciness
anomalies (a) during 1980-2018, (b) before 2000 and (c) after 2000. Horizontal dashed lines show
the 95% confidence level. Positive lags indicate the Nino SST indices lead the PC1.

During the boreal winter of 2013-2015, prolonged near-surface warming was observed in
the northeastern Pacific, termed the “Pacific warm blob” (Bond et al., 2015) or marine heat
wave (Frolicher et al., 2018; Oliver et al., 2018; Smale et al., 2019). The occurrence of this

extraordinary phenomenon has been connected with different physical processes such as the
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coupling between the North Pacific Gyre Oscillation and PDO due to the two-way tropical-
extratropical interactions via atmospheric teleconnection (Di Lorenzo and Mantua, 2016; Hu
et al., 2017; Joh and Di Lorenzo, 2017), and an extended weakening of the North Pacific
High (Amaya et al., 2020). The “warm blob” overlies the region of interior spiciness
formation in the midlatitude (Figure 2.6). In 2013, positive surface temperature anomaly can
penetrate as deep as 200 m (Hu et al., 2017) and precedes the positive surface salinity
anomaly for around half a year (Figure 2.9a, b). However, variations of salinity and
temperature are almost in phase below 80 m depth and these subsurface signals persist year-
round until 2017. As a result, the strongest warm/salty anomaly is produced in the interior
ocean (Figure 2.9¢). Given the strong connection between the warm blob and PDO (Joh and
Di Lorenzo, 2017), and future projection of the intensification of extreme Aleutian Low
events (Giamalaki et al., 2021) as well as the increasing variance of PDO under greenhouse
forcing (Di Lorenzo and Mantua, 2016), the longer and more frequent occurrence of marine
heat waves (Frolicher et al., 2018; Oliver et al., 2018) could lead to greater subsurface

spiciness variability and stronger impact on Pacific climate variability.

2.5 Conclusions

This study shows a strong connection between the PDO and subsurface spiciness
variability in which during the positive (negative) phase of the PDO, a dipole pattern of
positive (negative) and negative (positive) SSAs is formed in the midlatitude and subtropics,
respectively (Figure 2.16). The resulting anomalies then propagate equatorward along the
North Pacific pathway. The positive anomaly of midlatitude origin can reach 14°N after
seven years of propagation while the negative anomaly of subtropical origin can arrive at

10°N after three years. In addition, a negative anomaly emerges in the midlatitude after the
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occurrence of the positive signal two years later, then follows the pathway that the positive

takes to reach the tropics. This ultimately leads to a decadal propagating mode of SSAs in

the North Pacific. Further analysis demonstrates that the Aleutian Low, the primary driver of

the PDO, is responsible for the formation of the dipole pattern by inducing net surface heat

flux changes and anomalous subsurface currents.
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Figure 2.16 Schematic of decadal spiciness mode in the North Pacific. The solid red (dark blue) oval
indicates positive (negative) spiciness anomalies in the midlatitude (subtropics).

In the eastern midlatitude North Pacific, isopycnal spiciness variability largely follows the

pattern of temperature anomalies at around 50-120 m depth. Spiciness anomalies between

25-26 g, are generated via the subduction, reemergence, and anomalous advection across

mean spiciness gradients. In contrast, eastern subtropical isopycnal spiciness variability
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generally follows the variation of salinity anomalies at around 120-250 m depth. Subduction,
spice injection, and anomalous advection are the three governing processes responsible for

subsurface spiciness variability in the region.

2.6 Supporting information

Text S1: CEOF
The complexification of an original scalar field u;(t) (where j denotes spatial position
and t is time) is accomplished by adding its Hilbert transform G;(t) as an artificial imaginary

component

The imaginary part of the complex observation U;(t) has the same amplitude as the
original data field but the phase is advanced by /2. In practice, ; is commonly obtained
from the Fourier coefficients derived from fast Fourier transform (FFT) routines (Barnett,
1983). However, Hilbert transforms obtained from FFT are more strongly influenced by end
effects than are the Fourier transforms themselves (Horel, 1984). Therefore, each end of the
time series should be cosine-tapered to eliminate this problem before any further analysis.

The rest of the CEOF procedure is similar to the traditional EOF analysis except that the
statistics are performed on the complex time series. The eigenvalues A, and eigenvectors
B, (x) obtained, where n denotes mode number and x represents spatial dependence, are real
for the former and complex for the latter, respectively. Accordingly, the complex time-

dependent principal components are given by

N
An(® = ) U(OB,(9)
j=1
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The corresponding EOF representation of complex time series can then be expressed as

N
Ui© = > An(OB;(9

400
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Figure S2.1 Mean depth of the 25-26 a4 from 1980 to 2018 (EN422). The contour interval is 20 m.
The red and blue boxes are described in Figure 2.6.
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Figure S2.2 Reconstruction of the first CEOF mode of spiciness anomalies showing one full cycle (-
180° to 180°) every 45° phase intervals. The thick black lines represent the NPP. The CEOF analysis
is based on EN422.
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Figure S2.3 Pacific (a) SSTA and (b) SLP anomalies (shading and gray contours) regressed with the
PDO index. Wind vectors at 10 m regressed with the PDO index are also imposed in (b). Only
regressed values significant at the 95% confidence level (Student’s t-test) are shown. (c) Time series
of the Aleutian Low (black, the first principal component of the EOF analysis of interannual SLP
anomalies between 20°-60°N, 120°E-80°W. The first EOF mode explains 41% of the total SLP
variance and the second EOF mode accounts for 19%). The red curve is the PDO index. The
simultaneous correlation between the Aleutian Low and PDO is 0.63.
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Figure S2.4 Pacific SSTA (shading) and SLP anomalies (hPa, gray contours) regressed with the PC1
of spiciness anomalies (PC1 lags 22 months). Wind vectors at 10 m regressed with the PC1 are also
imposed. Only regressed values significant at the 95% confidence level are shown. The thick black
lines represent the NPP. The CEOF analysis is based on EN422.

1
E
P 0.8
Q
o
(a]
10.6
10.4
E
£
e 10.2
[m]
—0

Figure S2.5 Lead-lag correlation coefficients between the February-April SSTA and temperature
anomalies at different depths and months in the (a) midlatitude (the red box) and (b) 30-38°N, 145-
130°W. The contour interval is 0.1. EN422 from 1980 to 2020 is used for the analysis.
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Figure S2.6 (a) Lead-lag correlation coefficients between interannual MLD and interannual Ekman
velocity (blue), friction velocity (gray), freshwater flux anomaly (red) and Qnet anomaly (black).
Horizontal dashed lines indicate the 95% confidence level. (b) Same as (a) but for PDO index. (c)
Time series of Qnet (positive downward). (d) Time series of anomalous MLD (black, left) with
positive (negative) values indicate deepening (shoaling) of the mixed layer. Time series of the areal
mean (the blue box) of spiciness anomalies averaged between 25 a4 (blue, right) and 25-26 gy (red,
right). (e) Same as Figure 2.13c but for depth-time plot. The black line denotes the MLD. All the

four variables contribute to MLD changes are averaged in 20-30°N, 160-110°W.
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Figure S2.7 Same as Figure 2.14 but for wind stress curl anomalies.
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Figure S2.8 Sea surface height anomalies regressed with the PDO index from lag 0 to lag 36 months
(only regressed values significant at the 95% confidence level according to a student’s t-test are
shown). The red and blue boxes are the regions defined in Figure 2.6. The thick black lines represent
the NPP. Positive lags indicate PDO leads
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Figure S2.9 Same as Figure S2.8 but for Qnet anomalies (positive downward).
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Figure S2.10 Same as Figure S2.8 but for wind stress curl anomalies.
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Figure S2.11 Reconstructed spiciness anomalies using CEOF1 regressed with the (a) Nifio3 and (b)
Nifio4 SST indices at lag 22 and 28 months, respectively. Only regressed values significant at the
95% confidence level according to a Student’s t-test are shown. The contour interval is 0.025 kg m-
and the solid (dashed) contours denote positive (negative) anomalies. The thick black lines represent
the NPP. The CEOF analysis is based on EN422.
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Chapter 3

The role of off-equatorial subsurface temperature anomalies in the phase
reversal of Tropical Pacific Decadal Variability

This Chapter is to be submitted for publication as:

San S-C, Tseng Y-h, Ding R, and Di Lorenzo E. Initiating Tropical Pacific Decadal
Variability from off-equatorial subsurface temperature anomalies. npj Climate and
Atmospheric Science.

Preface

We demonstrate the key role of off-equatorial subsurface temperature anomalies in the
phase reversal of the Tropical Pacific Decadal Variability (TPDV) using the observation and
model experiments. Specifically, during the mature warm phase of the TPDV, the positive
sea surface temperature (SST) anomalies in the equatorial central Pacific induce anomalous
cyclonic circulation in the off-equatorial northwestern (southwestern) Pacific with positive
(negative) wind stress curl anomalies between 2-15°N (2-15°S). The resulting positive
Ekman pumping induces surface divergence, leading to the formation of negative isopycnal
temperature anomalies. These subsurface signals which have the center of action in the
northwest then slowly migrate toward the central Pacific via the North Equatorial
Countercurrent (NECC), outcropping eastward along the equator. They further initiate a
central equatorial cooling around three years later. In addition, the TPDV-forced extratropical
atmospheric anomalies during the warm phase potentially induce the change of the Kuroshio
Extension (KE) that subsequently projects its atmospheric forcing on the Pacific Meridional
Mode (PMM) to further strengthen the subsurface-produced equatorial disturbance 0-12
months before the peak phase. The combined contribution of off-equatorial subsurface signal
and PMM eventually turns the tropical system into the cold phase after five years. The center
of negative equatorial SST anomalies then forces anomalous atmospheric circulation to form
positive subsurface temperature anomalies in the off-equatorial western area and in turn may
further reverse the state of KE. Therefore, a periodic oscillation of around 10 years is
achieved via the above off-equatorial subsurface temperature anomalies and extratropical-

tropical ocean-atmosphere interaction.
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3.1 Introduction

Internal decadal-scale sea surface temperature (SST) variability in the tropical Pacific has
long been recognized as an important component of the global climate system (Capotondi et
al., 2023; Di Lorenzo et al., 2023; Knutson and Manabe, 1998; Liu, 2012; Power et al., 2021;
Tourre et al., 2001; Zhang et al., 1997), triggering tremendous extreme weather events globally
such as droughts (Okumura et al., 2017a) and flooding (Zhang et al., 2016). Tropical Pacific
Decadal Variability (TPDV) is generally defined as variability longer than the dominant 2-
7-year time scales of El Nifio-Southern Oscillation (ENSO) (Timmermann et al., 2018),
obtained by an 8-year lowpass filtering (Liu and Di Lorenzo, 2018; Zhao and Di Lorenzo,
2020) or 8-40 year bandpass filtering (Power et al., 2021) SST in the tropical Pacific. The
spatial pattern of TPDV (derived by the regression map) is characterized by anomalies of one
sign covering the equator and extending northeastward and southeastward toward extra-
tropics, combined with anomalies of the opposite sign in the central extra-tropics of both
hemispheres (Liu and Di Lorenzo, 2018; Power et al., 2021), resembling the pattern
associated with the Interdecadal Pacific Oscillation (IPO) (Power et al., 1999) as well as
ENSO (Sullivan et al., 2016). However, TPDV exhibits a wider meridional extent (Newman
et al., 2016; Power and Colman, 2006; Zhang et al., 1997) and shows stronger variability in
the tropics than in extra-tropics (Kleeman et al., 1999; Liu et al., 2022; Newman et al., 2016;
Power et al., 2021; Tourre et al., 2001). Recent studies have also identified that TPDV
manifests the largest loadings in the equatorial central and northeastern Pacific (Chunhan et
al., 2021; Kleeman et al., 1999; Liu et al., 2022), bearing resemblance to the Central Pacific
El Nifio (Ashok et al., 2007; Capotondi et al., 2022) and the Pacific Meridional Mode (PMM)

(Chiang and Vimont, 2004; Stuecker, 2018) patterns. In addition, some studies suggested that
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TPDV exhibits a prominent periodicity of around 11 years (Chunhan et al., 2021; Liu et al.,
2022) mainly observed after 1950 (Chunhan et al., 2021). Therefore, our focus will be
specifically on the TPDV at this time scale range.

The origin of the TPDV, however, remains unclear (Liu, 2012; Power et al., 2021). Since
the TPDV and ENSO share a similar spatial structure and major episodes of decadal climate
variability are well captured by the relative number of El Nifio and La Nifia events (Power et
al., 2021), TPDV is therefore merely regarded as the long-term linear average of the ENSO
cycle (Vimont, 2005) or the residual signal modulated by the nonlinearity of ENSO (Cibot
et al., 2005; Kim and Kug, 2020; Rodgers et al., 2004). This implies that TPDV may largely
originate largely in the tropical Pacific (Liu et al., 2022; Liu et al., 2002; Wu et al., 2003). In
contrast, the wintertime stochastic forcings in the extratropical North and South Pacific have
been proposed as the primary driver of TPDV (Di Lorenzo et al., 2015; Joh and Di Lorenzo,
2019; Zhao and Di Lorenzo, 2020). Specifically, the tropical ocean slowly integrates the
seasonal progression of these remote forcings (Zhao and Di Lorenzo, 2020) in combination
with positive feedbacks (zonal advective and thermocline feedback) in the tropics (Di
Lorenzo etal., 2015), giving rise to TPDV. This perspective suggests that the origin of TPDV
might be rooted in the extra-tropics. Although the proposed null hypothesis can explain the
variance of decadal variability to a certain extent, it cannot account for the preferred time
scale of the oscillating system and the phase transition.

Due to the large oceanic heat capacity, ocean dynamics have been proposed to provide the
key memory for TPDV (Liu, 2012). The subduction of SST anomalies in the subtropical
northeastern Pacific (Schneider et al., 1999a) and their subsequent equatorward propagation
toward the equatorial region via the so-called subtropical cell (STC) (Capotondi et al., 2005;
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Liu, 1994; McCreary and Lu, 1994) has been hypothesized to determine the decadal time
scale of the oscillation (Gu and Philander, 1997). However, some earlier studies suggested
that these subtropical thermal anomalies decay rapidly during their propagation
(Kolodziejczyk and Gaillard, 2012; Liu and Shin, 1999; Sasaki et al., 2010; Schneider et al.,
1999b) and it is unlikely that the anomalies can reach the equator with sizeable amplitude
(Hazeleger et al., 2001; Schneider et al., 1999a). In contrast, other studies indicated that
compensating temperature and salinity anomalies (spiciness anomalies) can potentially reach
the tropics, albeit with much-reduced amplitude (Li et al., 2012; Yeager and Large, 2004).
Recently, a study has identified a decadal subsurface spiciness mode in the North Pacific
associated with the Aleutian Low and Pacific Decadal Oscillation (PDO) that can propagate
toward the equatorial region. However, the degree of impact that the decadal spiciness mode
has on TPDV remains largely uncertain due to the negligible amplitude observed in the
tropics and the relatively short observational record (San and Tseng, 2023). In the South
Pacific, it is generally agreed that extratropical subsurface temperature/salinity anomalies can
effectively propagate to the tropics on a timescale of 5-7 years and potentially contribute to
equatorial climate variability (Giese et al., 2002; Imada et al., 2016; Luo et al., 2003; Luo
and Yamagata, 2001; Luo et al., 2005; O'Kane et al., 2014; Tatebe et al., 2013; Zeller et al.,
2021).

Another potential driver for TPDV is the variability in the strength of the STC which can
modulate the amount of water transported to the equator and consequently determine the
decadal variability of equatorial SST anomalies (Kleeman et al., 1999; McPhaden and Zhang,
2004; Nonaka et al., 2002; Solomon et al., 2003; Zhang and McPhaden, 2006). The preferred
oscillation time scale of the system is accomplished via the westward propagation of wind-
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forced oceanic Rossby waves, followed by equatorward propagation along the western
boundary as coastal-trapped waves and along the equator as Kelvin waves (Capotondi and
Alexander, 2001; Meehl and Hu, 2006). However, the strength of the STC is highly sensitive
to both the location and magnitude of the wind forcing (Capotondi et al., 2003; Capotondi
and Qiu, 2022; Graffino et al., 2019). In addition, TPDV can contribute to extratropical wind
variability through the atmospheric bridge (Alexander, 1990). Therefore, unambiguously
determining the origin and preferred time scale of STC-related mechanisms remains
challenging.

Here, we demonstrate that the subsurface temperature anomalies originating in the off-
equatorial northwestern Pacific can account for the phase transition of the TPDV using
available observational and reanalysis datasets, along with numerical experiments.
Furthermore, a preferred oscillation timescale, specifically 10-20 years, can be established
through the combined contribution of subsurface temperature anomalies and extratropical-

tropical ocean-atmosphere interaction.

3.2 Data and methodology

Observational and reanalysis datasets: For subsurface temperature and salinity, we use
the latest EN.4.2.2 (EN422) from the Met Office Hadley Centre (Good et al., 2013). The
EN422 has four ensemble members which are different in the scheme used to adjust bias in
Mechanical Bathythermograph and Expendable Bathythermographs data. These ensembles
are distributed on a 1° horizontal resolution over 42 irregularly spaced depth levels spanning
from 1900 to present at monthly intervals. The ensemble of EN.4.2.2.analyses.g10 from 1950
to 2021 is employed here. Similar results are obtained in the other three ensembles. For the

SSH data, the Estimating the Circulation and Climate of the Ocean project, version 3
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(GECCO3) (Kohl, 2020) is utilized. This data set has 1° horizontal resolutions and 40 vertical
levels from 1948 to 2018. For the ocean currents, the Global Ocean Data Assimilation System
(GODAS) with 0.33° latitude x 1° longitude during 1980-2021 (Behringer et al., 1998;
Behringer and Xue, 2004) is used.

For atmospheric variables, monthly SLP and 10-m winds are from the National Centers
for Environmental Prediction-National Center for Atmospheric Research Reanalysis 1
dataset (Kalnay et al., 1996). These data are distributed on a 2.5° x 2.5° latitude-longitude
grid, covering the period from 1948 to the present. In addition, the global 1° gridded monthly
SST from the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadlISST) dataset
(Rayner et al., 2003) is used.

Subsurface temperature coordinate transformation and NECC pathway: All data are
linearly detrended before conducting analyses and anomalies are defined as deviations from
the climatology of the whole period of the respective dataset. As the focus of the study is on
the decadal time scale, an 8-20-year Lanczos bandpass filter is used (Duchon, 1979). For
subsurface data, the temperature on pressure coordinates is converted to time-mean sigma
coordinates with an increment of 0.02 kg m= by linear interpolation (the resulting isopycnal
temperature is not necessarily salinity compensated). We then define two isopycnal ranges
of the 22-24.5 a4 and 24.5-26 oy to identify the origin of the TPDV. This separation aims to
quantify the former as the tropical origin and the latter as the extratropical origin (Figure
S3.2) (Zeller, 2020). Our result is similar regardless of the chosen upper isopycnal ranges
(22.4-24.5 gy, 22.5-24.5 g4 or 23-24.5 gy) as well as lower isopycnals (24.5-25.5 gy, 25-

25.5 gy or 25-260y). The ocean pathway is represented by the mean acceleration potential
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(McDougall and Klocker, 2010) referenced to 1000 dbar and mean currents evaluated on the
isopycnal surface.

Wavelet analysis. As the widely used Morlet wavelet analysis (Torrence and Compo,
1998) exhibits bias in the estimate of wavelet power spectra of geophysical time series, we
use the bias-rectified wavelet approach from Liu et al. (2007). We also perform wavelet
coherence analysis with the software package from Grinsted et al. (2004) to detect the phase
relationship between surface and subsurface variability in the Nifio4 region.

Multitaper Frequency-Domain Singular Value Decomposition (MTM-SVD): We
employ the MTM-SVD which is a powerful multivariate signal processing method ideal for
extracting narrowband spatial-temporal variability in a red noise background (Mann and
Park, 1994, 1999). The feature of decadal variability is then explored by performing MTM-
SVD analysis of joint normalized raw detrended oceanic and atmospheric fields in the
domain of 40°S-40°N and 120°E-80°W. Our result is not sensitive to the domain or combined
fields used for the analysis. The MTM-SVD analysis was performed using K=3 data tapers
(windowing functions) and a time-frequency bandwidth product of NW=2. The significant
level of the resulting LFV spectrum is estimated by 300 synthetic time series of the original
dataset obtained by temporal shuffling. The 95% confidence level is used to distinguish the
LFV peak from the “locally white” noise background.

Random phase test: To identify the causal relationship between the fields, lagged
correlation and regression are used. Because bandpass filtering strongly reduces the effective
sample size of the time series and the degree of reduction is hard to estimate accurately, we
use a non-parameter method (random-phase) (Ebisuzaki, 1997) to test the significance of our
statistical analysis. Supposedly, r(A, B) is the regression between two time series A and B at
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a certain lag. The statistical significance of regression can be tested via two steps. First is the
generation of 8000 synthetic time series from A that has the same length and same power
spectrum but differences in temporal phases. Second, we calculate the lagged regression of
the reconstructed time series with B. If the magnitude of r(A, B) is equal to or greater than a
certain percentage (at least 90% in this study) of the regressions from the random-phase time
series, we assume that r(A, B) passes the confidence level.

Numerical experiment: The dynamical processes involved in our analysis are further
confirmed using the numerical experiments based on the Community Earth System Model
(CESM) version 1.2.2. To verify the role of TPDV-induced anomalous atmospheric
circulation, we conduct the specified SST experiments with the Community Atmospheric
Model version 5 (CAMDb). The prescribed heat source is confined to the region 5°S-5°N,
160°E-160°W while outside this domain climatological SST is applied (Meehl et al., 2016;
Meehl et al., 2021). We add 2°C SST to the climatological value within the defined region.
The experiment is run for 30 years. The anomalies are then defined as deviations from a 30-
year control run with specified climatological SST.

We also perform a 10-member ensemble run of the prescribed 2°C SST value in the region
mentioned above. Each ensemble member is slightly different in the initial condition by
randomly imposing small perturbations to the initial temperature fields. Specifically, we set
the CESM1.2.2 namelist variable “pertlim” ranging from 1x107 to 10x10*4. All ensemble
members are then run for 10 years and anomalies are defined as deviations from a 30-year
control run with specified climatological SST.

To demonstrate the role of TPDV-induced off-equatorial subsurface temperature
anomalies, the Pacific anomalous wind field associated with the positive phase of TPDV
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(Figure 3.3a) is superimposed to force the Parallel Ocean Program version 2 (POP2) (Smith
et al., 2010). We perform a 15-member ensemble run which is different slightly in the
perturbation in addition to the added TPDV anomalous wind field. The imposed wind field
is as follows,

Imposed wind field = Climatological wind + TPDV associated wind + Perturbed wind
where the perturbed wind is generated by a random matrix of predefined coefficients (ranging
from 0.0001 to 0.0005). We choose to perturb the 10-m wind field in the zonal, meridional,
and both directions concerning the defined coefficients. Each ensemble member is run for 30
years and anomalies are defined as departures from the 100-year control run with normal
year forcing. All the statistical significance of the modeling results is based on a Student’s t

test.
3.3 Results

3.3.1 Observed Pacific decadal climate variability
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Figure 3.1 (a) Standard deviation of 8-20-year bandpass filtered temperature anomalies (shading and
thin black contours) averaged between 5°S-5°N. The contour interval is 0.2°C and zero contours are
omitted. Violet lines denote the mean climatological potential density with 0.5 kg m= contour
intervals. The vertical dashed black lines denote the longitude of 160°E and 150°W. (b) Bias-rectified
wavelet power spectrum (shading) and corresponding global wavelet power spectrum of raw
detrended Nifio4 SST index. Thin black contours in the wavelet power spectrum and dashed black
lines in the global power spectrum indicate statistically significance at the 90% confidence level when
tested against a red-noise AR(1) process with lag-1 of 0.91. The parabola regions indicate the “cone
of influence” where edge effects become important. The horizontal dashed pink lines indicate the 8
and 16 year periods. (c) same as (b) but for Nifio3 SST index. Wavelet coherence between Nifio4
SST index and Nifio4 subsurface temperature anomalies averaged between (d) 22-24.5 g and (e)
24.5-26 0. The 95% significance level against red noise is shown as thick black contours. The
vectors designate the relative phase relationship (pointing right indicates in phase, pointing left
indicates out of phase and pointing vertically upward means the Nifio4 SST index lags subsurface
temperature by 90°). The horizontal dashed magenta lines are the same as (b).

Prominent low-frequency variability is identified by performing bias-rectified wavelet
analysis (Liu et al., 2007) of raw detrended SST anomalies averaged in the Nifio4 (5°S-5°N,
160°E-150°W) and Nifio3 (5°S-5°N, 150°-90°W) regions (Figure 3.1b, c). Consistent with
previous findings (Chunhan et al., 2021; Liu et al., 2022; Power et al., 2021), pronounced
decadal variability is found in the Nifio4 region characterized by a distinct spectral peak
within 8 and 16 year periods (Figure 3.1b). This feature is also observed in the local fractional
variance (LFV) spectrum for the combined oceanic and atmospheric fields (Figure S3.1). In
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contrast, there is no significant peak within the decadal band in the Nifio3 region (Figure
3.1c). The standard deviation of 8-20 year bandpass filtered temperature anomalies averaged
between 5°S-5°N shows significant decadal variance at depth below 50 m with two centers
of action: one in the western region from 130°E to 165°E and the other in the eastern region
from 160°W to 120°W (Figure 3.1a), similar to Figure 1ain Luo and Yamagata (2001). These
maximum variabilities are mainly confined to the isopycnals 22.5-25 o5. An important
feature here is that the isopycnals shoal eastward and upward (Figure S3.2a), allowing the
temperature on the 22-24.5 g, surfaces (thick violet lines in Figure 3.1a) to effectively affect
Nifio4 mixed layer temperature (Figure S3.3). Figure 3.1d shows the wavelet coherence and
phase relation between Nifio4 SST and Nifio4 subsurface temperature averaged between 22-
24.5 gg. The arrows point from left to right at around 45°, suggesting that the surface and
upper oceanic variability are in phase at periods greater than eight years. The deeper
isopycnal temperature anomalies also exhibit a noticeable in phase relationship with surface
temperature (Figure 3.1e) but the coherence is not statistically significant compared to the

upper layer (Figure 3.1d).
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Figure 3.2 (a) Temporal evolution of raw detrended Nifio4 SST index (left axis, thin blue) and its 8-
20-year bandpass filtered component (TPDV index, right axis, thick blue) and 8-year lowpass filtered
component (right axis, green). The reconstructed Nifio4 SST index using the MTM-SVD method on
a decadal timescale (period ~10.3 year) is shown in magenta (right axis). (b) Temporal evolution of
raw detrended Nifio4 subsurface temperature anomalies averaged between 22-24.5 g, (left axis, thin
red) and its reconstruction using MTM-SVD on a decadal timescale (right axis, thick red). Similarly,
the reconstruction of Nifio4 subsurface temperature anomalies averaged between 24.5-26 gy is shown
in black (right axis). The blue line is the same as (a). (c) Temporal evolution of raw detrended
subsurface temperature anomalies averaged between 22-24.5 gy in 6°-11°N, 140°-160°E (NW box
in Figure 3.4) (left axis, thin green) and its 8-20-year bandpass filtered component (right axis, thick
green). Lead-lag correlation coefficients between TPDV index and (d) 8-20-year bandpass filtered
temperature anomalies averaged between 22-24.5 a4 in (green) NW box, (blue) 6°-11°S, 150°-170°E
(SW box) and (red) 5°S-5°N, 150°-160°E (W box), (e) reconstructed Nifio4 subsurface temperature
anomalies averaged between (red) 22-24.5 g and (black) 24.5-26 g4 using the MTM-SVD, (f) 8-20-
year bandpass filtered Kuroshio Extension (KE) index defined as area-averaged SSH anomalies in
31°S-36°N, 140°-165°E and (g) 8-20-year bandpass filtered PMM SST (black) and wind (gray) index.
Horizontal dashed lines in (d-g) show the 95% confidence level based on the non-parameter random-
phase test.

As decadal variability centering in the equatorial central Pacific, here we define a TPDV
index using an 8-20 year bandpass filtered Nifio4 SST anomalies to describe the physical
processes responsible for the variation (similar results are obtained if an 8-year lowpass
filtering or MTM-SVD is used, Figure 3.2a). The temporal evolution of the Nifio4 22-24.5

op temperature anomalies extracted by the MTM-SVD shows the pronounced feature of
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decadal variability (Figure 3.2b), in line with the global spectral peak (Figure 3.1c). Its
variation exhibits a larger magnitude compared to the lower isopycnal level (thick red and
black lines in Figure 3.2b), consistent with the wavelet coherence analysis in Figure 3.1.
Moreover, the maximum values of the temperature anomalies between 22-24.5 g, lead the
peaks of the TPDV index by months (correlation reaches 0.96 by 19 months in Figure 3.2¢),
in agreement with the relative phase relationship in Figure 3.1d. Therefore, upper oceanic
variability emerges as a potential driver of TPDV, which will be examined further in the next
section. The temperature between 24.5-26 g4 also shows a strong correlation with TPDV,
confirming the key role of subsurface temperature on TPDV. For simplicity, we focus

entirely on the 22-24.5 g, in the following analysis unless otherwise noted.
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Figure 3.3 Phase evolution of Pacific SST (shading), SLP (contours, hPa), and 10-m wind vector
anomalies on decadal timescales (period ~10.3 years in the MTM-SVD analysis). The contour
interval is 0.1 hPa (positive/negative is solid/dashed). Each panel corresponds roughly to six months.
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The decadal evolution of surface oceanic and atmospheric fields reconstructed from
MTM-SVD illustrates a completed phase transition of TPDV (Figure 3.3). During the
positive phase of TPDV (Figure 3.3a), the largest SST loadings are found in the Nifio4 region
and northeastern Pacific. This characteristic is consistent with previous studies based on
MTM-SVD analysis of combined SST, sea surface height (SSH), and the 5°S-5°N average
of subsurface temperature anomalies above 350 m (Liu et al., 2022) and the regression pattern
of filtered SST anomalies on the first principal component of the leading EOF of the 8 to 40
year band SST anomalies (Power et al., 2021). The decadal sea level pressure (SLP) pattern
is characterized by a band of anomalous high SLP anomalies confined to the western side of
the basin while anomalous low pressure dominates in the east, especially in the extratropics.
The latter structure resembles the Aleutian Low, suggesting possible atmospheric
teleconnections excited by TPDV (Lyu et al., 2017; Stuecker, 2018; Zhang et al., 2022). The
circulation patterns in the extratropical Northern and Southern Hemispheres are similar to
those associated with the North (Stuecker, 2018) and South (Zhang et al., 2014) PMM,
respectively. In addition, associated with the equatorial warm SST anomalies, strong westerly
winds are observed west of 150°W while northwesterly and southeasterly winds dominate in
the off-equatorial northwestern and southwestern Pacific, respectively. In general, these
observed characteristics are consistent with many studies showing that the strong positive
SST anomalies in the equatorial central Pacific (Figure 3.3a) can induce a typical Gill-type
response, leading to a cyclonic circulation in the off-equatorial northwestern and
southwestern Pacific (Meehl et al., 2021). The corresponding positive (negative) wind stress
curl anomalies in the 2-15°N (2-15°S) latitude band (Figure S3.4a) then induce positive
Ekman pumping (Figure S3.4b) which in turn can lead to the formation of subsurface
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temperature anomalies in the two regions (Figure 3.4a). This will be further examined in the

next section.

-
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Figure 3.4 Same as Figure 3.3 but for subsurface temperature anomalies averaged between 22-
24.5 . For clarity, positive (negative) temperature anomalies greater (smaller) than 0.3(-0.3) °C
have been colored in red (blue). Vectors denote the mean current on 23.5 g, derived from GODAS
during 1980-2021. Only some representative current vectors are shown. The magenta rectangles in
(a) are the region defined in Figure 3.2.

Before evolving into the mature cold phase (Figure 3.3l), negative PMM-like patterns
occur in the extratropics concurrent with the strengthening of negative SST in the equatorial
central and northeast Pacific (Figure 3.3i-k). Previous studies indicated that these meridional
modes, also described as seasonal footprinting mechanism (Alexander et al., 2010; Vimont
et al., 2001; Vimont et al., 2003), can contribute to equatorial low-frequency variability
around 0-12 months before the mature state (Figure 3.2g) (Di Lorenzo et al., 2015; Zhao and
Di Lorenzo, 2020). The regression of 8-20-year bandpass filtered SST anomalies upon the

filtered PMM SST index (similar result obtained for the filtered PMM wind index) when the
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later leads further confirm the role of PMM in enhancing SST variance around one year
before the peak phase of TPDV (Figures 3.3j-k and S3.5g-h).

But how can the PMM be formed during the transition state to contribute to the growth of
the TPDV? Apart from the contribution from internal stochastic forcing in the midlatitude,
previous studies suggested that atmospheric teleconnection during the peak phase of the
TPDV can drive change in the Aleutian Low or NPO on a time scale of 1-3 months
(Alexander et al., 2002; Liu and Alexander, 2007; Trenberth et al., 1998). The resulting
atmospheric anomalies associated with Aleutian Low/NPO then excite westward propagating
oceanic Rosshy waves to affect the KE system after 2.5-3 years (Andres et al., 2009; Ceballos
et al., 2009; Taguchi et al., 2007). The change in the KE state then induces a persistent
downstream atmospheric response that subsequently projects onto the forcing pattern of the
PMM (around 0-12 months) and drives some fraction of equatorial low-frequency variability
(Joh and Di Lorenzo, 2019). Consistent with previous finding (Joh and Di Lorenzo, 2019),
the lead-lag correlation between the filtered KE index (defined as area-averaged SSH
anomalies in the 31°S-36°N, 140°-165°E as in Qiu et al. 2014) and TPDV index exhibits a
sinusoidal pattern in which the former leads the later by two years while the later can also
provide feedback to the former after three to four years (Figure 3.2f). The regression of 8-
20-year bandpass filtered SST anomalies upon the filtered KE index when the later leads
further demonstrates that the KE can induce a weak but still significant fraction of low-
frequency SST variability in the tropics (Figure S3.5a-d). In addition, the atmospheric
structure associated with the KE can explain a certain degree of the PMM pattern (Figure

S3.5). As a result, the KE state change partially excites the PMM (Frankignoul et al., 2011;
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Kwon et al., 2010; Na et al., 2018; Qiu et al., 2014; Qiu et al., 2007; Taguchi et al., 2012) to
further strengthen the low-frequency SST variance (Figures 3.3i-k and S3.5).

The above observed Pacific variability is consistent with the established decadal
framework so far (Joh and Di Lorenzo, 2019) but the KE as well as the North and South
PMM cannot fully account for the phase transition of TPDV (compare Figures 3.4f and
S3.5a). In the next section, we will demonstrate that the equatorial emergence of subsurface
temperature anomalies originating in the off-equatorial northwestern Pacific can trigger the
phase transition of TPDV. Specifically, by combining these off-equatorial subsurface
temperature anomalies with the previously established extratropical-tropical ocean-
atmosphere interaction framework, we can establish the preferred decadal time scale
oscillation in the Pacific.

3.3.2 Origin and preferred time scale of TPDV

The significant warming observed in the equatorial central Pacific during the positive phase
of TPDV suggests a Gill-type response in the tropical Pacific, leading to the formation of
subsurface temperature anomalies in the off-equatorial western Pacific (Meehl et al., 2021).
Could the underlying water in the off-equatorial western Pacific potentially cause the phase
reversal of TPDV? Figure 3.4 shows the phase evolution of upper ocean temperature
anomalies reconstructed from MTM-SVD, which generally bears resemblance to those
associated with surface variability. One important feature is the occurrence of a strong
negative signal in the off-equatorial western Pacific centers around 6-11°N (Figure 3.2c) that
has the opposite sign to the Nifio4 SST anomalies during the positive TPDV mature phase
(Figures 3.3a and 3.4a). In addition, subsurface anomalies precede surface variability in the
western-central equatorial region during the transition state around three years later (Figures
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3.3f-g and 3.4f-g), consistent with the correlation analysis in Figure 3.2. Figure 3.2d shows
the lead-lag correlation between filtered area-averaged subsurface temperature anomalies in
the western Pacific (three rectangle boxes in Figure 3.4a) with the TPDV index. All
correlation exhibits a sinusoidal shape with extremely high crest and trough, suggesting the
strong coupling between the western subsurface temperature anomalies and equatorial SST
variability at the decadal time scale. Specifically, the correlation between subsurface
temperature anomalies averaged over the off-equatorial northwest region (NW box) and
TPDV reaches as high as 0.84 by 60 months when the former leads (Figure 3.2d).
Additionally, the TPDV shows a much stronger correlation with NW subsurface temperature
anomalies by about six months. This can establish a preferred decadal oscillation identified
so far.

We further quantify the subsurface contribution to TPDV by regressing the filtered area-
averaged temperature anomalies between 22-24.5 gy in the NW box (the largest loading in
Figure 3.4a) upon the 8-20-year bandpass filtered SST anomalies (Figure 3.5a). As expected,
the strong negative subsurface temperature anomalies originating in the NW region can
induce significant low-frequency variance in the Nifio4 region five years later (Figures 3.3l
and 3.5a). Note that the contribution from the subsurface is of greater magnitude than that
from the KE during the transition phase (compare Figures 3.4f-g and S3.5a-b). Therefore,
off-equatorial subsurface temperature anomalies are the primary contributor to the phase

reversal of TPDV.
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Figure 3.5 8-20-year bandpass filtered temperature anomalies averaged between 22-24.5 g5 in NW
box (gray rectangle) regressed with 8-20-year bandpass filtered (a) SST, (b) SLP (shading, contour,
and stipple) and 10-m wind anomalies, (c) wind stress curl and (d) Ekman pumping. In (a), contours
are the correlation coefficients between 8-20 year bandpass filtered NW box subsurface temperature
anomalies and 8-20 year bandpass filtered SST anomalies. The contour interval is 0.2 and only
correlation coefficients greater than 0.8 are shown. The contour interval in (b) is 0.1 hPa
(positive/negative is solid/dashed). Regressed wind vectors are shown as a whole for clarity. Stipples
indicate the region exceeding 95% confidence level with the random-phase test.

But how can the strong negative temperature anomalies approach the central basin and
trigger the phase reversal of TPDV? The evolution in Figure 3.4 suggests the negative
temperature anomalies in the NW box progress gradually eastward and equatorward
following the mean current (gray vectors) toward the central basin. This process aligns with
the shallow North Equatorial Countercurrent (NECC) pathway which can be defined by the
acceleration potential evaluated on isopycnal surfaces (Figures S3.6 and S3.7). The

reconstructed temperature anomalies using MTM-SVD averaged along 6°N further illustrate

this propagation from around 140°E to 160°W (Figure S3.8d, shading) while the
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reconstructed signals on the equator can only reach as far as 170°E (Figure S3.8d, contours).
In addition, the signal along 6°N is much stronger and more coherent than those at the
equator. The NW subsurface temperature anomalies lead to the observed decadal SST
variability in the Nifio4 region (Figure S3.8e), consistent with the correlation analysis in
Figure 3.2. As a result, the gradual migration of NW subsurface temperature anomalies
toward the dateline via the NECC can effectively determine the preferred time scale and the
phase transition of TPDV (Figure S3.8f). This is facilitated by the eastward shoaling of the
examined isopycnal range (Figure S3.2) which allows the outcropped subsurface temperature
anomalies to directly affect surface temperature variability (Figure S3.3), thus triggering the
phase transition (Figure 3.3g) and inducing significant low-frequency variance in the Nifio4
region (Figure 3.5a). This propagation pathway and time scale from the NW region to the
equatorial Pacific are consistent with previous studies based on a shallower isopycnal level
(Zhang and Rothstein, 2000) or depth-averaged temperature anomalies (Zhang et al., 1999).

We then examine how the subsurface temperature anomalies are formed in the off-
equatorial western Pacific at the decadal time scale. The mean advection of spiciness
anomalies (Schneider, 2000) or wind-forced thermocline displacement has been proposed
(Capotondi and Alexander, 2001; Capotondi et al., 2003). To quantify the role of spiciness
advection, we show the standard deviation of filtered subsurface temperature anomalies
averaged between 22-24.5 g, (temperature interpolated to time-varying isopycnals 22-
24.5 gg) in Figure S3.9a. The results indicate the decadal variability due to anomalous
spiciness advection is weak in the off-equatorial western Pacific. There is only one noticeable
center of action in the equatorial western Pacific around 140°E that cannot fully account for
the observed large subsurface variability (Figure 3.4a). However, spiciness does contribute
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significantly to decadal variability in the central-eastern equatorial and southeast Pacific. In
contrast, the spatial structure of the standard deviation of the filtered isopycnal depth
anomalies between 22-24.5 g4 indicates that a large portion of off-equatorial temperature
anomalies result from the vertical displacement of the thermocline associated with the wind
forcing (Figure S3.9b). This suggests that wind-forced thermocline displacement plays a
central role in forming the subsurface temperature anomalies in the off-equatorial western

Pacific at the decadal time scale.

We further investigate the role of TPDV-related wind forcing in driving off-equatorial
thermocline variability. Figure 3.5b shows the regression of 8-20-year bandpass filtered area-
average temperature anomalies between 22-24.5 g, in the NW box upon the filtered SLP and
10-m wind anomalies. Similar to Figure 3.3a, the strong positive SST anomalies in the central
equatorial Pacific induce a band of positive (negative) SLP anomalies in the west (east). The
resulting cyclonic circulation in the northwest (southwest) produces strong northwesterly
(southeasterly) equatorward of 15°N (15°S) (Figures 3.3a and 3.5b) with associated positive
(negative) wind stress curl anomalies in the north (south) western Pacific (Figures S3.4a and
3.5¢). Consequently, the positive Ekman pumping (Figures S3.4b and 3.5d) induces surface
divergence and generates negative subsurface temperature anomalies in the off-equatorial
western Pacific (Figure 3.4a). In addition, thermocline depth variabilities induced subsurface
temperature changes can result from westward propagating oceanic Rossby waves excited
by Ekman pumping anomalies originating in the off-equatorial eastern basin (Capotondi and
Alexander, 2001; Meehl and Hu, 2006; Meehl et al., 2021). Figure S3.10 shows Hovmoller
diagrams of SSH anomalies along different latitudinal bands in the North Pacific. Most of

the prominent SSH signals that can propagate to the western boundary are observed west of
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160°W. Further analysis of the lead regression of SSH anomalies onto the NW subsurface
temperature anomalies shows the weak contribution of oceanic Rossby waves to the
formation of western subsurface temperature anomalies (Figure S3.11). However, additional
comprehensive analysis is needed to explore the extent of the impact of oceanic Rosshy
waves on off-equatorial northwestern subsurface temperature changes.

The negative temperature anomalies in the off-equatorial southwestern Pacific are
relatively weaker compared to the northern counterpart (Figure 3.4a). While previous
modeling studies (Cibot et al., 2005; Luo et al., 2003; Moon et al., 2007; Tatebe et al., 2013)
and observational analysis (Luo and Yamagata, 2001) have suggested the critical role of the
South Pacific in driving the phase transition of the TPDV, we highlight the larger contribution
from the northern hemisphere than the southern part. This difference can be attributed to two
main causes. Firstly, the use of shallower isopycnal levels in our analysis effectively captures
the direct impact of subsurface anomalies on Nifio4 surface temperature variability. This
contrasts with previous studies based on deeper isopycnal levels (Cibot et al., 2005; Luo and
Yamagata, 2001; Moon et al., 2007). Consequently, our framework aligns with the observed
decadal time scale oscillation (Figure 3.2) rather than the approximately 14-year periods
found in previous observational study (Luo and Yamagata, 2001). Secondly, our analysis is
consistent with recent findings that the off-equatorial northwestern Pacific plays a more
substantial role in the equatorial heat budget at the decadal time scale (Meehl et al., 2016;
Meehl et al., 2021). Furthermore, the weaker signal in the southwestern Pacific might relate
to the structure of the wind forcing. Specifically, the zonal coherency of the Ekman pumping
has been proposed as the primary factor determining the low-frequency variability while
local maxima of the forcing only affect the sharpness of the variability (Capotondi et al.,
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2003). In Figure 3.5d, the northern off-equatorial Ekman pumping is elongated from around
130°W to the western boundary while the southern off-equatorial Ekman pumping is only
extended from around 140°W to 150°E with the occurrence of a band of negative Ekman
pumping centered around 10°S and 150°E. Therefore, the specific structure of the forcing
might be a significant factor explaining the weaker signal from the South Pacific in the
TPDV.

3.3.3 Overall TPDV framework

The decadal oscillation framework in the tropical Pacific can be summarized as follows:

a) Positive phase: strongest positive temperature anomalies in the Nifio4 region (Figures
3.3a and 3.6a). Ensemble atmospheric modeling experiments with prescribed 2°C SST
forcing further confirm that surface warming in the Nifio4 region can induce cyclonic
circulation in the northwestern and southwestern Pacific (Figure S3.12), respectively, leading
to the corresponding positive and negative wind stress curl anomalies in the 2-15°N and 2-
15°S latitudinal bands (Figures S3.4a and 3.5c). The resulting positive Ekman pumping
(Figures S3.4b and 3.5d) drives negative subsurface temperature anomalies with the strongest
signals in the off-equatorial northwestern Pacific (Figures 3.4a). This is also confirmed by
the ensemble oceanic modeling experiments when TPDV-associated wind fields were
prescribed (Figure S3.13).

b) Transition phase: Off-equatorial northwestern subsurface temperature anomalies
gradually migrate toward the central basin along the NECC pathway (Figures S3.6 and S3.7).
As the isopycnals shoal toward the east, negative subsurface temperature anomalies

accumulated in the Nifio4 region around three years later (Figures 3.3g, 3.4g, and 3.6b).
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¢) Strengthening phase: During the positive phase, in addition to the local ocean impacts,
the Gill-type response of TPDV can further force extratropical atmospheric anomalies
(around 3 months), driving the westward propagating oceanic Rossby waves that affect the
KE system (around 2.5-3 years) (Andres et al., 2009; Ceballos et al., 2009; Taguchi et al.,
2007). The change of the KE state then induces a downstream atmospheric response that
projects onto the forcing pattern of the PMM (Gan et al., 2023) (Figures S3.5 and 3.6). The
PMM further strengthens the subsurface anomalies in the central equatorial Pacific 0-12

months before the peak of the cold phase (Figures 3.3j-1 and 3.6c¢).

atmospheric response

S‘;\%“\‘;\‘\\‘\\\ il

coaSUNART

Figure 3.6 Framework for TPDV. (a) Warm phase of TPDV is characterized by the strongest surface
warming in the Nifio4 region, off-equatorial western Pacific Gill-response, strong subsurface cooling,
and extratropical cyclonic circulation. (b) Surfacing of off-equatorial northwestern subsurface
temperature anomalies in the Nifio4 region. (c) PMM (with contributions from KE) enhances the
subsurface-produced equatorial disturbance in the Nifio4 region. (d) Similar to the warm phase but
with the sign reversed.
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d) Cold phase: The accumulation of subsurface temperature anomalies in the Nifio4 region
originated from the off-equatorial northwestern Pacific subsurface anomalies, along with the
enhancement of the KE and thus PMM contribution, result in the cold phase of TPDV after
around 5-6 years (Figures 3.3l and 3.6d), setting up a half cycle of the decadal oscillation.
The remaining opposite cycle is simply the reverse of the processes mentioned above (Figure
3.6).
3.4 Summary and discussion

Based on available observational and reanalysis products and ensemble model
experiments, this study presents a modified framework of TPDV involving off-equatorial
subsurface temperature anomalies and extratropical-tropical ocean-atmosphere interaction.
The combined contribution of off-equatorial subsurface temperature propagation and PMM
eventually leads to the mature cold phase after five years. The center of equatorial negative
SST anomalies then forces anomalous atmospheric circulation, resulting in positive
subsurface temperature anomalies in the off-equatorial western area and potentially reversing
the state of TPDV. Thus, a periodic oscillation of around 10 years is achieved.

TPDV-associated SST anomalies can induce extratropical anomalous wind fields,
generating off-equatorial Rossby waves in both the North and South Pacific. These waves
then propagate westward and may potentially contribute to the phase transition of TPDV
(Meehl and Hu, 2006; Meehl et al., 2021). We show the temporal evolution of SSH anomalies
along a specific circuit, westward along 13°N (Figure S3.8a), then equatorward along the
western boundary at 130°E (Figure S3.8b), and eastward along the equator (Figure S3.8c).
Most of the SSH anomalies originating west of 160°W appear to reach the western boundary

at 13°N after 2-3 years (Figure S3.8a), then follow the western boundary to reach the
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equatorial western Pacific (Figure S3.8b), and propagate eastward to the central basin along
the equator at much-reduced amplitude (Figure S3.8c). Along the equator, we also observe
the propagating SSH signals disconnect abruptly around 160°E, suggesting that off-
equatorial Rossby waves might not be the primary contributor to the phase reversal of TPDV.
Furthermore, a recent study postulated that robust ENSO events could potentially influence
the phase transition of TPDV (Meehl et al., 2021). However, we have identified only two
distinct ENSO events that could play a role in the phase transition of TPDV within the scope
of our analysis: the 1965/66 El Nifio and 2007/08 La Nifa (Figure S3.8). The former may
contribute to the transition from a negative to a positive phase, while the latter may contribute
to the transition from a positive to a negative phase of TPDV. Nonetheless, a more
comprehensive analysis is necessary to accurately quantify the degree to which ENSO events

contribute to the phase transition of TPDV.
3.5 Supporting information

5 MTM-SVD spectrum of Pacific surface and subsurface fields

Period (year)

Figure S3.1 LFV spectrum for the combined raw detrended SST, SLP, 10-m wind, and subsurface
temperature anomalies averaged between 22-24.5 g4 and 24.5-26 g4. The horizontal dashed lines are
the 90%, 95% and 99% confidence levels based on the bootstrap method.
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Figure S3.2 Mean depth of (a) 22-24.5 g4 and (b) 24.5-26 o4 from 1950 to 2021. The contour
interval is 20 m.
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Figure S3.3 Mean temperature at (a) 45 m and (b) 75 m level averaged in the Nifio4 region. Shown
are all isopycnals between 22-25 gy that intersect with these depth levels.
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Figure S3.4 Same as Figure 3.3a but for (a) wind tress curl anomalies and (b) Ekman pumping.
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Figure S3.5 8-20-year bandpass filtered SST (shading) and SLP (contours, hPa) anomalies regressed
with the 8-20-year bandpass filtered (a-d) KE index and (e-h) PMM SST index. The contour interval
is 0.1 hPa (positive/negative is solid/dashed). Stipples indicate the regressed SST exceeding 95%
confidence level with the random-phase test. Regressed SLP are shown as a whole for clarity. In all

panels, the magenta rectangle indicates the KE region. The numbers indicate the KE and PMM index
lead SST anomalies by months.
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Figure S3.6 Mean acceleration potential (shading) referenced to 1000 dbar and mean current vectors
evaluated on (a) 22.5 gy, (b) 23 gy, (C) 23.5 g5 and (d) 24 g5. Only some representative current
vectors are shown. Current data is from GODAS during 1980-2021.
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Figure S3.7 Mean acceleration potential (shading) referenced to 1000 dbar evaluated on 23.5 g4 and
mean depth-integrated current vectors. Only some representative current vectors are shown. Current
data is from GODAS during 1980-2021.
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Figure S3.8 Hovmdller diagram of SSH anomalies along (a) 13°N (plotted from east to west), (b)
130°E (plotted north to south), and (c) equator (plotted from west to east). (d) Reconstructed
subsurface temperature anomalies between 22-24.5 gy using MTM-SVD averaged along 6°N
(shading) and 5°S-5°N (contour). The contour interval is 0.2°C (positive/negative is solid/dashed).
(e) SST anomalies averaged between 5°S-5°N. (f) TPDV index. The vertical dashed magenta lines
indicate the longitude of 160°E and 150°W. The horizontal solid (dashed) green lines indicate strong
and very strong El Nifio (La Nifia) events that peak in December based on the Oceanic Nifio Index
(ONI). All the data (a-c, e) are detrended and removed seasonal cycle only before plotting. SSH data
is from GECCO3 (1948-2018).
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Figure S3.9 Standard deviation of the 8-20-year bandpass filtered (a) temperature and (b) depth
anomalies averaged between 22-24.5 gy.
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Figure S3.10 (a) Time series of subsurface temperature anomalies averaged in the NW box between
22-24.5 g4. Hovmoller diagram of SSH anomalies along (b) 13°N, (c) 10°N, (d) 8°N and (e) 6°N.
The vertical dashed magenta lines show the longitude of 140°E and 160°E. All the data are detrended
and removed seasonal cycle only before plotting. SSH data is from GECCO3 (1948-2018).
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Figure S3.11 8-20 year bandpass filtered SSH anomalies regressed with the 8-20 year bandpass
filtered temperature anomalies averaged between 22-24.504 in NW box (magenta rectangle).
Numbers in each panel indicate SSH anomalies lead subsurface temperature by months. Stipples
indicate the region exceeding 95% confidence level with the random-phase test.
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Figure S3.12 (a) Wintertime (December-February) and (b) annual response of 850 hPa geopotential
height (shading and contour) and 850 hPa winds with specified 2°C SST anomalies imposed in the
magenta rectangle region shown in (a). Stipple indicates 95% significance level based on a Student’s

t-test.
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Figure S3.13 (a) Annual horizontal response structure of temperature averaged between 22-
24.5 gy to the superimposed anomalous wind fields associated with the positive phase of the TPDV.
Same as (a) but for (b) longitude-depth and (c) longitude-a, plot of the response of temperature at
6°N. Stipple indicates 95% significance level based on a Student’s t-test.
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Chapter 4
Discussion and conclusions
4.1 Summary

In Chapter 2, employing CEOF analysis of observational and reanalysis datasets, we
demonstrate the existence of a decadal subsurface spiciness propagating mode in the North
Pacific. This mode is characterized by a dipole pattern with opposite signs in the midlatitude
and subtropics, driven by net surface heat flux changes and anomalous subsurface currents
associated with Aleutian Low/PDO. We then show the propagation characteristics of this
spiciness mode: the anomaly of midlatitude origin can be traced to 14°N while the anomaly
originating in the subtropics can extend as far as 10°N. Moreover, tropical SST forcing is

also found to contribute to the formation of the spiciness mode.

In Chapter 3, we utilized MTM-SVD analysis of joint atmospheric and oceanic fields,
along with model experiments, to demonstrate the pivotal role of tropical subsurface
temperature anomalies in TPDV. Specifically, the propagation of off-equatorial northwestern
Pacific temperature anomalies along the NECC pathway toward the Nifio4 region serves as
the most critical water source for the phase reversal of TPDV. We also show that KE can
only explain a small fraction of decadal variance while PMM contributes significantly to the
growth of the equatorial disturbance 0-12 months before the TPDV peak phase, consistent
with previous studies (Di Lorenzo et al., 2015; Zhao and Di Lorenzo, 2020). Finally, by
combining off-equatorial subsurface temperature anomalies, KE, and PMM, we provide a

comprehensive framework for TPDV.

4.2 Discussion
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Although we have identified the key water source for TPDV originating in the off-
equatorial northwestern Pacific, it remains an open question whether the extratropical origin
of subsurface spiciness anomalies can impact other equatorial regions, such as Nifio3. As our
findings indicate that the subtropical origin of spiciness anomalies can reach 10°N, these
anomalies may approach the Nifio3 region as the isopycnal shallows toward the eastern basin.
Additionally, previous studies have suggested that spiciness anomalies from the Southern
Hemisphere can propagate toward the tropics more effectively than their northern
counterpart. While our study focuses on the North Pacific, it is plausible that the South Pacific
may have a significant impact on the equatorial eastern basin.

Given the pivotal role of off-equatorial subsurface temperature anomalies in the phase
reversal of TPDV, well-initialized oceanic conditions (Meehl et al., 2016) could significantly
enhance TPDV predictability. Furthermore, the study suggests the need for a more robust
observational system, particularly in the off-equatorial northwestern Pacific. Such a system

could furnish valuable information about the phase transition of TPDV.

4.3 Future work

The tropical Pacific is dominated not only by ENSO at interannual time scales but also by
TPDV at decadal time scales. This raises the question of whether connections exist between
TPDV and ENSO or if they operate independently. Previous studies have suggested possible
interactive feedback between ENSO and TPDV (Choi and An, 2013; Choi et al., 2009; Choi
etal., 2012; Choi et al., 2013; Imada and Kimoto, 2009; Kiem et al., 2003; Ogata et al., 2013;
Okumura et al., 2017b; Sun and Yu, 2009; Yeh and Kirtman, 2004). Specifically, some
investigations proposed that decadal variability in ENSO activities and associated mean state

changes can contribute to TPDV (Choi et al., 2009; Choi et al., 2012; Rodgers et al., 2004).
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On the other hand, studies have demonstrated that TPDV may impact the characteristics of
ENSO events in terms of amplitude, frequency, duration, and spatial pattern (Choi et al.,
2011; Hasegawa and Hanawa, 2006; Imada and Kimoto, 2009; Okumura et al., 2017b; Sun
and Okumura, 2020; Zhong et al., 2017). However, there is still no consensus on the causal
relationship and the underlying mechanisms of the relationship, if it exists, between ENSO
and TPDV. Moreover, ENSO is projected to undergo substantial changes in response to
global warming (Cai et al., 2021; Geng et al., 2022), while TPDV is suggested to play a
significant role in shaping low-frequency global climate variability (Kosaka and Xie, 2013;
Watanabe et al., 2014). Therefore, gaining a better understanding of the relationship between
TPDV and ENSO, and how the relationship may change under a warming scenario is crucial
for both short-term and long-term climate prediction.

Another issue that warrants attention pertains to the formation of PMM during the TPDV
transition stage. While KE can partially explain the forcing of PMM, it remains uncertain
whether PMM is further influenced by factors within and/or outside the Pacific. Zhang et al.
(2021) demonstrated that the decadal PMM is primarily driven by a tripole mode pattern of
SLP anomalies extending from northeastern Asia to the northeastern Pacific. In contrast, Sun
et al. (2017) suggested that the positive phase of the Atlantic Multidecadal Oscillation can
weaken the Aleutian Low via atmospheric teleconnection, thereby contributing to PMM.
Further investigations are needed to discern the fraction of decadal variability of PMM driven
by intra-basin factors versus inter-basin factors. Moreover, a critical aspect to explore is how

these physical processes activate the preferred decadal time-scale variability of PMM.
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