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Abstract The processes underlying the strong Kuroshio encountering a cape at the southernmost tip of
Taiwan are examined with satellite‐derived chlorophyll and temperature maps, a drifter trajectory, and
realistic model simulations. The interaction spurs the formation of submesoscale cyclonic eddies that trap
cold and high‐chlorophyll water and the formation of frontal waves between the free stream and the
wake flow. An observed train of eddies, which have relative vorticity about one to four times the planetary
vorticity (f), is shed from the recirculation that occurs in the immediate lee of the cape as a result of flow
separation. These propagate downstream at a speed of 0.5–0.6 m s−1. Farther downstream, the corotation
and merging of two or three adjacent eddies are common owing to the topography‐induced slowdown of
eddy propagation farther downstream. It is found that the relative vorticity of a corotating system (1.2f) is
70% weaker than that of a single eddy due to the increase of eddy diameter from ~16 to ~33 km, in agreement
with Kelvin's circulation theorem. The shedding period of the submesoscale eddies is strongly modulated
by either diurnal or semidiurnal tidal flows, which typically reach 0.2–0.5 m s−1, whereas its intrinsic
shedding period is insignificant. The frontal waves predominate in the horizontal free shear layer emitted
from the cape, as well as a density front. Energetics analysis suggests that the wavy features result
primarily from the growth of barotropic instability in the free shear layer, which may play a secondary
process in the headland wake.

1. Introduction

The Kuroshio originates from the northern branch of the North Equatorial Current (NEC) bifurcation and is
the western boundary current of the large‐scale North Pacific subtropical gyre (Nitani, 1972), typically reach-
ing flow speeds of ~1 m s−1 in the upper 100 m (Liang et al., 2003). After the Kuroshio's formation off the
eastern coast of the Philippines, the current flows across the Luzon Strait, loops around the southern tip
of Taiwan, and hugs the steep east coast of Taiwan (Figure 1a) (Liang et al., 2003). Then the Kuroshio enters
East China Sea (ECS) where it flows mostly along the continental shelf break to the southeast of Kyushu
Island, Japan. From the east of Luzon to the ECS, the Kuroshio's spatial and temporal variability and asso-
ciated physical processes have been studied extensively (e.g., as described in Andres et al., 2011; Andres et
al., 2017; Chang et al., 2018; Chang & Oey, 2011; Cheng et al., 2017; Hsin et al., 2013; Jan et al., 2017; Jan
et al., 2015; Johns et al., 2001; Lee et al., 2013; Lien et al., 2014; Zhang et al., 2001). These studies focused
primarily on the large‐scale to mesoscale variability. Submesoscale and small‐scale processes, induced pri-
marily by topographic effects on flow along the Kuroshio from Luzon Strait to the south of Japan, are the
primary interest of this study and have attracted increasing attention in recent years (Chang et al., 2019;
Chang et al., 2016; Chang et al., 2013; Hasegawa et al., 2004; Liu & Chang, 2018; Nagai et al., 2017;
Tsutsumi et al., 2017; Zheng et al., 2008). A variety of oceanic processes ranging from submesoscale vortices
and fronts to small‐scale turbulence as a result of their strong interaction has been reported. In the present
context, the topographic influence of bottom drag at a sloping boundary on a strong flow, such as the
Kuroshio, often converts energy from the mean flow to submesoscale vortices and to small‐scale turbulent
dissipation and mixing (e.g., Farmer et al., 2002; Gula et al., 2015; Molemaker et al., 2015). The turbulence
could be either directly produced as the underlying mean flow interacts with topography or mediated by the
instability of the submesoscale processes.
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Off southernmost Taiwan, where the Kuroshio frequently loops from the SCS back into the northwest
Pacific Ocean (Figure 1a), the complex bathymetry results in energetic topographic effects on the flow.
The region is characterized by abrupt topographic features, for example, headlands (Cape Eluanbi in
Figure 1b), seamounts, ridges, and small islands (Green Island and Lanyu Island). Chang et al. (2013)
reported that the Kuroshio‐induced submesoscale wake in the lee of Green Island, a small island east of
Taiwan (Figure 1b), can cause the cooler, salter, and higher chlorophyll‐a concentration water to dome into
the surface layer. They speculated that these water properties can be delivered downstream by eddy shed-
ding or flow advection (Chang et al., 2013; Liu & Chang, 2018). Turbulent kinetic energy (TKE) dissipation
rate on the island's leeward side is elevated, reaching levels 3 orders of magnitude larger than those typically
found in the open ocean, implying the wake water properties can be diffused vertically not only via upwel-
ling but also by turbulent mixing. Chang et al. (2019) further demonstrated that the dominant features in the
wake are submesoscale vortices and shear instability in the free shear layer. The latter could enhance turbu-
lent mixing as a result of the tilting of vertical vorticity (Farmer et al., 2002; Liu & Chang, 2018; White &
Helfrich, 2013). In the wake near the island, recirculation occurs with relative vorticity 20 times that of pla-
netary vorticity (f), and vortices are shed at a combination of periods comprising their intrinsic time scale
and tidal oscillations. The latter time scale generally predominates, though the former manifests when the
tidal forcing is weak. They conclude that the shedding period of the vortex is synchronized to a tidal period
(Chang et al., 2019). In addition, using shipboard instruments, Chang et al. (2016) observed the effect of a
seamount near Green Island on the Kuroshio. The topographic effect generates Kelvin‐Helmholtz billows
with a time scale of ~10 min and a vertical scale of ~100 m.

Submesoscale features, defined as having a horizontal scale of O(10) km and/or Rossby number (Ro) of O(1)
(Capet et al., 2008; Thomas & Ferrari, 2008), normally represent the scale of ocean motions associated with
transient processes. These occur over several days and serve to link the dynamics of the mesoscale with the
dynamics of small‐scale processes. A topic of particular interest in this context is the effect of a headland on
the Kuroshio, that is, Cape Eluanbi, located at the southernmost tip of Taiwan (Figure 1b). As it exits from
the Luzon Strait, the Kuroshio flows around Cape Eluanbi (Figure 1) and subsequently forms a mesoscale

Figure 1. (a) Bathymetry (shaded color) east of Taiwan and the current field at 30 m depth (red arrows) averaged from historical shipboard ADCP data set. The
black curve indicates the maximum velocity axis of Kuroshio at 15 m depth obtained from surface drifter data. The black dashed curves are the Kuroshio eastern
and western boundaries defined by the 0.2 m s−1 isotachs at 30 m depth obtained from the average historical ADCP data (Jan et al., 2015). (b) Close‐up of
bathymetry and current field at 30 m depth inside the black box in Figure 1b. Black contours at the 100, 500, and 1,000 m isobaths. Yellow dashed boxes in
(b) show the region of Nanwan Bay (bottom) and Taitung Bay (top).
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recirculation (horizontal scale ~100 km by 70 km) in Taitung Bay (indicated by a yellow box in Figure 1b) as
a result of flow separation (Kuehl & Sheremet, 2009; Sun et al., 2016). Though the detailed processes within
this recirculation remain unclear, the effect of the sharp coastline on the Kuroshio is expected to provide a
mechanism for the transition to turbulence through submesoscale processes. Understanding these transi-
tions is important because of the practical need for parameterizations in regional‐scale models of the
Pacific marginal seas.

Satellite images can be used to identify regions with active submesoscale processes. Since the submesoscale
features produce significant fluorescence at the sea surface—through horizontally stirring the algae and
phytoplankton and by lifting layers of cooler water with nutrients into a surface mixed layer favoring the
in situ phytoplankton growth (Fassbender et al., 2018; Lévy et al., 2012)—satellite remote sensing is able
to capture the surface submesoscale features characterized by sea surface fluorescence and sea surface tem-
perature (SST). Indeed, significant surface chlorophyll enhancement and cooling related to submesoscale
activity is often observed in satellite images from Taitung Bay (e.g., Figure 2). Note that the magnitude
and range of the signals associated with chlorophyll enhancement and cooling here are much larger than
those observed in the lee of Green Island reported by Chang et al. (2013), implying an important role for
these features in influencing the local Kuroshio ecosystem. By analyzing 5 years of historical CTD data in
the region, Tseng et al. (2012) found enhanced turbulent mixing, estimated by the Thorpe scale method,
in the lee of Lanyu Island and downstream of Cape Eluanbi. The dynamics underlying the influence of
the longshore variation of the coastline geometry on the Kuroshio described above have yet to be addressed,
that is, what kind of submesoscale processes there are and how are the submesoscale processes are induced.

Using the satellite imagery, drifter data, and results of numerical simulations, the characteristics of the wake
where the Kuroshio flows around Cape Eluanbi are examined, together with the associated coherent subme-
soscale eddies and the free shear layer. The generation mechanism of the vortices and their time evolution is
the central focus of this study. The satellite and drifter data and numerical model are described in section 2.
The general properties, that is, the surface manifestations and vorticity and trajectory of the coherent subme-
soscale eddies, are described in section 3. Further evolution, generation mechanisms of the submesoscale
eddies and the frontal waves within the free shear layer are examined in sections 4 and 5, respectively.
Discussion and conclusions are given in section 6.

2. Data and Method
2.1. Satellite and Drifter Data

Sea surface chlorophyll‐a (Chl‐a) concentration and SST derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument are used here to characterize the submesoscale vortices southeast
of Taiwan. Chlorophyll signatures in the surface are like a tracer in the sea surface, and their spatial pattern
often reflects submesoscale physical processes in the ocean. Indeed, they have been widely used to study sub-
mesoscale phenomenon (e.g., Caldeira et al., 2014; Fassbender et al., 2018; Gula et al., 2015). The MODIS
instrument, operated on the Terra/Aqua satellite, has a viewing swath width of 2,330 km and provides
almost daily global coverage (Savtchenko et al., 2004). The sea surface variability around Taiwan is imaged
twice a day during the daytime by the Terra and AquaMODIS instruments, respectively, at around 1:00–3:00
(GMT) and 4:00–6:00 (GMT). Successive Terra and Aqua snapshots provide observations at a suitable tem-
poral resolution to observe the submesoscale features which typically evolve over a time scale of 0.5–1 day in
this region. Using the Level‐2 Chl‐a and SST products in swath geometry, which retain the original 1‐km spa-
tial resolution, we are able to investigate the submesoscale wake evolution, which typically has a spatial
scale of O(10) km. The products used here were downloaded from Ocean Color Web (https://oceancolor.
gsfc.nasa.gov). Cloud mask data downloaded from NASA Earth Data Web (https://ladsweb.modaps.eos-
dis.nasa.gov/) were used to filter the cloud‐contaminated MODIS data to improve our detection of subme-
soscale eddies. The geostrophic current velocities (25 × 25‐km horizontal resolution) from satellite
altimeters derived from the absolute dynamic topography (ADT), distributed by the Copernicus Marine
Environment Monitoring Service, were used to reveal the background flows that correspond to the eddy
events identified in images of satellite surface Chl‐a and SST. The trajectory from a standard Surface
Velocity Program (SVP) drifter (Lumpkin et al., 2017) drogued at a depth of 15 m and initially deployed in
the Luzon Strait was used to validate the eddy flow field. The drifter passed southeast of Taiwan from 07
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Figure 2. Sequential (top) Chl‐a and (bottom) SST snapshots off southeast Taiwan. ADT‐derived current velocity averaged from 22 September to 28 September is
shown in yellow arrows in (a). Chl‐a gradient (≥0.05 log10(Chla) km

−1) is shown in black contours at 0.05 intervals. Red circles detected by best (nonlinear)
fitting the locally higher Chl‐a gradients (≥0.05) encircle the eddy‐like geometry, and red dots are the corresponding centers of the ideal circles. Red dashed boxes
in (a) show the region of Nanwan Bay (bottom) and Taitung Bay (top).
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March 2017 to 10 March 2017 (Figure 4). The sampling period of the drifter was 5 min prior to 08 March
03:00 and 1 hr thereafter. For convenience, the 5‐min sampling data were subsampled to 1‐hr time interval.
The drifter data were downloaded from the website of Global Drifter Program (https://www.aoml.noaa.gov/
phod/gdp/index.php).

2.2. Numerical Model

The high‐resolution Luzon Strait Nowcast/Forecast System (LZSNFS), an application of the Ocean
Nowcast/Forecast System (ONFS; Ko et al., 2009) developed by U.S. Naval Research Laboratory (NRL), is
used to examine the submesoscale eddies southeast of Taiwan. LZSNFS is a realistic model, which contains
the Kuroshio, mesoscale variability, and tides, and can be used to examine the formation of submesoscale
eddies. The LZSNFS domain covers the region from 116°E to 125°E and from 17°N to 24°N, which includes
the northern South China Sea, the Luzon Strait, and a portion of the Philippine Sea. The model horizontal
resolution is ~1.3 km which is sufficient to fully resolve submesoscale eddies (~O(10) km). There are 11
terrain‐following σ‐layers in the top 147 m and 29 z‐layers below. Model topography is interpolated from
1/100° bathymetry data compiled by the Institute of Oceanography, National Taiwan University (Ocean
Data Bank, http://www.odb.ntu.edu.tw/odb‐webs/). The boundary conditions are derived from global
HYCOM with tidal forcing from Oregon State University Tidal Prediction Software (OTPS) added at the
open boundary. A high‐resolution regional weather forecast model (Coupled Ocean/Atmosphere
Mesoscale Prediction System, COAMPS) provides the heat and momentum flux from the atmosphere. The
LZSNFS model also assimilates satellite altimeter data and Multi‐Channel Sea Surface Temperature
(MCSST) from satellite‐derived AVHRR to improve accuracy further. LZSNFS with various configurations
has been applied to a variety of studies, mainly focused on large‐amplitude internal waves in the northern
South China Sea (Chao et al., 2007; Chen et al., 2013; Ma et al., 2013; Qian et al., 2010; Rogers et al., 2019;
Simmons et al., 2011; Warn‐Varnas et al., 2015), but has also been used in other applications (Ko et al., 2009;
Pickering et al., 2015; Pun et al., 2019).

3. Eddy Properties
3.1. Surface Manifestation

Submesoscale structures associated with filaments and vortices characterized by high Chl‐a concentration
are frequently observed in Taitung Bay. An example of three successive Chl‐a and SST snapshots captured
by NASA's MODIS on 24 September 04:50, 25 September 02:25, and 25 September 05:30, respectively, is
shown in Figure 2. The three Chl‐a and SST snapshots demonstrate the evolution of an eddy‐like pattern.

To help visualize the eddy features, the horizontal gradient of Chl‐a, computed as ∇Chla x; yð Þj j
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Chla2x þ Chla2y

q
, is overlaid on the surface Chl‐a and SST (black curves in Figure 2). In the first snapshot

(Figure 2a), a filament of high Chl‐a concentration appears off Cape Eluanbi with a length scale of ~15 km.
The filament slightly curves northward with a region of elevated Chl‐a (0.3–0.4 mg m−3) just north of the
cape, forming an eddy‐like structure. The second filament is found ~20 km downstream of the first filament.
A larger region of high Chl‐a located at the northern end of Taitung Bay can be seen further downstream.
The second (Figure 2b) and third (Figure 2c) snapshots, taken 21.6 and 24.7 hr after the first, respectively,
suggest that the submesoscale eddies are characterized by a “rollup” of the filament containing high Chl‐a
(0.3–0.7 mg m−3). There is some ambiguity about whether the first and second snapshots capture the evolu-
tion of the same features since the time interval between the two is 21.6 hr which could be comparable to the
time scale of the eddy evolution, as demonstrated in the next section. In contrast, the evolution from the sec-
ond to the third snapshot likely captures the same features as these images are separated by only 3.1 hr.
These two images suggest northward (downstream) propagation of an eddy train comprising three subme-
soscale eddies (denoted E1, E2, and E3 in Figures 2b and 2c). Furthermore, E1, which is in the immediate
lee of Cape Eluanbi, may be in the early stage of development and still attached to the cape; this is discussed
in a later section. All three images show Chl‐a enrichment in Nanwan Bay off the southernmost coast of
Taiwan. This is consistent with many previous studies that have shown that strong upwelling, which can
lead to Chl‐a enrichment, is a predominant process in Nanwan Bay (Jan & Chen, 2009; Ko et al., 2009;
Lee et al., 1997). It is likely that the source of the Chl‐a “dye” in the eddy train is Nanwan Bay (~0.6 mgm−3).
This source is implicated by the satellite‐derived currents (yellow arrows in Figure 2a) that show the
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Kuroshio curving back from the SCS. These currents likely advect the enriched Chl‐a from Nanwan Bay to
the region where the eddies are initially formed. Furthermore, the rollup of filaments associated with E1 can
be clearly tracked back to Nanwan Bay as shown in Figures 2b and 2c. In principle, the offshore water in
Taitung Bay, which can have high Chl‐a as well (~0.7 mg m−3), could be a supplementary source, especially
for E2 and E3. Figure 2b shows that the concentration of Chl‐a within the eddies was about 0.3–0.4 mg m−3

higher than their surrounding water.

The surface pattern of SST (Figures 2d–2f) associated with the eddies and filaments complements the Chl‐a
pattern (especially for the second snapshot) and shows that water associated with the eddy and filament and
enclosed by the contours of Chl‐a is 1–2 °C cooler than the ambient SST. The enrichment of Chl‐a in water
with lower SST may reflect an active response to submesoscale vertical exchanges which cause in situ biolo-
gical responses by enhancing the nutrient supply to the sunlit zone (Lévy et al., 2012). Notably, the region of
cold water in Nanwan Bay is larger in Snapshot 3 than 1, whereas the region of high Chl‐a does not show
significant change.

To examine the temporal and spatial evolution of the eddy train, we characterize the geometry of each eddy
by fitting the locally higher Chl‐a gradients (≥0.05 log10(Chla) km

−1; black contours in Figure 2) to an ideal
circle to estimate their areas (red circles) and the center locations (red dots). The diameters of the three
eddies at 02:25 UTC (Figure 2b) are 16 km (E1), 16 km (E2), and 33 km (E3), respectively. About 3 hr later
(05:30 UTC, Figure 2c), the horizontal scales are essentially the same (diameter of 17, 16, and 32 km, respec-
tively). The horizontal scale of eddy E1 and eddy E2 is nearly identical, which is half that of E3. By tracking
the eddy centers, we establish that the eddies translate northeastward 5.5, 7.2, and 7.2 km in 3.1 hr, corre-
sponding to translation speeds of 0.50, 0.65, and 0.65 m s−1, respectively, which is about half the typical
Kuroshio flow speed.

A time scale associated with eddy generation may be determined from Δx12/Veddy, where Δx12~30 km is the
distance between the centers of the two adjacent eddies and Veddy is the translation speed. Here we used the
translation speed of E2 as Veddy because E1 is likely in an early stage of development resulting in it has an
ill‐defined eddy structure (as discussed in section 3.2). This gives a period of ~13 hr, close to the period of
the M2 tide. This strongly suggests a potential role of the tide in the eddy generation process.

3.2. Vorticity and Trajectory

To first order, the eddy‐like patterns of E1, E2, and E3 have similar Chl‐a snapshots at 02:25 UTC and 05:30
UTC. To account for the degree of rotation during their translations, we compute the correlation coefficient
(R) between the detected eddies' Chl‐a concentrations (within the red circles) at Snapshots 2 and 3 as a func-
tion of θ, the relative rotation angle of the eddies from Snapshots 2 to 3 (Figure 3). For E1, the maximum
correlation of 0.53 occurs at θ= 69° (dashed line) and suggests that E1 rotates cyclonically 69° as it translates
from its location in Snapshot 2 to that in Snapshot 3. The maximum correlation occurs for smaller rotation
angles for the eddies translating further downstream. The maximum correlations for E2 (solid line) and E3
(dotted line) are 0.88 and 0.58, at θ = 60° and θ = 21°, respectively. All three maximum correlations are sta-
tistically significant at the 95% confidence level (R ≥ 0.5 and P ≪ 0.05), suggesting that the three eddies
detected in Snapshot 3 have indeed evolved from those in Snapshot 2 in support of our previous inference.
Feature E1 has lower correlation and higher uncertainty, likely due to the ill‐defined eddy structure as it is in
the early stage of development in the immediate lee of the cape. Therefore, the structure at this stage, when
the feature is still attached to the cape, is termed a recirculation rather than an eddy. By contrast, E2 is well
developed with a higher correlation (R = 0.88) and low uncertainty. Further downstream, E3 shows a lower
correlation, presumably due to complex eddy interactions. The horizontal scale of the eddy E3 (33 km) is
about twice that of E1 and E2, indicating that there may be two eddies or more included in E3. This is inves-
tigated further with the model simulations in the next section.

The satellite images suggest that the eddies do not deform substantially during our observing period, so their
rotations may resemble that of a feature in solid body rotation. Accordingly, the relative vorticity (ζ) of E2
can be simply estimated as twice the angular velocity, that is, ζ ≈ 2(θ/Δt), yielding a value of
1.88 × 10−4 s−1, ~3.4 times of the local planetary vorticity (f). This suggests the Rossby number Ro = ζ/f of
3.4 and confirms that the dynamics fall within the regime of submesoscale process. Similarly, the Rossby
numbers for E1 and E3 are 3.9 and 1.2, respectively.
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The estimated properties of the submesoscale eddies discussed above are
summarized in Table 1. The vorticity is similar for the cases in which
the eddy scale is similar (cases E1 and E2) but is lower for the larger eddy
(case E3). The larger eddy scale for E3 may be related to eddy pairing; that
is, E3 may be a corotating vortex pair (Leweke et al., 2016). This is exam-
ined by using Kelvin's circulation theorem according to which the circula-
tion (Γ) of an eddy is defined by Γ = DωdS, where ω = ζ+f is the absolute
vorticity and dS is the surface element of D denoting the effective domain
of ζ. By assuming the eddy is in solid body rotation, Γ ~ ωA, whereA= πr2

is the area of the eddy and r is the radius of the eddy. As a result, the cir-
culation of eddy E2 (ΓΕ2) is 8.8f × 108 m2 s−1 for ω = 4.4f s−1 and
A= 2 × 108 m2 (Table 1). These E2 parameters were used as representative
of both potential eddies inside E3 here. Following Leweke et al. (2016), the

absolute vorticity of a corotating eddy system can be obtained by ωcr

¼ Γ1þΓ2
πb2

, where Γ1 and Γ2 are the respective circulations of two eddies

and b is the distance between the centers of the two eddies. Thereby,
ωcr = 2.19f when Γ1 = Γ2 = ΓE2 and b = 16,000 m—the shortest possible
distance for two eddies (radius ~ 8,000 m) immediately adjacent to each
other—is given, which indicates that the relative vorticity of the above sys-
tem is 1.19f close to that of eddy E3 (1.2f). Our analyses suggest that eddy
E3 comprises two corotating eddies in this upstream region.

A nearby drifter track from 07 March 2017 to 11 March 2017 (pink line
and red dots in Figure 4) helps us confirm that these features in the

Chl‐a and SST maps do indeed represent a train of submesoscale eddies steered by the Kuroshio current
off the southern and southeastern coast of Taiwan. On 7 March, the drifter, previously located within
Nanwan Bay, was advected by Cape Eluanbi and then circulated cyclonically during its translation through
the region. The second cyclonic loop occurred on 8 March followed by a much larger one in the downstream
region on 9March. The three cyclonic loops traced by the drifter's trajectory are highly analogous to the eddy
train comprising E1, E2, and E3 shown in the satellite images (Figure 2), though we note that the drifter
track was farther from the coast. The nearest (in time) cloudless satellite image of Chl‐a was taken on 13
March 2017 (Figure 4). The snapshot shows that the patterns of elevated Chl‐a concentration are roughly
consistent with the circulations shown in the drifter trajectory in spite of the mismatch in timing.

While the eddy structure from the drifter and the 13 March Chl‐a map is not as clear as the structures shown
in Figure 2, it seems that there is an eddy in the lee of the cape with another located ~24 nautical miles off-
shore. This pattern resembles the alignment of eddy E1 and eddy E2 shown in Figure 2. Further down-
stream, an eddy‐like pattern with much larger size appears near the northern end of the Taitung Bay,
analogous to eddy E3 in Figure 3.

3.3. Model Interpretation

The observed eddy pattern and evolution are well simulated by LZSNFS with strong similarities between
model SST (Figure 5b) and satellite SST (Figure 5a; Snapshot 2). The spatial patterns of the submesoscale
eddies E1, E2, and E3 in satellite SST (Figure 5a) are well represented in the model (ME1, ME2, and ME3
in Figure 5b). Specifically, the shape and size of the model eddy ME3 are well correlated with eddy E3
observed in satellite measurements. Overall, the correlation coefficient between the satellite SST map
(Figure 5a), horizontally smoothed by a spatial low‐pass filter (2 km × 2 km), and the model SST
(Figure 5b) is 0.6. The numerical model output includes currents which are lacking in the measurements;
these modeled currents are essential in the following analysis. The model current shows primarily eastward
flow south of Nanwan Bay; the flow curves northeastward after passing the cape (Figures 5b and 5c). In the
numerical model output, a recirculation (denotedME1) is formed in the immediate lee of the cape as a result
of flow separation near the tip of the cape. The eddy ME2 is expected to evolve as the recirculation is shed in
the lee of the cape. As previously suggested, eddy ME3 could be the result of a corotating eddy system. In the
model, regions of lower temperatures associated with the submesoscale eddies are co‐located with the

Figure 3. Correlations between the detected eddies in Snapshots 2
(Figure 2b) and 3 (Figure 2c), that is, E1 (dashed line), E2 (solid line),
and E3 (dotted line). All the corresponding P values for testing the null
hypothesis are less than the significance level (0.05), and the gray shaded
zone denotes a 95% confidence interval for each coefficient. Each of the red
dots denotes the maximum correlation with a corresponding rotation
angle for the three eddy‐like patterns.
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regions of strong positive vorticity (Figure 5c) at Ro ~ O(1), indicating ME1, ME2, and ME3 are cyclonic
eddies. It is noted that the average relative vorticities of ME1, ME2, and ME3 are 4.6f, 3.3f, and 1.5f,
respectively, slightly higher than those estimated from the satellite images. ME3 shows a significant
weakening of ζ in response to the enlargement of the circulation area. The enlargement of the eddy at the
northern end of Taitung Bay seems to be related to a topographic trapping effect (Figure 5c). The
coastline north of the Taitung Bay curves eastward such that the northward propagating eddies are

squeezed between the coastline and the Kuroshio mean flow; this leads
to slowdown or arrest of the eddy. The circulation of cold water expands
as a result of the interaction with the approaching eddy, and the relative
vorticity weakens to conserve the potential vorticity. The interactions
involve complex processes of merging and corotation of eddies, which
are investigated in detail in the next section.

In addition, the model shows strong vorticity within the Green Island
wake (Chang et al., 2019) northeast of ME3. Notably, ME3may have a sig-
nificant impact on the flow of upstream of the Green Island wake
(Figure 5c) and consequently may influence the wake flow. The subme-
soscale eddies may provide a link between the wake flows of Green
Island to the flows downstream of Cape Eluanbi.

4. Evolution and Period
4.1. Propagation, Corotation, and Merging

As will be shown below, the presence near Cape Eluanbi of a submesos-
cale cold eddy is not an unusual event. The 0.6 m s−1 isotach, extracted
from the upper 100 m of the 1‐month averaged current fields, was roughly
aligned with the eddy propagation path and consequently chosen to track
eddies from the southern tip of Cape Eluanbi to the northern end of
Taitung Bay (dashed cyan line in Figure 5c). The resulting time versus dis-
tance variations of Ro along the 0.6 m s−1 isotach (Figure 5d) show numer-
ous northward propagating signals, characterized by a tilted band of
positive Ro, during the 1‐month model run. Those propagating signals
are identified as submesoscale cyclonic eddies and indicate the nearly ubi-
quitous presence of these eddies during the modeled time span. The pro-
pagation speed of those eddies is 0.2–0.7 m s−1, obtained by estimating the
slope of the signals on the time versus distance plot.

The tracks of eddies ME1, ME2, and ME3 are determined by tracing the
point where ζ is the maximum within the eddies and are overlaid on the
tilted signals of phase propagation (black curves in Figure 5d). The propa-
gating signals overlaid with the tracks of the three eddies shown in
Figure 5d provide useful information to interpret their evolution. The
time interval for an eddy event is ~24 hr. For ME3, the track initially
remains uniform in time (i.e., flat in the time‐distance diagram) as the
recirculation develops. Nine hours later, the feature is shed and

Table 1
Eddy Properties Estimated by Chl‐a Concentration Snapshots (Figures 2b and 2c) on 25 September 2016

Symbol Time (HH:MM) Diameter (km) Translating speed (m s−1) Rossby number Correlation coefficient

E1 t1 (02:25) 16 0.50 4.0 0.53
t2 (05:30) 17

E2 t1 (02:25) 16 0.65 3.4 0.88
t2 (05:30) 16

E3 t1 (02:25) 33 0.65 1.2 0.58
t2 (05:30) 32

Figure 4. A composite diagram of Chl‐a snapshot (shaded colors) with a
drifter trajectory (pink line). Drifter positions (red dots) are shown at a
1‐hr time interval. The yellow curve denotes the eddy track of CE1 shown
in Figure 6, which is determined by detecting the point where ζ is
maximum within the eddies.
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propagates downstream at an average speed of 0.5 m s−1. It finally reaches 22.7°N ~2 days after its formation
(i.e., see the blue dashed line in Figure 5d). Subsequently, ME3 moves slightly southward due to corotation
with a preexisting eddy, and then it loses its identity. Unlike eddy ME3, the next eddy, ME2, wavers near
22.2–22.3°N for ~24 hr until ME1 catches up and merges with it to form a single eddy at Day 11 00:00
(Figure 6). The combined eddy, which is still termed ME1 here for convenience, retains its northward

Figure 5. (a) Satellite observed SST on 25 September 2016 (as in Figure 2e). Model‐derived snapshots of (b) SST and (c) relative vorticity normalized by f at 5 m
depth. Black vectors denote velocity fields. The cyan dashed line in (c) shows the 0.6 m s−1 isotach extracted from the upper 100 m of the 1‐month averaged
current field. (d) A time‐distance diagram of Ro (shaded color) along the 0.6 m s−1 isotach (cyan dashed line in (c)), revealing the propagation of eddies. Black
curves denote eddy tracks of ME1, ME2, and ME3, determined by detecting the point where ζ is maximum within the eddies. Note that Ro < 0 is uniformly
denoted by white color. (e) A time series of upstream zonal velocity (cyan dot in (c)). Blue dashed line denotes the time step of the snapshot of (c). The black
shaded box denotes the region which shows detailed variations in Figure 6. The yellow dot denotes the location where SST, cross‐shore speed, along‐shore speed,
and relative vorticity are analyzed by spectral analysis in Figure 8.
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propagation. Hereafter, the track of ME1 shows a latitudinal oscillation from Day 11 12:00 to Day 14 00:00.
The oscillation also occurs in the following eddies, CE2 (magenta solid curve in Figure 6) and CE1 (magenta
dotted curve), manifesting as a wavy curve in the time‐distance diagram.

It is known that two same‐signed vortices can form a corotating system, but the instability increases when
the two vortices touch one another at the saddle point of the corotating system (Deem & Zabusky, 1978;
Saffman & Szeto, 1980). Successive model snapshots taken at 6‐hr intervals from Day 12 00:00 to Day 14
18:00 demonstrate that the latitudinal oscillation is a result of the corotation of adjacent eddies (Figure 7).
On Day 12 00:00–18:00, ME1 and CE2 orbit each other while their distance decreases. On Day 13 00:00–
18:00, the ME1‐CE2 system corotates with the arriving CE1 and forms a complex three‐eddy orbit. On
Day 14 00:00–18:00, a CE2‐CE1 corotating system appears due to the dispersion of ME1.

The descriptions above suggest a complex set of processes associated with eddy interactions. The drifter tra-
jectory shown in Figure 4 lends support for the idea of eddy corotations. The track of CE1 shows a swirly line
roughly along the western edge of the mean flow (magenta curve in Figure 7). The CE1 track (yellow curve)
is overlaid on the drifter trajectory (pink curve) as shown in Figure 4, indicating that the track of CE1 passes
through the two closed circulations related to two separate cyclonic eddies. Although the two tracks separate
further north, they reveal a very similar curvature. The curvature associated with CE1 is the result of its cor-
otation with the ME1‐CE2 system as mentioned previously. Therefore, it seems reasonable that the curva-
ture revealed by the drifter trajectory reflects the corotation as the drifter could be trapped within the
corotated eddy.

4.2. Shedding Period

It is likely that the formation of submesoscale eddies results from the shedding of recirculations generated by
the Kuroshio flow separation at the tip of the Cape Eluanbi. In contrast to the complex evolution dictated by
the interactions of the resultant eddies, the timing of eddy formation is quite regular and corresponds to a
(positive) peak value of zonal velocity in the upstream region that varies at either diurnal or semidiurnal
tidal periods (Figures 5d and 5e). For example, the propagating signals that occurred on Days 8–13 and
Days 24–30—when the diurnal tides were strong—show an interval of occurrence of ~24 hr. In contrast,
the propagating signals that occurred on Days 15–22, when the semidiurnal tides were significant, have a
shorter time interval of ~12 hr.

When the tidal periods are not dominant, it is expected that the eddy shedding period (T) should be subject to
an intrinsic time scale regulated by the Strouhal number St = L/UT, where L is the length scale of the cape
and U is the characteristic velocity (Boyer & Tao, 1987; Davies et al., 1989). To further investigate the time
scale of eddy shedding, spectral analysis is applied to SST (red), cross‐shore speed, along‐shore speed, and
relative vorticity at 22°N along the 0.6 m s−1 isotach (yellow dot in Figure 5c), in the immediate lee of the
cape. All of these four properties reveal significant spectral peaks centered around the diurnal and semidiur-
nal frequencies (Figure 8). Notably, another peak with a value 1–2 orders smaller than the tidal peaks is evi-
dent with a period of 8–9 hr. In addition, we note that cross‐shore speed, along‐shore speed, and relative
vorticity have a peak near the M4 tide; SST does not.

The intrinsic time scale suggested by St is examined next. Empirically, previous studies have found St ~ 0.2 in
the ocean (Chang et al., 2019; Dong et al., 2007; Zeiden et al., 2019). If St = 0.2 is assumed for our region of
interest, the resulting shedding period is ~10 hr (denoted as vertical yellow dashed line in Figure 8) by taking
L ~ 7 km and U ~ 1 m s−1. This value for T is close to the observed spectral peak at 8–9 hr and could indicate
that this is the intrinsic shedding period in the lee of Cape Eluanbi. However, the value of St ~ 0.2 is based on
the island wake process, although Johnston et al. (2019) report that the value also explains the shedding per-
iod in the headland wake based on the field observations near Palau. Alternatively, Davies et al. (1989) and
Boyer and Tao (1987) proposed a value of St ~ 0.09, half of the value considered above, to study the process of
a headland‐generated eddy. With this value, the shedding period is ~20 hr (denoted as vertical green dashed
line in Figure 8), which encompasses the peak centered at the diurnal tide.

In summary, the shedding period of submesoscale eddies is strongly modulated by the diurnal tidal flow and
the semidiurnal tidal flow, as mentioned by MacKinnon et al. (2019) in the study about the generation of
eddies near Palau. This is suggested both by the significant correspondence between the formation of recir-
culation in the lee of the cape (Figure 5d) and the peak values of the zonal tidal velocity (Figure 5e) and by
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the predominant spectral peaks centered at diurnal and semidiurnal tides (Figure 8). An intrinsic period of
submesoscale eddy formation, based on St, may also play a role in our region of interest. Depending on the
assumed St, this period may be ~20 or ~10 hr. However, we note that the former period falls within the tidal
signal and the latter period has a relatively weak signal in the numerical model output. Hence, it is difficult
to ascertain definitively what St is in our region of interest.

5. The Wavy Front

In addition to the primary processes (the recirculation and eddy shedding in the lee of Cape Eluanbi as
described in the previous section), the front between the free stream (mean flow) and the wake flow in
Taitung Bay frequently exhibits a wavy feature, which can act as a secondary process active within the head-
land wake (Figure 7). This wavy front separates the warm mean flow on its eastern side from the cool but
highly variable watermasses on its western side as shown in Figure 7. Although the wavy feature results
partly from vorticity deformation and stretching, the wavy front is a predominant feature when the upstream
flow is more northward and approaches the coast resulting in a narrower/fragmented recirculation
(Figure 9). Therefore, although we expect the recirculation and the eddy shedding to be a dominant process,
it is not the only important submesoscale process in Taitung Bay.

Two examples onModel Day 17 (Figure 9b) and Day 18 (Figure 9e) show significant wavy fronts trapping the
cold water in Taitung Bay, with their corresponding (similar) satellite SST shown in Figures 9a and 9d,
respectively. The wavy feature is characterized by the rollup thermal pattern as shown in Figure 9a. The
length scale of the frontal wave suggests that these can be categorized as submesoscale features (i.e., tens
of kilometers). As indicated by the current vectors, the structure of the recirculation (or eddy) is ambiguous.
This can be further demonstrated by the vorticity (Figures 9c and 9f). Well‐defined eddy vorticity patterns, as
shown in Figure 7, are absent here. Instead, a band of strong vorticity, representing the free shear layer
emitted from the southern tip of the cape, is co‐located with the wavy front. This suggests that the formation
of the wavy front is related to the strong lateral shear.

The combination of a strong horizontal shear layer and a density front points to the likely formation of the
wavy features as a result of barotropic or/and baroclinic instability. Both types grow at the expense of the
total mean flow energy. The barotropic instabilities grow by extracting kinetic energy via the shear flow
(e.g., Gula et al., 2015), whereas the baroclinic instabilities result from the release of potential energy due
to the gravitational collapse at a density front (e.g., Boccaletti et al., 2007). We perform an energetics

Figure 6. Detailed variations of (a) Ro (shaded color) along the 0.6 m s−1 isotach and (b) upstream zonal velocity inside the black shaded box in Figures 5d and 5e.
As in Figure 5, black curves denote the eddy tracks of ME1, ME2, and ME3, and the magenta solid and dotted lines denote the eddy tracks of CE2 and CE1,
respectively. The blue dashed box denotes the latitudinal oscillation due to the corotation of the adjacent eddies, and detailed evolution is shown in Figure 7.
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analysis on the eddy‐mean flow interactions (Dong et al., 2007; Gula et al., 2014; Kang & Curchitser, 2015)
based on our 1‐month LZSNFS numerical model output to identify the relative importance of these two
processes. In our analysis, the x and y components represent the zonal (east‐west) and meridional
(north‐south) components, respectively. Velocities are expressed as u, v, and w for zonal, meridional, and
vertical components, respectively, and the density is ρ. The flow is decomposed into the mean field and
perturbations, respectively denoted as an overbar and a prime, that is, u ¼ uþ u′, v ¼ vþ v′, w ¼ wþ w′,
and ρ ¼ ρþ ρ′. The overbar represents the value of the time mean over our 1‐month model output. The

Figure 7. Model snapshots of sea temperature at 5 m depth (shaded color) taken at a time interval of 6 hr from Day 12 00:00 to Day 14 18:00. Black curves denote
ζf−1 from 1 to 8 with an interval of 1. Vectors denote velocity fields. The magenta curve denotes the eddy track of CE1.
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perturbations represent the processes associated with instabilities. Following Gula et al. (2014) and
Dong et al. (2007), the conversions from mean flow kinetic energy to associated perturbation kinetic
energy due to the horizontal shear and vertical shear are expressed as HRS and VRS, respectively, where

HRS ¼ −ρ0
u′2∂u¯
∂x

þ u′v′
∂u
∂y

þ v′2
∂v
∂x

þ u′v′
∂v
∂y

 !
; (1)

obtained from the product of horizontal mean shear and Reynolds stress, and

VRS ¼ −ρ0 u′w′
∂u
∂z

þ v′w′
∂v
∂z

� �
; (2)

the product of vertical shear of the mean flow and vertical Reynolds stress. The value of ρ0 is
1,024.8 kg m−3. The conversion of eddy potential energy to eddy kinetic energy is

VBF ¼ −gw′ρ′ : (3)

The magnitude of positive HRS + VRS and VBF, respectively, measure the importance of the generation of
perturbation kinetic energy by the barotropic instability versus that by baroclinic instability. Figure 10a
shows a significant band of positive depth‐integrated HRS (denoted as yellow box b), roughly along the
0.6 m s−1 isotach (black dashed line), where the strong horizontal shear layer and density front is present.
The strongest value of area‐integrated HRS ~10 kJ m−1 s−1 appears in the immediate lee of Cape Eluanbi
(red curve in Figure 10d) and weakens downstream. The negative depth‐integrated HRS appears north of
Taitung Bay (denoted as yellow box a), implying that the eddy kinetic energy is hardly generated and may
even be converted back to mean flow kinetic energy here (Gula et al., 2015). The conversion of eddy
kinetic energy to mean flow kinetic energy may be related to eddy attenuation and the complex eddy inter-
actions described previously. In addition, the active conversion region where the depth‐integrated HRS > 0
also includes water near Lanyu Island and Green Island and on the ridge in the Luzon Strait. It is noted
that the HRS near Green Island (3–4 J m−2 s−1, as Liu & Chang, 2018, suggested) is ~3 times larger than
that near Cape Eluanbi (~1 J m−2 s−1).

Figure 10b shows the spatial distribution of depth‐integrated VRS as a proxy for energy conversion via ver-
tical shear. Unlike the depth‐integrated HRS, this indicates a region of negative values (denoted with the

Figure 8. Spectra of SST (red curve), surface relative vorticity (blue curve), cross‐shore speed (green curve), and along‐shore speed (black curve) at 22°N on
0.6 m s−1 isotach (yellow dot in Figure 5c). Four variables were normalized by the standard deviation of themselves while doing power spectral analysis. The
dashed curve is the 95% confidence level spectrum based on a χ2 test performed on the mean spectrum of the red noise (Oppenheim, 2010). The vertical gray
dotted lines denote spectral peaks at 23.92 hr (K1), 12.42 hr (M2), 9 hr, 8 hr, and 6.21 hr (M4). In addition, the gray dotted line at 13 hr denotes the time
scale of the eddy generation determined by the snapshots in Figures 2b and 2c. The vertical green and yellow dashed line denotes the St‐based periods with
St ~ 0.09 and ~0.2, respectively.
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yellow box in Figure 10b) that is primarily located on the eastern side of wavy front (0.6 m s−1 isotach). The
processes that can induce the energy feedback to the background mean flow are unknown. The
depth‐integrated VBF is generally weak except for that above the ridges in the Luzon Strait which have
no correspondence with the wavy front.

Figure 9. (a) Satellite‐observed SST on 21 September 2018. Model snapshots of (b) SST and (c) ζf−1 at 5 m depth on Model Day 17. As in (a)–(c), but on (d) 16 June
2016 and on (e) and (f) Model Day 18. Vectors denote velocity fields. The black curves in (b) and (e) denote the 27 and 27.2 °C isotherm. The magenta curves
denote ζf−1 = 1.
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In summary, along the 0.6 m s−1 isotach, the area‐integrated HRS (red curve in Figure 10d) is predominant
and remains positive from 12 to 90 km, indicating energy conversion from the mean flow to the perturba-
tions. Therefore, it is expected that the wavy features result primarily from barotropic instability that grows
in the strong free shear layer generated in the lateral boundary of Cape Eluanbi.

6. Discussion and Conclusions

As the Kuroshio flows around Cape Eluanbi (length scale ~7 km), the effect of the sharp coast on the cur-
rent gives rise to flow separation near the tip of the cape. This topographic effect precipitates a recircula-
tion in the immediate lee of the cape and a strong free shear layer between the free stream and the wake
flow. Here we explore in detail for the first time the dynamics underlying the effect of the longshore var-
iations of coastline geometry southeast of Taiwan on the Kuroshio. In the present study, the generation of
the wake, coherent submesoscale eddies, and the free shear layer in the lee of Cape Eluanbi are examined
by the satellite imagery, drifter data, and realistic numerical model simulations. The combination of Chl‐a

Figure 10. Monthly mean barotropic conversion terms (a) ∫HRSdz and (b) ∫VRSdz field and baroclinic conversion term (c) ∫VBFdz field. These quantities are
integrated vertically over the entire water column from surface to bottom. Topography is shown in gray contours at the 100, 500, and 1,000 m isobaths. The
dashed line shows the 0.6 m s−1 isotach with markers at a 10‐km interval. (d) Variations of ∫

10 km

−10 ∫HRSdzdl (red), ∫
10 km

−10 ∫VRSdzdl (yellow), and ∫
10 km

−10 ∫VBFdzdl
(blue) along the 0.6 m s−1 isotach. The l components represent the cross‐transect components.
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and SST snapshots captured by satellite images and drifter trajectories
highlights submesoscale eddies that are frequently observed in Taitung
Bay. Three successive Chl‐a and SST snapshots from 24 September
04:50, 25 September 02:25, and 25 September 05:30 demonstrate the evo-
lution of the submesoscale eddies. These clearly show the downstream
propagation (0.5–0.6 m s−1) of an eddy train composing three submesos-
cale eddies, that is, E1 (diameter ~ 16 km, ζ~3.9f), E2 (~16 km, ζ~3.4f),
and E3 (~33 km, ζ~1.2f). The relative rotation angle is estimated by com-
puting the maximum correlation coefficient between the detected eddies
at 02:25 and 05:30. Accordingly, the relative vorticities can be simply
estimated based on the spin of a solid body. Eddy E3, whose horizontal
scale is about twice of that of E1 and E2, could be a result of corotating
eddies in the upstream, which is supported by the absolute vorticity esti-
mation of a corotating eddy system (Leweke et al., 2016) and by our
numerical model interpretation. The surface pattern of SST associated
with the eddies and filaments (i.e., in which temperature is 1–2 °C cooler
than the ambient SST) agrees with the pattern of Chl‐a. The enriched
Chl‐a within E1 is likely advected from Nanwan Bay via the Kuroshio's
curving path. Besides, the enriched Chl‐a observed within E2 and E3
could be advected from the Taitung Bay and/or enhanced by in situ bio-
logical responses related to upwelling nutrients.

The observed eddy patterns and evolution are well simulated by the realis-
tic model, LZSNFS, essentially filling the lack of current velocity in the
analysis based on satellite images. The time versus latitude variations of
positive Ro (representative of cyclonic eddies) along the 0.6 m s−1 isotach
show numerous northward propagating signals (0.2–0.7 m s−1) in the
region during the 1‐month model duration. The tracks of eddies, estab-
lished by the maximum ζ within the eddy, reveal latitudinal oscillations
that manifest as twisting tracks in the time‐distance diagram. These are
a result of the corotation of the adjacent eddies. In summary, the observa-
tions and model results suggest that submesoscale cyclonic eddies are
formed by the shedding of a recirculation feature generated by Kuroshio

flow separation at the tip of Cape Eluanbi. Next, the eddy propagates downstream and catches up to a pre-
existing eddy. After that, the cyclonic eddies form a corotating system and merge to form a single eddy near
22.7°N. These complex processes associated with the eddy interactions are summarized in a cartoon that
depicts the scenario we suggest (Figure 11).

The wavy feature in the bay results not only from vorticity deformation/stretching but also from shear
instability, which may act as another important process in the headland wake region. The wavy feature
generated along the lateral boundary of Cape Eluanbi is related to the combination of a strong horizontal
shear layer and a density front. Results of the energetics analysis employed to explore the eddy‐mean
flow interactions demonstrate that the HRS is predominant in the southern Taitung Bay, indicating that
the energy transfer is primarily through barotropic instability. Along the 0.6 m s−1 isotach, the strongest
value of the area‐integrated HRS (~10 kJ m−1 s−1) appears in the immediate lee of the cape and remains
positive in the region south of Taitung Bay. In contrast, the negative depth‐integrated HRS appears in the
north of Taitung Bay, implying the eddy kinetic energy is hardly generated and may be converted back to
mean flow kinetic energy due to eddy attenuation and complex eddy interactions. Although barotropic
instability can also grow into submesoscale eddies that appear like a vortex train on satellite snapshots,
the physical mechanism is different from the shedding of a recirculation feature. The former can grow
anywhere during the presence of a free shear layer (Smyth & Carpenter, 2019). The latter arise from flow
separation caused by an abrupt change of topography, providing a form drag on the incident flow, and
can be shed downstream as Reynolds number increases (Williamson, 1996). However, we did not find
the eddies involved from the frontal waves (barotropic instability) from our present numerical model
and satellite images.

Figure 11. A schematic diagram of eddy evolution in the lee of Cape
Eluanbi.
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The shedding period of submesoscale eddies is strongly modulated by diurnal or semidiurnal tidal flow. This
is supported by two lines of evidence. First, the timing of eddy formations is regular and corresponds to a
local maximum value of eastward velocity in the upstream region associated with diurnal or semidiurnal
tidal periods. Second, spectral analysis of SST, relative vorticity, and cross‐shore and along‐shore speeds
reveals spectral peaks centered around the diurnal, semidiurnal, and 8–9 hr periods. The (non‐tidal) intrin-
sic shedding period regulated by the St is estimated here as ~10 or ~20 hr, respectively, assuming St ~ 0.2 (for
an island‐generated eddy, Johnston et al., 2019) or St ~ 0.09 (for a headland‐generated eddy, Davies
et al., 1989), and may play a role in setting the intrinsic time scale (though we note that the tidal time scales
seem to dominate here). However, the process of the headland‐generated eddy is slightly different from that
of an island‐generated eddy. For example, an island wake often results in alternate shedding of positive and
negative vortices forming a vortex street. In contrast, a headland wake only generates either all positive or all
negative vortices. Besides, the behavior of eddy generation for a combination of mean and oscillatory flow is
different with for either alone, depending on the ratio of speeds (MacKinnon et al., 2019). Southeast of
Taiwan, the Kuroshio's speed ~1 m s−1 in the upper 100 m (Liang et al., 2003) is larger than the speed varia-
tion of tidal flow (~ ± 0.3 m s−1, Jan & Chen, 2009). Our results show that the eddies all have the same sign of
vorticity (cyclonic) in the Taitung Bay, agreed with the study's results in Palua (MacKinnon et al., 2019).

By interpreting our satellite observations with the output from a realistic numerical model simulation, we
infer that the effect of Cape Eluanbi on the Kuroshio can result in (1) a recirculation in the lee of the cape,
further shedding downstream as a train of submesoscale cyclonic eddies, and (2) forms a strong vorticity fila-
ment inducing horizontal shear instabilities when the upstream flow is more northward and approaches the
coastline resulting in a narrower/fragmented recirculation. Chl‐a concentration, increasing about three to
four times by these processes, plays a key role in the localized circulation of chemical elements by an ecosys-
tem. In the Kuroshio regime from Luzon to Japan, many abrupt topographic features may affect the flow,
such as described in the present study. The Kuroshio carries a large amount of heat and momentum pole-
ward and has a potential impact on biogeochemical processes along its path through nutrient transport
(Liu et al., 2014). Submesoscale eddies may provide horizontal and vertical aspects to nutrient transport
within the Kuroshio. As mentioned in the introduction, understanding these transitions is important due
to the practical need for parameterizations in regional‐scale models of the Pacific marginal seas. This study
has given a specific description of the features of these processes in the Taitung Bay, one of abrupt topogra-
phy on the Kuroshio path.
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