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Abstract
For understanding more about the water exchange between the Kuroshio and the East
China Sea, We studied the variability of the Kuroshio in the East China Sea (ECS) in the period of
1991 to 2008 using a three-dimensional circulation model, and calculated Kuroshio onshore volume
transport in the ECS at the minimum of 0.48 Sv (1 Sv ; 106 m3/s) in summer and the maximum of
1.69 Sv in winter. Based on the data of WOA05 and NCEP, The modeled result indicates that the
Kuroshio transport east of Taiwan Island decreased since 2000. Lateral movements tended to be
stronger at two ends of the Kuroshio in the ECS than that of the middle segment. In addition, we
applied a spectral mixture model (SMM) to determine the exchange zone between the Kuroshio and
the shelf water of the ECS. The result reveals a significantly negative correlation (coefficient of -0.78)
between the area of exchange zone and the Kuroshio onshore transport at 200 m isobath in the ECS.
This conclusion brings a new view for the water exchange between the Kuroshio and the East China
Sea. Additional to annual and semi-annual signals, intra-seasonal signal of probably the Pacific origin
may trigger the events of Kuroshio intrusion and exchange in the ECS.
Keyword: East China Sea (ECS); Kuroshio; spectral clustering; spectral mixture model; water mass
analysis; water exchange

1 INTRODUCTION
The East China Sea (ECS) is a large marginal
sea in the western Pacific, which has the world's
vastest continental shelf. Out of a total area of
1.256106 km2, the shelf region (depth ,200 m)
amounts to 0.96106 km2 (Wang et al., 2000; Lin
et al., 2002; Hu et al., 2007). The Kuroshio, the
western boundary current in the western north
Pacific, originates from the North Equatorial
Current (NEC) that bifurcates off the Philippine
coast (Nitani, 1972; Guo et al., 2003). The
Kuroshio, after sometimes looping into the
South China Sea via the Luzon Strait
sometimes, flows by east of Taiwan Island and
then in a northeastward direction along the
continental slope in the ECS (Nitani, 1972; Guo

et al., 2003; Andres et al., 2008). The Kuroshio
determines the mass transport of the subtropical
gyre in the Pacific, and consequently exerts strong
influences on the regional climate (Guo et al.,
2003; Ma et al., 2009). It also affects the
complicated seasonal circulation and interannual
variability of the currents in the ECS (Mizuno
et al., 1983; Yanagi et al., 1993; Bao et al., 2005).
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To understand the Kuroshio variability and the
interplay between the ECS shelf water and the
water brought by the Kuroshio, many valuable
studies have been carried out in the past decades
(Guan, 1980; Wong et al., 2000; Johns et al., 2001;
Teague et al., 2003; Guo et al., 2003 and 2006; Lee
et al, 2007; Ma et al., 2009). The core position of
the Kuroshio and its variability have been studied
extensively. Estimated transport across key
sections in the ECS and the associated
variability from some of the previous studies are
summarized in Table 1. Using the observations
from moored current meters and Acoustic
Doppler Current Profilers (ADCPs) between
September 1994 and May 1996, Johns et al.
(2001) estimated the mean Kuroshio transport at
21.5 Sv east of Taiwan Island. The decrease in
Kuroshio transport during the 1997 El Nino was
observed by Yuan et al. (2001). Based on the
observations collected in October±December,
1999, Teague et al. (2003) calculated the volume,
heat and salt transports in the ECS and concluded
that the volume transport through the Taiwan
Strait and Tsushima Strait were 0.14 and 3.17 Sv,
respective. Similarly, Lin et al. (2005) estimated
the fall/winter transport through the Taiwan
Strait at 0.120.33 Sv. Using a 1/18 deg nested
ocean model, Guo et al. (2003 and 2006) analyzed
the current and volume transport in the ECS.
The mean volume transport through the Taiwan
Strait was 1.71 Sv, which was much larger than
the fall/winter estimate of Teague et al. (2003) and
Lin et al. (2005).
With the advancement of observational means
and numerical models, several comprehensive
studies further analyzed the interaction between
the Kuroshio and the shelf water in recent years.

447

Guo et al. (2006) calculated the seasonal variation
of the Kuroshio onshore flux across the 200 m
isobath in the ECS, which reached the maximum
around 2 Sv in autumn and the minimum less
than 0.5 Sv in summer. They also suggested that
the Ekman transport due to wind stress influences
prominently the seasonal variability of this
onshore transport. The model of Lee and
Matsuno (2007) estimated the transport across
the 200 m isobath at 2.74 Sv in winter and 2.47 Sv
in summer, which was heavily influenced by the
variations of the transport through the Taiwan
Strait and that east of Taiwan Island. Matsuno
et al. (2009) revealed that the Kuroshio intrusion
into the shelf region of the ECS has distinct
seasonal variation and the Taiwan Warm Current
plays a significant role in determining the
Kuroshio intrusion. They further concluded that
the bottom topography, wind stress, vertical
mixing and frontal eddies are important factors
that influence the water exchange between the
Kuroshio and the shelf water in the ECS. Using
the Argos drifter buoy data and TOPEX/Poseidon
altimeter data, the structure and variability of the
surface velocity in the ECS was studied by Ma
et al. (2009). Their result showed that different
segments of the Kuroshio are controlled by the
variability of different dominant periods. Some of
those periods should originate from the westward
propagating Rossby Waves (Wei et al., 2004) or
the Kuroshio frontal instability (Jia et al., 2005).
Other researches focused on the region east and
northeast of Taiwan Island (Chern et al., 1990;
Tang and Yang, 1993; James et al., 1999;
Morimoto et al., 2009). The Kuroshio Edge
Exchange Processes (KEEP) studied the material
exchange between the ECS and the Kuroshio

Table 1 The ROMS estimated net transports at key cross-sections in the ECS (TS) in comparison with the transport specified
by Lee and Matsuno (2007) and the annual mean estimates of Guo et al. (2006) and Teague et al. (2003). Other values
include the 20-month average near 24uN at 21.5 Sv (Johns et al., 2001); annual mean transport across the 200 m
isobath at 0.85 Sv (Isobe, 2006) and 1.4 Sv (Isobe, 2008). In addition, Guo et al. (2006) also showed that the transport
across the 200 m isobath is ,0.5 Sv in summer and ~ 3 Sv in fall
Flux(Sv)
(1 Sv;106 m3/s)

Spring
TS/LM

Summer
TS/LM

Fall
TS/LM (Teague et al., 2003)

Winter
TS/LM

Annual Mean
TS (Guo et al., 2006)

Section 24uN

25.3/21

25.9/24

24.9/20/23

24.6/22

25.1/23.83

Section 130uE

22.2/20

23.7/24

22.7/18/20.0

21.2/21

22.4/19.47

Taiwan Strait

1.6/1.5

2.6/2.5

1.7/1.5/0.14

1.0/0.9

1.7/1.71

Tsushima Strait

2.6/2.3

3.2/2.7

3.6/3.0/3.17

3.0/2.1

3.1/3.03

0.95/2.43

0.48/2.47

1.63/2.84/3.0

1.69/2.74

1.18/1.46

200 m isobath
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(Wong, et al., 2000). Chern et al. (1990) and
James et al. (1999) suggested that the Kuroshio
frontal variability and the associated filaments
and cold eddies were a major factor that induces
exchanges between the ECS shelf water and the
Kuroshio water. Tang and Yang (1993) observed
the intrusion of the Kuroshio onto the shelf region
northeast of Taiwan Island, which has a weak
relationship with the local wind. On the other
hand, Chuang and Liang (1994) suggested that
cold air outbreaks may be the major cause for
triggering Kuroshio intrusions northeast of
Taiwan Island in winter. In addition, short-period
intrusions induced by typhoons were observed by
Chuang and Liang (1994) and Morimoto et al.
(2009).
There have also been numerous studies that
considered the exchange processes between the
Kuroshio water and the shelf water in the ECS
based on water mass analyses and isotope tracer
experiments (Chen et al., 1995; Kim et al., 2005;
Jan et al., 2006; Li et al., 2006; Zuo et al., 2006;
Takikawa et al., 2008; Lan et al., 2009). For
example, using the oxygen isotopes, Kim et al.
(2005) revealed that the Tsushima Current has
two water sources: waters from the Taiwan Strait
and the Kuroshio. These articles add a heuristic
view for studying the circulation in the ECS.
The previous studies often described the
exchange between the Kuroshio water and the
ECS shelf water using the fluxes across the shelf
break. This definition doesn't clearly distinguish
between the Kuroshio lateral movement and the
exchange processes as the onshore flux of the
Kuroshio may exit from the Tsushima Strait
without participating in the exchange processes.
A more clear definition would be arguably
based on water mass analyses. In this study, the
Spectral Mixture Model is applied to the
temperature and salinity fields obtained from a
Pacific basin-wide model simulation from 1991 to
2008 to determine the exchange zone between the
Kuroshio and the shelf water in ECS. The Pacific
basin-wide model is introduced in Section 2. The
model simulated Kuroshio and its variability are
also discussed in this section. The Spectral
Mixture Model, which has been widely used in
graph theory in computer sciences along with the
adaption implemented for this study is described
in Section 3. The relationship between the
variability of the exchange zone and the
Kuroshio onshore flux in the ECS is then
discussed in Section 4.
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2 MODEL AND RESULT
2.1 Model configuration
The 3-D circulation model used in this study is
based on the Regional Ocean Model System
(ROMS). ROMS is a free-surface, hydrostatic,
primitive equation ocean model that uses
stretched, terrain-following coordinates in the
vertical and orthogonal curvilinear coordinates
in the horizontal (Shchepetkin et al., 1998; 2003;
2005). The vertical mixing in the bottom and
surface boundary layers uses the K-profile
parameterization of Large et al. (1994). In this
application, the ROMS has been configured for
the Pacific Ocean from 45uS to 65uN and 99uE to
70uW at 12.5 km resolution. There are 30 s-levels
in the vertical.
The initial condition and boundary condition
for temperature and salinity field are derived
from the World Ocean Atlas (WOA) 2005 (http://
www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html).
The surface forcing data include wind stress,
shortwave radiation, longwave radiation, sensible
and latent heat fluxes, precipitation and evaporation,
except the wind all of which are derived from the
2u62u resolution daily product from the National
Center for Environmental Prediction (http://nomads.
ncep.noaa.gov/txt_descriptions/servers.shtml). The
daily 1/4u61/4u resolution sea surface wind
stress is obtained from the Blended Sea Winds
(ftp://eclipse.ncdc.noaa.gov/raid1b/seawinds/SI/).
Note that the present simulation doesn't include
rivers or tides as the model was originally
developed for the general circulation and the
biogeochemistry
in
the
Pacific
Ocean.
Nevertheless, it has been shown that the
marginal seas in the western Pacific are
reasonably simulated especially in terms of long
term trends. Results from the same model and its
predecessor at 50 km resolution have been used
to examine eddy activities (Xiu et al., 2010) and
biogeochemical processes in the South China Sea
(Chai et al., 2009; Liu and Chai, 2009). This
study uses the monthly averaged model results
for the period from 1991 to 2008, and our
analysis focuses on the Kuroshio and the ECS
in the area from 24u to 35uN and from 118u to
130uE (Fig.1).
2.2 The modeled Kuroshio and its seasonal
variability
The modeled velocity field at 5 m depth is
averaged for the period from 1991 to 2008, which
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Fig.1 (a) The Pacific ROMS model domain and (b) the focal
region of this study
The 5 m mean velocity field is shown as the black arrows, one arrow
of every four grids only. The blue curved arrows show the schematic
annual mean surface currents in the East China Sea (ECS). The zone
between the two orange dashed lines shows the range of the Kuroshio
axis during the 18-year simulation. The two green dashed lines divide
the Kuroshio to three segments, the southwestern segment, the mid
segment and the northeastern segment from left to right. Several
key cross-sections are shown in red lines: TS: Taiwan Strait;
24uN: Kuroshio east of Taiwan at 24uN; 130uE: Kuroshio in the
Tokara Strait at 130uE; and TUS: Tsushima Strait

is shown in Fig.1. The Kuroshio as the intense
western boundary current in the north Pacific is
successfully modeled. The simulated Kuroshio
flows from east of Taiwan Island northeastward
along the continental and exits the study area
through the Tokara Strait. Several currents in the
ECS shelf are directly related to the Kuroshio.
For example, the northward current in the Taiwan
Strait comes partly from the Kuroshio intrusion
into the South China Sea (Fig.2, Spring) and
partly from the South China Sea coastal current
(Fig.2, Summer). Immediately northeast of the
Taiwan Island, the shelf side of the Kuroshio often
peels off to loop anticyclonically onto the shelf,
which joins the warm current emerging from the
Taiwan Strait and fans out as several northwest-,
north-, and northeastward currents in the southern
ECS shelf. At about 30uN, the shoreward side of the
Kuroshio peels off again to flow northward along
the shelfbreak (marked as the Current 2 in Fig.1),
which later becomes the main source for the
Tsushima Current to enter the Sea of Japan. In
addition, a branch separates from Current 2
southwest of Kyushu. The branch (designated as
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Current 1) curves anticyclonically to merge again
with the Kuroshio in the Tokara Strait.
Fig.1 shows the Kuroshio as a strong western
boundary current east of the Taiwan Island
(Stommel, 1948; Fukuoka, 1957). Meanwhile,
based on the Bernoulli Principle (Batchelor, 1967;
Clancy, 1975), a decrease in the potential energy or
pressure of the Kuroshio should accompany the
occurrence of an increase in the speed of the
Kuroshio. This sudden change, which brings
the negative vorticity, cannot be balanced by the
Coriolis Force, so that the Kuroshio flows close to
the east coast of the Taiwan Island and is adjusted to
an equilibrium state by increasing the frictional
force, which generates the positive vorticity. Based
on the theory of Island Integral Constraint, this
friction force may be a mechanism for steering the
flow into the Taiwan Strait (Yang, 2007).
The seasonal variation shown in Fig.2 suggests
that the modeled Kuroshio is the strongest in
spring and summer but becomes weaker in fall and
winter. This agrees with the finding of Zhou et al.
(2006). As explained by Guo et al. (2006), the
seasonal variability is mostly wind-driven with the
density effect playing the secondary role. To
describe different behaviors of the Kuroshio, we
divide the current into three segments based on the
degree of the lateral movements (the two orange
dashed lines in Fig.1). They are designated as the
southwestern segment, the mid segment, and the
northeastern segment from the left to the right.
The Kuroshio axis moves from side to side
around its mean position, and the two end
segments experience more frequent and greater
extent lateral movements compared to the mid
segment. For the southwestern segment, the
position of the Kuroshio axis is further to the
east in spring and summer than in fall and winter
(Fig.2). This appears to be related to the decline of
the northward current from the Taiwan Strait
(Fig.2 Fall and Winter) due to the winter
monsoon as explained by Hsueh et al. (1993).
The Kuroshio position is also known to respond
to extreme weathers. For example, the Kuroshio
was observed to move onto the shelf northeast of
Taiwan Island as Typhoon Hai-Tang passed by
the area from 11 to 21 July 2005 (Morimoto et al.,
2009). The Kuroshio in the mid segment has the
most stable path among all three segments as seen
in Fig.1. We speculate that this area facilitates a
wide range of the frictional force to stabilize the
Kuroshio. The northeastern segment exhibits
most seasonal changes. In this segment, Current
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Fig.2 The seasonally averaged, surface speed from the model, showing clearly the area of strong currents including the
Kuroshio, the Tsushima Current, and the currents in the Taiwan Strait (unit: m/s)

1 is strongest in spring and weakest in fall. It has a
complementary relationship with the Kuroshio.
Current 2, which is a main source of the Tsushima
Current, reaches the greatest strength in summer
but weakest in winter.
2.3 Transport across the Section TS, TUS, 24uN,
130uE and the 200 m isobath
We calculated the transport across five
representative sections (see the red lines in Fig.1
and the red curve in Fig.4). Wide cross-sections
are used to calculate the transport at 24uN and
130uE. Following Chen et al. (2006) the speed
contour of 15 cm/s is used as the bound in
calculating the Kuroshio transport along with
the 1 000 m depth limit in the vertical. The annual
mean and seasonal transport derived from the
18 year simulation are given in Table 1. The
annual mean values compare favorably with the
estimates of Guo et al. (2006) with slightly higher
transport at both 24uN and 130uE. On the other
hand, the seasonal tendency agrees with that
specified by Lee and Matsuno (2007) for the
Taiwan Strait and the Tsushima Strait, but
disagrees for the 24uN and 130uE sections. The
ROMS Pacific simulation shows the maximum

transport of the Kuroshio in summer and the
minimum in winter both at 24uN and 130uE,
whereas according to Lee and Matsuno (2007) the
minimum occurs in October. However, Lee and
Matsuno's estimates were derived from the
sea-level difference time series.
Time series of the monthly transport through
these sections from 1991 to 2008 (Fig.3) show a
generally positive correlation between the Kuroshio
flux at 24uN and that at 130uE. The changes of flux
at 24uN is often earlier than the flux at 130uE but
sometimes later as in 1997 and 2004. It is therefore
hard to conclude that the Kuroshio variability
upstream could totally control the variability
downstream in the ECS. In the model seasonal
variability of the transport at 24uN becomes small
after 2000. This, however, does not seem to affect
the seasonal variability at 130uE.
The transport through the Taiwan Strait (TS)
and the Tsushima Strait (TUS) (Fig.3b) and the
transport across the 200 m isobath (Fig.3c) define
the water budget in the ECS and Yellow Sea. The
TS transport has a highly positive correlation
with the TUS transport with the latter having a
3-month delay, suggesting the TS transport is a
factor that influences the exiting flux through the
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Fig.3 Monthly volume transports from 1991 to 2008
a. Volume transports at 24uN (the thick line) and 130uE (the thin line); b. Volume transports through the TS (the thick line) and the TUS (the thin
line); c. Onshore transport across the 200-m isobath (the thick line) and the difference between the volume through the TS and that through the
TUS (the thin line). Positive values represent northward (24uN section, TS), eastward (130uE section), northeastward (TSU) and onshore (200-m
isobath) fluxes

presence of mesoscale features. Influenced by the
Kuroshio, the magnitudes of the fluxes are larger
and on the average onto the shelf in the
southwestern and mid segment. The northeastern
segment deviates from the main axis of the
Kuroshio. The magnitudes of the fluxes there
are usually smaller than those in the first two
segments, and the net transport for the
northeastern segment is almost nil. Similar result
was also shown by Guo et al. (2006) and the
Transport along 200 m isobath by argo in-situ points
50
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34o
N
33o
32o
31o
30o

1 SV

29o

50

TUS. On the other hand, the TUS transport is
almost twice the TS transport, implying that
waters of different origins also contribute to the
TUS transport. The net transport across the
200 m isobath appears to close the budget with
the time series closely following the difference
between the TUS transport and the TS transport
(Fig.3c). On the average, the net transport across
the 200 m isobath on to the shelf has a
well-defined annual cycle with it being the
highest (~2 Sv) in September±November and
gradually decreasing to a minimum (~1.3 Sv) in
June and July the following year.
Fluxes across the 200 m isobath, which is a
popular index for representing the exchange
between the Kuroshio and shelf waters in the
ECS, is further analyzed. Fig.4 shows the
climatological mean distribution of the flux
along the 200 m isobath. Also plotted are
reporting positions from 31 Argo profiling floats
in the Northwest Pacific (24u±36uN, 117u±130uE).
A total of 3 258 registered float positions are
shown in Fig.4 for all the years from 2003 to 2007,
a11 of which are provided by the China Argo
Real-time Data Center (ftp://www.argo.gov.cn/).
To ensure the accuracy and reliability of these
data, both the real-time and delayed-mode quality
control were made (Tong et al., 2003). The Argo
data are not sufficient for calculating the flux, but
their positions are shown as a reference to indicate
possible advection onto the shelf.
The interleaving distribution of the fluxes
across the 200 m isobath would suggest the
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Fig.4 The axis of the Kuroshio, shown as the heavy blue line,
is derived as the location of the maximum surface flow
speed from the mean of the 18-year simulation
The thin red line shows the 200-m isobath in the ECS, which is the
location where we calculate the flux of the Kuroshio water onto the
continental shelf. The length of the green bars indicates the magnitude
of the annual mean fluxes across the 200-m isobath. The black
asterisks are the reporting locations of Argo buoys at different times
in the period from 2003 to 2007
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3 THE SPECTRAL MIXTURE MODEL
The model result shows clearly that the fluxes
onto the ECS shelf is strong in fall and early
winter (Fig.3) and weak in summer and that the
onshore fluxes across the shelfbreak is highest
north of Taiwan Island in the southern ECS
(Fig.4). This is most likely related to that the mean
position of the Kuroshio is more onto the shelf
(away from the mean Kuroshio axis seen in Fig.1)
in winter than in summer. The questions is to
what degree the onshore fluxes represent the
exchange of the Kuroshio water and the shelf
water rather than the inflow of the Kuroshio
water that subsequently exits from the TUS. An
alternative definition that can better represent the
exchange is needed.
T-S diagram has been a standard tool in water
mass analysis since its application by Sverdrup
et al. (1942). For example, it was used by Miller
(1950) to study water mass divisions. In recent
years, the methods of membership function (Li
et al., 2004) and cluster analysis (Su et al., 1983)
were adopted to analyze the mixed water masses.
However, the method of membership function
tailors the prespecified T-S curve shapes and often
needs many adjustments when applied to different
regions. The classic cluster analysis can be used
more generally, but it sometimes fails to catch
principal directions especially when the T-S
distributions appear to be widely scattered.
Moreover, both methods are inefficient in
processing massive datasets.
Base on recent developments of graph theory in
mathematics, the Spectral Mixture Model (SMM)
is adapted to define an exchange belt between the
Kuroshio water and the shelf water and to
investigate its variability using the modeled
temperature and salinity. To our knowledge, the
method is being used in oceanographic
applications for the first time, and hereby it is
described in details below.
3.1 Algorithm
For clarity, we define a set, P 5 {P1, ¼, Pn}, to
represent all object points in the study domain,
where n is the number of all points. The set
M 5 {m1, ¼, mk} is defined to represent all
possible clusters, which divides the set P. The total

number of the clusters, k, should be less than n.
The SMM consists of three steps. First of all, the
set of object points is divided into any number of
clusters using the spectral clustering method. The
number of clusters and the associated centroids
are determined in this step. Secondly, the
probability of each mi,M from the first step by
all Pj [P is calculated. Lastly, an exchange zone is
defined for any two clusters that belong to M.
Different from classic mixture models, SMM
determines the principal distribution direction
using spectral clustering. Moreover, this method
also considers the influence sphere of each cluster
while calculating the probability density functions.
The influence sphere of a cluster is a spherical space
that encompasses all points of the cluster.
3.1.1 Spectral clustering
Spectral Clustering (SC) is one of the most
popular modern clustering algorithms developed
in the beginning of the 21st century (Ulrike, 2007).
SC is based on graph theory. It has been wildly
used in Computer Sciences, such as artificial vision
systems (Jitendra et al., 2001), machine learning
(Shi, 2000) and other subjects in biochemistry
(Menschaert et al., 2009). As it considers not only
the difference among all the object points, but also
the connectivity as a whole, SC appears to be
superior in computational efficiency (Ng et al.,
2002) and in getting a global optimum especially in
convex regions (Luo et al., 2003). In brief, SC
considers each Pi[P as a vertex in the graph G
(Fig.5). G is an undirected but weighted graph with
a positive semi-definite, symmetric weighting
P1

P2

P5

P7

3

strong correlations among the variability of
these three transports were also reported by Lee
and Matsuno (2007).
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P6

P4

P3

Fig.5 Similarity graph G (P, A)
The edge weight (represented by the width in this graph) of A indicates
the similarity between two vertex points. For example, A23 as the edge
weight for vertexes P2 and P3. In this study, the vertices represent the
water properties from every model grid points
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matrix A (Aij5Aji§0) that represents the similarity
between Pi and Pj. Aij is commonly expressed as the
distance that separates Pi and Pj in the parameter
space. In graph G (P, A), solving the clustering
problem is equivalent to minimizing the graph cut.
To help define the cut, the notation
P
A M, N  : ~
Aij is introduced, where
i[M, j[N

M and N are any two clusters. We also introduce
mi as the complement of mi. The graph cut is then
defined as the following:
cut m1 , . . . ,mk  : ~

k
1X
A(mi ,mi )
2 i~1

1

To avoid having any single vertex be separated
from the rest of the graph, in many cases like ours,
an updated definition for cut known as the
normalized cut (Ncut) is used.
Ncut m1 , . . . ,mk  : ~

k
1X
A(mi ,mi )
2 i~1 vol(mi )

2

P
where vol(mi )~ i[mi Aij . To minimize Ncut, the
SC algorithm is the most direct way (von, 2007).
For the set of points P in Rl (R represents the set
of all real numbers, the superscript indicates the
dimensions of R), which will be divided into k
clusters, the entire SC algorithm is simply
described below.
1) Construct an affinity matrix A[Rn6n. In
this study we use the Gaussian similarity function
to define A.
.


2
2s2
3
Aij ~ exp - pi {pj
The scaling parameter, s, determines the decline
rate of Aij given the distance between pi and pj.
Although there are methods for optimizing s
automatically (von, 2007), it is simply set to 1 in
this case because all data had been standardized.
2) Define a diagonal matrix D with Dii being
the sum of all values in the ith row of A:
Dii ~

n
X

Aij

4

j~1

3) Define a Laplacian matrix L, a positive
semi-definite matrix:
L~D{1=2 AD{1=2

5

4) Obtain the k smallest eigenvalues (l1,¼,
lk) and their corresponding eigenvectors
!,¼, !
(x
xk ) of L;
1
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!
!
5) Let the object matrix O 5 ( x 1 ,¼, x k )
[Rn6k be the matrix stacking the eigenvectors in
columns.
6) Form the matrix Q[Rn6k from O by
normalizing each row of O to have unit length.
Oij
Qij ~ P 2 1=2
( j Oij )

6

7) Treat each row of Q as a point in P. This
means Q could be seen as an array of N points by
k attributes. Divide them into clusters of M using
the K-means algorithm or any other traditional
clustering algorithm. Meanwhile, the centroid
associated with each cluster is determined.
The K-means algorithm can be described in 5
steps below. Another method developed by Lai
et al. (2009) could be used if faster calculation is
desired.
1) Make an initial guess of the k centroids;
2) Calculate the distance between every point
to the cluster centroids. Euclidean distance in the
parameter space is used in this study.
3) Assign each point to one specific group
based on the minimum distances, which means a
point belongs to one cluster having the nearest
centroid from this point.
4) Calculate the new centroid for each group
based on all members' coordinates
5) Repeat step 2±4 until all groups'
membership become stable. One then obtains the
final membership and the centroid of all clusters.
The results from the simple K-means method is
shown in Fig.6a, while that from the SC algorithm
is shown in Fig.6b. The latter is more applicable in
this research for defining an exchange zone
between the Kuroshio water and the shelf water
of the ECS, likely resulting from the anisotropic
T-S variance with it being more observable in
the direction normal to the Kuroshio than the
tangential.
3.1.2 Probability density function
To define an exchange zone quantitatively, we
need to know to what degree a point belongs
to each relevant The biggest advantage of the
spectral clustering method rests on the probability
density functions derived from this method, which
can be used to calculate the degree of membership
between each point and relevant clusters. Details
of the steps are given below:
1) For any point Pi[P (Fig.6a), the disi,kk(kk[
[1 k]) indicates the difference from the point Pi to
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Fig.6 Examples of clustering analyses applied to the modeled T-S data (right) and its projection on the horizontal plain (left)
a. Result from the simple K-means algorithm; b. similar to (a) but using the spectral mixture method

the centroid of the group mkk(Ckk). We use the
Euclidean distance to compute disi,kk here since
the data has been standardized:
disi,kk ~kPi {Ckk k

7

2) Use wi,kk, which is proportional to the
reciprocal of disi,kk, to indicate a degree of
membership for the point Pi associated with the
cluster kk. If ;disi,kk(kk[ [1 k]) ?0,
wi,kk ~numkk =disi,kk

8

Here, numkk is the number of points Pi[mkk. If
'disi,j(j[[1 k]) 5 0,
n
9
wi,kk ~ 10 (kk~j)
(kk=j)
3) Form the mixture distribution matrix H.
Let wi[P,kk[M be the weight of the degree of
membership for Pi to be associated with Mkk.
Hi,kk is then the probability defined as

H i,kk ~

wi,kk
k
P
j~1

10

wi,j

3.1.3 The exchange zone between clusters
To determine the exchange zones among the
cluster set T5 {t1,¼,tv}(ti-mj5;, 1,v¦k), set Rm,n
and set Sm,n are introduced to calculate the limits
between any two clusters of tm and tn in T (m?n):
Rm,n )Pi [ft1 |t2 . . . |tv g
in which jH i,m {H i,n jvam,n am,n [0 1
S m,n )Pi [ft1 |t2 . . . |tv g
! !
in which jdi jvbm,n | min B , E

11

12

!! !
!
!
Here, B 5cm-cmid, E 5cn-cmid, and di5( A N B )/| B |,
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determined by the SMM analysis in the case of v52,
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the value of R

in which cmid:5(cm6numn+cn6numm)/(numm+numn)
!
and A is a vector with the elements given by
!
A i5Pi ± cmid. The graphical representation of these
variables in a simple two cluster case is shown in
Fig.7. The parameters a and b in Eq.11 and Eq.12
depend on the specific study of concern. In this study,
a and b are finally set to 0.35 and 0.5 after many test
trials. The exchange zone is then defined as
Z m,n ~Rm,n >S m,n
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13

Here, > (ai):5a1>a2¼>ai. Zm,n includes all mixed
points among T as Z (Fig.7):

Z~> Z i,j , i[1 v, j[1 v, i=j
14
3.2 Application of SMM to determine the exchange
zone between the Kuroshio water and the shelf
water in the ECS
The exchange zone between the Kuroshio water
and the shelf water in the ECS is considered using
the ROMS simulated temperature and salinity in
this application. Based on the annual averaged
temperature and salinity profile along the latitude
at 27uN shown in Fig.8, the 100 m depth is chosen
for the examination of this exchange zone since
the distinctive appearance of the Kuroshio can be
found in both the temperature and salinity at this
level. To avoid the influence of the circulation in
the Taiwan Strait and Tsushima Strait Current,
we limit the latitudinal range to between 25 and
31uN. We also use the Kuroshio axis as the
eastern boundary. We assume the core of the
Kuroshio is bounded by the 0.4 m/s isotach in

Fig.8 Climatological annual mean of the vertical section of
temperature (a) and salinity (b) at 27uN
The black solid line indicates the depth of 100 meters

speed (Guan, 1980), and we use the maximum
velocity point in the core as the position of the
Kuroshio axis, which is similar to the definition of
Andres et al. (2008). When compared with the
temperature and salinity distributions with the
World Ocean Atlas data (not shown), the
temprature at 100 m is well simulated whereas
the salinity is somewhat higher, but the patterns are
similar.
Fig.9 shows the result of the SMM method with
a50.35 and b5 0.5, which appears to be a good
combination of parameters for defining the
exchange zone in our study. This method
indicates a belt of exchange zone along the shelf
break in the ECS. Compared to the belt in winter,
the belt in summer is closer to the Kuroshio axis
in the southwestern and mid segments, likely as a
result of the summer monsoon driving the shelf
water towards the open ocean. Another obvious
difference is the presence of an exchange zone
northwest of the Taiwan Island. This clearly
shows the influence of the Kuroshio water on
the ECS via the Taiwan Strait, but the influence
diminishes in winter. The exchange zone is the
widest in the northeastern segment and it has the
most obvious seasonal swing with the zone clearly
following the mean path of the Kuroshio in winter
but veering towards the Korean Peninsula in
summer. The strong seasonal variability of the
exchange belt in segment 3 might be caused by the
seasonal variability of Tsushima Current (Fig.1,
Fig.3b). The T-S diagrams show wider ranges in
the temperature and salinity in summer especially
for the shelf water. Higher temperatures of the
shelf water clearly result from seasonal warming,
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Fig.9 Analysis of the exchange zone at 100m in the ECS using SMM
Shown in (a) and (b) are distributions of the exchange zone in winter and summer, respectively. The corresponding TS scatter plots are shown in (c) and (d)

whereas the colder temperatures are located
farther away from the Kuroshio.
The size of the exchange zone is then computed
as the total area of the green shading, which is
shown as the thick curve in Fig.10a. It varies
seasonally with a minimum in January and often a
second minimum in September. The biggest extent
6

×104
a

Extent (km2)

5

of the exchange zone occurs in April±July, with
secondary peak often in November. We also
analyzed the relationship between the exchange
zone and the fluxes discussed above. There was a
significantly negative correlation, -0.78, between
the area of the exchange zone and the transport
across the 200 m isobath along the shelf break in

Interannual change of the exchange zone along the East China Sea Kuroshio
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Fig.10 (a) Variability of the exchange zone area in the ECS (thick line) and the onshore flux across the 200-m isobath (f200) by
doing a coordinate transform (thin line): f2006104+26104. Asterisks indicate the averaged value of each year from
1991 to 2008; (b) Spectrum of the exchange zone area shown in (a), which shows three peak periods at ~ 1 year, half
year, and 3±4 months, respectively
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the ECS (Fig.10). This significant correlation
implies that the strong onshore volume flux
tends to limit the water exchange between The
Kuroshio and the shelf water in the ECS. A
possible explanation is that they both relate to the
variance of the Kuroshio position. When the
Kuroshio becomes stronger, it forces more water
onto the shelf hence larger fluxes across the 200 m
isobath, but at the same time more water with
significantly different temperature and salinity
makes it harder to mix. Moreover, the total area
of the exchange zone clearly shows the presence of
the annual, semi-annual and intra-seasonal (3±4
months) variability, respectively. The lower limit
of the confidence interval is about 0.23 for P,5%
(95% significance), so all three frequencies are
significant. The intra-seasonal variability is mostly
caused by the westward Rossby Wave from the
Pacific Ocean, but it is also possible from the
interaction among the currents in the ECS.

4 DISCUSSION
The ROMS Pacific basin-wide simulation from
1991 to 2008 is used to depict the Kuroshio and
the shelf currents in the ECS. The annual mean
inflow (24uN) and outflow (130uE) of Kuroshio
are estimated at 25.1 and 22.4 Sv, respectively,
while the annual mean transport through the TS
and the TUS are at 1.7 and 3.1 Sv. The difference
between the pairs (24uN±130uE, or TUS ± TS) is
almost balanced by the net transport across the
200 m isobath onto the shelf. These annual mean
values of transport as well as the seasonal
transport through the TS and TUS are in good
agreement with what have been reported in the
published literature. The model also reveals an
obvious seasonal variation in the onshore flux
across the 200 m, which reaches the maximum in
late fall and earlier winter and the minimum in
summer. This seasonal variability comes partly
from the enhanced Kuroshio intrusion northeast
of Taiwan Island in response to the weakened
northward Taiwan Current coming out the
Taiwan Strait. Another interesting phenomenon
hinted from the 18-year simulation is the decrease
in amplitude of the seasonal variation of the
transport at 24uN after the year of 2000. Processes
that drive this phenomenon, most likely related to
basin-wide long-term changes, warrant further
investigation in the future.
The successful application of the SMM allows
us define an exchange zone between the Kuroshio
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and the ECS shelf water. The SMM distinguishes
itself from the traditional cluster analysis because
it can compute the degree of association at the
same time. The SMM is generally more general
and efficient. The exchange zone as discussed in
this paper follows the concept of Information
Transition Zone (ITZ), which focuses on water
property characteristics rather than the processes
of material transport. Nevertheless, the exchange
zone tends to correlate with the transport processes
to some extent because the onshore transport brings
the water mass to be mixed with the shelf water. On
the other hand, the intrusion of the Kuroshio onto
the shelf may squeeze the exchange zone, which
appears as the inverse correlation between the
exchange zone area and the net transport across
the shelf break. In addition to the annual signal,
significant peaks at periods of ~ 6 month and 3±4
months are found in the power spectrum from the
time series of the exchange zone area, suggesting
possible influences of the intra-seasonal signal
from the Pacific on the exchanges between the
Kuroshio and the ECS.
In this study the SMM is successfully applied to
a simple case of only two water masses. It is
worthwhile to point out that the SMM has
potentially more extensive applications in water
mass analyses and in studies of frontal processes.
This method can be used to define the ITZs
among any number of clusters by calculating the
intercepts of multiple ITZs, each of which is
defined between two given clusters as in this
study. Fig.11 shows the intercept of two ITZs
100
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Fig.11 The zone amid thick polygon is the maximum limits
for the case of v53, a50.5, b51.0
The number of points in each cluster (numi, i represents either a, b, or
c) is shown in the figure
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among three clusters. Another issue is choosing
num and two parameters, a and b. Methodologies
to optimize these values need to be developed
before extending the SMM to more general
applications. The simple definition of numkk,
which stands for the number of object points in
the cluster of mkk, is used to represent the range of
mkk in this study. This definition is based on the
assumption that the supposition of the points'
distribution density of all clusters is uniform.
Therefore, for problems with the distribution
density varying from cluster to cluster, we
suggest to replace numkk/ddkk with numkk in
Eq.8. The two parameters, a and b, can include
not only the properties but also their gradients
such as the information on thermocline and
halocline. Doing so one can speed up the
selection for the optimal a and b. Finally, the
number of water masses (k) was prescribed in this
study. Actually the optimal value of k can be
determined automatically by analyzing the series
of the eigenvalues from L (Eq.5). One idea is to
sort the eigenvalues from the smallest to the
largest and then find the k smallest eigenvalues
whose sum is smaller than a ratio relevant to the
sum of all eigenvalues. Improvements to SMM
and other applications in oceanography are also
being investigated in our laboratories, which shall
be reported in future publications.
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