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ABSTRACT
Sea level changes within wide temporal–spatial scales have great influence on oceanic and atmospheric
circulations. Efforts have been made to identify long-term sea level trend and regional sea level variations
on different time scales. A nonuniform sea level rise in the tropical Pacific and the strengthening of the
easterly trade winds from 1993 to 2012 have been widely reported. It is well documented that sea level in
the tropical Pacific is associated with the typical climate modes. However, sea level change on interannual
and decadal time scales still requires more research. In this study, the Pacific sea level anomaly (SLA)
was decomposed into interannual and decadal time scales via an ensemble empirical mode decomposition (EEMD) method. The temporal–spatial features of the SLA variability in the Pacific were examined and were closely associated with climate variability modes. Moreover, decadal SLA oscillations in
the Pacific Ocean were identified during 1993–2016, with the phase reversals around 2000, 2004, and
2012. In the tropical Pacific, large sea level variations in the western and central basin were a result of
changes in the equatorial wind stress. Moreover, coherent decadal changes could also be seen in wind
stress, sea surface temperature (SST), subtropical cells (STCs), and thermocline depth. Our work provided
a new way to illustrate the interannual and decadal sea level variations in the Pacific Ocean and suggested a
coupled atmosphere–ocean variability on a decadal time scale in the tropical region with two cycles from
1993 to 2016.

1. Introduction
Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/JTECH-D-180159.s1.
Corresponding author: Xiao-Hai Yan, xiaohai@udel.edu

Sea level is an important indicator of climate change and
it changes in broad spatial and temporal scales. The global
mean sea level has been rising at a rate over 3 mm yr21
since 1993 based on observation data from satellite altimeter. But the sea level changes are not spatially uniform, and regional sea level changes are on wide time
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scales, from monthly to interdecadal (Cazenave and
Llovel 2010; Cazenave and Remy 2011; Merrifield 2011).
Although challenging, many efforts have been made to
quantify the long-term sea level trend and the part due
to anthropogenic contributions (Merrifield and Maltrud
2011; Hamlington et al. 2013, 2014). Nevertheless, sea
level variations on interannual and decadal time scales
have larger magnitudes than long-term trends and thus
have an essential influence on the oceanic and atmospheric circulations and climate change (Qiu and Chen
2012; Feng et al. 2010, 2011; Merrifield and Maltrud
2011). Lee and McPhaden (2008) found decadal sea
level and wind stress changes around 2000 in the IndoPacific region. While the multidecadal regional sea
level shifts in the Pacific during 1958–2008 were found
by Moon et el. (2013), Hamlington et al. (2016) uncovered an ongoing shift in Pacific Ocean sea level
over the past few years. Han et al. (2014) found the
western tropical Pacific decadal and multidecadal sea
level variability intensified during recent decades.
Many previous studies have associated sea level variability in the Pacific with climate variability (Cazenave
and Remy 2011; Zhang and Church 2012; Chen and
Wallace 2015; Liu 2012). Zhang and Church (2012)
explained 60% of sea level variance, during the altimetry era, through a multivariate linear regression model
by utilizing ENSO and interdecadal Pacific oscillation
(IPO) index. Moon et al. (2015) found the intensification of decadal sea level variability in the tropical Pacific was due to PDO and ENSO modulations. Efforts
have also been made to identify the contributions of
climate variability to the sea level trends. Merrifield
(2011) used a multiple regression to single out the
ENSO-associated trend, while Hamlington et al. (2013,
2014) identified and removed the PDO-related sea level
trend to uncover the anthropogenic sea level rise. Lyu
et al. (2017) detected and explained an ENSO-like lowfrequency (on quasi-decadal and multidecadal time
scales) variability in the Pacific. Nevertheless, the
specified contributions of climate modes to the Pacific
sea level variation on different time scales requires
more examination.
Efforts have also been made to interpret the causes of
these sea level changes. Wind stress is suggested to be
the primary forcing of sea level changes in the Pacific
(Carton et al. 2005; Lee and McPhaden 2008; Qiu and
Chen 2012; Zhang et al. 2012, 2014; Nidheesh et al.
2013). Lee and McPhaden (2008) pointed out the decadal sea level changes driven by wind stress and wind
stress curl; Nidheesh et al. (2013) showed that decadal
and long-term sea level variability was mainly driven
by wind stress in the Indo-Pacific Ocean. Moreover, the
wind stress and the sea surface temperature are coupled
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in the tropical Pacific through, for example, the Bjerknes
feedback (Bjerknes 1969) and wind–evaporation–SST
(WES) feedback (Xie and Philander 1994). In the air–
sea system, especially in the tropical Pacific, the changes
in the sea level, sea surface temperature, and sea
surface wind are associated with each period. Further
research is needed to clarify their performance on
different time scales.
Studying sea level changes on different time scales
provides insight on oceanic circulations (Grodsky and
Carton 2001; Lee and McPhaden 2008; Qiu and Chen
2012; Zhang et al. 2012, 2014; Nidheesh et al. 2013). This is
beneficial and critical for determining sea level changes
due to anthropogenic climate change (Zhang and Church
2012; Hamlington et al. 2014). Since 1992, altimeter satellites have been providing high-accuracy, high-resolution
sea level data with global coverage. A comprehensive
study of long-term sea level trend and sea level variability
on different time scales is needed, which in return provides information for current and future oceanic and atmospheric circulations and climate changes predictions. In
this study, we identified Pacific sea level variability and its
long-term trend through a new method, and analyzed
their temporal–spatial characteristics. In addition, the associated variations of wind, SST, subtropical cells (STCs),
and thermocline depth were also discussed in a coupled
ocean–atmosphere dynamic framework, to explore the
potential formation mechanisms for the sea level changes.
This paper is organized as follows. The next section
introduces the data and methods used, followed by the
presentation of the main results in section 3. A discussion of the results and our conclusions are in section 4.

2. Data and methods
Monthly sea level anomaly (SLA) data from 1993
to 2016 on 0.258-resolution grids measured by altimeters,
were provided by Archiving, Validation, and Interpretation of Satellite Oceanographic Data (AVISO; Ducet
et al. 2000).
Monthly wind data from the Cross-Calibrated MultiPlatform (CCMP; Atlas et al. 2011) were provided by
Remote Sensing Systems (RSS). The CCMP wind data
are a consistent, gap-free dataset available from July 1987
to the present, with a 0.258 resolution, and produced using
satellite, moored buoy, and model wind data with a
variational analysis method (VAM). NCEP–NCAR
reanalysis wind data (Kalnay et al. 1996) were also
used and are available from 1948 to the present with
2.58 horizontal resolution.
SST data were provided by the Optimum Interpolation
Sea Surface Temperature (OISST) dataset from NOAA
(Reynolds et al. 2007). The OISST product is an analysis
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constructed by combining observations from different
platforms (satellites, ships, buoys) on a regular global
grid. The data derived from AVHRR-only were used
and are available from November 1981 to the present.
ENSO indices are the time series of area-averaged SST
(e.g., Niño-3.4: from 58N to 58S and from 1708 to 1208W)
used to identify El Niño and La Niña events. The data
were provided by NOAA/ESRL (data source: https://
www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/),
calculated from the HadISST, version 1 (HadISST1), data.
The PDO (data source: http://research.jisao.washington.
edu/pdo/) is a low-frequency (decadal to multidecadal)
climate variability, predominantly in the North Pacific,
and its variation is normally calculated based on the
leading mode of empirical orthogonal functions (EOFs)
of SST (Mantua et al. 1997; Cummins and Lagerloef
2002; Newman et al. 2016). The PDO index and ENSO
index were highly correlated on decadal and longer time
scales (Zhang and Church 2012), and we used the PDO
index to represent Pacific climate variability on a decadal or longer time scale.
To study three-dimensional oceanic variations, Ocean
Reanalysis Pilot 5 (ORAP5) data and SODA, version
3.4.2, 3D were used. ORAP5 is a new eddy-permitting
ocean reanalysis dataset, provided by ECMWF (Zuo
et al. 2017). The data contain high-horizontal-resolution
and high-vertical-resolution fields of temperature, salinity, and horizontal velocity over 1979–2013. Monthly
SODA 3.4.2 data contain oceanic variables of temperature, practical salinity, density, sea level, mixed layer
depth, current velocities, and wind stress.
The SLA time series of each grid was decomposed
into variations on different time scales [intrinsic mode
functions (IMFs)] and a nonlinear trend through
the ensemble empirical mode decomposition (EEMD)
method (noise standard error 5 0.2, iterations 5 50). We
discarded seasonal and higher-frequency IMFs and then
arranged low-frequency IMFs into two groups. One
group includes variations with a period of 1–7 years and
was regarded as the interannual mode; the other group
has a period of 6–20 years and was regarded as the decadal mode. In the Pacific, the dominant spatial pattern
of SLA variability on different time scales was identified
by the EOF method, and we associated SLA and climate
variability by comparing EOFs patterns and principal
components (PCs) time series. To investigate changes on
interannual and longer time scales, monthly data of SLA,
wind stress, and SST were smoothed with a 13-month
centered running-box filter to remove the signals with
periods shorter than 1 year. We also examined the relation between SLA and climate variability in the Pacific
by calculating the linear correlation between the SLA
and ENSO index on an interannual time scale, as well as

the linear correlation between the SLA and PDO index
on decadal time scales.

3. Results
a. Decadal variability of the SLA in the
Indo-Pacific Oceans
SLA in much of the Indo-Pacific region exhibited
nearly coherent variations on decadal time scales
based on satellite altimeter data, with the phase
changes in 2000, 2004, and 2012 (Figs. 1a–d). Time
series of box-averaged SLA in places that exhibited
large-variation amplitudes also presented the nearcoherent phase reversals in 2000, 2004, and 2012
(Fig. 1e). These places of large variability include the
central equatorial Pacific (Fig. 1a, box a), western
tropical Pacific (Fig. 1a, box b), southeast Indian
Ocean (Fig. 1a, box c), north-central subtropical Pacific (Fig. 1a, box d), Alaska Gyre (Fig. 1a, box e),
northeastern subtropical Pacific (Fig. 1a, box f), southcentral subtropical Pacific (Fig. 1a, box g), southeast
subtropical Pacific (Fig. 1a, box h), and the Southern
Ocean (Fig. 1a, box i). The turning points display a
near 6–12-month lag in the midlatitudes (Fig. 1e). The
magnitudes of the linear tendencies of SLA during these
periods were significantly larger than the global-mean sea
level trend from 1993 to 2016, around 3.2 mm yr21 (Fig. S1a
in the online supplemental material; Cazenave and Llovel
2010; Cazenave and Remy 2011). SLA in other places like
the Atlantic Ocean and north Indian Ocean did not show
significant variations during these periods (Figs. 1a–d; Lee
and McPhaden 2008).
These sea level changes in the Pacific exhibited an
ENSO-like seesaw spatial pattern in the whole ocean
basin and oscillated on a decadal time scale (Figs. 1a–d).
Such ENSO-like seesaw patterns of SLA tendencies
separated near 1608E in the tropical Pacific and extended northeast and southeast through the whole
ocean basin during 1993–2000, 2000–04, and 2004–12
(Figs. 1a–c). However, the separation point was near
1808 in the tropical Pacific during 2012–16 (Fig. 1d). In
the tropical Pacific, large SLA variations are seen in the
western and central areas, while SLA in the eastern
tropical Pacific kept relatively steady during 1993–2000,
2000–04, and 2004–12, but increased significantly during
2012–16 (Figs. 1a–d). In addition, the amplitudes of the
sea level tendencies are larger during 2000–04 and 2012–
16 than that during 1993–2000 and 2004–12 (Figs. 1a–d).
Overall, the basin mean SLA trend in the Pacific was the
same as the global-mean sea level trend of 3.2 mm yr21
from 1993 to 2016 (Figs. S1a,b).
As pointed out by previous studies (McPhaden and
Zhang 2002, 2004; Feng et al. 2010), the changes in the
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FIG. 1. Linear tendencies of SLA (mm yr21) during (a) 1993–2000, (b) 2000–06, (c) 2006–12, and (d) 2012–16 for
altimeter monthly mean SLA. The linear tendencies are calculated after seasonal adjustment by a 13-point rectangular filter. Values not significantly different from zero at the 95% confidence level are masked out. (e) Time
series of box-averaged SLA on interannual and longer time scales (dash curves) and on decadal and longer time
scales (solid curves), derived through EEMD method.

tropical sea level indicates the changes of the Pacific
STCs. Pacific STCs, connecting the tropical and subtropical region, are driven by the Ekman divergence and
pycnocline convergence. A positive trend of sea level
differences Dh between the western and eastern tropical
Pacific, along approximately 98N and 98S (McPhaden
and Zhang 2002, 2004), implies an enhancing convergence of pycnocline waters, indicating a strengthening of the STCs in both sides of equatorial Pacific
(McPhaden and Zhang 2002, 2004). Therefore, Pacific
STCs experienced decadal oscillations for two cycles
from 1993 to 2016 (Figs. 1a–d,e), which increased during

1993–2000 and 2004–12, and decreased during 2000–04
and 2012–16. There was no significant trend of the STCs
from 1993 to 2016 (Figs. S1c,d).
Moreover, the thermocline depth had a direct inverse
relationship with the sea level in the tropical Pacific.
During 1993–2000, for example, the thermocline largely
deepened in the western tropical Pacific and it shoaled in
the central tropical Pacific (Fig. S3). Such an inverse
relationship between the sea level and the depth of the
thermocline in the tropical Pacific can be well explained
by a 1.5-layer gravity-reduced model (Zhuang et al.
2013; Huang 2015).
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Sea level change in the eastern south Indian Ocean
(SIO) was closely related to that in the tropical Pacific
during the whole period (Figs. 1a–d; Feng et al. 2010,
2011). Sea level in the central and western SIO had opposite tendencies compared to the sea level in the eastern
SIO during 1993–2000 and 2000–04, but its changes during 2004–16 were not obvious.

b. Variations of the wind stress and SST in the
Indo-Pacific Oceans
In the equatorial areas, the Sverdrup balance requires
the depth-integrated time-mean zonal pressure gradient
to balance the equatorial wind stress. Therefore, the
SLA variations could be mostly related to changes in
the wind stress. During 1993–2016, sea level changes in
the western (Fig. 1a, box b) and central tropical Pacific
(Fig. 1a, box a) were well correlated with the equatorial
zonal wind stress, with correlation coefficients R of 0.61
and 20.92 respectively. Linear tendencies of the wind
stress in the tropical Pacific also exhibited a west–east
seesaw pattern during 1993–2000, 2000–04, 2004–12, and
2012–16 (Fig. 2). Wind stress tendencies in the ‘‘west’’
half of equatorial Pacific hold a much larger amplitude
than that in the ‘‘east’’ half, and the ‘‘separation’’ points
were located near 1508W during 1993–2000, 2000–04,
and 2004–12 (Figs. 2a–c). Such wind stress changes explained the large SLA tendencies in the western and
central tropical Pacific and weak SLA changes in the
eastern tropical Pacific. During 2012–16, the separating
point was at 1208W, leading to large sea level rise in the
eastern tropical Pacific (Figs. 2d and 1d). Therefore, sea
level changes in the western and central tropical Pacific
were mainly inhibited by the equatorial wind stress
changes in the ‘‘western’’ half of the equatorial Pacific.
The correlation coefficient between the equatorial zonal
winds west of 1508W and the SLA in central equatorial
Pacific (Fig. 1a, box a) and in west equatorial Pacific
(Fig. 1a, box b) were 0.78 and 20.90 respectively during
1993–2016.
Changes in the extratropical SLA were mostly associated with the wind stress curl changes. A positive wind
stress curl trend in the Northern (Southern) Hemisphere
would lead to a negative (positive) trend of SLA. In
much of the Indo-Pacific, the wind stress curl trends are
centered to the east of the SSH pattern during 1993–
2000, 2000–06, and 2006–12 (Fig. S2; Lee and McPhaden
2008; Zhuang et al. 2013), indicating the contribution of
westward-propagating Rossby waves in wind forcing on
the ocean. These places included the extratropical regions and the south-central Indian Ocean.
The wind stress was coupled with the SST in the tropical Pacific air–sea system. The changes in the strength of
the easterly trades affect the SST in the equatorial Pacific.

A strengthening of easterlies increases equatorial Ekman
divergence and strengthens the STCs, and the increasing
equatorial upwelling brought more cold water to the
surface and cooled the SST, and vice versa. This happens
mostly in the central and eastern Pacific where the shallow thermocline favors the cooling of SST by upwelling
(Fig. S3; England et al. 2014). Besides, there is also
WES feedback (Xie and Philander 1994), a positive
feedback over the equatorial region. The strengthening of the equatorial easterly piled more water in the
western tropical Pacific, resulting in a positive anomaly
of SST in the western tropical Pacific, and this SST
anomaly extends to the midlatitudes (Fig. 2). The Pacific
equatorial easterlies, as well as the STCs, experienced a
strengthening–weakening oscillation during 1993–2000,
2000–04, 2004–12, and 2012–16 (Fig. 2). However, the
magnitude of the wind stress tendency changed at the
different periods as well. The wind stress tendency in
the Pacific, especially in the tropical Pacific, displayed
the largest magnitude during 2012–16, followed by
that during 2000–04, and both were larger than the
wind stress tendency during 1993–2000 and 2004–12
(Fig. 2).
The coherent wind–SST variability suggests that the
Bjerknes feedback is at work on a decadal time scale. In
the Pacific Ocean, linear trends of the SST also displayed
the ENSO-like pattern and the pattern oscillated during
1993–2000, 2000–04, 2004–12, and 2012–16 (Fig. 2). The
seesaw pattern of the SST tendency separated near
1508E. SST in the central equatorial Pacific had the
largest tendency during each period, while SST at the east
equatorial Pacific kept steady during 1993–2012. However, during 2012–16 the linear trend of the SST had a
larger magnitude than that during 2000–04, and the positive SST tendency extended into the eastern tropical
Pacific. SST in the southeast Indian Ocean held a similar
variation with that in the western tropical Pacific.

c. Climate modes of Pacific SLA variability
Pacific SLA data during the altimetry era were decomposed into interannual and decadal components and a
nonlinear residual via EEMD. The residual was the
intrinsic trend of the SLA in the Pacific with the periodic signals removed. The pattern of linear trend SLA
residual exhibited sea level rise in the Pacific Ocean
during both 1993–2012 and 1993–2016; the sea level rise
trends during 1993–2012 and 1993–2016 were similar
but were not spatially even (Figs. S1b,d). Interestingly,
the pattern of the linear trend of SLA was almost the
same as the pattern of the linear trend of the SLA residual from EEMD during 1993–2016 (Figs. S1c,d).
However, the linear trend of SLA during 1993–2012
was clearly different from that of the SLA residual
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FIG. 2. Linear tendencies of wind stress (vectors; N m22 yr21) and linear tendencies of SST
(color shading; 8C yr21) during periods of (a) 1993–2000, (b) 2000–06, (c) 2006–12, and
(d) 2012–16, as estimated from CCMP monthly wind data and OISST monthly data. The
tendencies are calculated after seasonal adjustment with a 13-point rectangular filter. Values
not significantly different from zero at the 95% confidence level are masked out.

during the same period (Figs. S1a,b). The mean sea
level residual trend in the Pacific Ocean was also
3.2 mm yr21 during this period.
EOF1 (51.3%) of the interannual SLA was an ENSOlike pattern with strong signals in the tropical Pacific
area and weak signals in the midlatitudes (Fig. 3a). PC1
was highly correlated (R 5 0.95) with the Niño-3.4 index
on interannual time scale during 1993–2016 (Fig. 3b).
EOF1 (44.5%) of the decadal component of SLA presented an ENSO-like pattern with signals extended into

the whole ocean basin (Fig. 3b); the PC1 was highly
correlated (R 5 0.92) with PDO index on decadal time
scale. Such time series displayed a nearly 10-yr-period
oscillation for two cycles from 1993 to 2016 (Fig. 3b).
The dominating (EOF1) mode of interannual SLA held
strong signals in the tropical Pacific and weak signals in
the midlatitudes while the dominating mode of decadal SLA exhibited strong signals extending into the
whole ocean basin (Figs. 3a,b). In the eastern tropical
Pacific, however, strong signals could be found in the
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FIG. 4. Correlation coefficient (a) between interannual sea level
and Niño-3.4 on an interannual time scale and (b) between decadal
sea level and PDO index on a decadal time scale from 1993 to 2016.
The interannual and decadal components of SLA, Niño index, and
PDO index were derived through EEMD.

FIG. 3. EOF1 of on (a) interannual and (b) decadal SLA variability from 1993 to 2016 for altimeter sea level data, decomposed
via EEMD. (c) Principle component (PC) time series of EOF1 of
interannual SLA (blue) and interannual Niño-3.4 index (red).
(d) Times series of PC1 of decadal SLA (blue solid) and decadal
PDO index (red dashed). Notice that EOF1 of decadal SLA in
(b) was a negative ENSO-like pattern and PC-1 of decadal SLA in
(d) was inverse. Interannual component of ENSO index and decadal component of PDO index were derived via EEMD method
(noise standard error 5 0.2, iteration times 5 50).

dominating mode of interannual SLA but not in the
dominating mode of decadal SLA (Figs. 3a,b). Furthermore, the time series of the dominating modes of
interannual and decadal SLA exhibited very weak correlations. While extreme values were found in 1997/98,
2002/03, 2009/10, and 2015/16 on PC1 of interannual
SLA variability, reflecting the influence of ENSO events
(Fig. 3c), the turning points of PC1 of decadal variability
can be seen at 2000, 2004, and 2012 (Fig. 3d). Such results indicated poor correlation between the interannual
and decadal SLA variability.

In addition, the relation between the Pacific SLA and
climate variability can be determined by linear correlation. The pattern of the correlation coefficient between
the interannual SLA and ENSO index (interannual
component) displayed an ENSO-like pattern and was
highly similar to the EOF1 pattern of the interannual
SLA during 1993–2016 (Fig. 4a). Whereas the pattern of
the correlation coefficient between the decadal SLA and
PDO index (decadal component) was an ENSO-like
pattern and thus was highly similar to EOF1 of the decadal SLA (Fig. 4b). The high values of the correlation
coefficient (Figs. 4a,b) implied a close relationship between ENSO and interannual SLA variability in the
tropical Pacific, as well as a close relationship between
PDO and the decadal SLA variability in the Pacific
Ocean. The spatial pattern of EOF1 of the decadal SLA
was similar to the patterns of the SLA tendencies
(Figs. 3b and 1a–d) during 1993–2016. PC1 of the decadal
SLA exhibited decadal variations with phase reversals in
2000, 2004, and 2012, coinciding with the turning time of
the SLA tendencies (Fig. 3d).
SLA tendency during 2012–16 held larger amplitude,
with a strong signal in the eastern tropical Pacific,
compared to those during previous periods (Fig. 1d).
Although the interannual component of ENSO hardly
contributed to the SLA tendency during 2012–16, as

Unauthenticated | Downloaded 01/09/23 07:55 AM UTC

696

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

mentioned above, the type of El Niño most likely did.
The El Niño events of 2002/03 and 2004/05 were of the
central Pacific (CP) type, while the strong El Niño
event of 2015/16 was of an eastern Pacific (EP) type
(Yu and Kao 2007; Lee and McPhaden 2010). SST in
the eastern tropical Pacific significantly changed during the EP El Niño but barely changed during the CP
El Niño. There were obvious changes in SLA, wind
stress, and SST in the eastern tropical Pacific during
2012–16 compared to those during 2000–04, which
could be safely ascribed to differences in the type of
El Niño.

4. Discussion and conclusions
Regional SLA changes, measured by satellite altimeters
since 1993, were decomposed into different time scales
and a nonlinear trend through the EEMD method. This
method has the advantages of automatically getting a
nonlinear trend and obtaining low-frequency signals
without losing endpoints or prescribing the frequency range from using band filters. We identified the
temporal–spatial features of interannual and decadal SLA
variability in the Pacific Ocean and our results highlighted dominance of the ENSO and PDO over these
interannual and decadal SLA variabilities (Merrifield
and Maltrud 2011; Zhang and Church 2012; Hamlington
et al. 2014). The Pacific SLA also exhibits multidecadal
variability (Liu 2012; Lyu et al. 2017) and it has not
been well understood due to the insufficiency of measured data with long temporal and large spatial coverage. Alternatively, model data and constructed data
based on tide gauge records are used (Liu 2012; Chen
and Wallace 2015; Lyu et al. 2017). In addition, sea
level can also be decomposed into different components, such as steric sea level and mass sea level (Gill
and Niller 1973; Wu et al. 2017); however, it will not be
discussed in this study.
Near-coherent decadal SLA variations in the IndoPacific regions were found, with phase changes in 2000,
2004, and 2012, which were dominated by the decadal
SLA variability mode. During 1993–2012, strengthening
of equatorial wind stress was widely reported (England
et al. 2014; Feng et al. 2011; Merrifield and Maltrud
2011), which was suggested to contribute to the tropical
Pacific cooling during the global warming hiatus period
from 1998 to 2013 (England et al. 2014; Yan et al. 2016).
Also, during 1993–2012, the tropical Pacific experienced a
high sea level rise rate in the western part and a low sea
level rise rate in the eastern part (Merrifield and Maltrud
2011; Feng et al. 2010, 2011; Hamlington et al. 2016).
However, our results indicated that such a 20-yr trend was
probably a result of truncation on decadal variability, and
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this trend of easterly trades was reversed by an intensive
change during 2012–16. In addition, tendencies of sea
level, wind stress, and SST exhibited different spatial
patterns than those during previous periods, which can be
ascribed to the difference in El Niño types. The increasing
intensity of El Niño may be a result of the shoaling of the
thermocline at the central equatorial Pacific (Lee and
McPhaden 2010). Nevertheless, the sea level tendency
on interannual or quasi-decadal time scales can also be
largely impacted by the interannual sea level variability
(Fig. 1e; Widlansky et al. 2015). For example, the SLA
tendency on an interannual time scale starting or ending
in 1998 will greatly affect the interannual variability due
to the strong El Niño event during 1997/98.
Wind stress is the primary forcing of sea level changes
in the Pacific (Lee and McPhaden 2008; Qiu and Chen
2012; Nidheesh et al. 2013; Zhuang et al. 2013). While
sea level in the tropical Pacific was dominated by the
changes in the Pacific trade winds (Lee and McPhaden
2008; Feng et al. 2010; Merrifield and Maltrud 2011), sea
level in the mid- and high-latitude areas were greatly
affected by the wind stress curl and sea level pressure
(Lee and McPhaden 2008; Lyu et al. 2017). In the
tropical Pacific, changes in the SLA were closely related
to the changes in STCs and changes in the thermocline
depth, and our results of STCs variations were consistent
with previous studies (Lee and McPhaden 2008; Schott
et al. 2008; Feng et al. 2010, 2011). Moreover, the wind
stress was coupled with the SST as an air–sea system in the
tropical Pacific due to the Bjerknes feedback mechanism.
The Pacific and the southeast Indian Oceans are dynamically connected through equatorial and coastal
waveguides and thus stronger STCs are consistent with a
stronger Indonesian Throughflow (ITF) and a stronger
Leeuwin Current (LC) in the southeast Indian Ocean
(Figs. 1a–d; Lee and McPhaden 2008; Feng et al. 2010,
2011). In addition, the Indo-Pacific region is also bridged
through the atmospheric teleconnections (e.g., the Walker
and Hadley circulations) (Klein et al. 1999; Lee and
McPhaden 2008; Han et al. 2017). Therefore, the eastern
SIO was closely linked to the western tropical Pacific
and they had similar sea level and SST variations. Sea
level in the central and western SIO could be impacted
by the changes in the Walker circulation but also by local
factors (Han et al. 2010; Zhuang et al. 2013; Trenary
and Han 2013). Therefore, its variations in sea level
and SST exhibited incongruous variations with the sea
level changes in the eastern SIO and Pacific Ocean
during 2004–16 (Figs. 1c,d and 2c,d).
Overall, the methods we used and described in this paper
introduce new techniques with important geophysical implications. The findings presented on the Pacific sea level
variability, as well as other physical mechanisms, provide
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new insights in geophysical research, especially on
interannual to decadal time scales, that may be important to future studies.
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