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Abstract This paper discusses the long-term varia-
tion in the salinity of the Southern Yellow Sea Cold
Water Mass (SYSCWM) and examines factors influenc-
ing the SYSCWM based on hydrographic datasets of the
China National Standard section and the Korea Oceano-
graphic Data Center. The mean salinity at the center of the
SYSCWM showed a decreasing long-term trend. In empiri-
cal orthogonal function (EOF) analysis, the second EOF
mode showed a similar long-term trend. The mean salin-
ity of the center of the SYSCWM was related to the intru-
sion of saline water from the Yellow Sea Warm Current
(YSWC), the salinity of the source area of the YSWC, the
evaporation minus precipitation (E-P) flux, and discharge
from the Changjiang River. The decreasing salinity trend
to the southwest of Cheju Island produced a freshening
trend in the YSWC, resulting in a reduction in the salinity
of the SYSCWM. The freshening trends of the water from
the northwest Pacific and the South China Sea were seen as
the reason for the decreasing salinity trend from the intru-
sion of water into the Yellow Sea (YS). The freshwater flux
influenced the surface salinity and was brought to deep
layers by strong mixing in winter. The mean E-P flux sig-
nal and Changjiang River discharge signal lagged the first
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principal component of the SYSCWM by approximately
5 months.

Keywords Southern Yellow Sea Cold Water Mass -
Long-term trend - Interannual salinity variability -
Yellow Sea Warm Current - Influence factor

1 Introduction

The Yellow Sea (YS) is a semi-closed marginal water body
between the Korean Peninsula and the Chinese mainland.
It is located at 31°40’-39°50'N and 119°10-126°50’E
and is open to the East China Sea to the south. The Yel-
low Sea Cold Water Mass (YSCWM), a significant sea-
sonal water mass characterized by high salinity, occupies
approximately one-third of the deep layer of the YS in the
summer (Su and Weng 1994). The YSCWM has more con-
servative temperature—salinity characteristics than the other
water masses in the YS. It also has a substantial impact on
the biomass and acquisition of fishery resources in the YS
(Du et al. 1996; Wang et al. 2003; Zhang et al. 2007). A
line from Changsangot in the Korean Peninsula to Cheng-
shantou in the Shandong Peninsula divides the YS into the
northern and southern YS. The YSCWM typically has three
cold cores. The cold core in the northern YS is called the
Northern Yellow Sea Cold Water Mass (NYSCWM), and
the two cold cores in the southern YS are called the South-
ern Yellow Sea Cold Water Mass (SYSCWM).

The YSCWM has obvious seasonal variability. It
forms in the spring, matures in the summer, recedes in
the autumn, and completely disappears in the winter. The
existence of the YSCWM was discovered by Uda (1934).
He et al. (1959) first studied its formation mechanism,
and concluded that it was formed locally in the previous
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winter. Since then, many studies of the YSCWM formation
mechanism have been published. The formation of the sea-
sonal thermocline (Ren and Zhan 2005; Yu et al. 2006), the
surface heat flux in winter (Guan 1963), the strong verti-
cal mixing in winter (Hur et al. 1999), and tidal horizontal
mixing (Lee and Beardsley 1999; Zhao 1986) are all seen
as important mechanisms involved in the formation of the
YSCWM.

With the accumulation of historical observational data,
many academic sectors began to take a greater interest in
the long-term variability in the YSCWM. Early studies
explored the distribution range, low-salinity center, vol-
ume, and thermohaline characteristics of the YSCWM
using similar coefficient methods (Weng et al. 1988; Zhang
and Yang 1996). More recent studies have reported on
interannual variations in the position, depth, and intensity
of the thermocline dome of the SYSCWM using empirical
orthogonal function analysis (Bai et al. 2004; Hu and Wang
2004). Changes in the SYSCWM temperature are closely
related to changes in atmospheric forcing during summer
and winter, such as the Siberian High, the Aleutian Low,
and sea surface temperature (SST) in the Kuroshio and the
Alaska currents (Park et al. 2011). An increase in the south-
ern limit of the SYSCWM in summer was reported to occur
after a decrease in the SST of the YS the previous winter
(Yang et al. 2014). Researchers found that the trend toward
increasing SST in the YS was consistent with the climate
warming in northern China and the adjacent seas (Lin et al.
2005), and was related to the bathymetry and Arctic Oscil-
lation signals (Park et al. 2015).

Compared with the number of studies on interannual
temperature variability in the SYSCWM, there is relatively
little research on interannual salinity variability. Lv et al.
(2009) found that the winter salinity of the northern YS at
depths of 0, 10, and 20 m has shown an increase since the
1950s. Similarly, Ma et al. (2006) reported that the mean
salinity of the Dalian-Chengshantou section was increas-
ing. Jiang et al. (2007) analyzed the bottom salinity of a
station at the center of the Dalian-Chengshantou section
and found no clear salinity changes in the NYSCWM.
The mean salinity of the NYSCWM center demonstrated
a slightly decreasing trend that was related to the Yellow
Sea Warm Current (YSWC) and the E-P flux of the north-
ern Yellow Sea (Li et al. 2015). Wei et al. (2010) reported
that the summer temperature—salinity properties of the
YSCWM corresponded to the YSWC in winter. The sur-
face salinity in the East China Sea exhibited a long-term
decreasing trend (Eko et al. 2008), and the El Nifio—South-
ern Oscillation (ENSO) affected interannual variability in
surface salinity by modifying precipitation and Changjiang
river discharge (CRD). However, the long-term variation
in SYSCWM salinity is still unclear, and further work is
needed.
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The present study aims to identify characteristics of the
long-term trends in SYSCWM salinity and to explore their
causes. In Sect. 2, the information in various datasets used
in this study is described. In Sect. 3, we present linear trend
analysis and empirical orthogonal function (EOF) analysis
of SYSCWM salinity. In Sect. 4, we examine the relation-
ship between the principal component of the salinity and
various factors, including the intrusion of the YSWC, the
E-P flux, CRD, and the salinity of the source. Finally, in
Sect. 5, we summarize the interannual trend properties of
the salinity of the SYSCWM and the main factors underly-
ing the trend.

2 Data
2.1 China standard section survey data

These observational data were obtained and archived by the
State Oceanic Administration of China. The dataset repre-
sents the longest record among the various in situ obser-
vational data in the western YS. Salinity data for the 36°N
standard section from 1976 to 2006 were used to analyze
interannual variability in the western half of the SYSCWM.
A total of 11 stations are included along the 36°N section,
as shown in Fig. 1. The distances of the two neighbor-
ing stations of the 36°N section are 0.5° at the central YS
and 0.25° near the coast. The eastern edge of this section
reaches as far as 124.5°E. The section covers the main part
of the SYSCWM, so these data can be used to demonstrate
the SYSCWM salinity characteristics. Standard depths for
the data are 0, 5, 10, 15, 20, 25, 30, 35, 50, and 75 m, plus
the bottom depth. Winter and summer observations were
made in February and August, respectively. August data
are missing in 1993, and February data in 1976, 1984, and
1996.

2.2 Korea Oceanographic Data Center (KODC) data

The KODC dataset includes bi-monthly observation data.
This dataset, which has been routinely collected by the
National Fisheries Research and Development Institute of
Korea since 1960, contains various oceanographic param-
eters, including salinity, oxygen, and nutrients. The data for
the 313 section from 1976 to 2006 are used in this study,
and a total of nine stations are included. The 313 sec-
tion (33.41°N section) at the southwest of Cheju Island
stretches across the source area of the YSWC, as shown
in Fig. 1. Zonal spacing of the KODC data is approxi-
mately 0.21°, and the longitude of this section ranges from
124.4°E to 126°E. The vertical levels of KODC data are
0, 10, 20, 30, 50, and 75 m, plus the bottom depth. The
summer (winter) observations were conducted in August
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Fig. 1 Locations of survey stations: 36°N section (triangles), KODC
313 section (circles), SODA Taiwan Strait section (squares), East of
Taiwan section (squares), Datong station, Chengshantou, and Chang-
sangot (star), and bathymetry (shading)

(February). The observed period for this dataset has good
consistency.

2.3 ECMWEF re-analysis (ERA)-Interim reanalysis data

The variability in the salinity of the SYSCWM may be
associated with the surrounding freshwater flux condi-
tions. We used E-P flux data over the entire YS region as
the background field data. The monthly mean E-P flux data
were used to analyze the freshwater flux. The 28 years of
data began in 1979. These data were downloaded from the
ERA-Interim reanalysis dataset of the European Centre for
Medium-Range Weather Forecasts (ECMWF). Dee et al.
(2011) described this dataset in detail. The horizontal reso-
lution of the data is 0.125°.

2.4 Changjiang River discharge data

Runoff from the Changjiang River is a major contributor of
freshwater input to the East China Sea. The monthly mean
discharge data for the Datong station (30°46'N, 117°37'E),
which is located at the downstream area, were used to ana-
lyze the runoff input from the Changjiang River. These data
span the period from 1975 to 2006.

2.5 Simple Ocean Data Assimilation (SODA) reanalysis
data

In this study, we also used SODA 2.2.4 reanalysis data.
The horizontal resolution of the data is 0.5° x 0.5°. There
are 40 levels in a vertical direction. The salinity data above
700 m from 1975 to 2006 are used to calculate the salin-
ity transport of the Kuroshio and the South China Sea. The
SODA assimilation system ingests a wide variety of obser-
vations, including hydrographic profiles, ocean station data,
moored temperature and salinity measurements, surface
temperature, and salinity observations from a variety of
instruments (e.g., mechanical bathythermograph [MBT],
expendable bathythermograph [XBT], CTD), SST from
nighttime infrared observations from satellites, and satel-
lite-based sea-level altimetry.

3 Interannual variation in salinity of the
SYSCWM

3.1 Interannual salinity trend

The boundary of the 36°N section is near 124.5°E, which
is at the YS trough; thus the data for this section can rep-
resent the salinity characteristics of the main part of
the SYSCWM. As the center of high salinity can por-
tray the characteristics of the SYSCWM center (Fig. 2),
we selected the weighted mean salinity in the area of the
36°N section below 30 m and east of 123°E to repre-
sent the mean salinity of the SYSCWM in summer. The
weighted mean salinity is calculated using the formula:
P S (S Sie1g) 2% (Zesr~Zi)
SN
number of stations east of 123°E along the 36°N section,
n is the number of data points below 30 m at station j, Z
is depth, and S is salinity. The weighted mean salinity of
this section is shown in Fig. 3a. The halocline was above
30 m. This index shows the vertically averaged salin-
ity of the SYSCWM area. The variation in mean salin-
ity of the SYSCWM is shown in Fig. 3a. The linear trend
analysis shows a decreasing trend of 0.01 per year in the
mean salinity of the SYSCWM. The maximum salinity in

S = , where m 1is the
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Fig. 2 Mean salinity (shading) and linear salinity trend (year™!, contours) using the data from the 36°N section in August, 1976-2006
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the 36°N section in summer also exhibited a falling trend
(Fig. 3b). The maximum salinity trend was —0.01 per year,
which is similar to that of the SYSCWM mean salinity. The
weighted mean salinity and maximum salinity indices indi-
cate a decreasing trend in SYSCWM salinity.
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To further investigate the SYSCWM long-term salinity
trend, a linear time series trend of the 36°N section data
was calculated (Fig. 2; solid contours). The salinity trend of
the coastal area is positive and may be related to the coastal
current from the northern YS. The salinity of the water
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Fig. 4 The spatial distribution of the first two EOF modes (a, ¢); the time coefficients (b, d) (solid line with solid dots) and the linear trends

(year™!, dashed line) of the salinity of the 36°N section in summer

from the northern YS exhibited an increasing trend (Lin
et al. 2001; Ma et al. 2006; Lv et al. 2009). Wu et al. (2004)
concluded that the sustained and rapid reduction in Yellow
River runoff was a major reason for the increased salin-
ity in the Bohai Sea. The interannual salinity trends at the
eastern part of the section (east of 122.5°E) were different
from those of the coastal area. The maximum descending
trend reached 0.01 per year at deep layers in this section.
These interannual variation characteristics were consistent
with the mean salinity trend of the SYSCWM, which was
described earlier. The analysis of the section data indicates
long-term decreasing trends at the area of the SYSCWM.

3.2 Empirical orthogonal function analysis

Based on 31 years of salinity data along the 36°N section,
the first two modes of the EOF analysis are shown in Fig. 4.
The missing data in 1993 are interpolated using mean val-
ues of the 1992 and 1994 data. The first two EOF modes
account for 50 and 17% of the total variance, respectively.
The first mode indicates interannual salinity changes along
the 36°N section. The high values are mainly at the upper
layers of the section. The positions of low-value centers
of the first mode are consistent with two cold center areas
of the SYSCWM. A time series of the first principal com-
ponent showed interannual salinity variation in the entire
section and a slight increase in surface salinity, which is
consistent with the linear trend for the coastal area of the

36°N section (Fig. 2). The second mode shows a similar
distribution, with a linear salinity trend for the 36°N sec-
tion (Fig. 3). This mode can be seen as the salinity trend
of the SYSCWM mode. The values of the second mode in
the coastal area are negative, whereas those in the central
area of the SYSCWM are positive. The second principal
component shows a decreasing trend. The distributions of
the first two EOF modes and the principal components gen-
erally reveal a decreasing trend in SYSCWM salinity and
an increasing trend in the coastal water. The difference in
salinity between the SYSCWM and the coastal water may
decrease according to those trends.

In this section, we examined different salinity indices for
the SYSCWM, including the mean value of the high-salin-
ity center, maximum salinity, and the first two principal
components of the salinity of the 36°N section. A decreas-
ing salinity trend in the SYSCWM was confirmed. Factors
influencing this trend are explored in subsequent sections.

4 Factors influencing the salinity of the SYSCWM
4.1 Variation in winter salinity

The local water mass in winter is a major source of the
YSCWM (He et al. 1959). Therefore, the salinity of the YS

in winter is an important factor affecting the variability of
the SYSCWM salinity in summer. We calculated the linear
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trends and mean salinity using the 36°N salinity data for
February to represent winter salinity conditions (Fig. 5).
Owing to the influence of strong mixing caused by the win-
ter monsoon, the winter salinity of the YS is nearly verti-
cally constant in the upper and lower layers. Data for salin-
ity east of 123.5°E show decreasing trends. This area is
similar to the area of the YSWC axis. We selected weighted
mean salinity below 30 m in the 36°N section in winter to
investigate the mean salinity in the YS. Data for this area
are the same in winter as in summer. The YSWC is a major
source of saline water input into the YS. Although the intru-
sion of the YSWC showed a clear westward shift along
the western slope of the YS trough, the high-salinity input
of the YSWC affected the salinity of the entire YS. These
mean values of deep-layer salinity along the 36°N section
revealed the intrusion of the YSWC into the SYSCWM to
some degree. The high-salinity water input of the YSWC
is seen as a significant factor influencing SYSCWM salin-
ity. The decreasing salinity trend in the central area of the
YS in winter indicates that the source of the SYSCWM
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exhibited a freshening trend. The temporal variation in the
second EOF mode of salinity in summer is related to that
in winter (Fig. 6). The correlation coefficient of these two
indices is 0.58.

We applied EOF analysis of the salinity of the 36°N sec-
tion in February to identify the spatiotemporal variability
of the SYSCWM in winter. The second EOF accounts for
22% of the total variance. The second EOF mode (Fig. 7b)
represents long-term winter salinity trends, and shows a
distribution similar to the linear salinity trend for the 36°N
section in winter (Fig. 5). Since the value of the second
mode to the east of 123°E is positive, the second princi-
pal component shows a decreasing trend. The second EOF
mode distribution and the second principal component
generally illustrate that the salinity of the YSWC exhibits
a decreasing trend. The second principal component of the
salinity in winter is related to that in summer. The corre-
lation coefficient of these two indices is 0.58. The second
principal component also indicates a decreasing trend in
the saline water brought in by the YSWC.
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4.2 Salinity variation in the YSWC source area
The 313 section is located to the west of Cheju Island,

and its position can be seen at the source area of the
YSWC. Therefore, the salinity of this section can be seen
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approximately 6 cm/s (Wang et al. 2009), the YSWC
would reach 36°N from the source area in approximately
2 months. The mean salinity of the source area in Decem-
ber has coherence with the second principal component of
the 36°N section in summer (Fig. 8). The correlation coeffi-
cient is 0.37, at a 90% significance level. The salinity of the
entire section also demonstrated a decreasing trend (Fig. 9).
The freshening trend of the YSWC source area reached
0.015-0.02 per year. The decreasing salinity trend of the
source area water explains the decreasing salinity trend of
the SYSCWM. The freshening trend of the YSWC reduced
the horizontal salinity input to the YS, which led to the
lower salinity of the SYSCWM.

The Kuroshio and the South China Sea are two sources
of high-salinity water for the YS. We calculated the
weighted mean salinity of the Taiwan Strait (TS) section
from 118°E to 120.5°E and the east of Taiwan (ET) sec-
tion from 121.75°E to 124°E at 24.25°N using the SODA
reanalysis data. The calculation method is the same as

that used to calculate the mean salinity of the SYSCWM.
These two sections both showed decreasing salinity trends
(Fig. 10). The decreasing salinity trends of the Kuroshio
and South China Sea water caused lower-salinity water
to be brought to the East China Sea, which then reduced
the salinity of the source area of the YSWC, thus fur-
ther explaining the long-term salinity variation in the
SYSCWM. The salinity trend of the Kuroshio water was
consistent with the results of Nan et al. (2015), where a
freshening trend in surface salinity of —0.0042 per year
was found, with the change in the air—sea freshwater flux as
the leading factor.

4.3 Variation in freshwater input

Freshwater input, such as E-P flux and river discharge, is
an important factor affecting the salinity of the YS. In this
paper, the area-averaged monthly E-P flux of the YS (119-
127°E, 33—41°N) is calculated to describe the evaporation
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Fig. 11 a The monthly area-average of the E-P flux (blue dashed
lines) and the first EOF principal component of the 36°N section
in summer (red dashed lines); b the monthly Changjiang River dis-

charge at the Datong station (blue dashed lines) and the first EOF
principal component of the 36°N section in summer (red dashed
lines)
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and precipitation conditions in the YS. Figures 11a and 12
(red dashed line) show that the first principal component of
the SYSCWM has positive coherence with the E-P flux,
with a lag of 5 months. The correlation coefficient was
about 0.33, at a significance level of 90%, meaning that the
evaporation and precipitation signals accumulated at the
surface layer and altered the salinity of the upper layers.
The surface salinity may affect the deep layers of the YS by
strong vertical mixing in winter.

River discharge is also a source of freshwater. The
Changjiang River is the most significant runoff input for
the East China Sea. The monthly discharge of the Datong
station was used to represent the freshwater input of the
Changjiang River. The Changjiang River discharge demon-
strated negative coherence with the first principal compo-
nent of the SYSCWM in summer, with a lag of approxi-
mately 5 months (Figs. 11b, 12). The correlation coefficient
for these two indices was —0.41, with a 90% significance
level.

Correlation analysis shows that freshwater input will
affect the interannual variation in the salinity of the surface
layer of the YS. The freshwater signal may be brought to
the deep layers, which can affect the SYSCWM salinity
through the YS circulation and vertical mixing in winter.

5 Conclusions

In this work, we identified the characteristics of a long-
term variation trend in the SYSCWM and examined causes
of the trend. The KODC dataset, the China standard section
dataset, SODA reanalysis data, and the ERA-Interim data-
set were used.

The salinity of the SYSCWM showed a decreasing
trend, with both weighted mean salinity and maximum

@ Springer
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salinity decreasing. The linear trend analysis for the
36°N section data also indicated that the salinity of the
SYSCWM area had the same long-term trends. The EOF
analysis results revealed that the first mode mainly showed
interannual variability in the surface salinity of the 36°N
section, and the second showed the long-term SYSCWM
salinity trend. The first two modes generally reflect the
interannual variation characteristics of the 36°N section.

The salinity of the SYSCWM was affected by the high
salinity transport of the YSWC. In winter, the 36°N sec-
tion showed a decreasing salinity trend at the central area.
The average salinity of the same area in winter showed a
positive correlation with the SYSCWM salinity in sum-
mer. Lower salinity of the local water in winter led to lower
salinity of the SYSCWM in summer. As the source of the
SYSCWM, the freshening trend of the YSWC in winter
foretells the freshening of the SYSCWM. The mean salin-
ity of the western part of section 313 in December dem-
onstrated positive coherence with the mean salinity of the
SYSCWM area in summer and winter. The freshening
trend of the YSWC source area caused reduced salinity in
the SYSCWM. In addition, the Kuroshio and Taiwan Strait
currents showed long-term freshening trends. The fresh-
ening water from the northwest Pacific may explain the
declining salinity of the source area.

Freshwater input also played a role in the interannual
salinity variability of the YS. The E-P flux and Changji-
ang River discharge were two important factors influencing
the interannual salinity variability in the SYSCWM. The
freshwater input correlated with the first principal com-
ponent of the 36°N section, with a lag of approximately
0.5 years. The freshwater signal accumulated at the upper
layer and altered the surface salinity. Strong mixing in win-
ter and advection of the YS brought the freshwater to the
SYSCWM area.
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