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ABSTRACT: Using an eastern tropical Pacific pacemaker experiment called the Pacific Ocean–Global Atmosphere

(POGA) run, this study investigated the internal variability in sea surface salinity (SSS) and its impacts on the assessment of

long-term trends. By constraining the eastern tropical Pacific sea surface temperature variability with observations, the

POGA experiment successfully simulated the observed variability of SSS. The long-term trend in POGA SSS shows a

general pattern of salty regions becoming saltier (e.g., the northern Atlantic) and fresh regions becoming fresher, which

agrees with previous studies. The 1950–2012 long-term trend in SSS is modulated by the internal variability associated with

the interdecadal Pacific oscillation (IPO).Due to this variability, there are some regional discrepancies in the SSS 1950–2012

long-term change between POGAand the free-running simulation forcedwith historical radiative forcing, especially for the

western tropical Pacific and southeastern Indian Ocean. Our analysis shows that the tropical Pacific cooling and intensified

Walker circulation caused the SSS to increase in the western tropical Pacific and decrease in the southeastern Indian Ocean

during the 20-yr period of 1993–2012. This decadal variability has led to large uncertainties in the estimation of radiative-

forced trends on a regional scale. For the 63-yr period of 1950–2012, the IPO caused an offset of ;40% in the radiative-

forced SSS trend in the western tropical Pacific and ;170% enhancement in the trend in the southeastern Indian Ocean.

Understanding and quantifying the contribution of internal variability to SSS trends helps improve the skill for estimates

and prediction of salinity/water cycle changes.
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1. Introduction

The global mean surface temperature (GMST) has been

increasing since the industrial revolution owing to the increase

in greenhouse gas concentrations, with profound impacts on

climate such as sea level rise and increasing occurrences of

extreme climate events (Church and White 2006; Church et al.

2004; Diffenbaugh et al. 2005; Wu et al. 2011). The response of

rainfall or the hydrological cycle to global warming has been

widely investigated (Chadwick et al. 2013, 2014; Held and

Soden 2006; Huang et al. 2013; Ma et al. 2018; Seager et al.

2010; Xie et al. 2010). The precipitation minus evaporation

(P 2 E) change over the ocean follows a ‘‘wet-gets-wetter’’

pattern in response to spatially uniform sea surface tempera-

ture (SST) warming (Chou et al. 2009; Held and Soden 2006).

In reality, SST warming varies in space; moreover, its

‘‘warmer-gets-wetter’’ patterns affect tropical precipitation

change (Xie et al. 2010). The coverage of historical rainfall

observations is too sparse to test these hypotheses. As an

‘‘ocean rain gauge’’ the climatological mean sea surface

salinity (SSS) is highly correlated with the surface P 2 E flux

field, reflecting the balance between ocean advection and

mixing processes and P 2 E forcing at the ocean surface

(Durack et al. 2012; Schmitt 2008; Yu 2011). SSS provides an

opportunity to assess and understand the hydrological cycle

changes on global and regional scales (Boyer et al. 2005; Curry

et al. 2003; Durack andWijffels 2010; Gordon andGiulivi 2008;

Helm et al. 2010; Hosoda et al. 2009; Skliris et al. 2014; Terray

et al. 2012; Yu 2011; Yu et al. 2020). On a global scale, over the

last 50 years, SSS changes reflect an intensification of the mean

climatological SSS patterns. Salty regions are becoming saltier

and vice versa for current fresh regions such as the western

Pacific (Durack and Wijffels 2010; Durack et al. 2012; Durack

2015). On a regional scale, ocean dynamic processes, including

ocean advection and mixing, play an important role in SSS

changes such as in the subduction zone of the northernAtlantic

and western boundary current regions of the North Pacific (Du

et al. 2019; Liu et al. 2019; Ponte and Vinogradova 2016;

Vinogradova and Ponte 2013, 2017; Yu 2011).

Despite a steady increase in atmospheric greenhouse gases,

surface and atmospheric global warming has slowed down

since the late 1990s largely owing to modulation by internal

variability, specifically the interdecadal Pacific oscillation

(IPO) (Fyfe et al. 2016; Kosaka and Xie 2013; Medhaug et al.

2017; Xie and Kosaka 2017). The negative phase of the IPO

contributed to this recent ‘‘hiatus’’ (England et al. 2014;

Kosaka and Xie 2016; Meehl et al. 2016, 2013). With SST
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cooling in the equatorial central and eastern Pacific, the en-

hanced trade winds push the warm water westward, exhibiting

an east–west contrast change. The see-saw structure not only

modulates temperature but also regulates precipitation

changes in the tropical Pacific (Dai and Bloecker 2019; Dong

and Dai 2015). Few studies have investigated whether internal

variability also modulates salinity changes. In fact, SSS has

increased in the western tropical Pacific because of the wind-

induced Walker circulation strengthening during the past 20

years since the early 1990s (Du et al. 2015), in contrast to the

freshening trend over the 50-yr period of 1950–2000 (Durack

andWijffels 2010). Decadal variability can either accelerate or

slow down regional temperature and salinity changes, com-

plicating the long-term trend estimates from observations that

are often limited in length and coverage. Owing to changes in

observational coverage, there are inherent step changes be-

tween the historical hydrographic database coverage and Argo

from 2003. This leads to step changes in observations that

provide little insight into how atmospheric and coupled modes

of variability affect ocean properties. This raises important

questions: How does internal variability affect the long-term

trend in salinity and how is the internal variability of salinity

related to that of SST?

This study uses an atmosphere–ocean coupled model that

includes both radiative forcing and observed variability of the

eastern tropical Pacific SST to study the SSS changes (see

section 2). Despite biases in the models, the results from the

Pacific Ocean–Global Atmosphere (POGA) experiment are

in good agreement with the observations and can suitably

reproduce radiative-forced and internal variability in SSS. On

the decadal scale, owing to the climate decadal variability

such as the IPO, the internal variability in SSS has been large

enough to affect regional trends since the mid-twentieth

century.

The remainder of this paper is organized as follows.

Section 2 briefly presents the data and experimental methods.

Section 3 describes the results from the POGA simulation

with regard to the internal variability and long-term trends in

response to global warming, whereas section 4 discusses the

relationship of the components of the SSS change. Section 5

focuses on the physical mechanisms for internal variability of

SSS, and section 6 compares two epochs to further understand

the contribution of the internal variability to trend estimates.

Finally, section 7 presents the conclusions with discussion.

2. Data and methods

a. Observations and reanalysis datasets

The monthly mean of three SSS datasets were used, as fol-

lows: 1) EN4 version 4.2.1, quality-controlled subsurface ocean

temperature and salinity profiles and objective analyses pro-

vided by the Met Office Hadley Centre (Good et al. 2013); 2)

monthly objectively analyzed subsurface temperature and sa-

linity of datasets from Ishii et al. (2006), herein called ISHII,

archived at the National Center for Atmospheric Research

(NCAR), Computational and Information Systems Laboratory;

and 3) Ocean Reanalysis/Analysis System 4 datasets (ORAS4),

taken from the European Centre for Medium-Range Weather

Forecasts (ECMWF) (Balmaseda et al. 2013). Note that all da-

tasets are impacted by the pre- to post-Argo step change in data

availability, which affects the accuracy of trend estimates from

these products. Durack and Wijffels (2010) have compared pre-

vious studies and estimated the 50-yr linear trends of salinity using

an enhanced methodology to reduce errors from the spatial cov-

erage of historical data, the seasonal cycle, and the El Niño–
Southern Oscillation (ENSO) signal. In this paper, for simplicity,

we compare the EN4, ISHII, and ORAS4 datasets (Fig. S1 in the

online supplemental material) to reduce the data biases and en-

sure the consistency of the conclusions as much as possible.

The SST data were obtained from the monthly Optimum

Interpolation Sea Surface Temperature (OISST) version 2,

providedby theNationalOceanic andAtmosphericAdministration

(NOAA) (Reynolds et al. 2002). The IPO index is defined as the

difference between the SST anomalies averaged over the central

equatorial Pacific (108S–108N, 1708E–908W), and the average of

the SST anomaly (SSTA) in the northwestern (258–458N, 1408E–
1458W)and southwestern Pacific (508–158S, 1508E–1608W) (Henley

et al. 2015).Observed surfacewinds and sea level pressure (SLP) are

available from the ECMWF interim reanalysis (ERA-Interim; Dee

et al. 2011). Further, precipitation and evaporation datasets were

used to calculate the surface freshwater flux, provided by theGlobal

Precipitation Climatology Project (GPCP) (Adler et al. 2003) and

the Objectively Analyzed Air–Sea Heat Fluxes (OAFlux) (Yu and

Weller 2007), respectively. In addition, precipitation and evapora-

tion data from ERA-Interim were used for comparison with the

GPCP precipitation and OAFlux evaporation to further verify our

results (Fig. S2). The observed surface currents were obtained from

the Ocean Surface Currents Analyses Real Time (OSCAR)

(BonjeanandLagerloef 2002).Themonthlymean sea surfaceheight

(SSH) was taken from theArchiving, Validation, and Interpretation

of Satellite Oceanographic (AVISO) merged products.

b. Model experiments

Using version 2.1 of the Geophysical Fluid Dynamics

Laboratory Coupled Model (CM2.1; Delworth et al. 2006), 10-

member historical (HIST) and 10-member Pacific Ocean–Global

Atmosphere (POGA) experiments were designed. HIST was

forced by historical radiative forcing from the Coupled Model

Intercomparison Project phase 5 (CMIP5; Taylor et al. 2012) for

the period 1861–2005 and representative concentration pathway

(RCP) 4.5 afterward. The forcing included greenhouse gases,

aerosols, ozone, solar activity cycle (repeating the cycle for the

1996–2008 period after 2009), and land use. In HIST, the internal

climate variability evolved freely, and averaging across a 10-

member ensemble enables isolating the forced response.

In the POGA experiments, the eastern tropical Pacific SST

anomalies were restored by Newtonian cooling to follow the

Extended Reconstructed SST (ERSST) version 3b observa-

tions. The restoring time scale was 10 days for a 50-m-deep

mixed layer. Here, we restored the eastern tropical Pacific SST

anomalies by overriding sensible heat flux to the ocean, as

described by Kosaka and Xie (2013). The restoring regions

were 158S–158N and the date line to the American coast, with

58 buffer zones to the west, north, and south, where the re-

storing linearly decreased to zero. Outside the eastern tropical
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Pacific, the atmosphere and ocean were fully coupled and free

to evolve. Other conditions were the same as those in HIST

[see further details in Kosaka and Xie (2013)]. For simplicity,

we used the ensemble mean of the 10 simulations, unless

noted otherwise. In this study, the prescribed tropical Pacific

SST anomalies (denoted as PSST) over decadal intervals in-

cluded internal variability (PSST-I) and radiatively forced

change (PSST-F). The differences between POGA and HIST

represent the effects of the eastern tropical Pacific internal

variability.

We evaluated the long-term effect of PSST-F by testing the

significance of the tropical SST difference averaged over the

SST restoring region between the HIST ensemble mean and

ERSST version 3b. We applied the Mann-Kendall test to all

combinations with start year from 1896 to 1905 and the end

year from 1996 to 2005 to avoid strong edge effects. No

combination yielded a trend in SST difference significant at

p, 0.1, indicating that PSST difference of observations (and

hence POGA) from HIST is dominated by internal vari-

ability (Kosaka and Xie 2016). In addition, we compared the

climatological means in SST, P 2 E, and SSS between the

POGA and observations presented in Figs. S1 and S3. The

correlations were 0.99, 0.84, and 0.88, respectively. These

results demonstrate the reliability of the model configura-

tion for estimating the internal variability and long-term

trend of salinity.

Four statistical methods were used to analyze the results,

using the following: 1) empirical orthogonal functions (EOFs)

to analyze the primary spatial pattern and temporal variability;

2) 50- and 20-yr linear trends, both using the least squares

method; 3) the 7-yr running mean to examine decadal modu-

lations; and 4) subtracting the climatological annual cycles

from the monthly time series to eliminate seasonal signals for

all data used in the study.

3. General features of SSS variability

First, we compare the monthly EOFs of SSS between the

POGA and HIST simulation results (Fig. 1). The results dis-

tinguish the interannual and decadal variability of SSS from the

multidecadal long-term trend under global warming, consis-

tent with the observations (Fig. 1 and Fig. S4). In POGA, the

first principal component (PC1) shows remarkable interannual

and decadal variability in that its correlations with Niño-3.4
SST and the 7-yr running-mean IPO index are r 5 0.83 and

0.85, respectively, with SSS lagging by 4 months (Fig. 1c and

Fig. S6a). The spatial pattern of the first EOF mode in POGA

shows that the interannual and decadal SSS changes are related

to eastern Pacific SST changes (Fig. 1a and Fig. S5). In recent

decades, since the mid-1990s, the SSS has increased in the

western tropical Pacific, ITCZ, and SPCZ regions, while it has

decreased in the Maritime Continent and southeastern Indian

Ocean, which is consistent with previous studies (Du et al.

2015; Hasegawa et al. 2013). The spatial patterns of the SSS are

related to the rainfall changes. Walker circulation strength-

ening and westward shift, due to SST cooling in the eastern

tropical Pacific in recent decades, play an important role in

these rainfall changes (Dong and Lu 2013; England et al. 2014;

L’Heureux et al. 2013; Ma and Zhou 2016). Although the

spatial pattern of HIST is similar to that of the POGA exper-

iment, the HIST PC1 fails to capture the observed evolution of

internal variability in that it is significantly different from both

the observation-based Niño-3.4 SST and the IPO index but

remains correlated with the model internal variability (Fig. 1c

and Fig. S6a). Unlike the PC1 of POGA, the single member of

the HIST features high-frequency variability (Fig. S7), indi-

cating that its first EOF mode is caused by the internal vari-

ability of the model. In addition, a slight discrepancy for a 7-yr

running mean of PC1 of HIST between Fig. 1c and Fig. S7d is

that the former has a weak rising trend since the 1900s, re-

vealing that different data processing methods and model

biases are responsible for the disagreement.

In both HIST and POGA, the second principal component

time series (PC2) showed a clear rising trend, especially after

the 1960s (Fig. 1f), which is highly correlated with the observed

GMST (r 5 0.87 for POGA, r 5 0.91 for HIST; Fig. S6b), re-

vealing the SSS changes in response to global warming. The

long-term SSS trend exhibits a unique spatial pattern on global

and regional scales (Figs. 1d,e). In the Atlantic, SSS increases

in the subtropics in both hemispheres and decreases in the

subpolar northern Atlantic. The former is mainly due to re-

duced precipitation and salinity transport via oceanic meridi-

onal circulation (Hu and Fedorov 2019). The latter may be

caused by the melting of sea ice, while land ice melt is not

simulated in the model (Dukhovskoy et al. 2016; Khan et al.

2014; Lehner et al. 2012; Nummelin et al. 2016). In the sub-

tropical Pacific, a poleward expansion of the Hadley cell, re-

lated to moisture effects and atmospheric stratification changes,

causes midlatitude warming and rainfall reduction (Fu et al. 2006;

Seidel et al. 2008). This leads to an increased frequency of drought

events, and thus the SSS increases. In addition, more moisture is

transported away by the trade winds from the dry subtropical

regions toward the wet tropical regions owing to warmer condi-

tions (Held and Soden 2006). This also leads to an increase in SSS

in the subtropical regions.

In the tropical Indo-Pacific, SSS decreases in the western

tropical Pacific and southeastern IndianOcean and increases in

the eastern Pacific and the western Indian Ocean. These

changes may be related to the rainfall changes associated with

the moisture increase (thermodynamic processes), andWalker

circulation weakening and/or shifting (dynamical processes)

under global warming (Chadwick et al. 2013; Chen et al. 2019;

Emori and Brown 2005; Ma and Xie 2013; Ma et al. 2018;

Norris et al. 2019). With global warming, increasing moisture

results in enhanced precipitation in the rising branch of the

Walker circulation (Held and Soden 2006). However, the

weakening of the Walker circulation leads to a decrease in

rainfall, partially offsetting the moisture effect (Ma et al. 2018;

Tokinaga et al. 2012). In addition to the global mean warming

effects, the dynamical mechanisms associated with SST pat-

terns are important for regional rainfall redistribution (Xie

et al. 2010). Specifically, patterns of shifts in convective regions

lead to significantly increased (decreased) precipitation (SSS)

in the western Pacific (Fig. 1d and Fig. S4e). Overall, the SSS

change implies that the rainfall changes owing to the thermo-

dynamic and dynamical processes.
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4. Long-term trend versus internal variability

The SSS long-term trend estimates among POGA, HIST,

and observations during 1950–2008 are mapped in Fig. 2 to

validate the POGA results. Both POGA and HIST reproduce

the long-term trend features, in agreement with observations

on global and very large scales. Over the past 60 years, SSS has

increased in the tropical and subtropical Atlantic, subtropical

Pacific, and western Indian Ocean, whereas it has decreased in

the western tropical Pacific, southeastern Indian Ocean, and

subpolar regions. Overall, rainfall-dominated fresh regions are

becoming fresher, while evaporation-dominated salty regions

are undergoing saltier, which is consistent with the observa-

tional and model studies, following the ‘‘wet-gets-wetter’’

mechanism (Chou and Neelin 2004; Chou et al. 2009; Durack

et al. 2012; Held and Soden 2006). However, the spatial

FIG. 1. First EOF mode of unfiltered monthly SSS in (a) POGA and (b) HIST. (c) Corresponding principal

component time series (in PSS) in POGA (purple line, with red line for the 7-yr runningmean) andHIST (gray line,

with black line for the 7-yr running mean). (d)–(f) As in (a)–(c), but for the second EOF mode.

1308 JOURNAL OF CL IMATE VOLUME 34

Brought to you by UNIVERSITY OF CALIFORNIA San Diego - SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 10/28/21 07:27 PM UTC



correlation between the pattern of climatological P 2 E and

long-term P 2 E changes is weak (Chadwick et al. 2013)

probably because of the dynamical processes associated with

the atmospheric circulation weakening and/or shifts.

On a regional scale, the discrepancy of the SSS long-term

trend is noticeable among POGA, HIST, and the observations,

especially in the western tropical Pacific and southeastern

Indian Ocean. Compared with the observed SSS changes, the

main differences in POGA are that the SSS changes occurred

in the southwestern tropical Pacific and southeastern Indian

Ocean rather than on both sides of the equator in the western

tropical Pacific. Despite similar spatial patterns between POGA

and HIST in the western tropical Pacific and southeastern

Indian Ocean, the intensity of POGA SSS changes was

stronger than that of HIST. It is not immediately clear why

the intensity is different between POGA andHIST estimates,

despite their EOF2s having the samemagnitude. Considering

the limits of sparse and discontinuous observational datasets,

biases from numerical simulation, and uncertainties from

internal variability, it was difficult to accurately estimate the

radiatively forced long-term SSS trend.

To investigate the discrepancies in the estimated regional

SSS trend, POGA and HIST SSS changes were compared with

observational datasets in the northern Atlantic, western trop-

ical Pacific, and southeastern IndianOcean (Fig. 3 and Fig. S8).

In the northern Atlantic, POGA, HIST, and EN4 SSS have all

continued to increase since the 1960s, which is consistent with

the results from the POGA PC2 (Figs. 3c,f). There are, how-

ever, discrepancies in the western tropical Pacific and south-

eastern Indian Ocean among POGA and HIST (Figs. 3d,e).

Although the SSS of HIST has shown a weak decreasing trend

since the 1960s in the western tropical Pacific and southeastern

Indian Ocean, significant decadal variability, especially in the

past three decades, appears in the POGA and observed data-

sets (Figs. 3a,b), largely affecting the long-term trend esti-

mates. In detail, POGA SSS has continuously decreased since

the 1970s and abruptly increased since around 1993; it became

slightly fresher during 2000–04, and has again increased since

2005 in the western tropical Pacific, nearly opposite to the SSS

changes in the southeastern Indian Ocean. This decadal vari-

ability coincides with the POGA’s first mode, a pattern with

a reverse change between the western tropical Pacific and

FIG. 2. Six long-term estimates of SSS trend (shading; blue denotes fresher, and red denotes saltier): (a) POGA

(analysis period: 1950–2008), (b) Durack andWijffels (2010; analysis period: 1950–2008), (c) HIST (analysis period:

1950–2008), (d) EN4 (analysis period: 1950–2008), (e) ISHII (analysis period: 1950–2008), and (f) ORAS4 (analysis

period: 1960–2008), all scaled to represent equivalent magnitude changes over a 10-yr period (PSS/10 years). In

each panel, the corresponding mean SSS from each representative data source is contoured in black (interval of

0.5 PSS).
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southeastern Indian Ocean due to Walker circulation changes

(Fig. 1a). Strengthened Walker circulation in recent decades

has led to increased precipitation in the ascending branch,

causing SSS to decrease in the Maritime Continent and

southeastern Indian Ocean. Meanwhile, the eastern Pacific

SST cooling increased the zonal gradient of SST, leading to the

westward shift of the Walker circulation. This shift led to less

precipitation and higher SSS in the western tropical Pacific and

ITCZ regions. These effects will be examined in more detail in

section 5.

Influenced by this strong decadal variability, the long-term

POGASSS trend was weaker in the western tropical Pacific and

stronger in the southeastern IndianOcean than inHIST over the

58 years of 1950–2008 (Figs. 2 and 3). Indeed, higher-frequency

FIG. 3. SSS anomalies (in PSS) in the EN4 profiles (blue dots) and POGA data (gray dots) in (a) the western

tropical Pacific (28S–28N, 1508–1608E), (b) the southeastern Indian Ocean (208–158S, 1008–1108E), and (c) the

subtropical northern Atlantic (258–358N, 358–458W). A single representative member of POGA raw data was

calculated using the same time and the most adjacent position according to the EN4 raw data. The 7-yr smoothing

mean of the EN4 SSS profiles (black solid line) and corresponding POGA SSS (red solid line) are superposed for

comparison with the raw data. (d)–(f) As in (a)–(c), but with HIST (blue dots and black line) and POGA (gray dots

and red line). (g) The locations of the three regions.
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variability, such as interannual variability, also played a role

in the discrepancies among POGA, HIST, and the observa-

tions, according to a larger amplitude change of in situ profile

data. These differences, mainly caused by the model biases in

the mean state and the intensity of SSS changes (Fig. 3 and

Fig. S1), influenced the assessment of the SSS long-term trend.

Additionally, owing to sparse and sporadic observations, the

7-yr smoothed fitting of EN4 in situ profile data was different

from that of EN4 gridded products, especially before the 1980s

in the western tropical Pacific and southeastern Indian Ocean

FIG. 4. The leading EOF modes of SSS in (a) POGA minus HIST and (b) EN4 Detrend (the linear trend is

removed) for 1900–2014. (c) The principal component time series of SSS (in PSS) in POGA minus HIST (purple

line, with red line for the 7-yr running mean) and EN4 Detrend (gray line, with black line for the 7-yr running

mean). The correlation coefficient between POGAminus HIST and EN4Detrend is 0.57 for 1900–2014. (d)–(f) As

in (a)–(c), but for ISHII and ORAS4 Detrend datasets. The correlation coefficient between ISHII and ORAS4

Detrend is 0.92 for 1958–2012.
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(Fig. 3 and Figs. S8–S10), reducing the reliability of assessing

long-term SSS trends. All these factors have a significant in-

fluence on the investigation of SSS changes. In particular, the

internal variability is large, contributing to the uncertainty in

the long-term trend estimates at regional scales. This led us to

reexamine the SSS trends over 1950–2008.

5. Internal variability of SSS

Despite the biases in the models, POGA can capture the in-

ternal variability and long-term SSS trends, allowing us to un-

derstand the SSS internal variability and its effect on the

assessment of long-term trends under global warming. To distin-

guish the long-term trend in response to radiative forcing from

internal variability, we subtracted the HIST ensemble mean from

POGAto isolate anomalies associatedwith the internal variability

in the eastern tropical Pacific for this section. In addition, this

study removes the long-term linear trend to isolate the internal

variability in the observations for this section.

Despite using the different methods, the leading EOF spatial

pattern of POGA minus HIST is consistent with the observed

pattern in the tropical regions (Fig. 4). The spatial pattern also

agrees with the first EOF result of POGA (Fig. 1a), showing that

SSS decreases in the ITCZ and SPCZ regions and the western

tropical Indian Ocean, whereas it increases in the Maritime

Continent, southeastern Indian Ocean, and tropical Atlantic, in

the positive phase. The POGAminusHISTPC1well reproduces

the EN4 salinity record, including the interannual and decadal

variability (the interannual and decadal correlations with ob-

servations are 0.52 and 0.57, respectively), lending confidence in

the POGA simulation. The POGA minus HIST PC1 is highly

correlated with the Niño-3.4 SST and the IPO index, indicating

that the method successfully isolates interannual to decadal in-

ternal variability. The year-by-year comparison between POGA

and EN4 shows that the main discrepancy is a weak interannual

variability in the EN4 results before themid-1980s (Fig. 4c). This

weak interannual variability is mainly caused by poor samplings

from observations (Fig. 3). Since the twenty-first century, spatial

and temporal coverage of observations have been enhanced,

(e.g., the Argo program), partly improving the datasets in recent

decades, but the paucity of observations prior to Argo pre-

cludes salinity internal variability assessments. For most

areas in the Pacific Ocean, particularly in the Southern

Hemisphere, data sparsity has considerably limited quanti-

tative assessments. However, using the SST variability in the

eastern tropical Pacific, POGA simulation provides new in-

sights into studying the interannual to decadal variability of

SSS since the 1900s or even earlier.

To better understand the dynamic processes responsible for

interannual to decadal variability of SSS and the role of air–

sea interactions, we evaluated the SST and surface freshwater

flux (P 2 E) anomalies associated with internal variability in

the eastern tropical Pacific using the same methods as POGA

minus HIST SSS EOF analysis (Fig. 5). An El Niño–like

FIG. 5. The leading EOF modes of (a) SST (shading) and SSS (contours; red lines for positive and blue lines for

negative at an interval of 0.005), and (b)PminusE in POGAminusHIST. (c) The normalized principal component

time series of SST (purple line, with red line for 7-yr runningmean) andPminusE (gray line, with black line for 7-yr

running mean), superimposed with the 1993–2012 linear trend of the SST time series (blue arrow). The correlation

coefficient between SST and SSS time series is 0.94 (the latter lags the former by 4 months). The correlation

coefficient between P minus E and SSS time series is 0.93 (the latter lags the former by 2 months).
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pattern of SST, similar to typical ENSO or the IPO, emerges

as expected (Fig. 5a), and the year-by-year and 7-yr

smoothed time series of the SST are highly correlated with

the Niño-3.4 and IPO index, respectively. These results

demonstrate that the interannual and decadal variability of

SST are mainly regulated by ENSO and the IPO, respectively

(Fig. 5c). In particular, on the decadal scale, the SST pattern

illustrates that the tropical Pacific SST is cooling in recent

decades, offsetting the anthropogenic greenhouse effect and

causing a slowdown of GMST warming, consistent with

previous studies (Kosaka and Xie 2013, 2016; Meehl et al.

2016). This SST cooling in the eastern tropical Pacific en-

hances the SST zonal gradient, thus leading to the strength-

ening and westward shifting of the PacificWalker circulation.

It leads to more rainfall in the Maritime Continent and the

southeastern Indian Ocean, and vice versa in the ITCZ and

SPCZ regions and the western tropical Indian Ocean. These

changes are well presented in the results of the POGAminus

HIST surface freshwater fluxes in the first EOF mode

(Fig. 5b), a pattern nearly opposite to the result of POGA

minus HIST SSS (Fig. 4a). A strong correlation reveals that

the tropical P2E changes are directly linked to SST changes

in the eastern tropical Pacific (Fig. 5c).

The correlation map with the IPO index further explicates

the relationship between SST, surface freshwater fluxes, and

SSS on the decadal scale (Fig. 6). It is clear that the spatial

correlation patterns of POGA SST, P2E, SSS, and EN4 SSS

are fairly similar to the results of their first leading EOF

modes, respectively (Figs. 4a,b and 5a,b). Specifically, the

SST exhibits an El Niño–like pattern, similar to the IPO

mode. The mode of P 2 E is nearly opposite to the POGA

SSS pattern, negative in the ITCZ and SPCZ regions and

western tropical Indian Ocean and positive in the Maritime

Continent and southeastern Indian Ocean. These results il-

lustrate that the IPO plays a dominant role in SST, P2E, and

SSS changes on the decadal scale. The SST cooling (warming)

in the equatorial eastern Pacific intensifies (weakens) the

trade winds and the Walker circulation by increasing (de-

creasing) the SST zonal gradient. The Walker circulation

further induces precipitation changes. Finally, the P 2 E

changes explain the SSS changes on the decadal scale.

Notably, P 2 E and salinity in the tropical Atlantic are op-

posite to those in the western tropical Pacific. Kosaka and

Xie (2013) discussed the global influence of the tropical

Pacific SST. We propose that SST changes in the eastern

tropical Pacific influence Walker circulation in the tropical

FIG. 6. The correlation map between the IPO time series with (a) POGA SST, (b) POGA Pminus E (former

leads latter by 2 months), (c) POGA SSS (former leads latter by 4 months), (d) EN4 SSS (former leads latter

by 4 months), (e) ISHII SSS (former leads latter by 4 months), and (f) ORAS4 SSS (former leads latter by 4

months).

15 FEBRUARY 2021 SUN ET AL . 1313

Brought to you by UNIVERSITY OF CALIFORNIA San Diego - SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 10/28/21 07:27 PM UTC



Atlantic, leading to opposite changes in rainfall and salinity

in the tropical Atlantic. A better understanding of inter-

basin ocean–atmosphere interaction will further improve

our trend estimates in SSS in the future. In addition to

P2E, the ocean dynamical processes play an important role

in redistributing the SSS changes such as in the western

boundary current regions of the North Pacific.

6. Epoch differences

We used the 1973–92 and 1993–2012 20-yr climatic trends to

study the physical processes for decadal variability of SSS in

the positive and negative trends of the IPO, respectively, and

their effects on the estimation of SSS long-term trends under

global warming (Fig. 7).

During the 1993–2012 IPO transition to its negative phase,

when the tropical central and eastern Pacific SST cooled, the

Pacific SLP zonal gradient and trade winds strengthened

(Fig. 7f). Accelerated trade winds drove changes in sea level

and ocean circulation. Specifically, the equatorial upwelling

strengthened in the eastern Pacific, further cooling SST there.

In the tropical Pacific, an intensified and westward shifting

Walker circulation led to an increase in rainfall in theMaritime

Continent and the southeastern IndianOcean, whereas rainfall

decreased in the ITCZ and SPCZ regions and the western and

central equatorial Indian Ocean. These changes in rainfall

eventually led to a nearly opposite spatial pattern of salinity

changes. Except for some biases, such as the intensity of sea

level change and position displacement of the SSS changes, the

simulation results agree with the observations, providing new

insights into these processes.

Changes opposite to those for 1993–2012 occurred during

the 1973–92 period (Figs. 7a–c), indicating strong inter-

decadal internal variability. With the decrease in the Pacific

SLP gradient, warming accelerated in the tropical central and

eastern Pacific SST at the IPO positive phase, causing further

weakening of trade winds. Rainfall decreased in theMaritime

Continent and increased in the ITCZ and SPCZ regions

owing to the weakening of the Walker circulation and the

eastward shift in its ascending branch. The SSS captured the

rainfall pattern in the tropical Pacific and Indian Ocean, al-

lowing us to better understand the water cycle changes.

Although precipitation, evaporation, and other variables are

not directly observed throughout the 1973–92 period, the SSS

trend from observations is consistent with the POGA SSS

pattern during this period (Fig. S11), supporting our simula-

tion results. This indicates that salinity is a good indicator for

assessing the water cycle.

Previous studies suggested that the recent global warming

hiatus is linked to the negative phases of the IPO, illustrating

FIG. 7. 1973–92 20-yr linear trend of (a) POGASSS (shading; PSS) andPminusE (contours at 1mmday21 interval; red lines for positive

and blue lines for negative), (b) POGA SSH (shading; cm) and surface currents (vectors; m s21; current speeds lower than 0.02m s21 are

omitted), and (c) POGA SLP (shading; hPa) and surface winds (vectors; m s21; wind speeds lower than 0.2m s21 are omitted). (d)–(f) As

in (a)–(c), but for 1993–2012 20-yr linear trend. (g)–(i) As in (d)–(f), but for observation results.
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that the interdecadal internal variability could modulate the

global warming rate over a decade or an even longer period.

Therefore, we further studied SSS internal variability and its

effect on the SSS long-term change rate. In contrast to the

results of previous studies, our results show that recent de-

cadal SSS changes play an important role in the assessment of

the long-term SSS trends. Cravatte et al. (2009) showed that

water warmer than 28.58C in the western Pacific warm pool

freshens by approximately 0.22 PSS over 1970–2003, similar

to the EN4 and POGA results (Fig. S12). However, for the

1950–2012 period, the EN4 and POGA SSS in the western

Pacific warm pool both decreased by approximately 0.1 PSS,

only half of the SSS change during 1970–2003. The exces-

sively high SSS trend during 1970–2003 was mainly caused by

decadal variability. In particular, a positive IPO intensified

the decrease in SSS during 1973–92, whereas the phase

transition of IPO during 1993–2012 slowed down the long-

term SSS trends. In addition, this internal variability also

affected the SSS changes in the southeastern Indian Ocean,

as mentioned earlier.

To quantify the contribution from the internal decadal var-

iability associated with the IPO to the long-term trends in SSS,

we calculated the changes in the 7-yr running-mean SSS in

POGA, HIST, and POGA minus HIST between 1973–92,

1993–2012, and 1950–2012 in the western tropical Pacific and

southeastern Indian Ocean (Fig. 8 and Table 1). Specifically,

SSS increased and decreased by approximately 0.4 PSS in the

western tropical Pacific and southeastern Indian Ocean during

1993–2012, respectively (Table 1). The magnitude of this SSS

internal decadal variability is comparable to or even larger

than the long-term trend over the 63 years of 1950–2012,

drastically reducing the SSS long-term trend in the western

tropical Pacific as the IPO shifted into a negative phase over

the past 20 years (Table 1). For those 63 years, the internal

variability increased the SSS by approximately 0.04 PSS in the

western tropical Pacific, offsetting the 63-yr SSS trend in HIST

by approximately 40%, whereas the SSS decreased by ap-

proximately 0.3 PSS in the southeastern Indian Ocean, con-

siderably amplifying the HIST 63-yr trend.

In agreement with previous results in section 4, the effect of

the IPO led to a stronger SSS trend in the western tropical

Pacific and a weaker trend in the southeastern Indian Ocean,

which explains the regional discrepancy between POGA and

HIST presented in Fig. 2. Therefore, the effect of internal

variability needs to be considered to obtain a more accurate

attribution for the long-term SSS trends. In other words, esti-

mating over a longer period, such as 100 years, may be an ef-

fective method of reducing the influence of internal variability

on the SSS trend estimate.

7. Conclusions with discussion

This study investigated the internal variability of SSS under

global warming for inferring water cycle changes. POGA and

historical simulations were used to distinguish between inter-

nal variability and long-term trends in response to global

warming. Compared with the observations, the POGA simu-

lation not only successfully reproduced the long-term SSS

trend, but also captured the SSS internal interannual and de-

cadal variability. On a global scale, in agreement with previous

studies, both POGAandHIST revealed that salty regions, such

as the Atlantic and subtropical Pacific, have become saltier

owing to the reduced rainfall and enhanced evaporation. On a

FIG. 8. POGA (red line), HIST (black line), and POGA minus

HIST (green line) 7-yr smoothed SSS anomalies (PSS) in (a) the

western tropical Pacific (108S–108N, 1508–1708E), (b) southeastern
Indian Ocean (208–108S, 1008–1208E), and (c) the subtropical

northern Atlantic (208–408N, 308–608W). POGA minus HIST

represents the internal variability affected by the eastern tropical

Pacific SST.

TABLE 1. POGA, HIST, and POGA 2 HIST SSS linear trends (PSS over the period) in the western tropical Pacific (108S–108N, 1508–
1708E) and southeastern Indian Ocean (208–108S, 1008–1208E) during 1950–2012, 1973–92, and 1993–2012.

Expt name

Western tropical Pacific Southeastern Indian Ocean

1950–2012 trend 1973–92 trend 1993–2012 trend 1950–2012 trend 1973–92 trend 1993–2012 trend

POGA 20.06 20.24 0.30 20.48 0.04 20.48

HIST 20.10 20.04 20.10 20.18 0.03 20.08

POGA 2 HIST 0.04 20.20 0.40 20.30 0.01 20.40

(POGA 2 HIST)/HIST 240% 500% 2400% 167% 33% 500%
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regional scale, the SSS trend was found to be related to the

moisture increase and Walker circulation weakening and shift

under global warming in the tropical Indo-Pacific (Chadwick

et al. 2013; Ma et al. 2018). Specifically, the weakening of the

Walker circulation led to a decrease in rainfall around the

Maritime Continent, partially offsetting the effect of moisture

increase. In addition, the Walker circulation shifts in convec-

tive regions associated with SST warming patterns led to sig-

nificantly increased precipitation in the western Pacific (Xie

et al. 2010). However, SSS change over the past 20 years led

to a discrepancy in the long-term SSS trend between POGA

and HIST in the western tropical Pacific and southeastern

Indian Ocean. The magnitude of this internal variability was as

large as the SSS trend over the 63-yr 1950–2012 period, ren-

dering the estimate of the forced trend uncertain.

The POGA reproduces the SSS interannual and decadal

variability impacted by the eastern tropical Pacific SST, en-

abling the study of regional SSS internal variability. On the

decadal scale, the result shows that the SSS variability is related

to the IPO. During the negative IPO trend, SST cooling in the

eastern tropical Pacific strengthened the Walker circulation.

The Walker circulation change caused rainfall to increase in

the Maritime Continent and southeastern Indian Ocean and

decrease in the ITCZ and SPCZ regions. These processes are

evidently reflected in the SSS changes, which affected the re-

gional estimate of the SSS trend in response to global warming.

Specifically, the IPO led to a;40% offset of the SSS response

trend in the western tropical Pacific and ;170% enhancement

in the trend in the southeastern Indian Ocean. A better un-

derstanding of SSS internal variability will improve the accu-

racy of estimating the long-term SSS trends in the future.

Although this paper discusses the effect of the internal variability

on the SSS changes, especially associated with the IPO, the physical

mechanism of the IPO remains unclear. Many studies have shown

that the tropical Atlantic plays a key role in atmospheric Walker

circulation changes over the recent decades, indicating the com-

plexity of the mechanism with the interbasin impact rather than an

independent influence from the Pacific (Li et al. 2015; McGregor

et al. 2014). SuchAtlantic decadal variabilitymay also have affected

the SSS trend, especially over the tropical Atlantic, but POGA

cannot incorporate this effect. Thus, quantifying the influence of

other decadal variabilities will further improve our understanding

and attribution for the SSS trends.

Salinity is a useful metric for tracking changes in the hy-

drologic cycle. However, ocean dynamics affect the salinity

distribution as an additional important factor (Du et al. 2019;

Liu et al. 2019; Ponte and Vinogradova 2016; Vinogradova and

Ponte 2013, 2017; Yu 2011). Ocean advection and mixing

processes redistribute the salinity pattern to achieve a new

balance. For instance, a few studies have investigated the role

of P 2 E as a driver of surface and subsurface salinity changes

(Durack et al. 2012; Lago et al. 2016; Williams et al. 2006, 2007,

2010). They showed that the three-dimensional salinity gradients

are enhanced if P2 E surface fluxes are amplified at the surface.

This paper focuses on the relationship between near-surface sa-

linity and freshwater flux changes; however, the role of ocean

dynamic processes requires further investigation to understand

the water cycle changes in the future. Some studies have found

that errors in the observations and statistical assessments could

yield different results. For instance, Argo measurements of SSS

have a positive bias of 0.1–0.2 PSS, compared to satellite obser-

vations in the tropical Indian Ocean, which may be attributed to

the different depths of SSS observed by the satellite andArgo (Du

andZhang 2015). The satellitemeasures the skin salinity, whereas

Argo floats measure the salinity at a ;5-m depth, which is more

representative of the mixed layer salinity. Data users should be

aware of what their data products represent, becausemost products

are not directly comparable. Formerging these data, the biases from

the Argo, satellite, and other observations should be corrected.

Moreover, the statistical analysis method, especially the long-term

linear trend, introduces errors.Although long-term linear trends are

calculated over a sufficiently long period to suppress internal

variability, amore comprehensivemethod needs to be developed to

further reduce the potential errors.
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