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Abstract Quasi-decadal variation in various Pacific regions has been recognized for decades but

its spatial-temporal characteristics and generation mechanisms remain poorly understood. Here we
show that the sea surface temperature (SST) in the equatorial central Pacific (ECP) exhibits a prominent
11-year periodicity since 1951 but not before. An episodic-like quasi-decadal warm event is initiated in

a northeast-southwest tilted belt from the United States’ west coast to the ECP. The initial development
involves positive feedback between atmospheric heating-induced Rossby waves and underlying SST

in the tropical North Pacific. The amplification of ECP warming is primarily due to equatorward heat
advection and deepening thermocline, while the zonal advective feedback mainly controls its decay. The
quasi-decadal oscillation (QDO) tends to follow the 11-years solar cycle with a 1-to-2-year phase delay,
meanwhile, it possibly links to the nonlinear behavior of ENSO. The cause of intensification of the QDO
over the past 70 years, however, remains elusive.

Plain Language Summary The sea surface temperature (SST) at the equatorial central
Pacific (ECP) exhibits a prominent 11-year periodicity over the last 70 years. This quasi-decadal oscillation
(QDO) can significantly influence tropical cyclone activity and continental climate anomalies. This

work provides a novel description of the QDO phenomenon as a prominent mode of SST variability in

the subtropical North Pacific and equatorial central Pacific (ECP). The initial QDO warming develops
over a northeast-southwestward elongated belt extending from California’s off-coast to the ECP by the
interaction between atmospheric heating-induced weakening trade winds and underlying SST anomalies.
The amplification of ECP warming is primarily attributed to equatorward heat transport, while its decay is
principally caused by the transport of cold water from the eastern Pacific. The QDO is found to follow the
11-year solar irradiance cycle with a 1-to-2-year phase delay and potentially link to the decadal variability
of El Nifio-Southern Oscillation. However, why the QDO has strengthened since the 1950s remains
elusive.

1. Introduction

Pacific sea surface temperature (SST) variability has the most profound impacts on global climate variations.
The Pacific basin-wide variability is dominated by El Nifio-Southern Oscillation (ENSO) (Weare, 1982), Pa-
cific Decadal Oscillation (PDO) (Mantua et al., 1997), North Pacific Gyre Oscillation (NPGO) (Di Lorenzo
et al., 2008), and Interdecadal Pacific Oscillation (IPO) (Power et al., 1999) on various time scales. Besides
these basin modes, a relatively weak quasi-decadal oscillation (QDO) was detected first by multi-taper fre-
quency-domain singular value decomposition analysis of the localized variance spectrum of SST and sea-lev-
el pressure (SLP) (Allan, 2000; Allan et al., 2003; Brassington, 1997; Tourre et al., 2001). The quasi-decadal
signals were also recognized to exist in the upper ocean temperature variability (White et al., 2003b), sub-
surface ocean temperature (Luo & Yamagata, 2001), Kuroshio extension jet intensity (Qiu, 2003), and the
Pacific sea level (Lyu et al., 2017).
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Observational studies found QDO and ENSO signals share similar spatial structure and relative phasing
of SST and SLP anomalies, but QDO evolution is amplified from the northeast tropical Pacific into the
central Pacific (e.g., Tourre et al., 2001), and the warmest SST anomalies displaced into the central-western
equatorial Pacific (e.g., Allan, 2000). The majority of these studies are based on narrow band-pass filtered
data, leading to exaggeratedly periodic QDO pattern. Thereby, the QDO is generally regarded as an extend-
ed Pacific ENSO signal, and its characteristic spatial structure and development are diluted. As such, the
mechanisms that trigger and control the QDO evolution remain poorly understood.

The origins of the Pacific quasi-decadal variability remain controversial, involving both the internal dy-
namics and external forcing. The phase transition of the QDO was thought to be governed by an ENSO-like
delayed action oscillation mechanism (Battisti & Hirst, 1989; Schopf & Suarez, 1988) in the tropical Pa-
cific (White et al., 2003b; White & Liu, 2008a, 2008b). However, the QDO could trigger further poleward
off-equatorial Rossby waves in the central tropical North Pacific (Capotondi & Alexander, 2001). On the
other hand, observation and conceptual model results suggested that the Pacific QDO is modulated by the
11-years solar cycle (White et al., 2003a; White & Liu, 2008a, 2008b). Moreover, the decadal solar oscillation
effects on the tropical Pacific have been explored widely. During the solar peak years, the intensified precipi-
tation in the intertropical convergence zone and south Pacific convergence zone strengthens the Hadley and
Walker circulations, increasing trade winds, enhancing equatorial ocean upwelling, and lowering eastern
equatorial Pacific SSTs (Meehl et al., 2009; Van Loon et al., 2004, 2007). However, the cooling is significantly
different from the La Nifia event in the stratosphere structure (Van Loon & Meehl, 2008).

The QDO can significantly influence tropical cyclone activity and continental climate anomalies (Anderson
et al., 2016; S. Wang et al., 2014). This study aims to address the following three questions: (a) What are the
distinct spatial-temporal structure of Pacific QDO? (b) What physical processes control their development
and decay? And (c) what factors set up the decadal time scale of the Pacific QDO?

2. Data

The monthly mean SST data are obtained from the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) (Rayner et al., 2003), and the National Oceanic and Atmospheric Administration Extended Re-
constructed SST (ERSST) version 5 (Huang et al., 2017). To reduce each SST data set’s uncertainty, we have
made a “merged” monthly mean SST data set by simply taking their arithmetic means over 1871-2018. The
ocean reanalysis data sets, including potential temperature, zonal and meridional currents, vertical velocity,
and total downward heat flux at the surface, are derived from the Global Ocean Data Assimilation System
(GODAS) with 0.33° latitude X 1° longitude grid for 1980-2018 (Behringer & Xue, 2004).

The monthly mean reanalysis data (including SLP, precipitation, and 1,000-hPa winds) were obtained by
merging ERA-20C during 1900-1957 (Poli et al., 2013), ERA-40 during 1958-1978 (Uppala et al., 2005), and
ERA-Interim during 1979-2018 (Dee et al., 2011) after removing the differences in monthly mean climatol-
ogy during their respective overlapping periods.

The NOAA Climate Data Record (CDR) of Total Solar Irradiance (TSI), NRLTSI Version 2 is also used
(https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.ncdc:C00828).

3. Pacific QDO Index and its Characteristic Spatial-Temporal Structure

To detect the geographic locations where the SST variation has a significant quasi-decadal (9- to 13- year)
signal, we conducted spectral analysis over each grid in the Pacific. The significant quasi-decadal signals
are found primarily in a northeast-southwest tilted belt from the west coast of the United States to the equa-
torial Central Pacific (ECP) near the dateline (Figure S1). The ECP has the most prominent and season-in-
dependent decadal signal and is the action center of the Pacific QDO. For convenience, we define an ECP
index by the mean SST anomalies averaged over (10°S-10°N, 165°E-165°W).

The power spectrum of the yearly-mean ECP index (Figure 1a) exhibits a conspicuous 11-year periodicity
during 1951-2018 (Figure 1b). This 11-year peak is also seen from the interannual variation of each seasonal
mean SST anomalies, i.e., March-April-May (MAM), June-July-August (JJA), September-October-November
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Figure 1. (a) Time series of the annual mean SST index (°C) and TSI (W/m?) during 1871-2018. The ECP index is
defined as the SST anomaly averaged over the region (10°S-10°N, 165°E-165°W). (b) Power spectrum of the annual
mean ECP index during 1951-2018. The blue (red) curve represents the upper bound of the Markov red noise spectrum
at the 90% (95%) confidence level. (c) Lead-lag correlation coefficient between the seasonal mean ECP index and
seasonal mean TSI during 1951-2018. The blue (red) lines indicate statistical significance at the 90% (95%) confidence
level with the effective degrees of freedom ranging from 52 to 57 (Bretherton et al., 1999). A positive value for the
season in (c) means TSI leads ECP index. Un-detrended SST data were used. ECP, equatorial central Pacific; TSI, total
solar irradiance.

(SON), and December-January-February (DJF), suggesting that the QDO exists throughout the seasonal cy-
cle (Figure S2). The index can be used to represent the Pacific QDO, which is also referred to as the QDO
index hereafter.

Can the QDO be seen in a long record? We find that the quasi-decadal peak is absent during 1871-1950
(Figure S3). This absence might be affected by the degraded quality of the SST data, but it likely suggests the
nonstationary nature of the QDO. Given the QDO phenomenon has become significant after the 1950s, our
analysis will focus on the past 70 years.

To depict coherent QDO structure and to find how a QDO warm event evolves, we first use the annual
mean, detrended data to construct the lead-lag correlation maps with reference to the yearly mean QDO
index from the —3 to +3 years (Figure 2 and Figure S4). Note that the lead-lag regression maps show essen-
tially the same evolution processes as shown by the lead-lag regression maps (Figure S5).

During the transition phases (-3 and +3 years), the significant SST anomalies are almost absent, suggesting
that the warming looks like an episodic event (Fig. S4). This view is different from the previous results that
used narrowly bandpass-filtered data, which showed a cyclic-like event with significant continuing signals
in the transition phases (e.g., Tourre et al., 2001).
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Figure 2. Evolution of the Pacific Quasi-Decadal Oscillation (QDO). Shown are the lead-lag correlation maps of the yearly mean anomalies of (a) SST, (b)
precipitation (color), SLP (contour), and 1,000-hPa winds (vectors) with reference to the annual mean ECP index during 1951-2018 from —2 years to +2 years.
The dotted areas denote significance at the 90% confidence level, which is conducted by a two-tailed t-test, in (a) for SST and in (b) for precipitation. The

red solid (blue dashed) lines represent the positive (negative) pressure, the contour interval is 0.05, and only the contours and vectors significant at a 90%
confidence level are shown in (b). The black boxes show the key locations used in Figure 3. SLP, sea-level pressure.
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Two years before the QDO peak warming, a significant cooling is seen in the eastern equatorial Pacific cou-
pled with an SLP seesaw with an anomalous low over the western Pacific and an anomalous high over Cen-
tral America (Figure 2). The eastern Pacific cooling generates northward flow and increases precipitation in
the subtropical eastern North Pacific (ENP) (10°N-25°N, 150°W-120°W), followed by significant warming
over the Gulf of Alaska and a northeast-southwestward tilted warming belt from Baja California to the ECP
at —1 year (Figure 2). The QDO warming then rapidly amplifies at the ECP and reaches its peak at year 0
with a mega-El Nifio-like pattern (Wang et al., 2013a).

However, different from EI Nifio, the warming develops from the tropical-subtropical North Pacific rather
than along the equator; besides, the maximum warming occurs near the dateline (160°E-160°W) and the
SLP seesaw anomalies are equatorially symmetric rather than biased to the southern hemisphere (SH) as in
ENSO. The off-equatorial triangle warming resembles a PDO pattern, but a notable equatorial asymmetry is
seen in the eastern Pacific with enhanced warming along the northern hemisphere (NH) ITCZ.

The QDO warming rapidly decays along the equator after the peak. From +1 to +2 years, the SH warming dis-
appears while a remnant NH warming remains visible. Notably, the equatorial eastern Pacific (EEP) cooling is
absent in the QDO decay phase, indicating a development-decay asymmetry and an NH-SH asymmetry in the
Pacific QDO life cycle. The development and decay processes seem to feature a standing expansion/retraction
without apparent propagation of the SST anomaly. Thus, Pacific QDO appears to be a standing oscillation.

Note that Figure 2 is made of yearly mean data, which does not fully filter interannual variability. To further
remove the ENSO signals, we used 3-years running mean data to present the QDO evolution (Figure S6).
The evolution shown in Figure S6 resembles, to a large extent, the evolution shown in Figure 2, suggesting
that the QDO evolution shown in Figure 2 is robust. But, by removal of the ENSO signals, the warming
in the equatorial far eastern Pacific disappears, suggesting that QDO is more concentrated in the central
Pacific.

4. Initiation and Development Mechanisms of the QDO Warming

Where does the ECP warming originate? How is the warming triggered? To address these questions, we
have to examine the seasonal mean evolutions. Based on Figure 2, we select several air-sea interaction vari-
ables at various QDO active locations to examine their time evolutions and lead-lag relationships (Figure 3).

The earliest precursor that preludes the ECP warming is the significantly positive SLP anomalies over Cen-
tral-North America at —10 season (Figure 3a), which, by generating equatorial easterly anomalies, favors
the EEP cooling that peaks in —8 and —7 seasons (Figure 3b). Meanwhile, the EEP cooling enhances the
subtropical ENP (10°N-25°N, 150°W-120°W) precipitation, which starts at —7 season and reaches its peak
around —5 season (Figure 3c). The chain scenarios from Figure 3a to 3c suggest that the central-North
American rising pressure and EP cooling triggers the initial development of the ENP precipitation.

The enhanced ENP precipitation is followed by decreasing pressure in the subtropical central North Pacific
(CNP, 5°N-25°N, 160°E-160°W) (Figure 3d). With the deepening of the anomalous CNP low, the climatolog-
ical northeasterly trade winds weaken, as shown by the negative wind speed anomalies around —5 and —4
season (Figure 3e). The weakened trades lead to rapid warming in the ENP, as evidenced by the maximum
SST tendency at —4 season (Figure 3e).

The chain scenarios from Figure 3c to 3e, suggest that the development of QDO warming in the subtrop-
ical NP may involve positive atmosphere-ocean feedback. This positive feedback is characterized by the
atmospheric heating-induced Rossby wave response and associated dipolar SST anomalies (warming to
the southeast and cooling to the northwest of the Rossby low) (Wang et al., 2000; Wang et al., 2013b). As
shown in Figure 2 (panel —1 year), to the southeast of the cyclonic (low-pressure) anomalies, the weakened
trades-reduced evaporation and entrainment cooling induce sea surface warming. On the other hand, the
southwestward tilted warming belt from Baja California to the ECP enhances moisture convergence and
precipitation heating that, in turn, generates ascending Rossby-wave low to strengthen the cyclonic anom-
aly during the westward propagation of the Rossby waves.

Of interest is that while the ENP and ECP warming is nearly simultaneous (Figure 3f), the initial warming
at the ENP occurs earlier than ECP, suggesting the QDO warming may extend from ENP southwestward
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Figure 3. Evolutions of the regressed variables at various key locations with reference to the ECP index from —12 to 4+12 season with zero denoting the ECP
peak warming: (a) Central-North America (10°N-35°N, 110°W-70°W) SLP anomalies (hPa), (b) the EEP (5°S-5°N, 110°W-80°W) SST anomalies (°C), (c) the
subtropical eastern North Pacific (ENP, 10°N-25°N, 150°W-120°W) precipitation anomalies (mm/day), (d) the subtropical central North Pacific (CNP, 5°N-25°N,
160°E-160°W) SLP anomalies (hPa), (e) the ENP wind speed anomalies (m/s) and the ENP SST tendency (°C/month), and (f) the ENP and the ECP SST
anomalies (°C). To better focus on decadal signals, all seasonal-mean detrended variables and the ECP index are smoothed by a 5-season running mean. The
purple crosses shown in each panel indicate the values that are statistical significance at the 90% confidence level, which is obtained by a two-tailed t-test. ECP,
equatorial central Pacific; EEP, equatorial eastern Pacific; ENP, eastern North Pacific; SLP, sea-level pressure; SST, sea surface temperature.

to the ECP. Note also that the ENP warming decays slower than the ECP, meaning that the decay of QDO
warming may extend from ECP northeastward to ENP.

5. Equatorial Feedback Mechanisms for the Amplification and Decay of ECP
Warming

The ECP’s fastest-warming and cooling occur around the —4 and +4 seasons (Figure 3f). To reveal coupled
dynamic processes involving in the evolution of the QDO over the ECP, we conducted an ocean mixed
layer heat budget analysis (Text S1). Due to the limitation of GODAS data, the analysis is only made for
1980-2018. The diagnosed temperature tendency (Sum, 0.075 °C/month) is generally consistent with the
observed tendency (0.093 °C/month) in the development stage (—5 to —3 season) (Table 1). The nonlinear
term is negligibly small, and the surface heat flux tends to damp the warming during both the development
and decay stages.

The rapid amplification of ECP warming is mainly attributed to the meridional heat advection by mean
(0.039 °C/month) and anomalous currents (0.026 °C/month), and the vertical advection of anomalous tem-
perature by mean upwelling (0.037 °C/month). The two zonal advective terms tend to offset each other,
contributing little to the ECP warming. In contrast, the ECP warming decay is primarily controlled by the
zonal heat advection (—0.130°C/month) and augmented by the vertical advection by mean upwelling due to
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Table 1
Ocean Mixed Layer Heat Budget Analysis for the Development and Decay Stages of the QDO Over the Equatorial Central
Pacific (5°S-5°N, 165°E-165°W).

JoT  @or  veT voT woT  woT o T’

ox ox Oy Oy 0z 0z NL  PCH Sum o

Development stage 0.017 —0.024 0.026 0.039 —0.008 0.037 0.000 —0.013 0.075 0.093
Decay stage —0.130 0.046 0.040  0.019 0.010 —0.030 0.005 —0.012 —0.053 —0.098

The regressed anomalies with reference to the ECP index are used in the heat budget computation during the

development stage (mean of —5 season to —3 season) and decay stage (mean of the +3 to +5 season). Sum means the
. . . u/a’r/ V'a’r/ W’aVI‘IY .

estimated temperature tendency. Nonlinear (NL) term is the sum of the b - . The units are °C/

ox oy oz

month. The dominant feedbacks in the development and decay of ECP warming are marked bold.

thermocline feedback (—0.030°C/month). The processes governing ECP warming contrasts the central Pa-
cific El Nifio development in which zonal heat advection dominates (Kug et al., 2009; B. Wang et al., 2019).

To qualitatively illustrate the major terms’ contribution in the ECP SSTA development and decay stages,
we present a schematic diagram (Figure 4) with the highlight as follows. The climatological mean ther-
mal state of the ECP mixed layer is characterized by (a) negative (westward) zonal temperature gradi-
ents (—4.0 x 107*°C/Km), (b) positive (upward) vertical temperature gradients (6.2°C/Km), and (c) pole-
ward meridional temperature gradients (positive in the NH 6.7 x 10~*°C/Km while negative in the SH,
—1.5 x 107°°C/Km) as illustrated by the color shading. The climatological mean circulation is dominated
by the averaged westward currents (—9.2 cm/s), poleward meridional currents (3.2 cm/s in the NH, and
—2.5 cm/s in the SH), and upwelling (2.8 X 107® m/s) as illustrated by the green arrows. Because of the
equatorially symmetric feature of the meridional advection, only the NH part of the meridional tempera-
ture advection is discussed.

Anomalous quantities are qualitatively illustrated in the figure except the upwelling as its heat advection
is negligibly small (Table 1). During the amplification stage (Figure 4a), three main processes contribute to
the rapidly rising SST. The first is the anomalous southward meridional currents (v'<0) in the NH that trans-
ports mean-state warmer seawater equatorward, contributing to ECP warming. The second contributor is
the mean northward currents that transport anomalously cooler water (67" / dy < 0) away from the equator,
reducing the heat loss by the northward mean currents’ advection and enhancing the ECP warming. The
third is the mean upwelling that transport anomalously warm water (67" / 0z < 0), reducing the cooling
advected by the mean upwelling and increasing ECP SST. The negative anomalous vertical temperature
gradient is mainly due to a deepening thermocline associated with the mixed layer currents convergence.
During the decay stage of the QDO, the predominant contributor is the anomalous westward currents that
transport cold water from the east to cool the ECP ocean mixed layer.

6. Discussion: What Determines the Time Scale of the QDO?

We present relevant evidence to support two hypotheses.

6.1. The 11-Year Solar Irradiance Forcing

The appealing aspect of the solar forcing hypothesis is to explain the time scale of QDO. The TSI shows
a significantly increasing trend since 1871, and the intensity of the TSI variation was amplified to about
0.5 W/m? around 1950 (Figure 1a). During 1951-2018, the TSI cycle tends to lead the QDO by six (4-10) sea-
sons (Figure 1c), i.e., the Central Pacific reaches a peak warming about 1-2 years after the maximum solar
irradiance. However, the lead-lag correlation coefficient between the QDO and TSI is not significant during
1871-1950, conceivably due to the weak 11-year solar forcing (Figure 1a) as speculated by White (2006) and
White et al. (1998).
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Figure 4. Schematic diagram illustrating major processes responsible for the ECP (5°S-5°N, 165°E-165°W) warming’s
development and decay. The red (blue) color donates the warm (cold) mean temperature. Green vectors denote the
area- and vertically averaged climatological mean currents and vertical motion in the ECP mixed layer. The black
vectors illustrate the anomalous currents, the orange (blue) ellipse shading represents the positive (negative) anomalous
SST gradients. The terms on the right-hand-side of each panel indicates major terms that contribute to the development
(a) and decay (b) of ECP warming. The sign of each term is based on the diagnosed results over the ECP region during
1980-2018 derived from the GODAS data. ECP, equatorial central Pacific; SST, sea surface temperature.

The problematic aspect of the solar forcing hypothesis is to establish a cause-effect relationship. Previous
studies have shown that a weak La Nifia-like response occurs during the 11-year solar cycle peak followed
by a Central Pacific El Nifio-like response 1—2 years later (Meehl & Arblaster, 2009; Misios et al. 2016, 2019).
By analyzing the SST and SLP anomalies with reference to the composite TSI peak years (1957, 1968, 1979,
1989, 2000, and 2014), we find that a La Nifa condition occurs one year before the solar peak (Figure S7).
At the solar peak, an anomalous low (cyclone) developed in the subtropical NP, reducing the northeasterly
trade wind, resulting in ENP warming. One year after the solar peak, ECP warming reaches its maximum.
Phenomenologically, the evolution of anomalies associated with the TSI resembles that of QDO except with
a one-year lead, suggesting that the QDO might be a response to the 11-year solar cycle. The solar forcing
may induce QDO by triggering the eastern Pacific cooling. Besides, the subtropical ocean is an enormous
heat reservoir; thereby, the impacts of the enhanced solar forcing may be ‘memorized’ by the ocean. How-
ever, the precise processes that link the TSI and QDO remain elusive.
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6.2. Low-Frequency Variability of ENSO

An alternative hypothesis is that the ENSO’s complex nonlinear property may contribute to the preferred
time scale of QDO. The activity center of QDO is located in a “buffer” zone between the cold tongue and
warm pool. The ECP SST variability is necessarily affected by ENSO, but not totally. ENSO variability is
measured by the Oceanic Nifio Index (ONI), the SST anomalies averaged over the NINO 3.4 region (5°S-5°N,
170°W-120°W). We find that the annual mean ONI shows a significant 11-years peak during 1951-2018 and
a 9-years peak during 1871-1950 (Figure S8), suggesting that ENSO has an “intrinsic” quasi-decadal time
scale. During 1951-2018, the annual mean ONI and QDO are highly correlated with R = 0.81 (n = 56,
p < 0.01). The six QDO peak warming years (1958, 1969, 1980, 1992, 2003, and 2015, Figure 1) tend to con-
cur with two-year El Nifio (68-69, 14-15) or clustering El Nifio (91-94, 02-04), whereas the six QDO mini-
ma (1955, 1964, 1974, 1985, 1999, and 2011) tend to be in phase with the 2-3-year La Nifia events including
1954-1956, 1973-1975, 1984-1985, 1998-2000, and 2010-2011. Both the clustering El Nifio or consecutive
La Nifia and El Nifio may be related to the nonlinear El Nifio- La Nifia amplitude asymmetry and develop-
ment-decay asymmetry. However, it is unclear whether the random ENSO nonlinearity generates QDO or
QDO modulates ENSO, causing consecutive La Nifia or clustering El Nifio events.

7. Summary

It has been difficult to describe the defining features of Pacific QDO because ENSO, PDO, and IPO dominate
the Pacific SST variability whereas QDO cannot be clearly identified on the basin scale. This work describes
QDO as a distinct regional mode of SST variability in the tropical North Pacific and explains the coupled
dynamics responsible for its characteristic evolution.

We find that the QDO is a nonstationary phenomenon with an eye-catching 11-year periodicity during
1951-2018 but not during 1871-1950. The ECP warming appears to be an episodic-like and quasi-standing
event, originated in a northeast-southwest tilted belt from the west coast of the United States to the ECP.
QDO warming development involves both positive feedback between atmospheric heating-induced Rossby
waves and underlying SST in the tropical North Pacific and equatorial meridional advective and thermo-
cline feedback. In contrast, the decay of warming relies on zonal advective feedback. The QDO dynamics
distinguish from ENSO dynamics. The QDO warming develops in the subtropical North Pacific by off-equa-
torial atmosphere-ocean interaction rather than along the equator as in ENSO, and the amplification of ECP
warming mainly due to meridional heat advection, not the zonal advection feedback as in ENSO.

The decadal time scale of the QDO might be regulated by the 11-year solar cycle and/or the nonlinear behav-
ior of ENSO. The first is hinted by the fact that QDO lags TSI by 1-to-2 years and the maximum TSI seems
to trigger the subtropical North Pacific warming of QDO. The latter is implied by the relationship between
the clustering El Nifio or persisting La Nifia. The two hypotheses are distinctive but not mutually exclusive.
However, the precise physical processes that determine the quasi-decadal time scale remain to be established.

In addition to the origin of the QDO time scale, several other issues call for future investigation. The main
question to be addressed is what has caused the Pacific QDO strengthening after 1950. Is the strengthen-
ing related to the enhanced 11-year solar cycle or other factors, especially the increasing greenhouse gas
forcing? The QDO, the prominent mode of the SST variability in the equatorial central Pacific, involves a
sequence of air-sea interaction in the subtropical North Pacific. Therefore, QDO’s off-equatorial SST pat-
terns in the developing stage (-3, —1, and 0 years) resemble those of two leading modes of the North Pacific
decadal variability, i.e., NPGO (Di Lorenzo et al., 2008) and the Pan-Pacific Decadal variation mode or PDO
(Nigam et al., 2020). However, the QDO also involves the equatorial coupled dynamics on the decadal time
scale. The QDO primarily involves variability in the equatorial central Pacific and subtropical North Pacific
and linkage with South Pacific through the ECP teleconnection. On the other hand, the PDO and NPGO
involve more variabilities and processes in the subarctic-midaltitude North Pacific. Previous studies have
also shown that the Atlantic variability may trigger the PDO-like SST pattern (Gong et al., 2020; Johnson
et al., 2020; Yang et al., 2020; Zhang & Delworth, 2007). Therefore, the linkages between the QDO and the
tropical inter-ocean basin interactions require further investigation. Besides, given the critical location of
the QDO, its impacts on tropical and global climate variations deserve in-depth exploration.
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