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Abstract

The South China Sea (SCS) is the largest semi-enclosed marginal sea in the North Pacific. Salinity changes in the
SCS play an important role in regional and global ocean circulation and the hydrological cycle. However, there are
few studies on salinity changes over the SCS due to lack of high-quality and long-term observations. In the past
decade, the deployment of floats from the Argo program in the SCS and their accumulated temperature and
salinity profiles have made it possible for us to examine salinity changes over the entire basin. In this study,
salinity changes were investigated with Argo and underwater glider temperature and salinity observations and
gridded temperature–salinity objective analyses (UK Met Office Hadley Centre EN4.2.1 objective analysis and
China Argo Real-time Data Center BOA_Argo). The results indicated that the subsurface water in the entire SCS
became significantly saltier during 2016–2017. The most significant salinity increase was found during 2016 in the
northeastern SCS. The subsurface water in the northeastern SCS exhibited a salinity maximum above 35, which
was recorded by three Argo floats during 2015–2016. Such high salinity water was rarely observed and reported
prior to the Argo era. Average salinity of 2016–2017 along the 25.5σθ–23.5σθ isopycnal surfaces in the whole SCS is
0.014−0.130 higher than the climatology. Increases in subsurface salinity started from the northeastern SCS and
extended southwestward gradually. Moreover, the subsurface salinity changes, especially in the northern SCS,
exhibited a semiannual lead behind the subsurface Luzon Strait transport. Further analysis indicated that the
predominance of advection, driven by subsurface Luzon Strait transport, led to salinification along the western
boundary of the SCS. In other parts of the SCS, negative wind stress curl trends tended to preserve the high salinity
characteristics of the subsurface water.
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1  Introduction
Ocean salinity is an important parameter in physical oceano-

graphy, and changes in it are an indirect indicator for changes in
precipitation, evaporation, river runoff, and ice melt. The pat-
terns of salinity change are often used to study changes in the
global hydrological cycle (Wong et al., 1999; Curry et al., 2003)
and are an important complement to atmospheric measure-
ments. Because of their importance, salinity changes on global
and regional scales have been studied extensively (e.g., Wong et
al., 1999, 2001; Suga et al., 2000; Lukas, 2001; Jacobs et al., 2002;
Curry et al., 2003; Boyer et al., 2005; Delcroix et al., 2007; Durack
and Wijffels, 2010).

The South China Sea (SCS) is the largest semi-enclosed mar-
ginal sea in the North Pacific. It connects with the Pacific Ocean
through the deep Luzon Strait. The Kuroshio intrusion through
the Luzon Strait is a year-round phenomenon (Shaw, 1991; Qu et
al., 2000, 2004), which affects both the circulation and water
characteristics in the SCS. Compared with SCS water in the sub-

surface, Kuroshio water is characterized by higher temperature
and salinity. Over the past decades, much work has focused on
the Kuroshio intrusion, water exchange through the Luzon Strait,
and circulation in the SCS (e.g., Shaw, 1991; Shaw and Chao,
1994; Li et al., 2000; Qu, 2000; Li and Qu, 2006; Tsui and Wu, 2012;
Yuan et al., 2014; Hsin, 2015; Wang et al., 2016). However, less ef-
forts have been exerted to study salinity changes in the SCS due
to a lack of high-quality observation data sets. Nan et al. (2013)
reported decadal freshening in the northeastern SCS from the
1990s to 2000s because of a weakening of the Kuroshio intrusion.
Using sea surface salinity data from the sensor Aquarius sponso-
red by NASA’s Earth System Science Pathfinder (ESSP) Program
together with in situ hydrographic data, Zeng et al. (2014) re-
vealed a reliable freshening in the SCS in 2012 owing to abund-
ant local freshwater flux and weakening of the Kuroshio intru-
sion. Zeng et al. (2016) reported a Pacific Decadal Oscillation
(PDO)-like change in the subsurface salinity of the northern SCS
over the period 1960–2012, and a long-term freshening of −0.007 8 a−1
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between 1993 and 2012. They also attributed this decadal vari-
ation to advection driven by the Luzon Strait transport (LST) and
entrainment from the mixed layer. Nan et al. (2016) also found a
freshening of −0.012 a−1 in the upper 100 m of the SCS between
1993 and 2012. They suggested that this freshening was mainly
controlled by the weakening of the Kuroshio intrusion, which is
closely related to the PDO. A recent study (Zeng et al., 2018) re-
ported a salinification trend in the SCS from late 2012 when the
phase of the PDO switched from negative to positive; however,
they mainly focused on the sea surface, and thus the nature of the
salinification signal in the subsurface is still unknown.

Over the past few years, the Argo program (Argo Science
Team, 1998; Riser et al., 2016; Liu et al., 2017) extended its core
mission to cover marginal seas and more profiling floats were
launched in the SCS. Thanks to the availability of these high-
quality hydrological data, temperature and salinity changes over
the basin of the SCS can now be examined. The motivation for
this study was to reveal recent subsurface salinity changes and
possible factors influencing it (e.g., subsurface LST, local wind
stress curl) following previous salinity changes in the SCS de-
scribed by Zeng et al. (2016) and Nan et al. (2016). The data we
used are Argo float-derived temperature and salinity observa-
tions that covered nearly the whole SCS basin together with oth-
er gridded temperature and salinity data sets. Section 2 of this pa-
per describes the data and methodology. Section 3 reports the
significant salinity increase in the subsurface layer of the SCS
during 2016−2017. Section 4 discusses possible factors con-
trolling the extreme salinification events. Finally, conclusion and
discussions are presented in Section 5.

2  Data and methodology

2.1  Argo temperature and salinity data
As the international Argo program expanded to a global mis-

sion in 2013, China began to deploy Argo floats in the SCS from
2016 onwards. Prior to this, all of the floats in the SCS were de-
ployed by the United States. During the period 2006–2018, 143
floats were deployed in the SCS, and about 11 468 temper-
ature–salinity (T–S) profiles were obtained, spanning 5°–22°N
and 105°–121°E. The data used in this study were downloaded
from the Coriolis Argo Global Data Center (ftp://ftp.ifremer.
fr/ifremer/argo/), and have been post-processed by the China
Argo Real-time Data Center (CARDC) (http://www.argo.org.cn/).
For each float, post quality control has been applied visually to
screen out erroneous spikes and conductivity sensor drift. Ap-
proximately 10 294 T–S profiles from 117 floats have been re-
tained and used for this study (Fig. 1).

2.2  Sea-wing underwater glider temperature and salinity data
To include as many in situ observations as possible, data from

several Sea-wing underwater gliders were also used. The Sea-
wing underwater glider was developed by the Shenyang Institute
of Automation, Chinese Academy of Sciences (Yu et al., 2011).
From 2014 to 2016, 14 Sea-wing gliders were deployed during
eight cruises in the northern SCS from which 1 503 temperature
and salinity profiles (each profile contains a downcast and up-
cast) were observed. Each profile was processed and quality con-
trolled, including a thermal lag correction, Argo-equivalent real-
time quality control tests and a simple post-processing proced-
ure, using the toolbox developed by CARDC (Liu et al., 2019).

2.3  Gridded temperature and salinity data set
We used two gridded temperature and salinity data sets in our

analysis. The UK Met Office Hadley Centre EN4.2.1 objective
analysis is a monthly product with a 1°×1° horizontal resolution.
The EN4 data set is based on subsurface ocean temperature and
salinity profile data obtained from the WOD09, GTSPP, Argo and
ASBO collections (Good et al., 2013). The BOA_Argo data set de-
veloped by CARDC is also a monthly product (1°×1° grid). It is
based on a refined version of Barnes’ method of successive cor-
rections, and uses only Argo data (Li et al., 2017; Lu et al., 2019).
Because the Argo array did not have global coverage prior to
2004, BOA_Argo only provides data from 2004 to 2018. To re-
move the effects of the seasonal cycle, corresponding monthly
averaged climatological salinity fields were derived to represent
the seasonal cycle. For EN4 data set, the monthly climatology was
computed for the period 1981–2010, while for BOA_Argo, its
monthly climatology was derived from the whole data set
(2004–2018). The salinity anomaly for each Argo float, Sea-wing
underwater glider was then obtained by subtracting the monthly
averaged salinity field from BOA_Argo because BOA_Argo data
set was produced with only Argo temperature and salinity pro-
files, and underwater gliders have the similar sampling scheme
with Argo floats.

2.4  Ocean current data
Monthly ocean current data from the National Centers for En-

vironmental Prediction (NCEP) Global Ocean Data Assimilation
System (GODAS) (Behringer et al., 1998; Behringer and Xue,
2004) and Simple Ocean Data Assimilation (SODA 3.4.2)
ocean/sea ice reanalysis (Carton et al., 2018) were used to calcu-
late the LST into the SCS. The horizontal resolutions of GODAS
and SODA 3.4.2 were 1°×0.33° and 0.5°×0.5°, respectively. The
calculated LST was used to evaluate the impact of the Kuroshio
intrusion on the salinity changes in the SCS.

2.5  Wind data
The monthly sea surface 10-m wind data used in this study

were taken from the NCEP/National Center for Atmospheric Re-
search (NCAR) reanalysis, which has a spatial resolution of
1.875°×1.9° (Kalnay et al., 1996). Similar to EN4 salinity, the ocean
current and wind data both subtracted the monthly averaged cli-
matological field for the period 1981–2010 to remove the effects
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Fig. 1.   Annual number of Argo temperature–salinity (T–S) pro-
files from the SCS during the period 2006–2018.
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of the seasonal cycle.

3  Significant subsurface salinity increase in the SCS during
2016–2017

The subsurface high-salinity water in the SCS generally exists
with a potential density range of 23.5σθ–25.5σθ (Qu et al., 2000).
We thus used this density range to identify subsurface salinity in
the SCS, i.e., the mean salinity value between the 23.5σθ and
25.5σθ isopycnal surfaces.

Figure 2 shows a snapshot of observed subsurface salinity an-
omalies from 2013 to 2018. During 2013–2017, subsurface salin-
ity in the SCS exhibited an increasing trend and reached its peak
across the basin between 2016 and 2017. This salinification in the
subsurface was weakened starting from 2018 even though there
was a remarkable reduction in the total number of the Argo pro-
files. The salinity increase started in the northern SCS when al-
most the entire SCS was occupied by a negative salinity anomaly
(Figs 2a and b). The most significant salinity increase was found
in the northeastern SCS in 2016 and was up to ~0.4 (Fig. 2d). Dur-
ing the Argo era in the SCS, subsurface water with salinity max-
ima higher than 35 was only observed by three floats (WMO
(World Meteorological Organization) numbers: 2901480, 2901502
and 5904562) in the northeastern SCS from 2015 to 2016 (Fig. 3).
It is worth noting that such subsurface higher salinity water (>35)
has been barely observed and reported in the SCS. This water
evidently originated from the western Pacific and intruded into
the SCS through the Luzon Strait. All the salinities are found to be
consistent with each other below 5°C, indicating the reliability of
these Argo observations. The distribution of these profiles may
suggest that the intrusion of the Kuroshio water with higher tem-
perature and salinity into the SCS mainly took place in the north
of the Luzon Strait, and propagated westward into the SCS from
southwest of Taiwan. Furthermore, most profiles (11 out of 13)

with salinity maxima higher than 35 were observed throughout
2016. Both the longitude and latitude-time distributions of the
subsurface salinity anomalies observed by Argo floats and under-
water gliders indicated that the remarkable salinity increases in
the subsurface water of the entire SCS was observed in 2016; in
addition, the salinity increase seemed to propagate westward and
southward (Fig. 4). This southwestward propagation of the posit-
ive salinity anomaly was more evident in the EN4 data set (Fig. 5).
We excluded data from shallow water (maximum water depth
less than 180 m) because of the possibility of unrealistic salinity
anomalies. In contrast to 2014, increases in subsurface salinity
were most significant in 2016 and 2017, with the maximum an-
omaly exceeding 0.3 in the northern SCS and southeast of Viet-
nam. The salinity increase during 2018 was still remarkable, but
weakened compared with 2016 and 2017. It can be seen from Fig. 5c
that the salinity increase near the Luzon Strait started to decline
from 2017, indicating a weakening of the Kuroshio intrusion.

To investigate the spatial distribution of the subsurface salin-
ity changes, we plotted annual mean T–S diagrams for 2016 and
2017 in 3°×3° boxes (Fig. 6). Compared with climatology derived
from EN4 data (monthly averaged data for 1981–2010), salinity of
the subsurface water showed a remarkable increase across al-
most the whole basin. Along certain isopycnal surfaces, in-
creases even exceeded 0.2. In fact, almost all the upper ocean
above the 25σθ isopycnal surface in the SCS showed a salinity in-
crease in 2016, especially above the 24.5σθ isopycnal surface. The
upper ocean above the 23.5σθ isopycnal surface started to freshen
in 2017. However, this freshening was absent in the subsurface
layers except near the Luzon Strait (Fig. 6b).

The vertical section along 18°N was chosen to illustrate the
detailed salinity increasing trend (Fig. 7). During 2015–2018, the
salinity increase occurred above ~180 m water depth almost
along the entire section compared with 2014. The most signific-
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Fig. 2.   Scatter plots of subsurface salinity anomalies (taken as an average of salinity anomalies within the density range 23.5σθ–25.5σθ)
observed by Argo profiling floats (filled circles) and sea-wing underwater gliders (open triangles) from 2013 to 2018.
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ant salinification trend was located between the sea surface and
24.0σθ isopycnal surface, with the maximum exceeding 0.3 dur-
ing 2016–2017. This positive salinity anomaly reached its highest
spatial coverage in 2016, which was in good agreement with ob-
servations from Argo floats and Sea-wing gliders. From then on,

the salinification trend exhibited a reduction, in particular east of
117°E. During 2015–2018, almost all of the isopycnal contours
above 26.0σθ were uplifted along 18°N, indicating strengthened
upwelling probably as a result of local enhanced wind stress curl.
This strengthened isopycnal uplifting was most evident west of
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Fig. 3.   Argo profiles with salinity maxima higher than 35 from 2015 to 2016 in the northeastern SCS. a and b. Profile locations (colored
crosses). WMO number and observation date for each profile are superimposed. c and d. T–S curves of Argo profiles shown in (a) and
(b), respectively.

110°E 115°E 120°E

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

Y
ea

r

a

10°N 15°N 20°N

b

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

S
al

in
it

y
 a

n
o
m

al
y

 

Fig. 4.   Longitudinal (a) and latitudinal (b) distributions of subsurface salinity anomalies against time observed by Argo floats (filled
circles) and sea-wing gliders (open triangles) from 2006 to 2018.
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114°E in 2017, with maximum uplifting to ~40 m.
A time series of salinity anomalies from 2004 to 2018 along

the 23.5σθ, 25.0σθ and 25.5σθ isopycnal surfaces and entire sub-
surface (23.5σθ–25.5σθ) were derived from both EN4 and
BOA_Argo data sets to demonstrate a basin-scale view of salinity
changes in the subsurface. The recent salinification in the upper
ocean of the SCS starting from late 2012 that has been revealed by
Zeng et al. (2018) was clearly seen from these two data sets (Fig. 8).
This salinification along the 23.5σθ and 25.0σθ isopycanal sur-
faces reached its highest during 2016–2017, furthermore, the sa-
linification amplitude along the 23.5σθ was much higher than that
along the 25σθ. It seems that the salinity along the 23.5σθ has a
semiannual leading shift against that along the 25σθ isopycnal
surface. The salinification along the 23.5σθ evidently weakened
starting from 2017, which is in good agreement with the Argo-ob-
served freshening in the upper ocean of the SCS shown in Fig. 6b.
Both data sets indicated salinification of a similar magnitude
along each isopycnal surface, demonstrating that differences in
the data sets have minimal effects on salinity change estimates.

Our results also indicated a decadal freshening trend over the
basin from 1993 to 2012 (figure not shown), in agreement with
Zeng et al. (2016) and Nan et al. (2016); however, an extreme sa-
linification event was found in the SCS subsurface water during
2016–2017 (Fig. 8). The amplitude of this significant salinifica-
tion in the subsurface water decreased with increasing water
density (Table 1). The average salinity anomaly of 2016–2017 in
the entire subsurface waters is 0.086 (0.065) for EN4 (BOA_Argo)
data set, with the maximum salinification about ~ 0.106 (0.088) in
the early of 2017. During the period 2016–2017, EN4 average sa-
linity anomaly is 0.130, 0.063 and 0.014 along the 23.5σθ, 25.0σθ
and 25.5σθ isopycnal surfaces, respectively. For these same three
isopycnal surfaces and period, BOA_Argo average salinity anom-
aly is 0.119, 0.047 and 0.017, respectively

4  Possible factors affecting the subsurface salinity increases
during 2016–2017

4.1  Relationship between subsurface salinity changes and subsur-
face LST
Significant subsurface salinity increase in the SCS during

2016–2017 are likely to be related to the LST into the SCS, as the
Luzon Strait is the only deep channel connecting the SCS with
the Pacific Ocean. The advection of the subsurface Luzon Strait
transport induces the salinity changes, so the salinity changes in
the Luzon Strait (i.e., east of the SCS) can be a good indicator of
the subsurface salinity change in the SCS. We calculated the sub-
surface LST (SLST) across 121°E (between 19.0° and 22.5°N) from
the model outputs of GODAS between water depths of 95 m and
205 m at 10-m increments and SODA 3.4.2 between depths of 99 m
and 201 m (i.e., 99, 110, 122, 135, 149, 164, 181 and 201 m). The
chosen depth ranges almost covered the subsurface layers
between 23.5σθ and 25.5σθ isopycnal surfaces in the SCS and
Luzon Strait. Figure 9a shows the time evolution of SLST (with
the seasonal cycle removed) calculated from these two data sets
for the period 2007–2018. Nan et al. (2013, 2016) reported a weak-
ening of the upper layer LST from the 1990s to 2000s. This weak-
ening also appears in our calculations, and has an annual trend
of about −0.084×106 and −0.018×106 m3/s in the subsurface (not
shown) according to GODAS and SODA data, respectively. From
2013 to 2016 (the salinification trend peaked in 2016), a strong
yearly positive trend of SLST (as much as 0.538×106 m3/s from
GODAS output) was seen in both data sets, indicating a consider-
able enhancement of the Kuroshio intrusion (at least in the sub-
surface) into the SCS in recent years. The LST is closely related to
the transport of the North Equatorial Current (NEC), which bi-
furcates at the Philippines coast into the northward-flowing Kur-
oshio Current and southward Mindanao Current (Toole et al.,
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Fig. 5.   Differences in subsurface salinity anomalies (based on EN4 data) between 2015 and 2014 (a), 2016 and 2014 (b), 2017 and 2014
(c), and 2018 and 2014 (d).
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1990; Qu and Lukas, 2003). Here, we define the NEC bifurcation
as the latitude where the meridional velocity averaged within a
5°-longitude band off the continental slope is zero. The subsur-
face bifurcation latitude of the NEC calculated from both GODAS

and SODA clearly tended to shift northward starting from 2013
and reached its northernmost extent in 2016 (Fig. 9b). In late
2012, when the phase of the PDO signal switched from negative
to positive (Zeng et al., 2018), the Aleutian low and its related
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positive wind stress curl anomalies migrated southward, redu-
cing the trade winds in the tropical North Pacific. Thus, the NEC
bifurcation shifted northward and enhanced the Kuroshio intru-
sion into the SCS (Yu and Qu, 2013). The results from SODA
differed in magnitude from GODAS, which is probably a result of

difference in the assimilation algorithm and observations used in
the assimilation.

We have chosen to use only the GODAS output in the follow-
ing analysis. Figure 10 shows the time series (1980–2018) of nor-
malized SLST and subsurface salinity anomalies derived from
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Fig. 6.   Annual mean T–S curves in 3°×3° boxes over the South China Sea basin during 2016 (a) and 2017 (b) (Argo T–S, blue curve;
EN4 climatological T–S, red curve). From left to right: 109°, 112°, 115°, 118° and 121°E; from top to bottom: 21°, 18°, 15°, 12° and 9°N.
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Fig. 7.   Vertical section of differences in salinity anomalies (based on EN4 data) along 18°N between 2015 and 2014 (a), 2016 and 2014
(b), 2017 and 2014 (c), and 2018 and 2014 (d), respectively. Isopycnal contours are denoted by black solid and dotted (2014) lines.
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EN4 data within the density range of 23.5σθ–25.5σθ isopycnal sur-
faces in the whole SCS. There was a clear positive trend of SLST
into the SCS, which began at the end of 2013 and peaked in early
2016. Mean subsurface transport increased from 2.7×106 m3/s to

5.1×106 m3/s, and then decreased to 3.9×106 m3/s by the end of
2017 (not shown). From 2014 to 2017, SLST exhibited a semian-
nual lead ahead of subsurface salinity changes. Interannual vari-
ation in subsurface salinity changes in the whole SCS is correl-
ated with SLST with a 6-month lag correlation coefficient of
~0.34, which is significant at the 95% confidence level (Fig. 10).
This indicates that the interannual subsurface salinity changes in
the SCS were significantly influenced by the strength of the Kur-
oshio intrusion through the Luzon Strait.

4.2  Influence of local wind stress curl
Previous studies (Zeng et al., 2016; Nan et al., 2016) have re-

vealed that horizontal advection and vertical entrainment are key
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Fig. 8.   Time series of regionally averaged salinity anomalies from 2004 to 2018 along the 23.5σθ, 25σθ, 25.5σθ isopycnal surfaces and
entire subsurface (within the range 23.5σθ–25.5σθ).  Solid lines denote results  from EN4,  and dashed lines denote results  from
BOA_Argo. All curves have been smoothed by a 12-month low-pass filter.
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Fig. 9.   Time series of the subsurface Luzon Strait transport (SLST) anomaly (with seasonal cycle removed) along 121°E (a) and the
subsurface bifurcation latitude of the North Equatorial Current anomaly (with seasonal cycle removed) (b) based on Global Ocean
Data Assimilation System (GODAS) and Simple Ocean Data Assimilation ocean/sea ice reanalysis (SODA 3.4.2), respectively.

Table 1.   Average subsurface salinity anomaly during 2016–2017
calculated from EN4 and BOA_Argo data  along different  iso-
pycnal surfaces

Isopycnal surface/kg·m–3 EN4 BOA_Argo
23.5–25.5σθ 0.086 0.065

23.5σθ 0.130 0.119

25.0σθ 0.063 0.047

25.5σθ 0.014 0.017
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factors controlling changes in subsurface salinity. The former is
favorable for subsurface salinification, and the latter is the source
of subsurface freshening. Figure 11 shows the annual mean wind
stress curl anomalies in the SCS from 2013 to 2018. A positive
(negative) wind stress curl anomaly was found to be in the north-
ern (southern) SCS during 2013–2014. The positive anomaly ex-
tended to the Vietnamese coast along the South China continent-
al shelf and slope during 2015–2016 and reached its largest cover-
age in 2016, whereas the central basin was occupied by an en-
hanced negative wind stress curl anomaly. After 2016, the posit-
ive anomaly along the South China continental shelf and slope
reversed, whereas the Vietnamese coast was still occupied by this
positive wind stress curl anomaly. In general, a positive trend was
found along the South China continental shelf and slope and the
western boundary along the Vietnamese coast with a maximum
rate of increase exceeding 2×10−8 N/(m3·a) to the southeast of Vi-
etnam (not shown). To the southeast of this region is an area of
depressed wind stress curl. An increase in wind stress curl usu-
ally enhances vertical entrainment from wind-driven upwelling
(Yan et al., 2015; Pei et al., 2017). However, along the western
boundary of the SCS, horizontal advection driven by LST was
predominant, resulting in salinification, whereas in other parts of
the SCS, particularly in the south, vertical entrainment was inhib-

ited, favoring the preservation of subsurface high salinity charac-
teristics.

5  Summary and discussion
A significant salinification trend in the upper layer of the SCS

starting from late 2012 was reported by Zeng et al., (2018). Des-
pite this, how salinity changes in the subsurface of the SCS in re-
cent years had not been reported yet. Using Argo and underwa-
ter glider temperature and salinity observations, we confirmed
this salinification trend in the subsurface (23.5σθ–25.5σθ) of the
whole SCS basin started from late 2012 and reached its peak dur-
ing 2016–2017. The salinification trend weakened from 2018.
Subsurface water with salinity maxima exceeding 35 had never
been reported previously, but this was observed by three Argo
floats in the northeastern SCS during 2015–2016. Subsequently,
EN4 objective analyses and BOA_Argo gridded data were used to
quantitatively examine this recent increase in salinity.

The salinity increase in subsurface started in the northeast-
ern SCS and extended southwestward gradually; the salinity max-
ima during 2016–2017 sometimes exceeded 0.2. The largest in-
crease was found along the 23.5σθ isopycnal surface. Using EN4
data, we found a salinification of 0.014–0.130 along the 25.5σθ–
23.5σθis opycnal surfaces during 2016–2017, compared with the
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Fig. 10.   Low-pass filtered time series (1980–2018) of the normalized SLST based on GODAS data and salinity anomaly within the
range 23.5σθ–25.5σθ. Seasonal signals have been removed from both SLST and salinity data.
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Fig. 11.   Annual mean wind stress curl anomalies derived from the National Centers for Environmental Prediction (NCEP) monthly
reanalysis.
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monthly climatology. The vertical section along 18°N also exhib-
ited a significant salinity increase that peaked in 2016. It is worth
noting that the isopycnal contours along 18°N were uplifted par-
ticularly during 2017, indicating strengthened upwelling from
local wind stress curl (Fig. 11). Though the accuracy of salinity
from EN4 and BOA_Argo cannot be estimated accurately, both
data sets are based on observation, and their time series of re-
gionally averaged subsurface salinity anomalies in the SCS agree
with each other (Fig. 8). Thus the salinity data from both EN4 and
BOA_Argo are reliable to a certain degree.

Because horizontal advection and vertical entrainment are
key factors controlling changes in subsurface salinity, both SLST
from GODAS model output and local wind stress curl derived
from NCEP reanalysis were analyzed. The results revealed that
following a weakening of the Kuroshio intrusion over 1993–2012,
SLST started to increase at the end of 2013 at an annual rate of
~0.538×106 m3/s. Interannual variation of SLST was correlated
with salinity changes in the subsurface. Over the whole SCS
basin, the correlation coefficient between salinity changes and
SLST in the subsurface was up to ~0.34 with a 6-month lag. Ana-
lyses of the local wind stress curl mainly indicated a positive
trend in the northern SCS and a negative trend in the southern
SCS over the period 2014–2017. The positive trend reached its
highest spatial coverage in 2016, spanning the western boundary
from Taiwan Island to the Vietnamese coast, and favored vertical
entrainment. However, advection driven by SLST was predomin-
ant along the western boundary of the SCS, which resulted in a
significant salinity increase during 2016 when the SLST was
highest.

In summary, this study reported an extreme salinification
events in the SCS subsurface from during 2016–2017, and pos-
sible factors controlling this change were discussed. However,
many associated factors concerning the observed salinification,
such as details about its dynamic mechanism, relationship with
the extreme El Niño event during 2015–2016, switches in the PDO
from negative to positive phases, as well as its impact on ocean
circulation in the SCS and possible duration, require further in-
vestigation.

The lack of long-term observations has limited our under-
standing of the variability in the thermohaline structure over the
entire SCS. Although Argo deployment in the SCS started in 2006,
the number of operational floats has never been sufficient to
monitor the whole basin and construct monthly gridded fields.
The Argo program has suggested that at least 22 operational
floats should be maintained in the SCS. In recent years, underwa-
ter gliders have been adopted to monitor meso-scale eddies in
the northern SCS; however, they are usually not routinely oper-
ated. Currently, Argo floats and underwater gliders are the most
two efficient means to obtain temperature and salinity profiles on
a large spatio-temporal scale, with the aims of observing differ-
ent ocean phenomena. It is therefore critical to conduct multi-
platform four-dimensional observational surveys with Argo floats
and gliders in the SCS, focusing on the northern region where the
water masses are evidently influenced by the western Pacific
through the Luzon Strait.
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