
                                                                    

University of Dundee

Hydrodynamic condition and suspended sediment diffusion in the Yellow Sea and East
China Sea

Li, Guangxue; Qiao, Lulu; Dong, Ping; Ma, Yanyan; Xu, Jishang; Liu, Shidong

Published in:
Journal of Geophysical Research: Oceans

DOI:
10.1002/2015JC011442

Publication date:
2016

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):
Li, G., Qiao, L., Dong, P., Ma, Y., Xu, J., Liu, S., Liu, Y., Li, J., Li, P., Ding, D., Wang, N., Olusegun A, D., & Liu,
L. (2016). Hydrodynamic condition and suspended sediment diffusion in the Yellow Sea and East China Sea.
Journal of Geophysical Research: Oceans , 121(8), 6204-6222. https://doi.org/10.1002/2015JC011442

General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

 • Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain.
 • You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 21. Aug. 2022

https://doi.org/10.1002/2015JC011442
https://discovery.dundee.ac.uk/en/publications/2625d7f6-bee0-4157-8f7a-5fb63e85ffda
https://doi.org/10.1002/2015JC011442


RESEARCH ARTICLE
10.1002/2015JC011442

Hydrodynamic condition and suspended sediment diffusion

in the Yellow Sea and East China Sea

Guangxue Li1,2, Lulu Qiao1,2, Ping Dong1,3, Yanyan Ma1,2, Jishang Xu1,2, Shidong Liu1, Yong Liu1,2,

Jianchao Li1, Pin Li4, Dong Ding1,2, Nan Wang1, Dada Olusegun A1, and Ling Liu1

1College of Marine Geosciences, Ocean University of China, Qingdao, China, 2Key Lab of Submarine Geosciences and

Exploring Technique, Ocean University of China, Qingda, China, 3School of Engineering, Physics and Mathematics,

University of Dundee, Dundee, UK, 4Department of Oceanography, Texas A&M University, College Station, Texas, USA

Abstract Based on monthly averaged current, temperature, and salinity, we analyzed the changes of

suspended sediment concentration (SSC) and the relationship with the warm current, coastal current, and

cold water mass (CWM) in the East China Seas (ECSs). The result shows that the coastal current and surface

diluted water are the route for transporting suspended sediment. The Kuroshio and its derived warm

current branches play the important role of the continental shelf circulation system and control the

diffusion of suspended sediment. High SSC has been mainly concentrated in coastal current and CWM. Two

sedimentary dynamic patterns have been identified. The winter-half-year pattern lasts almost 7 months.

The coastal currents off the Shandong Peninsula, northern Jiangsu, Zhejiang-Fujian coast are the main

routes for diffusion and deposition of the suspended sediment from the Yellow River and Changjiang River.

The summer-half-year pattern is characterized by the well-developed CWM. All CWMs have a unique

function to trap suspended sediment under the thermocline due to weakening tidal current and residual

current there. These CWMs in the Yellow Sea (YS) and north ECS are connected together. The layer above

the thermocline is characterized by diluted water with low salinity, high temperature. Suspended sediment

can be transported into the Okinawa Trough and the South Korea coast during this period. A strong eddy

always occur nearby the Kuroshio bend at northeast Taiwan, which has promoted the exchange between

the ECS shelf and Okinawa Trough, and the development of the shelf edge current and Taiwan warm

current (TWC).

1. Introduction

The broad ECSs is an exciting area characterized by active land-ocean interaction and complicated sediment

‘‘source to sink’’ processes. A great deal of suspended sediment from the Yellow River and Changjiang River

is deposited and diffused under the circulation system in the ECSs (Figure 1). The East Asian monsoon and

the Kuroshio are considered as two key drivers for the circulation in the YS and ECS [Li et al., 2006, 2014].

The Kuroshio is a strongest current in the east ECSs, which flows northward along the west slope of the Oki-

nawa Trough. Its annually averaged discharge can reach 23 Sv [1 Sv5 106 m3 s21; Ichikawa and Chaen,

2000]. Its main current travels through the Tokara Strait to return to the Pacific Ocean. The Tsushima warm

current still has a transport of 2–3 Sv into the Japan Sea [Isobe et al., 2002; Teague et al., 2002; Takikawa

et al., 2005]. Isobe and Beardsley [2006] conducted a simulation that has indicated the importance of frontal

wave of the Kuroshio in the matter exchange with the ECS. Under the influence of terrain, the Yellow Sea

warm current (YSWC), Tsushima warm current and TWC have been formed due to the water climbing of the

Kuroshio [Yuan et al., 2008; Li et al., 2009; Yuan and Hsueh, 2010; Chen, 2011; Qiao et al., 2011a]. Previously,

Uda [1934] believed that the YSWC occurs in any season, while other researchers later thought that it does

not exist in the summer [Lie, 1986; Lie et al., 2000, 2001; Ma et al., 2006]. Lin et al. [2011] for the first time sys-

tematically observed the change of the YSWC in the winter and believed that the factor driving the YSWC is

a barotropic current. TWC appears obvious seasonal variation. Its velocity is faster in the summer and slower

in the winter, which is mainly influenced by the seasonal variation of the Kuroshio and monsoon [Su and

Wang, 1987]. Chen and Wang [2006] were the first to demonstrate that the Kuroshio climbs in northeast Tai-

wan and flows northwestward, leading to the TWC formation [Chen, 2011]. Chang et al. [2010] believed that

the circulation of north Taiwan is shaped by the interaction between the strong Kuroshio and weak TWC.
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The coastal current is characterized by low temperature, low salinity and high SSC, and seasonal change. It

forms the circulation system in the ECSs together with the warm currents [Liu et al., 2007, Yuan and Hsueh,

2010]. The CWM in the ECSs is formed in the summer. He et al. [1959] had studied the characteristics and

causes of the CWM in the YS. They believed that the CWM is formed in situ in the winter.

The modern circulation system in the ECSs was established after the last highstand sea level [Liu et al., 2010;

Li et al., 2010, 2014]. Several mud areas were found in the continental shelf, forming the major deposit sinks

[Park et al., 2000; Yang et al., 2003; Chen and Zhu, 2012]. In the west ECSs, large quantity of freshwater and

sediment enter the sea from the Yellow River and Changjiang River [Lie et al., 2003; Wang et al., 2011]. The

annual sediment load from the Changjiang River and the Yellow River accounts for 10% of the world total

load [Milliman and Meade, 1983], and 92.4% of total river load into the ECSs. The sediment, besides accumu-

lated in the delta, diffuses to the wide continental shelf in the form of suspension load. Under the influence

of East Asian monsoon, an active deposition system in the ECSs has been built as a result of interaction

among the YSCC and YSWC, Zhejiang-Fujian coastal current (ZMCC), and TWC [Chang and Isobe, 2003; Liu

Figure 1. Topographic map and seasonal measured profiles in the East China Seas. Number in square bracket is the number of measure-

ment section. Survey station with a number is a continuous measurement station. 50, 100, 200, 1000, and 2000 m on the vertical bar are

water depth. The location of muddy area is based on Li et al. (2014).
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et al., 2007; Yuan and Hsueh, 2010]. These mud areas (Figure 1) are related to the circulation system [Zhu

and Chang, 2000]. The mud in the center of south YS occupy a largest area [Li et al., 2014] with a sedimenta-

ry quantity of 3.6 3 1011 t since the Holocene [Wang et al., 2014]. The suspended sediment from the Yellow

River, Changjiang River, and the old Yellow River Delta in north Jiangsu is the majority of this muddy body

[Dong et al., 2011; Wang et al., 2011]. Saito et al. [1999] concluded that each year 2.2 3 108 t of the sus-

pended sediment is diffused off the old Yellow River delta. Yuan et al. [2008] studied the diffusion of surface

suspended sediment, and found that the suspended sediment from north Jiangsu coast is diffused mainly

in the winter-half-year to as far as the mud area off the South Korea coast. Lim et al. [2007] investigated the

deposition rate and demonstrated that the Korean rivers are insufficient in supplying the quantity of the

muddy body off the South Korea coast. They concluded that the YSWC is involved in the transport of river

matter from China coast toward northeast. The mud zone along the ZMCC has the largest volume. Since

the Holocene, the quantity of sediment there has reached 5.4 3 1011 t and these sediments are mainly

from the Changjiang River [Liu et al., 2006, 2007; Dong et al., 2011; Xu et al., 2012] and can diffuse to as far

as the Taiwan strait [Huh et al., 2011].

In summary, some important processes of the ECSs on hydrodynamic condition, suspended sediment diffu-

sion, and deposition have been studied by previous papers based on survey data in single season and limit-

ed areas. But, systemic knowledge on the seasonal deposition processes is lacking in whole ECSs. We had

designed 12 profiles to be measured for four seasonal months on the ECSs (Figure 1) after overcoming

finance and diplomacy difficulties. In the next section, data and methods for explaining data collection are

presented, followed by the results of the evolution of circulation and suspended sediment diffusion in YS

and ECS for four surveys in section 3, and discussion on two patterns of suspended sediment diffusion in

section 4. Conclusions from the study will be given in section 5.

2. Data and Methods

2.1. Survey Data

The ship of Dongfanghong No. 2, the Ocean University of China, had carried out this project. Between 2006

and 2009, four surveys were finished (Table 1) with repeated measurements along 12 profiles. Each profile

had a number of measured stations (Figure 1). Each station was measured within 20 min. The letters W, C, S,

and F before the station name showed in winter, spring, summer, and autumn, respectively. A CTD analyzer,

called Seabird 911Plus, was used to measure the water depth, temperature, salinity, and turbidity (support-

ing information Table S1). The layer spacing of CTD measurement was 1 m. Water samples for SSC were

also collected from different water layer using the CTD bottles.

During the survey, 19 stations were selected to do continuous observation for 13 or 25 h on current, tem-

perature, salinity, turbidity, and SSC, mostly at an interval of 1 h. Current velocity and direction were deter-

mined using acoustic Doppler current profilers (LADCP) at interval of 1 h. The current data were calibrated

based on sound velocity bottom tracking information [Fischer and Martin, 1993; Martin, 2002; Xiong et al.,

2003; Xie et al., 2009]. The daily average residual current at each continuous station was calculated by

removing the periodic tidal signals.

Table 1. Time Periods for the Seasonal Profiling

Profile No. Winter Spring Summer Autumn

[1] 6–8 Jan 2007 18 May 2009 23 Jul 2006 21–22 Oct 2007

[c5] 4–5 Jan 2007 / 25–31 Jul 2006 14–17 Oct 2007

[2] 10–16 Jan 2007 17 May 2009 4 Aug 2006 24 Oct 2007

[3] 12–13 Feb 2007 16 May 2009 14–15 Jul 2006 22–24 Nov 2007

[4] 9–10 Feb 2007 13 May 2009 10–11 Jul 2006 20–22 Nov 2007

[5] 23–25 Jan 2007 30 Apr, 10–11 May 2009 6–10 Jul 2006 3–5 Nov 2007

[FJ1] 29 Jan 2007 12 May 2009 11–12 Jul 2006 7 Nov 2007

[6] 26–29 Jan 2007 29–30 Apr 2009 / 5–7 Nov 2007

[7] 1–3 Feb 2007 1–3 May 2009 4–6 Jul 2006 18–19 Nov 2007

[8] 8 Feb 2007 3 May 2009 3 Jul 2006 16–17 Nov 2007

[9] 3–4 Feb 2007 4 May 2009 2 Jul 2006 13 Nov 2007

[10] 4–7 Feb 2007 4–7 May 2009 28–30 Jun, 1 Jul 2006 14–16 Nov 2007
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The CTD analyzer had 12 sampling bottles. Water samples of 3–7 layers were taken at each station from sea

surface to bottom. The water was filtrated using membranes with pore size of 0.45 mm and the samples left

on the filters were washed, diluted, dried, and weighted with electronic balance with a precision of 1/

100,000 g. Finally, the SSC was calculated.

2.2. Hydrological Background Data

In addition, we also collected and analyzed temperature and salinity data since 1930 in the study area.

These data were mainly from the Tianjin International Ocean information Center. First, the quality of data is

checked to remove any coordinate errors and anomaly stations. Then, an objective analysis method [Barnes,

1964, 1973] has been used to deal with the data. Four monthly averaged data (supporting information Fig-

ures S1, S3, S5, and S7, January, April, July, and October, respectively) have been finally obtained as the sea-

sonal background in the ECSs.

HYCOM/NCODA reanalysis data are composed of the 1/128 global HYbrid Coordinate Ocean Model

(HYCOM) and the Navy Coupled Ocean Data Assimilation (NCODA) system (http://hycom.org/dataserver/

glb-reanalysis). Climatologically monthly averaged currents (supporting information Figures S2, S4, S6, and

S8) in January, April, July, and November from 1998 to 2007, respectively, were derived from HYCOM/

NCODA data.

3. Results

The distribution of monthly averaged temperature, salinity, and current is shown in supporting information

Figures S1–S8. It is evident that there were clear seasonal changes in the coastal current, warm current, and

CWM in the ECSs. We have compared the seasonal monthly averaged changes in the temperature, salinity,

and current with our measured profiles in different year. The result shows that our four measurements

(Table 1) are coincided with four monthly averaged changes on current systems and water masses, and is

of seasonal representative.

3.1. Winter in 2007 (Figures 2 and 3 and Supporting Information Figures S1 and S2)

3.1.1. Yellow Sea

The YS was in the north of profile [4]. The YSWC intruding the YS near Cheju Island was clearly shown as

higher temperature and salinity zones on the west side of profile [4]. Its residue reached the north YS with

the higher temperature and salinity centers in the profiles. The warm water was even visible on profile [1]

of the Bohai Strait through the temperature and salinity isolines. From profile [3], the YSWC intruded the YS

mainly in the bottom layer (supporting information Figure S2b), and then affected the surface layer. It is

consistent with some of our earlier results [Li et al., 2006]. On the profiles, the coastal currents close to the

land appeared clearer with low temperature and salinity. There were two centers with low temperature and

salinity on profile [4]. The coastal current near W501 was from the Changjiang River estuary. Another one

near W404 could be extended from the coastal current off north Jiangsu (NSCC), which connects with the

Shandong Peninsula coastal current (SPCC) in this season (supporting information Figure S2).

The SSC had positive relationship with coastal current and negative relationship with warm current. It was

relatively higher in the left of profiles [1] and [2], reaching more than 40 mg/L, indicating that the SPCC

from the Bohai Sea is carrying a lot of sediment from the modern Yellow River [Zhou et al., 2015]. The high

SSC on the north profile [c5] also imply the impact from the Liaodong Peninsula coastal current. Profile [2]

was, however, too short to identify the Korea coastal current on suspended sediment, which can be clearly

found in supporting information Figure S2. Profile [3] had been measured across the south YS with strong

coastal current on its west side but low SSC because it is far from the resuspension delta of old Yellow River

of north Jiangsu [Yuan et al., 2008]. The SSC in the east profile [3] was relatively higher due to erosion by

the strong current in the YS trough. Profile [4] located at the boundary of the YS and ECS. The SSC in the

coastal current was very high, reaching more than 380 mg/L, with a narrow zone. The SSC from NSCC was

also relatively high, particularly in the bottom layer at station W404 reaching up to 30 mg/L.

The continuous station C507 was setup in the middle of north YS (Figure 3a). Profile [C5] shows that it was

located at the terminal of YSWC. The surface water within 5 m depth was desalinated with low salinity and

temperature. The tidal current was diurnal with the maximum velocity of 20 cm/s. The residual current flowed

at an average of 3.6 cm/s. Because of the influence of the YSWC, the SSC was low (less than 1.5 mg/L).
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Figure 2. Observation profiles of the ECSs in winter, 2007. [1] to [10] denote the number of profiles. a, b, c, are temperature (8C), salinity (psu), and the SSC (mg/L), respectively. All the

ordinates indicate the depth (m) of water.
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Continuous station W407 on profile [4] located near the start of the YSWC presented the irregular semidiurnal

tide (Figure 3b). During flood, the current flowed northwest, and flowed southeast to transport cold water to

the southeast during ebb. The residual current above 40 m depth reached 10.5 cm/s on average to the north-

west in the same direction as the YSWC. The water below 40 m depth showed low temperature and salinity,

but high SSC (>10 mg/L). The residual current reached an average speed of 7.8 cm/s to the north. It is clear

that the bottom current on the west side was from the NSCC, suggesting that the NSCC could extend to the

east of 1258E to impact on the mud area of Korea coast through the lower layer in winter (supporting informa-

tion Figure S2b).

3.1.2. East China Sea

Profiles [5] and [6] were measured in the northern ECS. In the Okinawa Trough side, the northern extension

of the Kuroshio occur [Li et al., 2006]. From the two profiles, it can be seen that the impact of Kuroshio could

reach a depth of 150 m (supporting information Figure S2). North Profile [FJ1] appeared higher temperature

and salinity, resulting from the entering of the YSWC. According to the isotherm of profiles [9] and [10], the

area with temperature> 248C was the Kuroshio core. Because the Kuroshio comes from the open ocean, its

Figure 3. Continuous observation stations of the ECSs in winter, 2007. (a) Station WC507, observation beginning at 04:00, 13 January 2007 for 25 h at 1 h interval; a1–a5 are temperature

(8C), salinity (psu), SSC (mg/L), current speed (cm/s), and residual current speed (cm/s). (b) Station W407, observation beginning at 08:00, 10 February 2007 for 25 h at 1 h interval. (c) Sta-

tion W508, observation beginning at 05:09, 24 January 2007 for 25 h at 1 h interval. (d) station W1004, observation beginning at 10:06, 6 February 2007 for 25 h at 1 h interval. (e) Station

W1008, observation beginning at 22:30, 4 February 2007 for 25 h at 1 h interval.
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SSC is usually very low and barely detectable. Based on monthly averaged temperature and salinity (sup-

porting information Figure S1), a weak TWC off the Zhejiang-Fujian coast occurred on profiles [8] and [10],

which came mainly from climbing water of the Kuroshio (supporting information Figure S2b). The TWC

could extend to the Changjiang River estuary [Li et al., 2006; Yuan and Hsueh, 2010], and had been found in

station W705, W502, and W402. It affected all water layers with low SSC due to the impact of TWC.

The NSCC continued to extend through profile [4] toward the ECS and the characteristics of low tempera-

ture, low salt, and high SSC could be seen along the stations W403 to W405. Station W508 appeared semidi-

urnal tide, where the SSC was observed in the lower layer. The residual current moved southward with an

average speed of 2 cm/s, indicating that the suspended sediment was transported southward by the NSCC

in the lower layer. The ZMCC occurred clearly on profiles [7], [8], and [10] with the low temperature and

salinity, and high SSC of >300 mg/L. The zone influenced by the suspended sediment was basically consis-

tent with that of coastal mud area (Figure 1). Continuous station W1004 was measured at the north of Tai-

wan Strait with semidiurnal tide feature. In the late ebb tide, the temperature and salinity in upper water

were lower, suggesting that it was influenced by the ZMCC swing. Suspended sediment was mainly trapped

in the lower layer and the SSC exceeded 10 mg/L. The residual current flowed northeast at whole water lay-

er with an average velocity of 30 cm/s, which was coincided with the model current (supporting informa-

tion Figure S2b).

Continuous station W1008 located at the Kuroshio bend, resulting in complicated temporal changes in tem-

perature, salinity, and current. The residual current appeared complex at W1008, where the upper 75 m lay-

er flowed southeastward with an average speed of 30 cm/s, the water in 75–200 m layer southward with an

average speed of 71 cm/s, and the water in 200–600 m layer southwestward with an average speed of

104 cm/s. The speed increased gradually from top to bottom, and reached the maximum at 400 m depth.

These phenomena indicate that there exist a stronger Kuroshio edge eddy for all seasons which has been

proved by the model of HYCOM//NCODA. Temperature of profile [10] indicated that the water under the

Kuroshio could climb up toward the shelf. This phenomenon was also reported by Chern et al. [1990].

3.2. Spring in 2009 (Figures 4 and 5 and Supporting Information Figures S3 and S4)

3.2.1. Yellow Sea

A prominent feature of the YS in spring occurred for stratification of the temperature and salinity. The tem-

perature above 10 m water depth increased while the salinity decreased due to enhanced solar radiation

and precipitation. The YSWC could be found between stations C305–307 on the profile [3] across the middle

of south YS, where there was a thermocline in 10 m water depth. There are two cold eddies on both sides

of the YSWC in profile [3]. These cold eddies occurring in profiles [1]–[4] indicated that the CWM would be

gradually formed. The west cold eddy occurred with higher SSC in the bottom layer, suggesting the pres-

ence of NSCC. The NSCC reached stations C405–407 on profile [4] along the 50 m isobath marked clearly by

low temperature and salinity. It transported higher SSC in the bottom layers, which exceeded 20 mg/L. In

addition, the SSC in coastal area was relatively high like in the winter, confirming the previous observation

by Wang et al. [2011]. The distribution of temperature, salinity, and current (supporting information Figures

S3 and S4) shows that the SPCC and NSCC could be connected together in this month.

3.2.2. East China Sea

The profiles near the shelf edge were obviously influenced by the Kuroshio that presented high tempera-

ture and salinity, and very low SSC. In particular, the water under the Kuroshio climbed up toward the shelf

on profile [8]–[10] in south ECS. As a result, lifting water with lower temperature and higher salinity was eas-

ily identified. This feature is consistent with the early observations [Chen, 2011]. The water in the top layer

(above 75 m) in continuous station C1008 flowed northward and reached an average velocity of 46.6 cm/s

with desalination. The water in 75–200 m depth flowed to west by north at 30 cm/s, and below 200 m

flowed northwestward at 5.5cm/s. The direction of current in station C1008 changed vertically, which indi-

cates that a strong eddy still occurred at the Kuroshio edge. Due to the water climbing from the Okinawa

Trough, a weak CWM had been formed in the bottom of profile [10] at north Taiwan. Supporting informa-

tion Figure S4 shows that a strong TWC from the Taiwan Strait and Kuroshio climbing in the northeast Tai-

wan extended to the Changjiang River estuary, and also appeared in profiles [7], [5], and [4].

There was still ZMCC with low temperature, low salinity, and high SSC. However, the SSC value was lower

than in the winter. On profiles [7] and [8], the surface diluted water was extended to the middle shelf.
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Figure 4. Observation profiles of the ECSs in spring, 2009. [1] to [10] denote the number of measurement profile; a, b, c, are temperature (8C), salinity (psu), and the SSC (mg/L).
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Continuous station W1004 showed that a thermocline at 55 m water depth occurred. There exist a semidiur-

nal tidal current. The residual current flowed northwestward at an average speed of 25.4 cm/s. Below 55 m

water depth which there was a CWM to trap the suspended sediment, the SSC exceeded 5 mg/L

Figure 5. Continuous observation stations of the ECSs in spring, 2009. (a) Station C508, observation beginning at 07:00, 5 May 2009 for 25 h at 1 h interval; a1–a5 are temperature (8C),

salinity (psu), SSC (mg/L), current speed (cm/s) on the profile and layered residual current speed (cm/s). (b) Station C1004, observation beginning at 07:13, 7 May 2009 for 25 h at 1 h

interval; (c) station C1008, observation beginning at 22:42, 4 May 2009 for 13 h at 1 h interval. Broken line indicates location of the thermocline and halocline. The broken line indicates

the top boundary of the CWM.
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(supporting information Figure 5b3). This might be resulted from the sediment transported by ZMCC during

the ebb period. Salinity changes presented very unusual. Near 55 m water depth there was desalinated lay-

er of 10–20 m thickness. Although the change value of salinity was small, it was clearly discernible. It is not

clear what exactly had happen inside the thermocline, but at least it indicates that there was a permeation

of the diluted water. From profile [10], it was clear that the bottom cool water under the thermocline of

S1004 came from climbing water of Okinawa Trough.

The Changjiang diluted water had been developed in 10 m layer, and diffused to the middle shelf with high

temperature and low salinity in profiles [4] and [5]. On profile [4], although it was connected to the NSCC,

the Changjiang diluted water diffusion still was clear for salinity. Profile [FJ1] located in mud area of north

ECS. The thermocline and CWM occurred with an internal temperature of less than 11.58C. The CWM

trapped higher SSC of more than 10 mg/L. Based on the distribution of temperature, salinity, current, and

SSC, the suspended sediment had been transported from the NSCC through profile [4]. So we should see

the impact of the NSCC in profiles [FJ1], [5], and [6]. Continuous station C508 within CWM showed that the

residual current flowed eastward at an average speed of 3.5 cm/s. The thermocline had been developed at

the depth of 20 m and the suspension sediment was trapped within the CWM.

3.3. Summer in 2006 (Figures 6 and 7 and Supporting Information Figures S5 and S6)

3.3.1. Yellow Sea

An obvious feature of the YS was the development of CWM in summer. The thermocline occurred about

the depth of 20 m. The CWMs in the south and north YS had been connected together through the profile

[2] (supporting information Figure S5). The core temperature of the CWM appeared from 68C in north to 88C

in south. Due to the influence of coastal current, the SSC on the edge of the CWM presented relatively high.

The CWM on profile [3] was well developed with powerful halocline and thermocline. Two CWM cores were

similar to the spring occur on the profile [3] and a high salinity core in between. Therefore, it is believed

that the CWM originated from the residual water of coastal current and cooled YSWC. This CWM extended

to profiles [4] and [FJ1] containing high SSC in lower layer (>20 mg/L), which would be resulted from the

diffusion of NSCC and Changjiang outflow (supporting information Figure S6). Dong et al. [2011] and Qiao

et al. [2011b,2011c] believed that the weak current in the CWM facilitates the trapping of suspended

sediment.

Continuous stations SC803 and SC507 located in the CWM of north YS with relatively deep thermocline

(about 30 m). The SSC was concentrated in the bottom layer under the thermocline. The residual current of

the CWM was weaker, the speed reached only 2–3 cm/s. Station SB107 located the northern CWM of south

YS, where the suspended sediment was strictly controlled by thermocline and the residual current was very

weak. Station S303 and C at the edge of the CWM appeared well-developed thermocline and halocline. The

suspended sediment was also trapped by the CWM. Station S303 at the outer edge of the CWM indicated

higher, southwest-bound residual current of 12 cm/s. Station C appeared the weak tidal current and very

weak residual current.

3.3.2. East China Sea

The surface temperature over the entire YS and ECS exceeded 268C due to solar radiation. The desalinated

surface water could extend southward to the shelf edge and even the Taiwan Strait and Cheju Island due to

the Changjiang outflow. ZMCC still transported southward the suspended sediment, and resulted in the rel-

atively high SSC near the west profiles [7], [8], and [10]. Different from the spring and winter, the diluted

water off the Zhejiang-Fujian coast occurred in the surface, while the cool water appeared in the bottom

layer (supporting information Figure S5a3) where the suspended sediment was concentrated. On profile [7],

two layers with high SSC could be seen in the lower cool water and upper diluted water. The temperature

and salinity at the shelf edge of profiles [8], [9], and [10] had indicated that the bottom cool water just came

from the climbing water from the Okinawa Trough. So, a CWM occurred in north Taiwan around station

S1006, similar to the study by Chern et al. [1990]. Due to the diluted water transportation, the CWM trapped

high SSC.

According to Lie et al. [2003], the Changjiang diluted water could reach near Cheju Island. It could effected

the Tsushima strait based on the simulation results of Chang and Isobe [2003]. The NSCC flowed through

the station S404 with low salinity and high SSC, extending to station SFJ102. The CWM of north ECS

occurred in profile [FJ1]. Spatially, it was connected directly to the CWM of south YS through station S406.
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Figure 6. Observation profiles of the ECSs in summer, 2006. [1] to [10] denote the number of profiles; a, b, c, are temperature (8C), salinity (psu), and the SSC (mg/L).
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Figure 7. Continuous observation stations of the ECSs in summer, 2006. (a) Station SC803, observation beginning at 11:00, 30 July 2007 for 25 h at 1 h interval; a1–a5 are temperature

(8C), salinity (psu), SSC (mg/L), tidal current (cm/s), and residual current (cm/s). (b) Station SC507, observation beginning at 07:27, 27 July 2007 for 25 h at 1 h interval; (c) station SB107,

observation beginning at 07:31, 5 August 2006 for 25 h at 1 h interval; (d) station S303, observation beginning at 06:00, 15 July 2007 for 13 h at 1 h interval; (e) station C, observation

beginning at 07:00, 9 September 2005 for 13 h at 1 h interval; (f) station S508, observation beginning at 09:00, 12 July 2006 for 25 h at 1 h interval; (g) station S703, observation begin-

ning at 03:00, 5 July 2006 for 25 h at 1 h interval; (h) station S1004, observation beginning at 19:07, 28 June 2006 for 25 h at 1 h interval; (i) station S108, observation beginning at 08:37,

30 June 2006 for 25 h at 1 h interval. The broken line indicates the top boundary of the cold water.
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Due to the supply of the NSCC, the SSC in the CWM bottom of the northern ECS exceeded 30 mg/L, and

had been controlled by the thermocline.

Continuous station S508 at the southern edge of the CWM showed that thermocline and halocline were

well developed at the depth of 50 m with higher SSC of >30 mg/L. Residual current above the thermocline

flowed eastward at an average speed of 6 cm/s. Weak residual current inside the CWM flowed northward

with an average speed of 2 cm/s. S703 was a key station at the south Changjiang estuary, and showed that

the high temperature, low salinity, and high SSC occurred in the upper 10 m layer as a typical feature of the

Changjiang diluted water. Below 25 m depth, the salinity and temperature were low, but the SSC was high.

The suspended sediment was trapped by the CWM with a weak residual current of 4.5 cm/s. Station S1004

was similar to S703 in temperature, salinity, SSC and current direction, but appeared stronger residual cur-

rent about 30 cm/s from Taiwan Strait (supporting information Figure S6). Station S1008 near the edge of

the Okinawa Trough appeared strong residual current toward south with the average speed of 71 cm/s

above 400 m depth. According to the direction of the Kuroshio axis, a strong eddy also occurred there,

where the surface desalination and SSC were high. Above observations showed that the cold water in cen-

tral and south ECS was different from the CWM of the YS. This cold water was a sediment trap, but the tidal

current and residual current had been not influenced by the thermocline. In the CWMs of south YS and

north ECS, the current direction and speed were not coincident between two layers of above and below the

thermocline.

3.4. Autumn in 2007 (Figures 8, 9 and Supporting Information Figures S7 and S8)

3.4.1. Yellow Sea

The CWM occurred also in the YS, but its range was obviously reduced, and the thermocline and halocline

fell to 40 m depth. The higher SSC was still controlled by the CWM. The coastal current brought more sedi-

ment along the SPCC, where the SSC could exceeded 30 mg/L. Low salinity and high SSC near stations F405

and F406 had indicated the continued existence of the NSCC, which was still extending to the ECS. Continu-

ous station F308 had been measured inside the CWM, where the suspended sediment was restricted under

the thermocline. The distribution of the high SSC was obviously influenced by the tidal current change.

Above the thermocline, residual current was strong with the average speed of 10.3 cm/s flowing to south-

east. Below the thermocline, residual current was weak and flowing to east by north at 3.5 cm/s. This current

structure could cause a velocity shear layer inside the thermocline and halocline, and then trap suspended

sediment into the CWM. The appearance of anomaly cool layer of 5 m thick below the thermocline at the

temperature profile of F308 could be attributed to the shear. Similar feature can be found in the salinity

interbed of C1004 (supporting information Figure 5b2).

3.4.2. East China Sea

Profiles [5] and [6] showed that the Kuroshio flowed northward, which was also confirmed by high tempera-

ture in the east profile [4]. Meantime, the YS was invaded by the warm current (supporting information Fig-

ure S8b). The water climbing below the Kuroshio into the shelf appeared clearly based on the temperature

and salinity of profile [6]. On profile [Fj1], the thermocline covering the CWM shrank to 60 m depth with the

SSC of more than 20 mg/L. From the temperature, salinity and SSC of profile [7], it was clear that the ZMCC

began to develop in this season, resulting in the low temperature, low salinity and high SSC. Because of the

disappearance of CWM, the changes of temperature, salinity and current presented vertically uniform in

continuous stations F508 and F1004. The residual currents flowed northeast at an average speed of 16 cm/s

(F1004). In station F508, the residual current reached 6.5 cm/s, and its SSC change was closely relationship

with the velocity of tide current.

4. Discussion

Based on above comprehensive analysis of survey and monthly averaged data, it is clear that all changes on

marine circulation, suspended sediment diffusion and CWM in the ECSs appear seasonality [Chern et al.,

1990; Shi and Wang, 2010]. After comparing with the monthly averaged temperature, salinity, and current,

our measured profiles have representativeness for four seasons. The spring and autumn appear merely the

continuation or transition of the winter and summer. Based on systematic analysis of our survey data,

monthly averaged hydrological data (supporting information Figures S1–S8) and previous studies [Li et al.,

2006, Liu et al., 2006, 2007; Yuan and Hsueh, 2010; Zhou et al., 2015], we can divide the marine circulation
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Figure 8. Observation profiles of the ECSs in autumn, 2007. [1] to [10] denote the number of profiles; a, b, c, are temperature (8C), salinity (psu), and the SSC (mg/L).
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and suspended sediment diffusion in the ECSs into two patterns (Figure 10), one is winter-half-year from

about October to the following April, and the other is summer-half-year from about May to September.

4.1. Sedimentary Dynamics Pattern in Winter-Half-Year

In winter-half-year, solar radiation is weakening and winter monsoon strengthening, resulting in strong ver-

tical mixing of the seawater [Shi and Wang, 2010]. Stratification of seawater is not prominent, and the circu-

lation structure appears relatively uniform in vertical.

Figure 9. Continuous observation stations of the ECSs in autumn, 2007. (a) Station F308, observation beginning at 01:00, 23 November

2007 for 25 h at 1 h interval; a1–a5 are temperature (8C), salinity (psu), SSC (mg/L), current speed (cm/s), and residual current (cm/s). (b) Sta-

tion F508, observation beginning at 03:21, 8 November 2007 for 25 h at 1 h interval; (c) station F1004, observation beginning at 00:51, 15

November 2007 for 25 h at 1 h interval. The broken line indicates the top boundary of the CWM.
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The YSWC begins into the YS at October (supporting information Figure S8b). The SSC is very low in the

YSWC. Observations in January show that the YSWC enters the YS from the south of Cheju Island at a speed

of 10.5 cm/s, and 3.6 cm/s when reaching Bohai Strait. The average speed of the YSWC observed in middle

of south YS is 5 cm/s [Lin et al., 2011]. This warm current has some branches characterized by relatively high

temperature and salinity, such as the branch off the Qingdao coast (supporting information Figure S1) [Lin

et al., 2011]. It blocks southward extension of the SPCC (supporting information Figures S1 and S2b). Due to

proximity to the SPCC, high SSC occurs with active deposition in the northwest of south YS muddy area [Li

et al., 2014; Zhou et al., 2014].

The head of the weak TWC can reach the north of Changjiang River estuary in the middle and low water

layers and is correlated with deep trough topography off the estuary [Yuan and Hsueh, 2010]. The current is

mainly derived from the Taiwan Strait and Kuroshio diffusion in the shelf edge, especially from the bend of

Kuroshio in northeast of Taiwan. These results are in consistent with Chen’s conclusions [2011]. The simula-

tion study by Isobe and Beardsley [2006] also showed that there is the Kuroshio eddy in the shelf edge all

over the year and they found that the annually averaged onshore-transport of Kuroshio along the shelf

break is 0.85 Sv. Although there is warm current through the Taiwan Strait, we could not see its connection

with the TWC on the entrance profile [10]. The warm current from the strait may move around the Taiwan

and is mixed by the Kuroshio diffusion water (supporting information Figure S2) [Yuan et al., 2008]. The

Figure 10. Sedimentary dynamics patterns in the YS and ECS. (a) The pattern of winter-half-year. The black lines indicate the coastal current systems. They are the channel for suspended

sediment transport and deposition. White dot line is the diluted water boundary of salinity 32 pus. The red lines indicate the warm current systems which barely carry the suspended

sediment. Number 1, SPCC. 2, NSCC. 3, ZMCC. 4, coastal current off the Liaodong Peninsula. 5, coastal current off the Korea Peninsula. 6, Kuroshio. 7, Tsushima warm current. 8, YSWC. 9,

Taiwan Strait warm current. 10, weak TWC in the lower layer. 11, the shelf edge current of the ECS. 12, Cheju warm current. Other thin lines are the branches from the main current.

(b) The pattern of summer-half-year with obvious vertical stratification. In the middle and lower water layer: number 1, NSCC. 2, coastal diffusion off the Changjiang estuary. 3, Kuroshio

above 200m water depth. 4, Tsushima warm current. 5, YSWC. 6 and 7, TWC and the shelf edge current of the ECS, respectively, in whole water body. 8, Cheju warm current. Based on

the distribution of temperature, salinity and currents in supporting information Figures S5 and S6 and our measured data, the CWM is distinguished. A biggest CWM is circled by a gray

line along about 158C isothermal line in the YS and north ECS. The area circled by the gray dot line along the 108C isothermal line is the CWM core in the YS. In the upper water layer:

number 9, SPCC. 10, NSCC. White dot line is the diluted water boundary of salinity 32 pus, the most prominent is the diffusion of Changjiang River plume.
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TWC brings very low SSC and opposite direction to the ZMCC, blocking the most of suspended sediment to

be deposited in the ZMCC.

Due to the seasonal change of the East Asian monsoon, coastal current with low temperature, low salinity, and

high SSC is developed. According to monthly averaged temperature, salinity, and current, the Korea coastal cur-

rent and Cheju warm current occur, which were not observed directly in our survey. Coastal current off the Liao-

dong Peninsula is visible on the profiles of north YS. The SPCC come from Bohai Sea with high SSC, and the

Yellow River is the main source of suspended sediment [Yang et al., 2003]. Due to obstructing of the warm cur-

rent branch of the YSWC off Qingdao coast, large amount of sediment from modern Yellow River is deposited

along the SPCC, and results in large sedimentary thickness in northwest of south YS mud area [Zhou et al., 2015].

The NSCC is mainly originated from old Yellow River delta. It is the third largest sediment source behind the Yel-

low River and Changjiang River estuaries [Saito et al., 1999; Yang et al., 2003]. This current moves to north ECS

along the 50 m isobath. The suspended sediment carried by the NSCC is the main sediment source for the mud

area of north ECS, which may be transported into north Okinawa Trough [Shi and Wang, 2010]. Based on our

observations and monthly averaged hydrological status, the NSCC often has a branches diffusing to the YS,

especially toward Cheju Island. Suspended sediment is transferred by the YSWC to form the muddy area off

South Korea coast. This process has also been discovered by Lim et al. [2007] based on the deposition rate. Like

previous studies [Li et al., 2006; Yuan and Hsueh, 2010; Wang et al., 2011], we also found that a small branch of

the NSCC crossing the Changjiang River estuary enters the Zhejiang-Fujian coast. However, the suspended sedi-

ment of the ZMCC has been mainly originated from the Changjiang River outflow [Liu et al., 2006; Xu et al., 2009,

2012] and then extend to the Taiwan Strait [Huh et al., 2011]. The high SSC of the ZMCC should results in the

development of the mud zone off Zhejiang-Fujian coast in this period.

4.2. Sedimentary Dynamics Pattern in Summer-Half-Year

The circulation and sedimentation seem more complicated than in winter-half-year because of stratification

under the strong solar radiation and weak summer monsoon. The circulation and suspended sediment dif-

fusion in the upper and lower layers are very different [Lie et al., 2003; Shi and Wang, 2010].

4.2.1. Lower Water Layer

A prominent feature is the CWM appearing. As solar radiation increasing, the CWM begins to appear in May

in the YS (Figure 4). The CWMs of the YS, north ECS and Bohai Sea (supporting information Figure S5a3) are

linked as a whole. The cold water of north YS is a product of cooled residual water of the YSWC. The cold

water of south YS comes from several sources, mostly from cooled coastal current and YSWC (profile [3] in

Figure 3). The CWM of north ECS is likely resulted from mixed NSCC. The CWM has strong ability to trap sed-

iment, suggesting that mud area of CWM has been mainly formed in the summer. Our observations show

that the sediment in CWM mud areas of south YS and north ECS mostly come from the NSCC. There is no

sustained north wind during this period. Why the NSCC still exists? We believe that it is largely resulted

from the tidal wave movement driven by the topography of the YS and the Coriolis force. The shoal topog-

raphy off the Changjiang River estuary makes the NSCC turn southeast. The suspended sediment carried by

the NSCC can reach the north Okinawa Trough [Jiang et al., 2011]. The distribution of temperature, salinity,

and current (supporting information Figures S5 and S6) indicates that there is a weak YSWC entering the YS

trough [Lie et al., 2001], and then turn into Cheju Strait.

The bottom cool water occurs in middle shelf of the ECS. Although its temperature is much higher than the

CWM of the YS, the thermocline and halocline occur obviously. Supporting information Figures S5 and S6

show that the cool water comes from the climbing under the Kuroshio at the northeast Taiwan eddy [Chern

et al., 1990; Chen, 2011]. The shelf edge current of the ECS, which occur almost in four seasons, has been large-

ly attributed to this eddy. Meanwhile, the suspended sediment from the Changjiang River is still transported

southward along the coast in measured profiles. A weak CWM nearby station S1006 has been measured. The

profile [10] shows that the CWM comes from the Okinawa Trough. In this CWM, no mud area has been depos-

ited [Li et al., 2014], which may be due to lack of sediment supply and even being erosion in winter-half-year.

4.2.2. Upper Water Layer

This layer appears high temperature and low salinity in the whole sea. The range of the Changjiang diluted

water reaches the Tsushima Strait and north Okinawa Trough [Lie et al., 2003]. Pang et al. [2011] also con-

firmed that the suspended sediment diffusion from the Changjiang diluted water can affect the south YS

and ECS continental shelf, or directly reach the mud area of South Korea coast. Measurement profiles show

that the diluted water of the ECSs is also transporting the suspended sediment for CWM trapping.
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5. Conclusions

Our results show that the coastal current and surface diluted water are the main channel for transportation

of suspended sediment. The Kuroshio and its derived warm current branches play the important role of the

continental shelf circulation system and control the diffusion of suspended sediment. High SSC has been

concentrated in coastal current and CWM. Based on survey data and monthly averaged hydrological status,

we have identified two dynamic sedimentary patterns.

The winter-half-year pattern occurs from October to next April. The NSCC, ZMCC, and SPCC have been well

developed, and are the channel for diffusion and deposition of suspended sediment along the route of

coastal current. The YSWC and TWC block the suspended sediment diffusion across the shelf and promote

the suspended sediment trapping along the coastal zone. The summer-half-year pattern appears from May

to September. Water is clearly stratified due to diluted water and thermocline. A large CWM distributed in

the Bohai Sea, YS and north ECS, is connected internally. The CWM has a unique role in trapping suspended

sediment and can strictly limit the SSC under the thermocline and halocline. This is the main period for

deposition of the CWM mud area, when the NSCC is still the major supplier of suspended sediment. We

believe that the cool water at the bottom of the ECS is resulted from the water climbing of the Okinawa

Trough. The surface layer has been occupied by the diluted water with low salinity, high temperature in the

ECS, especially from the Changjiang River outflow. The diffusion range of suspended sediment can reach

the Okinawa Trough and South Korea coast.

The NSCC and ZMCC are the main suppliers of suspended sediment for south YS and ECS. The NSCC of

summer-half-year has been formed probably due to tide and the topographic effect. Based on the measure-

ment data, we suggest that higher CWM density under low temperature and high salinity results in weaken

tidal current and residual current, and thus traps the suspended sediment under the thermocline and halo-

cline. A strong eddy of Kuroshio edge in northeast Taiwan and a strong current along the shelf edge occur

almost all seasons, which play a very important role in water exchange between ECS and the Okinawa

Trough. However, these results are preliminary due to our surveys in different year, and further seasonal

changes and underlying mechanisms need to be studied in the future.
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