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ABSTRACT

Low-frequency sea level variationswith periods longer than interannual time scales have been receivingmuch

attention recently, with the aim of distinguishing the anthropogenic regional sea level change signal from the

natural fluctuations. Based on the available sea level products, this study finds that the dominant low-frequency

sea level mode in the Pacific basin has both quasi-decadal variations and a multidecadal trend reversal in the

early 1990s. The dominant sea level modes on these two time scales have different tropical structures: a west–

east seesaw in the tropical Pacific on the multidecadal time scale and a dipole between the western and central

tropical Pacific on the quasi-decadal time scale. These two sea levelmodes in the Pacific basin are closely related

to the ENSO-like low-frequency climate variability on respective time scales but feature distinct surface wind

forcing patterns and subbasin climate processes. The multidecadal sea level mode is associated with the Pacific

decadal oscillation (PDO) and Aleutian low variations in the North Pacific and tropical Pacific sea surface

temperature anomalies toward the eastern basin, while the quasi-decadal sea level mode is accompanied by

tropical Pacific sea surface temperature anomalies centered in the central basin along with the North Pacific

part, which resembles the North Pacific Oscillation (NPO) and its oceanic expressions [i.e., the North Pacific

Gyre Oscillation (NPGO) and the Victoria mode]. The authors further conclude that the ENSO-like low-

frequency variability, which has dominant influences on the Pacific sea level and climate, comprises at least two

distinct modes with different spatial structures on quasi-decadal and multidecadal time scales, respectively.

1. Introduction

Global mean sea level has been rising with an in-

creasing contribution from the anthropogenic forcing

(e.g., Church and White 2011; Dangendorf et al. 2015;

Slangen et al. 2016). However, it is challenging to
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identify the local or regional anthropogenic sea level

change signals, which can be easilymasked by the noise of

natural sea level fluctuations on various temporal and

spatial scales (e.g., Hu and Deser 2013; Stammer et al.

2013; Lyu et al. 2014, 2015; Carson et al. 2015). One ex-

ample is the El Niño–Southern Oscillation (ENSO) var-

iability in the tropical Pacific (TP), which induces sea

level anomalies across and beyond the TP on interannual

time scales (2–7yr) (e.g., Widlansky et al. 2015).

Since the early 1990s when satellite altimeters began

providing near-global sea level observations, sea level has

been rising rapidly at rates up to 10mmyr21 in the

western TP (around 3 times the global mean rate) but

falling slightly in the eastern side of the Pacific (Fig. 1a). It

has been increasingly recognized that regional sea level

trend patterns calculated over such a short time period

(;2decades) are at least partly related to the low-

frequency climate variability with periods longer than

interannual time scales (e.g., Zhang and Church 2012;

Palanisamy et al. 2015a). It remains unclear if there is any

detectable anthropogenic climate change signal in the

altimeter-observed sea level trend pattern (Meyssignac

et al. 2012; Han et al. 2014; Hamlington et al. 2014;

Palanisamy et al. 2015b; Lyu et al. 2015, 2016). Identifying

the anthropogenic signal requires better understanding of

the low-frequency sea level variations.

The low-frequency (usually termed ‘‘decadal’’ or ‘‘in-

terdecadal’’; here refers broadly to all time scales longer

than interannual) climate variability in the Pacific, also

known as the Pacific decadal variability (PDV; e.g., Deser

et al. 2012), is characterized by the ENSO-like basin-scale

patterns but with ameridionally broader tropical structure

and stronger extratropical expressions than the ENSO

patterns on interannual time scales (Zhang et al. 1997;

Chen and Wallace 2015). The interdecadal Pacific oscil-

lation (IPO), originally identified as the third empirical

orthogonal function (EOF) of 13.3-yr low-pass-filtered

global sea surface temperature (SST) anomalies, was

proposed to describe the ENSO-like interdecadal climate

variability in the whole Pacific basin (Power et al. 1999;

Folland et al. 1999, 2002). The IPO pattern is roughly

symmetric about the equator with its North Pacific ex-

pression being similar to the Pacific decadal oscillation

(PDO), defined as the first EOF (EOF1) of monthly SST

anomalies in theNorth Pacific with time-dependent global

mean removed (Mantua et al. 1997). The North Pacific

Gyre Oscillation (NPGO) is another dominant climate

mode in the North Pacific, derived from the second EOF

of sea level anomalies in the northeastern Pacific (Di

Lorenzo et al. 2008). The NPGOmay also be a part of the

Pacific basinwide low-frequency climate variability since

theNPGO-related spatial patterns extendwell beyond the

northeastern Pacific (Di Lorenzo et al. 2010, 2013).

Previous studies have suggested that the low-

frequency climate signals in the Pacific exist across a

wide frequency range, including at least quasi-decadal

(QD), bidecadal, and multidecadal (MD) time scales

with periods of ;10, ;20, and 50–70 yr, respectively

[see a review by Liu (2012) for details]. For example, the

ENSO-like QD variations in the TP have been widely

reported based on observations and coupled climate

models (e.g., Brassington 1997; Knutson and Manabe

1998; Luo and Yamagata 2001; Luo et al. 2003;

Lohmann and Latif 2005). In the North Pacific, the PDO

and the accompanied sea level pressure (SLP) variations

are dominated by bidecadal and MD signals (Minobe

1997, 1999, 2000; Zhu and Yang 2003). The MD varia-

tions manifest as the Pacific climate regime shifts about

FIG. 1. (a) Altimeter-observed sea level linear trend (mmyr21) during 1993–2012 in the Pacific with the global

mean (;3.2mmyr21) removed; (b) the EOF1 pattern of low-frequency (.7 yr) sea level variations (cm) in the

Pacific for the altimeter data. The percentages in (b) represent the percent of variance explained by EOF1.
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every 20–30 yr (Deser et al. 2004), such as the well-

known one around 1976/77 when the PDO switched

from the negative to the positive phase. Anderson et al.

(2016a) recently identified a QD spectral peak in the

North Pacific from precipitation and atmospheric pres-

sure data, probably resulting from the midlatitude

ocean–atmosphere coupling (Qiu et al. 2007) or tropical

Pacific forcing (Di Lorenzo et al. 2010). Observational

evidence and modeling results from Tourre et al. (2001,

2005) indicated that the low-frequency SST and SLP

variations in the Pacific display distinct spatial patterns

on QD and bidecadal time scales, suggesting that dif-

ferent mechanisms could be at work.

While the studies mentioned above are usually based

on atmospheric variables and SST, there are studies

providing direct evidence for the low-frequency sea level

variations. Chambers et al. (2012) showed that the MD

(;60yr) cycle is evident in sea level records from most

tide gauges around the globe. Church et al. (2013) found

an MD signal in global mean sea level in response to a

range of external forcings. In addition, the sea level in the

western TP has been rising rapidly over the altimeter

period (Fig. 1a) but had little rising trend in the previous

several decades, resulting from a combination of the long-

term rising signal and an MD sea level trend reversal in

the early 1990s (Merrifield et al. 2012; Qiu and Chen

2012). Feng et al. (2004, 2010, 2011) suggested that the

MD sea level trend in the southeastern IndianOcean also

reversed around the same time through the oceanic

connection with the western TP via the Indonesian

Throughflow. In contrast, Bromirski et al. (2011) showed

that the sea level off the Pacific coast of North America

experienced an MD trend reversal of opposite sign (i.e.,

the long-term sea level rising has been slower over the

recent altimeter period). Moon et al. (2013) suggested

that the observed MD sea level variations in the Pacific

basin can be linked to the PDO-related wind forcing.

The sea level records in the Pacific also display low-

frequency signals with periods shorter than theMD time

scale (e.g., QD), such as in the TP and off the western

Australian coast suggested by Feng et al. (2010). In the

North Pacific, Qiu (2003) found the sea level around

the Kuroshio Extension displays QD variations with the

dominant period of approximately 12 yr. In the South

Pacific, Holbrook et al. (2011) examined the sea level

and the East Australian Current along the east coast of

Australia and found the ENSO- or IPO-related varia-

tions from interannual to MD time scales. Nidheesh

et al. (2013) analyzed low-frequency (.7 yr) sea level

variations in the tropical Indo-Pacific Ocean in an ocean

general circulation model and highlighted the key role

of surface wind forcing. Some studies suggested that the

amplitudes of TP sea level variations over the period

band of 8–20 yr have been becoming more intense for

the past 2–3 decades (Feng et al. 2010; Han et al. 2014;

Moon et al. 2015).

Although the observed or modeled sea level varia-

tions in the Pacific have been linked to themajor climate

modes such as the ENSO, PDO, NPGO, or IPO [see a

recent review by Han et al. (2017)], the basin-scale low-

frequency sea level variability patterns and preferred

time scales as well as the related climate processes have

not been well characterized. It is also unclear if the

currently available sea level products agree on the

space–time features for low-frequency sea level varia-

tions in the Pacific. In this study, we aim to identify the

features andmechanisms of the dominant modes of low-

frequency sea level variations in the Pacific Ocean with

periods longer than interannual time scales. Based on

the available sea level products, we first show that the

dominant low-frequency sea level mode in the Pacific

basin is characterized by both QD and MD signals with

different sea level anomaly patterns on these two time

scales (section 3). We further discuss similarities and

differences between the SST, SLP, and wind patterns

associated with the QD and MD sea level modes (sec-

tion 4). In section 5, we verify that the ENSO-like low-

frequency variability, which has a dominant influence on

the Pacific sea level, exhibits distinct spatial patterns on

QD andMD time scales with different climate processes

and mechanisms being involved.

2. Data and methodology

In this study, we analyzed monthly sea level data from

the following four sources: the satellite altimeter ob-

servations from 1993 to 2014 produced by the CSIRO

Sea Level Group (2015), the upper-ocean (0–1500m)

steric sea level over 1945–2012 calculated from the ob-

jectively analyzed temperature and salinity gridded data

(FRCGC/JAMSTEC 2005; Ishii and Kimoto 2009); the

European Centre for Medium-Range Weather Fore-

casts (ECMWF) Ocean Reanalysis System, version 4

(ORAS4; ECMWF 2012; Balmaseda et al. 2013), from

1958 to 2014; and the hindcast simulations covering the

period 1950–2011 from the eddy-resolving Ocean Gen-

eral Circulation Model for the Earth Simulator (OFES;

JAMSTEC 2015; H. Sasaki et al. 2004, 2008).

The objectively analyzed subsurface temperature and

salinity data are available at 24 levels in the upper

1500m with a horizontal resolution of 18 (Ishii and

Kimoto 2009). Because of the sparseness of salinity

observations over much of the historical period, there

could be large uncertainties in the salinity field. How-

ever, since the sea level variations are primarily ther-

mosteric in most regions of the Pacific (e.g., Köhl 2014;
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Wu et al. 2017), the analysis of the thermosteric sea level

based on temperature data alone gives very similar re-

sults (not shown).

ORAS4 is based on theNucleus forEuropeanModelling

of the Ocean (NEMO) model and forced by the ECMWF

atmospheric reanalysis products. ORAS4 uses the three-

dimensional variational data assimilation (3D-Var) ap-

proach to assimilate observations from temperature and

salinity profiles, satellite altimeter along-track sea level

anomalies, and global mean sea level variations, SST, and

sea ice. The ORAS4 product has a horizontal grid of

about 18 in the extratropics and the meridional resolu-

tions are gradually refined to 1/38 at the equator.

The OFES is based on the Modular Ocean Model,

version 3 (MOM3). The model covers a near-global

domain between 758S and 758N with a horizontal reso-

lution of 0.18. There are 54 vertical levels from the ocean

surface to realistic bottom topography. The Boussinesq

and hydrostatic approximations are adopted. After 50-yr

spinup integration with climatological forcing, a hindcast

integration was conducted with daily atmospheric forcing

based on the National Centers for Environmental

Prediction (NCEP)–National Center for Atmospheric

Research (NCAR) reanalysis (NOAA/NCEP 1994;

Kalnay et al. 1996).

The SST data over 1854–2014 are from the National

Oceanic and Atmospheric Administration (NOAA)

Extended Reconstructed SST (ERSST; Smith et al. 2008;

NOAA/NCEI 2015) dataset. The atmospheric data ana-

lyzed in this study are from the NCEP–NCAR reanalysis

from 1948 to 2015, the Japanese 55-year Reanalysis

(JRA-55; JMA 2013; Kobayashi et al. 2015) from 1958 to

2013, and the NOAACooperative Institute for Research

in Environmental Sciences (CIRES) Twentieth Century

Reanalysis (20CR; Compo et al. 2011, 2015) available

from 1851 to 2014.

At each grid point, monthly anomalies were first de-

rived by removing the monthly climatology. Our results

are insensitive to different choices of base period that

used to define the climatology. Then the data were lin-

early detrended at each grid point. The time-dependent

global mean sea level time series was also subtracted

from the sea level field since this study focuses on the

regional deviations. A 7-yr Lanczos low-pass filter

(Duchon 1979) was used to derive the low-frequency

signals. Similar cutoff periods (6–8 yr) were usually used

to remove interannual signals (Zhang et al. 1997; Deser

et al. 2012; Zhang and Church 2012; Nidheesh et al.

2013; Han et al. 2014; Sullivan et al. 2016). The Lanczos

filtering works well to suppress the Gibbs oscillation and

has a relatively sharp cutoff in its response function (not

shown). We have removed the last two years of the fil-

tered data to reduce the end point effect.

The dominant modes of sea level variations in the

Pacific were identified using the EOF method. We also

applied the singular value decomposition (SVD) anal-

ysis to the cross-covariance matrix of two data fields

(e.g., sea level and SST) with the aim to find the leading

modes of their covariability. All spatial fields of the data

have been weighted with the square root of the cosine of

latitude before the EOF or SVD analysis (Wallace et al.

1992). We normalized the derived EOF principal com-

ponent (PC) or SVD time series to unit variance and

then multiplied the spatial field by the corresponding

standard deviation value. This procedure makes the

EOF or SVD spatial patterns to have same unit as the

original data and thus show the real amplitude repre-

sented by the EOF or SVD modes.

3. The dominant modes of low-frequency sea level
variations in the Pacific

a. Low-frequency sea level EOF1 over altimetry and
longer periods

TheEOF analysis was first applied to the 7-yr low-pass-

filtered sea level anomalies in the Pacific basin (608S–
608N, 1008E–708W, including part of the southeastern

Indian Ocean). Note that the data have been linearly

detrended over the respective analysis period before the

EOF analysis. The altimeter EOF1 has a similar large-

scale pattern (Fig. 1b) to the altimeter-observed trend

pattern (Fig. 1a) with the spatial correlation of 0.69 over

the Pacific basin, indicating the potential connection be-

tween the altimeter-observed regional sea level trend and

the dominant mode of low-frequency sea level variations

in the Pacific. The higher-than-normal sea level or posi-

tive trends are in the western TP, the southeastern Indian

Ocean, and most of the midlatitudes, while the lower-

than-normal sea level or negative trends are in the

central–eastern TP, high latitudes of the South Pacific

(south of 508S), and off the Pacific coast of the Americas

(Fig. 1). Despite similar large-scale distributions, one

major difference between the altimeter trend pattern and

low-frequency EOF1 pattern lies in the TP, where the

negative sea level anomalies or trends cover the central–

eastern TP for the trend pattern (Fig. 1a) but are mainly

confined in the central TP (roughly between 1608E and

1008W) for the low-frequency EOF1 pattern (Fig. 1b).

We also analyzed the OFES, ORAS4, and steric sea level

data after 1993 and found that their EOF1 patterns over

the altimeter period show a negative sea level anomaly

center in the central TP (Figs. 2a–c) similar to the al-

timeter EOF1 pattern (Fig. 1b), with the spatial correla-

tions in the TP (between 208S and 208N) of 0.79, 0.99, and

0.94, respectively.
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Although the low-frequency EOF1 patterns over the

altimeter period show consistent features in different

sea level products (Figs. 1b and 2a–c), the altimeter

period of about two decades may not be long enough for

identifying the low-frequency variability pattern, as

pointed out by Zhang and Church (2012). Frankcombe

et al. (2015) suggested at least 50 yr of data are required

to obtain a robust pattern for low-frequency sea level

variations. When the EOF analysis was performed with

the OFES, ORAS4, and steric sea level datasets over

their full periods (;60 yr), the low-frequency EOF1

patterns show that the negative sea level anomalies in

the TP are displaced eastward (Figs. 2d–f), similar to the

altimeter trend patterns (Fig. 1a) with the spatial cor-

relations in the TP of 0.77, 0.94, and 0.94, respectively.

Note that the analysis periods for the OFES, ORAS4,

and steric sea level are slightly different (Fig. 2), de-

pending on data availability. Conducting EOF analysis

over an overlapping period (e.g., 1993–2009 or 1960–

2009) shows very similar results.

The low-frequency EOF1 based on the relatively

longer data (Figs. 2d–f) seems to be more reliable to

represent the dominant mode of low-frequency sea

level variations in the Pacific. However, it is still

unclear what processes determine the different pat-

terns for the dominant low-frequency sea level mode

derived over different data lengths (Figs. 2a–c vs

Figs. 2d–f). Given that the satellite altimeter is the only

source of direct sea level measurements with continu-

ous quasi-global coverage, it is also of great importance

to understand and reconcile the inconsistencies be-

tween results from the altimeter (Fig. 1b) and other sea

level products (Figs. 2d–f).

The EOF results should be examined using both

spatial and temporal information. The low-frequency

EOF1 PC (PC1) time series based on sea level data after

1993 exhibit nearly two complete cycles from 1993 to the

2010s (see black line in Fig. 3a for the altimeter PC1),

indicating a possible QD period of approximately 10 yr

(Fig. 4a). The correlations between PC1 time series from

altimeter and other datasets (not shown) are larger than

0.97 over 1993–2011. Clearly, the data over around two

decades (e.g., the altimeter sea level data since 1993)

cannot resolve climate variations with periods longer

than two decades. The PC1 time series over the full

period (;60 yr) of longer sea level datasets exhibit

similar QD variations and also a declining trend prior to

the early 1990s and a rising trend afterward (Fig. 3a).

FIG. 2. The EOF1 patterns of low-frequency (.7 yr) sea level variations (cm) in the Pacific from the (a),(d) OFES, (b),(e) ORAS4, and

(c),(f) steric sea level based on (top) data after 1993 and (bottom) data over the full available period. The percentages in each panel

represent the percent of variance explained by EOF1.
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These temporal features are reflected in the spectrum

analysis, which shows a significant peak on the QD time

scale between 10 and 14 yr and also enhanced variance

on the MD time scale with periods longer than ap-

proximately 20 yr (see black lines in Figs. 4b–d).

Therefore, the EOF1 of 7-yr low-pass-filtered sea level

in the Pacific over the short altimeter period captures

only the dominant mode of the QD signal (Figs. 1b and

2a–c). But over the full period of the longer sea level

products, a mixed mode with contributions from both

QD andMD signals is present (Figs. 2d–f). This raises an

interesting question: Can these longer sea level products

achieve better agreement with the altimeter data when

the MD signal is removed?

b. Separating QD and MD sea level signals

To isolate the QD signal from theMD and interannual

signals, we applied the EOF analysis to the 7–30-yr

bandpass-filtered sea level data from the OFES,

ORAS4, and steric sea level. Using different cutoff

periods (e.g., 7–20 or 10–20yr) yields similar results (not

shown). The PC1 time series display mainly QD varia-

tions (Fig. 3b), indicated by a prominent single peak be-

tween 10 and 14yr in the corresponding power spectra

(see red lines in Figs. 4b–d). These QD PC1 time series

(Fig. 3b) are highly correlated with the low-frequency

PC1 time series (Fig. 3a) on time scales of 7–30yr, with

the correlations being 0.82, 0.92, and 0.95 for OFES,

ORAS4, and steric sea level, respectively. In this case, the

EOF1 (7–30yr) patterns show a negative sea level

anomaly center in the central basin of the TP (Figs. 5a–c)

similar to the low-frequency (.7yr) EOF1 patterns de-

rived over the short altimeter period (Fig. 1b), with high

spatial correlations in the TP (between 208S and 208N) of

0.83, 0.93, and 0.91 for OFES, ORAS4, and steric sea

level, respectively. Therefore, the dominant patterns for

QD sea level variations in the Pacific basin are consistent

among the various sea level products analyzed in this

study, despite having different time lengths (Figs. 1b and

5a–c). The QD sea level variability patterns identified

here share very similar features with the QD (;12yr)

variance distributions for the upper-ocean heat content,

which also have the maximum values in the western and

central TP (Hasegawa and Hanawa 2003).

This basin-scale QD sea level mode could significantly

influence the sea level trend patterns calculated over a

short time period. For example, based on satellite altim-

eter observations, Lee andMcPhaden (2008) showed that

the sign of sea level trends over 1993–2000 and 2000–06

almost reversed in much of the Pacific region. The timing

of this trend reversal coincides with the QD PC1, which

also has opposite sign of trends over short periods before

and after 2000 (Fig. 3b). The sea level trend patterns over

these two periods closely resemble (or mirror) the EOF1

patterns of QD sea level variations in the Pacific, in-

cluding the center of action in the central TP (Figs. 1b,

2a–c, and 5a–c), as also noted by Han et al. (2014). Re-

cently Hamlington et al. (2016) reported a shift in Pacific

sea level in the past several years with sea level rising

(falling) in the eastern (western) Pacific, which is consis-

tent with a decline in the altimeter QD PC1 since around

2010 (see the black line in Fig. 3b). However, attributing

such a shift at the end of a time series to the QD or MD

climate signal is highly uncertain.

We performed the EOF analysis with the 30-yr low-

pass-filtered sea level data to check if the sea level datasets

agree on the MD signal. The 20-yr low-pass-filtered data

provide very similar results (not shown). The MD EOF1

patterns (Figs. 5d–f) have some similarities in large-scale

distributions to the QD EOF1 patterns (Figs. 5a–c; e.g.,

positive anomalies in the western TP and themidlatitudes

and negative anomalies in the eastern Pacific). However,

compared with the QD EOF1 patterns (Figs. 5a–c), the

FIG. 3. The EOF1 time series of sea level variations in the Pacific

on time scales (a).7, (b) between 7 and 30, and (c).30 yr from the

altimeter (black), OFES (green), ORAS4 (magenta), and steric sea

level (blue). The reversed IPO index time series on corresponding

time scales are also shown (red dashed lines). The numbers at the

top left in each panel indicate the correlations between the re-

versed IPO index and the EOF1 time series on corresponding time

scales for OFES, ORAS4, and steric sea level. The thick black lines

in (a) roughly mark the trend reversal before and after the

early 1990s.
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MD EOF1 patterns (Figs. 5d–f) do not have a sea level

anomaly center in the central TP but feature an east–west

sea level seesaw structure in the TP as in the altimeter

trend pattern (Fig. 1a). The MD PC1 time series for

OFES, ORAS4, and steric sea level all show a declining

trend prior to the late 1980s, followed by a full rebound

afterward (Fig. 3c). The MD PC1 time series (Fig. 3c)

closely resemble theMDcomponent of the low-frequency

PC1 time series (Fig. 3a) with the correlations being larger

than 0.92. Note that the effective degrees of freedom

could be largely reduced after a 30-yr filter, and thus the

calculated high correlation numbers based on the filtered

data should be interpreted with caution. We also noticed

that although the pure MD signal has the turning point

around the late 1980s (Fig. 3c), the superposition of QD

cycle with a positive peak in the late 1980s and a negative

peak in the early 1990s (Fig. 3b) makes the MD trend

reversal appear to be in the early 1990s based on the raw

or 7-yr low-pass-filtered data (Fig. 3a). Since the altimeter

data from 1993 only covered the latter upswing period of

the MD cycle (Fig. 3c), the altimeter-observed sea level

trends (Fig. 1a) should be viewed as a combination of both

the long-term sea level change signal and the upward or

downward phase of MD sea level variations (e.g., Zhang

and Church 2012).

Recently there has been significant effort to detect the

anthropogenic sea level change signal in the altimeter

observations by removing the natural sea level variations,

especially the rapid sea level rise in the western TP in the

past two decades (e.g., Hamlington et al. 2014). The de-

tection results from such an attempt should be viewed

with caution because the currently available sea level

products may not be good enough in quality or long

enough in time length to quantify the regional MD sea

level signal, although the identified MD large-scale pat-

terns (Figs. 5d–f) and their temporal evolutions (Fig. 3c)

are fairly consistent among the sea level datasets ana-

lyzed in this study. First, the sea level data barely cover

only oneMD cycle (Fig. 3c); thus theMDEOF1 patterns

(Figs. 5d–f) represent only the leading mode of MD sea

level variations in the Pacific since about 1950, which is

not necessarily the typical MD sea level variability

FIG. 4. Power spectra of theEOF1 time series of sea level variations in the Pacific on time scales.7 yr (black) and

between 7 and 30 yr (red) for the (a) altimeter, (b) OFES, (c) ORAS4, and (d) steric sea level. The y axis is plotted

as the percent of variance explained by the signal at a particular period. Dashed lines represent the 95%

significance level.

1 JULY 2017 LYU ET AL . 5103

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 10/11/21 05:27 PM UTC



pattern. Second, despite the large-scale consistency, the

MD EOF1 patterns show large uncertainties in detail

between the different sea level products. For example,

theMDEOF1patterns show localmaxima of positive sea

level anomalies in the northwesternTP that are located at

;158,;38, and;108N for OFES, ORAS4, and the steric

sea level, respectively (Figs. 5d–f). The magnitude of

these maximum anomalies for OFES is almost twice as

large as that for steric sea level and 3 times that for

ORAS4. Feng et al. (2011) pointed out that the trend

magnitudes of the equatorial Pacific wind before and af-

ter the early 1990s, which act as the primary forcing for

the MD sea level trend reversal in the TP, also differ

among available wind products. These factors cast doubt

on our ability to determine the robust MD sea level

variability pattern in the Pacific and thus to precisely

quantify the anthropogenic regional sea level change

signal from altimeter observations.

4. Atmospheric forcing patterns and origins for QD
and MD sea level modes

In the previous section, we identified twodistinctmodes

of sea level variations in the Pacific basin on QD andMD

time scales, respectively. These two sea level modes ex-

hibit similar basin-scale patterns but also detailed differ-

ences, especially in the TP (Fig. 5). Which climate modes

can these two sea level modes be linked to? Are their

similarities and differences physicallymeaningful and also

reflected in other climate fields? Can the differences in

QDandMDsea level patterns be explained by the surface

wind forcing differences, andwhich climate processes lead

to distinct wind forcing patterns on these two time scales?

To address these issues, we applied the SVD analysis to

the cross-covariance matrix of sea level and each of the

other variables (SST, SLP, sea surface wind, and wind

stress curl). The SVD analyses were conducted with two

different combinations of datasets: theOFES andNCEP–

NCAR and the steric sea level and JRA-55. The SVD

analysis based on the OFES and NCEP–NCAR aims to

identify statistical connections between these two physi-

cally consistent datasets since the OFES was forced based

on the NCEP–NCAR atmospheric forcing. In addition,

analyzing the steric sea level and JRA-55 further verifies if

these connections could also be found from the other two

independent datasets.

We found that the sea level patterns from the first

SVD mode (SVD1) are always very similar to those

FIG. 5. The EOF1 patterns of sea level variations (cm) in the Pacific on time scales (a)–(c) between 7 and 30 yr, and (d)–(f).30 yr from

the (left) OFES, (center) ORAS4, and (right) steric sea level. The percentage in each panel represents the percent of variance explained

by the EOF1.
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from the EOF1 based on sea level data only (Fig. 5) with

the pattern correlations being larger than 0.90. The as-

sociated SVD1 and EOF1 time series follow each other

with temporal correlations being larger than 0.90 (0.99)

on time scales between 7 and 30 yr (.30 yr). Therefore,

the SVD1 captures not only the dominant mode of sea

level variations in the Pacific as the sea level EOF1

(Fig. 5) but also the corresponding patterns of other

climate variables, including SST, SLP, sea surface wind,

and wind stress curl (e.g., Fig. 6).

a. Patterns and climate processes associated with the
QD sea level mode

The SVD analysis of the 7–30-yr bandpass-filtered

data was used to identify the climate patterns associated

with the QD sea level mode (Figs. 5a–c). The SVD1

patterns based on the pair of OFES and NCEP–NCAR

or the pair of steric sea level and JRA-55 are very close

to each other (Figs. 6a–c vs Figs. 6d–f) with the pattern

correlations being 0.94, 0.93, and 0.82 for SST, SLP, and

wind stress curl, respectively. The QD SST pattern re-

sembles the ENSO-like low-frequency variability pattern

in the Pacific (Zhang et al. 1997; Chen andWallace 2015),

characterized by SST anomalies of one sign in the TP

flanked by anomalies of opposite sign to the north and

south in midlatitudes (Figs. 6a,d). Recently, Henley et al.

(2015) proposed a new IPO index to describe the ENSO-

like variability in the Pacific, calculated as SST differ-

ences between the average in the TP and the average in

the extratropical northwest and southwest Pacific (see

black boxes in Fig. 6a for the three regions). Here the

unfiltered IPO index (available online at http://www.esrl.

noaa.gov/psd/data/timeseries/IPOTPI/) is used to repre-

sent the ENSO-like variability in the Pacific ranging from

interannual to MD time scales. The power spectrum of

the unfiltered IPO index exhibits substantial power on

interannual time scales, a prominent QD peak at a

period of approximately 12 yr, and also enhanced

power at lower frequencies (Fig. 7a). The QD spectral

peak would become statistically significant when the

7-yr low-pass-filtered IPO index is used to calculate the

power spectrum (not shown). Another ENSO-like

variability index used by Chen and Wallace (2015),

defined as the PC1 of unfiltered global or Pacific SST

anomalies with time-dependent global mean removed,

also has a 12-yr period component. Han et al. (2014)

FIG. 6. The (a),(d) SST (8C), (b),(e) SLP (hPa), and (c),(f) sea surface wind stress (Nm22; vectors) and wind stress curl (1028Nm23; color

shading) patterns corresponding to the PacificQD sea levelmode as shown in Figs. 5a–c, derived from the SVD1 of 7–30-yr bandpass-filtered

sea level and each of the other variables based on (top) OFES and NCEP–NCAR data and (bottom) steric sea level and JRA-55 data. The

three regions used to define the IPO index (Henley et al. 2015) are shownwith black boxes in (a). The red boxes in (a) indicate theNiño-4 and
Niño-112 regions. The black line in (d) marks the orientation of SST anomalies in the central–western North Pacific.
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also showed that there is a significant QD spectral peak

with periods between 10 and 15 yr for the PC1 of 8-yr

low-pass-filtered SST anomalies in the Pacific. The QD

SVD1 SST time series based on OFES data closely

follows the 7–30-yr bandpass-filtered IPO index with a

high correlation of20.96. The sea level PC1 time series

based on different sea level datasets are also related to

the IPO index over the period band of 7–30 yr (Fig. 3b).

These relationships suggest that the basin-scale QD sea

level mode in the Pacific (Figs. 5a–c) can be linked to

the ENSO-like low-frequency variability, which has a

clear QD component.

One outstanding feature from the QD SST patterns

(Figs. 6a,d) is that the tropical SST anomalies are lo-

cated toward the central TP basin with the center in the

Niño-4 region (58N–58S, 1608E–1508W), while the SST

anomalies in the far-eastern TP are of much smaller

magnitude (e.g., the Niño-112 region at 08–108S, 908–
808W; see red boxes in Fig. 6a for these two Niño re-

gions). The spectral analyses indicate that the QD

spectral peak of approximately 12 yr is significant for

Niño-4 region SST but is absent for Niño-112 region

SST (Fig. 7b). The QD SVD1 SST time series based on

OFES data is highly anticorrelated with the 7–30-yr

bandpass-filtered Niño-4 SST index (20.87). Such con-

nection is consistent with Behera and Yamagata (2010),

who showed the TP sea level low-frequency evolutions

over the altimeter period followed the low-frequency

component of the El Niño Modoki index (Ashok et al.

2007). As pointed out byWeng et al. (2007), the El Niño
Modoki index is also dominated by low-frequency sig-

nals on the QD time scale, similar to the Niño 4 SST

index (Fig. 7b) and other indices for the ENSO events

peaked in the central TP (Sullivan et al. 2016). There-

fore, the QD sea level variations in the TP (Figs. 5a–c)

are closely related to the central TP SST QD variations

(Figs. 6a,d).

Corresponding to the positive phase of the QD sea

levelmodewith anomalously high sea level in thewestern

TP and low sea level in the central TP (Figs. 5a–c), the

SLP patterns exhibit negative SLP anomalies over the

western TP and the high latitudes and positive SLP

anomalies over the central TP and the midlatitudes

(Figs. 6b,e). Over the North Pacific, a region of high

FIG. 7. Power spectra of the (a) IPO, (b) Niño-4 and Niño-112 SST, (c) NPGO, and (d) PDO indices since 1950.

The y axis is plotted as the percent of variance explained by the signal at a particular period. Dashed lines represent

the 95% significance level.
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pressure anomaly between 208 and 508N and another low

pressure anomaly region north of 508N establish a north–

south SLP dipole structure that resembles the North

Pacific Oscillation (NPO; Rogers 1981), defined as the

second EOF of SLP anomalies over the North Pacific.

Note that the NPO-like SLP dipole structure on the QD

time scale is less symmetric than that on interannual time

scales, with the southern anomaly center of the dipole

being much stronger than the northern counterpart

(Figs. 6b,e). This asymmetry is consistent with the pre-

vious findings by Di Lorenzo et al. (2010) and Furtado

et al. (2012) that the SLP variations over the southern

pole of the NPO-like SLP dipole have greater power on

the QD time scale.

The NPO-like atmospheric forcing has been linked

to the NPGO (Di Lorenzo et al. 2008) and also the

second EOF of SST anomalies in the North Pacific [i.e.,

the Victoria mode defined by Bond et al. (2003)]. The

Victoria mode–like SST features can be seen in the QD

SST patterns, with the southwest–northeast-oriented

(marked by the black line in Fig. 6d) SST anomalies in

the western–central North Pacific being surrounded by

anomalies of opposite sign (Figs. 6a,d). As the oceanic

expression of the NPO, the NPGO (the index is available

online at http://www.o3d.org/npgo/npgo.php) shows a re-

markable spectral peak at approximately 12yr (Fig. 7c),

indicating that theQDvariability is a fundamental feature

for the NPGO. Compared with the NPGO, the SST

Victoria mode has greater interannual signals but lacks a

particular QD spectral peak (Ding et al. 2015), suggesting

that the SST and sea level variations could be governed by

different physical processes and thus are not completely

consistent with each other. In contrast, the PDO index

(available online at http://research.jisao.washington.edu/

pdo/PDO.latest) exhibits enhanced variance mainly on

the MD time scale (Fig. 7d). The NPGO-like sea level

patterns can be seen in the northeastern Pacific part of

the QD sea level patterns, with positive sea level

anomalies in the central North Pacific and negative sea

level anomalies in the Gulf of Alaska (Figs. 5a–c), in-

dicating the intensification of both the subtropical gyre

and the Alaskan Gyre (Di Lorenzo et al. 2008). The

NPGO-related SST and SLP patterns identified by Di

Lorenzo et al. (2010, 2013) are also very similar to those

associated with the Pacific basin QD sea level mode

(Fig. 6). Therefore, the NPGO, a local sea level EOF

mode in the northeastern Pacific (Di Lorenzo et al.

2008), could be viewed as the North Pacific component

of the basin-scale QD sea level mode in the Pacific

Ocean. It needs to be pointed out that part of the

NPGO signal may arise from the northeastern Pacific

internal processes that are independent from those

outside the northeastern Pacific, which may not be

captured by the basin-scale mode derived within the

whole Pacific domain.

Several studies have suggested the surface wind

forcing to be the primary driver for the regional sea level

variations and changes in the Pacific (e.g., Lee and

McPhaden 2008; McGregor et al. 2012; Qiu and Chen

2012; Zhang et al. 2012, 2014; Moon et al. 2013;

Nidheesh et al. 2013; Palanisamy et al. 2015a). In the

equatorial Pacific, the QD sea level mode is accompa-

nied by the easterly wind anomalies to the west of 1508W
and westerly wind anomalies to the east (Figs. 6c,f),

consistent with the negative sea level anomaly center in

the central TP (Figs. 5a–c). The easterly wind anomalies

also lead to higher-than-normal sea level in the western

TP through the pileup of water there. These wind

anomalies are in accordance with the anomalous SLP

zonal gradient in the TP, built up by one high SLP

anomaly center over the central TP and the other low

SLP anomaly center over the western TP (Figs. 6b,e).

The two off-equator centers of positive sea level

anomalies in the western TP (Figs. 5a–c) can be ex-

plained by the negative (positive) wind stress curl

anomalies at around 108N (108S) (Figs. 6c,f) through the

westward propagation of baroclinic Rossby waves (e.g.,

Capotondi and Alexander 2001; Capotondi et al. 2003).

Along the west coast of Australia, the positive sea level

anomalies are due to the oceanic connections with the

western TP rather than local winds, with the local neg-

ative wind stress curl anomalies and the northward

alongshore wind anomalies tending to induce negative

sea level anomalies. In the northeastern Pacific, the

NPGO-like sea level pattern corresponds to the NPO-

like wind forcing, which induces positive wind stress curl

anomalies over the Gulf of Alaska and negative wind

stress curl anomalies to the south. In the South Pacific,

several studies have suggested that the baroclinic ocean

Rossby waves generated by wind stress curl anomalies

are the primary mechanism in shaping the pattern of sea

level anomalies on low-frequency time scales (Qiu and

Chen 2006; Y. Sasaki et al. 2008; Holbrook et al. 2011).

Besides the large-scale wind-driven dynamics, the ocean

internal variability (e.g., dynamical instabilities and

eddies) could also contribute to the low-frequency sea

level variations, especially in the mid-to-high latitudes

(Li and Han 2015; Qiu et al. 2015; Sérazin et al. 2016).

b. Patterns and climate processes associated with the
MD sea level mode

The SST, SLP, sea surface wind, and wind stress

curl patterns associated with the MD sea level mode

(Figs. 5d–f) were derived from the SVD1 of 30-yr low-

pass-filtered data (Fig. 8). The MD SST patterns

(Figs. 8a,d) have similar ENSO-like low-frequency SST
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patterns in the Pacific to the QD SST patterns (Figs. 6a,d),

but there are also some differences, notably in the TP

where the SST anomalies cover the central–eastern TP on

the MD time scale but are centered in the central TP on

theQD time scale. The differences in theNorth Pacific are

subtle but significant: on the MD time scale, the SST

anomalies in the western–central North Pacific are more

zonally oriented (marked by the black line in Fig. 8d), with

anomalies of opposite sign being attached to the western

coast of the North America (Figs. 8a,d). This SST pattern

closely resembles that of the PDO (Mantua et al. 1997).

The overlying MD SLP patterns in the North Pacific are

characterized by the Aleutian low variations with a single

SLP anomaly center around the Aleutian Islands

(Figs. 8b,e), which is another well-recognized feature for

the PDO (e.g., Mantua et al. 1997; Mantua and Hare

2002). The correspondence between the PDO and the

Aleutian low not only holds well on interannual time

scales but also is robust on theMD time scale as discussed

byMinobe (2000) andZhu andYang (2003). For example,

the 1976/77 PDO regime shift from the negative to the

positive phase was accompanied by the deepening of the

Aleutian low (e.g., Zhang et al. 1997; Deser et al. 2004).

The corresponding MD wind patterns are generally

in geostrophic balance with the MD SLP patterns

(Fig. 8). Over the North Pacific, the weakening of the

Aleutian low corresponds to an anomalous anticy-

clone. The SLP low anomaly center over the western

TP sets up zonal SLP gradient along the equator and

thus leads to easterly wind anomalies. The subtropical

trade winds blowing from northeast (southeast) in the

Northern (Southern) Hemisphere also intensify as a

result of the relatively higher SLP over the subtropics.

The overall intensifications of the TP trade winds on

the MD time scale induce positive–negative west–east

sea level seesaw in the TP (Figs. 5d–f), similar to the

observed wind and sea level trends during the altimeter

period (e.g., Merrifield 2011; Merrifield and Maltrud

2011; McGregor et al. 2012; Qiu and Chen 2012). These

anomalous wind patterns associated with the MD sea

level mode resemble those during the negative phase of

the PDO (e.g., Merrifield et al. 2012; Moon et al. 2013;

Moon and Song 2016). The MD sea level PC1 with the

turning point in the late 1980s is also consistent with the

MD component of the PDO (not shown) or IPO index

(Fig. 3c). Therefore, we can conclude that the MD sea

level mode can be linked to the MD component of the

ENSO-like variability in the Pacific, which could be

regarded as the basin-scale expression of the North

Pacific PDO.

FIG. 8. As in Fig. 6, but for patterns corresponding to the PacificMD sea level mode as shown in Figs. 5d–f, derived from the SVD1 of 30-yr

low-pass-filtered sea level and each of the other variables.
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c. Implications

Identifying the distinct temporal and spatial features

as well as associated climate processes for QD and MD

sea level modes have important implications in under-

standing both the basin-scale and regional low-frequency

sea level variations in the Pacific. In previous studies the

low-frequency sea level variations around the Pacific

basin were usually linked to the NPGO or PDO. For

example, Merrifield (2011) found that the tide gauge sea

level records in the western TP and along the western

coast of North America, after applying a 5-yr running

average (thus including both QD and MD signals), are

more correlated with the NPGO than with the PDO. In

contrast, several studies (e.g., Bromirski et al. 2011;

Merrifield et al. 2012; Moon et al. 2013) have suggested

the MD sea level trend reversals in these two regions

are linked to the PDO. Such discrepancy can be rec-

onciled by our finding that the NPGO and PDO have

different preferred time scales (i.e., QD and MD, re-

spectively). A recent study by Moon and Song (2016)

found that the low-frequency sea level variations in the

East China Sea during the past half century comprise

the PDO-related MD trend reversal and the NPGO-

related QD signals. These regional evidences clearly

indicate the frequency-dependent associations of the

Pacific regional sea level with the NPGO and PDO,

which to some extent represent the Pacific QD andMD

climate variability modes, respectively.

5. ENSO-like low-frequency variability:
Frequency-dependent features

a. ENSO-like low-frequency variability: QD andMD
modes

In the previous section, we found that the Pacific

basin QD and MD sea level modes are closely related

to the ENSO-like low-frequency variability but also

exhibit different patterns for various climate variables

on these two time scales. This section aims to provide

independent evidence that the QD and MD compo-

nents of the ENSO-like low-frequency variability in the

Pacific are indeed distinct from each other in both

spatial patterns and physical mechanisms. The SVD

analyses of SST and SLPwere conducted to identify the

dominant atmosphere–ocean coupled mode on differ-

ent time scales based on the relatively longer ERSST

and NOAA CIRES 20CR datasets. We have repeated

our analysis using the Met Office Hadley Centre Sea

Ice and Sea Surface Temperature dataset (HadISST;

Rayner et al. 2003) and the ECMWF twentieth-century

reanalysis (ERA-20C; Stickler et al. 2014) and found

very similar features (not shown).

We repeated the SVD analysis with the 10–20-yr

bandpass-filtered SST and SLP in the Pacific over 1860–

2012 to identify theQDmode.Although using the 7–30-yr

bandpass-filtered data as in the previous two sections

yields similar SVD1 patterns, here a narrower period

band (10–20 years) was chosen to rule out the influence of

signals on other time scales (e.g., bidecadal). Both the

SVD1 SST time series and the 10–20-yr bandpass-filtered

IPO index (Henley et al. 2015) have a single spectral peak

of approximately 13yr on the QD time scale (not shown),

and their temporal correlation is as high as20.93 (Fig. 9a).

This SVD1 thus represents the QD mode of the ENSO-

like variability in the Pacific. The 10–20-yr SVD1 SST and

SLP patterns (Figs. 10a,b) are very close to those associ-

ated with the Pacific QD sea level mode (Fig. 6). The

distinctive features for the ENSO-like QD variability in-

clude the SST anomalies in the TP that are centered to-

ward the central basin, an NPO-like SLP dipole and the

Victoria mode–like SST pattern in the North Pacific

(Figs. 10a,b). This QD mode of ENSO-like variability is

analogous to the central TP SST variability on interannual

time scales [i.e., the central Pacific ENSO (Yu and Kao

2007; Kao and Yu 2009) or El NiñoModoki (Ashok et al.

2007), which has also been related to the NPO-like SLP

pattern over the North Pacific (Yu and Kim 2011a; Yu

et al. 2012)]. The subtropical wind forcing in association

with the southern pole of the NPO-like SLP dipole (see

Figs. 6e,f) may be capable of inducing SST anomalies in

the central TP, probably via the subtropical air–sea

coupling (viz., the meridional mode; Yu et al. 2010; Yu

and Kim 2011a) or through the recharge–discharge of

the tropical heat content (Anderson et al. 2013). These

FIG. 9. The SVD1 time series of SST and SLP in the Pacific on

time scales (a) between 10 and 20 yr and (b) .20 yr. The reversed

IPO index time series on corresponding time scales are also shown

(red dashed lines).
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two mechanisms can also work on low-frequency time

scales linking the extratropical North Pacific SLP

forcing to the TP SST variations (Jin et al. 2001; Wu

et al. 2007). Luo and Yamagata (2001) and Luo et al.

(2003) argued that the TP SST QD variations are more

related with the air–sea interaction and ocean dynam-

ics in the South Pacific. Besides the extratropical forc-

ing of the tropical climate, the TP SST anomalies can

excite atmospheric teleconnections that feed back to

influence the extratropical region. For example, Di

Lorenzo et al. (2010) and Furtado et al. (2012) sug-

gested that the atmospheric teleconnections excited by

the central TP SST variations could induce the extra-

tropical North Pacific atmospheric circulation anoma-

lies (i.e., the NPO), which are in turn integrated by the

ocean to generate QD variations of the NPGO. Yu

et al. (2015b) found that the central TP SST variations

can also have significant influences on the Southern

Hemisphere climate by modulating both the southern

annular mode (SAM) and the Pacific–South American

(PSA) pattern. These physical processes could act

together to sustain this QD mode of ENSO-like vari-

ability across the whole Pacific (Figs. 10a,b).

Note that the low-frequency modulation of ENSO

properties (e.g., the intensity and spatial distribution) can

also induce low-frequency changes in the TP mean state

because of the residual effects. However, wewould like to

clarify that such ENSO-induced low-frequency variabil-

ity is fundamentally different from the ENSO-like low-

frequency variability discussed in this study. For example,

Sun and Yu (2009) found that the EOF1 of 10–20-yr

bandpass-filtered SST anomalies in the TP represents the

ENSO-like QD variability similar to that shown here

(Fig. 10a), while the second EOF is related to a 10–15-yr

modulation of ENSO intensity (thus should be termed as

ENSO-induced QD variability) and exhibits remarkably

different pattern from the EOF1. The distinct features be-

tween the ENSO-like and ENSO-induced low-frequency

variability were also found in global coupled climate

models (e.g., Yu and Kim 2011b; Choi et al. 2013).

The SVD analysis was also performed with the 20-yr

low-pass-filtered SST and SLP data in the Pacific over

FIG. 10. The ENSO-like QD variability patterns, derived as the SVD1 patterns of 10–20-yr bandpass-filtered

(a) SST (8C) and (b) SLP (hPa) in the Pacific over 1860–2012. (c),(d) As in (a),(b), but for the ENSO-like MD

variability patterns, derived as the SVD1 patterns of 20-yr low-pass-filtered SST and SLP in the Pacific over 1910–

2012. The data are from the ERSST and theNOAACIRES 20CR. In (a),(c), the black lines mark the orientation of

SST anomalies in the central–western North Pacific. The percentages in (a),(c) represent the percent of variance

explained by the SVD1.
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1910–2012 to identify the coupled MD mode. Using the

cutoff period of 30yr gives very similar results (not

shown). The data before 1910 were not included here

because theMDSVD1 time series based on the data over

1860–2012 has an abrupt change around 1910, probably

because the data over the earlier period are less reliable

or the long-term warming signal cannot be fully removed

by a linear detrending. The correlation between the

SVD1 SST time series and the 20-yr low-pass-filtered IPO

index (Henley et al. 2015) is as high as 20.94 (Fig. 9b).

This SVD1 thus represents the MD component of the

ENSO-like variability in the Pacific. The MD SVD1

patterns have the same features as those associated with

the MD sea level mode (Fig. 8), for example, the PDO-

like SST pattern and the accompanying Aleutian low

variations in the North Pacific and the TP SST anomalies

toward the eastern basin or more specifically in the

eastern subtropics (Figs. 10c,d). These MD patterns are

also consistent with the observed difference patterns be-

tween the positive and negative MD climate regimes

(e.g., Deser et al. 2004). This MD mode of ENSO-like

variability is somewhat analogous to the conventional

type of ENSO that has the maximum SST anomaly in the

eastern TP,which is also related to the PDOandAleutian

low variations in the North Pacific on interannual time

scales (e.g., Yu and Kim 2011a). The origins of this

ENSO-like MD variability are still unclear, while pre-

vious studies have offered some possiblemechanisms that

could determine theMD time scale in the Pacific, such as

the subpolar ocean Rossby wave propagations (e.g., Liu

2012) or the remote forcing from theAtlantic (e.g., Zhang

and Delworth 2007; Yu et al. 2015a; Lyu et al. 2017; Lyu

and Yu 2017).

b. Comparison with previous studies: Interdecadal
and low-frequency time scales

How do our findings of QD and MD modes relate to

previous studies on the ENSO-like low-frequency vari-

ability? The 13-yr low-pass filter has usually been used

to derive the smoothed IPO index and highlight the

ENSO-like low-frequency variability on the inter-

decadal time scale (i.e., the IPO; Power et al. 1999;

Folland et al. 1999, 2002; Henley et al. 2015). Such a

cutoff frequency was originally chosen by Folland et al.

(1999) to exclude the prominent QD signal in the At-

lantic before the global SST EOF analysis. We found

that the interdecadal SVD1 SST and SLP patterns based

on the 13-yr low-pass-filtered data are nearly identical to

those on the MD time scale with periods longer than 20

or 30 yr, except for larger amplitudes (Figs. 11a,b vs

FIG. 11. As in Fig. 10, but over 1910–2012 on time scales (a),(b) .13 and (c),(d) .7 yr.
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Figs. 10c,d). The SVD1 SST time series and the IPO

index are highly correlated (20.91) on the interdecadal

time scale with periods longer than 13 yr (not shown). It

could be concluded that the widely used 13-yr low-pass-

filtered IPO index implicitly rules out much of the

ENSO-like variability on the QD time scale. This find-

ing is consistent with Power et al. (1999), who defined

the term interdecadal as the time scale with periods

longer than both interannual and QD time scales.

It is also common to remove only interannual signals

and examine the ENSO-like variability on lower fre-

quencies (Zhang et al. 1997; Deser et al. 2012; Han et al.

2014; Chen and Wallace 2015; Lyu et al. 2016). The

SVD1 SST time series based on the 7-yr low-pass-

filtered data is highly correlated (20.95) with the IPO

index (not shown). Compared with the SVD1 on time

scales longer than 13 or 20 yr (Figs. 11a,b or 10c,d), the

SVD1 on time scales longer than 7 yr has different

ENSO-like patterns: the subtropical eastern Pacific SST

anomalies extend farther westward to the central TP,

the SST and SLP anomalies in the midlatitude South

Pacific are more zonally elongated, the North Pacific

SLP anomaly center is located farther south, and there are

larger SLP anomalies over the central TP (Figs. 11c,d).

These features reflect some signatures from the ENSO-

like QD variability (Figs. 10a,b) and indicate that the

QD and MD signals merge into one single statistical

mode when all low frequencies are considered simul-

taneously. Therefore, the ENSO-like low-frequency

variability with periods longer than interannual time

scales includes at least two distinct modes on QD and

MD time scales, respectively, which have not been

clearly distinguished in previous studies.

6. Summary and discussion

Zhang and Church (2012) suggested that the altimeter

observed regional sea level trend pattern (Fig. 1a) may

be partly due to the aliasing of the low-frequency cli-

mate variability into the trend. In this study, we analyzed

the sea level data from satellite altimeter observations,

ocean model hindcast simulations, ocean reanalysis, and

steric sea level calculated based on in situ ocean obser-

vations to examine the low-frequency (.7 yr) sea level

variations in the Pacific (section 3). Our results indicate

that the dominant mode of low-frequency sea level

variations in the Pacific basin exhibits both QD cycles

and an MD trend reversal around the early 1990s

(Fig. 3a). Further separating the QD and MD sea level

signals we found that the sea level anomaly patterns on

these two time scales show similar large-scale spatial

distributions (i.e., the out-of-phase sea level variations

roughly between the western and eastern sides of the

Pacific basin) but with different tropical structures. Sea

level anomalies of opposite sign exist between the

western and central TP with small anomalies in the far-

eastern TP on the QD time scale, but there is a clear

west–east sea level seesaw on the MD time scale

(Figs. 5d–f vs Figs. 5a–c).

Distinguishing different spatial–temporal features for

the QD and MD sea level variations explains why the

dominant low-frequency sea level modes derived over

different lengths of data periods show distinct spatial

patterns (Figs. 1b, 2a–c vs Figs. 2d–f). It is found that

while the sea level data over the altimeter period after

1993 sample about two QD cycles and roughly allow a

clear identification of the QD sea level pattern (Figs. 1b

and 2a–c), the relatively longer (;60yr) datasets resolve

both QD and MD sea level variations (Figs. 2d–f) with

the latter appearing as a trend in the altimeter record

(Fig. 1a). Our results suggest that the observed sea level

variations as well as the derived short-term trends should

be interpreted in the context of sea level variability on

multiple time scales, which are linked to different climate

processes and thus show distinct spatial patterns.

Such analyses of the sea level conducted in this study

could be extended to other climate variables, especially

those with data records only available for a short period.

This is the case with some modern observation systems,

such as the Argo floats since the early 2000s (Argo 2000),

theGravityRecovery andClimateExperiment (GRACE)

since about 2002, and the satellite salinity measurements

since about 2011. Taking the ocean salinity as an example,

theArgo and buoy data show that the upper-ocean salinity

in the TP experienced a QD shift during the 2000s

(Hasegawa et al. 2013). In contrast, an MD trend reversal

around the early tomid-1990swould becomemore evident

when examining the tropical Indo-Pacific sea surface

salinity using longer salinity records since the 1970s

(Delcroix et al. 2007; Du et al. 2015; Zeng et al. 2016).

By examining the SST, SLP, and wind patterns in as-

sociation with the low-frequency sea level variations

(section 4), we found that both theQDandMD sea level

modes in the Pacific basin can be viewed as expressions

of the ENSO-like low-frequency climate variability

(Zhang et al. 1997; Chen and Wallace 2015) in the sea

level field. However, the associated climate patterns in-

cluding SST, SLP, and wind differ significantly on these

two time scales. The different TP sea level anomaly pat-

terns on QD and MD time scales are in accordance with

the contrasts between the corresponding surface wind

forcing patterns. Additional analyses based on rela-

tively longer SST and SLP data further confirm that the

ENSO-like low-frequency variability in the Pacific is

comprised of different subbasin expressions in both oce-

anic and atmospheric fields on QD and MD time scales,
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respectively (section 5). The ENSO-like low-frequency

variability on the QD time scale corresponding to the

QD sea level mode in the Pacific is characterized by the

central TP SST variations and the NPO-like (Rogers

1981) atmospheric forcing over the North Pacific,

which has clear oceanic expressions resembling the

NPGO (Di Lorenzo et al. 2008) and the SST Victoria

mode (Bond et al. 2003) (Figs. 10a,b). In contrast, the

ENSO-like low-frequency variability on the MD time

scale, which corresponds to the MD sea level mode in

the Pacific, exhibits the well-recognized PDO-like

(Mantua et al. 1997) SST pattern and the accompany-

ing Aleutian low variations in the North Pacific along

with tropical Pacific SST anomalies mainly in the eastern

basin (Figs. 10c,d).

Based on the results presented in this study, we con-

clude that the ENSO-like low-frequency variability in the

Pacific on QD andMD time scales are distinct from each

other in terms of the spatial patterns and also the climate

processes involved. Our results refine the classical de-

scriptions of the ENSO-like low-frequency variability,

which identified only the interdecadal or equivalently

MDpatterns (e.g., Folland et al. 1999, 2002; also shown in

Figs. 11a,b) or patterns with mixed features from both

QD and MD modes (Zhang et al. 1997; Chen and

Wallace 2015, 2016; also shown in Figs. 11c,d). Several

aspects of the ENSO-like low-frequency variability, in-

cluding but not limited to the mechanisms, climate im-

pacts, and interbasin connections, should be further

reexamined under a frequency-dependent framework.

Distinguishing the low-frequency variability on dif-

ferent time scales could help to better understand the

observed climate variations and to evaluate the poten-

tial predictability of the near-future climate. For exam-

ple, Wang et al. (2009, 2010, 2011, 2014) showed that the

climate signals in several regions of the United States,

such as the rainfall over the Intermountain Region and

the Missouri River basin water storage, have a signifi-

cantQD time scale of 10–15 yr, which is distinct from the

MD time scale of the PDO and could be linked to the

ENSO-like QD SST variations. Anderson et al. (2016b)

also found that the dominant time scales at which the

precipitation variations are potentially predictable vary

in different regions (e.g., the QD time scale over the

northwestern United States and the MD time scale over

the southwestern United States).

The PDO (Mantua et al. 1997) and NPGO (Di

Lorenzo et al. 2008) have usually been viewed as two

leading climate modes of the Pacific low-frequency vari-

ability. It needs to be recognized that both of them are

locally defined EOF modes in the North Pacific or

northeastern Pacific Ocean, while the ENSO-like low-

frequency variability has been identified over the whole

Pacific basin (Zhang et al. 1997; Chen andWallace 2015).

Our results show that the NPGO and PDO, with pre-

ferred low-frequency time scales (i.e., QD and MD),

could be regarded as regional expressions of the Pacific-

basin ENSO-like low-frequency variability on respective

time scales. Moreover, an EOF-based climate mode has

its own shortcoming. The EOF decomposition assumes

that for each EOF mode, one stationary spatial pattern

fluctuates on various time scales that are included in the

corresponding PC time series. However, a recent review

by Newman et al. (2016) suggested that the PDO is not a

single phenomenon but represents a combination of dif-

ferent dynamical processes that operate on different time

scales and have distinct spatial structures.

While this study has clarified the main characteristics

for the Pacific basin modes of low-frequency sea level

variations and the associated wind forcing and climate

processes, details about the concurrent changes in the

ocean currents and subsurface ocean properties as well

as the feedback of oceanic processes to the atmosphere

require further investigations. It is also of great interest

to check if the global coupled climate models can sim-

ulate the time-scale-dependent features of the ENSO-

like low-frequency variability in the Pacific and the

associated ocean and atmosphere coupled processes

(Lyu et al. 2016), given that the realistic representation

of the low-frequency variability is an important step to

validate climate models and build up reliability of them

to predict near-future climate.
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