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ABSTRACT

Onshore and offshore currents and the associated volume transport across three isobaths (50, 100, and 200m)

over the continental shelf of the East China Sea were examined using daily reanalysis data in 1993–2012. After

being averaged along the isobaths, the velocities across 100 and 50m are onshore in the bottom layer but

offshore in the surface layer. In contrast, those across the 200-m isobath are onshore in the surface and bottom

layers but without a clear direction in the midlayer, suggesting a three-layer structure. The surface offshore

current across the 100-m isobathmainly arises from theTaiwan Strait Current, while the surface onshore current

across the 200-m isobath mainly arises from the Kuroshio, both of which converge in the area between the 100-

and 200-m isobaths and flow toward the Tsushima Strait. The control of bottom Ekman dynamics on the on-

shore bottom currents is important at the 100-m isobath, partly important at the 200-m isobath, and slightly

important at the 50-m isobath. The seasonal variations of onshore and offshore currents in the surface layers

across the three isobaths are likely caused by local winds, the Taiwan Strait Current, and the Changjiang dis-

charge, while those in midlayer across the 200-m isobath demonstrate a strong geostrophic control and can be

interpreted from a traditional viewpoint on theKuroshio intrusion over the entire water column across the shelf

slope. The close connection of bottom onshore currents across the three isobaths suggests that the bottom layer

is an important pathway for water exchange of shelf water and the open sea.

1. Introduction

The East China Sea (ECS) is a marginal sea of the

northwest Pacific Ocean and has one of the largest

continental shelves in the world. The Kuroshio, a west-

ern boundary current in the North Pacific Ocean, enters

the ECS from the northeast of Taiwan. The main flow

extends northeastward along the shelf break and a por-

tion is diverted from the constraint of steep topography

and intrudes onto the ECS shelf. Through exchanges with

shelf water along the shelf break, which is usually denoted

by the 200-m isobath, the Kuroshio transports large

amounts of heat, salt, and nutrients onto the shelf (Chen

andWang 1999;Hsueh 2000; Fang et al. 2003; Zhang et al.

2007). The exchange between Kuroshio and ECS shelf
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water plays a large role in continental shelf circulation

(Hsueh et al. 1997; Ma et al. 2010) and the associated

ecosystems (Zhao and Guo 2011) in the ECS.

The Kuroshio intrudes onto the shelf mainly at two

locations: northeast of Taiwan and southwest of Kyushu.

In the area northeast of Taiwan, the Kuroshio loses the

support of the Taiwan Island and intrudes onto the shelf

because of the geostrophic adjustment (Su 2001). Some

of the intruded water, which is considered the Kuroshio

Branch Current north of Taiwan (KBCNT), returns to

the main stream because of the bottom friction and the

topographic beta effect (Qiu and Imasato 1990; Su

2001). The other intruded water goes farther into the

ECS shelf. Yang et al. (2011, 2012) proposed that a

nearshoreKuroshio bottom branch current could upwell

gradually from the shelf break to the continental shelf

offshore of the Changjiang estuary in summer.

When the Kuroshio main stream reaches the south-

west of Kyushu, it turns clockwise to the east and leaves

the ECS through the Tokara Strait. As a result of the

conservation of potential vorticity, another Kuroshio

Branch Current west of Kyushu (KBCWK) forms and

intrudes shoreward (Hsueh et al. 1996; Lie et al. 1998;

Hsueh 2000; Isobe 2000).

Besides the KBCNT and KBCWK, the onshore in-

trusion of the Kuroshio along the entire shelf break has

been gaining more attention recently through both ob-

servations and numerical models. Teague et al. (2003)

computed volume transports across the Taiwan and

Tsushima Straits through direct velocity measurements.

Based on the difference between the two straits, they

estimated that the volume transport across the entire

shelf break was about 3 Sv (1 Sv [ 106m3 s21) onshore

from October to December. Guo et al. (2006) used a

nested ocean model and obtained a mean Kuroshio

onshore transport of 1.46 Sv across the shelf break of the

ECS (denoted by the 200-m isobath). Isobe (2008) re-

ported an annual-mean transport of 1.4 Sv based on the

summation of all available volume transport values

through the Taiwan Strait and Tsushima Strait in the

literatures.

The Kuroshio onshore transport has a strong seasonal

variation, showing a maximum in autumn and a mini-

mum in summer (Teague et al. 2003; Guo et al. 2006;

Isobe 2008; Oey et al. 2010; Wu et al. 2014). Strong

seasonal variation in the Kuroshio onshore transport is

associated with the monsoon and the changes in the

density field (Chao 1990; Guo et al. 2006) as well as vol-

ume transport through the Taiwan Strait and Kuroshio

transport east of Taiwan (Lee and Matsuno 2007).

Changes in the density field are further linked to the

combined effects of surface heat flux and the monsoon

(Oey et al. 2010; Wu et al. 2014).

In addition to seasonal fluctuations, the long-term

variability of Kuroshio onshore intrusion has also been

studied (Liu et al. 2014; Wu et al. 2014). Based on model

results, Liu et al. (2014) reported that the interannual

variation of Kuroshio onshore intrusion was as prom-

inent as its seasonal variation and had a period of 4 yr

that also appears in the volume transport of Kuroshio

itself. Based on multisatellite geostrophic velocity data,

Wu et al. (2014) reported that the interannual variations

of the Kuroshio intrusion northeast of Taiwan in winter

was related to the surface heat flux gradient (positively

correlated) and upstream Kuroshio transport (nega-

tively correlated) rather than the local winds.

Although the Kuroshio onshore transport was em-

phasized in previous studies, shelf water is also known to

be present in the main stream of the Kuroshio. Isobe

et al. (2004) observed less saline shelf water in the

Kuroshio subsurface layer (;100-m depth) around the

shelf break of the ECS. Therefore, the water movement

across the shelf break of the ECS must occur in two

directions: onshore and offshore. The Kuroshio onshore

transport reported in previous studies is actually the

combined result of onshore and offshore transport. For

this reason, it is a net volume transport across the

shelf break.

Net volume transport alone cannot fully account for

the actual water exchange process that occurs essentially

in two directions, although it can be evaluated by the

differences in volume transport through the Taiwan

Strait and Tsushima Strait (Teague et al. 2003). On the

other hand, the onshore and offshore water movements

occur not only at the shelf break (usually at the 200-m

isobath in previous studies) but also over the ECS shelf

where the water depth is less than 200m. Therefore, we

also need to examine the water exchange processes be-

tween the inner shelf (,50m) and midshelf (50–100m)

and between themidshelf and outer shelf (100–200m) in

the ECS.

The documentation of onshore and offshore trans-

ports is also of great significance to understand the

material transport between the open ocean and shelf

seas. Material concentration in water flowing onshore is

usually different from that in water flowing offshore. For

example, nutrient concentrations have an apparent

horizontal gradient from coastal water to the Kuroshio

in the ECS (Zhang et al. 2007). Consequently, the mean

dissolved inorganic nitrogen concentration in the water

flowing onshore across the 200-m isobath was smaller

(larger) than that in the water flowing offshore from

September to the following March (from April to Sep-

tember; Zhao and Guo 2011). Since the onshore and

offshore volume transports across the 200-m isobath in

the ECS are larger than the net volume transport by one
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order of magnitude, the difference in the nutrient con-

centration in the water flowing onshore and offshore is

important to the nutrient budget in the ECS. Further-

more, the documentation of the offshore transport is

helpful to understand the transport of terrestrial mate-

rial to the open sea. Based onmeasurements in the ECS,

Ren et al. (2015) suggested that the offshore transport of

terrestrial material contributed to the northward in-

crease of dissolved aluminum in the upper regions of the

100-m isobath along the shelf break.

In this study, we focus on the dynamics related to

water exchange between the inner shelf (,50m) and

midshelf (50–100m), between the midshelf and outer

shelf (100–200m), and between the outer shelf and the

Kuroshio region (.200m) over the continental shelf of

the ECS. Based on reanalysis data, we calculated net,

onshore, and offshore volume transports across the 200-,

100- and 50-m isobaths in the ECS with special attention

to spatial and temporal variations in the cross-isobath

currents. We also discuss the controlling factors in the

seasonal variations of net volume transports in different

vertical layers. Section 2 gives a brief description and

validation of the reanalysis data as well as the calcula-

tion method of volume transport across three isobaths

(50, 100, and 200m). Section 3 presents the mean states

of currents and volume transports across the three iso-

baths as well as spatial and temporal variations. Section

4 gives an analysis on the mechanisms controlling the

seasonal variations in volume transport at different

water depths. Section 5 discusses the connections among

the three isobaths and summarizes this study.

2. Reanalysis data

The reanalysis data were obtained by a data assimi-

lative ocean model developed by the Japan Coastal

Ocean Predictability Experiment (JCOPE2; Miyazawa

et al. 2009). The ocean model in the JCOPE2 system is

based on the Princeton OceanModel with a generalized

sigma coordinate (POMgcs; Mellor et al. 2002). A high-

resolution regional model (10.58–628N, 1088–1808E)
with spatial grid resolution of 1/128 and 46 vertical levels

was embedded in a low-resolution model (308S–628N,

1008E–908W) with a spatial grid resolution of approx-

imately 1/48 and 21 sigma levels, covering almost the

entire Pacific region, using the one-way nesting

method.

The model was driven by wind stresses and heat and

salt fluxes. Wind stress and heat flux fields were calcu-

lated from the 6-hourly National Centers for Environ-

mental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalysis data (Kalnay et al.

1996) using bulk formulas (Kagimoto et al. 2008). The

wind stress was multiplied by a factor of 0.7 to adjust the

Kuroshio transport south of Japan (Hirose 2011). Run-

off of Changjiang was included as the only river dis-

charge into the model domain. It is worth mentioning

that a tidal mixing scheme based on the amplitude of

tidal currents (Lee and Matsuno 2007) was added when

calculating the eddy viscosity in the model in order to

improve the simulation of the circulation in the ECS,

where tide plays a certain role in the formation and

movement of water mass.

The following observation data were used for data

assimilation in the JCOPE2 model: along-track sea

surface height anomaly (SSHA) obtained from the

TOPEX/Poseidon and ERS-1 and ERS-2 satellites

during the period December 1992 to January 2002 and

from the Jason-1 and Geosat Follow-On during the pe-

riod January 2002 to January 2008; sea surface temper-

ature (SST) obtained from the Advanced Very High

Resolution Radiometer (AVHRR)/multichannel sea

surface temperature (MCSST) products; and vertical

profiles of temperature and salinity obtained from the

data archive of the Global Temperature and Salinity

Profile Program (GTSPP).

The JCOPE2 used three-dimensional variational data

assimilation (3DVAR) to construct its data assimilation

system that is mainly designed for the Kuroshio region

and subtropical ocean [more details on the assimilation

method can be found in Miyazawa et al. (2009)]. In the

ECS, besides introducing Changjiang runoff and tidal

mixing effects, the JCOPE2 assimilates SST over it.

Since the JCOPE2 assimilates the data of water tem-

perature and salinity but solves themomentum equation

without assimilation, the dynamics in the momentum

equation are physical consistence.

The low-resolution and high-resolution models were

spun up for 15 and 5 yr, respectively. Reanalysis calcu-

lations from November 1992 were carried out for both

models with the data assimilation and the external

forcing. The daily mean of SSH, two horizontal velocity

components, water temperature, and salinity from 1993

to 2012 were provided for our study.

The bathymetry of JCOPE2 in the ECS is shown in

Fig. 1. We designated three isobaths for examining wa-

ter exchange between the inner and midshelf by using

the 50-m isobath, between the mid- and outer shelf by

using the 100-m isobath, and between the outer shelf and

theKuroshio by using the 200-m isobath. The grid points

of the 100- and 200-m isobaths generally follow their

water depths. For purposes of easily considering water

budget, we extended the grid points of the 50-m isobath

to the coastline. The four seasons were given according

to the common usage in the ECS: spring from March to

May, summer from June to August, autumn from

MAY 2017 ZHANG ET AL . 1045



September to November, and winter from December to

February.

The inflow volume transport (IVT), outflow volume

transport (OVT) and net volume transport (NVT) were

calculated as follows:

IVT5

ðð
u
1
(x, z) dx dz, (1)

OVT5

ðð
u
2
(x, z) dx dz, and (2)

NVT5

ðð
u(x, z) dx dz. (3)

Here, u(x, z) is the daily velocity component normal

to the isobath, while subscripts 1 and 2 denote the di-

rections of onshore and offshore, respectively. The term

x is the horizontal coordinate along the isobaths, and dx

is the horizontal interval of grid points. The term z is the

vertical coordinate and dz is the vertical interval of

grid points.

We compared the reanalysis data with observations at

the PN line (see Fig. 1 for its position), where long-term

routine hydrographic measurements were carried out by

the Japan Meteorological Agency. The volume trans-

port across the PN line was often referred to as the

Kuroshio volume transport in the ECS (Ichikawa and

Beardsley 2002). Using observed hydrographic data for

the years from 1955 to 2010 and the inversemethod,Wei

et al. (2013) provided quarterly geostrophic volume

transport across the PN line. The mean geostrophic

volume transport averaged from 1993 to 2009 [we dis-

card 2010 because there is only a value for winter of

2010 in Wei et al. (2013)] was 22.67Sv with a maximum

in winter (23.59 Sv) and a minimum in autumn (21.29 Sv;

Fig. 2).

For comparison, we calculated the quarterly geo-

strophic velocity along the PN line using the density

from JCOPE2 reanalysis data at the same locations as

the observation and assuming a level of no motion at

700-m depth. The mean geostrophic volume transport

across the PN line was estimated to be 21.47 Sv, which

was a little smaller than the observed value of 22.67 Sv

(Fig. 2). The difference in two mean transports is likely

attributed to the difference of dynamic method we used

and the inverse method Wei et al. (2013) used. As

demonstrated by Wei et al. (2013), the geostrophic

volume transport at the PN line calculated by the dy-

namic method was usually smaller than that by the in-

verse method by about 1 Sv.

The geostrophic volume transport obtained from the

reanalysis showed a similar seasonal variation as the

observation: maximum in winter and minimum in au-

tumn (Fig. 2). The transport from the reanalysis in

summer was comparable with that in winter, which is a

little different from that in the observations where the

transport is slightly smaller in summer than in winter.

Considering the uncertainty of seasonal variations

in the transport from observations (four times a year)

at the PN line, the slight difference in summer is

probably acceptable. Soeyanto et al. (2014) also made a

FIG. 2. Seasonal variation of geostrophic volume transport across

the PN line. The solid line is averaged from the values for each

season in Wei et al. (2013); the dashed line is from the reanalysis

data of JCOPE2. The period of average for the two lines is from

1993 to 2009.

FIG. 1. Model bathymetry in the ECS. Regions are designated as

follows: Taiwan Strait (TAS), east of Taiwan (ET), Tsushima Strait

(TSU), Changjiang (CJ), and PN line (PN). Triangles represent

observation points along the PN line. Contour lines in gray rep-

resent the real 20-, 50-, 100-, and 200-m isobaths. Contour lines in

black represent the 50-, 100-, and 200-m isobaths designated in

this study. Between each set of adjacent black dots on the black

lines, there are 20 grid points. The grid points are counted from

south to north. Arrows across the black contour lines represent

volume transport across the contour with the indicated magni-

tude (Sv).
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comparison of the volume transport through the PN

line between Wei et al. (2013) and the JCOPE2 re-

analysis data but for the interannual variations and

reported a significant correlation between the two data

sources. Therefore, we consider that the JCOPE2 re-

analysis well represents the seasonal and interannual

variations of the Kuroshio in the ECS.

3. Analysis results

Wedivided our analysis into two parts: mean state and

temporal (mainly seasonal) variation. The mean state

results were averaged over the entire 20-yr reanalysis

period. The seasonal variations were examined from

monthly means over 20 yr for the same month.

a. Mean state of currents across isobaths

1) MEAN VOLUME TRANSPORTS ACROSS

ISOBATHS

The mean volume transports across the three isobaths

in the ECS differed greatly (Fig. 1). The NVT across

the 200-m isobath (1.27 Sv in the direction from the

Kuroshio to outer shelf) agrees well with the previous

observations [3 Sv averaged from October to December

in Teague et al. (2003); 1.4 Sv in Isobe (2008)] andmodel

results [e.g., 1.46 Sv in Guo et al. (2006); 1.17 Sv in Zhou

et al. (2015)]. The IVT and OVT across the 200-m iso-

bath of 31.82 and230.55 Sv, respectively, are consistent

with the results from a different model (29.06

and 227.70Sv in Zhao and Guo 2011) and much larger

than the corresponding NVT. The NVT across the 100-m

isobath was 20.86 Sv, indicating movement in an off-

shore direction from midshelf to outer shelf. The IVT

(5.30Sv) and OVT (26.16 Sv) across the 100-m isobath

are much larger than the NVT (20.86 Sv). The 50-m

isobath and coastal line round up a closed area, into

which the Changjiang is the only source of water. The

annual-mean discharge from the Changjiang is approx-

imately 0.03 Sv (averaged over 1993 to 2012). Conse-

quently, we obtained a very small NVT across the 50-m

isobath (20.03 Sv). The IVT and OVT across the 50-m

isobaths were 1.98 and22.01 Sv, respectively, which are

both larger than the NVT.

Themean volume transport through the Taiwan Strait

was 1.47 Sv in the JCOPE2 reanalysis (Fig. 1). From the

perspective of the water budget in the ECS, water from

the Taiwan Strait has two exits. About 60% goes across

the 100-m isobath into the outer shelf and contributes

0.86 Sv to the NVT of the 100-m isobath. The other 40%

goes through the Jeju Strait and then heads to the

Tsushima Strait. The offshore shelf water across the

100-m isobath (0.86 Sv) and the onshore Kuroshio water

across the 200-m isobath (1.27 Sv) come together in the

outer shelf and exit the ECS from east of Jeju toward the

Tsushima Strait.

2) HORIZONTAL DISTRIBUTION OF THE MEAN

CURRENTS ACROSS THE ISOBATHS

Taking a closer look at the cross-isobath volume

transport over the continental shelf (Fig. 1), we exam-

ined the spatial distribution of the cross-isobath cur-

rents. The mean currents at the depth of 5m, the middle

of the depth, and 10m above the sea bottom are shown

in Fig. 3.

Many characteristic currents such as Kuroshio Branch

Current, Taiwan Strait Current, and the China Coastal

Current can be identified in the distribution of currents

at the depth of 5m (Fig. 3a). The KBCNT intrudes on-

shore and soon returns to the Kuroshio main stream,

which is responsible for the pair of onshore and offshore

currents off the northeast of Taiwan Island as denoted

by the red and blue thick lines along the 200-m isobath

(Fig. 3a). The Kuroshio main stream flows northeast-

ward along the 200-m isobath before reaching the area

around 308N where it turns to the east and leaves the

ECS. The KBCWK appears around 308N and flows to-

ward the Tsushima Strait (Fig. 3a). The Taiwan Strait

Current flows northeastward from the Taiwan Strait

toward 288N, 122.78E and splits into two branches: the

offshore branch flows northeastward through the

ladder-shaped, the 100-m isobath south of 29.38N, re-

sulting in the surface current alternatively changing di-

rections (onshore or offshore); the onshore branch of

the Taiwan Strait Current goes straight to the south of

Changjiang estuary at about 29.58N, where a small

portion of it intrudes across the 50-m isobath between

grid points 75 and 95, but it soon turns eastward. In the

coastal region south of the Changjiang estuary, the

coastal currents flow southward and cross the 50-m iso-

bath offshore.

Currents at 10m above the sea bottom are almost

oriented in an onshore direction (black arrows in

Fig. 3b), especially in the areas northeast of Taiwan,

themiddle of the shelf break, and southwest of Kyushu.

In the area northeast of Taiwan (258–288N, 1228–
1238E), the onshore bottom current becomes appar-

ent between the 100- and 200-m isobaths and flows

northward across the 50-m isobath to the offshore

Changjiang area; in the middle area of the shelf break

(278–298N, 1258–1268E), the bottom current flows north-

ward from the 200- to 100-m isobaths and continues

northward along the 100-m isobath to the west of Jeju

Island where it turns northwestward across the 50-m

isobath; in the area southwest of Kyushu (308–338N,

1278–1288E), the bottom current flows northwestward
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between the 100- and 200-m isobaths and turns north-

eastward to the Tsushima Strait.

The Taiwan Strait Current in the bottom (Fig. 3b)

likely bifurcates as it does in the surface (Fig. 3a). The

onshore branch flows close to the coast and intrudes

onshore across the 50-m isobath up to 308N. The off-

shore branch heads northeastward and goes offshore

across the 100-m isobath at 288 and at 308N, respectively,

and goes onshore between them. Consequently, the

cross-isobath current at the bottom demonstrates an

FIG. 3. Annual-mean current distribution (a) at depth of 5m, and (b) at middepth (brown arrows) and at 10m

above the sea bottom (black arrows). Current in the areas deeper than 300m is not shown in (b). Red (blue) thick

lines along the isobaths indicate the presence of an onshore (offshore) current component.

FIG. 4. (a) Vertical distribution of the current component across the 200-m isobath for the

annual-mean flow field. (b) Vertical average of the current component in (a). The x axis shows

the grid points along the 200-m isobath starting from the south end (Fig. 1). (c) Horizontal

average of the current component in (a). Positive (negative) values indicate the current com-

ponent is flowing in an onshore (offshore) direction.
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alternation in the current direction of onshore and off-

shore along the 100-m isobath.

3) VERTICAL DISTRIBUTION OF THE MEAN

CURRENTS ACROSS THE ISOBATHS

Along the 200-m isobath for which the gridpoint

numbers are given as the horizontal coordinates, the

cross-isobath currents show a stripelike distribution,

indicating that the variation of velocity is smaller in the

vertical direction than in the horizontal direction (Fig. 4a).

Based on direction, the cross-isobath velocities can be

divided into several water columns along the 200-m

isobath. The velocities are in the onshore direction

from the sea surface to bottom in some water columns

(grid points 5–36, 60–78, 85–103, and 150–170) but are in

the offshore direction from the sea surface to a depth of

;160m and in the onshore direction from;160m to the

sea bottom in the other columns (grid points 45–60,

78–85, and 103–130). The onshore and offshore veloci-

ties are largest at the surface of grid points 30 and 52, re-

spectively. The maximum onshore velocity (25 cms21) is

larger than the offshore one (13 cm s21). Both the largest

onshore and offshore velocities appear northeast of

Taiwan, where the KBCNT intrudes onto the shelf, and

some of it returns back to the shelf break, forming the

pair of strong onshore velocity and less strong offshore

velocity at grid points 30 and 52, respectively.

The vertical average of cross-isobath velocities sug-

gests that there are three main onshore intrusion loca-

tions: northeast of Taiwan (grid points 1–40), middle of

the shelf break (grid points 85–100), and southwest of

Kyushu (grid points 140–170; Fig. 4b). All have been

reported in previous studies (Guo et al. 2006; Liu et al.

2014; Zhou et al. 2015). In general, the vertically aver-

aged cross-isobath velocity along the 200-m isobath

has a magnitude less than 5 cm s21. The largest is

14 cm s21, appearing northeast of Taiwan in an onshore

direction.

The horizontal average of the cross-isobath velocities

can be divided into three layers according to flow di-

rection (Fig. 4c): surface layer (0–60m), midlayer

(60–140m), and bottom layer (140–200m). In the surface

layer, the direction is onshore with amagnitude between

0.5 to 1.0 cm s21; in the midlayer, the direction is un-

stable with a magnitude less than 0.5 cm s21; and in the

bottom layer, the direction is onshore, which is the same

as for the surface layer but with a slightly larger mag-

nitude (close to 1.0 cm s21). In the surface layer, the

cross-isobath velocity at each grid point is strong but the

direction changes frequently along the isobath (Fig. 4a),

resulting in a small, horizontal, averaged flow (Fig. 4c).

In the bottom layer, the cross-isobath velocity at each

grid point is almost in the onshore direction, and the

cancellation of positive and negative velocities does not

occur during horizontal averaging, producing a stronger,

horizontally averaged, cross-isobath velocity in the

bottom layer than in the surface layer (Fig. 4c).

The cross-isobath velocities along the 100-m isobath

(Fig. 5a) show the same stripelike distribution as those

along the 200-m isobath but with smaller magnitudes

(,10 cm s21) than those along the 200-m isobath. The

onshore currents appear mainly at grid points 1–20, 42–

75, and 100–128. At grid points 1–20 and 42–75, the

velocities reach maxima (;7 cm s21) in the bottom

layer, which is different from the case along the 200-m

isobath, where the largest onshore velocity appears in

the surface layer. At grid points 100–128, the velocities

are in an onshore direction from the surface to the

bottom with little change. The offshore cross-isobath

velocities along the 100-m isobath are mainly in the

surface layers at grid points 20–40, 75–100, and 128–173

where onshore cross-isobath velocities are still evident

in the bottom layer at grid points 20–40 and 128–173.

Taking the vertically averaged cross-isobath velocities

for the 100-m isobath (Fig. 5b), the maximum offshore

velocity is larger than the onshore one, and there are

more areas where the velocities are in the offshore di-

rection than in the onshore direction. The horizontally

averaged velocities show a two-layer structure: offshore

in the surface layer (0–80m) and onshore in the bottom

layer (80–100m; Fig. 5c). In the upper 80-m layer, the

magnitude changes little with depth. However, the ve-

locities are in the opposite direction in the bottom layer

with a maximum velocity over 2.5 cm s21, which is larger

than that at the 200-m isobath (Fig. 4c). The thickness of

the bottom onshore velocity layer at the 100-m isobath

(20m: 80–100-m depth) is thinner than that at the 200-m

isobath (60m: 140–200-m depth).

For the 50-m isobath, except for at the ends, the

magnitude of the velocity is under 3 cm s21, which is

weaker than the other two isobaths, but the stripe-type

distribution is maintained (Fig. 6a). The cross-isobath

velocities change little in the vertical direction at some

positions (grid points 22–30, 70–92, and 140–152) but

show a two-layer vertical structure at other positions

(grid points 30–70 and 95–140) where the cross-isobath

current flows shoreward from a depth of 35m to the sea

bottom. The largest onshore and offshore velocities

appear at two ends of the 50-m isobath, where the

Taiwan Strait Current and the West Korea Coastal

Current, respectively, flow and result in the large

cross-isobath velocities.

The vertically averaged cross-isobath current along

the 50-m isobath is in the onshore direction at grid points

65–92 and 136–154 with a magnitude around 3.0 cm s21

and is in the offshore direction at some other grid points
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(Fig. 6b). The horizontally averaged cross-isobath cur-

rent along the 50-m isobath presents an apparent two-

layer structure (Fig. 6c): in the offshore direction from

0- to 34-m depth with a maximum speed of 1.7 cm s21 at

the surface and in the onshore direction from 34m to the

bottom with a velocity close to 1.0 cm s21.

To obtain a general idea of the water exchange over

the continental shelf in the ECS, we make a comparison

of the horizontally averaged cross-isobath velocities at

the three isobaths. The horizontally averaged cross-

isobath velocities show a two-layer structure at the 50-

and 100-m isobaths (onshore in the bottom layer but

offshore in the upper layer) and a three-layer structure

at the 200-m isobath (onshore in both the surface and

bottom layers but unstable in the midlayer). The com-

mon feature among the three isobaths is that the velocity

FIG. 5. As in Fig. 4, but for the 100-m isobath.

FIG. 6. As in Fig. 4, but for the 50-m isobath.
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is in the onshore direction in the bottom layer. The

thickness of the onshore bottom layer is 60, 20, and 16m

at the 200-, 100- and 50-m isobaths, respectively; the

maximum onshore velocity is approximately 1, 2.5,

and 1 cm s21 at the 200-, 100-, and 50-m isobaths, re-

spectively. As shown in Fig. 3b, the bottom currents veer

left against the currents in the middepth. This feature of

the bottom Ekman dynamics has been recognized in the

current mooring data (Hu 1994; Yoshikawa et al. 2010)

and in the numerical model results (Jacobs et al. 2000;

Guo et al. 2006).

b. Seasonal variations of currents across isobaths

1) SEASONAL VARIATIONS OF IVT, OVT, AND

NVT ACROSS ISOBATHS

The IVT across the 200-m isobath has a maximum in

November (32.90 Sv), while the OVT peaks at

31.50 Sv inApril (Fig. 7a). Both IVT andOVT across the

200-m isobath are lowest in December and January

with a minimum value of 30.50 and 29.20 Sv, re-

spectively. Although the IVT and OVT show similarly

weak seasonal patterns, the difference (NVT) shows

significant seasonal variation. The NVT across the 200-m

isobath is positive throughout the year but is highest in

October (1.90 Sv) and lowest in April (0.75Sv).

The IVT across the 100-m isobath has a maximum of

5.73 Sv in April and a minimum of 5.04 Sv in July

(Fig. 7b). The OVT across the 100-m isobath reaches a

maximum of 6.86 Sv in April and a minimum of

5.50 Sv in October. The range of seasonal variation is

smaller for the IVT than for the OVT, and the NVT is

negative throughout the year across the 100-m isobath.

The NVT is in the offshore direction and the strongest

(21.39 Sv) and weakest (20.29 Sv) values are in summer

and autumn, respectively.

The IVT and OVT across the 50-m isobath maintain a

balance throughout the year. The maxima (;2.87 Sv)

and minima (;1.35 Sv) appear in summer and winter,

respectively (Fig. 7c). The NVT across the 50-m isobath

is largest in October and smallest in January.

2) SEASONAL VARIATIONS OF HORIZONTALLY

AVERAGED CROSS-ISOBATH CURRENTS

The horizontal averages of the cross-isobath currents

(Figs. 4c, 5c, and 6c) show a clear two-layer or three-

layer structure. Their seasonal variations are also im-

portant to our analysis from the viewpoint of water

exchange between the shelf and the Kuroshio region.

The horizontal average of currents across the 200-m

isobath is divided into three layers according to the di-

rection of flow: surface layer (0–60m) and bottom layer

(140m–bottom) have an onshore direction, and the

midlayer (60–140m) has an unstable direction (Fig. 4c).

The horizontally averaged currents in these three layers

have diverse seasonal variations (Fig. 8a). In the surface

layer, the horizontal average of cross-isobath currents is

in the onshore direction in autumn and winter and in the

offshore direction in summer (from May to August). In

the midlayer, the horizontal average of cross-isobath

currents is in the onshore direction in summer and in the

offshore direction in winter. In the bottom layer, the

horizontally averaged currents are always in the onshore

direction with a weak seasonality as shown by contours

in Fig. 8a. Apparently, the seasonal variations occur

mainly in the surface and midlayers. The seasonal vari-

ations in these two layers are generally opposite, espe-

cially in summer and winter, and the pattern in the

surface layer precedes that in the midlayer by about

1–2 months.

Both the horizontal averages of currents across the

100- and 50-m isobaths show a two-layer structure

(Figs. 5c, 6c): offshore in the surface layer and onshore in

the bottom layer. At the 100-m isobath (Fig. 8b), except

FIG. 7. Monthly volume transport of IVT (solid blue), OVT

(dashed blue), and NVT (red) across the (a) 200-, (b) 100-, and

(c) 50-m isobaths. The OVT is by definition a negative value, but

for easy comparison with IVT, we present the absolute value of

OVT. The red bar indicates the difference between IVT and OVT,

namely, NVT.
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for the upper 20-m layer in autumn, the horizontal av-

erage of the cross-isobath currents in the surface layer

(0–80m) is in the offshore direction, and the maximum

offshore velocity occurs in summer; that in the bottom

layer (80–100m) is in the onshore direction throughout

the year and peaks at about 2.9 cm s21 in summer. At the

50-m isobath (Fig. 8c), the horizontal average of the

cross-isobath currents in the surface layer (0–34m) is

always in the offshore direction except for in the upper

5m in September and reaches its maximum in summer;

that in the bottom layer (34–50m) is in the onshore di-

rection throughout the year and reaches its maximum in

summer. Therefore, the two-layer structure at the 100-

and 50-m isobaths shows the same seasonal variation:

strong in summer and weak in winter.

The volume transport of the cross-isobath current in

each layer of the two- or three-layer structure at the three

isobaths presents a quantitative view to this issue (Fig. 9).

At the 200-m isobath, the mean NVT in the midlayer is

very small (0.1Sv), which is only a quarter of the NVT in

the surface layer (0.38Sv) and an eighth of the NVT in the

bottom layer (0.79Sv; Fig. 9a). The seasonal variations of

theNVT in the surface andmidlayers at the 200-m isobath

are apparent, but the pattern is the opposite with similar

amplitude (standard deviation of 0.41Sv in the surface

layer and 0.31Sv in themidlayer). From a viewpoint of the

intensity of onshore intrusion, the NVT in the surface

layer of the 200-m isobath is minimum in summer and

maximum in autumnandwinter, while that in themidlayer

is maximum in summer and minimum in winter. The

seasonality of NVT in the bottom layer is weak with a

standard deviation of only 0.04Sv, which is one order of

magnitude smaller than those in the surface andmidlayers.

At the 100-m isobath (Fig. 9b), the mean NVT is

1.42 Sv offshore in the surface layer and 0.55Sv onshore

in the bottom layer. The seasonal variation ofNVT across

the 100-m isobath occurs mainly in the surface layer

where the offshore NVT is strongest in summer (.2Sv)

and weakest in winter (;1Sv). The seasonal variation of

NVT across the 100-m isobath in the bottom layer is

much weaker than that in the surface layer but it still

exists; it increases from February to July and then de-

creases gradually until reaching its minimum in January.

At the 50-m isobath (Fig. 9c), the mean NVT

is20.34 Sv offshore in the surface layer and 0.31Sv onshore

in the bottom layer. The seasonal fluctuation in the two

layers shows almost the same pattern.

In this study, we do not give details on the interannual

variation of cross-isobath currents but report this vari-

ation in the context of a comparison with seasonal var-

iation. The bars in Fig. 9 indicate the standard deviation

of the interannual variation for each month. The in-

terannual variations of NVTs in all layers of the three

isobaths, except for the bottom layer of the 200-m iso-

bath, are generally weaker than the corresponding sea-

sonal variations and the range of interannual variations

is 50%–60% of the seasonal ranges. Therefore, the wa-

ter exchange over the shelf in the direction of the cross-

isobath flow is dominated by seasonal variation, and

interannual variation does not qualitatively change the

pattern we report here for seasonal variation.

4. Mechanisms

In section 3, we showed the vertical structures and

seasonal variations of currents in different layers across

FIG. 8. Monthly mean (contours) and anomaly (colors) of the horizontally averaged currents across the (a) 200-, (b) 100-, and (c) 50-m

isobaths. The solid (dashed) contours indicate currents are in the onshore (offshore) direction; thick black lines denote zero value. The

anomaly is the monthly mean of the horizontally averaged currents across the isobath minus the annual-mean one. The negative anomaly

of offshore current means that the offshore current is stronger than the mean offshore one.
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the three isobaths. Next, we examine mechanisms that

likely control the seasonal variations of NVTs in

those layers.

a. Surface layer of all three isobaths

The surface layer of the 200-m isobath ranges in

depth from 0 to 60m and has an NVT in the onshore

direction in autumn and winter and in the offshore di-

rection in summer, showing the most prominent sea-

sonal variation among the three layers of the 200-m

isobath. This result is consistent with the report by Guo

et al. (2006). Guo et al. (2006) proposed that the wind-

induced Ekman transport accounts for the seasonal

variation of NVT in the surface layer of the 200-m

isobath. Following this idea, we calculated the Ekman

transport VTS as follows with VTS 5
Ð
ts/(r0 f ) dx,

where ts is wind stress in the direction along the iso-

bath, r0 is water density, f is the Coriolis parameter, and

dx is the horizontal interval of the grid points along the

isobath. Surface Ekman transport across the three

isobaths shows similar seasonal variations with a weak

offshore transport in summer and strong onshore

transport in winter (Fig. 10).

Surface Ekman transport across the 200-m isobath

(red line in Fig. 10) agrees well with the NVT in the

surface layer of the 200-m isobath (blue line in Fig. 9a).

Both reach a minimum in June at about 20.24 Sv and a

maximum in November at 0.95 Sv for NVT and in De-

cember at 1.04 Sv for the Ekman transport. The slight

difference between the values of these two in winter

indicates the possible presence of other mechanisms.

However, the local wind is likely the major factor con-

trolling the seasonal variation of the NVT in the surface

layer of the 200-m isobath.

It is needed to emphasize that the NVT in the surface

layer of the 200-m isobath is the total volume transport

integrated over the entire shelf break. Both Oey et al.

(2010) and Wu et al. (2014) proposed that in winter the

local wind is not responsible for the Kuroshio intrusion

northeast of Taiwan. From the observations, Tang and

Yang (1993) and Chuang and Liang (1994) found that the

currents northeast of Taiwan were not well correlated

with the local wind; onshore intrusion of Kuroshio water

occurred 1 month after the starting of the northeast

monsoonal wind during the fall to winter season. This

conclusion is also true in our reanalysis data. If we cal-

culated the onshore volume transport across the 200-m

isobath only northeast of Taiwan, we also need a 1-month

lag to obtain a good correlation between the Ekman

transport and the onshore transport (figures not shown

here). It is only the surface transport across the entire

200-m isobath from northeast of Taiwan to southwest of

Kyushu that shows a good correlation with the corre-

sponding surface Ekman transport without a time lag.

Regarding the above difference between northeast of

Taiwan and the entire shelf break, Guo et al. (2006)

demonstrated that for the Kuroshio onshore flux across

the entire shelf break, its seasonal variation was primar-

ily controlled by the Ekman transport while the change

in the density field was secondary. For the Kuroshio

onshore flux at a fixed location along the shelf break, its

seasonal variation was primarily related to the change in

density field and the Ekman transport was secondary.

Zhou et al. (2015) also indicated that the Ekman effects

to some extent are responsible for variability in the

upper-layer exchanges. Therefore, our results from the

JCOPE reanalysis data are consistent with the previous

studies.

FIG. 9. Seasonal variation of NVT in (a) three layers of the 200-m

isobath and two layers of the (b) 100- and (c) 50-m isobaths. Blue

lines denote theNVT in the surface layer; red lines denote theNVT

in the bottom layer; and black line denotes theNVT in themidlayer

of the 200-m isobath. The depth ranges of surface, mid-, and bot-

tom layer of the 200-m isobath are 0–60, 60–140, and 140–200m,

respectively. The depth ranges of surface and bottom layers of the

100-m isobath are 0–80 and 80–100m. The depth ranges of surface

and bottom layers of the 50-m isobath are 0–34 and 34–50m. The

annual mean plus or minus standard deviation (Sv) are given next

to the line. The bar inside the line denotes the standard deviation of

interannual variation in each month calculated from the anomaly

in the same month during a period of 1993 to 2012.
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Similarly, surface Ekman dynamics can also be ap-

plied to the cross-isobath current at the 100- and 50-m

isobaths. However, wind-driven Ekman transport alone

cannot explain the NVT across the 100- and 50-m iso-

baths. The horizontally averaged cross-isobath currents

in the surface layer of the 100- and 50-m isobaths are in

the offshore direction throughout the year (blue lines in

Figs. 9b and 9c), which contrasts with onshore surface

Ekman transport in autumn, winter, and spring (blue

and green lines in Fig. 10).

The horizontal distribution of currents at a depth of

5m in January and July suggests that the Taiwan Strait

water is the main source of the offshore NVT in the

surface layer of the 100-m isobath (Fig. 11). In July, the

volume transport of the Taiwan Strait Current becomes

large (black line in Fig. 10), and the currents across the

100-m isobath also become strong, especially at about

288N and south of Jeju Island (Fig. 11). At this moment,

the NVT in the surface layer of the 100-m isobath

(0–80m) is about 2 Sv (Fig. 9b), which is comparable to

the volume transport through the Taiwan Strait (1.90 Sv;

black line in Fig. 10). Both of them become weak in

autumn and winter (about 1 Sv). Since the surface

Ekman transport across the 100-m isobath in July is

only 20.28 Sv, it cannot even explain the NVT in the

upper 20m of the 100-m isobath (20.90 Sv). Therefore,

the Taiwan Strait Current must be the major controlling

factor for the seasonal variations of NVT in the surface

layer of the 100-m isobath.

The main factor determining the NVT in the surface

layer of the 50-m isobath is likely from the Changjiang

(Fig. 11). Since the annual mean of the Changjiang dis-

charge is 0.03 Sv, which is one order smaller than the

NVT in the surface layer of the 50-m isobath, the river

water itself contributes little to the NVT in the surface

layer of the 50-m isobath. However, the buoyancy effect

from the Changjiang water is an important driving force

of circulation in the ECS (Naimie et al. 2001). The in-

crease of river discharge results in the increase of

buoyancy, and more shelf water moves seaward from

the surface layer, which should be compensated by

bottom landward flow. In general, the density-driven

current in an estuary region is larger than the river dis-

charge by about one order of magnitude (Dyer 1979;

MacCready and Geyer 2010). It follows that the NVT in

the surface layer (0.34 Sv) and the bottom layer (0.31 Sv)

of the 50-m isobath can theoretically result from the

buoyancy effect of Changjiang water.

Changjiang discharge is high in summer and low in

winter. This is similar to the NVT in the surface layer of

FIG. 11.Mean current distribution at 5-m depth in (a) January and (b) July. The arrows denote the current direction

and the color denotes the velocity magnitude (cm s21).

FIG. 10. Monthly volume transport through the Taiwan Strait

(TAS; black line) and surface Ekman transport across the 200-

(red), 100- (blue), and 50-m (green) isobaths.
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the 50-m isobath (Fig. 9c). The surface Ekman transport

across the 50-m isobath in summer is in the offshore

direction at about 0.3 Sv (Fig. 10). But in reality, this

value should be smaller than 0.3 Sv because of the lim-

ited water depth. Therefore, the strongest offshore NVT

in the surface layer of the 50-m isobath in summer

(about 0.5 Sv) is probably the result of a combination of

the wind and Changjiang water (e.g., Chang and Isobe

2003). In winter, the surface Ekman transport across the

50-m isobath is in the onshore direction but the NVT in

the surface layer of the 50-m isobath remains in the

offshore direction. A possible reason for this difference

is that the southward current from the Changjiang

mouth along China coast in winter contributes to the

offshore transport across the 50-m isobath (Fig. 11a).

This southward current has been observed recently by

Wu et al. (2013).

b. Midlayer of the 200-m isobath

The NVT in the midlayer of the 200-m isobath shows

prominent seasonal variation despite that the midlayer

is away from the surface layer (black line in Fig. 9a). The

NVT in the midlayer of the 200-m isobath is in the on-

shore direction in summer and autumn and in the off-

shore direction in winter and spring, which is opposite to

that of the surface layer. Therefore, it is difficult to as-

sociate the wind with the seasonal variation of the NVT

in the midlayer of the 200-m isobath.

The monthly anomaly of Coriolis force in the along-

isobath direction due to the cross-isobath current shows

almost the same seasonal variation as the monthly

anomaly of the pressure gradient in the along-isobath

direction (Fig. 12). Apparently, the seasonal variation in

the current across the 200-m isobath at the midlayer is

generally in a geostrophic balance. Many previous

studies have examined the vertically integrated currents

across the shelf slope of ECS using a concept of joint

effect of baroclinicity and relief (JEBAR;Guo et al. 2003,

2006; Oey et al. 2010; Liu et al. 2014; Wang and Oey

2016). Theoretically, the balance between the JEBAR

and advection of the geostrophic potential along an

isobath is equivalent to a geostrophic balance in the

direction along the isobath (Oey et al. 2010). Since the

midlayer (60–140-m depth) of the 200-m isobath is be-

yond the control of surface and bottom boundary layers,

the dominant role of geostrophic currents there is likely

reasonable (Zhou et al. 2015; Ding et al. 2016).

To illustrate the seasonal variation of the density

gradient along the isobath, we show the vertical distri-

bution of water temperature along the 200-m isobath in

winter (February) and summer (August) in Fig. 13.

Because of the weak contribution of the salinity differ-

ence, the distribution of the water temperature along the

200-m isobath is similar to that of the density. As an

example of geostrophic balance, we focus on the area

around grid point 105, the location with the most

prominent seasonal variation. According to Fig. 4a, the

cross-isobath currents in the midlayer of the 200-m iso-

bath are onshore (offshore) at the left (right) side of grid

point 105. This feature is consistent with the spatial

variation of water temperature whose isotherms steepen

northward (southward) on the left (right) side of grid

point 105. In summer, the stratification is intensified and

the isotherms become dense, indicating the increases of

alongshore gradient and onshore intrusion on the left

side of grid point 105. However, on its right side, the

isotherms are less slanted, resulting in a smaller along-

shore gradient and a weaker offshore current there in

summer than in winter.

As shown by Oey et al. (2010), spatial variation in

local heat flux is a possible cause for the seasonal change

in density gradient along the isobaths in the ECS. In

addition, the onshore and offshore shift of Kuroshio axis

associated with seasonal variation in the vertical current

structure of Kuroshio (Guo et al. 2003), the change in

the Kuroshio current speed associated with basin-scale

change in wind field and arrival of mesoscale eddies

(Soeyanto et al. 2014), and the seasonal variation in the

Kuroshio density structure associated with basin-scale

heat flux are also expected to affect the onshore and

offshore flow in themidlayer of the 200-m isobath from a

FIG. 12. Monthly anomaly (difference of monthly mean from the

annual mean) of (a) the along-isobath Coriolis force and (b) the

along-isobath pressure gradient force. The anomalies are vertically

averaged from 60- to 140-m depth along the 200-m isobath. A

positive anomaly means intensification of an onshore flow or

weakening of an offshore flow. The abscissa is the grid number

along the 200-m isobath starting from northeast of Taiwan and

ending southwest of Kyushu.
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viewpoint of geostrophic balance. To completely un-

derstand the contribution of these processes to the

cross-isobath current in the ECS, a series of numerical

experiments designed for isolating the contribution of

each process similar to that in Oey et al. (2010) are

necessary.

c. Bottom layer of the three isobaths

To examine the year-round onshore transport in the

bottom layer of the three isobaths, we planned to in-

vestigate the effects of the bottom Ekman (Hu 1994;

Jacobs et al. 2000; Yoshikawa et al. 2010) from two as-

pects: the bottom Ekman transport and bottom Ekman

layer thickness. The bottom Ekman transport is typi-

cally calculated by VTB 5
Ð
tb/(r0 f ) dx and tb 5

r0Cd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(u2

b 1 y2b)
p

ub, where tb is the component of bottom

stress along the isobath, yb is velocity across the isobath,

ub is velocity along the isobath, Cd is the bottom friction

coefficient, and dx is the horizontal interval of the grid

points along the isobaths. The bottom Ekman layer

thickness is typically calculated by D5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ay/(0:5f )

p
,

where Ay is vertical eddy viscosity. Since the reanalysis

data of JCOPE2 provides us only daily averaged ve-

locities, the nonlinear feature in the calculation for the

bottom stresses and vertical eddy viscosity prevents us

from obtaining an accurate value for the two variables.

As an alternative, we estimated the bottomEkman layer

thickness through the veering rate based on the left-

veering feature of the bottom Ekman currents in the

Northern Hemisphere.

For stratified water over a sloping bottom, it has been

reported that the veering rate of the horizontal bottom

Ekman current is largest at the top of the bottom

boundary layer (Weatherly andMartin 1978; Taylor and

Sarkar 2008). We therefore define the bottom Ekman

layer as the point where the first peak of the veering rate

comes up from the bottom and set its upper limit as half

of the water depth to avoid the case that there is no

veering rate peak within a water column or the veering

rate peak is found in the surface Ekman layer. We pre-

sented the distribution of bottom Ekman thickness over

the ECS in Fig. 14. The averaged bottom Ekman

thicknesses at the 200-, 100-, and 50-m isobaths are 17.9,

10.9, and 5.1m, respectively, with a decreasing trend

from the deep ocean to the shallow shelf sea.

Yoshikawa et al. (2010) estimated the vertical eddy

viscosity through velocity profiles observed at two sta-

tions in the ECS. The water depths at the two stations

are 128 and 53m, respectively. The estimated vertical

eddy viscosity peaked at 2–3 3 1023m2 s21 at around

5m above the sea bottom. By substituting this value into

D5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ay/(0:5f )

p
, we obtained a bottom Ekman layer

thickness of about 8m. We also estimated the bottom

Ekman layer thicknesses at the same two stations

through the veering rate method that gives values of 16

and 5m for the 128- and 53-m depth stations, re-

spectively. Although the results from the two methods

are not identical, they are very similar.

Based on the mooring velocity data at the 128-m

depth station, Yoshikawa et al. (2010) estimated the

onshore transport per unit area as 0.33m2 s21 for 11–

16 October 2007 and 0.13m2 s21 for 19 August–17 Oc-

tober 2008. Since the bottom onshore cross-isobath

currents distribute over the entire isobaths (Figs. 4–6),

we multiplied the onshore transport per unit area re-

ported by Yoshikawa et al. (2010) with the length of the

FIG. 14. Distribution of mean bottom Ekman thickness in the

ECS. Bottom Ekman thickness in the areas deeper than 250-m

depth is not shown.

FIG. 13. Temperature distribution along the 200-m isobath in

(a) February and (b) August. The grid points are counted from

south to north.
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three isobaths (about 1600km) and obtained a value of

0.53 or 0.21 Sv as the first-order approximation of the

bottom onshore Ekman transport.

We next estimated the cross-isobath component of the

total bottom Ekman transport with the following

equation: VT0
B 5

Ð
0:5DU dx (Pedlosky 1987), where U

is the geostrophic current, and D is the bottom Ekman

layer thickness. ThemeanVT0
B at the 200-, 100- and 50-m

isobaths are 0.60, 0.66, and 0.13 Sv, respectively, using

the bottom Ekman layer thickness obtained by the

veering rate method as D and the along-isobath current

velocity above the bottom Ekman layer as U. The VT0
B

of the 100-m isobath is a little larger than the NVT in the

bottom layer of the 100-m isobath (0.55 Sv), while those

of the 200- and 50-m isobaths are a little smaller than the

corresponding NVT in the bottom layers of the 200-m

isobath (0.79 Sv) and the 50-m isobath (0.32 Sv).

The above estimation suggests that the bottom

Ekman effect is a very important process in the forma-

tion of NVT in the bottom layer of the 100-m isobath. At

the 200-m isobath, the bottom Ekman effect explains

only part of the NVT in the bottom layer. The density

change along the isobath must also contribute to the

NVT in the bottom layer of the 200-m isobath. At the

50-m isobath, the bottom Ekman effect explains only a

small part of the NVT in its bottom layer. The response

of the bottom layer along the 50-m isobath to the

buoyancy effects of the Changjiang water is likely more

important than the bottom Ekman effect to the NVT in

the bottom layer of the 50-m isobath.

5. Discussion and conclusions

Using JCOPE2 reanalysis data, we presented the an-

nual mean and seasonal variation in current velocity and

volume transport across the 200-, 100-, and 50-m iso-

baths of the ECS. For all isobaths, the IVT and OVT

show a larger magnitude than the corresponding NVT.

The NVT across the 200-m isobath is 1.27 Sv in the

onshore direction. The NVT across the 100-m isobath

is 20.86 Sv in the offshore direction. When it comes to

the 50-m isobath, the NVT is small but the IVT and

OVT are about two orders of magnitude larger than

that of the NVT. The seasonal variation of NVTs

weakens from outer shelf to the inner shelf, and the IVT

and OVT values roughly change in phase, except for the

100-m isobath.

Currents across the isobaths appear as stripelike ver-

tical structures. At the 200-m isobath, the maximum

cross-isobath velocity appears in the surface layer. The

horizontal average of the cross-isobath is divided into

three layers with onshore transport identified in the

surface and bottom layers while the midlayer has an

unstable current direction. At the 100- and 50-m iso-

baths, the maximum cross-isobath current occurs near

the bottom. The horizontal average of the cross-isobath

current is in the offshore direction in the surface layer

and in the onshore direction in the bottom layer,

representing a two-layer structure.

The NVTs in the vertical layers of the three isobaths

are likely related to each other to a certain degree

(Fig. 15). As a mean state (mean in Fig. 15), ;0.34-Sv

water moves from the inner shelf to the midshelf in the

surface layer of the 50-m isobath, and 1.42-Sv water

moves from the midshelf to the outer shelf in the surface

layer of the 100-m isobath;;0.38- and 0.1-Sv water flow

from the open ocean to the outer shelf in the surface and

midlayer of the 200-m isobath, respectively, which are in

the opposite direction of the cross-isobath current in the

surface layers of the 50- and 100-m isobaths. In the

bottom layers, all NVTs indicate the same onshore di-

rection with values of 0.79, 0.55, and 0.31 Sv at the 200-,

100-, and 50-m isobaths, respectively. The mean NVTs

in the bottom layers of the 100- and 50-m isobaths are

70% and 40% of that across the 200-m isobath,

showing a decreasing trend from the 200- to the 50-m

isobath. The relationship of the cross-isobath current in

the bottom layers of three isobaths suggests that the

bottom layer over the shelf is likely an important path-

way for water exchange between the Kuroshio and

continental shelf of the ECS.

The seasonal variations of the NVTs in the surface

layers of three isobaths are all remarkable and similar

(summer and winter in Fig. 15). In winter (summer), the

offshore cross-isobath transports in the surface layers of

the 50- and 100-m isobaths are weakened (intensified)

while the onshore cross-isobath transport in the surface

layer of the 200-m isobath is intensified (reversed to a

weak offshore transport). In the bottom layers, the

NVTs across the 100- and 50-m isobaths have more

marked seasonality than that across the 200-m isobath.

The NVT in the midlayer of the 200-m isobath shows

nearly opposite seasonal variation to that in the surface

layer of the 200-m isobath but nearly the same seasonal

variation as in the bottom layer of the 50- and 100-m

isobaths.

The controlling factor of seasonal variations varies for

different vertical layers and for different isobaths. The

surface Ekman transport contributes to the surface

cross-isobath transport integrated over the three iso-

baths. The agreement of phase and magnitude between

the NVT in the surface layer of the 200-m isobath and

the surface Ekman transport suggests the dominant role

of the winds there. However, the phase disagreement

between theNVT in the surface layer of the 100- and 50-m

isobaths and the surface Ekman transport suggests a
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more important contribution from other processes.

The NVT in the surface layer of the 100-m isobath is

likely affected more by the Taiwan Strait Current than

by the surface winds and that of the 50-m isobath

develops more due to the Changjiang discharge than

due to the surface winds. The seasonal variation of

NVT in the midlayer of the 200-m isobath is likely

under a strong geostrophic balance. The bottom

Ekman effect on the onshore NVT in the bottom layer

is important at the 100-m isobath, partly important at

the 200-m isobath, and slightly important at the 50-m

isobath. The geostrophic control by the density

change along the isobath also contributes to the NVT

in the bottom layer of the 200-m isobath, while the

response to the buoyancy effect of Changjiang dis-

charge is important to the NVT in the bottom layer of

the 50-m isobath.

The cross-shelf exchange in the ECS is a complex

hydrodynamic system and is controlled by a combina-

tion of many processes. In this study, we present some

mechanisms responsible for the cross-shelf currents. It is

possible for us to underestimate some other mech-

anisms. A quantitative estimation on the contribution

of each potential mechanism to the cross-shelf

current needs more numerical experiments and field

observations.
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