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Abstract
Ocean salinity is an essential measurable indicator of water cycle and plays a crucial role in
regulating ocean and climate change. Using Simple Ocean Data Assimilation (SODA) reanalysis product,
substantial decadal variability of the salinity in the upper layer of the South China Sea (SCS) from 1960 to
2010 was examined. Results show that a decadal variation of the upper layer salinity is clear. The upper layer
(100 m) waters are found to freshen from 1960, become saltier during 1975 to 1995, and freshen again from
1995 to 2010. The strongest anomalies appear in the northeastern, northern, and northwestern regions in the
three periods, respectively. The salinity variation trends become weaker below the upper layer, except the
saliniﬁcation trend in the northern SCS extends to at least 300 m during the saliniﬁcation period. Diagnosis
of the salinity budget over the top 100 m shows that during the ﬁrst freshening period horizontal advection,
vertical advection, and surface freshwater forcing all contribute to salinity freshening, and horizontal advection
is relatively larger. The contribution of horizontal advection and surface freshwater forcing to the positive
salinity anomaly is comparable, while the vertical advection is the secondary factor in the saliniﬁcation
period. Horizontal advection, especially zonal advection, plays a crucial role during the second freshening
period. Moreover, horizontal advection is more important than that in the ﬁrst freshening period. In addition,
the contribution of horizontal advection is mainly in zonal direction controlled by Kuroshio intrusion. Further
analysis shows the upper-layer salinity variations have a Paciﬁc Decadal Oscillation (PDO)-like signal, with
freshening during the negative PDO years, and saliniﬁcation during the positive PDO years. PDO mainly
inﬂuences the upper-layer salinity changes through both atmospheric bridge and oceanic bridge.
Keyword: salinity; South China Sea (SCS); decadal variation; trend; salinity budget analysis

1 INTRODUCTION
Ocean salinity is one of the most important physical
characteristics of seawater, determining seawater
density and ocean circulation together with
temperature and pressure (Delcroix et al., 1996;
Lagerloef et al., 2010). Salinity aﬀects mixing
processes in water masses through its impacts on
density and through double diﬀusion, and plays a
vital role in ocean dynamics and thermodynamics
(Maes et al., 2002; Rao and Sivakumar, 2003;
Grunseich et al., 2011; Ren et al., 2011; Zhang et al.,
2012, 2016; Katsura et al., 2013; Zhu et al., 2014,

2020). As an indicator of the marine hydrological
cycle, ocean salinity also plays a crucial role in global
climate variability (Lagerloef, 2002; Williams et al.,
2007; Schmitt, 2008; Durack et al., 2012; Skliris et
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al., 2016; Yu et al., 2017). In recent years, salinity
changes have attracted extensive attention and have
been investigated on diﬀerent spatial and temporal
scales. Based on the repeat hydrographic section
along 137°E, a signiﬁcant increase in the late 1970s in
the salinity and thickness of the North Paciﬁc Tropical
Water (NPTW) was revealed, which was related to
the mid-1970s regime shift (Suga et al., 2000). Durack
and Wijﬀels (2010) described the three-dimensional
pattern of the long-term trends of global ocean salinity
variations from 1950 to 2008, and proposed that the
subsurface salinity variations were inﬂuenced not
only by the surface salinity variations, but also by
surface and subsurface temperature variations.
Delcroix et al. (2007) emphasized the important role
of Paciﬁc Decadal Oscillation (PDO)-like signals in
the surface salinity variation of the tropical Paciﬁc,
and found surface freshening before the mid-1970s
and after the mid-1990s, and saliniﬁcation between
these two periods. In addition, a signiﬁcant freshening
trend of the surface and subsurface water in the North
Paciﬁc Subtropical Gyre (NPSG) was also
demonstrated using long-term observations (Yan et
al., 2012, 2013; Nan et al., 2015).
The South China Sea (SCS) is the largest semienclosed marginal sea between the Paciﬁc Ocean and
Indian Ocean, encompassing an area from 5°N to
25°N and from 105°E to 121°E. It is connected with
the East China Sea to the northeast, the Paciﬁc Ocean
and Sulu Sea to the east, and the Indian Ocean to the
west. The Luzon Strait (LS) is the main channel of
water exchange between the SCS and the Western
Paciﬁc (WP). Because of the special geographical
location of the SCS, the water masses in the SCS
show both open-ocean and regional properties (Zeng
et al., 2016b).
In the past decades, most studies of the SCS have
focused on the temperature variability, ocean
circulation, sea surface height, and Kuroshio intrusion
(Shaw and Chao, 1994; Fang et al., 2002; Xue et al.,
2004; Zhuang et al., 2010; Nan et al., 2013). However,
salinity variability in the SCS, especially its lowfrequency variation, is rarely studied. As measurements
become more extensive, large data sets of historical
and modern observations have been widely used to
investigate global ocean salinity changes. Previous
studies revealed that the surface and mixed layer
salinity in the Indo-Paciﬁc Ocean had pronounced
decadal and long-term variations (Durack et al., 2012;
Du et al., 2015). As part of the Indo-Paciﬁc warm
pool, the characteristics of water masses in the SCS
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also show remarkable decadal changes (Zeng et al.,
2016b, 2021). Using the South China Sea Physical
Oceanographic Dataset 14 (SCSPOD14, Zeng et al.,
2016a), Zeng et al. (2016b) found a decadal variation
of the subsurface (at depths between approximately
80 m and 250 m) salinity maximum (at depths of
about 150 m) in the northern SCS (NSCS) from 1960
to 2012 and proposed that the subsurface waters
started to freshen from 1960, saliniﬁed during 1975–
1993, and freshened again from 1993. Recent studies
have shown that the upper ocean in the NSCS
signiﬁcantly freshened over the past decade (Nan et
al., 2013, 2016; Zeng et al., 2014).
Nevertheless, more details about the salinity trends
of the upper ocean in the SCS, especially, the
horizontal and vertical distribution of the upper layer
salinity variability on decadal time scales, remain
unclear. Does the upper layer salinity have a similar
decadal change as the subsurface salinity in the NSCS
(Zeng et al., 2016b)? The purpose of this study is to
identify and analyze the decadal variations of the
upper layer salinity in the SCS from 1960 to 2010, and
to demonstrate the horizontal and vertical structure of
salinity trends in detail. To better understand the
reasons for the salinity variations, a budget analysis is
adopted to clarify the possible contributors to the
decadal salinity variations. Furthermore, the impact of
the decadal climate variability aﬀecting the salinity
changes in the SCS is discussed.
The rest of the paper is organized as follows. The
data and methodology used in this study are brieﬂy
described in Section 2. In Section 3, the decadal
variations and trends of the upper layer salinity in the
SCS are described, and the possible factors responsible
for such salinity changes are explored. Finally,
Section 4 summarizes our main results.

2 DATA AND METHODOLOGY
2.1 Data
There are several datasets used in this study. The
ﬁrst data set utilized in this study is the Simple Ocean
Data Assimilation (SODA) v2.2.4 reanalysis,
covering the period of 1871 to 2010 (Carton and
Giese, 2008). We use the monthly-mean salinity,
zonal (u), meridional (v), and vertical (w) velocities
ﬁelds from SODA. The SODA output is monthly
data, with 0.5°×0.5° grid with 40 vertical levels down
to 5 375-m depth. The SODA products have been
widely and successfully applied in the SCS to the
analysis of the salinity budget (Zeng et al., 2016b),
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the temperature and heat content changes (Song et al.,
2014; Thompson et al., 2017; Xiao et al., 2018), the
ocean circulation variation (Yang and Wu, 2012; Lan
et al., 2015), and so on (Wang et al., 2006b). Since
SODA assimilates observational data and the T/S
proﬁle observations in the SCS prior to the 1960s are
scarce (Zeng et al., 2016b), we only discuss the
salinity variations after 1960 in view of the inaccuracy
of SODA before 1960s.
For validation, three other datasets are also used: 1)
The EN.4.2.1 objective analysis product from the UK
Met Ofﬁce Hadley Centre (Good et al., 2013; https://
www.metoﬃce.gov.uk/hadobs/en4). The EN4 data
are monthly mean gridded data, with a horizontal
resolution of 1°×1° and 42 vertical levels down to
5 350-m depth; 2) The climatological mean gridded
SCSPOD14 (Zeng et al., 2016a; https://dx.doi.
org/10.6084/m9.ﬁgshare.c.1513842); 3) IPRC Argo
products: 1°×1° gridded monthly mean on standard
levels from 2005 to 2016 (http://apdrc.soest.hawaii.
edu/projects/argo/).
Last, the monthly precipitation on a 0.5° grid from
1960 to 2010 from the National Centers for
Environmental Prediction’s Climate Prediction
Center (CPC) is adopted in this study (Chen et al.,
2002). The evaporation data are taken from the
Objectively Analyzed air-sea Fluxes (OAFlux), which
can be downloaded from ftp://ftp.whoi.edu/pub/
science/oaﬂux/data_v3/monthly/evaporation (Yu and
Weller, 2007). For validation, we use another three
diﬀerent precipitation data sets. The monthly
precipitation on 2.5° grid from 1979 to 2010 is
obtained from the Global Precipitation Climatology
Project (GPCP) (Adler et al., 2003). Monthly mean
precipitation from the Tropical Rainfall Measuring
Mission (TRMM) 3B43-V7 product (Huﬀman et al.,
2007) and the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis Interim
(ERA-Interim) monthly precipitation and evaporation
data with a horizontal resolution of 0.75°×0.75° are
also used.
The PDO index used in this study is deﬁned as the
leading empirical orthogonal function (EOF) of
monthly sea surface temperature anomalies poleward
of 20°N in the Paciﬁc Ocean (Mantua et al., 1997;
http://jisao.washington.edu/pdo/PDO.latest.).
2.2 Salinity budget in the upper 100 m of the SCS
To understand the salinity changes of the upper
layer in the SCS, the underlying processes that
modulate the upper layer salinity variations are
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investigated. Following Hu et al. (2019), the salinity
budget is formulated as

S
 Adv x  Fs  Res,
t

(1)

where
Adv x 
Fs  S

 
1
(V  n )( S  S )dA,

V A

 ( E  P)dA ,
A

V

(2)
(3)

and
S



SdV

(4)
.
V
Here S is salinity; t is the time; V is the volume of
the SCS (105°E–121°E, 5°N–25°N); A is the surface
area of the domain; E is the evaporation; P is the
precipitation; Fs is surface freshwater forcing. Also,
Advx is the salinity advection across the boundaries x:
the x boundaries include four horizontal boundaries
of the control volume at 105°E (Advw, western
boundary), 121°E (Adve, eastern boundary), 25°N
(Advn, northern boundary), 5°N (Advs, southern
boundary), and the bottom boundary of the control
volume at the depth of 100 m (Advv, vertical
advection). The horizontal advection Advh refers to
the
 sum of Advw, Adve, Advn, and Advs. The expression
V n is normal velocity, including u, v, and w
velocities. Res represents residuals, which includes
the horizontal and vertical diﬀusion and other small
eﬀects. Here S is the time variable but space-averaged
salinity within the control volume; S is used as the
reference salinity for the salinity advection. By
including S in the salinity advection terms in Eq.2, the
external advection mechanisms that inﬂuence the
box-averaged salinity, including boundary processes,
are quantiﬁed. This method has been widely used in
heat and salinity balance analyses (e.g., Lee et al.,
2004; Feng et al., 2008; Zhang et al., 2018; Hu et al.,
2019). It is worth noting that the impact of river runoﬀ
is relatively localized. The Mekong River is the
largest river that debouch into the SCS, but its impact
is not obvious for the whole SCS, especially for the
long-term variations of salinity in the SCS (Nan et al.,
2016). In this study, we ignore the river runoﬀ, which
has a much smaller relative contribution for the salt
budget (Nan et al., 2016). Here, the upper 100-m depth
(deeper than the maximum mixed layer depth (80 m)
even in winter) is selected, mainly because decadal
salinity variability tends to be larger in the upper 100 m
according to the following analysis in Section 3.
V
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Fig.1 Climatological distribution of SCS salinity at 5-, 150-, and 500-m depth derived from SODA (left panel) and
SCSPOD14 data (right panel)

3 RESULT
3.1 Decadal salinity variations in the SCS
The climatological distribution of salinity in the
SCS is ﬁrst presented in diﬀerent depths before

examining its variations (Fig.1). Here, the climatology
is deﬁned as the average over 1981–2010. The most
interesting and recognizable water masses in the SCS
are the subsurface waters and intermediate waters,
characterized as the maximum and minimum salinity,
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Fig.2 Time series of yearly salinity anomalies of the upper
100 m averaged over the northern SCS (105°E–121°E,
17°N–25°N) derived from EN4 (blue curve), SODA
(black curve), and Argo (red curve) data
The yearly anomaly is the mean of monthly anomaly of the
year, which is deﬁned as the monthly mean salinity minus the
climatological annual cycle.

which are located at approximately 150- and 500-m
depth, respectively (Qu et al., 2000; Zeng et al.,
2016b). The spatial patterns of the surface, subsurface,
and intermediate salinity in the SCS derived from
SODA and SCSPOD14 datasets are in good
agreement. The surface and the subsurface salinity in
the SCS are lower than in the northwestern Paciﬁc,
whereas the salinity in the SCS is higher for the
intermediate water, which is consistent with previous
conclusions (Qu et al., 2000; Zeng et al., 2016b).
Furthermore, a comparison between EN4, SODA,
and Argo data are presented for the validation of
SODA in representing SCS salinity variability. Time
series of interannual salinity anomalies of the upper
100 m (the depth focused on in this study) averaged
over the northern SCS (105°E–121°E, 17°N–25°N)
derived from EN4, SODA, and Argo data are shown
in Fig.2. Though there are subtle discrepancies among
diﬀerent products, three datasets basically reach
consensus. Despite strong interannual ﬂuctuations,
the decadal variations stand out as a signiﬁcant feature
for the period of 1960–2010. The model performance
of the velocity/transport simulations based on SODA
has been veriﬁed in many studies (e.g., Li et al., 2016,
2018; Zhu et al., 2016). To evaluate the discrepancies
between the various evaporation and precipitation
products, the long-term time series of annual-mean
freshwater ﬂux averaged over the SCS derived from
CPC, GPCP, and TRMM precipitation data, and
OAFlux evaporation data and ERA-Interim
precipitation and evaporation data are compared
(Fig.3). As shown in Fig.3, they reach consensus. For
the salinity budget analysis in our study, the CPC
precipitation data and OAFlux evaporation data are
adopted. In the following, decadal variations and
trends of the upper layer salinity will be discussed in
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Fig.3 Long-term time series from 1960 to 2010 for basinaveraged annual-mean net freshwater ﬂux (mm/d)
derived from CPC (black curve), GPCP (blue curve),
TRMM (red curve) precipitation data and OAFlux
evaporation ﬂux and ERA-Interim precipitation and
evaporation data (magenta curve)

detail based on SODA data.
To reveal the evolution of the salinity, the vertical
structures of salinity anomalies averaged over the
SCS (105°E–121°E, 5°N–25°N) are examined using
time–depth plots from SODA data (Fig.4). The
salinity anomalies (Fig.4a) exhibit a pronounced
variation in the upper layer, especially above 100 m.
The variations gradually weaken with increasing
depth. To highlight long-term changes, the salinity
anomalies smoothed by a 7-year low-pass ﬁlter are
shown in Fig.4b. Here, the Butterworth low-pass ﬁlter
is adopted, and linear continuation method is used for
boundary processing. It can be seen that the salinity
anomalies show signiﬁcant decadal variations,
especially above 100 m. The upper ocean freshened
from the 1960s to the mid-1970s, saliniﬁed from the
mid-1970s to the mid-1990s, then freshened again
after the mid-1990s. The freshening trend of the
upper-ocean water after the mid-1990s is consistent
with previous studies (Nan et al., 2016). Nan et al.
(2016) revealed that the upper layer salinity decreased
signiﬁcantly after 1993. We also should note that the
variations are still signiﬁcant in deeper layer during
some period, such as 1970s and 2010s.
Since the SCS circulation variability is driven by
monsoonal wind variability (Fang et al., 2002), it is
necessary to identify the role of monsoon reversed
ocean status in interannual to decadal variation of
salinity. Therefore, evolution of summer/winter
salinity variations and its vertical structures during
1960 through 2010 are shown in Fig.5. It shows that
the seasonal diﬀerence is very slight, suggesting that
the low-frequency variations of salinity in the upper
ocean of the SCS are independent of season, although
the freshening signal in the mid-1970s is stronger in
summer than in winter. Overall, the salinity anomalies
tend to be stronger in the upper 100 m, and therefore

J. OCEANOL. LIMNOL., 40(4), 2022

Depth (m)

a

Vol. 40

b

0.2

50

50

100

100

0.1

150

150

0

200

200

Salinity anomaly

1338

-0.1
250

250
-0.2

300
1960

1970

1980

1990

2000

300
2010 1960

1970

1980

Year

1990

2000

2010

Year

Fig.4 Time-depth maps of the salinity anomalies averaged over the SCS (105°E–121°E, 5°N–25°N) from 1960 to 2010 based
on SODA data (a); (b) as in (a), but for the salinity anomalies smoothed by a 7-year low-pass ﬁlter (Butterworth ﬁlter)
to highlight low-frequency variability
Linear continuation method is used for boundary processing.
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Fig.5 As in Fig.4, but for winter (a and b) and summer (c and d)

in the following, only the salinity changes of the
upper 100 m in the SCS are focused on.
To better understand the salinity changes and
illustrate how the upper ocean salinity variation
distributed horizontally, EOFs are calculated on the
yearly salinity anomalies averaged from surface to
100 m based on SODA data. Since the decadal
changes of the salinity are focused on, yearly salinity
anomalies are ﬁrst smoothed using a 7-year low-pass
ﬁlter (Butterworth ﬁlter and linear continuation
method) in order to remove the high-frequency signal
before the EOF analysis. Here, linear continuation
method is used for boundary processing. The ﬁrst
EOF mode of salinity anomalies and its corresponding
principal component are shown in Fig.6. As the result,
the ﬁrst EOF mode, which explains 58.999% of the

variance, presents a spatially consistent pattern with
positive values over the whole SCS. The strongest
signal occurs west of Luzon Island and southwestern
SCS. The time coeﬃcient of EOF1, shown in Fig.6b,
further conﬁrms a decreasing tendency from 1960 to
1975, an increasing tendency during 1976–1995 and a
decreasing tendency from 1996 to 2010.
3.2 Trends of the upper ocean salinity
The analysis above shows that the upper ocean
salinity in the SCS exhibits substantial decadal
variability over the study period (Figs.4–6). In
addition to the decadal variability, the upper ocean
salinity also shows signiﬁcant trends during diﬀerent
periods. According to the above results, we divide the
time series into three periods: 1960–1975, 1976–
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1995, and 1996–2010 to identify respective salinity
trends. Figure 7 shows the average yearly salinity
anomalies and their linear trends during these three
periods. There is a freshening in the periods of before
1975 and after 1995, with saliniﬁcation in the
intervening years, which is basically consistent with
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Fig.6 The ﬁrst EOF mode of the upper ocean salinity
anomalies based on SODA data (a); the time
coeﬃcient of EOF1 (b)
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the decadal variations of the subsurface salinity in the
northern SCS (Zeng et al., 2016b). A low-frequency
curve derived using a 7-year low-pass ﬁlter is overlaid
to highlight decadal variations. To quantify the
salinity changes of the upper layer, the linear trends
for these three periods are calculated. Respectively,
salinity decreased (~0.24) with a freshening trend of
-0.16/decade from 1960 to 1975. From 1995 to 2010,
the freshening trend is lower, about -0.06/decade,
with the salinity falling by about 0.10. Between the
two freshening periods, the salinity increased by
about 0.16 with a saliniﬁcation trend of 0.08/decade.
Compared with the salinity trends of the subsurface
water (about 150 m), the freshening trend of the upper
100 m is stronger, whereas its saliniﬁcation trend is
weaker during these respective periods (Zeng et al.,
2016b). All the calculated trends above based on
yearly average time series are statistically signiﬁcant
at the 95% conﬁdence level according to a MannKendall test.
To further explore the regional diﬀerence of the
salinity variations, the SCS is divided into three
regions: the northern SCS (NSCS, 108°E–121°E,
16°N–23°N), the central SCS (CSCS, 108°E–121°E,
10°N–16°N) and the southern SCS (SSCS,
105°E–118°E, 5°N–10°N) (Fig.8a). Interannual
salinity anomalies of the upper 100 m averaged over
the three regions of the SCS, the entire SCS, and WP
(121°E–125°E, 15°N–25°N) are shown in Fig.8b. It
can been seen that regional diﬀerence of salinity
variations in the SCS is relatively small (also shown
in Fig.6a), and they all show a decreasing trend before
1975 and after 1995 and an increasing trend during
1976–1995. It is noteworthy that the salinity trend in
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Fig.7 Time series of the salinity anomalies of the upper 100 m averaged over the SCS (105°E–121°E, 5°N–25°N) based on
SODA (red)
Red circles with pink shading indicate error bar. The black dashed line represents the linear least squares ﬁt of yearly values for the three periods. The
low-frequency curve (blue) represents the 7-year ﬁltered values based on SODA data.
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Fig.9 Salinity trends (units: /decade) averaged above 100 m from 1960 to 1975 (a), from 1976 to 1995 (b), and from 1996 to
2010 (c) based on SODA data
The black dots represent where the trend is statistically signiﬁcant at the 95% conﬁdence interval according to a Mann-Kendall test.

the WP is slightly smaller than that in the NSCS
during these three periods.
To get a full view of the salinity trends, the spatial
distribution of the linear trends of the upper ocean
salinity for the three periods based on SODA data are
shown in Fig.9. From 1960 to 1975, there are negative
trends in most areas. The maximum negative salinity
trend of -0.3/decade occurs in the northeastern SCS
west of the LS. Another strong negative signal (about
-0.25/decade) appears in southern SCS. From 1976 to
1995, except for some regions in the southeastern
SCS, the salinity has a positive trend in most areas
with the maximum centers (about 0.25/decade)
appearing in the NSCS. Figure 9c shows that from
1996 to 2010 there are negative trend in most areas
except for some regions in the southeastern SCS, and
salinity has a negative trend with the largest amplitude
of -0.28 in the northwestern SCS. Another strong
negative signal (about -0.15/decade) appears in the

northeastern SCS west of the LS. Compared with
Fig.9a, the negative signal is weaker and mainly
occurs north of 12°N during the second freshening
period (Fig.9c).
To better reveal the vertical distribution of the
salinity trends during these three periods, the salinity
trends averaged in the four regions (Fig.8) are
examined (Fig.10). The upper ocean salinity from
surface to 300 m in the four regions all shows a
negative trend during 1960–1975 and a positive trend
from 1976 to 1995, and the upper ocean in all regions
except for SSCS all shows a freshening trend except
for the SSCS during 1996–2010, consistent with
Fig.9. As mentioned above, the salinity anomalies
tend to be stronger in the upper 100 m and become
weaker with increasing depth, which is also shown in
Fig.10. It should be noted that the freshening and
saliniﬁcation signals penetrate at least to 300-m depth
in diﬀerent periods, such as the freshening trend from
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1960 to 1975 and the saliniﬁcation trend from 1976 to
1995, while it is conﬁned within a shallower depth in
the second freshening period. The salinity in the four
regions all has a freshening trend, and the salinity
trend is the largest in the NSCS and CSCS from 1960
to 1975. During 1976–1995, they all show a positive
trend in the upper 100 m and the largest salinity trend
occurs in the NSCS. During 1996–2010, they all show
a negative trend except for the SSCS, the larger
freshening trend occurs in the NSCS in the upper
100 m.
Based on SODA data, the above analysis reveals
the upper ocean salinity trends in diﬀerent periods in
the SCS, which are a freshening trend before 1975
and after 1995 and a saliniﬁcation trend from 1976 to
1995. In the following, quantitative analysis for
mechanisms leading to salinity variations will be
performed using SODA data.
3.3 Possible factors controlling long-term salinity
changes
In order to evaluate relative contributions of diﬀerent
factors to long-term variations of the upper layer
salinity in the SCS, a salinity budget analysis is used in
this section to help identify the physical mechanisms.
The surface layer salinity is controlled by surface
freshwater forcing, and horizontal and vertical
processes. According to Eq.1, the upper layer salinity
changes are aﬀected by advection (including horizontal
advection and vertical advection) and surface
freshwater forcing. For the salinity budget analysis, a
control volume is selected, which is deﬁned by the
horizontal boundaries of 105°E–121°E, 5°N–25°N,

1960

Year

Fig.11 Anomalous salinity averaged over upper 100-m area
of the SCS and time-integration salinity budget
terms
The integrations were performed over an integration interval of
one year. a. surface freshwater forcing term (  Fs dt ); b. horizontal
advection term (  Adv h dt ); c. vertical advection term (  Advv dt );
d. the salinity anomaly (blue line), and the sum of all three terms
from SODA (red line).

and from the sea surface to the 100-m depth. A diagnosis
of the box-averaged salinity budget terms in the SCS is
presented in Fig.11. It shows that the sum of yearly
integrated advection (including horizontal advection
and vertical advection) and surface freshwater forcing
terms (  Fs dt   Adv h dt   Adv v dt ) matches the salinity
variation term well. The salinity advection and the
surface freshwater forcing dominate the salinity
variability simultaneously. To understand the relative
importance of surface freshwater forcing, horizontal
advection, and vertical advection on the salinity
variations, salinity budget terms and subitems averaged
over these three periods are shown in Fig.12.
During the ﬁrst freshening period horizontal
advection, vertical advection, and surface freshwater
forcing are all contributors to the negative salinity
variability, and the relative contribution of horizontal
advection is larger than the surface freshwater forcing
and vertical advection. During the saliniﬁcation
period, the surface freshwater forcing and horizontal
advection have comparable contributions to the
signiﬁcant positive salinity anomaly, and the vertical
advection term with a smaller relative contribution
plays a secondary role. During the second freshening
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of the T changes and salinity changes using the anomalous T
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Fig.12 Salinity budget terms and subitems (10-2 /a) averaged
over various periods: 1960–1975 (a, b), 1976-1995 (c,
d), and 1996–2010 (e, f)

period, the horizontal advection especially zonal
advection, is the leading factor controlling the
freshening, and the surface freshwater forcing has a
negative contribution to the salinity anomaly.
Moreover, the relative contribution of the horizontal
advection is larger than that in the ﬁrst freshening
period. The vertical advection is relatively smaller
than the horizontal advection term except for the ﬁrst
period. Furthermore, during these three periods, the
relative contribution of zonal advection to salinity
change is greater than that of meridional advection.
Note that the advection across the west boundary
appeared to be important, it is probably mainly
aﬀected by the west boundary current (Fang et al.,
2012) and associated with the decadal modulation of
zonal currents across 105°E around 1976/77 (Liu et
al., 2007). More detailed mechanism discussion will
be carried out in the future work.
According to Qu et al. (2005) and Nan et al. (2016),
the freshwater exports across the outﬂow straits
(Taiwan Strait, Mindoro Strait, and Karimata Strait)
do not contribute much to the interannual SCS salinity
budget. Nan et al. (2016) also suggested that the
freshening trend of the upper layer ocean after 1993
was mainly controlled by the weakened Kuroshio
intrusion. It is worth mentioning that the horizontal
advection is associated with the salinity diﬀerence

between the WP and the SCS and the advection
transport. To estimate the contributions of the LS
transport (hereafter in terms of T) changes and salinity
changes, we compared the changes of three terms
(anomalous T and ΔS, anomalous T and climatological
ΔS, and climatological T and anomalous S) (Fig.13).
T changes is the dominant factor and the eﬀect of
salinity diﬀerence changes is limited. From Figs.8
and 9, it can be seen that the salinity trend is smaller
in the Kuroshio east of the LS than that in the NSCS.
This indicates that the contribution of horizontal
advection is mainly in zonal direction controlled by
Kuroshio intrusion, and the eﬀect of the salinity
diﬀerence changes is limited.
According to previous studies, the SCS and tropical
Paciﬁc Ocean are inﬂuenced by the large-scale
climate patterns in the El Niño-Southern Oscillation
(ENSO) and PDO (Qu et al., 2004; Wang et al., 2006a;
Singh and Delcroix, 2011; Deng et al., 2013; Yu and
Qu, 2013; Skliris et al., 2014; Du et al., 2015; Zeng et
al., 2018). Skliris et al. (2014) revealed that ENSO
multi-decadal variability had a signiﬁcant eﬀect on
the spatial patterns of evaporation minus precipitation
and sea surface salinity (SSS) linear trends in the
tropical Paciﬁc Ocean over 1979–2010. Yu and Qu
(2013) indicated that decadal variation of the upperlayer (0–745 m) Luzon Strait transport (LST) was
closely related to the PDO. Du et al. (2015) revealed
that the Paciﬁc decadal climate change aﬀects the
decadal variability of SSS in the tropical western
Paciﬁc Ocean by changing the Walker circulation and
ocean dynamic processes. Zeng et al. (2018) found
that the change of SSS in the SCS is more closely
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associated with the PDO than with ENSO. Figure 14
shows the time series of the salinity averaged above
100 m in the SCS and PDO index. It can be seen that
the salinity changes appear to have a PDO-like signal,
with freshening during the negative PDO phase and
saliniﬁcation during the positive PDO phase, which
suggests that the salinity changes of the upper 100 m
in the SCS are closely related to the PDO.
To better understand the upper-layer circulation
and local freshwater ﬂux during the positive phase of
the PDO, a composite event representing the
diﬀerences between the strong (1967, 1986, 1995,
and 2004) and weak (1963, 1972, 1991, and 2000)
PDO years (Fig.15) is analyzed. In the mean, intrusion
of the Kuroshio across the LS is conspicuous
(Fig.15a). An anomalous westward current on the
northern side of the North Equatorial Current (NEC)
develops in the composite event (Fig.15b), indicative
a weak Kuroshio Current and a stronger Kuroshio
intrusion (Qiu and Lukas, 1996; Yu and Qu, 2013;
Zeng et al., 2016b), leading to more high-salinity
water entering the SCS in the strong PDO years than
in the weak PDO years. Furthermore, relative to the
much wetter conditions in the weak PDO years, the
SCS becomes drier in the strong PDO years (Fig.15b).
The decrease of the net freshwater ﬂux and the
increase of horizontal salt advection together provide
favorable conditions for saliniﬁcation during the
positive PDO years, and vice versa. These results
suggest that on decadal time scale the PDO has a
signiﬁcant inﬂuence on ocean current and the local
net freshwater ﬂux, and further aﬀects the upper-layer
salinity changes in the SCS.
Furthermore, on the interannual time scale, Qiu
and Chen (2010) have indicated that the bifurcation
latitude of the NEC moves northward during El Niño
years and the situation reverses during La Niña

-1.0
-1.5

Fig.15 Long-term mean (1960–2010) SODA vertically
mean (0–100 m) circulation (vectors, m/s) and
freshwater ﬂux (evaporation minus precipitation,
shading, mm/d) (a) and the diﬀerence between the
strong (1967, 1986, 1995, and 2004) and weak (1963,
1972, 1991, and 2000) PDO years (b)

years. Northward shift of the NEC bifurcation
(NECB) during El Niño weakens the Kuroshio oﬀ
Luzon and is associated with increased throughﬂow
within Luzon Strait (LS) into the SCS (Yang et al.,
2013). Yu and Qu (2013) also found that the upperlayer LST showed a high correlation with the NECB
latitude. Qiu and Lukas (1996) revealed that the
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interannual change of the NECB latitude is due to
the positive wind stress curl anomaly over the North
Paciﬁc tropical gyre prior to the El Niño years that
works to shift the NECB northward through the
interior ocean’s baroclinic adjustment. Gordon et al.
(2014) revealed that distinct Kuroshio develops
within Lamon Bay and the Lamon Bay T/S
stratiﬁcation displays abrupt shift in December
2011, which is induced by shift in NEC bifurcation.
Xu et al. (2006) showed that the surface wind speed
associated with the East Asian monsoon has
signiﬁcantly weakened in both winter and summer
from 1969 to 2000. Jiang et al. (2021) recently
revealed that the SCS experienced a signiﬁcant
reduction in warming rate during 1999–2010
following an accelerated and unprecedented
warming in the last three decades (1970–1998), and
further indicated the enhanced winter monsoon was
the atmospheric driver that slowed down the SCS
basin-scale warming, while the largest reduction of
the warming rate occurred in the NSCS that can be
attributed to the oceanic throughﬂow via the LS.
According to previous conclusions, we wonder if
there is a relationship between upper layer salinity
trends, the NECB latitude changes and SSS trends,
and if there is an air-sea factor that links heat and
freshwater ﬂuxes. Considering that the focus of this
paper is the upper layer salinity variations and trends
in the SCS, it will be investigated in our future work.

4 DISCUSSION AND SUMMARY
This study focused on the decadal variations and
trends of the upper ocean salinity in the SCS from
1960 to 2010 and their possible mechanisms. The
results indicate that the upper ocean salinity showed
substantial decadal changes, i.e., decreased from 1960
to 1975 and after 1995 and increased from 1976 to
1995. Correspondingly, the salinity trends of the
upper ocean are -1.60, 0.08, and -0.05/decade,
respectively.
To get a comprehensive view of the salinity
variability, horizontal and vertical structure of salinity
trends are also examined during these three periods.
Respectively, from 1960 to 1975 the upper ocean
salinity shows a negative trend with the maximum
value in the northeastern SCS west of the LS and the
sub-maximum value in southern SCS; from 1976 to
1995 the upper salinity has a positive trend with the
salty center in the NSCS; from 1996 to 2010 the upper
salinity also has a negative trend with the most
signiﬁcant trend in the northwestern SCS. The vertical
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structure of the salinity trends in the diﬀerent regions
have a negative trend during 1960–1975 and 1996–
2010 and a positive trend from 1976 to 1995.
Furthermore, the saliniﬁcation signals penetrate at
least to 300-m depth from 1976 to 1995, while it is
conﬁned within a shallower depth in the second
freshening period. During 1960–1975, the salinity in
the four regions all has a freshening trend, and the
salinity trend is the largest in the NSCS and CSCS.
They all show a positive trend in the upper 100 m and
the largest salinity trend occurs in the NSCS from
1976–1995. During 1996–2010, they all show a
negative trend except for the SSCS, the larger
freshening trend occurs in the NSCS in the upper
100 m.
A salinity budget analysis is carried out to explain
the contribution of primary factors. During the ﬁrst
freshening period horizontal advection, vertical
advection, and surface freshwater forcing are all
contributors to salinity freshening, and horizontal
advection is relatively larger. For the saliniﬁcation
period, the contribution of horizontal advection and
surface freshwater forcing to the positive salinity
anomaly is comparable, while the vertical advection
is a minor factor. The horizontal advection, especially
zonal advection, is the dominant factor controlling the
salinity anomaly during the second freshening period,
and the horizontal advection plays a comparatively
more important role than that in the ﬁrst freshening
period. Furthermore, the vertical advection term is
relatively smaller than the horizontal advection term
except for the ﬁrst period. The contribution of zonal
advection to salinity change is greater than that of
meridional advection. In addition, the horizontal
advection is controlled mainly by Kuroshio intrusion.
Furthermore, the upper layer salinity changes appear
to have a PDO-like signal, with freshening during the
negative PDO phase and saliniﬁcation during the
positive PDO phase. PDO mainly inﬂuences the
upper-layer salinity changes through both atmospheric
bridge (surface freshwater forcing) and oceanic
bridge (Kuroshio intrusion).
It is worth to note that we did not consider river
runoﬀ in the salinity budget analysis in this study,
which might result in an underestimate of the
contribution of the surface freshwater forcing. Also,
lack of diﬀusion terms and variations our analysis
cannot resolve (e.g., mesoscale eddies) in salinity
budget analysis will bring some error. In addition,
discussion on the relationship of the salinity changes
and PDO is relatively preliminary, the details require
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further investigation in future. The results of this
paper are based on SODA data. We must be
conservative with our conclusions because of the
uncertainty of reanalysis products, particularly in the
SSCS, which has been plagued by sparse observations
until recent decades. Regardless, the decadal
variations and trends of the upper layer salinity in the
SCS, which represents our best attempt to interpret
the available data, is likely true for consistent results
of the subsurface salinity in the NSCS and the mixedlayer salinity in the SCS (Zeng et al., 2016b, 2021).
Furthermore, Zeng et al. (2021) investigated the longterm variability of the mixed layer salinity in the SCS
using an in-situ observational dataset (SCSPOD15),
which are relatively scattered. This study focuses on
the decadal variations and trends of the upper ocean
salinity (0–100 m) in the SCS using SODA data,
which provides more comprehensive information on
salinity changes. In addition, the horizontal and
vertical structure of salinity trends are also examined
during these three periods, which shows detailed
characteristics of salinity changes in diﬀerent regions
of the SCS during these three periods. We also
compared the horizontal patterns of salinity trends
obtained from independent datasets including Ishii,
EN4, and SODA data (ﬁgure not shown). The results
show that they all have a good consistency in the
horizontal distribution of salinity trends over the three
periods. Sustained ocean observations and sensitivity
experiments from a high-resolution, coupled
atmosphere-ocean model is needed for further
discussion of the salinity changes.
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