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  Abstract        Based on the historical observed data and the modeling results, this paper investigated the 
seasonal variations in the Taiwan Warm Current Water (TWCW) using a cluster analysis method and 
examined the contributions of the Kuroshio onshore intrusion and the Taiwan Strait Warm Current (TSWC) 
to the TWCW on seasonal time scales. The TWCW has obviously seasonal variation in its horizontal 
distribution,  T - S  characteristics and volume. The volume of TWCW is maximum (13 746 km 3 ) in winter and 
minimum (11 397 km 3 ) in autumn. As to the contributions to the TWCW, the TSWC is greatest in summer 
and smallest in winter, while the Kuroshio onshore intrusion northeast of Taiwan Island is strongest in 
winter and weakest in summer. By comparison, the Kuroshio onshore intrusion make greater contributions 
to the Taiwan Warm Current Surface Water (TWCSW) than the TSWC for most of the year, except for in 
the summertime (from June to August), while the Kuroshio Subsurface Water (KSSW) dominate the Taiwan 
Warm Current Deep Water (TWCDW). The analysis results demonstrate that the local monsoon winds is 
the dominant factor controlling the seasonal variation in the TWCW volume via Ekman dynamics, while the 
surface heat fl ux can play a secondary role via the joint eff ect of baroclinicity and relief. 

  Keyword : Taiwan Warm Current Water (TWCW); Taiwan Strait Warm Current (TSWC); Kuroshio; East 
China Sea 

 1 INTRODUCTION 

 The East China Sea (ECS) is located at the western 
edge of the Pacifi c Ocean and is well known as a 
marginal sea with important biological resources. 
Circulation in this region has been of interest to many 
researchers because various currents, such as the 
Kuroshio, the Taiwan Warm Current (TWC), the 
Taiwan Strait Warm Current (TSWC), the Yellow Sea 
Warm Current (YSWC), the Cheju Warm Current and 
the Min-Zhe coastal current (MZCC) fl owing 
southward along Zhejiang-Fujian Province coast 
(Isobe, 2008 ) (Fig.1). The Taiwan Warm Current play 
an important role in the circulation throughout the 
ECS (Fang et al., 1991). Therefore, understanding the 
features of TWC is very critical to understanding the 

shelf circulation of ECS. 
 Broken arrows represent ocean currents that are 

possibly sporadic events in winter. Dotted lines 
denote depth contour lines of 50 100 and 200 m. A: 
Kuroshio; B: Taiwan Warm Current; C: Taiwan Strait 
Warm Current; D: Yellow Sea Warm Current; E: Min-
Zhe Coastal Current; F: Cheju Warm Current. 

 The Taiwan Warm Current is usually defi ned to as 
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the currents originating either in the Taiwan Strait or 
the onshore Kuroshio intrusion northeast of Taiwan 
Island (Guan and Mao, 1982; Su et al., 1994). It fl ows 
northward along the 50  100 m isobaths all year 
around and transports a great number of warm and 
saline water into the western ECS shelf region, this 
warm and saline water composed of the Taiwan Strait 
water and the Kuroshio water northeast of Taiwan 
Island is often referred to as the Taiwan Warm Current 
Water (TWCW) (Weng and Wang, 1984; Zhang and 
Weng, 1985; Su et al., 1994; Qi et al., 2014; Zhang et 
al., 2014).  

 The TWCW is one of the most important water 
masses in the ECS and has an important impact on the 
hydrographical conditions and the fi shery productions 
in western ECS shelf area (Liu et al., 1984; Zhang et 
al., 2007). The cold deep water of TWCW coming 
from the Kuroshio subsurface waters can provide a 
major source of nutrients to support primary 
production in the ECS. For example, Chen (1996) 
reported that the intruded Kuroshio water can 
contributes to a great number of nutrients which are 
many times more than the deposits from the 
Changjiang (Yangtze) River. It is worth pointing out 
that the TWCW is often referred to as the Taiwan 
Warm Current Surface Water (TWCSW), but it 
separates into the TWCSW and the Taiwan Warm 
Current Deep Water (TWCDW) during April–
September due to the appearance of thermocline 
(Weng and Wang, 1984). In other words, the TWCW 
consists of two water masses, i.e., TWCSW and 
TWCDW in the warm half of the year 
(April  September), but only one, the TWCSW in the 
clod half of the year (October  next March). Previous 
studies indicate that the TWCSW show strong 

seasonality in its horizontal distribution,  T - S  
characteristics and source. In summer, the TWCSW 
becomes warmer, fresher and smaller than in winter, 
and it originates mostly from the Kuroshio Surface 
Water (KSW) northeast of Taiwan Island and less 
from the Taiwan Strait water during wintertime, but it 
consists of the strait water and the KSW during 
summertime (Zhang et al., 2014).     

 Although the previous studies achieved several 
useful result on the TWCW, most of them have mainly 
focused on the  T - S  characteristics and spatial 
distribution of the TWCW and its source in winter 
and summer, the seasonal variability of its volume has 
not been well understanding due to the scarcity of 
long-term observed data. Moreover, the driving 
mechanisms for seasonal variability of TWCW’s 
volume remain to be unclear until now. In addition, 
the previous studies are mostly obtained based on the 
data observed in a synoptic voyage (which can be 
referred to as a weather analysis), while it is very rare 
to study the TWCW (or TWCSW) with the 
climatological monthly data (This can be referred to 
as a climatological analysis). As everyone knows, the 
distribution and  T - S  characteristics of TWCW depend 
largely on the weather and other external factors (such 
as typhoon and mesoscale eddies), and once these 
external factors appear mutation, then the TWCW 
will undergo great changes in its distribution and  T - S  
features (Li and Su, 2000; Zhang et al., 2014). 
Although the weather analysis results are of 
distinguishing features, they also have their 
limitations, for these results cannot fully refl ect the 
climatic characteristics of the TWCW. So, a 
comprehensive understanding of seasonality of the 
TWCW is still an important goal.  
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 Fig.1 Schematics for the ocean circulation in the Yellow and East China Seas redrawn from Isobe (2008) 
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 In this study, we clarify quantitatively the seasonal 
variation of the TWCW (such as  T - S  properties, 
spatial distribution and volume) based on the 
climatological monthly  T  and  S  data obtained from 
the U.S. National Oceanic Data Center (NODC) and 
the Institute of Oceanology, Chinese Academy of 
Sciences, China, and examine the underlying dynamic 
factors controlling the seasonal variation of the 
TWCW by using the modeling results. The remaining 
of the paper is organized as follows. Section 2 briefl y 
describes the observed dataset and the analysis 
method used in this study. The seasonal variation of 
the TWCW is discussed in Section 3. Section 4 mainly 
examines the driving mechanisms for the seasonal 
variation in the TWCW. The paper ends with 
conclusions in Section 5. 

 2 DATA AND METHODOLOGY 

 2.1 Data and validations 

 The historical  T  and  S  data used in the present 
study were selected from the Ocean Science Database, 
Institute of Oceanology, Chinese Academy of sciences 
(OSD-IOCAS) (Wang et al., 2004), which collected 

hydrographic observation data from 1930 through 
2001 from various Chinses marine hydrological 
surveys and international data sets, including the 
World Ocean Database 2013 (WOD13). The WOD13 
data can be obtained from the U.S. National Oceanic 
Data Center (NODC), which include ocean station 
data (Nansen bottle), conductivity-temperature-depth 
(CTD), mechanical bathythermograph (MBT), and 
expandable bathythermograph (XBT) data, cover 
more coastal regions compared with the WOD09. The 
primary quality control of these data follows the 
methods outlined by Boyer and Levitus (1994). 
Further quality control methods were developed and 
applied to prevent repeated, wrong, or manmade data 
from entering the database (Wang et al., 2004). 
Several steps of the quality control procedure were 
carried out, including inspections and eliminations of 
duplicate profi les, inversed and duplicated depths and 
densities in individual profi les, and statistical based 
criterion ranges of parameter varying with depth, 
season, and location. 

 In the vertical direction, all data were interpolated 
by a piecewise cubic spline method to obtain 5 m 
vertical resolution. In the horizontal direction, data at 
each level were gridded on a grid of 0.5°×0.5° through 
an objective interpolation scheme, and only the cells 
including more than 3 points were retained for further 
analysis. The missing data can be fi lled by use of a 
weighted average of four neighboring grid point 
values. In order to describe the distribution of the 
bottom water masses, we chose the depth of 200 m to 
be representative of depths greater than 200 m.  

 Numerical simulation result from our fi ne-
resolution model is also used to examine the possible 
causes for the seasonal variation in the TWCW. 
Considering the important infl uence of the Changjiang 
River on the distribution of the water masses in the 
ECS, our ROMS set up includes the Changjiang River 
discharge. The study area (a dashed line box) is shown 
in Fig.2. 

 To check the accuracy of the model data, the model 
results are compared with observations in terms of 
both velocity fi eld and volume transport. Figures 3 
and 4 show the simulated monthly mean surface and 
bottom velocity fi eld in the southwestern ECS in 
diff erent seasons. The current system in the study 
area, which consists of Kuroshio, TWC and MZCC, 
is well reproduced. The Kuroshio northeast of Taiwan 
Island is matches well the long-term observation data 
(Qiu and Imasato, 1990, Fig.3). Furthermore, the 
seasonal variation of these current is well reproduced 
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by our model. i.e., the MZCC has been observed in 
winter, but it is obscure in summer. In summer, the 
TWC is mainly coming from the Taiwan Strait. 
However, in winter, it comes mainly from the shelf 
intrusion of the Kuroshio northeast of Taiwan Island. 
These features of current system are consistent with 
observations (Isobe, 2008). Furthermore, we 
compared monthly mean volume transport across the 
Tsushima Strait (TS) and the East Taiwan Channel 
(ETC) with observations, where long-term continuous 
observations have been conducted (Fig.2). The 
Kuroshio transport through the ETC, as shown in 

Fig.5b, is calculated with the direct method of Johns 
et al. (2001) using ADCP and current meter 
measurements. It is seen that both the simulated and 
observed volume transport across TS and ETC are in 
good agreement in both magnitude and phase (Fig.5). 
The simulated transport were of the same order as 
those reported by previous studies (Johns et al., 2001; 
Takikawa et al., 2005; Isobe, 2008). As discussed 
above, our model results agree well with the 
observations. More detailed model confi guration and 
examination of the model results can be found in our 
earlier publication (Yang et al., 2011). 
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 2.2 Analysis method 

 In order to study the distribution and variation of 
the TWCW, it is necessary to determine the range of 
the TWCW accurately. The conventional method is 
the cluster analysis method, which enables objects of 
similar kinds to be grouped into respective categories 
from massive data such as CTD data (Li and Su, 
2000). The procedure begins by making each data 
point a single cluster, which is, given n data points,  n  
clusters exist. In every iterations, the closest two 

clusters are combined into a new cluster until the total 
cluster number reaches a designated level. The 
decision as to which clusters to combine is based on 
the distance functions ( F  D ). Thus, once a distance 
function ( F  D ) is specifi ed, the analysis becomes 
objective because there is no subjective factors to 
determine the function. So, the defi nition of  F  D  is very 
important. Previous studies suggested that the 
temperature and salinity are two important indexes of 
water mass characteristics, and the station points with 
similar  T - S  properties should be divided into the same 
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cluster. In addition, it was further pointed out that the 
depth and geographical distance of the sample should 
also be included in distance function (Hur et al., 
1999). Although  T - S  diagrams have been also used to 
study the water masses in the China Seas, they are not 
as objective as the cluster analysis method and cannot 
defi ne the water masses accurately. So, a distance 
function including several important variables 
(temperature, salinity, depth, and geographical 
distance) are applied to identify the hydrographic 
features of the TWCW.  

 Before analysis begins, normalization of each 
variable for each of the methods is essential due to the 
diff erences in units and variable range. In this paper, 
all  T ,  S  and depth data were normalized as follows: 

  T  n =∆ T  C / σ  T , 
  S  n =∆ S  C / σ  S , 
  D  n =∆ D  C / σ  D , 

 where ∆ T  C , ∆ S  C  and  D  C  are the  T ,  S  and depth distances 
between two clusters, and ∆ σ  T , ∆ σ  S  and ∆ σ  D  stand for 
the standard deviations of  T ,  S  and depth in the dataset, 
respectively. The distance function can be defi ned by 
 F  D = T  n  2 + S  n  2 + D  n  2  +L / L  C , where  L  and  L  C  are the 
geographic distance and a characteristic distance 
scale, respectively.  L  C  is a constant with a value of 
20 km, which means that this distance contributes to 
one standard deviation of  F  D . This defi nition is similar 
to that of Hur et al. (1999). In this study, the 
contribution of temperature, salinity and depth to the 
distance function is based on the average-linkage. 
The single-linkage method is used for geographical 
distance. That is, the geographic distance between the 

closest two points of two clusters is used for the 
distance function (Wilks, 1995). Considering that the 
Changjiang River diluted water is characterized by 
low salinity, we treat those of the salinity less than 
28.00 as the Continental Coastal Water (CCW) before 
calculating, which is excluded throughout the cluster 
analysis. Because the TWCW has very similar  T - S  
characteristics to the intruded Kuroshio water along 
the continental shelf of ECS, it is diffi  cult to defi ne its 
eastern boundary south of 28°N. Thus, we chose the 
200 m isobaths as TWCW eastern boundary position 
south of 28°N. From a quantitative perspective, this is 
reasonable. In order to calculate the volume of 
TWCW, each standard level was analyzed by the 
analysis method. Combining clustering method with 
 T - S  diagrams, we obtained the volume of TWCW in 
diff erent months. In this paper, we discuss the seasonal 
variation of the TWCW, and the spring, summer, 
autumn and winter case are represented by the results 
of May, August, November, and February, respectively. 

 3 SEASONAL VARIATION IN TWCW 

 Before the cluster analysis, the  T - S  diagrams of the 
gridded data in summer (August) and winter 
(February) are depicted in Fig.6, respectively. Typical 
 T - S  diagrams demonstrated that there are three 
fundamental water masses in the study area during 
wintertime, i.e., water mass (A) is cold (8.1  16.5°C) 
and fresh water (less than 32), water mass (B) is cold 
(9  13.5°C) and relative saline (32.2  33.75) water, 
water mass (C) is warm (12.3  21.8°C) and saline 
(33.5  34.6) water, while there are four water masses 
during summertime, i.e., A, B, C and D which is a 
cold and saline water. In terms of T-S features, water 
mass (A) is similar to the Continental Coastal Water 
(CCW) (Qi et al., 2014), water mass (B) to the Yellow-
East China Sea Mixing Water (YEMW) (Li and Su 
2000), water mass (C) to the Taiwan Warm Current 
Surface Water (TWCSW), and water mass (D) to the 
Taiwan Warm Current Deep Water (TWCDW) (Weng 
and Wang, 1985).  

 Therefore, based on only the  T - S  distributions there 
are three water masses which consist of CCW, YEMW 
and TWCSW in winter. However, summer water 
mass distribution becomes relatively complex due to 
increasing intensity of the surface heating, Changjiang 
River discharge and rainfall. This complicates the 
task of subjectively distinguishing diff erent summer 
water masses based on only the  T - S  distributions. We 
can’t obtain the range of the TWCW accurately by 
using  T - S  diagrams. Therefore, the cluster analysis is 
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applied to each month’s data separately due to the 
strong seasonal variability of the water properties in 
the study area. The point at which to stop iterating is 
defi ned as 6 clusters based on the consideration of the 
number of water masses that prior studies defi ned in 
the area (3  6). However, several of the fi nal 6 clusters 
for each month contain only a few data points. Only 
cluster which are composed of a signifi cant number of 
data points (8 or more) are displayed and discussed in 
the results. 

 The results of the cluster analysis distinguish the 
four major water masses: CCW, YEMW and TWCW 
(which splits into TWCSW and TWCDW during 
warm half of the year) (Figs.7 and 8). The CCW is 
formed by the mixing of seawater with runoff  from the 
Changjiang River, Minjiang River and other rivers. 
The results indicate that the CCW is located mainly in 
the coastal area of the western ECS. It exists throughout 
the year and show seasonal variation in both its extent 
and  T - S  properties. In winter (February), the CCW is 
distributed on the inner continental shelf in a belt 
shape, and its southern boundary can reach its southern 
most location of 24°N (25°N) in the surface (bottom) 
layer. This water mass is coldest with a temperature 
range of 7.0  15.5°C and most salty with a salinity 
range of 30.4  32.2 in winter (not shown). In summer 
(August), the CCW reaches its easternmost location of 
126°E, and the south edge reaches its northernmost 
location of 27°N. It is warmest with a temperature 
range of 22.0  28.0°C and freshest with a salinity 
range of 27.0  31.0 in this time. Figures 7 and 8 show 
that the YEMW also show strong seasonal variation in 
its spatial distribution. In winter its southern edge 
reaching near 31°N, but it retreats to the Yellow Sea 
due to the abnormal eastward expansion of the 

Changjiang River Diluted Water in summer. Its 
temperature is highest in summer (18.3  22.4°C) and 
lowest in winter (7.5  13.5°C), but the reverse is true 
for salinity; the salinity is lowest (31.5  32.4) in 
summer and highest (32.5  33.6) in winter (not shown). 
Since the main objective of this paper is to study the 
seasonal variation of the TWCW, we won’t discuss 
above two water masses further in this paper. Next, we 
mainly discuss the seasonal variation of the TWCW. 
The results indicate that the TWCW consists of the 
TWCSW and the TWCDW during the warm half of 
the year but only the TWCSW during the cold half of 
the year (October to next March). The  T - S  
characteristics of the TWCW are shown in Table 1. In 
addition, according to the spatial range of the TWCSW 
and TWCDW at each level in four seasons, we 
calculated the volumes of the TWCW in every month, 
the results are shown in Table 2.  

 3.1 In winter 

 In winter (February), the TWCW only consists of 
the TWCSW due to the disappearance of the 
thermocline. As shown in Figs.7 and 8, the TWCSW 
is mainly distributed in the whole water volume from 
surface to bottom layer, but its horizontal distribution 
is larger at the surface layer than at the bottom layer, 
whose northern boundary could reach to 31.0°N at the 

 Table 1 The thermohaline characteristics of the TWCW 

 Name of water mass    Feb.  May  Aug.  Nov. 

 TWCSW 
  T    12.3  21.8  18.8  24.3  23.3  29.5  20.5  24.5 

  S   33.5  34.6  33.3  34.2  33.2  34.2  33.4  34.6 

 TWCDW 
  T  

  
 15.0  18.5  18.0  23.1 

  
  S   34.2  34.6  34.2  34.6 
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surface layer but only to 30.0°N at the bottom layer. 
Thus, the TWCSW has a volume of 13 746 km 3 , 
occupying 41.0% of the whole study area (25°  32°N, 
119°  126°E). Meanwhile, the TWCSW is coldest 
with a temperature range of 12.3  21.8°C and most 
salty with a salinity range of 33.5  34.6 in a year due 
to low sea surface heat fl uxes, less precipitation and 
strong vertical mixing of sea water. 

 3.2 In spring 

 In spring (May), due to the appearance of 
thermocline under the combined actions of the weak 
vertical mixing and surface heating, the TWCDW has 
formed and is distributed in the deep layer below the 
TWCSW, and thus the TWCW is composed of two 
water masses, TWCSW and TWCDW (as shown in 

 Table 2 The volume of the TWCW (V: km 3 ) 

 Name   Jan.  Feb.  Mar.  Apr.  May  Jun.  Jul.  Aug.  Sep.  Oct.  Nov.  Dec. 

 TWCSW  12 972  13 746  13 425  9 007  8 368  8 358  8 369  8 289  8 919  12 275  11 397  12 375 

 TWCDW        3 860  4 185  4 357  4 643  4 876  3 907       
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Fig.9a). The spatial range of the TWCSW is smaller at 
the surface layer than that in winter, mainly due to its 
north boundary only reaching about 30.0°N, although 
its western boundary extends somewhat farther to the 
west than that in winter. Therefore, the TWCSW has a 
smaller volume with a value of 12 553 km 3  than that in 
winter, occupying 37.4% of the whole study area. 
Moreover, the TWCSW becomes warmer with a 
temperature range of 18.8  24.3°C and fresher with a 
salinity range of 33.3  34.2. 

 Comparing with TWCSW, the TWCDW has a 
smaller range and volume (only 4 185 km 3 ) than the 
TWCSW does. It is worth pointing out that the 
TWCDW is characterized by low temperature and 

high salinity, and its temperature and salinity ranges 
are 15.0  18.5°C and 34.2  34.6, respectively. 

 3.3 In summer 

 In summer (August), the TWCW still consists of 
the TWCSW and the TWCDW, whose distributions 
are obviously diff erent from that in spring. The 
TWCSW weakens in its northward-extension (The 
northern boundary reaches only about 29.5°N), but 
strengthens in its westward-extension (the western 
boundary can reach the vicinity of 119.5°E). Thus, it 
has a smaller volume (8 289 km 3 ) than in spring. 
Meanwhile, the TWCSW is much warmer with a 
temperature range of 23.3  29.5°C and fresher with a 
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salinity range of 33.2  34.2 than in spring. 
 Unlike the TWCSW, the TWCDW strengthens in 

its northward extension (the north boundary can reach 
about 31.3°N) and in its westward extension (the 
western boundary can reach about 121.5°E). 
Therefore, the TWCDW becomes lager with a volume 
of 4 876 km 3 , and warmer with a temperature range of 
18.0  23.1°C, but its salinity is the same as that in 
spring.  

 3.4 In autumn 

 In autumn (November), under the combined 
actions of the stronger vertical mixing and surface 
cooling, the vertical thermohaline structure becomes 
uniform in the study area and the TWCDW disappears 
again. Thus, the TWCW only consists of the TWCSW. 
As shown in Figs.7 and 8, the TWCSW is distributed 
in the whole water volume from surface to bottom 
and has a larger coverage in the surface layer than that 
in the bottom layer, whose north boundary can reach 
to 30.3°N and west edge reaches only to the vicinity 
of 121.0°E in the surface layer. However, the TWCSW 
is smaller in the deeper layer than that in the surface 
layer, for its northern boundary reaches only about 
29.5°N. Therefore, the TWCW has a volume of 
11 397 km 3  smaller than in summer, occupying 34.0% 
of the whole study area. Meanwhile, it becomes 

colder with a temperature range of 20.5  24.5°C and 
more salty with a salinity range of 33.4  34.6. 

 As mentioned above, the TWCW shows a strong 
seasonal variability in its volume and  T - S  properties. 
If the sum of the TWCSW and TWCDW volumes is 
regarded as the volume of the TWCW, the annual 
range of the volume is 11 397  13 746 km 3  with some 
fl uctuations as shown in Table 2. The volume of the 
TWCW increase gradually from November to 
February and reach a maximum of 13 746 km 3  in 
February. After that, it decrease gradually until May 
with a second minimum value of 12 553 km 3 . In 
summer, the volume of the TWCW increases again 
with a second maximum value of 13 165 km 3  in 
August. In autumn, it decrease rapidly and reach a 
minimum of 11 397 km 3  in November. What are the 
causes responsible for the seasonal variation of the 
volume of TWCW? Next, we discussed this issue in 
detail. 

 4 DRIVING MECHANISM FOR 
SEASONAL VARIATION IN TWCW 

 As discussed above, the TWCW is mainly 
composed of the Taiwan Strait water and the Kuroshio 
waters (KSW and KSSW) (Weng and Wang, 1985; 
Zhang et al., 2014; Chen et al., 2016). This implies 
that the TWCW is signifi cantly infl uenced by the 
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 Fig.9 Schematic diagram of the spatial distribution of the water masses in the ECS (a) and the location of transects (b) 

 Table 3 Volume transports through the northern Taiwan Strait and Section 28°N (units: Sv) 

 Month  Jan.  Feb.  Mar.  Apr.  May  Jun.  Jul.  Aug.  Sep.  Oct.  Nov.  Dec. 

 28°N  2.15  1.89  2.00  2.16  2.75  2.91  3.22  2.89  2.16  2.06  2.29  2.18 

 Taiwan Strait  0.15  0.26  0.53  1.00  1.35  1.83  2.24  1.87  1.02  0.50  0.29  0.21 

 Ratio (%)  7.0  13.8  26.5  46.3  49.1  62.8  69.6  64.7  47.2  24.3  12.7  9.6 
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Kuroshio and the TSWC. So, it is necessary to 
examine the combined eff ects of Kuroshio and TSWC 
on the TWCW volume on seasonal time scales. Due 
to the lack of observed current data, we used the 
model current data simulated by ROMS (Regional 
Ocean Modeling System) to examine quantitatively 
the contributions of the TSCW and Kuroshio water to 
the TWCW, respectively. To quantitatively clarify the 
contributions of the TSCW to the TWCW, we have 
calculated the volume transport of the TSCW through 
the northern Taiwan Strait (Transect 2 in Fig.9b) and 
the TWCW through Section 28°N (Transect 1 in 
Fig.9b) in each months, respectively. Table 3 shows 
the calculated results all year round. 

 4.1 Contribution of the Taiwan Strait Warm 
Current to the TWCW 

 During winter, the northerly wind prevails over the 
study area (Fig.10a), the evaporation is strongly 
intensifi ed, but both the net heat fl ux and precipitation 
decrease rapidly (not shown). As a result, the vertical 
thermohaline structure of water volume seems to be 
uniform from surface to bottom (Li and Su, 2000; 
Hao et al., 2012). Thus, the TWCW is only composed 
of the TWCSW due to the disappearance of the 
TWCDW, but it has a maximum volume. As shown in 
Figs.3 and 4, the TSWC becomes weak under the 
infl uence of the strong northerly winds, and its volume 
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transport through the northern Taiwan Strait is 0.26 Sv 
with a transport ratio of 13.8% of the TSWC to the 
TWCW through Section 28°N. This means that the 
TSWC makes very small contributions to the TWCW 
in winter, similar to the previous studies (Zhang et al., 
2014). In spring, however, the sea temperature 
increases gradually due to the sea surface heating and 
the weaker vertical mixing, and thus the thermoclines 
begin to form in the study area. At this period, 
although the TWCDW appears and is distributed in 
the deep layer, the TWCW begins to become small 
due to the remarkably small TWCSW. During spring, 
although the northeasterly winds prevail over the 
study area, the TSWC begins to strengthen in the 
surface layer (Fig.3b), and its volume transport 
through the northern Taiwan Strait is 1.35 Sv with a 
transport ratio of 49.1% of the TSWC to the TWCW 
through Section 28°N, which may provide more strait 
water for the TWCSW. This indicated that the TSWC 
could make greater contributions to the TWCW in 
spring than that in winter. In summer, on the contrary, 
the strong southerly winds control the study area, and 
the thermocline (halocline) reach their maximum in 
the ECS shelf region due to the rapid increase of the 
net heat fl ux and precipitation. At this period, the 
TSCW has strengthened under the infl uence of the 
strong southerly winds (Figs.3c and 4c), and thus its 
volume transport reaches 1.87 Sv through the northern 
Taiwan Strait with a transport ratio of 64.7%, which 
may transport much more strait water to the TWCSW, 
and the TWCW becomes larger than in spring. 
Obviously, the TSWC makes greatest contributions to 
the TWCW in summer. In autumn, the thermocline 

disappears due to the surface cooling, lower 
precipitation and stronger vertical mixing in the study 
area. Therefore, the TWCW is only composed of the 
TWCSW due to the disappearance of the TWCDW, 
similar to the condition in winter. Driven by the 
northeasterly winds over the study area, the TSWC 
becomes weaker again, and its volume transport 
through the northern Taiwan Strait is 0.29 Sv with a 
transport ratio of 12.7%, suggesting that the TSWC 
makes much smaller contributions to the TWCW than 
in summer. 

 It should be pointed out that the contributions of 
the TSWC to the TWCW are greatest (69.6%) in July, 
secondary (64.7% and 62.8%) in August and June 
(Table 3), and small in the cold half of the year. 

 The current and seawater volume transport through 
the Taiwan Strait have been studied by some previous 
studies, who suggested that the TSWC shows strong 
variability due to its special geographical position 
where dynamic processes are dominated by the 
monsoons, inter-basin pressure and bottom topography 
(Chuang, 1986; Fang et al., 1991; Jan et al., 2002; 
Wang et al., 2003; Bai and Hu, 2004; Guo et al., 2005; 
Hu et al., 2010; Zhu et al., 2015; Chen et al., 2016). As 
a typical early understanding of the currents in the 
Taiwan Strait, the monsoon system can infl uence the 
fl ow variations around Taiwan Island (Nitani, 1972). 
To further clarify the correlations between TSWC and 
local winds anomalies, based on our modeling results, 
we have calculated the monthly anomaly of the volume 
transport through Taiwan Strait, and the monthly 
anomaly of the along-strait wind stress over the Taiwan 
Strait. The results are shown in Fig.11.  

 As shown in Fig.11, the seasonal variation of the 
volume transport through Taiwan Strait is generally 
consistent with the seasonal variation of the local 
along-strait winds. Both of them are virtually in 
phase with each other and display similar variation 
trends. From January to July, both the monthly 
anomaly of volume transport and along-strait wind 
stress increase gradually and reach their maximum in 
July, and then both of them begin to decrease 
gradually until reach their minimum from November 
to December. Obviously, the volume transport 
through Taiwan Strait varies largely with the local 
monsoon winds. The high correlation between along-
strait wind and volume transport suggest that the 
local monsoon winds is the major factor infl uencing 
the volume transport through the Taiwan Strait, 
which control the contribution of the TSWC to the 
TWCW signifi cantly.  
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 4.2 Contribution of the Kuroshio onshore intrusion 
northeast of Taiwan Island to TWCW 

 In winter, under the infl uence of the strong northerly 
winds (Fig.10a), the onshore intrusion of the Kuroshio 
and the southward coastal currents are both very strong, 
but the TSWC is considerably weak (Figs.3a and 4a), 
the strong Kuroshio onshore intrusion could provide a 
large amount of the KSW for the TWCW due to the 
disappearance of the KSSW in the cold half of the year. 
This indicated that the onshore Kuroshio intrusion 
northeast of Taiwan Island makes extremely great 
contributions to the TWCW in winter. In spring, 
however, the Kuroshio exhibits relative weaker onshore 
intrusion northeast of Taiwan Island than in winter, but 
the TSWC begins to strengthen in the surface layer 
(Fig.3b). At the same time, the KSSW is separated 
from the KSW due to the appearance of the thermocline 
and becomes an independent water mass. Because the 
TWCW is composed of the TWCSW and TWCDW in 
this season, the TSWC transports a part of strait water 
to the TWCSW, and the Kuroshio simultaneously 
carries a part of KSW into the TWCSW, while the 
Kuroshio also transports a part of KSSW to the 
TWCDW. From the volume transport ratio (49.1%) of 
the TSWC to the TWCW through Section 28°N, we 
inferred that the Kuroshio onshore intrusion could 
make similar contributions to the TWCW as the TSWC 
does in spring. In summer, as shown in Figs.3c and 4c, 
the Kuroshio has a weaker shelf-intrusion than in 
spring, while the TSWC is strongest driven by the 
strong southerly winds. Because the KSW and the 
KSSW still exit in summer, the Kuroshio intrudes onto 
the ECS shelf and provides a part of KSW for the 

TWCSW and a part of KSSW for the TWCDW, 
respectively. From the volume transport ratio (69.6%) 
of the TSWC to the TWCW through Section 28°N in 
July, we concluded that the TSWC could make greater 
contributions to the TWCW than the Kuroshio onshore 
intrusion in summer. In autumn, however, the Kuroshio 
onshore intrusion begins to strengthen again, and the 
KSSW is merged into the KSW due to the disappearance 
of thermocline. As mentioned above, the TSWC is 
weaker and has a very lower volume transport with 
0.29 Sv. Thus, we believed that the Kuroshio onshore 
intrusion makes much greater contributions to the 
TWCW than the TSWC in autumn. 

 As discussed above, the Kuroshio onshore intrusion 
makes greater contributions to the TWCW than the 
TSWC except in summer months (June to August). 
Next, we discuss the driving mechanism controlling 
the seasonal variation of the Kuroshio onshore 
intrusion. Located along the pathway of the East Asian 
monsoon system, the circulation in the study area 
region is largely infl uenced by the seasonal reversal of 
the monsoonal winds from northeasterly in winter to 
southwesterly in summer (Isobe, 1999; Guo et al., 
2006). To illustrate the impacts of winds on contribution 
of the Kuroshio onshore intrusion to TWCW, based on 
the Ekman dynamic theory, we calculated the Ekman 
transport across the Transect 3 in the study area 
(Fig.9b),  which is a part of total Kuroshio onshore 
fl ux. The results are shown in Fig.12a.  

 As revealed in Fig.12a, the Ekman transport shows 
strong seasonality with a maximum (0.67 Sv) in 
December and minimum (-0.26 Sv) in July. In order to 
specify the Kuroshio intrusion, we also calculated the 
quantitative value of the total Kuroshio onshore fl ux 
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through the local sections. The depth of the Ekman 
layer in the shelf break region of ECS is less than 60 m, 
hence, we divided the 200 m isobaths fl uxes into two 
layers: the surface layer (0  60 m) and the deep layer 
(60 m to bottom), and the annual cycles in calculated 
volume transport each layer are shown in Fig.12a. The 
volume transport in the surface layer contributes more 
than 54.4% of the mean Kuroshio onshore fl ux and has 
a strong seasonal variation, but the transport in the deep 
layer has a weaker seasonal variation and contributes 
less to the Kuroshio onshore intrusion throughout the 
year. Moreover, the variation tendency of the Ekman 
transport also corresponds well to that of the surface 
layer fl ux, and they show a strong seasonal variation 
with a minimum in July and a maximum in December. 

 As seen in Fig.12a, the annual averaged Kuroshio 
onshore fl ux (1.48 Sv) is primarily balanced by the 
surface layer onshore fl ux (0.80 Sv), while the deep 
layer onshore fl ux plays a secondary role in this 
variation. Comparing with the deep layer fl ux, the 
seasonal variation of the surface onshore fl ux is 
generally consistent with the total Kuroshio onshore 
intrusion fl ux, which is primarily balanced by the 
surface Ekman transport induced by the monsoon 
winds. This indicated that the monsoon winds may be 
the major factor controlling the contribution of the 
Kuroshio to the TWCW.  

 However, the Kuroshio is a complex current 
system, its variation must be the result of concurrent 
eff ects of various factors and mechanism. So, besides 
the local monsoon winds, there must be other factors 
infl uencing the change of the Kuroshio onshore 
intrusion. To further investigate this problem in more 
detail, we adopted a traditional method usually used 
by the previous studies, which can separate the 
contribution of local wind to transport from that of 
other factors to examine the eff ect of the other factors 
on the seasonal variation of the Kuroshio onshore fl ux 
(Mertz and Wright, 1992; Guo et al., 2006). 

 The methods is carried as follows, fi rstly, we start 
from the primitive equations. After vertically 
averaging the momentum equations and then taking a 
curl, we get the following vorticity equation (for 
detailed derivation, see Appendix A):  
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z z     being the potential energy;  ρ  0  is a 

reference density;  H  is the total depth;  τ  a  is the wind 
stress; and  τ  b  is the bottom stress. Two other vectors, 
 A = A  x  i + A  y  j  and  D = D  x  i + D  y  j , are the nonlinear advection 
term and the vertically integrated horizontal diff usion 
term, respectively.  

 It should be pointed out that the fi rst term in the 
left-hand side of Eq.1 is negligible in a quasi-steady 
state such as monthly mean state; hence, the second 
term  M •  ( f / H ) [hereinafter referred to as APV 
(advection of the geostrophic potential vorticity)] is 
balanced by the fi ve terms in the right-hand side of 
Eq.1. A positive APV means an onshore intrusion of 
Kuroshio in the shelf break of ECS.  

 The monthly APV as well as the other fi ve terms in 
the equation are integrated along the 200 m isobaths in 
the study area. It should be noted that the wind stress 
term can be divided into two terms: the surface Ekman 
fl ux (Ekman term about 93%) and the Ekman pumping 
(Pumping term about 7%) (Isobe, 1999). As shown in 
Fig.12b, the wind stress term (WSE) shows a pattern 
similar to that of APV, which means that the seasonal 
variation of APV is mainly due to the wind stress term. 
This result is consistent with the results of previous 
studies (e.g., Guo et al., 2006). In addition, comparing 
with the bottom stress term, the horizontal diff usion 
term and the advection term, the JEBAR term also 
exhibit a relative stronger seasonal variation, which 
gradually increase from April to December, and 
decrease to the minimum in April. On the other hand, 
the seasonality of the Kuroshio onshore fl ux is primarily 
balanced by the wind stress term and the JEBAR term 
is secondary. The causes for the change of JEBAR 
term, Oey et al. (2010) demonstrated that the joint 
eff ect of baroclinicity and relief (JEBAR) is mainly 
related to the surface heat fl ux gradient over the ECS 
shelf. This means that the surface heat fl ux is another 
important factor and play a secondary role in controlling 
the seasonal variation of the Kuroshio onshore fl ux. All 
other terms are less essential to the seasonal variation 
of the Kuroshio onshore fl ux since these terms have 
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weaker seasonal change. The analysis in this subsection 
demonstrate that the wind-induced surface Ekman 
transport along the 200 m isobaths northeast of Taiwan 
Island and the change of the surface heat fl ux are 
probably two dynamic factors controlling the 
contribution of the Kuroshio to the TWCW. The 
comparison demonstrated that the seasonal variation of 
the total onshore Kuroshio intrusion across the 200 m 
isobaths is mainly dominated by the local monsoon 
winds, but its dependence on the wind is obviously 
modifi ed by the surface heat fl ux (which induces the 
change in the density fi eld).  

 5 CONCLUSION 
 Based on the historical observed data and the 

modeling results, this paper investigated the seasonal 
variation of the TWCW using a cluster analysis 
method and discussed the contributions of the 
Kuroshio onshore intrusion and the TSWC to the 
TWCW volume on seasonal scales. The TWCW has a 
strong seasonal variation in its horizontal distribution, 
 T - S  characteristics and volume. This water mass 
consists of only the TWCSW in the cold half of the 
year (October to next March), but of both the TWCSW 
and the TWCDW in the warm half of the year (April 
to September). The TWCW is characterized by high 
(low) temperature and low (high) salinity in summer 
(winter), whereas its volume is maximum (13 746 km 3 ) 
in winter and minimum (11 397 km 3 ) in autumn.  

 The two major sources of the TWCW are the water 
coming from the TSWC and the Kuroshio intrusion. 
The TSWC displays strong seasonal variability being 
strongest (2.24 Sv) in July and weakest (0.15 Sv) in 
January, its contributions to the TWCW are greatest 
(69.6%) in July and smallest (7.0%) in January. The 
onshore Kuroshio intrusion makes greater 
contributions to the TWCW than the TSWC in most 
months of a year except in summer months (June to 
August), when the TSWC makes greater contributions 
than the onshore Kuroshio intrusion. Diagnostic 
analysis suggest that the TSWC and the onshore 
Kuroshio intrusion are controlled by the local 
monsoon winds on the seasonal scales, the local 
winds is the dominant factor controlling the seasonal 
variability in the TWCW volume, while the surface 
heat fl ux can play a secondary role via the joint eff ect 
of baroclinicity and relief. 
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