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Based on long-term realistic ocean circulation hindcast for in the Bohai, Yellow, and East China Seas, 45 years
(1961–2005) of sea surface salinity data were analyzed using Self-Organizing Maps (SOM) to have a better
understanding of the Changjiang Diluted Water (CDW) variation. Three spatial patterns were revealed by the
SOM: normal, transition, and extension. The normal pattern mainly occurs from December to May while the
CDW hugs China's east coast closely and ﬂows southward. The extension pattern is dominant from June to
October when the CDW extends northwestward toward Jeju Island in an omega shape. The transition pattern
prevails for the rest of the year. Pattern-averaged temperature, circulation, and chlorophyll-a concentration
show signiﬁcant diﬀerences. CDW area and its eastern most extension were explored as a function of the
Changjiang runoﬀ and regional upwelling index. We found that Changjiang runoﬀ and upwelling index can be
reasonable predictors for the overall CDW area, while ambient circulation determines the distribution and
structure of the CDW, and thus the CDW eastern most extension.

1. Introduction
The Bohai, Yellow, and East China Seas, consisting of a semi-closed
basin in the north and a wide continental shelf in the south, are one of
the largest continental shelf systems in the world (Lin et al., 2002;
Fig. 1). The Bohai Sea (BS) is connected to the Yellow Sea (YS) through
the Bohai Strait between the Liaodong and Shandong Peninsulas. The
mean depth of the BS is only ~18 m. The mean circulation in the BS
consists of an inﬂow through the northern section of the Bohai Strait
and an outﬂow through the southern part (Guan, 1994). In the Yellow
Sea, the mean water depth is ~44 m. Circulation in the Yellow Sea has
clear seasonal variation. In winter, the strong Yellow Sea Warm Current
(YSWC) ﬂows northward through the middle of the YS, while the relatively weak Yellow Sea Coastal Current (YSCC) and the Korean
Coastal Current (KCC) ﬂow southward. In contrast, the YSWC becomes
very weak in summer, only reaching just north of Jeju Island before
turning eastward into the Jeju Strait (Lie, 1986; Park, 1986; Su, 2001).
Both the YSCC and KCC ﬂow northward during that time (Xia et al.,
2006; Bian et al., 2013). The East China Sea connects to the YS in the
north and to the western Paciﬁc Ocean in the southeast by the Okinawa
Trough. It has a broad continental shelf with mean depth of 72 m (Dong
et al., 2011). The nearshore East China Sea Coastal Current (ECSCC),
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driven by seasonal winds, ﬂows southward in winter and northeastward
in summer. Circulation on the East China Sea continental shelf is very
dynamic, and is inﬂuenced by the interplay among the South China Sea
through the Taiwan Strait, the YS through YSCC, the large freshwater
input from the Changjiang River, and the Kuroshio Current (KC), a
strong western boundary current with a surface current speed around
1 m/s (Pan et al., 1987a, b).
One unique water mass that connects the Yellow Sea and the East
China Sea is the Changjiang Diluted Water (CDW), induced by the huge
runoﬀ input of the Changjiang River. The Changjiang (Yangtze) River is
the third largest river in the world in terms of water discharge. It delivers about 928 km3 water to the adjacent Yellow and East China Seas
(YECS) annually, with signiﬁcant seasonal variation (Milliman et al.,
1985; Zhang, 1999). About 70% of the annual water discharge occurs
during the ﬂood season (May to October) when the drainage basin is
strongly aﬀected by the summer monsoon (Milliman et al., 1985). This
large fresh water input, along with ambient ocean water, forms the
unique the Changjiang Diluted Water (CDW) in the YECS.
The CDW is mainly distributed along Jiangsu and Zhejiang coasts
adjacent to the Changjiang estuary, with the 32 isohaline typically used
to identify its outer boundary (e.g., Su and Weng, 1994; Chang and
Isobe, 2003; Chang et al., 2014). In winter, the CDW hugs China's
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all year except in winter. Using the Princeton Ocean Model, Chang and
Isobe (2003) found that the eastward extension of the CDW is strongly
constrained by the TWC and TC system over the shelf regime, and wind
is responsible for the northeastward extension of the CDW in summer.
Using the Finite-Volume Coastal Ocean Model, Chen et al. (2008) argued that an isolated low salinity lens detected west of Jeju Island can
be formed by a large-scale adjustment of the Changjiang discharge's
ﬂow ﬁeld and the detachment of anticyclonic eddies as a result of
baroclinic stability. Focusing on the hypoxic zone oﬀ the Changjiang
estuary, Zhou et al. (2009) suggested through numerical modeling between 1999 and 2006 that wind forcing dominates the CDW variations,
whereas the Kuroshio and its branches play a secondary role.
Researchers have also attempted to derive the CDW variation from
other measurable ocean variables. For example, Kim et al. (2009) applied the K-means clustering technique to explore satellite chlorophyll-a
concentration as the CDW boundary indicator and found that the spatial
distribution of high chlorophyll-a concentration corresponded well with
the distribution of CDW. Bai et al. (2013) developed an algorithm to
estimate surface salinity from satellite-derived colored dissolved organic matter in the ECS. Focusing on 2003's summer, Chang et al.
(2014) found that the signiﬁcant low salinity water in the Japan Sea is
associated with the dominance of strong northerly wind anomaly and
the CDW. Also focusing on summertime, but with a longer time period
(1998–2010), Bai et al. (2014) revealed diﬀerent spatial patterns of the
CDW based on satellite-derived surface salinity data. Due to a lack of
long-term observations, previous studies mainly focused on data from
several months or a few years to analyze the CDW variation. Long-term
statistical analysis of CDW variation has not been reported.
In this study, we applied long-term numerical simulation results of
YECS hydrodynamics and a new clustering method - the SelfOrganizing Maps (SOM) to reveal more accurate spatial patterns of the
CDW and corresponding relations with other environmental factors
(e.g., river discharge and wind forcing). In Section 2, we introduce the
model hindcast results and SOM method used for this study. In Section
3, diﬀerent salinity-based CDW patterns are derived, and corresponding
temperature and chlorophyll-a distributions are also discussed. Statistical models are built and evaluated in order to predict the area and
eastern boundary of CDW in Section 4, followed with a conclusion and
summary in Section 5.

Fig. 1. Schematic illustration of surface circulation patterns and bathymetry in the Bohai,
Yellow, and East China Seas. Gray contours are 50, 100, and 1000 m isobaths. Solid arrows indicate the Bohai Sea Coastal Current (BSCC), Korean Coastal Current (KCC),
Yellow Sea Warm Current (YSWC), Yellow Sea Coastal Current (YSCC), Changjiang
Diluted Water (CDW), East China Sea Coastal Current (ECSCC), Taiwan Warm Current
(TWC), Tsushima Current (TC), and Kuroshio Current (KC). The dashed arrows represent
the summer state of KCC, YSCC, and ECSCC. Blue stars mark the Changjiang and Huanghe
River mouths. The red line indicates the transect location from Changjiang River mouth to
Jeju Island. The circulation patterns are based on previous studies (Yuan et al., 2008;
Zeng et al., 2015a; Lie and Cho, 2016). (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

southeast coast, forming a narrow freshwater band; in summer, it extends northeastward toward Jeju Island (Hu, 1994; Chang and Isobe,
2003). Therefore, the CDW aﬀects part of the south Yellow Sea and
most of the East China Sea shelf region. Because the large water discharge of Chiangjiang River usually contains nutrients, sediment,
waste, and contaminants from land, the distribution of CDW is very
important to the YECS marine ecosystem (Hu, 1994; Chang and Isobe,
2003).
Much work has been done to study the variation of CDW and its
inﬂuence. Mao et al. (1963) ﬁrst studied the CDW and its mixing process on the basis of hydrographic data and suggested the 32 isohaline as
the outer boundary of the CDW. Gu (1985) proposed that the current
ﬁeld (e.g., TWC, KC and wind-induced currents) is the most important
factor causing CDW path turning. Using a three-dimensional baroclinic
model, Zhu et al. (1997, 1998a, b) and Zhu and Zhou (1997) found that
wind and ambient currents have signiﬁcant impact on the variation of
the CDW's path. More speciﬁcally, southwest winds can enhance the
CDW's eastward expansion, while the YSCC can prevent the CDW from
ﬂowing further north, and the YSWC-induced residual currents can
further promote its northeastward turning. Through several numerical
experiments, Zhu et al. (1998b) concluded that Changjiang runoﬀ only
aﬀects the trend and range of the CDW's southeast expansion but not
the path turning, and that the CDW extension is sensitive to the summer
monsoon. Based on the study of nitrate and silicate distribution around
Changjiang estuary, Wang (1998) pointed out that nutrients in the CDW
are transported in two directions simultaneously from the river mouth

2. Data and method
2.1. Data
The simulated salinity, temperature and velocity data used in the
SOM analysis came from a long-term coupled ocean modeling system of
the Bohai, Yellow, and East China Seas by Zeng et al. (2015a). The
coupled modeling system (Warner, and et al., 2008, 2010) consists of
several state-of-the-art modeling components, including the Regional
Ocean Modeling System (ROMS, Shchepetkin and McWilliams, 2005;
Haidvogel et al., 2008; Shchepetkin and McWilliams, 2009) for ocean
and sediment transport, and the Simulating Waves Nearshore (SWAN)
model (Booij et al., 1999) for ocean waves. Model coupling is handled
through the Model Coupling Toolkit (MCT, Larson et al., 2005). As
ROMS and SWAN run simultaneously, ROMS passes bottom elevation,
sea surface height, and depth-averaged currents to SWAN, and SWAN
passes wave direction, height, length, period, and energy dissipation to
ROMS. By coupling waves with ocean circulation, the model system
accounts for wave-induced enhancement of surface roughness, water
column mixing, and bottom stress.
The model domain covers the whole Bohai, Yellow, and East China
Seas (Fig. 1), with 1/12° grid spacing horizontally and 16 terrain-following layers vertically to resolve the water column. ETOPO2 global
topography data with 2-min spatial resolution (National Geophysical
Data Center, 2006), from the National Oceanic and Atmospheric Administration, was used to deﬁne model bathymetry. We set the least and
38
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2.2. Self-Organizing Maps method

largest water depths as 5 m and 1200 m, to increase the stability and
eﬃciency of model integration. The Mellor-Yamada 2.5 Turbulence
Closure scheme was used in this study to represent vertical mixing
(Mellor and Yamada, 1982). At the surface, the model was forced by
daily wind and net surface heat ﬂux interpolated from National Centers
for Environmental Prediction (NCEP) Reanalysis data products (Kalnay
et al., 1996). At the two open boundaries (south and east) of our model,
quarter-degree monthly Simple Ocean Data Assimilation (SODA, Carton
et al., 2000a and 2000b) solutions were used to specify sea level,
transport, temperature, and salinity boundary conditions. To introduce
tidal dynamics, eight major tidal constituents (M2, S2, N2, K2, K1, O1, P1
and Q1) derived from the OSU TOPEX/Poseidon Global Inverse Solution
(Egbert et al., 1994; Egbert and Erofeeva, 2002) were superimposed on
the SODA subtidal sea level and transport values along the open
boundaries. To improve the stability of the long-term circulation model
integration, we introduced Orlanski-type radiation (Orlanski, 1976) for
three-dimensional temperature, salinity and current ﬁelds along the
southern boundary, so any spurious waves generated in the model interior can freely propagate out of our model domain. Moreover, temperature and salinity values along the eastern boundary were clamped
to SODA counterparts in order to maintain the intensity and structure of
the KC. The wave model used the same 1/12° horizontal grid, bathymetry, and meteorological forcing as the ocean model. We focused on
the wind waves generated inside the study domain, and no open-ocean
wave boundary forcing was considered. Coupled model variables, including signiﬁcant wave height, wave length, wave direction, bottom
orbital velocity, and surface currents were exchanged between SWAN
and ROMS daily.
For the freshwater source, Only the Huanghe and Changjiang Rivers
were considered in this model setup. The two rivers dominate freshwater runoﬀ from land to ocean, accounting for ~4% and 80% of total
riverine input in the study domain, respectively (Xu et al., 2009). The
runoﬀ values were interpolated from observed monthly records of two
long-term gauge stations-Lijin (~100 km upstream of Huanghe River
mouth) and Datong (~500 km upstream of Changjiang River mouth).
The monthly runoﬀ of the Changjiang River shows clear seasonal and
inter-annual variation from 1958 to 2005 (Fig. 2). The time step used
for the baroclinic mode of model simulation was 300 s. The model was
integrated for 48 years from Jan. 1, 1958 to Dec. 31, 2005.
The output of the coupled Bohai, Yellow, and East China Seas model
has been validated through extensive comparisons with observations,
including signiﬁcant wave height, sea level, temperature, salinity, and
velocity. Details of these validations can be found in Wang (2009) and
Zeng et al. (2015a). Generally, the coupled model well captures the
long-term variation of hydrodynamics in the study region.
Other data used in this study are mainly from satellite observations.
The satellite-observed sea surface temperature (SST) comes from
monthly Advanced Very High Resolution Radiometer (AVHRR) dataset
from 1982 to 2005. Surface chlorophyll-a concentration was extracted
from SeaWiFS monthly observations from 1997 to 2005.

Based on an unsupervised artiﬁcial neural network, the SOM is an
eﬀective method for feature extraction and classiﬁcation, and can map
high-dimensional input data onto the elements of a regular, low-dimensional array (Kohonen, 2001). It has been demonstrated to be more
powerful than the conventional empirical orthogonal function (EOF)
method for feature extractions, especially when the signal is highly
nonlinear (Reusch et al., 2007; Liu et al., 2006). The SOM has been
shown to be a valuable tool in oceanographic applications. It has been
applied to identify patterns in ocean currents, temperature, and salinity
ﬁelds in the Gulf of Mexico (Liu and Weisberg, 2005; Liu et al., 2007,
2016a, b; Zeng et al., 2015b); biogeochemical properties, temperature,
and salinity oscillations in the Adriatic Sea (Solidoro et al., 2007; Matić
et al., 2017); and current variability in the China Seas (Liu et al., 2008;
Jin et al., 2010; Tsui and Wu, 2012; Yin et al., 2014).
SOM clustering is an iterative process. The input data is ﬁrst nonlinearly projected onto a regular grid composed of neurons. The activation of each neuron is determined using an activation function,
usually being the Euclidian distance between the weight vector of the
neuron and the input vector. The weight vector of the neuron showing
the highest activation (i.e., smallest Euclidian distance) is selected as
the “winner”. In each step, the node with the highest activation is selected, and corresponding weight vectors are altered to match the data
as closely as possible. The winning neuron stands as the best representation of the input data by the SOM. This process continues until
the best possible ﬁt of the SOM network to the data is reached. Finally,
the SOM ends up with a set of tuned neurons, eﬀectively reducing the
complexity of the data set to a smaller number of patterns (Matić et al.,
2017). By comparing with the extracted spatial patterns, a best
matching unit (BMU) can be found for each timestamp of the input data
vectors (Liu et al., 2006). More technical details about this method can
be found in Kohonen (2001).
In this study, we used monthly sea surface salinity (SSS) data
(1961–2005) extracted from the coupled Bohai, Yellow, and East China
Sea model as input of the SOM. The region for SOM analysis was from
28 ° N to 35 °N and within the 200 m isobaths (see Fig. 1). One key
parameter the SOM needs is the map size, which is the number of
patterns we expect from input data. Because we did not know how
many patterns were in our dataset, the Elbow method (Hardy, 1994)
was implemented to determine the optimal map size: we chose a
number of clusters such that adding another cluster did not much improve model performance. In this study, the model performance is
measured using quantization error (QE), which is deﬁned as the
average distance between each data vector and its BMU (Kohonen,
2001). According to the Elbow method, the optimal map size for our
data was three (Fig. 3). Other parameter settings (e.g., lattice, weights,
and neighborhood function) followed previous studies by Liu et al.
(2006) and Zeng et al. (2015b). Note that the CDW presents other
higher-order patterns in reality even we chose three patterns as the best
representations. For example, Bai et al. (2014) showed several diﬀerent
patterns of summertime CDW from 1998 to 2010.

Fig. 3. Quantization error of multiple Self-Organizing Map sizes. The quantization error
(QE) is deﬁned as the average distance between each data vector and its Best Matching
Unit (Kohonen, 2001).

Fig. 2. Monthly runoﬀ of the Changjiang River from 1958 to 2005. Runoﬀ was measured
at the gauge station ~500 km upstream of the Changjiang River mouth.
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Fig. 4. Sea surface salinity patterns revealed by the Self-Organizing Maps. P1: extension; P2: transition; P3: normal. Top numbers are corresponding frequency of occurrence (FO)
percentage during the study period. Solid black lines are 30, 32 and 34 isohalines. Dashed cyan lines are 50, 100 and 200 m isobaths. Color shading is sea surface salinity from model
output. The 32 isohaline is usually used to represent the outer boundary of the Changjiang Diluted Water (e.g., Su and Weng, 1994; Chang and Isobe, 2003). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

3. SOM analysis of CDW

P2), most of the 32 isohaline shrinks to within the 50 m isobaths, and
the CDW eastern boundary is near 124 ° E. The 30 isohaline also moves
closer to the coast. Concurrently, the 34 isohaline crosses the 100 m
isobaths and moves further northwest. Pattern 3 (P3) is the CDW's
normal pattern. Very diﬀerent from P1 and P2, the CDW is conﬁned to
the coastal region. The eastern boundary of the 32 isohaline is west of
123 ° E. The 30 and 32 isohalines are much closer compared to P1 and
P2. The 34 isohaline moves further northwest and most of it is within
the 100 m isobaths. SSS on the East China Sea shelf is highest in P3.
CDW in P3 behaves more like a winter pattern, which is consistent with
its dominant time period as shown in Fig. 5b. To quantify the percentage occurrence of each pattern, the frequency of occurrence (FO) was
calculated by summing the number of occurrences of that pattern then
dividing by the overall occurrences. P3 has the highest FO (46.0%)
during the study time period, while P1 and P2 account for 34.6% and
19.4%, respectively.
A repeated cycle is evident during the 45 year best marching unit
(BMU) time series of the three patterns (Fig. 5a). Using P3 as an

3.1. CDW patterns revealed by the SOM
Three SSS patterns and their corresponding frequency of occurrence
were revealed by the SOM (Fig. 4). Following previous studies (e.g., Su
and Weng, 1994; Chang and Isobe, 2003), we used the 32 isohaline to
deﬁne the CDW outer boundary in this study. In Pattern 1 (P1), the
CDW's extension pattern, fresh water extends from the Changjiang
River mouth northeast toward Jeju Island. The 32 isohaline generally
crosses the 50 m isobaths and forms an omega shape, with most of the
30 isohaline staying shoreward of the 50 m isobaths. The eastern
boundary of the 32 isohaline can reach to about 125 °E. Due to the high
salinity coastal water along Jiangsu coast, a salinity depression exists
around 33 °N for both 30 and 32 isohalines in P1. Far from the
Changjiang estuary, the 34 isohaline sits between the 100 and 200 m
isobaths. Compared to the other two patterns, P1's SSS is lower on the
whole East China Sea shelf. In the CDW transition pattern (Pattern 2;
40
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extension (P1) patterns. From extension, the CDW then gradually retreats to the transition and normal patterns to complete a cycle. The
BMU time series also show that the occurrence of the transition pattern
(P2) is smaller than the other two patterns.
To illustrate CDW seasonal variation and the dominant pattern for
each month, the monthly FO of the three patterns were calculated
(Fig. 5b). The monthly FO of P3 is larger than those of P1 and P2 from
December to May, which suggests that the CDW tends to remain in
normal pattern (P3) during this period. From June to October, the
monthly FO of P1 dominates, showing that the extension pattern (P1) is
more likely to occur during this period. The transition pattern (P2)
mainly occurs in November and from May to June, and typically lasts
about one month. This conﬁrms previous studies of CDW seasonal
variations (e.g., Wang, 1998; Chang and Isobe, 2003; Bai et al., 2014;
Lie and Cho, 2016) from a statistical point of view.

3.2. Other pattern-averaged oceanographic variables
Based on the three SSS patterns and corresponding BMU time series,
we further explored other pattern-averaged oceanographic variables
from both simulated and observed results. The pattern-averaged variables are calculated in the following way. From the BMU time series
(Fig. 5a), we ﬁrst identiﬁed the time index for each SSS pattern. Then
we averaged oceanographic variables corresponding to each SSS pattern. For variables that did not have the same period as the BMU time
series, an overlapped time period was selected to calculate the mean.
Pattern-averaged SST presents similar patterns for both model and
observation (Fig. 6). Because P1 mainly occurs from June to November

Fig. 5. Best Matching Unit (BMU) time series of simulated sea surface salinity from 1961
to 2005 (a). Each blue dot represents a month, and each red star indicates the ﬁrst day of
each year. Corresponding monthly frequency of occurrence (FO) of the three patterns
revealed in Fig. 4(b). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

arbitrary beginning pattern, the cycle of P3→P2→P1→P2→P3 is fairly
robust. Speciﬁcally, the CDW starts in its normal pattern (P3), then
gradually extends northeastward to reach its transition (P2) then

Fig. 6. Pattern-averaged sea surface temperature (SST) and velocity from model (a, b and c) and observation (d, e and f). Color shading indicates SST in °C. Arrows in upper panel
represent simulated surface currents. Dashed gray contours are 50, 100 and 200 m isobaths. The SST observation comes from monthly Advanced Very High Resolution Radiometer
(AVHRR) datasets (1982–2005). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 7. Pattern-averaged salinity (a, b and c) and temperature (d, e and f) simulated by the model along Changjiang River mouth and Jeju Island transect (red line in Fig. 1). Temperature
is in °C. Black contours with numbers are isohalines and isotherms. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

Fig. 8. Pattern-averaged surface chlorophyll-a concentration from SeaWiFS monthly observations (1997–2005). Unit: log10 mg/m3. Color shading indicates chlorophyll-a concentration,
and dashed gray lines represent 50, 100 and 200 m isobaths. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

datasets.
Surface circulation structure also varies among the three patterns.
For the P1 extension pattern, the CDW ﬂows toward Jeju Island
(Fig. 6a). The intense northeastward TWC almost reaches to the
Changjiang estuary at about 31 °N and occupies most of the ECS shelf
region between the 50 and 100 m isobaths. For the P2 transition pattern, the CDW starts to change direction (Fig. 6b). The north part of the
CDW still ﬂows northeastward near the river mouth. However, once the
ﬂow leaves the river mouth, it changes direction and ﬂows southward.
The strength of the TWC also weakens at this time. It can barely reach
30 ° N and its velocity on the shelf also decreases. For the P3 normal

(Fig. 5b), P1-averaged SST has the highest value among the three patterns, with highest temperature in the southeast and lowest temperature in the north in both model and observation (Figs. 6a and 6d). Similarly, P3 mainly happens during December-May, so P3-averaged SST
has the lowest value among the three patterns. P2-averaged SST presents a transition pattern similar to that of SSS. The SST spatial correlation coeﬃcients between model simulation and observations are 0.90,
0.98, and 0.98 (within the 5% signiﬁcance level) respectively for the
three patterns in Fig. 6 after projecting model data onto observation
grids. Some discrepancies (Fig. 6) exist between model simulation and
observations that are likely due to the diﬀerent resolution of the two
42
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Table 1
Regression model experiments with diﬀerent input variables for Changjiang Diluted
Water (CDW) area and eastern boundary prediction.

Fig. 9. Monthly (a) and annual (b) relationship among P1, Changjiang runoﬀ and regional upwelling index. Correlation coeﬃcients within the 5% signiﬁcance level are: (a)
P1 and runoﬀ: 0.86; P1 and upwelling index: 0.60; (b) P1 and runoﬀ: 0.37; P1 and upwelling index: 0.54.

Input variables

Adjusted R2
(CDW area
model)

Adjusted R2
(CDW eastern
boundary model)

Runoﬀ only
Upwelling index only
Runoﬀ only with one month lag
Upwelling index with one month
lag
Runoﬀ, upwelling index
Runoﬀ with one month lag,
upwelling index
Runoﬀ, upwelling index with one
month lag
Both runoﬀ and upwelling index
with one month lag

0.348
0.079
0.630
0.468

0.141
0.034
0.236
0.174

0.383
0.637

0.154
0.237

0.476

0.180

0.663

0.247

concentration could be a good indicator of CDW variation. Although
high chlorophyll-a concentration region extends further oﬀshore in P1
extension pattern, our pattern-averaged chlorophyll-a distribution
(Fig. 8) does not show such good correlation with the CDW SSS. All
three patterns present high chlorophyll-a concentration near the coast,
with the highest concentration occurring in the extension pattern
(Fig. 8a). One diﬀerence between the P1 extension and P3 normal
patterns is that P3 shows higher chlorophyll-a concentration between
50 and 100 m isobaths. P3 mainly happens in winter, when ocean water
is well-mixed (as shown in Fig. 7f). As a result, nutrients can be easily
brought to surface, increasing productivity. P1 dominates in summer,
when ocean water is highly stratiﬁed (as shown in Fig. 7d), isolating
nutrients in the deep water. Thus, corresponding productivity is lower.
The high chlorophyll-a concentration near the coast is mainly due to
runoﬀ carrying high terrestrial nutrient input.

pattern, the CDW ﬂows directly southward along with the coastal
currents (Fig. 6c). The TWC at this time is the weakest among the three
patterns, only reaching to about 29 °N.
By combining the surface circulation patterns and corresponding
monthly FO, we can verify that the variation of the CDW and regional
circulation patterns are very closely related to the regional monsoon
(e.g., Zhu et al., 1997; Chang and Isobe, 2003). P1 dominates when the
southerly monsoon prevails, and P3 mainly occurs when the northeasterly monsoon prevails. P2 corresponds to the monsoon transition
period. The circulation patterns also imply the potential inﬂuence of
TWC system on the CDW variation, which is consistent with previous
study by Chang and Isobe (2003).
In addition to surface oceanographic variables, we also explored the
vertical distribution of pattern-averaged salinity and temperature along
the Changjiang-Jeju transect (Fig. 7). Although the CDW (32 isohaline)
can extend northeastward to 125 °E in the P1 extension pattern
(Fig. 7a), most CDW water is conﬁned within the upper 10 m. The
corresponding temperature distribution also shows a clear thermohaline at about 10 m depth (Fig. 7d). For the P2 transition pattern, the 32
isohaline shrinks to about 123.5 °E while most of the CDW water stays
within upper 10 m level (Fig. 7b). Temperature also decreases, especially for water within upper 40 m (Fig. 7e). The CDW hugs the coast
closely, with 32 isohaline moving to 123 °E, for the P3 normal pattern
(Fig. 7c). Almost no temperature stratiﬁcation exists west of 125 °E
(Fig. 7d). The YSWC is clearly revealed by the warm core near 126 °E
(Figs. 7e and 7f).
Previous studies (e.g., Kim et al., 2009) show that chlorophyll-a

3.3. Relation of CDW extension with runoﬀ and wind forcing
Because the CDW extension pattern (P1) can aﬀect most of the YECS
shelf, we further explored potential factors (i.e., Changjiang runoﬀ and
wind forcing) that may aﬀect its occurrence. The eﬀect of wind forcing
on CDW variation is measured using an upwelling index, deﬁned as the
Ekman transport component perpendicular to the coastline (Bakun,
1973). It has been widely used as a ﬁrst order proxy to estimate wind
eﬀect on coastal ocean transport (e.g., Bakun, 1990; Bograd et al.,
2009). The coastline is irregular and curved in the study region, but it
generally follows two directions (the part from 31 °N to 35 °N inclines
northwestward, while the one from 28 ° N to 31 ° N leans northeastward). We used these two directions to approximate the real

Fig. 10. Relation of Changjiang Diluted Water (CDW) area with Changjiang runoﬀ (a) and regional upwelling index (b) and model performance of Eq. (1)(c). Correlation coeﬃcients are
0.79 and 0.68 for (a) and (b) within the 5% signiﬁcance level, respectively. The red line in (c) represents perfect prediction. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 11. Relation of Changjiang Diluted Water (CDW) eastern boundary with Changjiang runoﬀ (a) and regional upwelling index (b) and model performance of Eq. (2)(c). Correlation
coeﬃcients are 0.49 and 0.42 for (a) and (b) within the 5% signiﬁcance level, respectively. The red line in (c) represents perfect prediction. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

eastern boundary) indicates that the surface area of the CDW can to the
ﬁrst order be estimated by Changjiang River runoﬀ and the eﬀect of
wind forcing represented by the upwelling index, while details of CDW
surface distribution or structure still rely on knowledge about ambient
circulation patterns. That is, the amount of surface freshwater is to
some extent determined by the runoﬀ input and wind eﬀect, whereas
these two factors only cannot determine the surface freshwater distribution.

coastline shape when projecting the along shelf component of wind
stress to calculate the upwelling index. At a monthly scale, the FO of P1
has a higher correlation with Changjiang runoﬀ (0.86) than with upwelling index (0.60) (Fig. 9a) within the 5% signiﬁcance level. Compared to Changjiang runoﬀ and upwelling index, P1 FO's peak has
about one-month lag. At the inter-annual scale (Fig. 9b), the FO of P1
has a higher correlation with upwelling index (0.54) than Changjiang
runoﬀ (0.37) within the 5% signiﬁcance level. Therefore, the Changjiang runoﬀ may play a more important role on the CDW variation at a
monthly scale, while the eﬀect of wind forcing is greater at the interannual scale. The two factors can be used as input variables to further
predict the CDW variation.

5. Summary
45 years (1961–2005) of sea surface salinity ﬁelds simulated by a
well validated long-term ocean hindcast were analyzed using SelfOrganizing Maps (SOM) in order to have a better statistical understanding of Changjiang Diluted Water (CDW) variability. Three spatial
patterns were revealed by the SOM: normal, transition, and extension.
In the normal pattern, the CDW hugs China's east coast closely while
ﬂowing southward. In the extension pattern, the CDW extends northwestward toward Jeju Island. The normal pattern mainly occurs from
December to May, while the extension pattern is dominant from June to
October. The vertical salinity distribution along the Changjiang-Jeju
transect shows that the CDW mainly exists within the upper 10 m depth
even when it reaches 125 °E during extension. Pattern-averaged surface
temperature and chlorophyll-a concentration were also analyzed, which
also highlight unique spatial distribution corresponding to diﬀerent
CDW patterns.
Using Changjiang runoﬀ and the upwelling index as input variables,
a set of statistical models were developed to provide the ﬁrst order
prediction of variations of CDW area and its eastern boundary. With
adjusted R2 as a model performance metric, we found the Changjiang
runoﬀ and upwelling index can be decent predictors for CDW area, but
not as well for the CDW eastern boundary. Detailed ambient circulation
information is needed to better determine the distribution and structure
of the CDW. New data from recent and future sea surface salinity satellite missions (e.g., SMOS) can be combined with three-dimensional
ocean models and corresponding adjoint components (e.g. Zeng and He,
2016) to further reveal the underlying dynamics of the CDW variation.

4. Prediction of the CDW
4.1. CDW area prediction
With Changjiang runoﬀ and upwelling index as input variables, we
analyzed the predictability of CDW area. Here the CDW area is deﬁned
as the region within the 32 isohaline. Relations between CDW area and
Changjiang runoﬀ and upwelling index vary throughout the study
period (Fig. 10a, b). The CDW area has a higher correlation with the
Changjiang runoﬀ (0.79) than the upwelling index (0.68) within 5%
signiﬁcance level. After exploring diﬀerent time tags and input variables (Table 1), we found the best CDW area prediction model (adjusted
R2: 0.663) to be:
(1)

A = 1000 r + 471333 u + 34460
2

where A is next month's CDW area in km , r is current month's
Changjiang runoﬀ in km3, and u is current month's upwelling index in
m2/s. Comparison between prediction and observation also veriﬁes the
validity of the model (Fig. 10c).
4.2. CDW eastern boundary prediction
Similarly, a prediction model of the CDW's eastern boundary was
made to estimate how far the CDW eastern boundary can reach. Unlike
CDW area, the CDW eastern boundary does not show as good correlation with Changjiang runoﬀ or upwelling index (Fig. 11a, b). The respective correlation coeﬃcients are only 0.49 and 0.42 within the 5%
signiﬁcance level, respectively. After exploring diﬀerent input variables
and time lags (Table 1), the model with the highest adjusted R2 (0.247)
gives us the following relation:

B = 0.016 r + 0.739 u + 121.80
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