J Oceanogr (2017) 73:427-438
DOI 10.1007/s10872-017-0411-7

@ CrossMark

ORIGINAL ARTICLE

Statistical features of eddies approaching the Kuroshio east

of Taiwan Island and Luzon Island

Yu-Hsin Cheng' - Chung-Ru Ho? - Quanan Zheng® - Bo Qiu* - Jianyu Hu' «

Nan-Jung Kuo?

Received: 9 August 2016 / Revised: 5 January 2017 / Accepted: 5 January 2017 / Published online: 19 January 2017

© The Oceanographic Society of Japan and Springer Japan 2017

Abstract This study examined the statistical features of
eddies approaching the Kuroshio east of Taiwan Island and
Luzon Island. In total, 315 eddies (138 anticyclonic and
177 cyclonic eddies) were detected from 19.5 years of sat-
ellite altimeter sea-level data, with more than 95% of these
eddies being generated in the ocean west of the Mariana
Islands. Eddy trajectory statistics indicated that eddies fre-
quently intrude into the Kuroshio regime at two latitude
bands, namely 18°N-19°N and 22°N-23°N, with periods of
146 + 62 and 165 £ 46 days, respectively. The interaction
time is longer within the two active bands (33 &£ 10 days at
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18°N-19°N and 45 & 17 days at 22°N-23°N) than at other
latitudes. These two eddy-intrusion bands are associated
with the northern and southern Subtropical Countercurrents
(STCCs). These STCCs have a vertically reversed sign of
the meridional potential vorticity gradient, thus providing
a key energy source for eddy generation. In addition, when
westward-propagating eddies approach the Ryukyu Islands,
the southwestward recirculation flow east of the island
chain as well as topographic effects cause some eddies
to head southwestward to the east of Taiwan and intrude
into the Kuroshio at 22°N-23°N, rather than to dissipate
directly. Therefore, we suggest that the STCCs play a key
role in inducing the eddies to frequently intrude into the
Kuroshio at 18°N—19°N and 22°N-23°N. In addition, the
Ryukyu Islands are responsible for concentrating the eddies
within 22°N-23°N.

Keywords Ocean eddy - Kuroshio - Subtropical
Countercurrent - Ryukyu Islands - Satellite altimetry

1 Introduction

The westward-flowing North Equatorial Current bifur-
cates into the northward Kuroshio and the southward
Mindanao Current upon approaching the coast of the Phil-
ippines between 12°N and 15°N (Qiu 2001). The Kuro-
shio, which originates east of Luzon Island, is a western
boundary current in the North Pacific (Fig. 1). Kida et al.
(2015) reviewed oceanic fronts and jets in the western
North Pacific, and showed that the Subtropical Counter-
currents (STCCs) consist of multiple eastward-flowing
bands. An earlier study (Hasunuma and Yoshida 1978) of
a climatological dynamic height map revealed three sepa-
rate eastward flows along 19°N-20°N (southern STCC),
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Fig. 1 Schematic current patterns and two zones with strong eddy kinetic energies (shaded) in the western North Pacific Ocean, based on Kida

etal. (2015)

22°N-24°N (northern STCC), and 24°N-27°N (eastern
STCC) in the western North Pacific. The Hawaiian Lee
Countercurrent and southern STCC have similar spatial
structures, flowing eastward along 19.5°N against the broad
westward North Equatorial Current (Kobashi and Kawa-
mura 2001; Qiu and Chen 2013).

Mesoscale eddies are one of the dominant phenomena
in the upper ocean. Petersen et al. (2013) investigated the
three-dimensional structures of eddies in global oceans
via numerical modeling, and they concluded that nearly
one-third of the eddies reach a depth of at least 1,000 m.
Furthermore, 97% of eddies with a minimum lifespan
of 4 weeks extend to the surface, enabling the detection
of these eddies from the sea surface. Thus, eddies can be
effectively mapped using high-precision sea level data
acquired through satellite altimeters. Using merged altim-
etry data derived from multi-satellite altimeters, Chelton
et al. (2011) demonstrated that eddies propagate westward
mostly with the phase speed of long baroclinic Rossby
waves and are generated nearly everywhere in the global
ocean. The size and energy levels of eddies can also vary in
different oceans depending on latitude, ocean stratification,
and bottom topography (Isern-Fontanet et al. 2006; Chelton
et al. 2011). Mesoscale eddies in the Kuroshio and Kuro-
shio Extension regions result in the transportation of mass,
heat, momentum, and salinity in the Subtropical Gyre (Ebu-
chi and Hanawa 2001). Moreover, westward-propagating
eddies reaching the western boundary current interact with
the Kuroshio. The effect of cyclonic eddies on the Kuro-
shio is entirely different from that of anticyclonic eddies.
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In contrast to cyclonic eddies, anticyclonic eddies can
accelerate the Kuroshio and contribute to Kuroshio water
flow bypassing the Luzon Strait (Kuo and Chern 2011). In
addition, eddies modulate the volume transport and path
of the Kuroshio (Yang et al. 1999; Johns et al. 2001; Sheu
et al. 2010). The mean transport of the Kuroshio is approxi-
mately 21.5 Sv (1 Sv = 10° m? s’l), as concluded on the
basis of mooring observations conducted in the east of Tai-
wan; the transport of the Kuroshio reveals a nearly 100-day
fluctuation with an amplitude of 6-12 Sv because of the
effect of westward-propagating eddies (Zhang et al. 2001).

The western North Pacific comprises two well-defined
zonal bands of high eddy kinetic energy (EKE), to which
all oceanic motions that deviate from the mean state con-
tribute, including eddies, jet meandering, wave, and jet
instability (Waterman et al. 2011). One of these zonal
bands is the Kuroshio Extension. The other band is located
in the subtropical region between 16°N and 28°N (shaded
in Fig. 1) and extends zonally from the east of Taiwan
Island and Luzon Island to the Hawaiian Islands (Qiu
1999). This zonal band occupies the central latitudes of the
North Pacific Subtropical Gyre and is characterized by the
presence of eastward surface flows, the STCCs. Although
previous studies have indicated strong EKE in the STCC
region, STCCs become obscure to the west and disappear
to the west of 130°E, possibly due to eddies. Therefore,
how these eddies propagate west of 130°E and intrude into
the Kuroshio requires clarification.

Satellite altimeter data are a powerful tool for monitor-
ing the changes of mesoscale eddies in oceans worldwide
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and investigating the relationship between eddies and the
background mean flow. Hwang et al. (2004) analyzed
mesoscale eddies to the east of Taiwan Island using the
TOPEX/Poseidon (T/P) data alone, and they found that
most eddies over the northern STCC propagate westward
along 22°N-24°N to reach the Kuroshio. Eddies propa-
gate westward at a speed of 7.2 cm s~! and intensify to the
west of the Mariana Islands (Yang et al. 2013). However,
the mesoscale variability constructed from the 7/P data
alone cannot be resolved because of the excessively coarse
ground track spacing of the 7/P orbit (Chelton et al. 2011).
In particular, the effect of eddies on the Kuroshio has rarely
been discussed in the STCC region of the subtropical west-
ern North Pacific (e.g., Lien et al. 2014; Tsai et al. 2015).

The main purposes of the study reported in the pre-
sent paper were to clarify hot spots where eddies fre-
quently intrude into the Kuroshio regime and to investigate
why those hotspot regions tend to concentrate eddies. To
achieve these aims, a sea surface height (SSH)-based eddy
identification algorithm was used in this study. The rest of
this paper is organized as follows. Section 2 describes the
satellite data and eddy data set and defines the SSH-based
eddy identification algorithm. Section 3 presents the results
of statistical analysis based on the eddy trajectory data set.
Section 4 analyzes the factors resulting in concentrated
regions of eddy arrivals on the eastern side of the Kuroshio
path. Finally, a summary is provided in Sect. 5.

2 Data and methodology
2.1 Satellite altimeter data

The satellite altimeter sea level anomaly (SLA) and abso-
lute dynamic topography (ADT) data used in this study
were provided by Archiving, Validation and Interpretation
of Satellite Data in Oceanography (AVISO), with support
from the Centre National d’Etudes Spatiales (CNES) in
France. The ADT is defined as the sea surface height above
the geoid and is obtained by summing the SLA and the
mean dynamic topography (MDT). Briefly, a homogene-
ous and intercalibrated SLA data set was computed with
respect to a 20-year mean (1993-2012) of the SSH. Grid-
ded SLA maps constructed by merging ERS-1/2, TOPEX/
Poseidon, Jason-1/2, and Envisat altimeters were geophysi-
cally and meteorologically corrected (tides, ionosphere,
atmospheric pressure correction, wet troposphere, and dry
troposphere) and interpolated onto Mercator grids with
a horizontal resolution of 1/4°. In addition, the MDT was
derived from a geoid model on the basis of 4.5-year Grav-
ity Recovery and Climate Experiment (GRACE) data and
combined with 16 years of in situ measurements [drifting
buoys, Argo floats, and conductivity—temperature—depth

(CTD) profilers], altimetry, and wind stress data. The
CNES-CLS09 MDT is highly consistent with in situ obser-
vations, especially for the western boundary currents (Max-
imenko et al. 2009; Rio et al. 2011). These altimetry prod-
ucts cover the period from October 1992 to the present time
(http://www.aviso.oceanobs.com/en/data/products.html).

2.2 Trajectories of mesoscale eddies

Several automated eddy algorithms have been developed to
detect and track ocean eddies. Chelton et al. (2011) applied
an SSH-based eddy identification algorithm to study ocean
eddies. This method has been widely used in numerous
studies (e.g., Escudier et al. 2016), and allows good control
over the eddy trajectory. For a more detailed description, a
comparative analysis of several automated eddy algorithms
was conducted by Souza et al. (2011). The eddy-tracking
data set, collected from October 1992 to April 2012, is
available online (http://cioss.coas.oregonstate.edu/eddies),
and the present study used the processed data set to inves-
tigate where eddies frequently intrude into the Kuroshio.
We now simply describe the methodology used by Chelton
et al. (2011).

The eddy trajectories described herein are applied to the
19.5-year records of SSH fields at a horizontal resolution
of 1/4°, affording sufficient spatial resolution to identify
and track mesoscale eddies. Since large-scale SSH varia-
tions often mask the subtle signatures of eddies, the SSH
fields are first filtered by applying a high-pass filter, remov-
ing coherent signals with wavelength scales greater than
10° (latitude) by 20° (longitude), so as to distinguish eddies
from other features. An eddy can be intuitively defined as
an isolated rotary structure with localized variations in sea
levels, and can be identified on the basis of the closed con-
tours of the filtered SSH fields. As described in detail in
Appendix B of the publication by Chelton et al. (2011), this
method can reduce the influence of large-scale variability.

For eddy centers detected from SSH fields at each seven-
day time step, an automated tracking method is applied to
determine the path of each eddy. For eddies identified at
time step ¢, eddies identified at the next time step 7 4 1 are
explored by finding the closest eddy center with the same
sign of relative vorticity within a search radius of 150 km,
but the western eddy search region extends according
to the phase speed of long Rossby waves. In addition, to
reduce the risk of spurious eddies arising from SSH-field
noise, eddies tracked through this method with a lifespan
of <4 weeks are eliminated, because the satellite altimetry
data of the AVISO Reference Series are constructed by
applying a 35-day e-folding timescale of a Gaussian covari-
ance function in an objective analysis procedure. Addi-
tional details on the SSH-based eddy identification algo-
rithm can be found in Chelton et al. (2011).
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Fig. 2 a Mean geostrophic current field from October 1992 to April
2012. The solid line and the dashed line denote the mean axis of the
Kuroshio and the eddy-effect line, respectively. The red circle repre-

3 Results
3.1 Statistical features of eddy intrusion

The mean axis (solid line in Fig. 2a) of the Kuroshio maxi-
mum velocity at the sea surface was derived from long-
term average ADT fields from October 1992 to April 2012.
The mean width of the Kuroshio is approximately 100 km
(Liang et al. 2003), and the maximum radius of mesoscale
eddies can exceed 150 km (Chelton et al. 2011). This study
observed the distribution of eddies before their interaction
with the Kuroshio. On the basis of the preceding hypoth-
eses, we assumed that eddies are affected by the northward-
flowing Kuroshio within the 250-km range close to the east
side of the Kuroshio; thus, the eddy-effect line (dashed line
in Fig. 2a) was used to discern the locations of the eddies
before they were affected by the Kuroshio. During the pro-
cess of intruding into the western side of the eddy-effect
line (between the solid line and the dashed line in Fig. 2a),
eddies potentially impinge on and interact with the Kuro-
shio. In the following analysis, we will focus on the eddies
which can propagate across the eddy-effect line to the
Kuroshio regime, but eddies generated around the Kuroshio
axis (the western side of the dashed line in Fig. 2a) were
not considered in this study.

The trajectories of anticyclonic and cyclonic eddies
with lifespans >4 weeks are presented in Fig. 2b, c. In
total, the automated procedure detected 315 eddies cross-
ing over the eddy-effect line, consisting of 138 anticy-
clonic eddies and 177 cyclonic eddies. More than 95% of
the 315 eddies analyzed herein (Fig. 2) were generated in
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sents a sketch of an eddy. Map of backtracked trajectories of anticy-
clonic (b) and cyclonic (¢) eddies. The circles and crosses represent
the locations of eddy generation and termination, respectively

the ocean west of the Mariana Islands. Notably, no eddies
impinge on the Kuroshio from 25°N to 30°N, as indicated
in Fig. 2b, c. Eddies almost dissipate near the Ryukyu
Islands before they propagate across the eddy-effect line,
which implies that the Kuroshio on the western side of the
island chain could be shielded from the direct intrusion
of eddies. Most eddies are easily blocked by the island
chain or the Kuroshio and then dissipate. However, some
eddies, generated around the Kuroshio axis (not shown
here), may cross the Luzon Strait and enter the South
China Sea (Sheu et al. 2010; Zheng et al. 2011; Hu et al.
2012).

Census statistics of properties when eddies propagate
across the eddy-effect line are shown in Fig. 3. The eddy
length scale can be characterized using the speed-based
radius; this parameter is defined as the radius of a circle
with an area equal to that enclosed by the SSH contour
with maximum circum-average speed (Chelton et al. 2011,
Appendix B.3). The mean scale of eddies investigated
in this study was found to be approximately 130 km, and
the average maximum rotation speed was observed to be
approximately 30 cm s~!. The latitude of eddy-intrusion
location through time is illustrated in Fig. 3a. Eddies clearly
actively intrude into the Kuroshio regime between 14°N
and 24°N. Furthermore, the latitudes of eddies crossing the
eddy-effect line were estimated. Histograms of the cross-
ing latitudes are illustrated in Fig. 3b, indicating that the
eddies are concentrated in the regions at 18°N—19°N and
22°N-23°N. These two active bands of eddy intrusion were
further confirmed by the period of eddy intrusion, defined
as the time interval between two consecutive eddies while
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Fig. 3 a Census statistics of eddy properties when they cross the
eddy-effect line (dashed line in Fig. 2a). The size of the circle on the
left denotes the eddy radius. The color scale on the right side of panel
a displays the maximum rotation speed (Ur) within eddies. Positive

crossing the eddy-effect line. Figure 4a illustrates that
eddies intrude into the Kuroshio regime through these two
latitude bands more frequently than they do through other
latitudes. The average intrusion periods (approximately
146 £ 62-day period at 18°N-19°N and approximately
165 £ 46-day period at 22°N-23°N) are close to the fluc-
tuation of the Kuroshio estimated from mooring array data
(approximately 70- to 200-day periods; Zhang et al. 2001),
oceanographic radar data (10- to 240-day periods; Ichikawa
et al. 2008), and current fields of a coastal model (70- to
150-day periods; Lee et al. 2013). These results imply that

and negative values indicate anticyclonic and cyclonic eddies, respec-
tively. b Histogram of latitudes of eddies as they cross the eddy-effect
line

eddies frequently intrude into the Kuroshio regime not only
through 22°N-23°N (Hwang et al. 2004) but also through
18°N-19°N.

To understand the interaction time between eddies and
the Kuroshio, we estimated the time interval between first
encountering the eddy-effect line and finally dissipating
in the Kuroshio regime. The latitudinal variation of the
interaction time (Fig. 4b) illustrates that the eddies exist
longer in the Kuroshio regime through the latitude bands
18°N-19°N and 22°N-23°N, and the average interaction
time was found to be 33 & 10 days and 45 £ 17 days,
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Fig. 4 The latitudinal variations in a the intrusion period, b the inter-
action time, and c the kinetic energy were estimated for each degree
of latitude. Mean value is shown by a blue line, and gray shading

respectively. This result can be explained by considering
the kinetic energy (Fig. 4c), defined as UI% /2, where Uy is
the maximum rotation speed within the eddy. Eddies with
high rotation speeds can strongly maintain their shape dur-
ing propagation (Chelton et al. 2011). When the kinetic
energy is greater, the interaction time between an eddy and
the Kuroshio is potentially longer.

3.2 Two hot spots of eddy intrusion

As eddies cross the eddy-effect line, they are concentrated
at latitudes of 18°N—-19°N and 22°N-23°N, where eddies
frequently intrude into the Kuroshio regime and survive
for a long time within it (these are hereafter referred to as
the “hot spots” of eddy intrusion). Herein, we focus on the
trajectories of eddies intruding into the Kuroshio through
the two hot spots as follows. A notable feature of the tra-
jectories shown in Fig. 5a,c is westward propagation with
little meridional deflection. As the trajectory lengthens,
the deflection becomes more visible. Cyclonic eddies
exhibit poleward deflection; anticyclonic eddies, by con-
trast, exhibit equatorward deflection (Morrow et al. 2004;
Chelton et al. 2007). This deviation phenomenon may be
explained by p-effect theory (Cushman-Roisin et al. 1990).
The deflection angle is theorized to be approximately 2°
near 22°N, which is in agreement with most eddy deflec-
tions in our study region. However, a few eddies (such as
cyclonic eddies at latitudes higher than 25°N in Fig. 5a,b)
are mainly affected by other factors (as described in
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indicates the interquartile range. Red dashed lines denote the two lati-
tude bands, 18°N—19°N and 22°N-23°N

Sect. 4.2). In addition, we would like to clarify where
these eddies came from. Histograms of the origins of the
eddies concentrated within the two hot spots are illustrated
in Fig. 5b,d. Nearly 80% of the eddies concentrated within
the southern latitude band (18°N-19°N) originate from the
17°N-20°N band. Similarly, nearly 50% of the eddies con-
centrated within the northern latitude band (22°N-23°N)
originate from the 21°N-24°N band. Most of the eddies
originate from similar zonal bands. Nevertheless, the tra-
jectories are complex, and can be affected by noise from
the SSH fields, eddy—eddy interactions, and eddy—mean
flow interactions (Chelton et al. 2011).

4 Discussion
4.1 Effects of two eastward branches of the STCCs

Kobashi et al. (2006) revealed that the STCCs comprise
three eastward jets: the southern STCC centered along
approximately 19°N-21°N from 130°E to 180°, the north-
ern STCC centered along approximately 22°N-25°N from
130°E to 180°, and the eastern STCC north of the Hawai-
ian Islands centered along nearly 26°N from 175°E to
160°W. A map of the geographical distribution of the aver-
age zonal current in 1/4°-square regions is presented in
Fig. 6a, clearly indicating that the latitudes of two eastward
currents, located at 17°N-20°N (the southern STCC) and
22°N-25°N (the northern STCC), are consistent with the
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Fig. 5 a, ¢ Eddy trajectories concentrated at a 22°N-23°N and ¢
18°N-19°N. The red and blue lines correspond to anticyclonic and
cyclonic eddies, respectively. Circles and crosses represent the loca-
tions of eddy generation and termination, respectively. Dots represent

two hot spots of eddy intrusion (Fig. 3b) and the latitudes
of origin of the eddies (Fig. 5b, d).

We used the World Ocean Atlas 2013 version 2 data set
of temperature and salinity to calculate the geostrophic
velocity (relative to 1000 m). Figure 6b shows the annual
mean profile of the zonal geostrophic velocity averaged
from 125°E to 150°E (Fig. 6a, red box). In the meridional
section, two cores of eastward currents occur in the upper
ocean at around 19°N and 23°N (Fig. 6b, black arrows).
The wind-driven westward current, the North Equatorial
Current, exists below the upper layer. The bounding depth
is approximately 100 m. Kobashi and Kawamura (2002)
and Qiu (1999) used altimeter data to investigate the rela-
tionships between the seasonal modulation of STCCs and
the EKE, and reported that eddies are generated by the sub-
tropical front associated with an eastward countercurrent.
Strong vertical shear and a small stratification ratio increase
the potential baroclinic instability. According to the method
of Kobashi and Kawamura (2002), the potential vorticity
(PV), defined as (f/p)(doy/0z), is derived from the hydro-
graphic data of WOA13, where f is the Coriolis parameter,
p is the density, and oy is the potential density. From the
vertical section of the meridional PV gradient (color shad-
ing in Fig. 6b), the meridional PV gradient is positive in
the upper 100 m in the near-surface eastward STCCs; by
contrast, it is negative in the subsurface layer at approxi-
mately 100-300 m. Reversing the sign of the meridional

Observation Percentage (%)

eddies detected from SSH fields with a 7-day time step. b, d Histo-
grams of origin locations for the eddies intruding into the Kuroshio
through the two hot spots at b 22°N-23°N and d 18°N-19°N

PV gradient in the vertical direction results in baroclinic
instability, which is a vital energy source for eddy genera-
tion in the western North Pacific Subtropical Gyre (Qiu
1999; Kobashi and Kawamura 2002). Qiu and Chen (2013)
reported that eddy activity modulation is highly depend-
ent on the change in the upper-ocean eastward shear inside
the western North Pacific Subtropical Gyre. These results
imply that the eddies that frequently intrude into the Kuro-
shio through the two hot spots (Fig. 5) mainly originate
from the southern STCC and the northern STCC. Eddies
generated near 19°N and 23°N may become trapped along
the two axes of the STCCs. Although the STCCs become
obscure to the west and disappear to the west of 130°E,
most of the eddies intrude into the Kuroshio regime along
same latitude bands.

4.2 Effect of the Ryukyu Islands and the recirculation
gyre

The Ryukyu Islands, which include numerous islands and
islets, are northeast of Taiwan (Fig. 7). This island chain is
arranged in a curved row extending to 24°N (east of Tai-
wan) and forms the border between the East China Sea and
the western North Pacific. The Kuroshio flows northeast-
ward through the Okinawa Trough and is shielded from the
westward-propagating eddies by the island chain; neverthe-
less, eddies can still indirectly result in delayed variations
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Fig. 6 a Map of average zonal
geostrophic currents derived
from ADT maps from October
1992 to April 2012. A loga-
rithmic color scale is used to
highlight the STCCs. Positive
values and negative values
indicate eastward and westward,
respectively. b Cross-section
profiles of meridional potential
vorticity (PV) gradient (colors)
and zonal geostrophic velocity
(contours) relative to 1000 m. In
panel b, the two parameters are
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of the Kuroshio volume transport (Andres and Cened-
ese 2013). In contrast to the Kuroshio, the Ryukyu Cur-
rent, which flows with a subsurface maximum northeast-
ward along the eastern side of the island chain (Fig. 7), is
directly affected by impinging eddies. The intensity of the
Ryukyu Current is generally weaker than that of the Kuro-
shio. Some eddies are strong enough to reverse the direc-
tion of the Ryukyu Current pattern near Okinawa, one of
the Ryukyu Islands (Zhu et al. 2004).

Figure 7 shows the bathymetry around the Ryukyu
Islands as well as eddy trajectories along with their areas
of influence. The area of influence was defined as the
region within the speed-based radius of each eddy. A sig-
nificant feature of the eddy trajectories is that most eddies
approaching the Ryukyu Islands (Fig. 7, thick lines) propa-
gate southwestward along the island chain. To strengthen
this argument, eddies with long lifespans (>4 weeks) in our
study region were considered, and the eddy-propagation
velocity was averaged during the study period. From the
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mean velocity field shown in Fig. 8, a tendency for nearly
due-west propagation is apparent in region Z, (Fig. 8a).
While approaching the island chain, the eddy-propagation
velocity shifts southwestward in region Zg or decreases to
zero in region Z. This implies that some eddies, such as
those illustrated in Fig. 7, possibly propagate southwest-
ward when approaching the Ryukyu Islands. The results
reveal that eddies originating at high latitudes (Fig. 7) do
not dissipate when approaching the Ryukyu Islands but
instead propagate southwestward along the island chain.
Moreover, because the Ryukyu Islands are arranged in
a curved row extending to 24°N, and because the mean
eddy radius is approximately 150 km, eddies propagating
along the island chain are concentrated within 22°N-23°N.
Therefore, the histogram of eddy origins (Fig. 5b) is
skewed more to the higher latitudes than to the latitude of
the northern hot spot (22°N-23°N). Zhai et al. (2010) pro-
duced an eddy energy map showing a more significant sink
of eddy energy east of Taiwan than that to the east of the
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28°N

Fig. 7 Bathymetry around the
Ryukyu Islands (shaded) and
trajectories of eddies con-
centrated within 22°N-23°N.
White shadows are areas of
influence drawn on the basis of
eddy radius. Trajectories with a
radius of influence that includes
the island chain are highlighted
with thick lines; the mean posi-
tions of the Kuroshio maximum
velocity and the Ryukyu Cur-
rent are marked by black arrows

-8000 -7000 -6000

Ryukyu Islands. This pattern indirectly indicates that some
westward-propagating eddies might not dissipate when
they approach the Ryukyu Islands, but continue to propa-
gate southwestward along the curved island chain toward
the east of Taiwan. Additionally, eddies are affected by the
northward Kuroshio flow on the western side of the eddy-
effect line (Z, in Fig. 8a); thus, eddy propagation shifts
northwestward and then the eddies dissipate on the east of
Taiwan.

The southward propagation can be explained by simply
decomposing the velocity vectors. The westward velocity
can be divided into two components, the along-coast veloc-
ity (U,) and cross-coast velocity (Uy), as illustrated in the
top right panel of Fig. 8. U. would be weakened by the
island chain (Fig. 8c), and U, would drive eddies to propa-
gate southwestward along the Ryukyu Islands, as shown in
Fig. 8d. One can see that the along-coast (southwestward)
velocity is more influential in Z than in the other regions.
The southward propagation may also be explained by the
bathymetry-induced B-effect. Eddies propagate along an
island chain with the shallower region on their right side in
the Northern Hemisphere (Smith and O’Brien 1983; Cush-
man-Roisin et al. 1990). In addition, an anticyclonic recir-
culation gyre exists to the east of the Ryuku Islands, and
extends southwestward from Japan (Nakamura et al. 2007,
Thoppil et al. 2016). The southwestward recirculation flow
may drive eddies to propagate southwestward. Neverthe-
less, the effect of eddy—eddy (eddy—mean flow) interaction
on eddy propagation cannot be ignored; therefore, addi-
tional investigations are required to completely understand
the movement processes during the lifespan of an eddy.
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S Summary

In this study, we used satellite altimeter sea-level data
to investigate the statistical features of eddies which
intrude into the Kuroshio regime near the Luzon-Tai-
wan eastern coast. We applied an identification method
to identify and trace eddies. Using an eddy-tracking data
set from October 1992 to April 2012, we quantified the
distribution and characteristics of eddies approaching
the Kuroshio. The automated procedure detected 315
eddies crossing the eddy-effect line and intruding into
the Kuroshio regime, comprising 138 anticyclonic eddies
and 177 cyclonic eddies. More than 95% of the eddies
are generated in the ocean west of the Mariana Islands.
The length scale and rotation speed of the eddies in the
study region were found to be approximately 130 km and
30 cm s~!, respectively. The eddies intrude into the Kuro-
shio regime at 18°N-19°N (146 + 62-day period) and
22°N-23°N (165 £ 46-day period) more frequently than
they do at other latitudes. Similarly, the interaction time
between the eddies and the Kuroshio at these two latitude
bands (33 £ 10 days at 18°N-19°N and 45 £ 17 days
at 22°N-23°N) were observed to be longer than those at
other latitudes. In addition, the Kuroshio from 25°N to
30°N is shielded from the direct intrusion of eddies by the
Ryukyu Islands.

Tracking results show that the concentration of eddies
within the two hot spots of eddy intrusion are governed by
the northern STCC and the southern STCC. Reversing the
sign of the meridional PV gradient from the near-surface
(approximately 1 x 107" m~2 s~! in the upper 100 m) to
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Fig. 8 a Climatological means of eddy propagation velocity vec-
tors and magnitudes (shaded) from October 1992 to April 2012. The
dashed line denotes the eddy-effect line. The white lines denote the
boundaries of regions Z,—Zp. A sketch of the island chain and an
approaching eddy are shown in the fop right of the figure. Here, U is

the subsurface (approximately —5 x 1071 m=2s~! at 100—
300 m depth) provides a vital energy source for eddy gen-
eration. Therefore, mesoscale eddies are easily generated
and possibly trapped within the two STCC axes. Moreover,
eddies are affected by the bathymetry and southwestward
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the eddy velocity; U, and U are the along-coast component (b) and
cross-coast component (¢) of U, respectively. Negative values indi-
cate southwestward propagation in Fig. 8b or northwestward propa-
gation in Fig. 8c. d Map of the southwestward percentage, defined as
[UAl/1Ua + Ucil

recirculation flows when they approach the Ryukyu
Islands, which are arranged in a curved row extending to
the east of Taiwan. The velocity fields of eddy propagation
indicate that westward eddies possibly continue to propa-
gate southwestward instead of directly dissipating near the
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island chain. Eddies move along the Ryukyu Islands toward
Taiwan and intrude into the Kuroshio regime. These results
indicate that the island chain and the recirculation gyre
are other factors that cause the concentration of eddies at
22°N-23°N when they are about to intrude into the Kuro-
shio regime. Subsequently, eddies were dragged northward
while intruding into the Kuroshio regime; northward eddies
were blocked by the Ryukyu Islands and dissipated to the
east of Taiwan, which is a major eddy dissipation region in
the subtropical western North Pacific.

According to our study findings, we suggest that eddies
frequently intrude into the Kuroshio at two latitude bands,
namely 18°N-19°N and 22°N-23°N, in the subtropical
western North Pacific. The concentration of eddies within
the two hot spots of eddy intrusion is attributed to two fac-
tors, namely the STCCs and the Ryukyu Islands. These
results may imply a high probability of the Kuroshio vol-
ume transport being modulated through these two hot
spots of eddy intrusion. Eddies can affect the variation of
the Kuroshio path east of Taiwan Island and Luzon Island,
especially to the east of the Luzon Strait, which is a water
gate between the western North Pacific and the South
China Sea.
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