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Abstract

Ocean reanalysis products are used to examine salinity variability and its relationships with temperature in the western equatorial
Pacific during 1950-2018. An ensemble empirical mode decomposition (EEMD) method is adopted to separate salinity and
temperature signals at different time scales; a focus is placed on interdecadal component in this study. Pronounced interdecadal
variations in salinity are seen in the region, which exhibits persistent and transitional phases in association with temperature. A
surface freshening is accompanied by a surface warming during the 1980s and 1990s, but saltening and cooling in the 2000s,
with interdecadal shifts occurring around in the late 1970s, late 1990s, and during 2016-2018, respectively. Determined by
anomaly signs of temperature and salinity, their combined effects can be density-compensated or density-uncompensated, cor-
respondingly acting to produce density variability that is suppressed or enhanced, respectively. The temperature and salinity
effects are phase- and depth-dependent. In the subsurface layers at 200 m, where salinity and temperature anomalies tend to
be nearly of the same sign during interdecadal evolution, their effects are mostly density-compensated. The situation is more
complicated in the surface layer, where variations in sea surface salinity (SSS) and sea surface temperature (SST) exhibit dif-
ferent signs during interdecadal evolution. SST and SSS tend to be of opposite sign during the persistent phases with their
effects being density-uncompensated; but they can be of the same sign during the transitional periods and the corresponding
changes in SST and SSS undergo density-compensated relationships. Examples are given for the relationships among these
fields which exhibit phase differences in sign transitions in the late 1990s; salinity effects are seen to cause a delay in phase
transition of density anomalies. Furthermore, the relative contributions to interdecadal variabilities of density and stratification
are quantified. The consequences of interdecadal salinity variability are also discussed in terms of their effects on local SST.
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1 Introduction

The western equatorial Pacific is a climatically important
region where pronounced climate signals emerge at vari-
ous time scales (e. g., Maes et al. 2006; Picaut et al. 1996;
Feng et al. 2020). The warmest water pool is located in the
region, where temperature exhibits variability at interan-
nual and interdecadal scales associated with major climate
modes, including El Nifio-Southern Oscillation (ENSO)
and Pacific Decadal Oscillation (PDO). Interannually in
response to ENSO, for example, the warm waters in the
western Pacific migrate eastward along the equator dur-
ing El Nifio but retreat westward during La Nifia (Delcroix
1998; Lukas and Lindstrom 1991; Zhang et al. 2022). His-
torically, temperature (thermal) fields have been extensively
used to investigate ENSO-related interannual variations for
theoretical analyses and numerical modeling.

Salinity is another important variable in the ocean, which
is a good indicator for climate variability and predictability
(Miller 1976; Lukas and Lindstrom 1991; Maes et al. 2006;
Li et al. 2013; Qu et al. 2014; Kang et al. 2014, 2017; Hu
and Sprintall 2016; Guan et al. 2019; Du et al. 2019; Qi
et al. 2019; Gao et al. 2020). For example, some notable
salinity-related features emerge in the western equatorial
Pacific, where fresh waters coexist with the warmest water
pool. Climatologically, low salinity waters are found in
the far western equatorial Pacific, whereas in the central
basin near the date line, saline waters are generated by less
freshwater inputs into the ocean at the ocean—atmosphere
interface, thus producing a strong salinity front between
the western and central equatorial Pacific. Variability of
the low-salinity waters in the region is also closely related
with the major climate modes (ENSO and PDO). For
instance, interannual freshening and saltening take place in
the western-central equatorial Pacific in association with
ENSO (Picaut et al. 1996; Delcroix and Picaut 1998; Has-
son et al. 2013; Gao et al. 2014). As observed (see Delcroix
et al. 2011), both positive and negative sea surface salinity
(SSS) anomalies can be found in the western tropical Pacific
during El Nifio events, with a freshening in the western
equatorial Pacific and a saltening in the south-west tropical
Pacific, respectively.

Temperature and salinity collectively determine ocean
density, an important field to ocean pressure field and circu-
lation. Depending on their relative contributions to density,
the effects of temperature and salinity can give rise to differ-
ent consequence for density anomalies. For example, when
salinity and temperature anomalies are of the opposite sign,
their combined net effects lead to enhanced density anoma-
lies (i. e., density-uncompensated effect). In contrast, when
they are of the same sign, their combined effects tend to
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be canceled out by each other (i. e., density-compensated),
leading to density anomalies that are suppressed. The con-
cept of spiciness has been introduced to represent density-
compensated temperature and salinity variations with warm
(cool) and salty (fresh) waters having high (low) spiciness
(e.g. Schneider et al. 2000; Sasaki et al. 2010; Zhou and
Zhang 2022). Furthermore, it is conceivable that in the den-
sity-compensated situation, the sign and amplitude of den-
sity anomalies can be even determined by salinity anomalies
if its effects are greater than those of temperature.

As observed, pronounced salinity and temperature anom-
alies coexist in the tropical Pacific on different time scales
(Zhang and Liu 1999; Cravatte et al. 2009), exhibiting their
complicated interplays at different scales. On one hand, tem-
perature and salinity anomalies are closely associated with
the major climate modes in the region (Zhang and Busalacchi
2009; Zheng and Zhang 2012). So, their variabilities are seen
to have a well-defined and coherent relationship. On the other
hand, temperature and salinity are actually two different fields
which are associated with different forcing, feedback effects,
and the underlying processes and mechanisms. For example,
these two fields exhibit different interannual characteristics
and effects on density, which are strongly regionally depend-
ent in the tropical Pacific. Associated with a direct forcing
due to freshwater flux, for instance, large interannual vari-
ability region with SSS is located in the western equatorial
Pacific. In contrast, large interannual variability of sea surface
temperature (SST), directly affected by heat flux forcing, is
located in the central and eastern equatorial basin. As a result,
the way ocean density and pressure is affected by salinity and
temperature is sensitively dependent on regions. In particular,
because the effect of salinity in the western equatorial Pacific
can have comparable magnitude to that of temperature, salin-
ity can equally make contributions to density variability; but
in the eastern equatorial Pacific, the effects of temperature
largely dominate density variability. So, it is critically impor-
tant to understand the characteristics of salinity variability,
temperature—salinity (T—S) relationships and their combined
net effects on density and resultant consequences.

Previously, temperature variability and its effects on den-
sity have received extensive attention. Due to the difficulty
in observations, salinity variability and its effects have been
less investigated; its roles in the ocean circulation and climate
variability are less understood. As salinity observations and
related reanalysis products become available (Delcroix et al.
2011), salinity variability and its relationships with tempera-
ture and other related fields have been examined in the tropical
Pacific. On inter-annual time scales, for example, the extent
to which salinity can play a role in determining density vari-
ability and barrier layer effects has been illustrated (Vialard
et al. 2002; Zhang and Busalacchi 2009; Zhang et al. 2010;
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Singh et al. 2011; Zhang et al. 2012; Zheng and Zhang 2012,
2015; Vinogradova and Ponte 2013; Zhu et al. 2014). On
interdecadal scales, large salinity anomalies also coexist with
temperature in the western equatorial Pacific, but its relation-
ship with temperature and effects on density have not been
clearly illustrated.

In this study, salinity variability and its effects on density
in the western equatorial Pacific are analyzed using histori-
cal ocean reanalysis data. As seen, salinity variability exhib-
its multiple scale signals in the tropical Pacific. To separate
various components at different time scales, the ensemble
empirical mode decomposition (EEMD) method is first used
to extract different frequency components (Wu et al. 2007).
Then, signals with specific frequency bands can be recon-
structed. In this study, a focus is placed on salinity interdec-
adal variability in the western equatorial Pacific and its rela-
tionships with temperature and other derived fields. Relative
contributions of temperature and salinity anomalies to anoma-
lies of density and other related fields in the upper ocean are
quantified to demonstrate their roles played in producing vari-
abilities of density and vertical stratification (as represented
by Brunt-Viisili frequency, denoted as N?).

The paper is organized as follows. Section 2 describes the
methodology and dataset used in this study. Section 3 pro-
vides a brief description of the EEMD method that is used to
extract signals at different time scales. Section 4 analyzes the
effects on density, followed by relative contribution analyses
in Sect. 5. Section 6 gives the conclusion and discussion.

2 Reanalysis data used

Ocean reanalysis products are used to illustrate salinity vari-
ability and its relationships with temperature in the tropi-
cal Pacific. Ocean salinity and temperature monthly fields
are available from the ensembles (EN)_4.2.1.q ocean data
product (1901-present) provided by the Met Office Hadley
Center (Good et al. 2013), which cover the global ocean with
horizontal resolution of 1°x 1° and vertical depths from 5 to
5000 m.

Furthermore, some additional oceanic fields are diagnosed
using the three-dimensional salinity and temperature fields,
including potential density (hereafter it is simply referred as
density), NZ, and the mixed layer (ML) depth (MLD). The
TEOS-10 routine using the GSW V2.0 library (McDougall
et al. 2012) is taken to calculate density (i.e., relative to the
sea surface) and N%. The MLD is calculated using a threshold
method with a fixed density criterion (e.g., Maes 2000), in
which the depth of ML is defined as the depth where the ocean
density increases to 0.125 kg m~ relative to that at the ocean

surface. Note that potential density is referred to the density
that a parcel would have if it were moved adiabatically to a
chosen reference pressure, say, relative to the sea surface. If
the reference pressure is chosen as the sea surface, then we
first compute the potential temperature of the parcel relative
to surface pressure, and then evaluate the density at pressure
0 dbar.

Figure 1a shows the climatological SSS distribution cal-
culated from the reanalysis product during 1942-2018. Some
well-known features include low SSS regions in the western
equatorial Pacific, with a strong salinity front near the date
line; so low-salinity waters coexist with warm waters in the far
western equatorial Pacific. In terms of variations, interannual
salinity variability is closely associated with ENSO cycles,
characterized by zonal displacement of the fresh pool along
the equator in the western tropical Pacific. The corresponding
climatological SST distribution calculated from the reanalysis
product during 1942-2018 is shown in the appendix (Fig. 15).

The seasonally-varying climatological fields for tem-
perature and salinity (denoted as T;,, and S;,,) are also
calculated during the periods 1942-2018. Then, their cor-
responding total interannual anomalies (denoted as T’ and
S') are obtained relative to the seasonally-varying climato-
logical fields, with which the total fields can be written as
T=T;,+T and S=S;,,+S'. Figure 1b shows the horizontal
distribution of the standard deviation (STD) for total interan-
nual SSS anomalies in the tropical Pacific; the correspond-
ing one for total interannual SST anomalies is shown in the
appendix (Fig. 15). Interannual salinity variability is closely
associated with ENSO cycles, characterized by zonal dis-
placement of the fresh pool along the equator in the western
tropical Pacific. Low-salinity fronts migrate eastward during
El Nifio but retreat westward during La Nifia. So, large SSS
variability center is located in the western equatorial Pacific,
largely reflecting the zonal displacement of the salinity front.
Another large SSS variability region is also found in the east-
ern equatorial Pacific. Note that there are important differ-
ences between Fig. 1b and the ENSO-related SSS anomalies
extracted from in situ SSS data as presented in Delcroix et al.
(2011). Possible reasons for such differences include different
data sources and different periods analyzed. For example, the
study of Delcroix et al. (2011) mainly used buoy and mer-
chant ship-based observations which indicate geographically
dependent uncertainties as seen in their sample length esti-
mate (Fig. 2 in Delcroix et al. (2011)). Besides, the analysis
periods are apparently different: the time period analyzed in
Delcroix et al. (2011) is in 1970-2003, which is relatively
short compared with ours in this study (1942-2018).

The original time series of the total interannual anomalies
for salinity, temperature and density in the region A (6° S-4°
N, 150° E-180°) in the western equatorial Pacific are shown
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in Fig. 2 during the period 1942-2018. Multiple-scale signals
coexist, which reflect the major climate modes in the region,
including ENSO and PDO. A well-defined relationship can be
seen among these anomalies. For example, in the surface layer
(Fig. 2a), SST and SSS anomalies are largely of the opposite
sign, with their effects on sea surface density (SSD) tending
to be uncompensated for by each other. The effects of SSS and
SST anomalies on density are comparable in the region, and
so salinity can play an important role in density variability. In
subsurface layers, say at the depth of 200 m (Fig. 2b), temper-
ature and salinity anomalies are nearly of the same sign, and
their effects are thus density-compensated. Indeed, variations
in density follow closely those of temperature, indicating that
temperature anomalies are the dominant contributor to density
variability. The visual impression of the opposite/same-sign
relationships is confirmed by calculating the corresponding
correlation coefficients between anomalies of SST and SSS
and between those of subsurface temperature and salinity in
the region A (Fig. 16 in the appendix); the former is about
— 0.5 (Fig. 16a) and the latter is about 0.87 (Fig. 16b), respec-
tively. Also, the relationships between density and tempera-
ture/salinity and their correlation coefficients are presented
in the appendix (Fig. 17). Note that the effects of temperature
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and salinity are only very partially density-compensated; an
estimate of compensation effects by temperature and salinity
are given in the appendix (Fig. 18).

Note that the reanalysis shown in Fig. 2b is obviously not
exploitable until at least around 1950 when the time series
begins to show reasonable oscillations and indicates that the
ocean reaches some equilibrium; the data before 1950 reveal
that the ocean is still in the spin-up phase of the model integra-
tion, and it is evident that the interannual anomalies have not
been properly filtered out at this stage. This could explain the
disagreement between the ENSO-related SSS patterns in Fig. 1b
and those as extracted from in situ SSS data in Delcroix et al.
(2011). So data in these years before 1950 should not be used,;
in the following, we will show results only during 1950-2018.

3 Signal separations and reconstructions by
using the EEMD method

Multiple-scale signals coexist in the equatorial Pacific as
clearly represented by ENSO and PDO phenomena. It is desir-
able to separate these components at different time scales.
Here, such a separation is realized by using the ensemble
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empirical mode decomposition (EEMD) method (Wu et al.
2007, 2016). The EEMD method is an enhanced EMD
method by repeatedly adding the normally distributed white
noise into the original signal; the resultant time series data
are then subject to a regular EMD decomposition to obtain
each intrinsic mode function (IMF) component. When aver-
aging its different components, IMFn (n=1, 2,...), we can
have each time component as the final result. Here, the white
noise amplitude and the number of iterations are prescribed as
0.2 and 1000, respectively. Then, the total salinity interannual
anomalies (S') can be decomposed into a set of intrinsic mode
functions (IMFs) and a long-term trend, respectively.

More specifically, the total salinity anomaly field (S') can
be decomposed into interannual, decadal, interdecadal, and
trend components as follows

St = Sintemn + Sdeca + Si + S

nterde trend>

in which S; i rans Sdecas Sinterde A1d Syeng Stand for interannual,
decadal, interdecadal and trend components, respectively.
Figure 3 illustrates examples for such a separation of the
total SSS interannual variability into these temporal com-
ponents. It is evident that signals are clearly separable for

|
42 1946 1950 1954 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018

Time [year]

different time scales. For instance, the interannual compo-
nent is associated with ENSO as represented by the IMF
5; the IMF 6 to IMFS exhibit signals in the decadal and
interdecadal bands. Here, we choose the IMF7 (its period
is ~20 years) rather than IMFS8 (its period is ~40 years) to
represent the interdecadal variability because the energy of
IMF7 is greater than that of IMFS. In addition, the salinity
trend component shows a peak in the late 1980s, which then
goes down from there, corresponding to a freshening in the
1990s and 2000s. The significance of these IMFs is tested
and indicates that these extracted signals are all significant.
Note that usually, low-pass filtered anomalies maybe not
exploitable within a half-period at the beginning and end-
ing of the time series. But using the EEMD method, we are
confident that this is not the case as demonstrated in Wu
et al. (2016).

A similar analysis is performed for temperature fields
(Fig. 4), That is, the total temperature interannual anomaly
field (T") is separated into interannual, decadal, interdecadal,
and trend components, respectively; well-defined variability
signals and spatial patterns are seen. For example, the interan-
nual component is associated with ENSO as represented by
the IMF 5. Also, a warming trend is identified. Inspections of

@ Springer
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(b) Significance of IMFs

(a) EEMD of SSSA in region A

0.6 T T T M - 2 T - — T T
0.4 \ |y ) i .hl \}" —origin mlfd (period ~3 years)
0.2 I ’Ih'Hlv-f ¥ H. """ . L hm’.[v‘ n{ “Il. —IMF1 1 ) . mf5 (period ~5 years) ]
-g ) Y. WNH i ” v{[w " - + VMH”‘ l u r..‘ —IMF2 imf3 (period ~2 years) . ..d~
-0:4 r HMA | \ ! 1 hll —IMF3 0 imf7 (perio 2gyears) |
-0.6 | : : : b} 1,”' ; ; —IMF4 ) imf2 (period 8 months) imf8 (period ~40 years)
0.2 e : : ; : : i ; : —IMF5 o . . imf6 (period ~10 years)
: § = -1 imf1 (period 4 months)
0 _ st s s st il — MF6 |
'—'.8'2 A TTTRAN W"M’MFNHM tainnwas Mg anl — IMF7 g
g 0.2 ! Viddtiaad) i ki v-uuﬂ ey —IMF8 2 -2 1
2 0- ¢ nf\l\v AAAARA i A AnA 1 AA A U/\An v Al AnA, A /\'ﬂ NaAAR —trend :
PP DA ARSI 0 A} DA M T AN 53 1
§ 0 TANRAN A FAWAV VAN /\A [\ /\ /\vﬁVA A 3
% ool oY AARAANAARVATEEVATIE 5 4 ]
o Y- i h : Y [ 3 o
-3,2 - o = w 5 i
-0.2 3
0 ; : e — ] 1
-0.2
0 S —
0.2F ; : - -7{|—90% significance 1
g 1 : . : : 1 ' . ; . —95% significance
i 1%50 1956 1963 1970 1977 1984 1991 1998 2005 2012 2018 ) 2 10 12

Time [year]

Fig.3 Examples for the mode separations of total SSS interan-
nual variability into temporal components at different time scales
by adopting the ensemble empirical mode decomposition (EEMD)
method. Shown in (a) are for the original time series, and respectively

(a) EEMD of SSTA inregion A
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for a set of intrinsic mode functions (IMFs) and a long-term trend, in
which the IMF 7 represents interdecadal signal, a focus in the present
study. Shown in (b) are the tests for the significance of the IMFs
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Fig.4 The same as in Fig. 3 but for the mode separations of total SST interannual variability

these EEMD-based salinity and temperature decomposition
analyses indicate their well-defined anomaly patterns and time
evolutions.

Based on these signal separations, we can reconstruct
a field of interest at specific frequency bands for salinity
and temperature. For example, we can obtain three-dimen-
sional anomaly fields and their evolutions for interdecadal
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component as follows. First, a decomposition of total inter-
annual anomalies of salinity and temperature at each spatial
grid point is performed into various temporal components:
interannual, decadal and interdecadal bands, respectively.
Then, salinity and temperature signal for a specific time scale
can be identified from these IMFs for different temporal
bands. Because the IMF7 is representing interdecadal time
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Fig.5 Examples for the reconstructed interdecadal components for
anomalies of a SST, b SSS and ¢ SSD along the equator. The results
are obtained using the EEMD-extracted component with signals

scale (about 20 years), in this study, we select this compo-
nent to represent interdecadal variability and then perform
the corresponding reconstruction and analyses. The obtained
interdecadal anomalies are relatively weak; a quantification is
presented in the appendix (Fig. 19), showing the ratio of the
standard deviations for SST and SSS interdecadal variabilities
relative to those of total SST and SSS interannual variabilities.
Quantitatively, the percentages of the interdecadal component
to the total variability in the region A are 18% for SST and
20% for SSS (Fig. 18), respectively. In terms of their recon-
structed interdecadal anomaly fields, then, the total TS fields
can be obtained by adding them onto the corresponding clima-
tological fields as S=S ., + Sipierde ANd T =T, + Tinterger In
this paper, the analyses will be focused on S;.;4e and Ty erge
fields and their relative effects on density and other related
fields.

4 The effects on density

Examples for the spatial structure and evolution of the recon-
structed interdecadal variability from the IMF7 are shown
in Figs. 5, 6, 7, 8 and 9. As part of climate variations, well-
defined T-S anomaly relationships and their space—time

95|
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Longitude

950
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retained to have periods around 20 years The units are °C for SST, g
kg™! for SSS and kg m~3 for SSD

evolutions are seen. The T-S relationships and their relative
effects on density are examined in this section, with a focus
on interdecadal signal extracted by the EEMD method (S er4e
and Tj...4.)- The reconstructed interdecadal fields along the
equator are shown in Fig. 5 for the surface layer; the vertical
structures of temperature and salinity interdecadal anoma-
lies are illustrated in Figs. 6, 7 for the western equatorial
Pacific. Also, examples for their spatial patterns are shown in
Figs. 8, 9, representing different phases during interdecadal
evolutions.

The temperature and salinity fields exhibit pronounced
interdecadal signals in the upper ocean (see Fig. 19 in the
appendix, the percentage of the interdecadal component rel-
ative to the total interannual variability). For example, the
interdecadal evolution can be seen to undergo persistent and
transitional phases (Fig. 5). During the analysis period from
1950 to 2018, warm and fresh surface conditions persist from
the late 1970s to late 1990s, and cold and salty surface condi-
tions during the 2000s, respectively. Correspondingly, two
interdecadal phase transitions are evident. One takes place
around in the late 1970s from cold and salty condition to
warm and fresh condition, and the other in the late 1990s
from warm and fresh condition to cold and salty condition,
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Fig.6 The depth-time sections of the reconstructed interdecadal
anomalies for temperature (a), salinity (b) and density (c¢) in the
upper ocean in the region A, which is obtained using the EEMD-

respectively. More recently, another transition is likely to take
place during 2016-2018.

Vertically, a coherent T—S pattern can be seen in the upper
ocean during the interdecadal evolution. Temperature anoma-
lies are seen to have out-of-phase relationships in the sur-
face layer and subsurface layers, with the largest anomalies
occurring at the subsurface depth of 200 m (Fig. 6a). In con-
trast, salinity anomalies indicate a uniform sign in the upper
300 m, with the largest anomalies occurring in the surface
layer (Fig. 6b). Correspondingly, salinity and temperature
anomalies tend to have phase differences in the vertical dur-
ing their interdecadal evolutions, being mostly out-of-phase
in the surface layer but nearly in-phase in the subsurface lay-
ers (Figs. 6a, b). Case analyses for the space—time evolution
characteristics and salinity effects are detailed below.

4.1 The persistent phases
As mentioned above, temperature anomalies exhibit out-of-

phase signs in the surface layer and in the subsurface layers
(Figs. 6a and 7), whereas salinity anomalies have the nearly
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extracted component with signals retained to have periods around
20 years. The units are g kg~! for salinity, °C for temperature, and kg
m™ for density

in-phase sign in the upper ocean (Fig. 6b). Their correspond-
ing combined effects on density exhibit clear differences in the
upper ocean during interdecadal evolution (Figs. 6¢c and 7).

(1) In the surface layer

Figure 8 shows the reconstructed SSS and SST interdec-
adal anomaly fields in the tropical Pacific for the persistent
phases, as represented during the 1980s and 1990s for warm
and fresh conditions, and during the 2000s for cold and salty
conditions, respectively. Spatially, large SSS anomalies are
located in the western Pacific, which mainly reflects the zonal
migration of the fresh pool along the equator. A pronounced
covarying pattern in salinity and temperature is seen in the
western equatorial Pacific. In the surface layer, SSS and SST
anomalies tend to be of the opposite sign during the persistent
phases, with their effects being density-uncompensated. For
example, positive SST anomalies are accompanied by nega-
tive SSS anomalies during the 1980s—1990s (the left pan-
els in Fig. 8); these individual anomalies both contribute to
negative density anomalies. So, their combined effects lead
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Fig.7 The time series of the reconstructed interdecadal anomalies for
salinity, temperature and density at the sea surface (a) and at subsur-
face depth of 200 m (b) in the region; the results are obtained using
the EEMD-extracted component with signals retained to have periods

to the negative density anomalies that become more negative
as compared with those induced by temperature or salinity
alone. During cold and salty phase in the 2000s (the right
panels in Fig. 8), an opposite situation takes place. Cold SST
anomalies produce positive density anomalies; the effects of
negative salinity anomalies make the temperature-produced
positive density anomalies more positive. So, the amplitude
of density variability is enhanced due to the uncompensated
salinity effects.

Because the effect of salinity anomalies on density in the
surface layer is comparable to that of temperature anomalies,
salinity is expected to make an important contribution to den-
sity variability. As shown in Fig. 7a, for example, the phase
transitions of SSD interdecadal anomalies do not immediately
follow SST, with a delay of the former relative to the lat-
ter; this delay is caused by SSS effect. A lagged correlation
analysis among interdecadal anomalies of SSD, SST and SSS
is presented in the appendix (Fig. 20). For example, it is evi-
dent that the phase transitions of SSD interdecadal anomalies
lead SSS, as indicated by the maximum correlation coefficient
between SSD and SSS anomalies which is reached (0.8) when

. | \ | | | | | i i
1%50 1954 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018
Time[year]

around 20 years. The salinity and density anomaly values in (b) are
artificially multiplied respectively by 4 and 10 in the plotting for vis-
ual clarity. The units are g kg™ for salinity, °C for temperature, and
kg m~ for density

the SSS is lagging the SSD by 2 years. So, the phase transi-
tions of SSD anomalies are delayed relative to SST anoma-
lies due to SSS effects; otherwise, the former would follow
those of SST anomalies. The relative contributions of indi-
vidual salinity and temperature anomalies to density and other
related fields will be quantified in Sect. 5.

(2) In the subsurface layers

In the western equatorial Pacific, large temperature
anomalies are seen in the subsurface layers, whereas large
salinity anomalies are located in the surface layer. In addi-
tion, subsurface salinity anomalies tend to have the same
sign with those of temperature during interdecadal evolution
(Figs. 6, 7); so, salinity anomalies present a compensated
effect on density, relative to temperature in the subsurface
layers. During the 1980s—1990s, for example, negative tem-
perature anomalies are accompanied by negative salinity
anomalies: the former gives rise to positive density anoma-
lies but the latter contributes to negative density anomalies,
respectively. Their combined effects lead to the positive
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Fig.8 Examples for horizontal distributions of the reconstructed
interdecadal components for anomalies of a, d SST, b, e SSS and c,
f SSD in the tropical Pacific during 1979-1996 (the left panels) and

density anomalies that become reduced (compensated) as
compared with those produced by temperature alone. Nev-
ertheless, interdecadal variability of salinity is weak in the
subsurface layer relative to that of temperature; so salinity
effect on density is weak. Thus, density interdecadal anoma-
lies are dominantly determined by temperature. During the
2000s, the relationships among these anomalies and salin-
ity effects are in an opposite sense (Figs. 8, 9). Because
the effects of temperature are greater than those of salinity,
density anomalies are of the opposite sign with temperature.

(3) Differentiated salinity effects on vertical stratification in
the upper ocean

During the interdecadal persistent phases, salinity and tem-
perature anomalies tend to be largely of the opposite sign in
the surface layer (Fig. 7a), but to be nearly of the same sign
in the subsurface layers (Fig. 7b). Correspondingly, salinity
has density-uncompensated effect in the surface layer, giv-
ing rise to enhanced SSD anomalies. In contrast, salinity has
density-compensated effect in the interior subsurface lay-
ers, producing density anomalies that are reduced. As such,
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salinity anomalies tend to have asymmetric effects on density
in the surface layer and subsurface layer, respectively.

Such a differentiated salinity effect on density in the ver-
tical direction acts to produce large density gradient, and so
the vertical stratifications should be more strongly affected
(see Sect. 5 for more details), which can further modulate
vertical mixing and SST. For example, during warm and
fresh interdecadal persistent periods in the 1980s-1990s
(Figs. 5a, b and 6), warm SST anomalies and negative SSS
anomalies (being of the opposite sign) have uncompensated
effects on density, in which the latter makes the negative
density anomalies more negative in the surface layer. But
in the subsurface layers (Fig. 6), the negative tempera-
ture and salinity anomalies (being of the same sign) have
compensated effects, with the salinity effect making the
positive density anomalies less positive. So, salinity effects
give rise to an increased contrast of density in the upper
ocean and thus produces more stable vertical stratification,
which acts to suppress the vertical mixing and sustain the
warm SST anomalies. This indicates an enhancing effect on
SST. During cold and salty interdecadal persistent phases
in the 2000s, the relationships among these anomaly fields
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Fig.9 Examples for horizontal distributions of the reconstructed
interdecadal components for anomalies of a, d SST, b, e SSS and c,
f SSD in the tropical Pacific during the transitional period as repre-

and salinity effects are in an opposite situation, in which
positive salinity anomalies in the upper ocean cause more
positive density anomalies in the surface layer, but less
negative density anomalies in the subsurface layers. So,
the salinity effects cause weaker gradient of density in the
upper ocean and less stable stratification, helping sustain
the cold SST anomalies. Thus, salinity-induced effects act
to enhance local SST anomalies during interdecadal per-
sistent phases.

4.2 The transitional periods

The interdecadal persistent conditions are seen to transit into
their opposite condition in relatively short periods (Fig. 5).
The corresponding vertical structures are demonstrated in
Figs. 6, 7. Examples for horizontal distributions of the recon-
structed interdecadal anomalies for SSS, SST and SSD are
shown in Fig. 9 for transitional periods as represented in years
1998 and 2017, respectively. Here, we define the transitional
periods during which SSD anomalies change signs; due to
the differences in sign changes, transitional periods can differ
when using different fields of SST, SSS and SSD anomalies.
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During the transitional periods, temperature and salinity
anomalies exhibit clear differences in their sign changes in
the vertical direction between the surface layer and subsur-
face layers: temperature anomalies undergo out-of-phase
transitions in the surface layer and in the subsurface layers
(Fig. 6a), whereas salinity anomalies have the nearly in-phase
sign changes in the upper ocean (Fig. 6b). Vertically, as repre-
sented in 1998 and 2017, temperature and salinity anomalies
exhibit clear differences in their sign transitions in the surface
layer, but largely in-phase sign transitions in the subsurface
layer. In this subsection, such situations are further analyzed
in more detail, with case analyses being highlighted for the
interdecadal transitions occurring in the late 1990s and early
2000s.

(1) The surface layer

Although SST and SSS anomalies in the western equato-
rial Pacific are largely of the opposite sign during the per-
sistent phases (Fig. 7), they can be of the same sign during
the transitional periods. One striking case can be noted from
these anomaly relationships during transitional periods in

@ Springer



1974

R.-H. Zhang et al.

1995-2002 (Fig. 7), when SSS anomalies exhibit the same
sign with SST anomalies. In such a case, salinity is seen to
have the compensated effects on density. As the effect of salin-
ity variability on density in the surface layer can be compa-
rable to that of temperature, salinity can play an important
role in determining density anomalies during the transitional
periods.

More detailed evolutions can be analyzed as follows. Dur-
ing the interdecadal persistent phases in the 1980s-1990s,
warm SST anomalies and negative SSS anomalies are seen
in the western equatorial Pacific; their effects are density-
uncompensated, leading to enhanced density anomalies. Then,
a phase transition occurs in the late 1990s through early 2000s
(Fig. 7a). A striking feature here is that temperature and salin-
ity anomalies during 1995-2002 are of the same signs, with
their effects being thus density-compensated. Among anoma-
lies of SST, SSS and SSD, SST is seen to take a transition
firstly in 1995 and becomes cold anomaly (contributing to a
positive density anomaly); at this time, SSS anomalies remain
negative until 2002 (contributing to negative density anomaly).
Note that the corresponding density anomalies remain to be
negative until around 1999 and then become positive. Thus, the
sign of density anomalies during 1995-1999 does not follow
the change in temperature (which becomes negative in 1995).
Clearly, the phase transition of the negative density anomaly
is delayed relative to temperature due to the effect of the nega-
tive salinity anomalies. This means that the contribution of
negative salinity anomalies to the negative density anomalies
during 1995-1998 is even greater than that of the negative
temperature anomalies; so, the sign of negative density anoma-
lies is determined dominantly by negative salinity anomalies.

Another case is also seen for the dominant salinity effects
on sign transitions of density anomalies during 2014-2018,
when positive SST anomalies are accompanied by positive
SSS anomalies. Because these anomalies are of the same
sign, their effects are density-compensated. The fact that the
corresponding density anomalies remain positive until 2018
indicates that the positive SSS anomalies play a dominant
role in determining the sign of the positive density anomalies.
Detailed inspections further indicate that there is a delay in
phase transition of the positive density anomaly in 2018 due to
the positive salinity anomaly effect; without the salinity effect,
otherwise, density would transit into its negative anomalies
earlier in 2014 as SST transits into positive anomalies. This
means that the effect of positive salinity anomalies on density
is even greater than that of positive temperature anomalies
so that the sign of positive density anomalies is determined
dominantly by positive salinity anomaly contribution.

(2) The subsurface layers

Clear transitions are also seen in the subsurface layers dur-
ing interdecadal transitional periods (Fig. 7b); salinity and
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temperature anomalies are nearly of the same sign, with little
phase differences in their sign changes. So, salinity is seen to
have a compensating effect on density relative to temperature.
Because the effect of salinity variability is smaller compared
with that of temperature, salinity-induced compensated effects
are weak. Density anomalies are dominantly determined by
temperature. Indeed, the sign of density anomaly follows
closely that of temperature during interdecadal transitional
periods. In addition, the phase transitions in the subsurface
layers (Fig. 7b) and surface layer (Fig. 7a) indicate different
lag-lead relationships. For example, if we use SSD changes
in sign as an indicator of phase transition, the subsurface
transition lags the surface transition by ~2 years around
1980, ~4 years around 2000, ~ 1 year around 2018, but leads
it by ~ 3 years around 1965, respectively.

(3) The compensated salinity contribution to density and
enhancing effects on SST

During the transitional periods as represented in 1998 and
2017 (Fig. 9; Figs. 7, 8), the sign transitions for anomalies of
SST, SSS and SSD exhibit clear differences in the western
equatorial Pacific, indicating the differences in the T-S rela-
tionships and salinity-induced effects on SST. One notable
feature is that salinity effects indicate an obvious shift from
being density-uncompensated during the persistent phases to
being density-compensated during the transitional periods,
respectively. During the transitional period, for example, SST
and SSS anomalies can be of the same sign, with their SSD-
compensated effects, and then the sign of density anomalies
can be even determined by salinity anomalies. As specifi-
cally represented in 1998 (Fig. 9), negative SST anomalies
are accompanied by negative SSS anomalies (Fig. 7a); the
former causes an increase in density, but the latter gives rise to
a decrease in density. Thus, salinity has density-compensated
effects, acting to maintain negative density anomalies in the
surface layer during this transitional period (being lighter);
this causes more stable stratification in the upper ocean, which
leads to a decrease in vertical mixing, having a weakening
effect on the cold SST anomalies. So, SSS-induced effect in
the surface layer indicates a suppressing effect on the cold
SST anomalies during the transitional periods. This situation
is very different from that during the persistent phases, when
SSS effects act to enhance warm SST anomalies.

5 The relative contributions of salinity
and temperature anomalies

Large salinity interdecadal variability in the western equato-
rial Pacific is seen to play an important role in contributing to
density anomalies. The relative contributions of temperature
and salinity anomalies to density can be further quantified by
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separating their individual effects. In this section, we present
some related analyses.

The reconstructed interdecadal components of temperature
and salinity anomalies can be added onto their climatological
parts to form total fields: S=S i, + Sinerder T = Tetim + Tinterde-
A diagnostic analysis is then performed to quantify their indi-
vidual contributions to a field of interest (F); its interdecadal
anomalies can be calculated by considering temperature and
salinity to be interdecadally varying (T crge and Sjjerae) OF
climatological (T, and S ;). respectively. F(T,,erder Sinterde)
denotes a reference analysis in which both temperature and
salinity fields are taken to be interdecadally varying in cal-
culating F; F(T}ierqe> Sciim) 18 for a thermosteric analysis in
which temperature field is taken as interdecadally varying but
salinity field is kept as climatological; F(T;,, Sipterde) 1S fOr a
halosteric analysis in which salinity is taken as interdecadally
varying but temperature field is kept to be climatological;
F(T,}; Sginy) 18 @ climatological field in which temperature
and salinity fields are both kept as climatological in calcu-
lating F, serving as a climatology from which interdecadal
anomalies are calculated. As demonstrated above, density
anomalies in the western region can be equally importantly
contributed from salinity. So, a focused analysis is placed
on the western equatorial Pacific in the region A (6°S—4¢N,
150°E-180¢). Detailed attribution analyses are given below
for relative contributions of temperature and salinity anoma-
lies to interdecadal anomalies of density and N2, respectively.

interde

(1) Density (p)

Figure 10 displays the results from diagnostic calculations
performed to quantify the relative contributions of Tj.;4e
and S, 4. to density anomalies in the upper ocean of the
western equatorial Pacific (the region A); the corresponding
time series are shown in Fig. 11 for the sea surface and at
subsurface depth of 200 m, respectively. As evident, p(T;;erges

mterde) is nearly the sum of p(Tmterde’ cllm) and p(Tchm’

Sinterde)- Detailed inspection of these anomaly fields indicates
that the way density is affected in the upper ocean is varying
during the interdecadal evolution. In the subsurface layers,
the situation is quite simple (Fig. 11b), in which salinity and
temperature anomalies are largely of the same sign, with den-
sity anomalies being dominantly attributed from temperature
Indeed, p(T;erder Sinterde) follows closely p(T; )in the
subsurface layer (Fig. 11b).

The situation is more complicated in the surface layer
(Fig. 11a), which will be our focus in the following analy-
ses. As demonstrated above, salinity in the surface layer can
have both uncompensated and compensated effects on den-
sity. During the persistent phases, SSS and SST anomalies
are largely of the opposite sign; thus, their contributions to
density anomalies are in the same direction, acting to increase
density anomalies. The relative effects of T, and S,

interde> cllm

interde interde

on density are well reflected in these three calculations for
density anomalies (Figs. 10 and 11a). During the persistent
phases, for example, SSS and SST anomalies are of the oppo-
site sign and the corresponding p(T;yerges Sciim) @Nd P(Tefims

Sinterde) fields are not compensated, making the amplitude of
P(Tipterdes Sinterde) 1arger. During the transitional periods, on
the other hand, SSS and SST anomalies can be of the same
sign and their effects are thus density-compensated. So, the
P(Tinterdes Sciim) a0 P(Tjinn Sineerde) fields make the amplitude
of p(T;erder Sinterae) SMaller, consistent with the analyses in
the Sect. 4. One striking feature is that the sign and amplitude
of p (Tmlerde’ mterde) can be determined by p( clim’ interde) due
to the dominant effect of salinity.

One interesting case can be illustrated in more details
during the transitional periods as indicated during
19952003, when anomalies of SST, SSS and SSD indi-
cate obvious differences in their sign transitions (Fig. 7).
As analyzed above, for example, negative SST anomalies
are accompanied by negative SSS anomalies, acting to pro-
duce more negative density anomalies during 1995-1999
(Fig. 7a). The delayed effects on sign transitions of the
negative density anomalies are well reflected in these three
density calculations (Fig. 11a). For example, p(T;,rqe> Sciim)
takes a lead in transition into positive anomaly firstly in
19955 p(T,jim> Sinterde) takes a late transition into positive
anomaly in 2002 (a l1ag); p(Tiyerdes Sinterde) F€Mains to be
negative anomaly until 1999 and then transits into its posi-
tive anomaly; so, there is a lag caused by salinity effects
relative to p(Tiyerger Sciim)- The comparisons among these
three density calculations indicate that negative salinity
anomaly is making a dominant contribution to the negative
SSD anomaly (Fig. 11a).

Quantitatively, Fig. 12 presents the relative contributions
of salinity and temperature anomalies to density and the other
related fields during different phases of the interdecadal evolu-
tion. These calculations indicate that salinity can play a domi-
nant role in producing density anomalies during interdecadal
transitional periods. For example, the negative SSD anomaly
in 1998 (— 0.003 kg m™>) is attributed to the combined effects
of a negative SSS anomaly (— 0.044 kg m~>) and a negative
temperature anomaly (+0.041 kg m™>), respectively. Also for
the transitional period in 2017, the positive SSD anomaly in
2017 (+0.01 kg m™>) is attributed to the combined effects
of a positive SSS anomaly (+0.064 kg m~>) and a positive
temperature anomaly (-0.054 kg m™), respectively. Clearly,
salinity anomalies play an important role in determining not
only the amplitude but also the sign of density anomalies dur-
ing the interdecadal evolution.

(2) The Brunt—Viiisili frequency squared (N?)

Density interdecadal anomalies are used to calculate
its vertical gradient and the corresponding Brunt—Viisild
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Fig. 10 Results from diagnostic calculations performed to quantify

the relative contributions of interdecadal components (T4, and
Sinerde) to density anomalies in the region A. Shown are the depth-

time sections of density anomaly fields for a p(T| cqer Sinterae)s P

frequency squared (N?), a parameter representing the stratifi-
cation stability. The vertical structure of interdecadal variabil-
ity for N2 in the upper ocean of the western equatorial Pacific
is shown in Fig. 13, which corresponds well to that for density
(Fig. 6¢). On interdecadal time scales, N? anomalies exhibit
well-defined see-saw patterns vertically with large anomalies
centered at depths of 100 m and 200 m, respectively. Dur-
ing the interdecadal evolution, transitions take place between
more stable and more unstable stratification conditions in the
upper ocean. For example, during warm and fresh phases in
the 1980s-1990s, the stratification is more stable in the upper
150 m, but less stable below it. A transition takes place during
transitional period in the late 1970s and late 1990s, respec-
tively. During the cold and salty phases in the 2000s, then, the
stratification becomes less stable in the upper layer of 150 m
but more stable below it. Such changes can be explained by
changes in density, which are attributed to temperature and
salinity effects. In the subsurface layers, as demonstrated
above, salinity and temperature anomalies are of the same sign
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P(Teiims Sinterde)» and € p(Tjerger Seiim)- These density anomalies are
calculated relative to its climatological density field (i.e., p(Tgiy,

Sim))- Note different color bar and contour are used in (¢). The unit
is kg m™ for density

during the interdecadal evolution and their effects are density-
compensated; so, N? anomalies are dominantly determined by
changes in the vertical structure of temperature.

The situation is quite complicated in the surface layer,
where salinity can have both uncompensated and compen-
sated effects on density during interdecadal evolution. As
seen above, salinity anomalies exhibit the differences in its
effects on density in the upper ocean: an enhancing density-
uncompensated effect in the surface layer, but a reducing
density-compensated effect in the subsurface layers, respec-
tively. These salinity effects on density are well reflected in
its vertical gradient (N?). For example, during warm and fresh
persistent phases, the negative SSS anomalies make the SST-
induced negative SSD anomalies more negative, thus mak-
ing more stable stratification in the upper layer of 150 m.
Similarly, during cold and salty persistent phases, positive
SSS anomalies make the SST-induced positive SSD anoma-
lies more positive, thus making less stable stratification in
the upper layer. During the transitional periods, the sign and
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Fig. 11 The same as in Fig. 10 but for the corresponding time series of the three calculated density anomaly fields at the sea surface (a) and at

subsurface depth of 200 m (b). The unit is kg m™ for density

amplitude of SSD anomalies can be dominantly determined
by salinity, and so of N? anomalies.

Similar attribution analyses are performed for the effects of
T erde A0 S, erge ON N? interdecadal anomalies. The extent to
which N is affected by salinity is shown in Fig. 13 for three
diagnostic calculations to quantify the relative contributions
Of Tiperde aNd Siyerge 1N the western equatorial Pacific; the
corresponding time series are shown in Fig. 14 for the sea
surface and at subsurface depth of 200 m, respectively. As
evident, the sum of N? (Tmterde, Seiim) and N*(Tois Sinterde)
almost recovers the signal of N*(T;,erqer Sinerde)- I the sub-
surface layers (Fig. 14b), N*(Tjyerder Sinterde) 15 dominantly
determined by temperature in the western equatorial Pacific so
N2(T,erder Sinterde) FOllows closely N*(T; ierges Seiim)- AS shown
in Fig. 14a, the salinity effects on N? are mainly in the sur-
face layer, where salinity plays a dominant role in producing
N? anomalies during the transitional period, with N*(T;, e

Sinerde) closely following N*(T;;.., Siyerae)- These analyses
indicate that salinity effect in the surface layer can make
dominant contribution to the stratification change, including
the amplitude and sign of N? variability during the transitional
period.

Quantitatively, Fig. 12 shows the relative contributions
of salinity and temperature anomalies to N? in the western
equatorial Pacific during different periods. These calcula-
tions indicate that salinity can play an important role in
producing N? anomalies during interdecadal evolution.

For example, the positive N> anomaly (4 1.078 X 107 s72)
for the transitional period in 1998 is attributed to the com-
bined effects of a negative SSS anomaly (+0.685 x 107 s72)
and a negative temperature anomaly (+0.392x 107 s72),
respectively. Also for the transitional period in 2017, the
negative N? anomaly in 2017 (= 0.712 x 107> s72) is attrib-
uted to the combined effects of a positive SSS anomaly
(= 0.641x107° s72) and a positive temperature anomaly
(= 0.072x 107> s72), respectively. Clearly, salinity anom-
alies play an important role in determining not only the
amplitude but also the sign of N? anomalies during the tran-
sitional phase.

6 Conclusion and discussion

Ocean salinity and temperature anomalies exhibit multiple-
scale variability signals in the tropical Pacific. Their reanaly-
sis data are used to derive interannual anomalies relative to
seasonally varying climatology, which are then subject to the
EEMD into separable signals for interannual, decadal, inter-
decadal bands, and a trend component, respectively. Large
salinity interdecadal variability is seen in the upper ocean over
the western equatorial Pacific. Because the effect of salinity
interdecadal variability on density is comparable to that of
temperature in the region, salinity can play an important role
in contributing to density anomalies. A focus of this study is
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Fig. 12 Interdecadal anomalies of temperature, salinity and some
derived fields, which are calculated in the western equatorial Pacific
(the region A) during different periods representing interdecadal
evolution; the resultant fields include SST, SSS, sea surface den-
sity (SSD), the mixed layer (ML) depth (MLD), oceanic density at
the base of ML (DENSy; ), N” near the sea surface at 5 m (N%,,)
and at the base of ML (NZMLD), respectively. a SSTA (red box) and
SSSA (blue box); b SSD for the three calculations performed to quan-
tify individual contributions of temperature and salinity fields (see

on salinity interdecadal variability and its effect on density
and stratification in the western equatorial Pacific. A diagnos-
tic calculation is performed to quantify the relative contribu-
tions of temperature and salinity anomalies to variabilities of
density and the related stratification in the region.

Salinity interdecadal variability indicates a uniform anom-
aly pattern with the same sign in the upper ocean of 200 m,
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1999-2016 2017
Phase

the text for detail), using both interdecadal temperature and salinity
fields (black box), interdecadal temperature and climatological salin-
ity fields (red box), and climatological temperature and interdecadal
salinity fields (blue box), respectively; ¢ DENSy; , for the three cal-
culations [the same way as in (b)]; d N25m for the three calculations
[the same way as in (b)]; e N%;; ; for the three calculations [the same
way as in (b)]. Results are shown for the persistent phases in 1979—
1996 and 1999-2016, and for the transitional periods as represented
in 1998 and 2017, respectively

whereas temperature variability exhibits out-of-phase anom-
aly patterns in the surface layer and subsurface layers, respec-
tively. During interdecadal evolutions, temperature and salin-
ity anomalies tend to be of the opposite sign in the surface
layer but of the same sign in the subsurface layer. Thus, they
undergo out-of-phase changes in the surface layer (e. g., from
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Fig. 13 The same as in Fig. 10 2 . .
but for a NZ(Tinlerde’ Sinlerde)’ b (a) N (Timerde, simerde) n reglon A
Nz(Tinterde’ Sclim)v and ¢ Nz(Tclim’ 2
Sinterde)> respectively. Note dif- 1'5
ferent color bar and contour are 05«
used in (c). The unit is 107 s~2 0 &
for N? 052
-
1 1.5
3% n | | | | | | 2
50 1954 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018
2 . .
(b)N (Tinter " Sc"m) in region A
2
1.5
05
0 ¢
058
-
30 Ll | 0 ! | ';'5
1950 1954 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018
0 0.5
50 15
100 02 _
150 i
200 e
250 13
0.5

positive SST anomalies and negative SSS anomalies to nega-
tive SST anomalies and positive SSS anomalies, respectively),
but are nearly in-phase changes in the subsurface layers (e. g.,
from both positive temperature and salinity anomalies to both
negative anomalies, respectively). Interdecadal evolution of
temperature and salinity anomalies can be characterized by
persistent and transitional phases in the upper ocean. During
the 1980s-1990s, warm and fresh surface conditions persist
in the western equatorial Pacific, which quickly transits into
cold and salty conditions in the late 1990s. Then, cold and
salty surface conditions persist in the 2000s and take another
transition around in 2016-18, respectively.

Salinity exerts strong uncompensated and compensated
effects on density respectively in the surface layer and subsur-
face layers, depending on the T-S relationships and their rela-
tive contributions during persistent and transitional phases.
During interdecadal persistent phase, temperature anomalies
are of the opposite sign in the surface and subsurface layers,
whereas salinity anomalies are of the same sign uniformly in

301%50 1954 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2018

Time[year]

the upper ocean. During interdecadal transitional phase, tem-
perature and salinity anomalies experience a transition coher-
ently in the upper ocean. Correspondingly, salinity variability
indicates obvious differences in its effects on density in the
upper ocean. In the subsurface layers, salinity and temperature
anomalies are nearly of the same sign and their effects are
density-compensated, in which density anomalies are domi-
nantly contributed from temperature, with weak effects of
salinity. The situation is more complicated in the surface layer,
where the salinity effects make an important contribution to
density anomalies because temperature and salinity anomalies
tend to have comparable effects. During the persistent phases,
temperature and salinity anomalies are largely of the opposite
sign, and so salinity effects are density-uncompensated, lead-
ing to enhanced density variability in the surface layer. During
transitional periods, anomalies of SST, SSS and SSD are not
in-phase, but have obvious differences in their sign transitions.
One striking feature is that SSS and SST anomalies can be of
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Fig. 14 The same as in Fig. 13 but for the corresponding time series of the three calculated N? fields at the sea surface (a) and at subsurface

depth of 200 m (b). The unit is 10~ s~2 for N?

the same sign during the transitional periods, when salinity
effect plays a dominant role in determining the sign of den-
sity anomalies. For example, the delayed sign transitions of
density anomalies relative to temperature transition are caused
by salinity anomalies. Evidently, salinity can be seen to have
a delayed effect on the phase transitions of density variability.

The uncompensated and compensated salinity effects cause
different consequences for changes in density and stratifica-
tion during the persistent and transitional phases, respectively.
Horizontally, for instance, the enhanced density anomalies
due to uncompensated effects from salinity correspondingly
produce large horizontal gradients of density and pressure.
In contrast, compensated salinity effects contribute to sup-
pressed density anomalies, which produce weak horizontal
gradient of density and pressure. Relative to temperature
effects, the asymmetric effects on density induced by salinity
anomalies vertically in the surface layer and subsurface layers
lead to a larger density contrast in the upper ocean, leading to
larger changes in vertical stratification, which affects vertical
mixing and SST stronger. So salinity variability can induce
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an enhancing effect on local SST in the western equatorial
Pacific. Furthermore, the ways density is affected differently
by salinity anomalies in the upper ocean leads to different
consequences for SST modulations. As demonstrated in this
study, there are obvious differences in the salinity-induced
effect on local SST. In the case with uncompensated salin-
ity effects, salinity anomalies induce an enhancing effect on
local SST anomalies during persistent periods. In the case
with compensated salinity effects, salinity anomalies can
have a reducing effect on SST anomalies during transitional
periods. As salinity can be important contributor to changes
in density and stratification in the western equatorial Pacific,
further diagnostic analyses are performed to clearly illustrate
the relative contributions of temperature and salinity interdec-
adal anomalies to density and N°. In particular, the signs of
density and N? anomalies can be dominantly determined by
salinity anomalies during transitional periods.

This paper presents preliminary results for salinity inter-
decadal variability and its effects in the western equatorial
Pacific. Many related issues exist that remain to be addressed
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in the future. For example, the causes of salinity interdecadal
variability in the western equatorial Pacific have not been pre-
sented in this paper. Indeed, many processes coexist in the
region that can be responsible for it, including wind forcing,
freshwater flux forcing and extratropical ocean influences.
For instance, large changes in precipitation are observed over
the western tropical Pacific (Yu and Weller 2007), which is
closely related with the SPCZ (Kessler 1999). Also, salinity
advections from the extratropical oceans are evident in the
South Pacific (Luo et al. 2003, 2005; Zhang and Wang 2013)
and in the North Pacific (Zhang and Levitus, 1997; Zhang and
Liu 1999; Zhou and Zhang 2022). The roles of off-equatorial
salinity anomalies and the SPCZ-induced direct freshwater
flux forcing in salinity variability over the western equatorial
Pacific are interesting topics, which needs to be addressed in
the future.

The focus of this paper is on salinity variability and its
effects on interdecadal time scale; many other time-scale
signals coexist in the region (Fig. 3), including interannual
variability associated with ENSO and trend. Previously,
salinity interannual variability in the tropical Pacific and its
effects have been examined extensively (Zhang et al. 2012;
Zhi et al. 2015, 2019a, b). One important related issue here is

Fig. 15 Horizontal distribu-
tion of a climatological mean
SST field and of b the standard
deviation (STD) for SST
interannual fields in the tropical
Pacific, which is calculated
from the reanalysis data during
the period 1942-2018. The unit
is °C

the obvious interplays between interannual and interdecadal
variabilities. As demonstrated in this study, salinity effects
cause more stable stratification in the upper ocean of the
western equatorial Pacific in the 1980s-1990s (correspond-
ingly a warm and fresh interdecadal phase). This indicates
an enhancing effect on SST anomalies, which is favorable for
sustaining warm SST anomalies in the western-central equato-
rial Pacific. Note that this interdecadal warm and fresh period
coincides with the frequent occurrence of more and stronger
El Nino events (Zhang et al. 1998). So, salinity interdecadal
variability may have influences on interannual variability in
the tropical Pacific. The relationships between interannual and
interdecadal variabilities and possible modulating effects of
salinity interdecadal variability on ENSO in the region should
be addressed in more details.

Appendix 1

This appendix presents some additional figures in support of
arguments in the main texts (see Figs. 15, 16, 17, 18 19 and
20).

a) Mean SST (1942-2018
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Fig. 17 a The relationship between density and temperature inter-

decadal anomalies at the sea surface in the region A with their cor-

relation coefficient of — 0.84; b the same as in (a) but for density and
salinity interdecadal anomalies with their correlation coefficient of
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0.73; ¢ the same as in (a) but for density and temperature interdec-
adal anomalies at depth of 200 m with their correlation coefficient of
— 0.99; d the same as in (c¢) but for density and salinity interdecadal
anomalies with their correlation coefficient of — 0.80
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