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Preface

The Advisory Panel for a Circulation Study of East Asian Marginal Seas (AP-CREAMS) of the
North Pacific Marine Science Organization (PICES) has recognized a lack of an extensive review of
the oceanography of the Yellow Sea and East China Sea. The Yellow Sea, including the Bohai Sea,
and East China Sea are one of the most productive marine environments in the world, and they are
also known to be facing rapid environmental changes in recent decades with possible eutrophication,
climate change and other causes. It is also realized that there are many studies in this important area;
however, there is almost no review which is internationally available. Thus, AP-CREAMS
recommended to review the present conditions of the Yellow Sea and East China Sea and to prepare
a report which could be widely used by the marine sciences community. Here, we have prepared
“Oceanography of the Yellow Sea and East China Sea” for publication in the PICES Scientific
Report series. Members of the editorial committee appreciate all the contributors of this report.

Joji Ishizaka, Guebuem Kim, Jae Hak Lee, SuMei Liu, Fei Yu, Jing Zhang
Editorial Committee
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Physical Oceanography

Preface

This chapter summarizes the general understanding of physical oceanography in the Bohai, Yellow
and East China seas based on published literature. The chapter consists of six sections: currents,
tides and waves, water masses, ocean mixing, atmosphere—ocean interaction and long-term
variations. The reviews generally indicate that the research trend had a turning period in the 1990s
in its scope. Before the 1990s, research focused largely on tides and water masses, though work to
understand the current system had been continuing for a long time. In the 1990s, the understanding
of the current system improved significantly. Since the 2000s, observations of small-scale events,
such as internal waves and frontal structures, have been growing and studies of ocean mixing,
especially vertical mixing, has made considerable progress. Recently, research on processes in the
atmosphere—ocean interface have been increasing. This includes the effect of waves, surface fluxes
and tele-connections.

It is noted that the lack of time-series data and wintertime observations must be overcome to
improve our understanding of these seas in the next generation. All sections made similar remarks
that more in-situ observations need to be carried out to obtain long-term time series, and that
regional numerical models, including various coupled models, need to be improved. A suggestion to
see successful results for these demands in the future is collaboration of scientists from countries
surrounding these seas under an international framework such as PICES.

Jae Hak Lee
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Physical Oceanography Circulation

1.1 Circulation

Xinyu Guo*, Byoung-Ju Choi? and Fangli Qiao®

! Ehime University, Japan
2 Chonnam National University, Korea
® First Institute of Oceanography, Ministry of Natural Resources, China

1.1.1 Introduction

The Bohai Sea, the Yellow Sea (YS) and the East China Sea (ECS) lie on the largest continental
shelf in the northwestern Pacific Ocean (Fig. 1.1.1). The Bohai Sea and YS are separated by the
Bohai Strait, while the YS and the ECS are separated by a line from the mouth of the Changjiang
River to Jeju Island. With only one connection to the YS, the Bohai Sea becomes a semi-enclosed
marginal sea with an average depth of 18 m (Xia et al., 2019). The YS is also a semi-closed shelf
sea connected to the Bohai Sea to the north and the ECS to the south; it has an area of 380,000 km?
and extends from 31°40’'N to 39°50'N and 119°10'E to 126°50'E. The YS has average and
maximum water depths of 44 and 140 m, respectively.

40°

NI RS &
gEastChinaSea . < fa

,

>0 ¢
53

25°

Fig. 1.1.1 Bathymetric map of the Bohai Sea, the Yellow Sea, and the East China Sea. Continuous lines
denote isobaths in meters. Dashed line connecting the Changjiang River mouth and Jeju-do indicates the
geographic boundary between the Yellow Sea and East China Sea. PN denotes a section observed regularly
by the Japan Meteorological Agency. Modified from Lie and Cho (2016).
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Circulation Physical Oceanography

The ECS is connected to other marginal seas through the Tsushima Strait to the northeast and through
the Taiwan Strait to the southwest and is open to the Pacific Ocean to the southeast; it has an area of
770,000 km? and extends from 21°54'N to 33°17'N and 117°05'E to 131°03'E. The ECS has both a
shelf area and sharp slope and deep water areas with average and maximum water depths of 370 and
2940 m, respectively. Two-thirds of the ECS is on the continental shelf, and this part can be separated
into an inner shelf, middle shelf, and outer shelf by the 50, 100, and 200 m isobaths, respectively,
which largely run parallel to the coastline over the continental shelf. Immediately outside of the
continental shelf is the Okinawa Trough with a depth of 600 to 2000 m.

As one of the most studied seas in the world, there have been already many review papers on the
circulations in the Bohai Sea, YS and ECS (e.g., Guan, 1994; Su, 1998; Lie, 1999; Su, 2001; Ichikawa
and Beardsley, 2002; Lie and Cho, 2002; Isobe, 2008; Park et al. 2014, 2017). In this section, using a
combination of review papers and newly published papers related to this topic, we present a
comprehensive description on the circulation pattern in this area and its related dynamics. Finally, we
present some outlooks on future works.

1.1.2 Bohai Sea and Yellow Sea circulation

Seasonal variation of circulation is prominent in the Bohai Sea and YS (Figs. 1.1.2, 1.1.3, and 1.1.4).
Winter circulation is controlled mostly by topography and northerly wind bursts with northward flow
in the middle and southward flow along both coastal boundaries of the basin. In summer, circulation is
governed by topography, tidal mixing, and stratification with three-layer structure (Naimie et al.,
2001; Xiaetal., 2006; Lin et al., 2011). A basin-scale cyclonic gyre is formed in the upper layer of the
YS.

(a) Winter (December—March) (b) Summer (May—September)
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Fig. 1.1.2 Schematic pattern of circulation in the Bohai Sea, the YS and the ECS during (a) winter and
(b) summer. JWC, YSWC, CCC, WKCC, and CDWF stand for Jeju Warm Current, Yellow Sea Warm
Current, Chinese Coastal Current, and West Korea Coastal Current, Changjiang Diluted Water Flow,
respectively. Modified from Park et al. (2017).
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Seasonal circulation

Winter circulation

Northerly and northwesterly winds are dominant in winter (Hsueh, 1988; Teague and Jacobs, 2000;
Lie and Cho, 2016). Northerly winds induce an anti-cyclonic gyre in the eastern half of the YS with
the northward Yellow Sea Warm Current (YSW(C) along the western side of the Yellow Sea Trough,
the southward West Korea Coastal Current (WKCC) at the eastern part of the YS (Fig. 1.1.3a), and a
cyclonic gyre in the western YS with the northward YSWC along the western side of Yellow Sea
Trough and the southwestward and southeastward Chinese Coastal Current (CCC) over the western
part of the YS (Fig. 1.1.2) (Le et al., 1993; Takahashi et al., 1995; Naimie et al., 2001; Ma et al.,
2006; Lin and Yang, 2011).

h\““\ v

10 cm/s

Fig. 1.1.3 Vertically (a) integrated circulation, (b) near surface current (z = 0.5 m), and (c) near bottom
current (z = 0.5 m above bottom) in January from the three-dimensional simulation of Naimie et al. (2001).
Reproduced with permission of Elsevier. (d) Mean SST (°C) in winter (DJF) from Advanced Very High
Resolution Radiometer (AVHRR) observations from 1985 to 2009. Blue solid circles denote the axis of a
warm water tongue as the pathway of the YSWC. Black lines are the bathymetry with the dashed lines
representing 2.5-m intervals between 50 and 70 m. After Lin et al. (2011). Reproduced with permission of
Wiley & Sons.
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Although the interaction of topography, horizontal density gradient, and tidal mixing (tidal
rectification) can induce a weak YSWC without wind forcing (Lee and Beardsley, 1999), northerly
wind bursts accompanied by the propagating coastal shelf waves on the YSWC is the largest force
influencing the northward current (Hsueh et al., 1986; Takahashi et al., 1995; Naimie et al., 2001,
Ma et al., 2006; Qu et al., 2018). The YSWC is separated intermittently from only a portion of the
Jeju Warm Current (JWC) to the west of Jeju Island during the northerly winds bursts. The JWC is
the mean current flowing clockwise around Jeju Island in all seasons. The YSWC extension enters
the Bohai Sea along the northern side of Bohai Strait and separates to form an anti-cyclonic gyre in
the east and a cyclonic gyre in the west (Guan, 1994; Bian et al., 2016). Low salinity water flows
out to the Y'S along the southern side of Bohai Strait.

(a)

MO L

Fig. 1.1.4 Vertically (a) integrated circulation, (b) near surface current (z = 0.5 m), and (c) near bottom
current (z = 0.5 m above bottom) in July from the three-dimensional simulation of Naimie et al. (2001).

Summer circulation

In summer, the water column of the YS is highly stratified offshore where the bottom depth (h) is
deeper than about 60 m due to high solar radiation, while the water column remains relatively well
mixed in shallow coastal regions (h < 40 m) due to strong tidal mixing. The tidal front and
along-front jet form in the transition zone with depths between 30 and 60 m as a result of tidal
rectification due to the interaction between tidal mixing and the stratified ocean (Lee and Beardsley,
1999; Naimie et al., 2001; Liu et al., 2003; Kwon et al., 2011; Yuan et al., 2013). The horizontal
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circulation in the summer YS has a three-layer structure: in the surface layer (0—4 m), the prevailing
current direction is northeastward; in the upper layer (4—40 m) it is dominated by a basin-scale
cyclonic gyre; and in the bottom layer (below 40 m) the water diverges from the center area and
there exists a weak southward current along the Yellow Sea Trough (Xia et al., 2006). Tidal mixing
plays a dominant role in the formation of upwelling, and the relative importance of tidal mixing and
wind forcing for upwelling has been further examined in numerical experiments. The southerly
wind enhances the upwelling off the western coasts, but its overall influence on the whole YS
upwelling is less important than that of the tidal mixing (LU et al., 2010). The along-front jet
produces a large, basin-wide cyclonic surface circulation along the 40- to 50-m isobaths in both the
western and eastern YS, i.e., the CCC and WKCC, respectively (Fig. 1.1.2b).

Yellow Sea Warm Current

Average winter currents are northward on the western side of the Yellow Sea Trough (Isobe, 2008)
(Figs. 1.1.2a, 1.1.3a, and 1.1.5). However, the YSWC is not a steady current but rather an
intermittent (or episodic) current related to northerly wind bursts over the YS in winter (Hsueh,
1988; Ma et al., 2006; Isobe, 2008). The northerly wind fluctuates with a synoptic time scale (3-7
days) over the YS in winter (Hsueh, 1988; Teague and Jacobs, 2000) with bursts that produce a
pressure gradient force to the north near the bottom of the ocean. As the northerly wind relaxes, the
northward flowing YSWC gains strength along the Yellow Sea Trough, reaching a peak in
northward speed 1 to 2 days later (Figs. 1.1.6 and 1.1.7). The YSWC has been thought to form at the
end of October and remain in place until early March. During the weak northerly wind periods
between two northerly wind bursts, a southward current flow appears at the upper and middle levels.
Hence, the current does not continually flow toward the north throughout the winter in the middle of
the Yellow Sea Trough.

13
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Fig. 1.1.5 Time-averaged currents at mooring stations M2 (122°15.06'E, 34°40.35'N), M4 (122°45.48'E,
34°40.21'N), and M5 (123°00.49'E, 34°40.01'N) with the background temperature (°C) along 34°40'N.
Barotropic currents at M2, M4 and M5 are 2.40, 2.54, and 7.46 cm s, respectively. After Lin et al. (2011).

Reproduced with permission of Wiley & Sons.
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Fig. 1.1.6 Time series plot of the northward component of the mid-depth current (solid line in bottom
panel) observed at the solid circle in the Yellow Sea in the upper panel from January to March 1986 (plot
reproduced from Figure 6 in Hsueh, 1988). Broken line in the bottom panel is the northward component of
the reanalysis wind at the cross in the upper panel. Grey bars are depicted to emphasize a correlation
between southward winds and northward currents. Broken lines in upper panel indicate depth contours in
meters. After Isobe (2008). Reproduced with permission of Springer Nature.
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Fig. 1.1.7 The time series of observed daily wind in 2006—-2007 winter in north Yellow Sea (averaged in
the box from 34°N to 38°N, 122°E to 124°E) from (a) QuikSCAT data and near bottom residual current at
stations (b) M2, (c) M4, (d) M5, and (e) M6. After Lin et al. (2011). Reproduced with permission of Wiley
& Sons.
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Direct current measurements

Hsueh (1988) found that the current was northward at the middle depth (38 m) and near the bottom
(74 m) based on current meter mooring at the northern Yellow Sea Trough (124°E, 37°N) and
bottom currents at 70 and 95 m depths were also northward based on a current meter positioned at
the eastern side of Yellow Sea Trough (124.75°E, 35.25°N) in winter of 1986. Winds were mostly
northerly from January to early March 1986. Teague and Jacobs (2000) monitored the YSWC using
an acoustic Doppler current profiler (ADCP) in the middle of the Yellow Sea Trough (124.033°E,
35.967°N) from July 1995 to January 1996. Observations indicated that there was southward flow
near the surface (14 m), northward and northeastward flow at the middle depth (44 m), and
northward flow near the bottom (72 m) from the beginning of November 1 to January 15 in
response to northerly wind pulses. From April 1996 to May 1998, Lie et al. (2001) conducted six
Korea—China joint hydrographic surveys and four satellite-tracked drifter experiments in the YS.
They analyzed the observational data and concluded that the SWC is not a persistent mean current
and that Jeju Warm Current Water (JWCW) may be transported to the southwestern YS in winter by
the intermittently generated northwestward currents on the western slope of the Yellow Sea Trough.

Because the YSWC was suggested to flow along the western slope of the Yellow Sea Trough based
on hydrographic observation (Lie et al., 2001; Tang et al., 2001) and a numerical model (Takahashi
et al., 1995), five ADCPs were deployed on the western side of the central Yellow Sea Trough from
December 20, 2006 to January 23, 2007 (Yu et al., 2009; Lin et al., 2011). The YSWC was found to
flow northwestward near the bottom with a speed of 4 to 10 cm s™ on the western side of the Yellow
Sea Trough (Fig. 1.1.5). The core of the YSWC was suggested to be near the bottom. The monthly
mean flow of the current is northward from the surface to bottom on the western side of the Yellow
Sea Trough with intensification following strong northerly wind bursts. The lag of the YSWC
response to the northerly wind bursts was about 1 to 2 days (Lin et al., 2011). The YSWC was
induced mainly by the barotropic current (Hsueh, 1988; Lin et al., 2011).

Hydrographic evidence

The YSWC had been thought to be present year-round with the main path lying along the central
part of the Yellow Sea Trough (Nitani, 1972). However, the YSWC is prominent along the western
slope of the Yellow Sea Trough only in winter (Zang et al., 2003). Hydrographic data in the 1980s
(Lie, 1986; Park, 1986) did not show any evidence of the northward intrusion of saline water into
the eastern YS in summer (Isobe, 2008). Mean surface salinity distribution from November to
February showed the location of the main path of the YSWC along the western slope of the Yellow
Sea Trough (Isobe, 2008). Vertical temperature and salinity profiles across zonal sections along
34°N, 35°N, and 36°N (Lie et al., 2009; Lin et al., 2011) revealed that a warm and saline core exits
at the western side of Yellow Sea Trough. Climatological mean SST data and SST snapshots in
winter from satellite observation also indicate the main path of the YSWC to be along the western
slope of the Yellow Sea Trough (Lie et al., 2001; Lie et al., 2009; Yu et al., 2009; Lin et al., 2011,
Wang et al., 2012; Park et al., 2017).

Theory and numerical modeling

Based on an early simple analytical model, a wind-induced pressure gradient in the lower layer
along the Yellow Sea Trough was proposed to generate the YSWC (Park, 1986; Seung et al., 2012).
When northwesterly winds blow over the YS in winter, the pressure gradient force dominates over
the wind stress in deep waters along the Yellow Sea Trough where the local depth exceeds a critical
depth (53 m), producing upwind northward flow in the lower layer along the Yellow Sea Trough.
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The YSWC has been known to be accompanied by coastal shelf waves induced by northerly wind
bursts in winter (Hsueh and Pang, 1989; Takahashi et al., 1995). In a two-dimensional numerical
experiment, onset of a northerly wind in winter produced anti-cyclonic circulation in the eastern part
of the YS and cyclonic circulation in the western part of the YS. However, only the anti-cyclonic
circulation can be amplified with the northerly wind, which produces steady anti-cyclonic
circulation in the Y'S, reaching equilibrium in about 2 days (Takahashi et al., 1995).

Three-dimensional modeling of wind-driven upwind flow in the YS showed that surface water was
moved southward out of the Bohai Sea by northerly wind bursts, which decreased the sea level in
the north relative to the sea level in the south (Riedlinger and Jacobs, 2000). The northward pressure
gradient force induces a bottom flow to the north in the opposite direction of the northerly wind.
This return flow is concentrated in the Yellow Sea Trough. Lin and Yang (2011) suggested that the
YSWC was generated by trapped topographic waves in response to the northwesterly wind. Bottom
friction was considered to be important for arresting the waves based on barotropic numerical
modeling experiments. Three-dimensional simulation of the YS winter circulation with tidal forcing
performed to examine the evolution of the YSWC showed that flow is northward at depths lower
than 30 m along the western slope of the Yellow Sea Trough (Tak et al., 2016). Currents and winds
varied on timescales of 12 and 20 days. One day after the northerly wind burst, an upwind current in
the subsurface layer appeared in the center of the Yellow Sea Trough, while the downwind flow in
the surface layer decreased significantly in the three-dimensional model. Two days later, the upwind
flow in the subsurface layer shifted west of the Yellow Sea Trough due to cyclonic propagation of
coastal shelf waves along the coast from the Korean coast to Chinese coast (Tak et al., 2016; Qu et
al., 2018).

Jeju Warm Current

The JWC is the mean current that flows clockwise around Jeju Island and delivers warm and saline
water (Jeju Warm Current Water; JWCW) around Jeju Island in all seasons (Chang et al., 1995; Lie
et al., 1998, 2000; Pang et al., 2003). The YSWC is separated sporadically from only a portion of
the JWC to the west of Jeju Island (124-125°E, 33.5-34°N) during strong northwesterly events in
winter (Zang et al., 2003; Lie and Cho, 2016). Origins of the warm and saline water are not yet
clearly known, but there are two possible origins. The first origin is the Kuroshio water which flows
onto the shelf across isobaths and mixes with shelf waters (Nitani, 1972; Zang et al., 2003; Park et
al., 2017); the other is a continuation of the Taiwan Strait Current mixing with shelf waters in the
ECS (Lie et al., 2000).

Direct observation

Transport was estimated from current meters and ADCP measurements (Chang et al., 1995, 2000).
Transport of the JWC reaches a maximum in summer and fall and a minimum in winter and spring.
The strong core of the JWC moves away from Jeju Island to the middle of the strait during the
summer and fall. In the summer and fall, the volume transport of the JWC is 0.51 to 0.66 Sv with a
maximum speed of 30.0 cm s™* in the middle of the Jeju Strait (Chang et al., 2000). In winter and
spring, the volume transport of the JWC is 0.37 to 0.45 Sv and the maximum speed was 17.0 cm s™
near Jeju Island.

Several drifters were deployed south of Jeju Island (126.3°E, 32.4°N and 126.1°E, 32.8°N) from
1991 to 1998. They floated clockwise around the west coast of Jeju Island and passed through the
Jeju Strait, confirming the pathway of the JWC (Lie et al., 2000). The current speed was about 5 to
40 cm s~ west of Jeju Island and in the Jeju Strait.

10 PICES Scientific Report No. 62



Physical Oceanography Circulation

A current meter mooring was deployed just north of the strong frontal region (125.5°E, 34°N;
northwest of Jeju Island), and the current velocity was measured from February to April 1986. From
current meter observations, a relatively strong residual current with a speed of about 10 cm s™ and a
direction varying from northeast to southeast was identified, which indicates eastward flow of the
current (Zang et al., 2003).

Hydrographic evidence

The JWC is a year-round current with seasonal variation (Lie et al., 2000). In winter, JWCW with
relatively high salinity expands to the west and is bounded by a strong thermohaline front in the
north. It reaches the southern mouth of the Yellow Sea Trough. In summer and autumn, the JWCW
retreats to near Jeju Island and appears only in the lower layer. JWCW is affected by fresher water
flowing eastward from the ECS in summer. The JWCW is defined as water with salinity greater
than 34.0 and the modified JWCW as water with salinity of 33.5 to 34.0 (Lie et al., 2000).

Chinese coastal current

The coastal current flows year-round along the 40- to 50-m isobaths from the western side of the
Bohai Strait to the mouth of the Changjiang River in the western YS (Su, 1998; Zang et al., 2003).
It is also called the Yellow Sea Coastal Current (Su, 1998).

Direct current measurements

In winter, drift bottles and drift cards released along the Chinese coast showed that coastal currents
flowed to the south along the 40- to 50-m isobaths in the western YS (Zhang et al., 1987). Most of
the drift bottles and drift cards released at 35°N in May and June moved north, but those released
along the slope of Changjiang Bank with bottom depths of 40- to 50-m moved to the south. Drift
bottles and drift cards released at 36°N to 37°N in August moved to the south and arrived along the
east coast of China from 36°N to 32°N. There were a comparatively large number of drifters
deployed in summer, and the mean trajectory of the drifters revealed the summer circulation patterns
in the YS (Lie and Cho, 2016). In summer, coastal currents are southeastward from 38°N to 37°N
along the Chinese coast, flowing southwest from 37°N to 35°N and south from 35°N to 33°N along
the 40- to 50-m isobaths (Beardsley et al., 1992; Lie and Cho, 2016). Over the Changjiang Bank,
the surface current flows to the northeast toward Jeju Island while the subsurface (30-50 m) current
flows east or southeast on the slope of the Changjiang Bank (Beardsley et al., 1992; Lie and Cho,
2016; Fig. 1.1.8b).

Theory and numerical modeling

In the deep region (h > 30 m) of the western YS, the water column is well mixed or vertically
homogenous in winter. Tide residual currents flow to the southeast along the slope of the
Changjiang Bank (40-50 m isobaths) and east from the Changjiang River with a speed of about
5 cm s~ due to tide and topography interactions (Lee and Beardsley, 1999; Naimie et al., 2001).

There are few direct measurements of surface currents in the coastal regions (h < 40 m) of the
western YS (120-122°E, 34-36°N) in winter and summer. In summer, both direct observation and
numerical simulations indicate northwestward coastal currents in the shallow region (h < 40 m)
(Fig. 1.1.4). Numerical models with realistic atmospheric forcing, topography, and coastline inputs
identify a northwestward, along-coast surface current (32—35°N) in the western shallow part (h <
40 m) of the YS (Naimie et al., 2001; Kwon et al., 2011; Lee et al., 2011; Qiao et al., 2011). A
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surface drifter also indicated a northward coastal current in summer along the 20- to 30-m isobaths
(Yuan et al., 2013). The water column is stratified in the deep ocean (h > 60 m) in summer, and tide
residual currents increase along the slope of the Changjiang Bank due to a southeastward jet along
the tidal mixing front, which is generated by interactions between density stratification and tidal
mixing (Lee and Beardsley, 1999; Naimie et al., 2001).

West Korea Coastal Current

The West Korea Coastal Current (WKCC) flows southward along the west coast of Korea in winter
and northward in summer (Le et al., 1993; Guan, 1994; Park et al., 2017). It is also identified as the
Korean Coastal Current (KCC) (Kwon et al., 2011; Park et al., 2017).

Direct current measurements

During winter, southward downwind currents have been observed, using a current meter mooring
and satellite-tracked drifters in the eastern YS. Lie (1999) observed a residual current flowing
mostly to the southwest with a speed of 7.6 and 6.1 cm s™ at depths of 20 and 45 m, respectively, in
the eastern YS (125.5°E, 36°N) in March 1984. Hsueh (1988) also observed a bottom (64 m) current
flowing southward at 125.6°E, 36°N from January to April 1986. In the southeastern YS (125.5°E,
34.6°N), the residual current was toward the southeast for more than 40 days from March to April
1984 at depths of 20 and 45 m with a speed of about 3 and 2.6 cm s™, respectively (Lie, 1999).

A satellite-tracked drifter (No. 9605) deployed at the southeastern corner of the YS (125.22°E,
35.05°N) in April 1996 moved southward to 124.77°E, 34.10°N with a speed of 4 to 9 cm s~ (Tang
et al., 2001; Zang et al., 2003). Another satellite-tracked surface drifter (No. 27276) was deployed at
a depth of 15 m in the coastal region in the southeastern corner of YS (125.51°E, 35.03°N) on
February 21, 1997, and it moved southwestward for 18 days with mean speed of 4 cm s™ (Lie et al.,
2001). Zang et al. (2003) claimed that the WKCC flows toward the south approximately along the
40- to 50-m isobaths on the eastern side of the YS, turns to the east near 34°N, and enters the Jeju
Strait along the northern edge of the thermohaline front. Subsurface currents were observed at the
southeastern corner of the YS (124.1°E, 34.0°N) from a current meter mooring deployed from April
7 to 13, 1996 (Tang et al., 2001; Zang et al., 2003). The residual current at a depth of 40 m flowed
to the northeast in the first two days and turned to the east from the third day of observation. The
residual current at a depth of 80 m flowed to the northeast at the beginning of observations but
quickly turned to the southeast after 1 day and where it remained (Zang et al., 2003).

In summer, a boundary current was observed along the tidal front in the southeastern corner of the
YS (125.24°E, 35.22°N) from June 22, to August 7, 1983 with a current speed of about 9 to 10 cm
s along the front (Lie, 1986). Beardsley et al. (1992) identified the northward flow along the
eastern boundary of YS from the trajectories of satellite-tracked drifting buoys (Fig. 1.1.8a). The
Korea Hydrographic and Oceanic Administration (KHOA) observed northward or northwestward
surface currents at 8 current meters deployed along the eastern boundary of the YS near the surface
(5 m depth) in July and August 2007 (Fig. 1.1.8b) with a speed of about 10 cm s™ (Kwon et al.,
2011).
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Fig. 1.1.8 (a) West Korea Coastal Current (WKCC) flowing northward or northwestward along the west
coast of Korea at 5 m depth in summer. Solid vectors are observed by current meters in July and August
2007 and thin vectors are simulated mean currents in July by a three-dimensional model (Kwon et al.,
2011). (b) Trajectories of near-surface drogue drifters tracked by satellite from July 1986 in the Yellow Sea
and the East China Sea. Numbers indicate the drifter identification number. After Beardsley et al. (1992)
and Lee and Beardsley (1999).

Hydrographic evidence

From winter to early spring, the WKCC transports coastal water toward the south along the 40- to
50-m isobaths in the eastern YS, and its velocity increases from north to south (Zang et al., 2003).
The current turns toward the east or southeast near 34°N and enters into the Jeju Strait along the
northern edge of thermohaline front.

In summer, cyclonic circulation forms in the upper layer of the YS along the tidal front which is
generated by tidal mixing and vertical stratification due to solar radiation (Lie, 1986; Seung et al.,
1990). However, the eastern boundary current, i.e., the WKCC in the YS is not a northward
continuation of the saline JWC in summer (Lie, 1986).

Theory and numerical modeling

After relaxation of northerly winds during winter in the two-dimensional model simulation for the
YS, coastally trapped waves travel counterclockwise around the Y'S and northward flow is enhanced
along the Yellow Sea Trough (Hsueh et al., 1986). In a two-dimensional model with multi-year
mean winter wind forcing and realistic bottom topography, a cyclonic gyre and an anti-cyclonic
gyre were generated in the western and the eastern YS, respectively (Le et al., 1993). The basic
features of the simulated circulation were northward flow along the western side of the Yellow Sea
Trough and southward flows along the Chinese and Korean coasts. The southward coastal current
off the west coast of Korea was the strongest in the model simulation. Trajectories of Lagrangian
particles estimated from the simulated velocity demonstrated northward displacement of particles
along the Yellow Sea Trough, which represents the YSWC, and southward drifting of particles along
the eastern side of the Yellow Sea Trough, which represents the WKCC (Hsueh and Yuan, 1997;
Riedlinger and Jacobs, 2000; Naimie et al., 2001).
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Seung (1987) applied the geostrophic adjustment theory to the tidal front along the eastern boundary
of the YS in summer and estimated the northward transport of the WKCC at 0.01 Sv, which is one
order of magnitude smaller than 0.27 Sv estimated by the three-dimensional model of Kwon et al.
(2011). Estimation of the Y'S surface circulation in summer by a diagnostic model using long-term
temperature and salinity data (Yanagi and Takahashi, 1993) identified cyclonic circulation in the
surface and middle layers. Satellite altimetry data and numerical modeling also confirmed the
cyclonic surface circulation (Yanagi et al., 1997). The Coriolis force is balanced against the pressure
gradient across the front, which produces the WKCC flow northward along the tidal front (Naimie
et al., 2001; Xia et al., 2006). Tidal stirring and surface wind mixing were found to be major factors
that control the summertime boundary currents along the bottom tidal front (Kwon et al., 2011).
Tidal stirring was essential to generating the bottom temperature front and boundary current. Wind
mixing made the boundary current wider and augmented its northward transport.

Bohai Sea coastal currents

The YSWC extension provides saline water to the Bohai Sea along the northern part of Bohai Strait
in winter. When the YSWC extension reaches the northwestern coast of the Bohai Sea, it separates
into a coastal current flowing westward along the west coast of Bohai Bay and a coastal current
flowing northeastward along the west coast of Liaodong Bay (Fig. 1.1.9). In winter, circulation is
generally cyclonic in Bohai Bay and anti-cyclonic in Liaodong Bay (Guan, 1994; Bian et al., 2016).
In summer, it is known that an anti-cyclonic circulation forms in Liaodong Bay. However, recent
observation and numerical model simulation indicate more complicated circulation in the Bohai Sea
(Hainbucher et al., 2004; Xu et al., 2006; Xia et al., 2019).
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Fig. 1.1.9 General circulation in the Bohai Sea in (a) winter and (b) summer. After Guan (1994) and Bian
et al. (2016).

1.1.3 East China Sea circulation

As with most ocean current systems, those in the ECS are mainly constrained by bathymetry and
generally flow along isobaths. However, the currents flowing perpendicular to the isobaths also play
an important role in the exchange of water and materials between the shelf seas and the Pacific
Ocean. The vertical currents are weaker than horizontal ones by at least one order of magnitude but
are significant for primary production because the upward currents can carry large amounts of
nutrients from the lower to upper layers in the ocean. Schematics of the circulation pattern for the
ECS are shown in Figure 1.1.10. The along-isobath currents out of the shelf are the northeastward
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Fig. 1.1.10 Schematic circulation patterns of the Kuroshio and Kuroshio branch currents reproduced
from Lie and Cho (2016) (upper panels) showing reproductions from (a) Nitani (1972), (b) Beardsley et al.
(1985), (c) Guan (1994) for winter and summer; (d) Lie and Cho (2002), and (e) Kondo (1985) and
Ichikawa and Beardsley (2002) and seasonal surface circulation in (f) winter (November—April) and (g)
summer (May-October) in the YS and the ECS given by Lie and Cho (2016). Reproduced with permission
of Elsevier, Springer Nature, and Wiley & Sons.
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Kuroshio and the southwestward countercurrent between the Kuroshio and the Ryukyu Islands. The
Kuroshio splits into two branches across the shelf break (Fig. 1.1.10e): the Kuroshio Branch Current
north of Taiwan (KBCNT) and the Kuroshio Branch Current west of Kyushu (KBCWK). In the
middle shelf of the ECS, the Taiwan Warm Current flows northeastward mainly along the isobaths
with different origins in summer and winter. The Taiwan Strait Current is strong in summer but
barely existent in winter. The Min-Zhe Coastal Current and Changjiang Diluted Water are located in
the inner shelf, and both flow in totally different directions in summer and winter. Upwelling in the
ECS mainly occurs northeast of Taiwan, along the southern coast of China, and off the Changjiang
River Estuary.

Currents along isobaths

The Kuroshio, Taiwan Strait Current, Taiwan Warm Current, and Min-Zhe Coastal Current are
constrained by bottom topography and flow generally along isobaths in the East China Sea.

Kuroshio

The Kuroshio is a strong western boundary current in the North Pacific Ocean. It originates from the
North Equatorial Current and is characterized by high temperature and salinity. The Kuroshio enters
the ECS from east of Taiwan, flows northeastward along the shelf break, and exits the ECS through
the Tokara Strait. The observations on the Kuroshio in the ECS were concentrated east of Taiwan,
the Tokara Strait and a section between them (PN line, Fig. 1.1.1).

The Kuroshio east of Taiwan has an impact of great significance to the downstream area. The
Kuroshio maximum velocity in this area ranges from 0.7 to 1.4 m s™ based on nine ship-based
surveys conducted from 2012 to 2014 (Jan et al., 2015). The width of the Kuroshio is about 100 to
150 km (Liang et al., 2003; Hsin et al., 2008), and the thickness varies from 400 to 600 m (Jan et al.,
2015). Based on observations from the moored current meter array PCM-1 in the World Ocean
Circulation Experiment from 1994 to 1996, Johns et al. (2001) estimated the volume transport of the
Kuroshio east of Taiwan to be 21.5 £ 2.5 Sv. This transport can be determined by the sea level
difference between Taiwan and the southern Ryukyu Islands (Johns et al., 2001; Chang and Oey,
2011). Its variation has a dominant period of 100 days, which is related to the arrival of mesoscale
eddies (Zhang et al., 2001). Chang and Oey (2011) demonstrated that the Kuroshio volume
transport east of Taiwan is strong in fall and weak in spring, associated with the seasonal eddy
activity of the Subtropical Counter Current. However, the Kuroshio volume transport shows a
different seasonal pattern that is strong in summer and weak in winter based on other observations
(Tang and Yang, 1993; Chuang and Liang, 1994; Hsin et al., 2011).

The Kuroshio across the PN line is often considered as an indicator of the Kuroshio in the ECS.
Combining 23 months of inverted echo sounders and ADCP measurements, Andres et al. (2008)
showed that the northeastward Kuroshio at the PN line was focused near the continental shelf and
the maximum surface velocity is located 30 km offshore from the shelf break (Fig. 1.1.11). A
dual-core and even multi-core distribution of velocities was separately observed at the surface and
210 dbar (Chen et al., 2009). Based on routine hydrographic measurements along the PN line
conducted by the Japan Meteorological Agency since 1972, the mean transport from 1973 to 2000
was 25.8 Sv with a maximum of 27.0 Sv in summer and a minimum of 23.9 Sv in autumn (Ichikawa
and Beardsley, 2002). Wei et al. (2013) extended this analysis to a period from 1955 to 2010 and
reported an interannual variability of 2 to 5 years with an amplitude of 2.8 Sv. A model study by
Kagimoto and Yamagata (1997) showed that transport across the PN line is strong in summer and
weak in winter.
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Fig. 1.1.11 (a) Mean and (b) standard deviation of Kuroshio velocity at the PN line as shown in Figure
1.1.1. Reproduced from Andres et al. (2008).

The Kuroshio in the Tokara Strait has little influence on the ECS but its current structure and
volume transport are important to the Kuroshio south of Japan. Feng et al. (2000) analyzed four
years of moored current meter data and reported a multicore structure in the Kuroshio in the Tokara
Strait. The volume transport of the Kuroshio in the Tokara Strait is similar to that at the PN line
(Wei et al., 2013). Using high resolution (an interval of 2 days in time and 2 km in space) ferryboat
ADCP data from 2003 to 2011, Zhu et al. (2017) reported a mean volume transport of 23.03 Sv for
the Kuroshio in the Tokara Strait, with a maximum volume transport (24.60 Sv) in July and a
minimum (21.47 Sv) in November.

In addition to current velocity and transport, the position of the Kuroshio is also an important
variable. The surface Kuroshio axis is located around the continental slope where the depth is 200 to
1000 m (Lie and Cho, 2016). The principal variations in the Kuroshio axis occur northeast of
Taiwan where the axis shifts onshore in winter and offshore in summer (Sun and Su, 1994). The
seasonal meridional migration of the Kuroshio axis southwest of Kyushu is also apparent (Sun and
Su, 1994), which is explained by the joint effect of baroclinicity and bottom relief (Guo et al.,
2003).

There are two southwestward currents within the Kuroshio region. One is the countercurrent
beneath the Kuroshio (Ito et al., 1995; James et al., 1999) and the other is the countercurrent
between the Kuroshio and the Ryukyu Islands (James et al., 1999; Oka and Kawabe, 2003; Hisaki
and Imadu, 2009).

Taiwan Strait Current

The Taiwan Strait connects the ECS to the South China Sea (SCS). The Taiwan Strait Current flows
through the Taiwan Strait and is a major source of the Taiwan Warm Current. Typically, there are
three currents in the Taiwan Strait (Hu et al., 2010): the Chinese Coastal Current (CCC) and the
Kuroshio branch are in the western and eastern Taiwan Strait, respectively, and the extension of the
SCS water located in the western and central Taiwan Strait. The Taiwan Strait Current is stable and
flows northeastward in summer but is weak and variable in winter (Chen et al., 2016).

There are several causes for the Taiwan Strait Current being weak and variable in winter. The CCC
in winter flows southward along the Chinese coast and reaches the Taiwan Strait. Severe
northeasterly winds in the winter may reverse the direction of the Taiwan Strait Current (Zhang et
al., 2009; Chen et al., 2016). Liang et al. (2003) tracked the northward Kuroshio branch along the
eastern side of the Taiwan Strait in both winter and summer using shipboard ADCP data from 1991
to 2000. Chen and Sheu (2006) demonstrated by satellite and in situ data that the northward
Kuroshio branch and water from the SCS could reach only the southern Taiwan Strait in winter.
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The mean transport through the Taiwan Strait is nearly zero or even southward in winter (Teague et
al., 2003; Jan et al., 2006; Isobe, 2008; Chen et al., 2016). Qiu et al. (2011) analyzed the trajectories
of about 100 satellite-tracked surface drifters from 1989 to 2007 and clarified that in winter the
majority of them in the Taiwan Strait eventually turned southward. Thus, the Taiwan Strait Current,
in regard to surface drifters, is not persistently northward in winter.

Taiwan Warm Current

The current off the Min-Zhe coast in the southern ECS has strong seasonality and is referred to as
the Taiwan Warm Current. In summer, the Taiwan Warm Current flows northeastward off the coast
at a velocity of about 20 to 40 cm s * (Katoh et al., 2000; Guan and Fang, 2006). Upon arriving at
28°N, it bifurcates into two branches: an onshore branch which flows northward and turns to the
northeast off the mouth of the Changjiang River and an offshore branch which flows along the
100-m isobath and then joins the western side of the Kuroshio (Su and Pan, 1987). The Kuroshio
surface water and the Taiwan Strait Current water constitute the surface water of the Taiwan Warm
Current in summer (Weng and Wang, 1984; Su et al., 1994).

In winter, the Taiwan Warm Current flows in an upwind direction and reaches the Changjiang River
Estuary (Lian et al., 2016). This phenomenon was often observed in snapshot surveys rather than in
climatological hydrographic datasets, suggesting its episodic character in winter (Zhu et al., 2004).
Taiwan Warm Current water originates mostly from the Kuroshio onshore intrusion northeast of
Taiwan based on hydrographic and nutrient data, rather than from the weak wintertime Taiwan Strait
Current (Liang and Su, 1994; Chen, 2003; Chen and Sheu, 2006). Lian et al. (2016) suggested that
the Taiwan Warm Current originates farther from the mixing of the SCS water and Kuroshio branch
water south of Taiwan (Fig. 1.1.12), which is supported by hydrographic observations and isotopic
evidence (Liu et al., 2000; Jan et al., 2006; Chen, 2009).
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Fig. 1.1.12 (a) Schematic diagram of routine monitoring stations and (b) Temperature-Salinity diagram
with reference historical curve of water masses of the South China Sea (SCS, red line), Kuroshio origin
(black line) and historical data (1985-2003) in the northern Taiwan Strait in winter (shaded patches). See
Lian et al. (2016) for more information on data distribution in (b).
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Coastal current

The coastal current in the ECS is mainly the Min-Zhe Coastal Current that flows along the Min-Zhe
coast southwestward in winter and northeastward in summer (Fig. 1.1.3). As the buoyant coastal
current from the Changjiang River, the Min-Zhe Coastal Current is characterized by low salinity,
low temperature, and high nutrient content (LU et al., 2006; Qiao et al., 2006), and it plays an
important role in transporting terrigenous materials to the open ocean.

From observations covering only one or a few sites (Guan, 1978; Zhu et al., 2004; Zhang et al.,
2011; Zeng et al., 2012), it is difficult to estimate the transport of the Min-Zhe Coastal Current,
which is modulated by strong tidal currents. Model results showed that the transport is 0.12 Sv and
that 80% of the freshwater from the Changjiang River is transported by this current (Li and Rong,
2012). Based on a well-designed cruise survey, the subtidal characteristics of the Min-Zhe Coastal
Current were comprehensively quantified (Wu et al., 2013). The Min-Zhe Coastal Current was
confined within the 40-m isobath and had a maximum surface speed of ~50 cm s™. The lower
salinity suggests the transport of Changjiang-diluted water. The Min-Zhe Coastal Current is
estimated to have a volume transport of ~0.215 Sv, which is ten times larger than runoff of the
Changjiang River, and it transports over 90% of the freshwater from the Changjiang (Wu et al.,
2013). Primarily buoyancy and local winds drive the Min-Zhe Coastal Current, and the former
accounts for ~0.128 Sv of the observed volume transport (Wu et al., 2013).

Circulation across isobaths

Kuroshio intrusion

The main stream of the Kuroshio flows northeastward along the shelf break while a portion escapes
from the constraint of steep topography and intrudes onshore. Two main areas of intrusion are
northeast of Taiwan and southwest of Kyushu.

The Kuroshio northeast of Taiwan intrudes onto the shelf after leaving the island (Chuang and Liang,
1994; Tang et al., 1999). The water intrusion is named the Kuroshio Branch Current north of Taiwan
(KBCNT) (Ichikawa and Beardsley, 2002), which can reach as far as 26.5°N according to composite
of trajectories of drifting buoys (Lie and Cho, 2016) and then turns right to the main stream due to
bottom friction and the topographic beta effect (Qiu and Imasato, 1990; Su, 2001). The rest of the
intruded water northeast of Taiwan goes farther onto the ECS shelf along the second route (Liu et al.,
2014). The nearshore Kuroshio branch shows gradual upwelling from the shelf break to the
continental shelf off the Changjiang River Estuary in summer as detected from in situ salinity data
(Yang et al., 2011, 2012).

The Kuroshio onshore intrusion northeast of Taiwan is strong and extends farther onshore in winter
(Tang et al., 2000; Hsin et al., 2013). Ichikawa et al. (2008) demonstrated that the Kuroshio main
stream is strong and moves offshore in summer. Wu et al. (2014) showed a Hovmoller diagram of
climatological monthly surface geostrophic velocity flowing perpendicular to the cross-shelf section
northeast of Taiwan (Fig. 1.1.13). The western edge of the current indicates the variability of the
intrusion as it gradually migrates seaward after winter and reaches the easternmost place in July
when the Kuroshio main stream velocity reaches a peak (> 0.8 m s™).
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Fig. 1.1.13 Hovmaoller diagram of monthly climatological surface geostrophic velocity of the Kuroshio
derived from altimeter data in the northeast of Taiwan, 25-27°N. Reproduced from Wu et al. (2014).

From observations, Tang and Yang (1993) and Chuang and Liang (1994) found that the currents
northeast of Taiwan in winter were not well correlated with local wind conditions. Oey et al. (2010)
and Wu et al. (2014) proposed that, in winter, surface heat flux rather than local wind conditions is
responsible for the Kuroshio intrusion northeast of Taiwan. The importance of the role of surface
heat flux is consistent with dynamical analysis of model results indicating that the change in density
field is a primary factor in the seasonal variability of the Kuroshio onshore flux at a fixed location
along the shelf break (Guo et al., 2006).

When the Kuroshio main stream reaches southwest of Kyushu, it turns right to the east and exits the
ECS through the Tokara Strait. As a result of conservation of potential vorticity, another Kuroshio
Branch Current west of Kyushu (KBCWK) forms and intrudes over the outer shelf across the shelf
break (Hsueh et al., 1996; Lie et al., 1998; Isobe, 2000). The KBCWK is traceable by its high
salinity, and bifurcates into three branches in the outer shelf (Lie and Cho, 2002). It has smaller
seasonal variability than the KBCNT (Lie and Cho, 2016).

In addition to the onshore intrusions at the two locations discussed above, the Kuroshio onshore
intrusion across the entire shelf break of the ECS has received more attention recently. This onshore
intrusion has strong seasonal variation, showing a maximum in autumn and a minimum in summer
(Teague et al., 2003; Guo et al., 2006; Isobe, 2008), and shows distinct vertical variation that can be
separated into the surface Ekman layer, bottom Ekman layer, and a middle layer between the two
Ekman layers (Zhou et al., 2015; Ding et al., 2016; Wang and Oey, 2016; Zhang et al., 2018).
Strong seasonal variation in the Kuroshio onshore transport across the entire shelf break is
associated with the monsoon and changes in the density field (Chao, 1990; Guo et al., 2006), as well
as volume transport through the Taiwan Strait and Kuroshio transport east of Taiwan (Lee and
Matsuno, 2007).
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Changjiang Diluted Water

The Changjiang River accounts for most of the freshwater discharge into the ECS. A major coastal
water mass, the Changjiang Diluted Water (CDW), is found in the surface layer and has salinity less
than 32 (Su and Weng, 1994).

The CDW flows offshore to the Kuroshio frontal area in spring (Chang and Isobe, 2003). Usually
the CDW is confined to a thin surface layer with a thickness of 10 to 15 m. It extends farther
offshore to the northeast over the western shelf of the northern ECS in summer (Lie et al., 2003; Hu
et al., 2016), enters the Jeju Strait from the west (Beardsley et al., 1992), and goes through the
western channel of the Tsushima Strait in August (Chang and Isobe, 2003). With the appearance of
the northeasterly monsoon in autumn, the CDW retreats to the western Y'S and remains close to the
Chinese coast in a narrow band. In winter, it reaches the Taiwan Strait against the Taiwan Warm
Current (Hu, 1994; Chang and Isobe, 2003). Low salinity shelf water was observed in the Kuroshio
subsurface layer (~100 m depth) around the shelf break of the ECS (Isobe et al., 2004), suggesting a
possible discharge of the CDW to the open ocean.

Southwesterly or southerly winds cause the northeastward extension of the CDW in summer, while
strong northeasterly winds cause the southwestward extension to the Taiwan Strait in winter (Chang
and Isobe, 2003; Lie et al., 2003). The area of the CDW in summer over the continental shelf is
associated with the Changjiang River discharge (Chen et al., 2009; Tseng et al., 2011). When the
discharge in August is at a low level over years, its area is more strongly correlated with southwesterly
winds (Bai et al., 2014).

A tracer experiment was carried out to assess the relative importance of outlets of the CDW (Chang
and Isobe, 2003). About 68% of the Changjiang discharge likely passes through the Tsushima Strait,
which is supported by hydrographic and ADCP observations at the Tsushima Strait (Isobe et al.,
2002), and about 27% is transported through the Taiwan Strait in autumn and winter. An interesting
influence of CDW is that it promotes sea surface warming (Park et al., 2011; Moon et al., 2019) that
further likely affects precipitation over a large area, including Japan (Manda et al., 2014).

Vertical circulation

Upwelling is the upward movement of water that usually brings nutrient-rich water to the sunlit
upper layer. Thus, the upwelling area is usually recognized as having a lower sea surface
temperature (SST) and a higher chlorophyll a concentration than the surrounding water.

Upwelling northeast of Taiwan

The cold eddy northeast of Taiwan is characterized by low temperature and high salinity (Tseng et
al., 2012). It appears as two or three cold cores in summer and autumn, and has large seasonal
variations (Xiu et al., 2001). Observational data revealed that the upwelling below 100 m depth is
strongest in summer. However, upwelling at about 30 m below the surface is stronger in winter than
in summer (Chang et al., 2009). Model results showed the largest upwelling velocity to be on the
order of 5 x 10° m s™, and the strong upwelling was related to the Kuroshio onshore intrusion
northeast of Taiwan (e.g., Lee and Chao, 2003; Xiu and Huang, 2006).

The cold eddy northeast of Taiwan has also been recognized as a cold dome over the shelf northeast
of Taiwan (Jan et al., 2011), and was confirmed by some high resolution numerical models
(Gopalakrishnan et al., 2013). The cold dome is recognized as having a diameter of approximately
100 km and being centered around 25.625°N, 122.125°E when taking the temperature at a depth of
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50 m as the reference. The monsoon-driven winter intrusion of the Kuroshio onshore promotes
upwelling and transports more subsurface water to the cold dome than does the summer monsoon
period. The cold dome is more easily detected at the sea surface in summer than in winter (Jan et al.,
2001; Gopalakrishnan et al., 2013).

Coastal upwelling

The coastal upwelling phenomenon is observed off the Changjiang River Estuary with a center at
about 31°30'N, 122°40'E and a spatial longitude—latitude scale of 1° x 1° (Zhao et al., 2001).
During cruises in August 2000, sections off the mouth of the Changjiang River showed a
temperature distribution of 20 to 23°C and salinity of about 34, suggesting the presence of
upwelling (Zhu, 2003; Zhu et al., 2003; L et al., 2006). L et al. (2006) suggested that tidal mixing
plays a major role in inducing upwelling off the estuary in summer. Topography, the Changjiang
River discharge, the Taiwan Warm Current, and wind are less important factors.

Along the Min-Zhe coast upwelling appears in June, becomes strongest in July and August, and
wanes in late September (Lou et al., 2011). The SST of 24° to 27°C in summer in the upwelling
region is about 2° to 4°C lower than in surrounding waters (Hu and Zhao, 2007; Lou et al., 2011). In
addition, upwelling signals were detected as a high concentration of nutrients and low concentration
of dissolved oxygen from observational data in January 1999, in which a doming structure was
found (Qiao et al., 2006).

According to the classical Ekman transport theory, southwesterly winds prevail along the eastern
Min-Zhe coast in summer, causing offshore transport of water in the upper layer, and thus inducing
coastal upwelling along the coast. Therefore, wind-driven offshore Ekman transport has been
regarded as the crucial mechanism for coastal upwelling in the ECS in summer. However, numerical
experiments suggest tidal mixing plays a predominant role in inducing this upwelling. Strong tidal
mixing results in a considerable horizontal density gradient across the tidal front, and upwelling is
induced as a branch of the secondary circulation which is stimulated by the cross-frontal density
gradient. The influence of wind on upwelling is small. In fact, wind forcing exerts negative
influences on upwelling by weakening the encroachment of the Taiwan Warm Current onto the
continental shelf, which is totally different from the classical Ekman pumping (L0 et al., 2006).
Although the upwelling is maintained in winter, and the presence of a density (or salinity) front
between the coastal water and the Taiwan Warm Current is the primary controlling factor
responsible for upwelling in winter (Qiao et al., 2006), the wind, the Taiwan Warm Current, and the
tidal mixing influence the extension and intensity of the density front in winter.

Three Kkinds of low-frequency waves, the Kelvin wave mode, the first shelf wave mode, and the
second shelf wave mode, were identified from five mooring array observations in the coastal water
of ECS in winter of 2007. The periods of the waves varied from 2 to 10 days. The remotely
generated free Kelvin wave is a major factor to cause the sea level variation, while the Kelvin wave
and the locally generated first shelf wave work together to control the downwind flow. The wave
energy increases toward the direction of wave propagating and decreases to the offshore (Yin et al.,
2014).

1.1.4 Summary and future work

The Bohai Sea, the YS and the ECS are marginal seas on the continental shelf of the northwestern
Pacific Ocean. Currents in the YS have noticeable seasonal variation. In winter, northerly winds
induce an anti-cyclonic gyre in the eastern YS and a cyclonic gyre in the western Y'S, both of which
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are composed of the northward YSWC along the Yellow Sea Trough and the southward West Korea
Coastal Current in the east and the southward Chinese Coastal Current in the west. The YSWC
flows northwest near the bottom with a speed of 4 to 10 cm s on the western side of the Yellow
Sea Trough. The YSWC extension enters the Bohai Sea along the northern side of the Bohai Strait
and forms an anti-cyclonic gyre in the east and a cyclonic gyre in the west of the Bohai Sea. The
Jeju Warm Current is the mean current that flows clockwise around Jeju Island and delivers warm
and saline water. The relaxation of northerly wind bursts accompanied by propagating coastal shelf
waves sporadically induces the northward intrusion of the YSWC from the Jeju Warm Current to the
west of Jeju Island. In summer, horizontal circulation in the YS has a three-layer structure:
northeastward current in the surface layer (0-4 m), a basin-scale cyclonic circulation in the upper
layer (4-40 m) with boundary currents along the tidal mixing fronts, and a weak southward flow
along the Yellow Sea Trough in the bottom layer. The West Korea Coastal Current flows northward
with a speed of about 10 cm s along the tidal mixing front in the eastern YS and the Chinese
Coastal Current flows to the south along the 40- to 50-m isobaths. Over the shallow (h < 40 m)
western shelf of the YS, the surface current flows northeastward due to southerly winds.

In the ECS, the Kuroshio main stream flows northeastward along the shelf break over the
continental slope where the bottom depth is 200-1000 m and its mean transport is about 25.8 Sv. An
onshore intrusion of the Kuroshio occurs across the entire shelf break of the ECS and it is weaker in
summer and stronger in autumn. Two main regions of the Kuroshio intrusion are to the northeast of
Taiwan and southwest of Kyushu. The Taiwan Strait Current flows northeastward through the
Taiwan Strait and is a major source of the Taiwan Warm Current. The Taiwan Warm Current flows
northeastward off the Min-Zhe coast at a velocity of about 20 to 40 cm s *in summer. The Min-Zhe
Coastal Current flows along the Min-Zhe coast northeastward in summer and southwestward in
winter. It is confined within the 40-m isobath and transports the CDW. The CDW flows offshore to
the Kuroshio frontal area in spring and to the northeast over the western shelf of the northern ECS
in summer. It remains close to the Chinese coast in a narrow band in autumn and reaches the Taiwan
Strait in winter. Strong upwelling northeast of Taiwan is related to the Kuroshio onshore intrusion.
Upwelling off the Changjiang River Estuary in summer is induced by tidal mixing. At the Min-Zhe
coast, subsurface water upwells due to a density gradient by a tidal mixing front in summer and a
density front in winter.

In this review, we summarized the general understanding on the circulations in the Bohai Sea, YS
and ECS from a view of steady state to seasonal variations with coverage of literature on
observations, modeling, and processes. We did not include studies on the interannual variations and
even longer-term variations of circulations in the YS and ECS although they are very important to
the community. One reason for this choice is the lack of such studies, which inhibit summarization
and generalizations on the subject. It is easy to imagine the difficulties to solve this issue. However,
with the accumulation of observed data in past decades and more modeling work based on a new
generation surface wave-tide-circulation coupled models in the future, we expect a rapid advance on
this topic. The collaboration of scientists from countries surrounding the YS and ECS under an
international framework such as PICES is absolutely necessary to accomplish this goal.
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1.2.1 Introduction

When we are facing the ocean, the distinct tide exists everywhere. Egbert and Ray (2000) estimated
that 1 TW (terawatt), representing 25 to 30% of the total tidal dissipation occurs in the deep ocean,
generally near areas of rough topography. This tidal dissipation slows the Earth’s rotation (Lambeck,
1975) and causes the moon to retreat from the Earth (Kvale et al., 1999). Besides the total tidal
dissipation, Munk and Wunsch (1998) estimated that the wind provides the other 1.2 TW. These two
powers maintain the global abyssal density distribution, which prevents the ocean from turning into
a stagnant pool of cold salty water (Munk and Wunsch, 1998).

When tides interact with steep topography, internal waves usually can be generated by the
interaction of the tidal current with the topography, which is similar to the phenominon of a Lee
wave when winds interact with a high mountain. Generation of oceanic internal waves (IWs) at
inertial to buoyancy frequencies often include those at tidal periods (hereafter referred as internal
tides, ITs) can be an important sink of the energy provided from winds and tides, i.e., sink of
barotropic tidal energy or energy conversion from barotropic to baroclinic tides. The East China Sea
(ECS) shelf slope is known to be one of the most important generation regions of ITs or surface
tidal energy sinks with one of the strongest semidiurnal (M,) ITs among the world’s shelf slopes
generated (Baines, 1982; Kuroda and Mitsudera, 1995; Niwa and Hibiya, 2004; Park et al., 2006).
In particular, 2nd-mode as well as more typical 1st-mode IT structures have been observed as
generated at the shelf break in the central ECS during ebb tide periods (Kuroda and Mitsudera, 1995;
Park et al., 2006). Since the speed of barotropic tidal currents are often comparable or higher than
the phase speed of the 2nd-mode ITs on the shelf or the northern ECS, ebb tides are optimal for the
IT generation. Although the ECS ITs are poorly understood in spite of their importance in
redistributing heat, energy, and materials, here we review generation and propagation of ITs in the
ECS, based on a few observations and numerical models.

Surface wave studies are important in scientific and engineering communities from three aspects.
First, surface waves change the roughness of the sea surface, participate in air-sea exchange, and
then play an important role at the atmospheric and oceanic boundary layers (Song, 2009; He and
Chen, 2011; Li et al., 2013; He and Song, 2014; Song et al., 2015; He et al., 2018b). Second, the
mean state and the extreme value of surface waves supply basic information for coastal and offshore
design and also ship route design in the marginal sea (He et al., 2009; Li and He, 2013). Third, the
impact of surface waves on geomorphological phenomena are significant, and include coastal
shoreline stability and longshore migration of sediment.
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1.2.2 External tides

The Yellow Sea and East China Sea (YECS) tides have been extensively studied in recent decades
(Fang, 1986), especially under the development of numerical modeling technology and the launch
of the TOPEX/Poseidon altimetry satellite (Yanagi et al., 1997). Here we review some new progress
in the study of the YECS, based on new observations and numerical models.

Egbert and Erofeeva (2002) assimilated TOPEX/Poseidon altimetric data into the generalized
inverse (GI) modeling of barotropic ocean tides, which forms the basis for the Oregon State
University (OSU) Tidal Inversion Software (OTIS). Here we present the M, Co-amplitude (red dash,
in cm) and Co-phase lag line charts of the M, constituent (Fig. 1.2.1a). This result is similar to that
of Fang (1986) which was inferred from observation and calculation (Fig. 1.2.1b). The M,
semi-diurnal tidal ellipse (Fig. 1.2.2) is similar to that derived from observation (Chen, 1992). The
new ocean color satellite sensor, Geostationary Ocean Color Imager (GOCI), can provide more tidal
information on the YECS. Hu et al. (2016) used the GOCI data to derive surface M, tidal currents,
which are validated with a comprehensive set of 28 surface drifters and four mooring observations
(Fig. 1.2.3).
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Fig. 1.2.1 (a) Co-amplitude (red dash, in cm) and Co-phase lag line (blue solid, in degrees referred to
120°E) charts of M, constituent for the YECS derived from the TPXO-8 of Oregon State University (OSU)
high-resolution regional tidal model with a 1/30 degree resolution. (b) Distribution of M, tidal amplitude H
(in cm) and phase lag g (in degrees and referred to 120°E) in the YECS. From Fang (1986).
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Fig.1.2.2 M, semi-diurnal tidal ellipses for the YECS derived from the TPXO-8 of Oregon State
University (OSU) high-resolution regional tidal model with a 1/30 degree resolution (red : anti-clockwise,
blue: clockwise).
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Fig. 1.2.3 Comparison of M, semidiurnal tidal ellipses between satellite (blue) and in situ observations
from four moorings (gray) and 28 drifter locations (red). Arrows denote the tidal phase relative to GMT.
From Hu et al. (2016). Reproduced with permission of Wiley & Sons.
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The tide plays a significant role in mixing in the YECS area. With the help of a three-dimensional
numerical model, the patch-like structure of low-salinity water detached from the Chanjiang diluted
water (CDW) is demonstrated to be related with intense tide-induced vertical mixing during the
spring tide (Moon et al., 2010). Yang et al. (2017) studied the tidal straining within two different
stations which have different stratification environments in the ECS through field observation. Their
results showed that the tidal straining induces a semi-diurnal switching between stable and unstable
stratification at both stations. Near-bottom high-frequency velocity measurements further reveal that
the dissipation rate of turbulent kinetic energy (TKE) is highly elevated during periods when
unstable stratification occurs.

1.2.3 Surface waves

Measurement of surface waves comes from multiple platforms which include buoy, radar and
satellite. Among them, wave buoy is the most reliable measurement platform. However, the number
of wave buoys is very rare in the YECS (Ebuchi and Kawamura, 1994). Radar retrieving supplies
fine grid resolution but limited spatial coverage (Chen et al., 2017; Shao et al., 2017). Then, satellite
(TOPEX/Poseidon) data show significant wave heights (Ebuchi and Kawamura, 1994; Chen et al.,
2004), but the cross-track resolutions are too coarse to match the demand for a marginal sea
(Fig. 1.2.4). Therefore, due to the insufficiency of observations, numerical models are widely used
in regional surface wave studies (Chen et al., 2013; He and Xu, 2016; He et al., 2018a). Benefiting
from suitable parameterization of physical terms (or source terms; The Wamdi Group, 1988; Tolman
et al., 2002), state-of-the-art wave models (third-generation wave models) have relatively good
performance for regional scale (Cui et al., 2012; Chen et al., 2013; Xu et al., 2017). Furthermore,
wave models assimilate satellite wave height and provide further reanalysis data for surface waves
(Dee et al., 2011; Wang et al., 2016).

Recently, the results of long-term (1988 to 2002) simulations of surface waves in the northern
Pacific, using a third-generation wave model, supplied several maps of surface waves in the YECS
(He and Xu, 2016; He et al., 2018a). As far as a buoy station is concerned, the comparison validates
the model results, where the relative errors of wave height keep below 11%, and relative errors of
wave period are better than —22%. Similarly, when we compare satellite and model data, the high
correlation reveals the consistency between the two datasets on monthly mean significant wave
heights (Hs) (Fig. 1.2.4; He et al., 2018a).

The climatological results emphasize the seasonal variations of surface waves (Fig. 1.2.5). In winter
and autumn, Hg in the ECS is generally greater than 1.5 m, and can reach more than 2.0 m on the
east side of Taiwan Island and in the northwestern Pacific while in spring and summer, Hs is really
weak and less than 1.5 m. The seasonal variances of H; are closely related to the monsoon. In winter,
the generation of high waves in the southeast of the ECS is not only the result of powerful winds
from the north but also due to the large fetch length (fetch length is defined as the effect forcing
distance between a local area with the coast along the direction of wind forcing). In summer, Hs is
relative weak due to the low wind speed. On the other hand, the dependence of Hs on fetch of wind
forcing also reveals the influence of topography, where the Hs pattern is similar to the bathymetry.
As for mean wave period (Ty,), it also decreases from southeast to northwest and from open ocean to
the coastal area. There are some seasonal variations on Ty, in which Ty, in autumn is longer than in
other seasons (He and Xu, 2016; He et al., 2018a).
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Fig. 1.2.4 (a) Satellite passes of TOPEX/Poseidon altimeter (TP) and (b) time—latitude Hovmoller plot
of monthly mean significant wave height along pass 138 of TP in the Yellow Sea. (c—d) are the same with
(a—b), but for the East China Sea. In (c), bathymetry contours (units: m, blue), and the buoy location of the
Japan Meteorology Agency (B22001, inverted red triangle) are also presented. In (d), data sources include
TP, ERA-Interim reanalysis (ERA) and wave modeling (WW3). (a—b) are from He and Xu (2016), and (c—
d) are from He et al. (2018a). Reproduced with permission of Springer Nature.

Extreme value like N-year return Hs is an important index in ocean engineering. In the YECS,
satellite and modeling underestimate the yearly maximum Hs, and therefore, the N-year return Hs.
For instance, at a buoy station, the 10-year return Hs from buoy, satellite and WW3 are 13.49, 8.56
and 7.95 m, respectively (He et al., 2018a). In essence, we uncover the patterns of extreme Hs (Fig.
1.2.6), where the extreme value near the Northwest Pacific is generally larger than that in the inner
part of the ECS, and there is an obvious peak around west of Ryukyu Island. The peak is as high as
10 m, with an area covering 3.0 zonal degrees and 2.0 meridional degrees. The peak is closely
related to the wind forcing; nonetheless, extreme values of wind forcing have more complex
patterns than the Hs field (He et al., 2018a). As for Yellow Sea (YS), there are two weak peak
extreme Hg in southeast of the YS (near 126.0°E, 32.0°N) and central Bohai Sea, which are also
explainable by the extreme wind forcing (He and Xu, 2016).
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Fig. 1.2.5 Climatological monthly mean significant wave heights (units: m) from WW3 modeling in
(@) Yellow Sea and (b) East China Sea. (a) is from He and Xu (2016), and (b) from He et al. (2018a).
Reproduced with permission of Springer Nature.
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Fig. 1.2.6 N-year return significant wave heights (units: m) from WW3 modeling in (a) Yellow Sea and
(b) East China Sea. (a) is from He and Xu (2016), and (b) from He et al. (2018a). Reproduced with
permission of Springer Nature.
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1.2.4 Internal tides

Distribution and energetics of the 1st-mode semidiurnal (M,) internal tides (IT) around the shelf
edge in the YECS were investigated using a three-dimensional numerical model (Niwa and Hibiya
2004; Liu et al., 2019). In spite of only few in-situ or satellite remote sensing observations in a
limited space and time, the observational results along with few modeling works suggest 1) multiple
sources and local generations of ITs with complex topographic features, 2) multi- directional
propagations of ITs with a wavelength of 15 to 40 km and an amplitude of O(10 m), and dominant
mode-1 ITs with potential significance of mode-2 ITs. One of the modeling results demonstrates the
effective generation of M, ITs over topographic features such as the subsurface ridges in the Luzon
and Tokara straits, the ridges along the Ryuku Island chain, and shelf slope in the YECS (Fig. 1.2.7)
where the M, barotropic tides are strong and bottom slopes are steep enough to form conditions
favorable for IW generation. The M, ITs propagating away from these multiple source regions
interfere to form a complicated pattern which agrees well with the satellite altimeter observations
(Liu et al., 2019). Niwa and Hibiya (2004) estimated roughly 10% of the energy conversion from
the M, barotropic to baroclinic tides with a conversion rate of 35 GW although about half of the M,
IT energy is subject to local dissipation in close proximity to the generation sites.

103.0

Fig. 1.2.7 (a) Amplitude (color, in cm) and phase (contour, in degrees) of the calculated surface
elevation of the M, surface tide. (b) Model-predicted distribution of the depth-integrated kinetic energy of
the M, internal tide (IT) averaged over the final 2 days of the calculation (Niwa and Hibiya, 2004).
Reproduced with permission of Wiley & Sons.

PICES Scientific Report No. 62 39



Tides and Waves Physical Oceanography

32N -y

30N
28N 5
26N

24N

12I2E 124E 126E 128E 130E

T’ caused by normalized 2nd—mode { {°C)
§5 : 0 0.5

100..... .....
200 ,,,,,,,,,, . ,,,,,,,,,,,,,,,, PRy A
300}

dbar

400 ? ,,,,,,,,,,
500._ ...._...._.‘....é .........
600 ..........

700 . A
-1 -0.5 0 0.5 1

Correlation Coefficient

Fig. 1.2.8 (Top) Locations of instrument. NAHA coastal tide gauge (red square) and historical
hydrocasts where acoustic travel time to 700 m is shorter than (blue dots) and longer than (green dots)
0.924 s. Bathymetry is in meters. (Bottom) Correlation coefficients between the instrument-derived water
temperature at 120 m and those at other pressure levels with acoustic travel time to 700 m shorter than
0.924 s in the ECS (Park et al., 2006). Reproduced with permission of Wiley & Sons.

Structures of various (particularly 2nd-mode) ITs in the YECS have been confirmed from
observations using an underwater sliding vehicle (Kuroda and Mitsudera, 1995) and an array of
pressure-sensor-equipped inverted echo sounders (Park et al., 2006). Kuroda and Mitsudera (1995)
presented and classified a variety of detailed structures of the lowest two modes of ITs with internal
Froude numbers as a ratio between the speed of barotropic tidal current and the IW phase speed. In
contrast to the dominance of 1st-mode ITs in the southern ECS, 2nd-mode ITs are most strongly
generated at the shelf break in the central YECS and propagate onto the shelf in the north (Kuroda
and Mitsudera, 1995). Park et al. (2006) also confirmed strong generation of 2nd-mode ITs in the
Okinawa Trough region of the YECS from 2-year-long time series measurements during 2002—-2004
and historical hydrocasts observations (Fig. 1.2.8), contrasting with no significant 2nd-mode ITs
(1st-mode IT dominance) southeast of the Ryuku Islands. Vertical profiles of the correlation
between the instrument-derived water temperature at 120 m and those at other pressure levels with
acoustic travel time to 700 m shorter than 0.924 s in the Okinawa Trough region reflect the
significance of 2nd-mode ITs (Fig. 1.2.8) contrasting with those in the southeast of the Ryuku
Islands.
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1.2.5 Nonlinear internal waves

The ITs at M, and other frequencies, and presumably near-inertial waves, in the YECS subsequently
accompany shorter internal waves (IWSs) at frequencies close to the buoyancy frequency as in other
seas. They are also known as nonlinear IWs (NLIWSs) or internal solitary waves due to their
nonlinearity of different degrees, and have often been understood in the context of the Korteweg
deVries (KdV) type models since Benjamin (1966), such as extended KdV or eKdV (e.g., see Cho et
al., 2016 and references cited therein). NLIWs have been observed ubiquitously in stratified oceans
of shelves and marginal seas though their characteristics and underlying dynamics still remain
unclear in many regions, including the ECS, due to the lack of observations at required resolutions
(in space and time) under a variety of background conditions. The NLIWs in the ECS are
considered complex in perspectives of multiple (unknown) source regions for generation (Hsu et al.,
2000), multiple directions of propagation from multiple sources and consequent significance of their
(wave-wave) interactions (Hsu et al., 2000), relatively small amplitude of O(10 m) and slow
propagation speed of O(10™ m s™), and multi-layered stratification implying a significant role of
high-order-mode IWs (Liu et al., 2009). These have been reported from only a few studies and
fewer observations from in-situ field experiments and satellite imagery such as synthetic aperture
radar (SAR).

The NLIWSs were observed in the northwestern ECS (blue ellipse labeled (i) in Fig. 1.2.9 Top (2)) in
1996 August and 1997 July (Hsu et al., 2000), and more recently southwestern ECS in 2007 August
((iv) in Fig. 1.2.9 Top (a), Li et al., 2008) and northern ECS in August 2005, August 1998, and
August 2008 ((ii), (iii), and (v) in Fig. 1.2.9 Top (a), Lee et al., 2006; Teixeira et al., 2006; Smith,
2010; Lozovatsky et al., 2015). The amplitude, propagating speed, and characteristic width
characterized from the observations range from 2 to 15 m, from 0.6 to 1.1 m s™*, and from O(10 m)
to O(10? m), respectively. The propagating speed and characteristic width of 1st-mode NLIWSs are
consistent with those predicted by the two-layered eKdV model for given amplitude and
stratification where the latter varies in space (K1, K2, and K3 in Fig. 1.2.9), season (Fig. 1.2.9), and
year (Cho et al., 2016). Most recently, using satellite SAR images acquired in and around a shallow
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Fig. 1.2.9 (a) Five areas where internal wave (IW) observations were reported previously (blue circles,
(i) to (v)) and three areas where historical hydrographic data were analyzed for characterizing 1st-mode
nonlinear IWs (orange circles, K1 to K3). Depth contours are in meters. (b) Close-up of the K2 region
around southern Jeju Island, Korea, corresponding to the black framed area in (a). The historical
hydrographic data were collected from stations marked with orange crosses in the hatched areas.
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sill named *IEODO’ in the ECS, along with in-situ observations and numerical models, various
forms (spiral, wedge, and arc-like curvature patterns, Fig. 1.2.10) of NLIW fronts were presented,
which are locally generated with wave energy radiating from the sill with a significant time lag
dependent on background conditions (Nam et al., 2018).
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Fig. 1.2.9 Continued. Propagating speed for three areas (K1: green circles, K2: red triangles, and K3:
blue boxes) as a function of the IW amplitude (i) based on the eKdV model: (a) May, (b) August, and
(c) November. Symbols are sampled at 3 m intervals in amplitude starting from 1 m, and each pair of
dashed curves represents a range of one standard deviation. All plots are from Cho et al. (2016).
Reproduced with permission of Creative Commons.

Fig. 1.2.10 Synthetic aperture radar Toe (e TvE T
(SAR) images in the vicinity of a small e
topographic sill known as IEODO in the ‘
northern ECS. The images taken on (a)
21:45:30 UTC September 10, 2014, (b)
09:43:54 UTC May 28, 2015, (c) 21:38:07
UTC June 3, 2015, (d) 21:31:17 UTC June
5, 2015, (e) 21:45:31 UTC June 12, 2015,
and (f) bottom topography around the sill
(color scale in the top-left), super-
imposed with a surface manifestation of
IW fronts where the increased sea surface
roughness is found in association with
convergences of near-surface currents
induced by IWs (from ‘A’ to ‘H’ in 2014;
pink, from ‘I’ and ‘M’ in 2015; orange).
All plots are from Nam et al. (2018).
Reproduced with permission of Creative
Commons.
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The NLIWs play a significant role in transporting and redistributing heat, mass, energy, and
materials, and they have been known to be important to the understanding of underwater acoustics
(Williams et al., 2001), submarine navigation and offshore engineering (Osborne et al., 1978),
marine biogeochemistry (Bogucki et al., 1997; Lucas et al., 2011), and the Earth’s climate (Alford,
2003; Ferrari and Wunsch, 2009; Melet et al., 2013). In spite of a few works on the NLIWSs in the
ECS, our understanding of generation, propagation, evolution, and dissipation of NLIWSs remains in
a primitive state. Increasing the number of in-situ and satellite observations at a better resolution in
space and time will surely improve our understanding on these important processes in the ECS.

1.2.6 Future work

With the developing economy, human activities such as oceanic engineering and deep sea mining
are growing fast, especially in high seas. Tides and waves exist everywhere in the ocean although
the later presents mainly in the ocean surface layer. We need to study the role of tides and waves in
broader aspects, such as the mixing role of tides and internal tides in the pelagic ocean and the
mixing and resuspension role of tides in food-supply in the growing and breeding period of marine
life. The need to study the destructive force of the internal waves on marine infrastructures and in
oceanic engineering is also growing. Both nonlinear theory study (especially for internal waves) and
in-situ observations are needed for future investigation of tides and internal tides.

For multi-scale surface wave study, we need to deploy more surface buoys, and obtain long-term
time series. The surface model, where the sources terms need to be further improved into a
near-perfect stage, is still under development. We should also pay attention to the data quality of
boundary conditions, where the data quality of wind forcing is not as good as operational demands
for extreme events like tropical cyclones. The model output of surface waves in the YECS calls for
further validation, and the studies of surface waves in the YECS still leaves large room for future
improvement.
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1.3 Water Masses
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1.3.1 Introduction

The East China Sea (ECS) and Yellow Sea (YS) are located east of China on a broad continental
shelf, which is one of the widest shelves in the world ocean, and is influenced by the East Asian
monsoon system, with a strong northeast wind in winter and a weak southwest wind in summer.
Because of the influence of the East Asian Monsoon, the climate of the ECS and YS shows typical
seasonal characteristics. In winter, the climate of the YS is affected by the Siberian High pressure
system such that a north and northwest wind prevails with an average wind speed between 6 and
10m s Seasonal changes in solar radiation and other climatic/meteorological factors are
responsible for the large seasonal variability of the ECS and YS hydrography. The major currents
in the ECS and YS are the Kuroshio, which is the western boundary current of the North Pacific
subtropical gyre, the Taiwan Strait Current (TSC) which transports the South China Sea (SCS)
water through the Taiwan Strait (TS), the Tsushima Warm Current in the outer continental shelf
with depths over 100 m, a branch of the Tsushima Warm Current-Yellow Sea Warm Current which
transports high salinity water into the YS, the Taiwan Warm Current (TWC) in the middle
continental shelf, with depths of 50-100 m, the Min-Zhe Coastal Current (MZCC) along the coasts
of Fujian and Zhejiang Provinces (Min-Zhe coasts) and the Yellow Sea Coastal Current (YSCC)
along Jiangsu Province in the inner continental shelf, shallower than 50 m (Fig. 1.3.1; Lie and Cho,
2002). The Changjiang River discharges a large volume of fresh water into the ECS. Obviously,
these currents affect the oceanographic conditions as well as the distribution and properties of water
masses in the ECS (Ichikawa and Chaen, 2000).

1.3.2 East China Sea

Current system background

The Kuroshio enters the ECS along east coast of Taiwan and the southernmost one of the Ryukyu
Islands chain. Under the constraint of the ECS continental slope, the mainstream of the Kuroshio in
the ECS runs stably along the 200-m isobath at a maximum velocity of 0.75 to 1.5 m s * (Nitanni,
1972). Passing through the Okinawa Trough, the Kuroshio hugs the shelf break of the ECS until it
approaches the shoaling northern end of the trough, where it separates from the shelf and bends
east-southeastward. After it turns eastward around 30°29'N, 129°E (Qiu and Imasato, 1990), the
Kuroshio separates from the continental margin, and eventually flows into the Pacific Ocean
through the Tokara Strait. The Kuroshio intrudes into the ECS from the subsurface water of
Kuroshio northeast of Taiwan, upwells northwestward gradually from 300 to 60 m, then turns to
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northeast in the region around 27.5°N, 122°E, and finally reaches 31°N off the mouth of the
Changjiang River along approximately the 60-m isobath, forming bottom saline water off the coast
of Zhejiang Province (Yang et al., 2011). The Kuroshio has been known to have two branch
currents entering the continental shelf of the ECS: the Taiwan Warm Current in the southwestern
ECS and the Tsushima Warm Current in the southeastern ECS (e.g., Guan and Mao, 1982). The two
branches have a strong influence on water circulation and water mass distribution not only in the
ECS, but also in the YS (e.g., Kondo, 1985).

The TWC refers to the northward movement of warm water off the Min-Zhe coast. It was first
observed in the late 1950s (Guan and Chen, 1964). Originating from the Kuroshio, the TWC runs
through middle continental shelf and intrudes into the inner continental shelf outside the Changjiang
mouth, influencing the coastal ecological, chemical and physical environments by transporting
warm, saline and oligotrophic open ocean materials across the shelf into the ECS (e.g., Miao and Yu,
1991; Zhang et al., 2007). The TWC originates from two parts of waters (see Bai et al. (2004)): one
is the Taiwan Strait Current (TSC) from Taiwan Strait (Su et al., 1994) and the other is the
Kuroshio Branch Current to the northeast of Taiwan (KBCNT) (Kondo, 1985; Ichikawa and
Beardsley, 2002; Yang et al., 2011; Lian et al., 2016). The high salinity lower TWC water is
considered derived from the KBCNT, and the high temperature and less saline surface TWC water
originates both from the TSC and the KBCNT (Weng and Wang, 1984). As proposed by Su and Pan
(1987), the TWC bifurcates into two branches near 28°N within the middle continental shelf: the
inshore branch (TWCIB, this is the traditional TWC) which flows northward along approximately
the 50-m isobath off the Min-Zhe coast and turns to the northeast off the mouth of the Changjiang
River, and offshore branch (TWCOB) which first flows anticyclonically, then turns cyclonically and
finally joins the western flank of the Kuroshio. However, there is no agreement on where the north
end of the TWCIB is because of a lack of long-term current observations.
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Fig. 1.3.1 Schematic circulation patterns in the ECS. Left panel indicates the circulation in summer and
right panel indicates the circulation in winter.
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The Tsushima Warm Current carries volume, heat, and salt from the ECS to the east and has a large
impact on the surface circulation. The scientific questions for the Tsushima Warm Current in the
ECS are its origin and volume. In general, there are two points of view on the origin of the
Tsushima Warm Current. The first one is that the Tsushima Warm Current is considered as a
northward branch of the Kuroshio when it separates southwest of Kyushu and that the Yellow Sea
Warm Current (YSWC), separated from the Tsushima Warm Current southeast of Cheju Island,
flows into the eastern Yellow Sea (Nitani, 1972). This point is supported by trajectories of
satellite-tracked drifters (Lie and Cho, 1994). The second point of view is that the Tsushima Warm
Current originates mainly from the Taiwan Strait (Beardsley et al., 1985). This was supported by
current meter data over the continental shelf of the ECS (Fang et al., 1991). The volume transport of
the Tsushima Warm Current is estimated from ferryboat acoustic Doppler current profiler (ADCP)
data (Takikawa et al., 2005) and numerical models (Guo et al., 2006). The debates over the origin
and volume of the Tsushima Warm Current are induced by lack of long-term direct current
measurements.

The coastal currents in the ECS are complicated. Along the southern coast of the ECS, the
northward flow through the Taiwan Strait is called the Taiwan Strait Warm Current (TSWC). The
TSWC is reported flow northward along the Fujian—Zhejiang coast all year round, downwind in
summer and upwind in winter (Su and Wang, 1987; Guan and Fang, 2006). As the extension of the
South China Sea Warm Current (SCSWC), the TSWC brings high temperature and salinity SCS
water into the ECS (Hu and Liu, 1992). Paralleling the TSWC on the coastal side, the MZCC exists
in winter, induced by the winter monsoon, while there is no evidence of the existence of the MZCC
in summer during the summer monsoon. Along the southern coast in the ECS, the YSCC moves
southward in winter, but there is a conflict in the direction (Liu and Hu, 2009) of the YSCC in
summer because of a lack of direct current measurements. The YSCC plays an important role in the
evolution of the ECS water masses. Specifically, it causes the intensification of the MZCC and the
YSWC water, and blocks the northeastward dispersion of the TWC water (Li et al., 2006).

Freshwater output from the Changjiang River forms a large-scale plume which plays a key role in
physical processes in the adjacent ECS and Y'S. This water flux, known as Changjiang diluted water
(CDW), is a prominent hydrographic feature in the ECS and YS. In summer, the CDW extends
northeastward and forms a surface plume, while in winter it flows south in a narrow band along the
eastern Chinese coast. The Changjiang River carries an enormous volume of fresh water, sediments,
and nutrients to the ECS and YS, which significantly influences the water properties, circulation
structure, sediment deposition, and ecosystems of the adjacent seas (Beardsley et al., 1985; Zhu and
Shen, 1997). The influence of the Changjiang River on the water masses in the ECS is through the
spreading of riverine plumes. The spreading of the plumes is strongly influenced by river discharge
(Le, 1984), the East Asia monsoon (Zhu and Shen, 1997; Chang and Isobe, 2003), tidal mixing (Wu
et al., 2011), coastal currents (Zhu et al., 1998), and continental shelf circulation. From salinity data,
Mao et al. (1963) found that the CDW turns to the northeast in summer, but not to the south as
would be expected, driven by the Coriolis force. The southerly summer monsoon is the dominant
factor in the northeastward extension of the plume (Zhu and Shen, 1997; Chang and Isobe, 2003). In
summer, the far-field diluted Changjiang water joins the northeastward shelf—current system and
flows out of the ECS and Y'S through the Tsushima Strait where the year-round freshwater outflow
is estimated to be at least 70% of the total Changjiang River discharge (Isobe et al., 2002; Chang
and Isobe, 2003). In winter the CDW riverine plume flows south in a narrow band confined to the
coast (e.g., Mao et al., 1963; Beardsley et al., 1985; Zhu and Shen, 1997).
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Water masses

Previous studies on the ECS focus on typical seasons such as summer and winter. Because current
observations were limited, most previous studies classified water masses according to their
characteristic temperature and salinity, using different water mass analysis methods such as similar
coefficients (Weng and Wang, 1984) and clustering method (Su and Weng, 1994; Qi et al., 2014).
However, different methods and datasets give different opinions. As described by Qi et al. (2014),
there are eight water masses in summer and only five in winter in the ECS. Among these, Kuroshio
Surface Water (KSW), Kuroshio Intermediate Water (KIW), ECS Surface Water (ECSSW),
Continental Coastal Water (CCW), and Yellow Sea Surface Water (YSSW) exist throughout the
year. Kuroshio Subsurface Water (KSSW), ECS Deep Water (ECSDW), and Yellow Sea Bottom
Water (YSBW) are all seasonal water masses, occurring from May through October. The CCW,
ECSSW and KSW all have significant seasonal variations. In addition, the CCW is affected by river
runoff and ECSSW by the CCW and KSW (see Table 1.3.1).

Table 1.3.1 T-S characteristics of water masses in East China Sea.

Water mass February May August November

7.0-15.5 13.4-235 22.0-28.0 15.5-21.5
30.4-32.2 285-324  27.0-31.0 29.0-32.3
0-30 0-20 0-20 0-30

Continental Coastal Water
(CCw)

11.5-205 14.5-245  23.0-285 17.0-25.0
33.5-344  33.2-342  33.0-34.0 33.4-34.2
0-200 0-50 0-75 0-200

East China Sea Surface Water
(ECSSW)

13.5-215  15.5-245
33.5-344 33.4-34.4
50-200 75-200

East China Sea Deep Water
(ECSDW)

14.2-244  19.0-27.8  23.7-30.2 15.0-26.0
345-349 34.3-348 34.0-34.6 34.2-34.8
0-450 0-60 0-75 0-400

Kuroshio Surface Water
(KSW)

13.0-23.3  13.0-25.0
34.6-35.0 34.5-35.0
50-400 60-400

Kuroshio Subsurface Water
(KSSW)

7.4-13.5 6.5-13.6 7.0-13.8 6.6-13.9
34.3-346  341-345 34.2-345 34.3-345
>270 >240 >250 >280

Kuroshio Intermediate Water
(KIW)

7.5-13.5 11.5-155 18.3-22.4 13.0-16.5
32.5-33.6 32.0-33.2 31.5-324 32.0-33.4
0-50 0-20 10-20 0-50

Yellow Sea Surface Water
(YSSW)

12.5-14.0 13.5-17.0
325-335  32.0-335
20-50 20-50

Yellow Sea Bottom Water
(YSBW)

Ouvw—-d UOwd Uud Ond Ond Twun—-d UDwuno—-d Twnd

Temperature, T (°C), Salinity, S, Depth, D (m)

Some other works have been carried out based on remote sensing data (e.g., Yuan et al., 2008) and
models (e.g., Yuan and Hsueh, 2010; Yang et al., 2011; 2012). Yuan et al. (2008) studied the
intrusion of the TWC into the Changjiang mouth and Subei using sea surface temperature (SST) and
ocean color in winter. Yang et al. (2011, 2012) proposed an intrusion pathway of the Taiwan Warm
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Current Inshore Branch (TWCIB) in summer. Using remote sensing data, we can only investigate
phenomena in the sea surface, which is strongly influenced by solar heating and Changjiang runoff.
It is difficult to study the phenomena in lower layers. Application of a local marginal sea model
depends strongly on the artificial boundary conditions along the open boundary, where the vertical
structures of currents and their temporal variations are difficult to set up (Guo et al., 2003, 2006).
The existing T-S diagram methods of analyzing water masses are useful in open ocean water mass
analysis, but it is difficult to determine the core of original water masses in a shallow sea area by
these methods because a large error may be introduced.

1.3.3 Yellow Sea

Current system background

The main water masses in the YS include the Yellow Sea Warm Current (YSWC) water mass,
Yellow Sea Cold Water Mass (YSCWM) and the coastal water mass (Fig. 1.3.2). The water masses
in the YS have distinct seasonal variation. The YSCWM appears mainly in summer and the YSWC
mainly in winter.

Using hydrology observation data and drift bottle data, Uda (1934) drew the distribution of the
current system of the Bohai Sea, YS and ECS. The YSWC is a unique current flowing against the
wind direction in winter. The YSWC brings the open sea water into the YS and forms a high
temperature and high salinity tongue from the southwest of Cheju Island toward the interior of the
YS. It has great impact on the zooplankton ecosystem and the water exchange between the YS and
ECS. Studies about the YSWC focus on its origin, formation mechanism, and path.
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Fig. 1.3.2 Water mass distribution in the YS: Northern Yellow Sea Cold Water Mass (NYSCWM);
Southern Yellow Sea Cold Water Mass (SYSCWM); Qingdao Cold Water Mass (QDCWM); Yellow Sea
Middle Layer Cold Water (YSMLCW); Yellow Sea Warm Current (YSWC). Grey lines represent
bathymetry in meters.
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In the earlier times, the YSWC was thought to be a branch of the Tsushima Warm Current from the
south of Cheju Island (Uda, 1934). This concept was supported by some scholars (Guan, 1962, 1994;
Nitani, 1972; Chen et al., 1979; Park, 1986; Lie and Cho, 1994). However, based on current meter
data obtained by Chinese researchers at day-night anchored stations, a new line of thought about the
origin was considered. Fang et al. (1991) believed there was a current system, called the
Taiwan-Tsushima-Tsugaru Warm Current System, placed on the ECS shelf and that the YSWC is a
branch of this warm current system in the YS. Fang et al. (1997) proved this argument by numerical
simulation. Another result of research suggested that the YSWC water is formed by lateral mixing
of the Tsushima Warm Current water with the mixed water of the ECS southwest of Cheju Island
(Lie et al., 2000) and that the mixed water of the YS and the Korean coastal water are also involved
in the mixing process to some degree (Le and Mao, 1990; Le, 1992). In winter, the Tsushima Warm
Current water with high temperature and high salinity meets the shelf water of the ECS with low
temperature and low salinity and the mixing process forms a strong temperature and salinity front.
The YSWC comes from this front area so it has the characteristic of mixed water. The YSWC
matures in winter and disappears in summer (Beardsley et al., 1992; Lie, 1986; Park, 1986; Lie et
al., 2000; Teague and Jacobs, 2000). However, the mature period of the TWC and Tsushima Warm
Current is in summer. Further, no drifters, which were put in the northeastern area of the ECS, could
get into the YS from the southwest of Cheju Island (Lie et al., 2000). These results show that the
YSWC is mixed water other than a direct branch of the TWC or the Tsushima Warm Current. In
other words, forcing of the TWC or the Tsushima Warm Current is not the formation mechanism of
the YSWC.

Observation data and drifter trajectories show the YSWC has the characteristic of intermittent flow
which may be related to the burst of the north wind in winter. Wind forcing in winter is widely
thought to be the main dynamic mechanism of the YSWC. In climatology, the mean north wind in
winter makes the coastal water of the YS flow toward the south. Because of mass conservation,
there will be a northward compensation current in the middle YS (Fang et al., 1997; Yuan et al.,
1982). The YSWC could be seen in a stable mode under a stable north wind. This viewpoint is
consistent with the upwind circulation theory (Csanady, 1982). In meteorology, the forcing from a
strong north wind makes the sea level at the south of the Y'S higher than that at the north of the YS.
When the north wind recedes, a northward pressure gradient force causes the YSWC (Hsueh, 1988;
Riedlinger and Jacobs, 2000; Teague and Jacobs, 2000). Strong winds produce the barotropic mode
of the YSWC. Wan (2014) thought the YSWC is the superposition of the barotropic mode and the
stable mode. The baroclinic effect on the YSWC is also considered (Lie, 1999; Lie et al., 2001,
2009, 2013). The coastal water and YSWC water form a strong front in winter, creating strong
difference in temperature and salinity between the YSWC and coastal water. A strong north wind
breaks the front and allows the high temperature and salinity water of the YSWC to flow into the YS.
This mechanism results in the variation of the YSWC lagging behind that of the north wind (Zhao et
al., 2011; Qu, 2014).

After formation, the YSWC is thought to flow to the north along the YS trough (Uda, 1932, 1933;
Nitani, 1972; Chen et al., 1979; Guan, 1994). However, some scientists have held a different
viewpoint: the YSWC axis is at the west side of the YS trough along the isobaths of 50 to 70 m
(Mao et al., 1965; Kondo, 1985; Fang et al., 1997; Tang et al., 2001; Xu et al., 2005). The YSWC
axis has seasonal and interannual variability and is located at the west side of the YS trough in most
years (Tang et al., 1999, 2000, 2001). In some years, the YSWC axis shows a double-peak structure.
One warm tongue is at the middle Y'S trough and the other is at the west side of the trough (Le and
Mao, 1990; Ma et al., 2006). After the YSWC flows into the middle YS, a northwestward branch
toward Shandong peninsula and a northwestward branch toward the north YS are generated (Su,
1986; Zhao et al., 2011).

52 PICES Scientific Report No. 62



Physical Oceanography Water Masses

The seasonal variation of the YSWC has a great impact on the characteristics of water masses. An
earlier study (Park, 1986) pointed out that the YSWC is strong in winter and weak in summer.
Analyzing CTD data from 1996 to 1999, Zou et al. (2000) found that the YSWC forms in winter,
recedes in spring and disappears in the middle of spring. In early spring, the YSWC axis moves
eastward compared with that in winter (Tang et al., 2001). Further, numerical simulation results
show that the YSWC forms in December, matures in February, and recedes quickly in spring (Xu et
al., 2005). Its axis moves to the west from December to February and reaches the 60- to 70-m
isobath area. The YSWC remains stable at the bottom layer during the winter (Xu et al., 2005).

Water masses

In the central deep region of the YS, there is a water mass characterized by lower temperature
(<10°C) and high salinity, called the Yellow Sea Cold Water Mass (YSCWM; Table 1.3.2). It
occupies a third of the region above the deep and bottom layers of the YS in summer (Su and Weng,
1994) and exhibits a strong front in the YS. The YSCWM usually has three cold cores: one is the
Northern Yellow Sea Cold Water Mass (NYSCWM, Fig. 1.3.2) and the other two form an eastern
and western part of the Southern Yellow Sea Cold Water Mass (SYSCWM, Fig. 1.3.2) (Tang, 2005).
The YSCWM is an important influence on the catches and fishing grounds of demersal fishes and
has a great impact on the distribution of the biocenose and the acquisition of fishery resources (Cho,
1982; Du et al., 1996; Wang et al., 2003; Zhang et al., 2007).

Uda (1934) first found the existence of the YSCWM in 1934. He et al. (1959) first studied the
formation mechanism of the YSCWM and concluded that it forms locally during the previous winter.
This point of view is widely accepted. Further, Guan (1963) found that the temperature of the
YSCWM has a relationship with the local air temperature during the previous winter and that the
YSCWM shows cyclonic circulation pattern. Since then, quite a number of studies on the formation
mechanism of the YSCWM have been made. The formation of a seasonal thermocline (Miu et al.,
1991; Ren and Zhan, 2005), cooling at surface, strong mixing in winter (Hur et al., 1999), tidal
mixing (Zhao, 1986; Lee and Beardsley, 1999; Ren and Zhan, 2005) and topography heat
accumulation effect (Takahashi and Yanagi, 1995; Xu et al., 2003) are all important mechanisms
during the formation of the YSCWM.

The YSCWM has clear seasonal variability based on in-situ observations and numerical simulations.
With the seasonal change of the thermocline, the YSCWM forms in spring (approximately in May),
matures in summer (approximately in August), recedes in autumn, and completely disappears in
winter. Many research results have shown the seasonal characteristics of the YSCWM (Guan, 1963;
Chu et al., 1997; Yu et al., 2006; Zhang et al., 2008; Bao et al., 2009; Yao et al., 2012). During the
cooler season (from September to February), changes in the heat content of the YS are caused by
variation in latent and sensible heat at the surface layer, which is related to the East Asian Winter
Monsoon and the Arctic Oscillation (Wei et al., 2013).

The long-term variation of the YSCWM is still unclear. Following the accumulation of historical
data, long-term variability of YSCWM has been analyzed. Weng et al. (1988) and Zhang and Yang
(1996) explored the distribution range, volume, low temperature center and thermohaline
characteristics of the YSCWM using the “similar coefficient” method and found that the YSCWM
has obvious interannual variability. The SST of the YS has an increasing trend which is consistent
with climate warming in northern China and the adjacent seas (Lin et al., 2005). Interannual
variability in temperature has been discussed in some studies regarding the NYSCWM (Jiang et al.,
2007; Li et al., 2015), with NYSCWM temperature showing an increasing trend. Temperature at the
thermocline has the greatest temporal variance that is caused mainly by surface heating (Hu and
Wang, 2004). Wei et al. (2010) reported that the summer T-S properties of the YSCWM correspond
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to the YSWC in winter. Interannual variability of eastern part of the SYSCWM also deserves
academic concern. Given the survey area, the study of the eastern part of the SYSCWM is mainly
taken by Korean scientists. Park et al. (2011) conducted empirical orthogonal functional (EOF) and
singular value decomposition (SVD) analyses on the Korea Oceanographic Data Center (KODC)
dataset and described the temperature variability of the eastern part of the SYSCWM. He attributed
the interannual temperature variation of the SYSCWM to winter forcing, including the Siberian
High, Aleutian Low, Pacific Decadal Oscillation, East Asian Jet Stream, and Arctic Oscillation.
Summer forcing could also intensify the temperature anomaly of the SYSCWM, for example, the
SST of the Kuroshio and sea level pressure over the Asian continent. Yang et al. (2014) used the
same data and simulation results to show that SST in the previous winter is associated with the
southern limit of the SYSCWM in the following summer. Li (1991) pointed out that the YSCWM is
in a warm phase in the year following a large meander of the Kuroshio, and in a cold phase when El
Nifio events occur. However, some studies have concluded that the temperature of the SYSCWM is
not directly related to EI Nifio (Jia and Sun, 2002; Bai et al., 2004). Furthermore, winter processes
play an important role in the interannual variability of the YSCWM. Wei et al. (2013) found that the
heat content of the deep region of the YS is mainly influenced by lateral heat transport controlled by
the YSWC, which also has a 4- to 7-year period of interannual variability (Wang et al., 2009).

Table 1.3.2 T-S characteristics of water masses in the Yellow Sea.

Water mass
Northern Yellow Sea Cold Water Mass T 6.0-10.0
(NYSCWM) S 32.5-34.0
D 50-70
Southern Yellow Sea Cold Water Mass T 6-10
(SYSCWM) S 32.5-34.0
D 50-70
Qingdao Cold Water Mass T 6-10
(QDCWM) S 31.7
D 40-60
Yellow Sea Middle Layer Cold Water T 6-12
(YSMLCW) S 31.8-325
D 20-30
Yellow Sea Warm Current T 8-14
(YSWC) S 32.5-34
D 50-70

Temperature, T (°C), Salinity, S, Depth, D (m)

Spring could be seen as a conversion period in which the YS changes from vertically homogeneous
YSWC mode to vertical stratified YSCWM mode. More attention is usually given to how the YS
changes in spring. In 1996, the Yellow Sea Middle Layer Cold Water (YSMLCW) and inversion
layer was found during a China and Korea joint ocean investigation (Tang et al., 1999; Zou et al.,
2000). Zou et al. (2000) explained the formation mechanism of YSMLCW: The YSWC weakens in
spring. The mixed water of the western YS, which has a lower temperature, expands toward the east
and south and spreads over the YSWC water. In the meantime, surface heating forms a thermocline.
Observation data (Zou et al., 2001) and simulation results (Xu et al., 2001) show that the YSWC is
one of main reasons for the formation of the YSMLCW. The Qingdao Cold Water Mass (QDCWM)
is also a classic phenomenon of the YS in spring, forming offshore southeast of Qingdao. The
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source of the QWCWNM is coastal water that originates from the north YS (Zhang et al., 1996). The
QDCWM has lowest temperature in spring. It forms in March, matures in April, and blends into the
YSCWM gradually from May (Yu et al., 2006). Yu et al. (2006) found that the Inchon Offshore
Cold Water Mass has the same seasonal characteristics as the QDCWM. The QDCWM has a great
impact on the fishing grounds in the YS (Zheng and Zhang, 1983) by upwelling nutrients to the
upper layer water. Long-term variation in water properties analysis shows that the QDCWM became
stronger before the mid-1970s, and weakened after the mid-1970s. The interannual variability of the
QDCWM strength is related to the ENSO events in which the QDCWM weakens during El Nifio
events (Zhang et al., 2004).

1.3.4 Future work

Influenced by the monsoon and currents system, the water masses of the ECS and YS are complex,
showing strong seasonal variation and complex vertical structure. Influenced by global warming,
the water masses of the ECS and YS also show a warming trend, with interannual or interdecadal
variations. A deep understanding of the variation of water masses in the ECS and YS could give us
better insight to ecological and environmental variations, and help us promote environmentally
sustainable management ability.

For the Yellow Sea, new observations show that the southern YSCWM and YSWC exist
concurrently in the southern Yellow Sea during spring and autumn and their co-existence time is
more than half a year. The mechanism for this co-existence and the influence of the biogeochemical
process in Yellow Sea needs to be studied further.

For the East China Sea, recent observations suggest that there exists some mesoscale water masses
between the Kuroshio and Taiwan Warm Current waters. The seasonal-to-interannual variation
characteristics of the mesoscale water masses should be analyzed and their influence on the ecology
of the East China Sea should be studied in the future.
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1.4.1 Introduction

Mixing processes in the ocean play an important role in dissipating energy and diffusing materials.
Mixing can be divided into two types, horizontal and vertical, the features of which are quite
different because of the ocean’s large aspect ratio and stratified structure. While horizontal and
vertical mixing are similar in many ways to isopycnal and diapycnal mixing, respectively, they are
not identical because, for example, horizontal mixing should be diapycnal if there is a horizontal
density gradient in a frontal region. Horizontal or isopycnal mixing may be important in basin-scale
phenomena, such as the formation of North Pacific Intermediate Water. Very few reports have
considered horizontal mixing processes or related topics in the East China Sea (ECS). Various
aspects of vertical/diapycnal mixing in the ECS have, however, been reported, so mainly vertical
mixing is considered in this section.

Vertical mixing plays a very important role in the stratification and transport of material in the ocean.
It is particularly important to have a quantitative understanding of this process in the shelf region
and coastal water because vertical mixing and stratification strongly control biogeochemical
processes and the biological environment. The ECS is well-known for its high biological
productivity, which is sustained by nutrients from land and sub-surface of the ocean, including the
deep ocean. Therefore, the mixing processes that supply the necessary nutrients for primary
production and control the transport of material need to be evaluated correctly. While the biological
abundance and environmental conditions in the ECS have been studied extensively, there are very
few quantitative surveys of the mixing processes. We therefore need to find out more about the
physical and biological aspects of the mixing processes, and enhance our understanding of the
marine environment in the ECS. In this context, a summary of the information that is currently
available about vertical mixing in the ECS is essential.

Studies of turbulent mixing in the ECS can be divided into various phases. Some studies discuss
turbulent mixing as a physical process that changes the stratification and ocean structure. Others
consider turbulent mixing as a process that transports biogeochemical materials related to primary
production, such as nutrients. Other research has focused on measuring the microstructure, and
improving the accuracy of estimates of the turbulence intensity by parameterization.

From another perspective, the role that vertical mixing plays in physical and biological processes
may be divided into three separate cases based on the relative position of the turbulent mixing,
namely, the surface, intermediate, and bottom layers; this classification is particularly useful for the
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shelf region. It is generally thought that mixing processes in the surface layer are related to the
formation and evolution of the surface mixed layer and contribute to air—sea interactions. Vertical
mixing in the intermediate layer seems to be related to the activities of internal waves, including
internal tides, near-inertial internal gravity waves, and high frequency internal waves. Turbulence in
the intermediate layer contributes to the evolution of stratification and the vertical flux of various
materials. Turbulence in the bottom boundary layer (BBL) makes an important contribution to the
flux of materials just above the sea floor. As well as these main layers, we should also carefully
consider a sort of diffusive bottom layer (DBL), which, even though it is very thin, is very important
for sediment—water exchange fluxes.

In this review, we summarize information about mixing processes in the different layers, including
the physical processes and their influence on various phenomena, such as air-sea interactions, the
supply of nutrients for primary production, and other marine environments.

1.4.2 Methods for estimating the turbulence intensity

Over recent decades, the most reliable estimates of the turbulence intensity have been based on
measurements of microstructure from which the turbulent energy dissipation rate (¢) can be
determined by integrating the shear spectrum within a specific wave number range, assuming
isotropy (e.g., Gregg, 1987). Although the assumption of isotropy may not be correct, particularly in
strongly stratified situations, there is no standard method for estimating the intensity of anisotrophic
turbulence in the ocean.

Various instruments, such as the Turbulence Ocean Microstructure Acquisition Profiler (TurboMAP)
(Wolk et al., 2002), Vertical Microstructure Profiler (VMP) (Lueck et al., 2013), Microstructure
profilers MSS (ISW Wassermesstechnik) and Micro-Structure-Turbulence (MST) profiler (Prandke
and Stips, 1998), use shear probes to detect small-scale velocity shear and can be used to measure
the microstructure. The velocity shear is measured at frequencies of between 512 and 1024 Hz when
the instrument is freely descending at a speed of between 0.5 and 0.6 m s *. Turbulence in the ECS
has been measured mostly with microstructure profilers (e.g., Matsuno et al., 2005, 2006; Lee et al.,
2006; Liu et al., 2009).

Acoustic Doppler velocimeters (ADV) or acoustic Doppler current profilers (ADCP) (e.g.,
Lozovatsky et al., 2008) have been used to make high resolution measurements of the turbulence
intensity, particularly in the BBL. These instruments give high frequency measurements of the
current velocity at a fixed point, and the shear produced is calculated from the fluctuations.

Instead of measuring the turbulence directly, vertical mixing processes can be evaluated in other
ways, for example, by assessing temporal changes in the vertical structure, or by using chemical
tracers. In this review, we will mainly consider vertical mixing that is related to direct measurements
of turbulence.

1.4.3 Characteristics of mixing processes

Surface layer

Because of its strong relationship with the heat flux through the sea surface, the turbulence in the
surface mixed layer has been investigated thoroughly. Even so, some aspects remain unclear and,
for example, it would be beneficial to quantitatively evaluate the interactions between the
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turbulence and the waves. The turbulence intensity in the surface layer controls the formation of the
surface mixed layer (SML), which then influences the sea surface temperature (SST). Therefore, the
heat flux through the sea surface is controlled by the turbulence intensity. The turbulence intensity
in the SML may be determined by the buoyancy flux and wind stress at the sea surface. Because of
the contribution it makes to air-sea interactions, the turbulence intensity in the SML of oceans
worldwide has been studied extensively.

That said, the turbulence in the SML of the ECS has not been studied so intensively, perhaps
because of the large spatial and temporal variabilities. For example, Liu et al. (2009) analyzed
hourly measurements of the microstructure and found that diurnal variations in the turbulence
intensity in the surface layer of the Yellow Sea (YS) were associated with nighttime convection and
daytime stratification. However, this does not occur throughout the Y'S, and other studies reported
that the turbulence intensity varied over shorter time scales, probably because of variations in wind
effects over shorter time scales.

While the assumptions of the dissipation method proposed by Osborn (1980) may not be applied
when describing the equilibrium of turbulent Kinetic energy (TKE) in the ECS, we generally do still
use this assumption. Endoh et al. (2014) discussed the contribution of the transport term in the
equilibrium equation for TKE, based on direct measurements of ¢ and indirect estimations of the
buoyancy flux and shear production. They assumed the temporal variation in the TKE was zero and
showed, with measurements collected with Lagrangian tracking surface drifters, that the TKE
transport term made a significant contribution to the equilibrium of the TKE.

Because of their influence on turbulent mixing in the surface layer in the ECS, typhoons are
discussed in relation to air-sea interactions and primary production. The passage of a typhoon can
cause surface divergence because of the cyclonic wind field and strong stirring of the surface layer.
The former is caused by Ekman transport, in which the thickness of the Ekman layer depends on the
vertical eddy viscosity, and the latter generates turbulent energy production. Both are related to the
turbulence intensity. Hung et al. (2013) and Tsai et al. (2013) discussed how a typhoon influenced
the cold dome to the northeast of Taiwan along with the interaction between the Kuroshio and
topography. They showed that the passage of the typhoon resulted in upwelling of cold and high
nutrient water by Ekman divergence, and also mentioned the contribution of vertical mixing.
Elsewhere, using Argo float and satellite data, Siswanto et al. (2008) showed that primary
production was enhanced when a typhoon passed. While they did not directly discuss vertical
mixing in their study, they suggested that upwelling of high nutrient water driven by the typhoon
made a significant contribution to primary production in the ECS. Moon and Kwon (2012)
suggested that, when typhoons passed over the Yellow Sea Bottom Cold Water regions in the
northern parts of the ECS and the YS, the intensity of the typhoon decreased significantly because
of cooling at the surface induced by the vertical mixing and upwelling.

As mentioned earlier, it is important to determine the depth of the SML and the SST. Numerous
researchers have examined the mixing processes in the surface layer with numerical models but few
of these studies have been presented concerning the ECS. Huang et al. (2008) suggested that the
influence of waves needed to be considered when determining the depth of the SML and showed
that, by including wave-induced mixing, the estimates of the SST were more accurate.

Sub-surface layer

Since there is no direct influence of wind or bottom stress, vertical mixing in the interior of the
ocean should be controlled by internal processes, such as the breaking of internal waves and/or
Kelvin—-Helmholtz instability. Early studies related to turbulence in the ECS mainly considered the
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relationship between enhanced turbulence and shear instability in the intermediate layer and in the
BML, and there were limited direct measurements of turbulence (Matsuno et al., 1997). After 2000,
there were more opportunities to obtain microstructure measurements. Matsuno et al. (2006) used
microstructure observations from July 2003 and July 2004 to show the structure of the turbulence
intensity in the outer shelf region of the ECS, and summarized the turbulence intensity in the upper,
intermediate, and bottom layers. As shown in Fig. 1.4.1, the range of the observed turbulence in the
intermediate layer was wider than the ranges in the upper and bottom layers, which means that
vertical mixing was enhanced intermittently, and this intermittent strong turbulence may have been
related to the development of internal waves. They also observed that the turbulence was enhanced
along a characteristic ray of internal tides around the shelf break of the central ECS (Matsuno et al.,
2005).
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Fig. 1.4.1 Histograms showing the magnitude of turbulent dissipation rate, ¢ (left) and the vertical eddy
diffusivity, K, (right) in specified layers in the outer shelf region of the ECS in July 2004. The layers, u, b-2,
and b-1 refer to the layer between 15 and 30 m below the surface, between 10 and 20 m above the bottom,
and within 10 m of the bottom, respectively. From Matsuno et al. (2006). Reproduced with permission of
Wiley & Sons.

Lee et al. (2006) observed short period nonlinear internal waves during a campaign on the shelf
south of Jeju Island in August, 2005. While they were mainly interested in the evolution of internal
solitary waves, they also found, by analyzing microstructure measurements, that the turbulence was
intermittently intensified in the sub-surface. They found that the dissipation rate exceeded 10" W
kg* around the pycnocline (Fig. 1.4.2), where K—H instability sometimes occurred, possibly
associated with internal solitary waves. Liu et al. (2009) suggested that the internal waves
influenced the turbulence intensity just below the pycnocline in the YS. While their observations
showed that there was very small diffusivity within the pycnocline, the values of ¢ were relatively
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large below the pycnocline, and may have been associated with internal waves propagated from a
distance, as also reported by Lee et al. (2006). However, when the turbulence was enhanced around
the pycnocline, there was no consistent aspect in the detailed structure of the turbulence intensity,
that is, the turbulence may have been enhanced within the pycnocline in one case but may have
been enhanced just above or below the pycnocline in other cases.

Other researchers have reported weak turbulence around the pycnocline. Wei et al. (2014) estimated
the TKE dissipation rate and diffusivity in three seasons between 2006 and 2007 in the south YS
and found that the vertical mixing tended to be more intensive in the near-surface and bottom layers
than in the middle layer. They also showed that the pycnocline played an important role in
preventing wind-induced mixing. They found that the mixing in summer was structured into two
layers, one above and one below the pycnocline, and that the stratification inhibited the occurrence
of shear instability and prevented vertical exchange across the pycnocline. The Yellow Sea Warm
Current is a stable stratified current in which the mixing is quite weak. Enhanced mixing only
occurs in the boundary of the warm current because of the shear instability. The depth of the upper
mixed layer can be limited by the current in winter.

Lozovatsky et al. (2015), from their observations in August 2006 southwest of Jeju Island, also
showed that the turbulence was intensified intermittently in the sub-surface layer in the shelf region
of the ECS. They suggested that the & was either negatively or positively correlated with the
stratification, depending on the situation. When the stratification was relatively weak and was
within the range 2 < N%N,? < 6.3, where Nywas the standard buoyancy frequency in the deep ocean
proposed by Garrett and Munk (1975) and Ng= 5 x 107> s, the relationship between ¢ and N* was
clearly related with a power law & ~ (N?)~%. This means that the turbulence was stronger when the
stratification was weaker. However, when the stratification was stronger, internal waves tended to
develop and break, resulting in intensified turbulence, so the relationship between ¢ and N? was
positive, as proposed by Mackinnon and Gregg (2005). However, internal waves are not always
generated under intensified stratification, and internal waves do not always break, which means that
the relationship would only occasionally be positive, and it would be very difficult to give a
universal description of the relationship between & and N?, at least in the shelf region.

Vertical mixing in the intermediate water changes the structure of the stratification and transports
materials. From a biogeochemical perspective, vertical transport of materials is a very important
process by which nutrients are supplied from dark lower layers to the upper euphotic zone. A
subsurface chlorophyll maximum generally forms in the lower part of the euphotic zone. With the
exception of the coastal region, nutrients are usually depleted in the surface layer of the ECS
because the light is sufficiently intense, and a sub-surface chlorophyll maximum (SCM) forms with
the nutrients supplied from the lower layer under dusky light conditions.
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Fig. 1.4.2  Vertical distribution of & (W kg™) shown on a log-scale along the northeast-southwest section
south of Jeju Island. The gray-shaded plot of ¢ was overlain with contours of the specific potential density.
The southwest end of the section is on the left. From Lee et al. (2006). Reproduced with permission of
Wiley & Sons.
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Fig. 1.4.3 Mean (marks) and 95% confidence interval (dotted line with two solid lines) of the vertical
eddy diffusivity (K,) (solid circle), primary production converted from the nitrate flux (solid triangle),
primary production converted from the phosphate flux (open triangle), and the ratio of the nutrient flux to
integrated primary production within the sub-surface chlorophyll maximum (open circle) for low, medium,
and high Nitrogen/Phosphate ratios. From Lee et al. (2017). Reproduced with permission of Elsevier.

As mentioned above, nutrients may be supplied to the upper layer from the lower layer because of
upwelling generated by divergence in the surface layer. However, SCM visible even in calm
conditions suggests that there might be more frequent upward transport of nutrients. To evaluate the
supply of nutrients to the SCM, we need to have a quantitative understanding of the vertical mixing
around it. Using a relatively limited dataset of turbulence measurements from the eastern end of the
ECS, Shiozaki et al. (2011) discussed how vertical fluxes of nutrients contributed to primary
production. Recently, Lee et al. (2017) used cumulative data from the central part of the shelf region
in the ECS to evaluate how vertical mixing helped to supply nutrients to the SCM. They showed
that the nutrient supply to the SCM, because of vertical mixing, was notably large in some cases, but
not in others, and that the difference was caused mainly by the magnitude of the vertical eddy
diffusivity. As mentioned by Lozovatsky et al. (2015), large values for the eddy diffusivity around
the pycnocline occurred intermittently, depending on the activities of internal waves. Lee et al.
(2017) found that the large nutrient fluxes associated with intensified vertical mixing tended to
correspond with low nitrogen/phosphorus (N/P) nutrient ratios around the SCM. When the N/P ratio
was low, primary production in the SCM was thought to be supported by nutrients supplied from the
lower layer via vertical mixing (Fig. 1.4.3). The N/P ratio may be a useful indicator of the nutrient
sources, and low and high ratios may show whether the nutrients are from the lower layer or river
discharge, respectively. The intensified turbulent mixing may transport nutrients from the lower
layer into the SCM, and may be associated with the development and breaking of internal waves.

Bottom boundary layer

In shelf regions such as those in the ECS, the vertically well-mixed bottom boundary layer (BBL)
commonly forms because of the force of strong tidal currents. Turbulence just above the sea floor
also has a role in the formation of the BBL. Of all the mixing processes in the ECS, turbulence in
the BBL has perhaps been studied most. In the shelf region of the ECS, noticeable periodicity
caused by tidal motions may mean that the mixing processes show regular variations influenced by
tidally variable bottom stress. Using time series of current velocity taken with a bottom-mounted
ADV and ADCP on the inner shelf of the ECS, Lozovatsky et al. (2008) showed that there were
clear variations in ¢ associated with tidal motion. They found that the TKE and & were related in
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