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Sources of Water in the Taiwan Strait
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The conveyor of the source water that feeds into the Taiwan Strait (TS), particularly
from the south, is investigated using historical CTD (Conductivity-Temperature-
Depth) data and a North Pacific Ocean and East Asian seas coupled model. The
modeled currents and drifter trajectories suggest that the Kuroshio Branch Water
(KBW) rarely flows directly into the TS from the Luzon Strait (LS) in winter; instead
the massive westward movement of the Kuroshio conveys high salinity water to the
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southeastern TS through a loop-like route. In summer, the modeled flow fields sug-
gest that the Kuroshio surface currents hardly intrude into the TS directly from the
LS. Observations and model results show that the monsoon-driven northeastward-
flowing currents in the northern South China Sea transport relatively low salinity

water through the entire TS.

1. Introduction

The Taiwan Strait (TS) is a 200-km-wide, shallow
passage between the island of Taiwan and the China main-
land, connecting the South China Sea (SCS) to the East
China Sea (ECS). Hydrographic data analyses identify
three primary water masses in the TS: the Kuroshio
Branch Water (KBW) with high temperature and high
salinity, the Mixed China Coastal Water (MCCW), also
known as Changjiang Diluted Water, with low tempera-
ture and low salinity, and the South China Sea Water
(SCSW) with intermediate temperature and salinity (Chu,
1971; Fan and Yu, 1981; Jan et al., 2006a).

Briefly, the SCSW exists primarily in summer (June
to September) and is likely carried by the southwest
monsoon-driven SCS surface currents from the south to
the TS (Fig. 1(a)). The KBW plausibly originates from
the Kuroshio’s westward intrusion through the Luzon
Strait (LS) in late fall to early spring (October to May)
and flows northward to the northern TS via the meridi-
onal deep channel in the southeastern TS (Fig. 1(b)). There
is no doubt that the MCCW originates from the
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Changjiang (also known as Yangtze River) diluted water
in the Changjiang Estuary (Chen, 2003) and is conveyed
by the northeast monsoon-driven, southwest-flowing
China Coastal Current to the northern TS during fall to
early spring (Fig. 1(b)). The exchange of water mass is
modulated by the annual cycle of monsoon forcing, which
strengthens the northward current in summer but weak-
ens in other seasons. It is important to note that the TS
throughflow transports different water masses, resulting
in different heat, salt and material budgets in the ECS,
which may thus significantly affect the ECS circulation
and hence the biogeochemical budget. Furthermore, nu-
merical tracer experiments conducted by Guo et al. (2006)
suggest that 50% and 20% of the tracer in the Tsushima
(Korea) Strait originates from the TS in summer and win-
ter, respectively. Thus, better understanding of the source
water in the TS transcends its local importance.
Compared to the pathway of the MCCW, previous
descriptions related to the source and the path of the KBW
or SCSW to the TS are mostly speculative (e.g. Nitani,
1972; Fan and Yu, 1981; Shaw, 1989; Jan er al., 2002)
due to the lack of integrated investigation between the
TS and the northern SCS based on comprehensive field
observations. Conceivably, the source water that feeds into
the TS from the south must relate to the circulation in the
LS and the northern SCS, which is known to be complex
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Bathymetric chart and schematic mean paths of flows entering the Taiwan Strait during (a) summer and (b) winter

(1: Kuroshio; 2: Northern SCS surface currents; 3: China Coastal Current; 4: Kuroshio Branch Current).

at seasonal and basin-wide scales. In the LS, the Kuroshio
originating east of the Philippines around 15°N may leap
or loop across the LS, affecting the circulation and water
mass composition in the northern SCS (Shaw, 1989, 1991;
Qu et al., 2000; Metzger and Hurlburt, 2001; Centurioni
et al., 2004; Ho et al., 2004; Yuan et al., 2006; Du et al.,
2008, and others). Based on CTD (Conductivity-Tempera-
ture-Depth) data collected in the southwest of Taiwan
during May and August, 1986, Shaw (1989) character-
ized the Kuroshio intrusion water, and proposed that the
Kuroshio intrusion may be part of a cyclonic circulation
in the northern SCS. Note that the period May through
August is defined as part of the summer in this study.
Based on the analyses of a large CTD database and oxy-
gen isotope data, Shaw (1991) and Qu (2002) further con-
firmed that the Kuroshio intrusion water can reach the
interior of the SCS in winter. These papers provide early
speculation on the conveyor of KBW around the LS.
Using trajectories of the Argos satellite-tracked drift-
ers between 1989 and 2002, Centurioni et al. (2004) con-
clude that the massive westward intrusion of Kuroshio
through the LS occurs only in winter (October—January);
in other seasons the Kuroshio mostly loops across the LS.
Using satellite remote sensing data collected in 1997-
2005, Caruso et al. (2006) propose that the intrusion in
the central region of the LS results in an anticyclonic cir-
culation in the northeastern SCS, while the intrusion in
the northern portion of the LS results in a cyclonic circu-
lation. The Kuroshio intrusion water in the northern SCS,
i.e. the KBW, identified by Shaw (1991) and Qu (2002)
seems to be transported by the massive westward intru-
sion of Kuroshio in winter examined by Centurioni et al.
(2004), but with a mean circulation describing an anticy-
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clonic rather than a cyclonic loop.

In addition to the seasonal circulation, the strong
high-frequency internal waves characterized in the LS to
northern SCS (Duda et al., 2004; Jan et al., 2008) are one
of the important factors that can increase vertical mixing
and then modify the water properties (Jan and Chen,
2009). The energetic eddies revealed by Yuan et al. (2006)
are also an important factor, transporting and stirring
water mass there on a weekly scale. However, evaluating
the influence of the factors on the transportation of water
mass that enters the TS is beyond the scope of this study,
which focuses on the seasonal scale.

The water mass and associated circulation patterns
in the TS and LS to the northern SCS have been well stud-
ied individually but are rarely discussed and linked to-
gether. Hence, this study carefully evaluates the convey-
ors of the KBW and the SCSW from their source regions,
i.e. the LS and the northern SCS, to the TS. A cluster
analysis is then applied to the historical CTD data to clas-
sify water masses, followed by the model-simulated cir-
culation patterns and drifter trajectories to trace their
paths.

2. Water Mass Analysis

2.1 Hydrographic data

The CTD data acquired aboard research vessels
Ocean Researcher 1, 2 and 3 (OR-1, 2 and 3 hereafter)
covering the area from 114° to 125°E and from 17° to
24°N during 1985 to 2005 were collected for water mass
analysis. This domain covers the TS, northern SCS and
the LS. The data were seasonally averaged in each 20" X
20’ grid and then gridded vertically following the stand-
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Fig. 2. Numbers of CTD casts in each 20" x 20’ grid during (a) summer and (b) winter from 1985 to 2005.

ard depths defined by Levitus and Boyer (1994), viz., 0,
10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400 and
500 m depths. Only data above 500 m depth were used to
analyze the water masses since the depths in the TS are
mostly shallower than 100 m. Since the hydrography is
significant different between summer (defined as June to
August) and winter (December to February), we focus on
the results from these two contrasting seasons here. Fig-
ure 2 shows the numbers of CTD casts in each grid dur-
ing summer and winter. Both the density and space cov-
erage of the CTD data are larger in summer than in win-
ter.

The climatological mean currents were compiled by
the ship-board acoustic Doppler current profiler (ADCP)
data acquired aboard OR-1, 2 and 3 around Taiwan dur-
ing 1991 to 2007 and can be downloaded from the Ocean
Data Bank (http://140.112.65.17/odbs/Physics/adcp/) of
Taiwan’s National Science Council. The current profiler
was a 150 kHz ADCP aboard OR-1 and was a 75 kHz
ADCP aboard OR-2 and 3. The basic setting indicates
that the current velocity was measured every second and
a 1-2 min ensemble averaged velocity was stored for ap-
plications. The depth bin was normally set to 8—16 m and
the measurement depth ranged from 16 to 320 m (Liang
et al., 2003). The ship velocity was measured using the
ship location positioned by the global positioning system
(GPS) when the bottom tracking mode was not available.
After debugging, the data were analyzed using the proce-
dure developed by Tang and Ma (1995). Briefly, a 30-
min running mean was applied to the data and was set to
the mean position of the data. The low-pass-filtered ve-
locity data were then linearly interpolated to the center
of a 0.25° x 0.25° grid. In our study area, a grid typically
consists of more than 10 data points (see figure 3 in the
paper of Liang et al., 2003), which is sufficient to esti-
mate seasonal mean currents. Since the tidal current ve-

locities were not extracted from the raw data, the sea-
sonal mean currents, even though part of the tidal com-
ponents may be averaged out, are more or less contami-
nated by tidal currents. Thus the seasonal mean circula-
tion patterns are only described qualitatively here.

2.2 Cluster analysis

The water mass classification was performed with a
cluster analysis and associated T-S diagrams. The cluster
analysis is not merely a typical statistical procedure;
rather, it is a collection of different algorithms that put
objects into clusters according to the well-defined simi-
larity rules (Wilks, 1995). The advantage of the cluster
analysis is that it enables objects of similar kinds to be
gathered into respective categories from massive data such
as the CTD data in this study. Similar to the cluster analy-
sis used by Hur et al. (1999), our method is based on a
criterion coefficient (F), defined as

F = (AT/o,)? + (AS/0g)? + (AD/op)* + LIL,, (1)

where T, S and D stand for the mean temperature, salinity
and depth of a cluster, respectively; o, 0 and 0}, denote
standard deviations for temperature, salinity and depth
of the data set; L and L, represent geographical distance
and a characteristic distance scale, respectively. As can
be seen, the smaller the value of F, the closer the two
clusters are. The value of characteristic distance L, (40
km in this study) depends primarily on the horizontal reso-
lution of the CTD data (~36 km). Thus when L = 40 km,
it contributes to one standard deviation of the factor F. A
sample mean is applied to calculate the temperature, sa-
linity and depth for each cluster. The geographical dis-
tance is defined as the shortest distance between two clus-
ters in order to enable a throughflow feature to be dis-
cerned by cluster analysis (Wilks, 1995). The value of F
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Fig. 3. Seasonal mean temperature and salinity distributions at
10 and 100 m depths for (a) summer and (b) winter.

is set to 1.5 here, which means when F between two data
(or clusters) is less than 1.5, they are grouped together.
Based on the definition, the procedure of a cluster
analysis begins from the comparison of an arbitrary picked
CTD datum (base datum) with the other data. Once the F
calculated from the base datum and some other datum is
smaller than 1.5, the two data are grouped into a new clus-
ter. The aforementioned grouping process is applied to
the new cluster. The first run of the procedure is then com-
pleted when each datum is compared with the first clus-
ter; the statistics of the cluster such as the mean tempera-
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Fig. 4. T-S diagram of the processed CTD data in (a) summer
and (b) winter.

Table 1. Properties of water masses classified by the cluster
analysis. T, S and D stand for seasonal mean temperature,
salinity and depth of each water mass.

Season Water mass T (°C) N D (m)
Summer SCSW 27.66  33.92 21.3

KBW 24.63 34.49 62.8
Winter KBW 20.54 34.59 115.8

ture, salinity and depth and the depth range of the grouped
data are then calculated. The same procedure is applied
to the remaining data until the data cannot be grouped to
each other.

2.3 Seasonal water mass distribution

Note that winds over the northern SCS, TS and LS
are dominated by the East Asian monsoon, which is south-
westerly with averaged speed of about 5 m/s in summer
and northeasterly with averaged speed of up to 10 m/s in
winter. The circulation and hydrography in these regions
are normally subject to the seasonal change of the pre-
vailing winds. The seasonal mean temperature and salin-
ity distributions at 10 and 100 m depths for summer and
winter are shown in Fig. 3, superimposed by the seasonal
mean current velocity analyzed from the historical ship-
board ADCP data. These depths are chosen to represent
surface and subsurface layers, respectively. In summer
(Fig. 3(a)), the surface (10 m depth) temperature is lower
(<29°C) from the southern TS to northern SCS and east
of LS and Taiwan. The higher temperature presents west
of LS in the area between 118—120°E and east of 123°E.
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Fig. 5. Horizontal distribution of the major water masses classified by cluster analysis during (a) summer and (b) winter. Open
square and solid circle represent SCSW and KBW, respectively.

The surface salinity is higher (>34.5) roughly east of
121°E, but relatively lower (<34) along the east coast of
Taiwan and in the northern SCS. The Kuroshio water and
its associated circulation pattern in the northern SCS are
not easily identified from the surface hydrographic pat-
tern in summer. In comparison, it is easily seen from the
hydrographic pattern of the subsurface layer (100 m depth
in Fig. 3(a)) that the warmer (>24°C) and more saline
(>34.5) Kuroshio water occupies the LS east of 120°E.
In winter (Fig. 3(b)), the surface temperature is around
25°C except for the southwestern TS where the tempera-
ture is lower than 20°C. The surface salinity distribution
indicates that the saline water extends far further west to
~117°E and the southeastern TS compared to conditions
in summer. The warmer water in the subsurface layer also
likely extends to the west, but the distribution of the sub-
surface salinity remains similar pattern to that in sum-
mer.

Figure 4 shows the T-S diagram for the gridded sea-
sonal mean CTD data in summer and winter. The T-S
curves of the typical SCSW and Kuroshio water (KW)
are plotted on Fig. 4 for reference; the T-S data for the
two typical water masses were from the CTD casts in the
central part of the northern SCS (115.67°E, 18.25°N) and
the Kuroshio region (123.00°E, 19.00°N), respectively.
The temperature and salinity in summer spread in a wider
range between the T-S curves of the SCSW and the KW
than those in winter, suggesting that the characteristics
of water masses in the northern SCS are complicated in
summer. However, both Figs. 3 and 4 provide no further
objective information on the property of the water mass
in the study area.

The cluster analysis is further used to classify the
water mass. Preliminary results indicated that each sea-
son could include up to five groups, but only groups of
significant data quantity and space coverage are shown

and discussed below. The results of the cluster analysis
suggest that two distinct groups of water mass, i.e. the
SCSW and subsurface KBW (the SB-KBW in Jan ef al.,
2006a), were classified in summer; only one primary
group of water mass was classified in winter. Table 1 sum-
marizes the properties of the three water masses. The
warmer (27.66 vs. 24.63°C) but less saline (33.92 vs.
34.49) SCSW exists in shallower depths than KBW (21.3
vs. 62.8 m) in summer, while in winter the saline KBW
(34.59) dominates the water mass in the northern SCS at
depth 115.8 m. These properties are consistent with the
statement that the source water in the TS comes from the
SCSW in summer but potentially comes from the KBW
in winter. Figure 5 shows the horizontal extent of each
water mass in summer and winter, respectively. In sum-
mer, the SCSW (open square in Fig. 5) with mean tem-
perature 27.66°C and salinity 33.92 occupies the surface
layer with a mean depth 21.3 m in the junction area be-
tween the TS and northern SCS. Notably, some of the
surface SCSW extends to the east coast of Taiwan (Fig.
5(a)). The other one is the KBW (solid circle in Fig. 5)
with relatively lower mean temperature 24.63°C and
higher salinity, 34.49, distributed primarily in the LS and
below the SCSW in the northern SCS. The average depth
of the KBW is 62.8 m, which is deeper than that of the
SCSW in summer. In winter, the major water mass, the
KBW, with the lowest mean temperature 20.54°C and the
highest salinity 34.59 resides in the LS and the northern
SCS with mean depth 115.8 m. Based on the distribution
of high-salinity water in Figs. 3(b) and 5(b), it can easily
be inferred that the route of the KBW in winter moves
directly from the LS towards the southeastern TS, as
shown schematically in Fig. 1(b). Shaw (1989) also sug-
gested that the KBW was brought by part of a cyclonic
gyre in the northern SCS in winter. However, previous
speculation on the conveyor of the KBW in winter (see
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Fig. 6. Seasonal mean surface flow (layers 1 and 2 averaged) and corresponding surface temperature for (a) July—August and

(b) January—February of model year 38.

Fig. 1(b)) is not supported by the results derived from
our numerical drifter experiment, which is discussed below.

3. Numerical Experiment and Discussion

3.1 Model description

The duo-grid Pacific Ocean model (DUPOM) used
in this study is revised from the fourth-order accurate,
collocated Arakawa-A grid DieCAST (Dietrich/Center for
Air Sea Technology) model (Dietrich, 1997; Dietrich et
al., 2004a; Tseng et al., 2005), which was first described
by Jan et al. (2006b). The control volume equations in-
clude fluxes of the conservation properties (momentum,
heat and salt) across control volume faces. The model
domain covers the entire North Pacific Ocean ranging
from 30°S to 60°N and from 100°E to 80°W. To reduce
computational time, a duo-grid approach is used accord-
ing to a multiple-grid framework described by Dietrich
et al. (2004a) and Dietrich et al. (2008). A 1°/8 resolu-
tion is used in the domain west of 150°E where it is nec-
essary to resolve the detailed regional circulations; a
1°/4 resolution is used in the domain east of 150°E. The
grids are fully two-way-coupled, each coarser time step
(different time steps are used for both grids) with a sin-
gle coarse grid overlapping (i.e. 2 X 2 in fine grid cells).
The meander and eddy exchanges are seamless at the in-
terface without inter-grid sponge layers or special treat-
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ment. Further details of the multiple-grid approach can
be found in Dietrich et al. (2008).

Model bathymetry is established using unfiltered 2-
min (~3.6 km) ETOPO2 depth data (http://
www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/
ETOPO2v2-2006/ETOPO2v2c/) supplemented with 1-
min (~1.8 km) depth archive in the Asian seas from Tai-
wan’s Ocean Data Bank. The vertical resolution is lin-
ear-exponentially stretched by 26 levels. The layer thick-
ness varies from 13.28 m in the top layer to 891.02 in the
bottom layer. The vertical mid-points of the layers are at
depths 6.46, 20.51, 36.34, 54.35, 75.02, 98.94, 126.82,
159.55, 198.20, 244.07, 298.77, 364.26, 442.91, 537.65,
652.04, 790.43, 958.13, 1161.62, 1408.85, 1709.48,
2075.34, 2520.88, 3063.73, 3725.44, and 4532.33 m.
These vertical levels are used in both the coarser and finer
grids. Within each horizontal grid in each domain, zonal
resolution is uniform and meridional resolution is speci-
fied such that each control volume is approximately square
(Mercator grid); thus, the model control volumes decrease
with increasing latitude as do the typical ocean eddy sizes.

Since this study is to evaluate the pathway of source
water from the south in seasonal scale, the Hellerman and
Rosenstein wind stresses (Hellerman and Rosenstein,
1983) and the Levitus 94 climatology (Levitus and Boyer,
1994) were easily adopted to spin up the model. The sur-
face wind forcing is obtained from the interpolated



monthly Hellerman and Rosentstein’s wind stresses. The
Levitus 94 climatology is used to initialize the model and
determine its surface sources of heat and fresh water
(evaporation minus precipitation) using the non-damp-
ing approach described in Dietrich et al. (2004b). The
northern boundary is closed. The southern boundary con-
dition (30°S) is slowly nudged toward climatology in a
sponge layer. The bottom is insulated, with no-slip con-
ditions parameterized by a nonlinear bottom drag. Sub-
grid scale vertical mixing is parameterized by eddy dif-
fusivity and viscosity using a modified Richardson-
number-dependent formula (Staneva et al., 2001; Tseng
et al., 2005) based on Pacanowski and Philander (1981).
Background lateral viscosity (or diffusivity) is 100 and
20 m?/s in both domains. Since this is a fourth-order ac-
curacy, low-dissipation model, it took ~10 model years
to reach a quasi-cyclic (annually) equilibrium state. Simu-
lated results after model year 30 are stored for applica-
tion.

The simulated flow patterns in the Asian seas have
been validated by Du et al. (2008), and these agree rea-
sonably with the observations. For example, the model-
produced annual throughflow transport at a zonal section
along 24.5°N east of Taiwan, 22.1 Sv (1 Sv = 10° m¥/s)
(integrated from 121.8 to 125°E and from 1000 m depth
to the surface) is comparable with the observed mean
transport, 21 = 2.5 Sv, across a similar section, the PCM-
1 section, during the World Ocean Circulation Experi-
ment (WOCE) from September 1994 to May 1996 (Johns
et al., 2001). The temporal variation of the simulated
transport is also consistent with that observed at the sec-
tion. The three-layered throughflow transport structure
observed by Tien et al. (2006) in the LS is successfully
reproduced in our model.

Particular model-data comparisons focus on the cir-
culation in the TS. Figure 6 shows the seasonal mean sur-
face (levels 1 and 2 averaged) current velocity and tem-
perature for summer and winter of year 38, which are re-
garded as seasonal circulation patterns. The qualitative
similarity between our model-produced flow pattern and
the observed seasonal mean current distribution plotted
in Fig. 3 is clear, especially in the regions around Taiwan
and its vicinity. The main stream of the Kuroshio curves
at ~0.5 m/s across the LS in summer, but with a more
westward loop it intrudes to the northern SCS more in
winter than in summer. Besides the looped warm
Kuroshio, the mean summer surface currents in Fig. 6(a)
show that there is a relatively cold northeastward flow
on the continental shelf south of China. Part of the flow
branches into the southwestern TS at ~117°E and part of
it reaches the southeastern TS. The mean winter currents
in Fig. 6(b) indicate that the Kuroshio intrusion reaches
~118°E in the northern SCS and turns anticyclonically
back toward the southern tip of Taiwan. At 118°E, part of
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Fig. 7. Simulated and observed monthly mean throughtflow
(section WC in Fig. 6) transport in the Taiwan Strait.

the intruded Kuroshio separates from its main loop flow-
ing toward the west. Consistent with the findings of Wang
and Chern (1988), the westward intrusion of the Kuroshio,
particularly in winter, forms an anticyclone in the north-
ern SCS.

Figure 7 shows the observed and modeled monthly
mean throughflow transports in the TS. The observed
values were estimated from shipboard ADCP data ob-
tained during a few one-week cruise observations and
long-term moored ADCP measurements in the middle
section of TS. The detailed observation and data process-
ing methods are described in Jan et al. (2006a). Consid-
ering uncertainties in measurement and model, compari-
son with Fig. 7 suggests that the modeled transports agree
quantitatively with the observed ones, as well as the val-
ues summarized in Isobe (2008). That is, associated with
the change of East Asia monsoon, the northeastward trans-
port increases in spring and summer, peaks in early fall
(August) and weakens thereafter. During the strongest
northeast monsoon period (December and January), the
monthly throughflow transport sometimes reverses to-
wards the south. The monthly mean transports derived
from the modeled currents are positive in December, Janu-
ary and February, which differs from the observations.
The truncation error of the coastline due to coarse grid
resolution and smoothness of the climatologic wind stress
are possible sources for the discrepancy. Nonetheless, the
simulated transports are weak in winter and within a stand-
ard deviation of the observed monthly mean transports.

3.2 Conveyor of water mass

In order to trace the source water entering the TS
from the south, a series of lagrangian drifter experiments
was performed using the validated flow fields described
in Subsection 3.1. The drifters were released at 20.51,
54.35 and 98.94 m depth over the continental shelf in the
northern SCS along 115.38, 116.38 and 117.28°E and
across the LS along 120.5, 120 and 121.5°E. Each drifter
was deployed at O h on the first day of January, March,
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Fig. 8. Simulated drifter trajectories for summer (July—August).
Depth of the drifter is indicated by colors.

May, July, September and November. The daily position
and corresponding depth of each drifter within two months
after deployment were stored for analysis. Since the simu-
lated horizontal trajectories present low differences be-
tween drifters deployed at the three depths, we only dem-
onstrate results from 20.51 m depth. The simulated tra-
jectories during July to August and January to February,
corresponding to summer and winter, respectively, are
discussed below.

Figure 8 shows the drifter trajectories during sum-
mer. The change of depth during the drifting of each drifter
is represented by colors. Overall, the simulated trajecto-
ries starting from the LS are qualitatively consistent with
those of the Argos satellite-tracked drifters compiled in
Centurioni et al. (2004; their figures 2 and 4). Figure 8
indicates that, in July to August, the majority of drifters
released along the three meridional sections in the LS drift
northward with the main stream of Kuroshio in the east
of Taiwan. No drifters reach the northern SCS. This indi-
cates that the high salinity Kuroshio water can hardly be
transported into the TS during summer. On the other hand,
about half of the drifters deployed along the three sec-
tions in the northern SCS enter the TS through both the
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Fig. 9. As Fig. 8 but for winter (January—February).

shallow bank and the deep meridional channel in the
southern TS. The drifters that move into TS merge in the
northeastern TS then drift to the East China Sea. The
model-simulated drifter trajectories lend support to the
previous suggestion regarding the replacement of the
KBW by the SCSSW in the TS during summer (Fan and
Yu, 1981).

Figure 9 shows the drifter trajectories during winter.
Compared with Fig. 8, the drifter trajectories in Fig. 9
are more complex and are seemingly reversed in direc-
tion. The distinct feature is that drifters deployed along
the three sections in the northern SCS essentially drift
southwestward. It suggests that the SCS shelf water is
hardly transported to the TS during the two months. Tra-
jectories of drifters released from the three sections in
the LS vary, but can roughly be grouped into three cat-
egories. The drifters deployed in the southern portion of
the LS move westward accompanying the cyclonic cir-
culation in the SCS; some of them deployed along 120.5°E
can reach as far as west of 112°E. The drifters deployed
in the middle reaches of the LS curve anticyclonically in
the northeastern SCS and branch when approaching south-
west coast of Taiwan. Most of them pass around the south-



ern tip of Taiwan then drift along the east coast of Tai-
wan. The other drifters turn towards the west across the
southern TS. This is likely the primary pathway trans-
porting the KBW to the southern TS in winter. The drift-
ers deployed in the northern portion of the LS simply drift
northward with the Kuroshio. The simulated trajectories
in winter provide useful information for evaluating the
pathway of the westward intrusion of Kuroshio.

Wang and Chern (1988) proposed that the Kuroshio
westward-intrusion via the LS in winter may accumulate
and establish an anticyclonic warm core circulation in the
northern SCS. When the northeast monsoon weakens in
early spring, the KBW could intrude northward through
the TS. However, Nitani (1972) and Shaw (1989) specu-
lated that the warm, saline water originating from the
Kuroshio enters the TS directly from the northern LS in
winter, as shown schematically in Fig. 1(b). Shaw (1989),
contrary to Wang and Chern’s (1988) viewpoint, proposed
that the Kuroshio intrusion may be part of a cyclonic gyre
in the northern SCS. The simulated wintertime flow field
and associated surface temperature in Fig. 6(b) tend to
agree with Wang and Chern’s (1988) suggestion. Indeed,
an anticyclonic circulation in the northern SCS in winter
was also characterized from observed trajectories of sat-
ellite-tracked drifters (Centurioni et al., 2004) and model
simulations (e.g. Metzger and Hurlburt, 1996, 2001).

3.3 Discussion

It is worth mentioning that the existence of a perma-
nent throughflow in the TS is a matter of debate. Yang
(2007) stated that a persistent northeastward current ex-
ists in the TS throughout the year, despite the strong south-
westward wind stress in winter. Using a simplified nu-
merical model, Yang attributed the driving mechanism to
the Kuroshio-built northward pressure gradient between
both ends of the TS. By contrast, Chen and Sheu (2006)
analyzed CTD, oxygen isotope (5'%0), satellite sea sur-
face temperature and Argos satellite-tracked drifter data
collected in the TS and concluded that, in winter, the
warmer water from northern SCS reach only the south-
ern part of the TS without flowing further north through
the northern TS. The hydrographic observations and sat-
ellite sea surface temperature indicate that a zonal oce-
anic front is frequently observed in the central TS in win-
ter (Li et al., 2006), which agrees with Chen and Sheu’s
(2006) conclusion. Our numerical result described herein
further clarifies the controversy, suggesting that there is
hardly a persistent northeastward warm current in the TS
against the strong northeast monsoon in winter (Figs. 6(b)
and 9).

Although it may serve some useful purpose, there
are limitations to the conveyer belt theory. In the present
application, the major seasonal wind forcing changes that
control the Taiwan Strait, even on a seasonal timescale in
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Fig. 10. As Fig. 1(b) but with revision derived from this study.

the upper ocean near Taiwan, do not result in all of the
water mass formed during the previous season being
flushed out of the regions affecting the Taiwan Strait, thus
adding complexity to seasonal water mass source analy-
sis.

In addition to the concern described above, the
behavior of the Kuroshio in the LS varies significantly in
seasonal and intra-seasonal scales (Centurioni et al., 2004;
Yuan et al., 2006) and in turn significantly modifies the
property of the water mass in the northern SCS. The dy-
namics of the Kuroshio variability in this region are sub-
ject to debate (e.g. Shaw 1989, 1991; Metzger and
Hurlburt, 1996, 2001; Sheremet, 2001) and this is still
one of the contemporary issues related to the complicated
oceanic processes in the LS. Nevertheless, this study
serves as a modest start evaluating the conveyor of the
source water feeding into the TS on the basis of reason-
able model-simulated circulations in the East Asian seas.

4. Summary

The water mass in the TS consists of the MCCW,
SCSW and KBW in different seasons. Doubtless, the cold,
brackish MCCW originates in the Changjiang river mouth
and the East China Sea shelf and is driven southward by
the northeast monsoon into the northern TS in winter. The
conveyors of the SCSW and KBW from the northern SCS
or the LS to the TS have yet to be clarified. The inte-
grated information from the water mass distribution (Fig.
5), observed and simulated seasonal mean flow fields
(Figs. 3 and 6), and simulated drifter trajectories (Figs. 8
and 9) suggests that the KBW hardly intrudes northward
to the TS in summer. In winter, our simulation indicates
that part of the looped Kuroshio could reach southeast-
ern TS rather than directly intrude into the TS from the
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LS. Meanwhile, the less saline northern SCS shelf water
cannot reach the TS. Based on the evaluation, Fig. 10
shows the revised conveyor of the KBW (cf. Fig. 1(b))
intrusion to the southern TS in winter.

In summary, water mass classification using a clus-
ter analysis and a two-way-coupled duo-grid North Pa-
cific Ocean model have been adopted to examine and
clarify the conveyor of the source water that supplies the
TS from the south. The simulated flow field suggests that
the near Kuroshio surface current rarely flows directly
into the TS from the LS in winter; instead, the massive
westward intrusion of the Kuroshio forms a loop-like path
in the northern SCS and provides high salinity water
(KBW) to the southeastern TS. The simulated drifter tra-
jectories suggest that, during the strong northeast
monsoon season, the KBW cannot flow further
northeastward through the TS. In summer, the simulated
drifter trajectories indicate that the Kuroshio surface cur-
rent in the LS hardly reaches the southeastern TS. Instead,
the northeastward-flowing currents on the continental
shelf south of China transport the less saline SCSSW
through the TS. Results derived from the cluster analysis
and the model-simulated flow field and drifter trajecto-
ries depict the pathway of the source water that enters
the TS.
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