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Abstract: This study investigates the variations in flow patterns in the northern Taiwan Strait in
summer using high-frequency (HF) radar measurements, satellite-tracked drifter trajectories and
numerical models. There is an obvious interaction between intra-diurnal tides and ocean currents in
northwestern Taiwan. When the tide changes between high tide and low tide, the change in direction
of the nearshore flow occurs before the change in the offshore flow. Drifter trajectories show that
there are three different drifting paths in the Taiwan Strait in summer. One path is along the west
coast of Taiwan from the southwest coast to the northeast coast. Another path is the same as the first
one but leads northward to the East China Sea instead of eastward to the northeast coast of Taiwan.
The other path exists along the west coast of Taiwan, some distance out, after being deflected by
the bottom ridge. The regional ocean modeling system model was used in this study to clarify the
influencing factors that lead to these three paths. The results of multiple simulations and HF radar
data indicate that the bifurcation of the first two drift paths in northwestern Taiwan is caused by
ebb and flood tide transitions. The different routes of the latter two paths are due to the significant
speed difference between the nearshore current and the offshore current approximately 45 km from
the coast.

Keywords: Taiwan Strait; flow pattern; high-frequency radar; drifter; tide

1. Introduction

The Taiwan Strait (TS), located between China and Taiwan, is a narrow passage that
connects to the South China Sea (SCS) in the south and the East China Sea (ECS) in the
north. It has been an important waterway since ancient times. As shown in Figure 1, TS
is a shallow strait about 60 m in depth on average. There is a deeper water channel in
the TS, named Penghu Channel, located along the southwest coast of Taiwan; the bottom
ridge of Changyun Rise (CYR) is north of it. The currents in the TS may be influenced by
monsoon and long-term winds. Wind fields in the TS are dominated by the East Asian
monsoon, which is southwesterly from May to August and northeasterly from September
to April [1]. Previous studies mentioned that seasonal variations in volume transport in
the TS are related to the reversal of the monsoon [2] and wind stress along the TS [3].
Additionally, the TS is strongly affected by other ocean currents from southern water [4].
These ocean currents include the remnants of the SCS warm current from the SCS and a
branch of Kuroshio from the Luzon Strait [5,6]. Tidal currents also contribute to the flow
in the Taiwan Strait [7]. In short, the currents in the TS are influenced by the complex
topography, the monsoon wind, tides, and ocean currents from south of the TS.
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Figure 1. Topography around the TS. 

Penghu Channel, which is the deepest passage in the TS, causes most of the water to 
converge and flow northward. Previous observations from shipboard ACDP show that 
the Penghu Channel is the major pathway for northward current in the TS, and the veloc-
ity is about 1 m/s after removing the tidal effect in the upper 50 m during summer [8]. 
Therefore, the Penghu Channel is an important entrance to the TS. In addition, the effect 
of the semidiurnal tide is quite significant in the TS. In the flood tide period, the water 
enters through the south and north entrances of the TS, and it leaves in the ebb tide period. 
The tidal range in the northern TS is larger than that in the southern TS [9]. Additionally, 
the tidal current is larger on the Taiwanese coast than on the mainland coast. The maxi-
mum amplitude is 0.80 m/s at the two entrances, and the minimum amplitude is 0.20 m/s 
in the middle of the TS [10]. Due to the strong tidal effect, the currents at the two entrances 
of the TS must be affected by the tidal currents. The sea surface temperature and chloro-
phyll could be moved westward and turned eastward with tidal current according to sat-
ellite images [11]. It is well known that the main current flows northward in the TS during 
summer. However, this phenomenon is based on long-term observations. The above re-
sults indicate that the tide, which changes between flood and ebb tides twice a day, might 
cause significant intra-diurnal variability in the flow pattern, especially at the north end 
of the TS. 

Most previous studies observed flow patterns based on Eulerian descriptions. How-
ever, it is hard to depict the path of flow over time. On the contrary, satellite-tracked drift-
ers can provide direct evidence to present the flow pattern in Lagrangian descriptions. A 
previous study divided the near-surface circulation into four kinds of patterns in winter 
based on the trajectories of drifters collected before 2007 [12]. In summer, most drifters 
travel northward through the TS to the ECS. It seems that the flow pattern in the TS was 
a steady northward flow [12]. However, after passing through the Penghu Channel at a 
high speed, the seawater immediately encounters the shallow area of CYR. With the in-
fluence of complex topography and the strong tidal effect, they may cause complicated 
changes in local flow fields. Therefore, if the variations in flow patterns in the northern TS 

Figure 1. Topography around the TS.

Penghu Channel, which is the deepest passage in the TS, causes most of the water
to converge and flow northward. Previous observations from shipboard ACDP show
that the Penghu Channel is the major pathway for northward current in the TS, and the
velocity is about 1 m/s after removing the tidal effect in the upper 50 m during summer [8].
Therefore, the Penghu Channel is an important entrance to the TS. In addition, the effect of
the semidiurnal tide is quite significant in the TS. In the flood tide period, the water enters
through the south and north entrances of the TS, and it leaves in the ebb tide period. The
tidal range in the northern TS is larger than that in the southern TS [9]. Additionally, the
tidal current is larger on the Taiwanese coast than on the mainland coast. The maximum
amplitude is 0.80 m/s at the two entrances, and the minimum amplitude is 0.20 m/s in the
middle of the TS [10]. Due to the strong tidal effect, the currents at the two entrances of
the TS must be affected by the tidal currents. The sea surface temperature and chlorophyll
could be moved westward and turned eastward with tidal current according to satellite
images [11]. It is well known that the main current flows northward in the TS during
summer. However, this phenomenon is based on long-term observations. The above results
indicate that the tide, which changes between flood and ebb tides twice a day, might cause
significant intra-diurnal variability in the flow pattern, especially at the north end of the TS.

Most previous studies observed flow patterns based on Eulerian descriptions. How-
ever, it is hard to depict the path of flow over time. On the contrary, satellite-tracked drifters
can provide direct evidence to present the flow pattern in Lagrangian descriptions. A
previous study divided the near-surface circulation into four kinds of patterns in winter
based on the trajectories of drifters collected before 2007 [12]. In summer, most drifters
travel northward through the TS to the ECS. It seems that the flow pattern in the TS was
a steady northward flow [12]. However, after passing through the Penghu Channel at
a high speed, the seawater immediately encounters the shallow area of CYR. With the
influence of complex topography and the strong tidal effect, they may cause complicated
changes in local flow fields. Therefore, if the variations in flow patterns in the northern
TS can be clarified, it can assist in navigation safety, rescue, or tracking of marine debris.
To understand the detailed effects of monsoon, tide, and current interactions, we used
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satellite-tracked drifters and HF radar to analyze variations in flow patterns and numerical
models to find the causes of different current paths in the TS.

The remainder of this paper is organized as follows. Section 2 describes the data and
methods. Section 3 presents the characteristics of surface currents with HF radar data and
drifters. Section 4 presents the simulations of the nearshore current during summer under
several conditions. Section 5 discusses the factors that cause the different current paths.
Finally, Section 6 summarizes the main results.

2. Data and Methodology
2.1. High-Frequency Radar Data

The ocean surface current data used in this study are one-hour temporal resolution
and 10 km spatial resolution data provided by the Taiwan Ocean Radar Observing System
(TOROS) using the Coastal Ocean Dynamics Application Radar (CODAR) developed by the
Taiwan Ocean Research Institute (TORI). There are 19 CODAR stations, including 13 sets of
long-range 5 MHz systems and six sets of 13/24 MHz systems along the coast of Taiwan
Island with the date period from January 2013 to December 2020. Unfortunately, some of the
CODAR stations stopped supplying data after December 2020 because of the problems with
devices and the lack of components. These high-frequency radars work on the principle
of radio wave backscatter and Bragg scattering by analyzing the Doppler frequency shift
from the first-order Doppler peak of the sea-echo reflected from the ocean surface. The
Doppler frequency shift is due to the ocean current and gravity wave velocities [13]. The
phase speed of the gravity wave in deep water is

√
(gλ/2π), where g is the gravitational

acceleration, and λ is the wavelength of gravity waves. Due to the Bragg scattering, the
wavelength of the gravity wave measured by the CODAR is half the radar wavelength.
The ocean velocity in the radial direction is calculated based on the difference between the
measured velocities of radar and gravity waves. A single radar can only measure the radial
velocity; the current vectors need to be determined by multiple CODAR sites.

2.2. Satellite-Tracked Drifter Trajectories

Satellite-tracked drifter trajectory data were downloaded from the National Oceanic
and Atmospheric Administration (NOAA) Global Drifter Program database (GDP
database) [14]. After the quality control and optimal interpolation procedures by the
Drifter Data Assembly Center at Atlantic Oceanographic and Meteorological Laboratory
(AOML), the data were interpolated for 6-h intervals. This dataset includes position (longi-
tude, latitude, and time), sea surface temperature, and velocity. The drifter drogue is 15-m
long and the bottom of the drogue is about 20-m deep [15]. A total of 30 trajectories were
collected from March 1989 to December 2020. These started at the SCS, passed through the
Penghu Channel, and entered the ECS north of Taiwan.

2.3. Numerical Model

This study employed the Regional Ocean Modeling System (ROMS) model to better
understand the dynamic process and physical mechanism of the coastal flow field in the TS.
ROMS is a three-dimensional, realistic bathymetry and free-surface ocean model used to
simulate mesoscale and small-scale ocean phenomena around Taiwan [16,17]. The model
domain was 118–124◦E and 20–26.5◦N, using a horizontal resolution of 0.05◦. Vertically,
there are ten sigma coordinate levels. The bathymetry of the model was extracted from
the ETOPO1 database. The initial conditions of the model were set to zero and forced
by climatological data from the Comprehensive Ocean-Atmosphere Data Set with open
boundaries. The amplitudes and phases of the tidal constituents were derived from Oregon
State University global models of ocean tides, TPXO7 [18], along with ten parameters (M2,
S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm). The model period was 30 days. The temporal
resolution of the model output was one hour. The area in the Kuroshio region east of
Taiwan that is in deeper water was not discussed in this study because the simulation
focused on the continental shelf in shallow water.
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3. Characteristics of Surface Currents in the North Side of TS
3.1. Tide-Current Interaction Observed by HF Radar Data

It is worth noting that the flow direction of the ebb tidal current at the north end of
the TS was the same as the background current in summer, but the flood tidal current
faced the opposite direction (see Figure 1). Therefore, there was complicated intra-diurnal
variability in currents at the north end of the TS during the tidal period. The intra-diurnal
variability in surface currents was hard to measure continuously by either satellite altimetry
or ship-based sensors. However, coastal HF radar stations could provide high temporal
and spatial resolution ocean surface current data around Taiwan. It is possible to observe
the variations in nearshore current with the tidal effect; even the tide-current interaction in
the TS. Figure 2 shows the average flow fields of the CODAR data in the summer (June to
August) of 2017. Due to the southwest monsoon winds and narrow terrain, the background
flow field of the TS was dominated by the northeastward current. After passing through
the Penghu Channel, the ocean current was deflected by the bottom ridge of CYR and then
continued to flow northward in the middle of the TS and entered the ECS. Interestingly,
there was a current branch before the TS current entered the ECS. One of the tributaries
flowed to the south of the ECS, while the other deflected eastward at a slower speed.
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Figure 2. The average flow field in the summer of 2017 obtained from HF radar data. The red squares
are the positions of CODAR stations around Taiwan.

In this study, we calculated six-hour average flow fields during different tidal periods
based on the Linshanbi tidal station (green square in Figures 3 and 4), which was established
by the Central Weather Bureau of Taiwan. Figure 3a shows the average flow field of the
six-hour period after high tide in the summer of 2017. Figure 3b shows the average flow
field for the six-hour period from one hour after high tide. Figure 3f shows the average
current of the six-hour period starting from five hours after high tide in the summer of 2017.
As in Figures 3 and 4 show the average flow fields of the six-hour period after low tide
in the summer of 2017. According to short-time average flow fields during different tidal
periods, there was complicated intra-diurnal variability. In particular, when the period
of average current spanned low tide, there was obvious tide–current interaction during
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the flood tide, which flowed in the opposite direction to the average flow fields in the TS
during summer (Figures 3e,f and 4a–d). We also divided the ocean above northern Taiwan
into two areas to explore the changes in flow directions nearshore and offshore.
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Figure 3. Average flow fields of six-hour periods (a) after high tide, (b) from one hour after high
tide, (c) from two hours after high tide, (d) from three hours after high tide, (e) from four hours after
high tide, and (f) from five hours after high tide in the summer of 2017. The green square is the tidal
station (Linshanbi, located at 25.2839◦N, 121.5103◦E). The blue arrows represent the averages of flow
directions north of Taiwan.

The flow speeds nearshore and offshore during the ebb period could reach 0.52 and
0.41 m/s, respectively (Figure 3b), and the flow directions were almost the same. On the
other hand, because the direction of flow in the TS in summer was opposite to that of
the flood current, the flow speeds nearshore and offshore were only 0.26 and 0.23 m/s,
respectively (Figure 4b), and flowed in different directions. Furthermore, the average
flow field began to change in the six-hour periods starting from four hours after high
tide (Figure 3e) and three hours after low tide (Figure 4d). As shown in Figure 3e, the
offshore current began to turn northward, while the nearshore current still flowed eastward.
The flow speeds nearshore and offshore were only 0.24 and 0.20 m/s, respectively. In
Figure 4d, the background flow in summer gradually dominated the flow field when the
flood current weakened. At this time, the flow speeds nearshore and offshore were only
0.08 and 0.11 m/s, respectively. Table 1 shows the details of flow speeds north of Taiwan
displayed in Figures 3 and 4.
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Table 1. The average speed of surface current within the red frame of Figures 3 and 4.

Average Velocity of Red Frames in Figures 3 and 4 (m/s)

(a) (b) (c) (d) (e) (f)

Figure 3
offshore 0.37 0.42 0.38 0.29 0.20 0.18

nearshore 0.44 0.52 0.51 0.41 0.24 0.08

Figure 4
offshore 0.25 0.23 0.16 0.11 0.20 0.32

nearshore 0.22 0.26 0.20 0.08 0.15 0.33

To sum up, in summer, the velocity of the nearshore current was faster than that of the
offshore current during the flood tide period in northern Taiwan, but there was no obvious
difference during the ebb tide period. Additionally, the flow speed during the ebb period
was about twice as fast as during the flood period. In addition, the flow direction started to
change when the tidal period crossed high tides or low tides. At the same time, the flow
speed decreased significantly.
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3.2. Flow Paths Observed by Drifter Trajectories

This study monitored 30 drifters that drifted northward through the Penghu Channel
in the whole GDP database as of December 2020, and most of them drifted through the TS
between May and August. There were 24 drifters whose drifting paths could be classified
into three types (Figure 5) based on the trajectories; except for six drifters with strange
drifting paths that were hard to classify, the classification conditions were as follows:

Path 1: (1) The drifters passed through the Penghu Channel and across the bottom
ridge. (2) Then, they drifted close to the west coast of Taiwan. (3) Additionally, they drifted
eastward to the northeast coast of Taiwan.

Path 2: (1) The drifters passed through the Penghu Channel and across the bottom
ridge. (2) Then, they drifted close to the west coast of Taiwan. (3) They drifted to the south
ECS instead of eastward to the northeast coast of Taiwan.

Path 3: (1) The drifters passed through the Penghu Channel and bypassed the bottom
ridge. (2) They drifted along the west coast of Taiwan at a distance from the coast. (3) They
drifted to the south ECS instead of eastward to the northeast coast of Taiwan.
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speeds of the drifting paths.

There were three different flow patterns driving drifters in the TS during summer.
Path 1 shows these drifters drifted through the Penghu Channel with an average speed of
0.41 m/s. Then they drifted across the sea surface of the bottom ridge of CYR at 0.32 m/s
and drifted northward along the western coast of Taiwan at 0.54–0.65 m/s. When these
drifters arrived at the northwestern Taiwanese coast, they slowed down and deflected
eastward to the northeast end of Taiwan at 0.20–0.22 m/s. Path 2 was similar to path 1.
These drifters also drifted through the Penghu Channel and across the sea surface of the
bottom ridge at 0.53 m/s and 0.57–0.68 m/s, respectively. However, they continued to
drift northward to the ECS at 0.35 m/s instead of deflecting northward to the northeast of
Taiwan. Path 3 was quite different from paths 1 and 2. These drifters drifted through the
Penghu Channel with an average speed of 0.63 m/s. Notice that these trajectories were
farther away from the west coast of Taiwan than paths 1 and 2. They did not cross the
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bottom ridge but bypassed it to the middle of the TS at 0.35–0.40 m/s. These drifters drifted
to the ECS at 0.33–0.60 m/s through the middle of the TS, far from the coast of Taiwan.

In summary, we found that there were ten, eight, and six drifter trajectories that
drifted along paths 1, 2, and 3, respectively, though a total of 30 drifters passed through the
Penghu Channel in this study. This means that the probabilities of drifters using the three
drifting paths were 33.3%, 26.7%, and 20.0%, respectively. The drifters that flowed along
path 1 drifted along the coast of Taiwan until they arrived at the northeast end of Taiwan.
Path 2 was similar to path 1 but extended to the ECS instead of deflecting eastward. The
destination of path 3 was the same as that of path 2, but path 3 was farther from the coast
than that of path 2.

4. Simulations of Nearshore Current in the TS during Summer

In the previous section, we found that there were three types of different flow patterns
observed by drifters in the TS. The difference in destination between path 1 and path 2 may
be caused by the tide–current interaction. As shown in Figure 3a–d, the flow direction of
the ebb tidal current is the same as that of the background current in the northern TS, and
this flow direction is similar to the direction of path 1. However, the flow direction of the
offshore current started to flow northeastward during the next six-hour period (Figure 3e).
In this period, the nearshore current was similar in direction to path 1 but the offshore
current was more like path 2. These results show that the transition of ebb and flood tides
could cause a different current path in the northern TS. Most of the drifters were drifting
through the TS between May and August (summer) (Figure 5). To further explore the
influences of tides on ocean surface currents in the TS, the ROMS ocean model was used to
simulate the flow field in summer in the TS.

This study used the summer climatological wind to drive the ocean current with
open boundaries in the model (Figure 6). Figure 7 presents the average surface flow fields
of the ROMS simulation, and Figure 8 shows comparisons of flow speed and direction
between ROMS outputs and CODAR observations from 23.5◦N–26◦N and 119.5◦E–122◦E.
The average surface flow field was divided into five latitude bands at every 0.5◦ of latitude.
The results show that the flow fields of ROMS were close to the average flow fields of
CODAR in most latitude bands. To intuitively present the modeled flow fields, we used the
particle tracking function in ROMS to simulate drifter trajectories. Two points in the Penghu
Channel, the nearshore point (23.60◦N, 120.05◦E) and the offshore point (23.60◦N, 119.85◦E),
were selected to release the floats (Figure 6). When the model was stable (after 72 h), the
simulated floats were continuously released every hour for 360 h. Therefore, 360 simulated
floats were released at each point. The depth of release for the simulated floats was 10 m
because there was a 15-m-long drogue under the satellite-tracked drifters. Figure 9 shows
the probability density distribution of the simulated floating trajectories released from the
Penghu Channel. We found that the trajectories of the floats were affected by the distance
from the starting position to the shore. The simulated floats that were released from the
nearshore position (point N in Figure 6) could drift northward along the west coast of
Taiwan. More than 40% of the floats drifted eastward to the north of Taiwan, and about 35%
of the floats drifted northward to the ECS. The remaining floats were stopped by the coast.
However, the simulated floats released from the offshore position (point O in Figure 6) kept
their distance from the coast of Taiwan and drifted northward until arriving in the ECS.
More than 50% of the floats drifted northward to the ECS, whereas less than 5% drifted to
the north of Taiwan. The remaining floats were stopped by the coast.
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To confirm the influence of tides on the ocean current in the TS, we performed another
simulation with the same model settings as above but without the tidal forcing. The
simulated floats were also deployed at nearshore and offshore points in the Penghu Channel,
and the probability density distributions are shown in Figure 10. The results show that
the trajectories of simulated floats were similar regardless of whether the tidal forcing was
turned on or off before the floats flowed into the ECS. However, there was a significant
difference after the floats passed through the TS. More than 30% of the floats released from
the nearshore drifted eastward to the north end of Taiwan, but there were a few cases of
floats drifting northward to the ECS. The simulated floats released from offshore drifted
northeastward after passing northwestern Taiwan.
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Furthermore, there were three transects designed to present the vertical profile of the
model current (Figure 6), and the results are shown in Figure 11. The vertical stratification
profile of the ocean current along with transect A indicates that the speeds of the nearshore
currents were higher than those of the offshore currents, regardless of whether the tidal
forcing was turned on or off (Figure 11a,d). The nearshore currents were more concentrated
and closer to the coast with the depth until the water depth reached about 30 m. On the
other hand, the flow profiles with tidal forcing were more dispersed than those without
tidal forcing, whether in transect A or B. The flow profiles along transect C were generated
with two high-velocity peaks when the tidal forcing was turned on in the model (Figure 11c).
The locations of the two high-velocity peaks are the same as the branching sites of the
probability density distribution in northwestern Taiwan (Figure 9a). Thus, it is possible
to infer that these ocean flow branches are caused by the transition between ebb and
flood tides.
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5. Discussion

In summer, the main ocean current in the TS is a northward flow consisting of the
SCS warm current and the Kuroshio branch current [5,6]. These currents flow northward
to the southern ECS after passing by northwestern Taiwan. However, there are obvious
transitions of ebb and flood tides from the northern TS to the north end of Taiwan twice
a day. The flow direction of the ebb current in northern TS is the same as that of the
main current in summer, but the flow direction of the flood current is completely opposite.
Therefore, there is complicated intra-diurnal variability in currents in northwestern Taiwan.
The variability is hard to observe from the long-term average flow field data. However, the
average ocean surface current in a six-hour period from CODAR data suggested that there
is diurnal tide–current interaction in the northern TS during summer (Figures 3 and 4). We
found that the flow direction started to change when the tidal period crossed high and low
tides. The flow direction of the nearshore current would change before the offshore current.
Moreover, the speed of the nearshore current is higher than that of the offshore current
during the flood tide in northern Taiwan, but there was no obvious difference during the
ebb period.

In this study, we classified three different flow patterns according to the drifter trajec-
tories that drifted northward through the Penghu Channel. Drifting path 1 is similar to
path 2, as both of them are driven northward by the nearshore current, but they separate in
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northwestern Taiwan (Figure 5). There is an intra-diurnal tide–current interaction caused
by the transitions of ebb and flood tides. Therefore, we infer that the difference between
these two drifting paths was caused by a tidal effect. To confirm the influence of the tide,
we simulated numerous float trajectories in ocean models. The probability density distribu-
tions show that drifting paths 1 and 2 occur with tidal forcing (Figure 9a). The distribution
of simulated floats that drifted northward is almost the same as that of those that drifted
eastward. However, the probability density distribution only shows drifting path 1 in
the absence of tidal forcing (Figure 10a). Few floats could drift northward to the ECS
when released at the nearshore position. Drifting path 1 appeared when there was no tidal
influence in northwestern Taiwan. However, the ocean current flow eastward in northern
Taiwan will be hindered by the flood current, forcing the ocean current to flow northward
to the ECS (path 2). After the flood period, the ocean current can flow unhindered to
northern Taiwan during the ebb period, as the trajectory of path 1. Thus, path 1 and path 2
will alternately appear in the northern TS as the ebb and flood tides’ transition.

The drifting path 1 and path 2 can flow unimpeded by the bottom ridge of CYR after
passing through the Penghu Channel, but path 3 is different from them. A previous study
simulated the northward near-surface current (at 15 m) in the Penghu Channel in summer,
and this current is relatively unimpeded by CYR; only the near-bottom current is deflected
anti-cyclonically [19]. In another study, the results of a numerical model showed that the
northward current appears to be relatively unimpeded by CYR and bifurcates slightly near
the surface (at 20 m) [20]. The results of drifters and simulated floats in this study showed
that whether the currents can be deflected by CYR is mainly affected by the distance from
the shore. The drifters and floats that pass through the Penghu Channel near the shore will
cross over the CYR, whereas those far from the shore are deflected by it. The discrepancy
between our results and those of the previous study [19] was caused by the different speeds
of the surface current. The surface current speed of that study was up to 1.5 m/s over CYR,
so the surface current can be relatively unimpeded by the CYR [19]. However, the flow
speeds of simulations in this study were 0.25–0.50 m/s, the same as that of the previous
study [20]. Moreover, the drifting speeds of drifters were 0.32–0.68 m/s over CYR (Figure 5),
which is also close to our simulation results.

The trajectory of path 3 north of CYR (at 24.5–25◦N) is also different from the tra-
jectories of the other two paths. It seems that there are two different current paths. One
flows northward along the shore, and the other flows northward at a distance from the
shore. Figure 12 shows the average speeds of the cross-shore distribution by the west coast
of Taiwan from three datasets, including CODAR, ROMS, and drifters during summer.
It should be noted that the average speeds of drifters in Figure 12 were calculated from
all drifters passing through the TS in the summer. According to the average velocity of
the cross-shore distribution, we found that all three datasets present a rapid alongshore
current (Figure 12). It is worth noting that the speed magnitudes of CODAR and ROMS
at about 45 km from the coast were reduced to half of those along the coast. Additionally,
the velocity magnitude of drifters was even less than 0.10 m/s at a distance of more than
50 km. The results show that there is a significant difference in speed between nearshore
and offshore currents. The drifters drifting along path 3 cannot easily blend with those
drifting along path 1 and path 2. To sum up, after passing through the Penghu Channel,
path 3 is deflected by CYR and flows northward at a distance from the west coast of Taiwan.
This geographical factor makes path 3 different from the first two drifting paths, so it flows
northward in the middle of the TS to the south of the ECS.

On the other hand, the trajectories of path 2 and path 3 drift northward to the south
ECS after passing through the TS. They appear to exhibit a near-inertial oscillation in
northeastern Taiwan (Figure 5). According to the inertial oscillation period Tf = π/Ω sin θ,
where Ω is the Earth’s rotation rate and θ is latitude, the period is 27.3 h at 26◦N. Figure 13
shows the rotary power spectrum of HF radar flow fields in northeastern Taiwan (26◦N,
122◦E), none of which are close to the inertial oscillation but show a strong semidiurnal
tidal period. A previous study also observed that drifter trajectories in the south ECS were
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oscillated and trapped by strong tidal currents [21]. Therefore, it is speculated that these
oscillations were caused by the semidiurnal tide.
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6. Conclusions

In this study, we used the HF radar data to find the intra-diurnal tide-current interac-
tion in the north entrance of the TS from average ocean surface currents of six-hour periods
in summer. We found that the flow direction of the nearshore current changes before that
of the offshore current after high tide and low tide. Moreover, the speed of the nearshore
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current is faster than that of the offshore current during the flood tide at the north end of
Taiwan, but there is no obvious difference during the ebb period.

Due to the tidal effect and complex topography, there are several flow patterns in the
TS. To clarify the variations in flow patterns in the TS, we collected 30 satellite tracking
drifters that drifted northward through the Penghu Channel. There were 24 drifters among
them that could be classified as having one of three types of drifting paths based on
their trajectories. Path 1 presents a flow pattern along the west coast of Taiwan from the
southwest coast to the northeast coast. Path 2 is the same as path 1 but flows northward to
the ECS instead of eastward to the northeast coast of Taiwan. Path 3 presents a flow pattern
that moves along the west coast of Taiwan at a distance from the coast after being deflected
by the CYR. Each of the drifting paths has a unique trajectory and different drifting speeds.

The difference between paths 1 and 2 is the bifurcation by northwestern Taiwan, where
there is a strong tidal effect. From the results of HF radar and several simulations, we
confirmed that the factor that causes the difference is the transition between ebb and flood
tides. The current flow eastward in northern Taiwan is hindered by flood currents, thereby
forcing the current to flow northward to the ECS. The current can flow unhindered to the
north side of Taiwan during the ebb tide period. On the other hand, paths 2 and 3 have the
same destination with different trajectories in the TS. To find out the reason, we investigated
the alongshore velocities of cross-shore distributions from three datasets, including HF
radar, satellite drifter, and ocean model datasets. The results of the alongshore velocity
show there is a clear difference in speed between nearshore and offshore currents at about
45 km distance from the coast—the speed is reduced to half of that along the coast. This
geographical factor makes path 3 different from the first two: it flows northward from the
middle side of the TS to the southern part of the ECS after being deflected by CYR.

In conclusion, there are intra-diurnal tide–current interactions in the north entrance of
the TS, as observed by HF radar data. Additionally, there are three different flow patterns
in the northern TS in summer. This study clarified the causes of these three flow patterns
with HF radar data and ocean simulations. The findings will aid in the safety of ship
navigation, search and rescue, and tracking of marine debris. However, we do not know
the characteristics of the water masses in different currents or even the flow patterns in
other seasons. There are still many deficiencies in this study, and more research is needed.
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