
1.  Introduction
The East China Sea (ECS) is an area of importance in the Pacific-Asian Marginal Seas (Figure 1). The south-
ern ECS plays an essential role in modulating ocean circulation and the exchange of water masses (Chen & 
Sheu, 2006; He et al., 2019; Hu et al., 2020), fishery resources (Naimullah et al., 2020), and biogeochemical 
materials (Chen, 2008; Liu et al., 2000; Yu et al., 2016) between the Taiwan Strait (TS) and Kuroshio Current 
(KC). The ECS shelf is in the northern waters of Taiwan and is a shallow platform with a width of 340 km 
and an average depth of 130 m. The long, narrow depression at the junction of the TS and southern ECS 

Abstract  Ocean currents in the southern East China Sea (ECS) are complex and have long lacked 
systematic observational data. Observations from coastal radars in northern Taiwan, along with several 
drifters and satellite data, reveal a detailed ECS surface flow structure and thermal front. Drifter 
trajectories followed the seasonal flow field and were oscillatory and trapped due to strong tidal currents. 
Three drifters crossed the oceanic front off the northern coast of Taiwan following the tidal motion with 
a rapid change in the sea surface temperature by 2.5°C, which was recorded within a small distance 
of 500 m. A significant seasonal water mass exchange cycle occurred in the southern ECS. Starting in 
October, the Kuroshio Current intrudes onto the ECS shelf, causing the formation of a southwestward 
Northern Taiwan Coastal Current that mixes with the China Coastal Current to form a southward flow 
in the northern Taiwan Strait. Beginning in March, the ocean current off northwestern Taiwan shifts 
northward and then gradually flows eastward into the Kuroshio region. With satellite-derived and model-
simulated surface currents contradicting each other over long periods of time, hourly coastal radar data 
have not only successfully explained the spatiotemporal variations in the sea surface temperature, salinity, 
and chlorophyll concentration observed by satellites but have also resolved the long-standing disputes 
over the surface currents in the southern ECS.

Plain Language Summary  In the southern East China Sea (ECS), the ocean surface currents 
observed by satellite altimeters and estimated based on numerical models have considerably differed for a 
long time, especially in winter. The data observed by shore-based high-frequency radar have yielded new 
discoveries. Beginning in October, the Kuroshio Current intrudes onto the ECS shelf and pushes Kuroshio 
waters with high temperatures, high salinities, and low chlorophyll concentrations to the west, causing 
the current from northern Taiwan to flow southwestward into the Taiwan Strait (TS). Then, starting in 
March, ocean currents off northwestern Taiwan turn northward, and the water off northern Taiwan is 
pushed eastward back to the Kuroshio region. These flow field variations cause a significant oceanic front 
in the 121°E−122°E area in the southern ECS. We deployed four surface velocity program (SVP) drifters 
to observe the ocean flow and used virtual drifters to simulate the distribution probability of the track in 
each month. The drifters basically followed the movement direction of the seasonal flow field but could 
have been affected by the significant tidal currents and become trapped. With this study, we aim to better 
understand the southern ECS environment from a geophysical perspective.
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stretches from the northeast to the southwest and is approximately 300 km long with a water depth of more 
than 60 m. Regarding the characteristics of the water masses, the composition of the TS water is mainly 
affected by the Taiwan Strait Current (TSC) and the China Coastal Current (CCC) (Chang et al., 2006; Hu 
et al., 2010; Jan et al., 2010; Zhou et al., 2018). The surface current structure in the southern ECS can be 
influenced by tides; a semidiurnal tidal cycle occurs in the TS, and a mixed semidiurnal tidal cycle is seen off 
northern Taiwan (Lie & Cho, 2016). The tidal current flows westward during the flood phase and eastward 
during the ebb phase in the southern ECS (Jan, Chern, & Wang, 2002, Jan et al., 2004; Hsu et al., 2020).

Regarding the characteristics of the surface current field between the northern TS and southern ECS, Jan, 
Wang, Chern, and Chao (2002) suggested the presence of the southward CCC and the northward Kuroshio 
Branch Current (KBC) along the western and eastern boundaries of the TS, respectively, in the spring, the 
northward South China Sea monsoon current (SCSC) in the whole TS in the summer, and the southward 
CCC and northward SCSC along the western and eastern boundaries of the TS, respectively, in the fall. Hsu 
et al. (2018) further stated that part of the SCSC might flow along the northern coast of Taiwan and south-
eastward into the KC region in summer. However, there has been great divergence in the perceptions of 
surface currents in the winter. The CCC along the coast is mainly composed of low-temperature and low-sa-
linity freshwater, whereas the upper KC is comprised of high-temperature and high-salinity water (Jan 
et al., 2010). Several studies have pointed out that the surface CCC could flow eastward toward northern 
Taiwan along the northeast side of the TS (Jan, Wang, Chern, & Chao, 2002, Jan et al., 2011; Wu et al., 2007). 
However, using nearly 30 years of historical satellite-tracked surface drifter data, Qiu et al. (2011) suggested 
that almost all winter drifters that enter the TS eventually move southward; i.e., the KC intrudes onto the 
ECS shelf (Hsin et al., 2011; Liu et al., 2014, 2020; Oey et al., 2010; Zhuang et al., 2020) and flows south-
ward into the TS. The surface flow field results obtained from numerical modeling have also supported the 
southward flow of the northern TS in winter (Lin et al., 2016; Yu et al., 2016). Regarding more recent discov-
eries about the flow field in the northern TS, wind-induced coastal-trapped waves could affect circulation 

Figure 1.  Study area with submarine topography obtained from the ETOPO1 1 arc-minute global relief model (doi:10.7289/V5C8276M). The colored circles 
and lines represent the deployed positions and trajectories of the drifter experiments, respectively. The gray dots represent the coastal radar station. The gray 
line between the northernmost tip of Taiwan and Matsu represents the virtual location of the junction between the southern ECS and the TS. The three arrows 
in the left panel show the main ocean currents: the China Coastal Current (CCC), the Taiwan Strait Current (TSC), and the Kuroshio Current (KC). Please note 
that the color scale in the left panel differs from that in the right panel to better highlight more detailed topography.
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in the TS and intensify the southward intrusion of cold waters into the southern TS (Ko et al., 2003; Liao 
et al., 2017). Moreover, Zhang et al. (2020) found that the CCC became stronger in the winters after 1998, 
which could be attributed to the intensification of northeasterly winds, the weakening of TS warm water, 
and other oceanic-atmospheric interactions. Thus far, the status and characteristics of the winter ocean 
surface current field at the junction of the southern ECS and the TS have remained unclear.

Satellite altimetry, ocean current reanalysis, and numerical model output data have all shown that the sur-
face structure of the flow field in the southern ECS is complex, with significant seasonal changes. Because 
of the low spatial and temporal resolutions of the datasets, it is difficult to determine the tidal variations 
and characteristics of ocean currents in the southern ECS, especially along the coast. However, since the 
northern waters of Taiwan are located at the intersection of the TS, ECS, and KC, with multiscale oceanic 
phenomena and fishery resources, it is necessary to clarify the dynamic characteristics of the ocean current 
field. The following questions arise. First, what are the monthly and seasonal surface flow field charac-
teristics at the junction of the southern ECS and the TS, especially in the winter? Second, because ocean 
currents comprised of different water masses meet here, significant oceanic fronts are expected. Where and 
when do these sea surface temperatures (SSTs), sea surface salinities (SSSs), and chlorophyll fronts appear? 
Third, to better understand the mechanisms of oceanic phenomena in this area on a relatively small scale 
(Figure 1), is it possible to obtain detailed information about ocean currents with higher temporal and spa-
tial resolutions?

To answer these questions, we use surface current field data derived from a coastal ocean dynamics ap-
plication radar (CODAR) observation system (Roarty et al., 2019; Shen et al., 2019), incorporating surface 
velocity program (SVP) drifter data with a very high sampling interval. Satellite SST, SSS, and chlorophyll 
concentration data are also employed to investigate the oceanic fronts and how they are influenced by 
ocean currents. This study presents the results of our multi-time-scale observations of ocean currents and 
the frontal characteristics in the southern ECS. The results clarify the previously mentioned long-standing 
problems and inferences in this important marginal sea area and improve the understanding of the tem-
poral and spatial structures of surface currents and oceanic fronts in the southern ECS. Data from various 
sources used in this study, particularly the CODAR system of Taiwan and our SVP drifter experiments, are 
described in Section 2. A comparison of ocean current fields derived from various sources in the southern 
ECS is presented in Section 3. Section 4 presents the results of SVP drifter experiments and a virtual drifter 
experiment based on CODAR data. Oceanic fronts are described in Section 5, followed by a discussion and 
concluding remarks.

2.  Data and Methods
2.1.  Ocean Current Field

Four ocean current observation products (satellite altimetry, reanalysis, historical cruise observation, and 
CODAR data) and numerical model output data were used in this study. The global ocean satellite altime-
ter gridded level-4 sea surface heights and derived surface geostrophic eastward and northward sea water 
velocity data with a 1/4° grid and a daily temporal resolution were provided by the Copernicus Marine 
Environment Monitoring Service (CMEMS). OSCAR (ocean surface current analysis real-time) data with a 
1/3° grid and a 5-day temporal resolution were generated by Earth Space Research. The numerical model 
yields current field data obtained from the HYbrid Coordinate Ocean Model (HYCOM) + Navy Coupled 
Ocean Data Assimilation (NCODA) global analysis simulation results with a 1/12° grid and a daily tempo-
ral resolution. To compare and discuss the ocean current fields, these three datasets were first processed 
as monthly averages. The data used in this study cover the period from January 1993 to September 2019. 
The Ocean Data Bank (ODB) database has compiled various oceanographic data in the seas surrounding 
Taiwan (117°‒125°E, 18°‒27°N) since 1991, including data collected by R/V Ocean Researchers I, II, and 
III. The available acoustic Doppler current profiler (ADCP) data were then distinguished by the depths 
associated with each standard level number based on the World Ocean Database 2013 and transformed 
into a 1/4° grid in latitude and longitude. The Taiwan Ocean Radar Observation System (TOROS) was built 
along the coast of Taiwan by the Taiwan Ocean Research Institute, National Applied Research Laborato-
ries (Roarty et al., 2019). The ocean surface currents were measured by 19 CODAR stations (including 13 
operational sets of 5 MHz, 5 sets of 13 MHz, and one set of 24 MHz compact type high-frequency ocean 
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radar instruments) around Taiwan more than 100 km from the coast with a 10-km spatial resolution and 
a 1-hr temporal resolution (Shen et al., 2019). The observation range of CODAR data covers the area be-
tween 119°E and 123°E and between 21°N and 26.5°N. The radial velocities from different radar sites were 
searched with a 15-km search radius at each grid point and combined with a compact, noncontact surface 
current and wave measurement of the CODAR SeaSonde high-frequency radar system to produce hourly 
surface current data. Based on the difference between the observed wave and the theoretical phase veloci-
ties of deep-water waves, the velocity and direction of the surface ocean current were calculated. The hourly 
data refer to the calculation of the observed radial velocity approximately 75 min before and after the mo-
ment of measurement. TOROS system maintenance work was performed at least once per year for antenna 
pattern measurements based on a multiple-signal classification algorithm (Lipa et al., 2006), and quality 
control of the optimized parameter data was conducted based on Barrick's et al. (1977) theory, including 
spatial and temporal uncertainty, the maximum, minimum and average velocities; and the spatial and tem-
poral counts. The CODAR data were used to explain the ocean phenomena of the current fields north of 
Taiwan. The time span of the data used in this study was December 2014 to May 2020.

2.2.  SVP Drifter Experiments

Eight SVP drifters with drogues at a nominal depth of 15 m were deployed in the middle of the northern TS 
by the ferry Taima Star on February 3 and 15, 2017 (Figure 1). Among them, four drifters were either picked 
up by fishermen or malfunctioned; only four drifters operated successfully, and their data were analyzed 
and reported in this article. The sampling interval was set to 15 min from the beginning of the study period 
to 25 March for close examination of oceanic features near Taiwan and then reset to 3 hr afterward to save 
battery power. A thermistor was mounted in the bottom part of each surface buoy. The bench accuracy of 
the SST measurements was ±0.05°C after a 5-point calibration was conducted across the sensing range of 
the thermistor (Centurioni, 2018). All of the drifters carried a satellite modem for data (SST and position) 
telemetry, which received the measured positions with a global positioning system engine. The current 
velocity was determined from the traveling distance divided by the time elapsed based on the centered dif-
ference method. The SVP drifters were designed and produced by the Lagrangian Drifter Laboratory at the 
Scripps Institution of Oceanography, and the observed data eventually joined the Global Drifter Program, 
which is part of the global ocean observation system maintained by the National Oceanic and Atmospheric 
Administration's Atlantic Oceanographic & Meteorological Laboratory. The start times (UTCs) of the four 
drifter observations were 18:44 on February 3, 2017 (Drifter-1; ID: 62325430), 18:53 on February 3, 2017 
(Drifter-2; ID: 62325980), 19:04 on February 3, 2017 (Drifter-3; ID: 62415670), and 20:02 on February 15, 
2017 (Drifter-4; ID: 62416680).

2.3.  Temperature, Salinity, Chlorophyll Concentration, and Wind Field

The Group for High-Resolution Sea Surface Temperature (GHRSST) multiscale ultrahigh-resolution level-4 
global foundation SST analysis data (version 4.1), which were generated by combining complementary sat-
ellite and in situ observations within optimal interpolation systems with high spatial resolutions, were used 
to analyze the SST fronts. The GHRSST level-4 global 0.01° grid data were produced by the National Aero-
nautics and Space Administration's Jet Propulsion Laboratory from several instruments, such as advanced 
microwave scanning radiometers, moderate-resolution imaging spectroradiometers, WindSat radiometers, 
and in situ SST observations. The Soil Moisture Active Passive (SMAP) Sea Surface Salinity, version 4.0, 
validated data observed from the L-band radiometer with a 1/4° grid, and a monthly temporal resolution 
was used to analyze SSS fronts. The near-polar orbit of SMAP allows the instrument to obtain complete 
global coverage of the oceans in three days, with a repeat cycle of eight days. The Geostationary Ocean 
Color Imager (GOCI) chlorophyll concentration data had a spatial resolution of approximately 500 m over 
the northeast Asian marginal sea. The observation time in the southern ECS was 0:00 to 7:00 (UTC), and the 
local time was 8:00 to 15:00 (UTC+8). The level-2 hourly chlorophyll concentrations in seawater, assessed 
by ocean color index algorithm data products, were used to analyze the ocean chlorophyll fronts. The Ad-
vanced Scatterometer (ASCAT) data (version 2.1) were produced by remote sensing systems and are funded 
by the NASA Ocean Vector Winds Science Team. Daily and time-averaged (3-day, weekly, and monthly) 
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0.25° gridded data containing wind speeds and directions 10 m above the water surface were used to analyze 
the surface wind field.

2.4.  Ocean Current Adjacent to the Southern ECS

Three commonly used ocean current databases-OSCAR, CMEMS, and HYCOM-were employed in this 
study to observe the ocean surface current variations in the southern ECS. According to the characteristics 
of the ocean currents (Figure 2) and ocean surface wind field (Figure 3) in northern Taiwan, the months 
could be divided into three periods: April–May, June–August, and October–February. March and Septem-
ber are the transitional months. The prevailing wind in this region from October to February is the strong 

Figure 2.  Climatological seasonal ocean surface flow fields obtained from various databases: (a) OSCAR, (b) CMEMS, and (c) HYCOM. The climatological 
seasonal ocean surface flows are averaged over the period of January 1993 to September 2019.

Figure 3.  Climatological monthly wind fields averaged over the period of March 2007 to October 2020.
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northeasterly monsoon with a wind speed of 8–12  m/s. Southwesterly 
monsoons prevail in summer from June to August with wind speeds of 
3–6 m/s from the south or southeast. April and May are the transitional 
months from the winter monsoon to the summer monsoon with wind 
speeds of 4–8 m/s coming from the northeast or east. Figure 2 presents 
the climatological monthly average flow fields in the southern ECS ob-
tained from the different databases from January 1993 to September 
2019. The KC flowed northward throughout the year off eastern Taiwan, 
as consistently observed in all three databases. The main axis of the KC 
had a fast velocity from June to August (0.87–1.09 m/s) and a slow veloc-
ity from October to February (0.67–0.78 m/s). However, inconsistent flow 
field patterns were found in other locations in this region. These patterns 
significantly affected our understanding of the source of the water in the 
southern ECS, especially since this area represents the confluence of the 
TS, ECS, and KC waters. The inconsistent features observed mainly in-
cluded three conditions. (a) From March to May, the strong KC that in-
truded onto the ECS shelf was only observed in the HYCOM simulation. 
Moreover, the OSCAR and CMEMS data revealed that the flow field was 
mainly oriented southeastward along the coast, whereas the HYCOM 
simulation showed a northwestward flow along the coast off northeast-
ern Taiwan. (b) From June to September, the current in the TS flowed 
toward the KC region along the northern coast of Taiwan, which was ob-
served in both the OSCAR and the CMEMS data but not in the HYCOM 
simulation. (c) From October to February, only the CMEMS data showed 
that the ocean currents in the southern ECS mainly flowed eastward from 

the TS to the KC, whereas the HYCOM simulation showed that the ocean currents in this region mainly 
flowed westward from the KC to the TS.

Significant differences in ocean surface currents can be observed for the southern ECS between the satel-
lite-derived data and HYCOM simulation. In the winter and spring, research surveys have difficulty con-
tinuously measuring ocean currents due to poor sea states. Although the ODB has accumulated nearly 
30 years of data, there are still insufficient data in the southern ECS. The surface current field derived from 
the CODAR system of TOROS was used in this study to clarify the flow field characteristics. The CODAR 
data accumulated over the past 5  years have provided continuous and detailed flow information in the 
southern ECS, and the data can be very useful for examining the ocean current dynamics on various time 
scales, including hourly, daily, and monthly scales, which were not previously possible. Figure 4 presents 
the near-surface ocean currents obtained from ocean research surveys from 1991 to 2020 and surface ocean 
currents observed by CODAR from December 2014 to May 2020. In the summer, the flow directions and 
velocities of the two datasets are similar, but the ocean current observed by ODB is two times faster than 
that observed by CODAR, especially off northwestern Taiwan. In the winter, due to the lack of observational 
data, the ODB ocean current field data are not suitable for further discussion.

The seasonal CODAR surface flow maps in the southern ECS are presented in Figure 5. From March to 
September, two branches of the TSC existed in northwestern Taiwan (121°E, 25.5°N). One branch flowed 
northward into the ECS. Its speed was faster from June to August, reaching a mean value of 0.5 m/s, where-
as in March the speed was only 0.2 m/s. The other branch flowed slowly at 0.1 m/s eastward along the 
northern coast of Taiwan toward the KC northeast of Taiwan. From October to February, the KC intruded 
onto the ECS shelf, and some portion of the intrusion flowed westward along the northern Taiwan coast 
into the TS. During this period, the ocean surface currents in the TS flowed toward the south. The location 
of the significant KC intrusion was slightly north of 25.5°N, with a speed of 0.4 m/s. The flow velocity in the 
central part of this figure, i.e., from the southern ECS to the northern coast of Taiwan, was slow, averaging 
<0.1 m/s. In March, the KC continued to intrude onto the ECS shelf; however, the ocean surface currents 
in the TS converted to flowing northward, and the coastal waters of northern Taiwan also turned eastward 
from the TS to the KC.

Figure 4.  Climatological near-surface ocean current of ODB and surface 
current of CODAR in winter and summer. Please note that the difference 
in vector sizes only represents the direction.
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A simple image representation can be used to understand the characteristics and sources of the current 
variations in both the TS and KC. Figure 6 shows the probability distribution of the westward flow (east-
west component <0) calculated using the hourly CODAR data. The grid data are displayed only when the 
missing data of the grid point are <30% over the entire period. As expected, the flow field in the southern 
ECS was characterized by seasonal ocean currents and tidal currents, and the KC flowed northward off 
eastern Taiwan throughout the year. Combining the CODAR monthly flow field results with the results of 
previous studies (Hsu et al., 2018; Jan, Wang, Chern, & Chao, 2002; Oey et al., 2010; Qiu et al., 2011), we 
have provided a diagram of the dynamic mechanism of the main ocean surface currents in the southern 
ECS (Figure 6). The semidiurnal tidal current in the southern ECS was characterized by westward flow 
during flood tides and eastward flow during ebb tides (Hsu et al., 2020). The probabilities of eastward and 
westward tidal currents off northern Taiwan were approximately 50%, and it was expected that currents 
from the TS and KC sides would be affected by significant tidal currents and that drifters would become 
trapped in this area when flowing through the region north of Taiwan. In the area between the KC and the 
northern coast of Taiwan, the Northeastern Taiwan Coastal Countercurrent (NETCC) existed throughout 
the year and flowed from the ECS shelf along the coast to the KC region (Hsu et al., 2018; Yin et al., 2020). 

Figure 5.  Climatological seasonal surface flow fields of CODAR averaged over the period of December 2014 to May 
2020.

Figure 6.  Schematic diagrams of the ocean surface current characteristics in the southern ECS. The background color 
is the probability distribution (%) of the westward flow, calculated from hourly CODAR data from December 2014 to 
May 2020.
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In the northern TS, the main current from April to August is the TSC. The characteristics of these water 
masses could be different in months, but all displayed flow directions from south to north. The character-
istics of the flow field at the intersection between the southern ECS (the northern waters of Taiwan) and 
the TS diverged in winter when comparing the results of the ocean current databases (Figure 2) with those 
of previous studies (Jan et al., 2011; Qiu et al., 2011). Jan et al. (2011) suggested that the primary source of 
ocean currents at the junction between the northern waters of Taiwan and the TS is the eastward winter 
monsoon-driven CCC, similar to altimeter-derived ocean surface currents (Figure 2). However, based on 
historical drifter data, Qiu et al. (2011) suggested that the currents in this area are mainly caused by the KC 
spilling onto the ECS shelf and flowing westward along the northern coast of Taiwan into the TS, consistent 
with the HYCOM simulation (Figure 2). In this study, the results of the continuous hourly observations of 
ocean currents based on CODAR suggested that, during the winter, the currents between northern Taiwan 
and the TS are mainly caused by the KC spilling onto the ECS shelf and passing through the tidal current 
area before flowing southwestward into the TS. We named this westward surface current the Northern Tai-
wan Coastal Current (NTCC), and this current had an average velocity of 0.1–0.2 m/s.

We further combined the CODAR surface flow with the SST images obtained during the same period (Fig-
ure 7) to further analyze the influence of the monthly average ocean current on the characteristics of SST 
changes in the southern ECS. We started by examining the flow field and the SST cycle from September, 
when the flow field during the seasonal transition period has no significant characteristics. The northward 
current in the TS began to weaken, and a southward CCC began to appear adjacent to the coast of China in 

Figure 7.  Monthly SSTs (°C) and the CODAR flow field from December 2014 to May 2020.
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the southern ECS. The SST at the southern end of the ECS was less than 28°C, and the oceanic front was 
almost nonexistent. From October to March, the KC intrusion (KI) spilled onto the ECS shelf, affecting the 
entire flow field in the southern ECS. KI refers to the northward or northwestward ocean current extending 
from the KC into the ECS. In October, the flow direction on the TS side began to turn to the south. These 
flows were mainly composed of the CCC along the coast of China and the NTCC along the coast of Taiwan 
and had a velocity of approximately 0.2 m/s. The SST of the CCC was 2–4°C lower than that of the NTCC, 
especially from November to January. Upon combining the ocean current and SST observations, it is evident 
that the KI flowed westward at the southern ECS, promoting a warm KC, mixing with cold water from the 
north and forming a significant SST front in the north-south direction. At 200 km of equal latitude, the SST 
varied by >8°C. In February, the NTCC began to weaken and disappear. In March, the northward current 
in the TS entered from the Luzon Strait through the southwest coast of Taiwan, bringing warm seawater 
before it, and it lasted until September. The counterclockwise flow field observed off the northeastern cor-
ner of Taiwan is a common phenomenon called a cold dome, which is a year-round phenomenon in the 
subsurface but is exposed to the sea surface from June to October (Cheng et al., 2009; Wu et al., 2008). The 
SST in the southern ECS can reach 28°C–29°C, and the oceanic front in summer generally appears close to 
the coast of northern Taiwan (between 121.5°E and 122°E).

2.5.  SVP Drifter Experiments in the Southern ECS

2.5.1.  Drifter Trajectory

To further understand the dynamic process of ocean currents in the southern ECS, four SVP drifters were 
deployed in February 2017 at the junction of the TS and southern ECS to monitor the flows and SST of this 
region. Drifter-1, Drifter-2, and Drifter-3 were deployed on 4 February in sequence at 2:33, 2:40 and 3:04 
local time (UTC+8), respectively, from a sailing ferry in the northern TS. The distances of starting positions 
between Drifter-1 and Drifter-2 and between Drifter-2 and Drifter-3 were approximately 3.9 and 11.4 km, 
respectively. Drifter-4 was deployed on 16 February. The trajectories and weekly positions of these four 
drifters for the first three months after deployment are illustrated in Figure 8. The drifter velocities and the 
observed SST are illustrated in Figures 9 and 10, respectively. Drifter-2 and Drifter-3 had somewhat similar 
trajectories, and their separations remained between 13 and 66 km. Both drifters first moved slowly and 
lingered toward the south for the first week, responding to the intensified northeasterly monsoon, and 
then they moved toward the east to the northern Taiwan waters, where they oscillated back and forth in 
the E-W direction carried by the strong semidiurnal tidal currents and were “trapped” just off the cape for 
approximately three weeks. Finally, the drifters broke free from the tidal currents. These two drifters trav-
eled to the coastal water northeast of Taiwan, where pronounced SST increases were observed (Figure 10b 
and 10c). Then they moved in a cyclonic fashion toward the north, where the waters were much warmer, 
and the flows were tide dominated (Figures 9b and 9c). Subsequently, these drifters apparently merged into 
the northeast-bound Kuroshio Mainstream. The counterclockwise circulation northeast of Taiwan was also 
reported in earlier studies (Tang et al., 1999; Tseng & Shen, 2003).

Drifter-4 was deployed 12 days later 11.8 km northwest from Drifter-3's released position. Drifter-4's trajec-
tories were similar to those of Drifters-2 and -3, except without lingering in the TS for the first week and 
without being trapped in the significant tidal area just off the cape for an extended period of time. The in-
teraction with a sharp SST front, cyclonic circulation northeast of Taiwan, and warm and tidally dominated 
waters were also experienced by Drifter-4.

Although Drifter-1 was deployed only seven minutes earlier than and at a short distance (3.9 km) east of 
Drifter-2, the trajectories of these two drifters differed significantly, and the separations increased consid-
erably with time, exceeding 600 km after 10 weeks. Drifter-1 first moved eastward for one week and then 
deflected toward the north to the southern ECS, where flows tidally dominated. Note that this area of sig-
nificant semidiurnal tides was visited by all four drifters but at different times: late February for Drifter-1, 
early April for Drifter-2 and Drifter-3, and mid-March for Drifter-4. Nevertheless, the SST values in this 
area observed by these four drifters were quite different (Figure 10), that is, colder (∼17°C) for Drifter-1 and 
warmer (>20°C) for the other three drifters. In other words, Drifter-1 remained in the cold-water masses, 
while the other three drifters crossed the SST front from the cold coastal waters to the warm KC waters. In 
summary, the trajectories of these four drifters and the observed SST revealed several interesting features, 
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such as the interaction of CCC, TS outflow, and KI in the southern ECS, as well as intense tidal currents and 
the existence of a pronounced SST front in the winter. The complicated flow patterns in this area resulted 
in diversified drifter trajectories, although their deployment positions and times were similar. Detailed flow 
velocities and observed SSTs of these four drifters are described in the next section.

2.6.  Ocean Current Structure and SST Features Observed by SVP Drifters

The important phenomena observed from the four drifters in the southern ECS were selected for detailed 
analysis and discussion. First, we focused on the complicated results of the drifting trajectories of Drifter-2, 
Drifter-3, and Drifter-4. Drifter-2 (ID: 62325980) flowed southward at an average velocity of 0.44 m/s for a 
week and then turned back northward at 0.50 m/s after it was deployed at the northern TS (Figure 9b); it 
lingered in the TS for 13 days before heading east into the southern ECS (Figures 11a–11d). A northeasterly 
wind with a speed of 10.5 m/s was observed in this area. Although the SST in the region is affected by the 
tidal current north of the TS, the observed SST varied by only 1°C because the drifter SST remained in the 
same water mass region. The drifter was still affected by a significant tidal current after entering the south-
ern ECS; this current flowed at 0.53 m/s adjacent to the 100-m isobath, reached the northernmost end of 
its path on 23 February, and then flowed southward at 0.87 m/s to the northern coast of Taiwan. There was 
a northeasterly ocean surface wind observed in northern Taiwan during the month of the study with an 
average speed of 8.4 m/s. Note that this drifter was stuck near the coast from 6 to 15 March, which could be 
seen from the sudden decrease in drifter speed to nearly zero (Figure 11h). Fortunately, this drifter broke 
free and subsequently resumed operating. From the two trapping processes experienced by the drifter in 
the TS and the southern ECS, we can conclude that the flow velocity was slow during one period and sud-
denly increased during the other period. This flow velocity transition was caused by neap and spring tides. 

Figure 8.  The weekly positions of the four drifters after deployment: Drifter-1 (red), Drifter-2 (blue), Drifter-3 (green), and Drifter-4 (yellow). The numbers 
represent the number of weeks since each drifter was deployed. For Drifter-3, the second to sixth weeks are not shown, when it was located off northern 
Taiwan.
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In areas with semidiurnal tides around Taiwan, the spring tide period is defined using the lunar calendar 
from the 29th to the 4th and from the 14th to the 19th of each month based on the long-term average tidal 
observations obtained in coastal areas by the Central Weather Bureau of Taiwan. During this study period, 
the spring tide period was from 10 to 15 February and from 25 February to 1 March. Different evolutions of 
flow velocity between two periods of 4–16 February and 17 February–23 March are shown in Figures 11d 
and 11h. In addition, two significant SST changes were observed when the drifter moved adjacent to the 
coast of northern Taiwan (Figures 11e and 11g). The first change occurred on 5 March, when the drifter 
flowed eastward with ebb currents and then westward with flood currents; significant SST variations were 
observed in this short time. While drifting eastward, the SST increased from 17.15°C to 19.66°C with only 
a 0.47-km drifting distance; then, the drifter flowed back westward, and the SST dropped to 17.13°C within 
1.87 km. The second change was observed during the drifter departure from the coast from 14 to 15 March; 
the SST increased slowly from 16.97°C to 18°C. These abnormal SST changes were most likely caused by 
the drifter flowing back and forth across the oceanic front between the coastal water and the KC. The drifter 
gradually reached the KC after 15 March and continued to flow northward in the direction of the KC; the ob-
served SST increased from 18°C to 21°C during this time. From this Drifter-2 experiment, it was found that 

Figure 9.  The observational flow speed along each drifter's trajectory: (a) Drifter-1, (b) Drifter-2, (c) Drifter-3, and (d) Drifter-4.
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the drifter was trapped and rotated by the tidal current, and the observed change in its speed was related 
to the spring and neap tides (Figure 11f). A significant oceanic front formed at the intersection of different 
water masses in the southern ECS.

Drifter-3 (ID: 62415670) flowed southward in the TS with the tidal current and then returned to the north 
from 11 to 12 February (Figure 9c). A northeasterly wind with a speed of 10.4 m/s was recorded in this area. 
According to the OSCAR data, the direction of the ocean current was southward from 3 to 11 February and 
northward after 12 February, indicating that the drifter oscillated with the tidal current but was mainly 
affected by the direction of the flow field, causing it to drift northward and southward (Figures 12a–12d). 
The velocity of the drifter was affected by different tidal cycles: the drifter had a velocity of 0.46 m/s during 
the spring tide period and a velocity of 0.38 m/s at other times (Figure 12d). The drifter followed the ocean 
current and entered the southern ECS on 24 February, where it was trapped for 1 month by significant 
tidal currents (Figures  12e–12h). A northeasterly ocean surface wind was recorded in northern Taiwan 
during this month, with an average speed of 8.5 m/s. The drifter activities of the between 23 February and 
19 March included two spring tide periods, and the average flow velocities were 0.88 m/s (25 February to 1 
March) and 0.58 m/s (11 to 16 March) during these periods; the velocity was 0.53 m/s during the rest of the 

Figure 10.  The observational SST along each drifter's trajectory: (a) Drifter-1, (b) Drifter-2, (c) Drifter-3, and (d) Drifter-4.
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period (Figure 12h). The drifter broke free from the tidal current and drifted southeastward on 19 March, 
and then it flowed parallel to the northeastern coast of Taiwan into the KC. Afterward, it turned to drift 
northward toward the center of the ECS under the effect of the strong KC on 22 March (Figure 12g). During 
this period, the drifter observed two SST changes (Figures 12e and 12f). During the first change, the SST 
slowly increased from 17.9°C to 20.1°C within 8.2 km after the drifter broke away from the tidal current on 
20 March. The second change was recorded when the drifter flowed southeastward into the KC and then 
turned northward off the northeastern corner of Taiwan, where the SST rose from 19.1°C to 22.7°C within 
4.9 km. The two SST events were speculated to be due to the drifter flow across the oceanic front.

Drifter-4 (ID: 62416680) was deployed to the northwest of Drifter-2 and Drifter-3, and its release time was 
12 days later than that of the previous two drifters. Based on the results of the first two drifters, it could be 
expected that Drifter-4 would also be affected by the tidal current. The drifter flowed northward at a speed 
of 0.47 m/s until 20 February and then turned southward and entered the waters of northern Taiwan (Fig-
ures 13a–13d). A northeasterly wind with a speed of 7.8 m/s was recorded in this area. The drifter observed 
interesting SST variations in this region. The SST rose from 15.9°C to 19°C and then dropped back to 16.9 C 
from 25 February to 3 March (Figure 13c). Based on the flow field and GHRSST data, the high SST recorded 
in this region was caused by the KC intruding onto the ECS shelf. The KI cut off the cold-water linkage 
between the southern ECS and the coast of Taiwan. Unlike Drifter-2 and Drifter-3, which were trapped by 
tidal currents for more than two weeks, Drifter-4 flowed in the northern waters of Taiwan for 13 days and 
then headed to the KC. A northeasterly wind with a speed of 9 m/s was observed in this area. The drifter 
flowed through the intersection of the coastal current and the KC and moved back and forth along the oce-
anic front (Figures 13e–13h). The SST was observed to rise from 16.9°C to 19.4°C within 0.8 km; the drifter 
then followed the tidal currents and returned to the cold-water region, with the SST slowly dropping back to 

Figure 11.  The observational SST and flow speed along Drifter-2's trajectory and corresponding time series plot: (a)‒(d) in the TS from 4 to 16 February 2017 
and (e)‒(h) in the southern ECS from February 17 to March 23, 2017.
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17.3°C. Then, the SST rose to 20.6°C within just 1.8 km as the drifter once again followed the tidal currents 
and returned to the cold-water region, where the SST dropped back to 18.2°C within 7.1 km. Subsequently, 
the SST rose again to 23.1°C within 1.2 km. Finally, the drifter moved northward along the KC with a stable 
SST (Figure 13g).

Figure 12.  The observational SST and flow speed along Drifter-3's trajectory and corresponding time series plot: (a)‒(d) in the TS from 4 to 17 February 2017 
and (e)‒(h) in the southern ECS from February 23 to March 25, 2017.

Figure 13.  The observational SST and flow speed along Drifter-4's trajectory and corresponding time series plot: (a)‒(d) in the southern ECS from February 21 
to March 5, 2017 and (e)‒(h) in northeastern Taiwan from 6 to 19 March 2017.
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The trajectory of Drifter-1 (ID: 62325430) was significantly different from those of the other three drifters. 
Drifter-1 flowed along the direction of the tidal current and flow field, was trapped in northwestern Taiwan 
for only 9 days, and then entered the southern ECS (Figures 9a and 10a). Unlike the other three drifters, 
which flowed southward after entering the southern ECS, Drifter-1 instead moved northward and drifted 
into the ECS at a speed of 0.46 m/s within a month after deployment.

The four drifters mainly flowed in the southern ECS from February to March, and the results could be 
summarized as a series of processes that correspond to the conceptual diagram of the flow field shown in 
Figure 6. The processes that occurred after the drifters were deployed in the TS could correspond to low-fre-
quency ocean currents, such as the southward CCC, the northward TSC, coastal currents, and the connec-
tion of the northward KC. These low-frequency and stable ocean currents fluctuated due to high-frequency 
tidal currents, that is, flood and ebb tidal currents. According to drifter experiments, several important new 
discoveries could be made. There is a significant tidal current in the southern ECS, and its speed changes are 
related to the cycles of the spring and neap tides. Different water masses mix in the southern ECS, including 
the waters of the TS, ECS, and KC, to form a significant oceanic front. Strong horizontal convergence and 
vertical movement are expected to occur adjacent to the oceanic front in the southern ECS, inducing unsta-
ble ocean currents and a multiscale phenomenon. Considering the results from February 21 to 22, 2017 as an 
example, at this time, all four drifters flowed to the southern ECS (Figure 14). Figure 14a presents the hourly 
CODAR surface currents; these data reveal the high-frequency tidal excursion during flood and ebb cycles. 
The daily GHRSST on 21 February superimposed with the four drifter trajectories during 21–22 February is 
presented in Figure 14b. We used the drifting position of each drifter at 00:00 on 21 February and the hourly 
CODAR flow field to simulate the virtual drifter trajectory (the green line in Figure 14b). It is worth noting 
that the trajectories of the SVP drifters represented a 15 m depth ocean flow, while the trajectories of the 
virtual drifters were a near-surface flow. As shown in Figure 14b, Drifter-2 has a high degree of agreement 
with the virtual drifter, and the directions of Drifter-3 and Drifter-4 were similar; only Drifter-1 significantly 
differed from the virtual drifter. The spatial distribution of the flow field off northeastern Taiwan is closely 
related to the local submarine topography, and it is found that the KC branch could flow through the subma-
rine canyon and cross the steep shelf edge into the ECS shelf (Tang & Yang, 1993; Tang et al., 1999, 2000). 
The ocean currents in this region include surface currents closely related to wind, the subsurface waters of 
the KC uplifted by topography (Liu et al., 1992), and the regurgitation of the KC in the bottom layer (Chuang 
et al., 1993). Therefore, the trajectories of the virtual drifters were slightly different from those of the SVP 
drifters. The strong KC intrusion around the region of 25.8°N caused the flow structures of the far and near 
shores to be different. The nearshore flow field even displayed a reverse flow (opposite to the direction of the 

Figure 14.  (a) The hourly CODAR surface flow in the southern ECS on February 21, 2017. (b) Trajectories of Drifters 1–4 (black lines) and corresponding 
virtual drifters (green lines) with daily CODAR surface flow (arrows) and GHRSST data (shading) on February 21, 2017.
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KC), and the spatial structure of the oceanic front was significantly different in this region. The time span of 
the SVP drifter experiment was between February and March, when the northeasterly monsoon prevails in 
northern Taiwan with an average wind speed of 8–10 m/s. Although a small amount of wind-driven current 
was produced, the effect of wind on the trajectories of the SVP drifters was limited. The flow velocities of the 
drifters were obviously affected by the flood and ebb tidal currents, causing the trajectories to periodically 
swing back and forth and moving the drifters along the low-frequency flow.

2.7.  Virtual Drifter Experiments Based on the Hourly CODAR Flow Field

In the previous section, we explored the results of the movement trajectories of four drifters, indicating 
clear variations in the tidal currents. To further explore the surface flow-field structure in the southern 
ECS, we conducted a virtual drifter experiment based on the hourly CODAR flow field. The release position 
of the virtual drifter was at 121.1°E, 25.3°N (marked as a red dot in Figure 15a), located at the junction of 
the TS and the southern ECS. The virtual drifter was continuously deployed from December 2014 to May 
2020 at an interval of 1 hr. It is worth noting that data quality can limit the CODAR flow field, resulting in 
some missing data in relation to times and positions. For the purposes of this experiment, we therefore only 
selected data when the drifter had drifted continuously for >48 hr. We made a monthly probability density 
distribution chart of the drifter trajectories (Figure 15a). Arbitrary examples of near-surface drifting were 

Figure 15.  (a) The probability distribution of the virtual drifter trajectory in each month, where the red dot is the 
deployed position of the virtual drifter (121.1°E, 25.3°N), and the background color is the probability (%). (b) Examples 
of virtual drifter trajectories in each month.
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chosen for each month but for different years from the virtual drifter experiments (Figure 15b), which last 
for a long time and can best represent the typical trajectory of the month. The drifter trajectory distribution 
for each month shown in Figure 15a agrees with the conceptual map of the flow-field characteristics in the 
southern ECS shown in Figure 6. June to August constitutes the typical summer period, during which most 
of the drifters flowed into the ECS or entered the KC along the northern coast of Taiwan. This outcome con-
firmed the findings of previous studies that used long-term observations to determine whether the water of 
the bay in northeastern Taiwan has the characteristics of summer ECS water masses (Hsu et al., 2018). In 
September, during the seasonal transition, we found that the drifter trajectories displayed three divergences: 
a northwestward flow toward the ECS, a northeastward flow toward the coast of Taiwan, and a southwest-
ward flow toward the entrance of the TS. In October, the main distribution of the drifter trajectory changed 
to a southwestward flow entering the TS. This flow-field characteristic, known as the NTCC (as shown in 
Figure 6), continued until January. The drifter distributions in February and March once again showed 
a seasonal transition period. At the junction of the TS and the ECS, the ocean surface current gradually 
changed from a southward to a northward current, continuing to the next surface current cycle. Regarding 
the individual virtual drifter trajectories (Figure 15b), the path characteristics were the same as those ob-
served in the SVP drifter experiment. Both drifters could be affected by the currents and become trapped or 
break away from tidal current restrictions and follow the direction of the main seasonal currents.

2.8.  Variations in Oceanic Fronts in the Southern ECS

By comparing the variation in the SST observed by the four SVP drifters shown in Figure 10 with the results 
shown in Figures 7 and 15, the physical mechanism that caused these drifters to flow at the southern end 
of the ECS for2 months can be understood more clearly. When these drifters were released on the north-
west side of the TS, they followed the monthly ocean current during February and moved to the northern 
coast of Taiwan. After being affected by strong tidal currents for several days, the drifters escaped the areas 
significantly affected by tides and then entered the KC, which carried them northward in March. These 
SVP drifter experiments recorded the results as the drifters encountered the oceanic front, and the SSTs 
were observed to vary rapidly within short drift distances. In the 6 months from October to March, sever-
al changes occurred in the SST front in the southern ECS. We therefore used long-term SST, chlorophyll 
concentrations, and SSS data to explore the characteristic variations in the oceanic front (Figure 16). The 
period from October to March also showed a rapid water transition in the southern ECS. The KI pushed 
high-SST seawater westward from the KC side, and the CCC pushed low-SST seawater southward on the 
TS side. The low- and high-SST water masses converged at the junction of the TS and the southern ECS, 
and the SST isotherms in the southern ECS were generally denser than those in the TS (Figure 16a). The 
strongest position of the SST front lies at approximately 121.5°E in the southern ECS. From the perspective 
of the ocean dynamic structure, the interface produced by the intersection of two different ocean currents 
or water masses regularly becomes a water environment that forms a rich fishing ground, referred to as the 
boundary of mass fishing waters. Here, the SST and SSS gradients were large. From December to March, the 
SST frontal isotherms were dense. If the horizontal gradient of the SST distribution in the fishing ground 
increased, it would reduce the range of the fish's temperature-appropriate sea area and promote a dense 
distribution of fish. In addition, the different directions of ocean currents would also be expected to bring 
a variety of fish species. As shown in Figure 16b, the variations in chlorophyll concentration are driven by 
seasonal currents. From October, the low-nutrient surface KC flowed toward the TS, forming a significant 
chlorophyll front that was most evident in December and January. From February, the flow along the west-
ern coast of Taiwan changed from the NTCC to the TSC. It can thus be seen that a water mass in the TS 
produced a waterway with a slightly lower chlorophyll concentration. The high chlorophyll concentration 
observed along the northwestern coast of Taiwan was caused by the continuous injection of river water. 
The SSS observational data also identified a salinity front formed by the mixing of the high-salinity KC and 
the low-salinity nearshore waters (Figure 16c). From the above results, we suggest that the current chang-
es in the southern ECS could cause important oceanic fronts, with the most significant position adjacent 
to 121°E−122°E. From March to September, the water in the TS was dominated by the TSC moving from 
south to north, bringing into the southern ECS waters with high SSTs, SSSs, and low chlorophyll concen-
trations. The oceanic front in the southern ECS was not as pronounced in the summer as in the winter. The 
monthly characteristics of the eastern waters of Taiwan in the summer presented high levels of SST and 
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SSS seawater; however, the large amount of precipitation brought by a typhoon can cause short-term low 
SSTs and SSSs (Hsu & Ho, 2019). Moreover, the high chlorophyll concentration observed along the coast of 
Taiwan occurred due to river runoff.

3.  Discussion and Conclusions
We speculate that, due to the scanning path and the limitation of the satellite altimeter along-track observa-
tions, which could only estimate results with low spatial and temporal resolutions, the satellite data might 
not be able to present the correct ocean surface current in the local area adjacent to the southern ECS. 
Wang and Oey (2016) observed that the on-shelf intrusion of drifters is significantly related to the winter 
onshore pattern of the KC path and that the warmer waters of the KC northeast of Taiwan produced a strong 

Figure 16.  The long-term characteristics of the ocean parameters in each month in the southern ECS: (a) SST (°C) from June 2002 to October 2020; (b) 
chlorophyll concentration (mg/m3) from April 2011 to October 2020; and (c) SSS (psu) from May 2015 to October 2020.
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along-shelf sea level slope, resulting in a pressure gradient force that enabled the drifters to penetrate the 
prevailing monsoon wind. They also found that the strong KI is a result of potential vorticity constraints, and 
the current intrusion off northeastern Taiwan is the most important intrusion in the whole southern ECS. 
The analyses of CODAR long-term observations in this study confirmed that the KC intruded the ECS shelf 
and that the intruding water continued to flow westward to enter the TS before flowing southward with the 
northeasterly monsoon. We used this result to propose a current feature that appeared in the southern ECS 
in the winter: the NTCC (Figure 17). This result also confirmed the inference caused by the near-surface 
circulation in the southern ECS in the winter that Qiu et al. (2011) described based on 20 years of drifter 
data. The deployment of the four drifters at the junction of the TS and the southern ECS provided interest-
ing and important results from the most chaotic location and month of the studied flow field. Both the SVP 
and virtual drifter experiments (Figures 9 and 15, respectively) could be regarded as the results of the total 
currents in the southern ECS. The flow field is composed of high-frequency tidal currents and low-frequen-
cy main circulation. We found that the drifters always moved along the pathway of low-frequency currents 
with high-frequency tidal signatures and cyclic movement patterns. Off northern Taiwan, the velocities of 
the total currents are weak due to the intersection of various currents in different directions all year. The 
white line segment in Figure 17 is used to emphasize the direction of the tidal current in northern Taiwan.

Regarding future work, ocean research surveys should be used to continuously measure the ocean currents 
and hydrological structures in this region. For example, the use of long-term hydrological survey data cov-
ering the summer months over the past 25 years allowed us to further understand the changes in the water 
layers of the entire upper seawater zone (100 m) at the junction of the oceanic fronts, including the front 
generated by the flow of the TSC, which passes northern Taiwan and deflects eastward in the summer and 
the upwelling caused by the cold dome off northeastern Taiwan. We expect that more cruise observations 
conducted in the winter will clarify the smaller-scale ocean phenomena, and it is necessary for research-
ers to establish in situ measurement cruises and long-term observations to understand the hydrological 
exchanges occurring off northern Taiwan in the future. Some issues on the east side of the TS are still wor-
thy of further discussion, including the branching and eastward deflection mechanisms of the TSC at the 
northern end of the TS, the impacts of the sudden strengthening and expansion of the CCC on the TS, and 
the contributions of river runoff and the chlorophyll concentration along the northern coast of Taiwan to 
the southern ECS. In addition, studying oceanic front changes at an annual scale could also help to clarify 
the link between fishing grounds (Oey et al., 2018) and ocean physics.

Figure 17.  A schematic diagram of the main ocean surface currents in the southern ECS.
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In summary, this study aimed to explore the ocean surface currents and oceanic fronts in the southern ECS 
using a high-spatiotemporal-resolution CODAR flow field in conjunction with satellite data and the results 
of four SVP drifter experiments. Based on CODAR-mapped surface current, the dynamic mechanisms of 
surface waters in the southern ECS were discovered and confirmed. Beginning in October, an ocean current 
called the NTCC flows along the northwestern coast of Taiwan to the southwestern TS and can last until 
February, with a velocity of 0.1–0.2 m/s; the current is most significant in December. The NTCC and CCC 
constitute the surface flows in the northern TS in the winter. In other seasons, the surface current in the 
northern TS is mainly composed of the TSC (0.3–0.5 m/s). In February 2017, four drifters were deployed at 
the junction of the TS and southern ECS. On a monthly scale, the drifters' low-frequency movements were 
dominated by the seasonal current in the southern ECS, drifting from the TS to the northern coast of Taiwan 
and then to the KC. On a daily scale, the drifters' high-frequency movements were characterized by strong 
tidal currents that caused the trajectories to rotate and oscillate and caused the drifters to become trapped 
in the region off northern Taiwan. The tidal current velocities were observed to exceed 1.2 m/s. Three drift-
ers crossed the oceanic front with the characteristics of tidal trajectories; i.e., they flowed back and forth 
between low- and high-SST areas, and the SST could change by 2.5°C within 500 m. The combined use of 
the CODAR flow field and long-term satellite data helped us to understand the ocean current movements 
and the mechanisms of oceanic front generation. In winter, the KI pushed water with high SSTs and SSSs 
and low chlorophyll concentrations from the KC region to the northern TS. The most pronounced oceanic 
front position in the winter was located between 121°E and 122°E in the southern ECS. The detection of 
this front location will aid future surveys in detecting submesoscale and small-scale phenomena in the 
area, especially since underwater observational data obtained in the winter remain limited. Based on the 
CODAR-mapped hourly surface current, the virtual drifter experiment helped us to understand not only 
the drifting trajectories of the surface currents but also the reference values of oil pollution drifting, ship-
wreck rescues, and water mass mixing processes. Overall, we successfully clarified the characteristics of the 
surface currents in the southern ECS, and the data will continue to be used in field surveys in the future.

Data Availability Statement
Satellite altimetry data are distributed through the Copernicus Marine and Environment Monitoring 
Service (https://marine.copernicus.eu/). The OSCAR ocean surface current reanalysis data are available 
through https://doi.org/10.5067/OSCAR-03D01. The numerical model outputs of current field data ob-
tained from HYCOM+NCODA are available through https://www.hycom.org/. Four drifter experimental 
datasets are available through the global drifter program (https://www.aoml.noaa.gov/phod/gdp/index.
php). The CODAR data are available through TOROS (https://www.tori.narl.org.tw/ETORI/eDefault.aspx). 
The historical ADCP data are available through the ODB of the Ministry of Science and Technology, Taiwan 
(http://www.odb.ntu.edu.tw/en/). The GHRSST data are available through NASA's physical oceanography 
distributed active archive center (https://doi.org/10.5067/GHGMR-4FJ04). SMAP salinities are available 
through remote sensing systems, sponsored by NASA (https://doi.org/10.5067/SMP40-3SMCS). The GOCI 
data are available through the NASA ocean color web (https://doi.org/10.5067/COMS/GOCI/L2/OC/2014). 
The C-2015 ASCAT data are produced by remote sensing systems and sponsored by the NASA Ocean Vector 
Winds Science Team. Data are available at www.remss.com.
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