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Abstract Abundant mesoscale eddies propagate to the east of Taiwan and affect the Kuroshio Current
and its onshore intrusion northeast of Taiwan. But the dynamical process of how eddy activities modulate
the Kuroshio intrusion is still unclear. In this study, in situ ocean velocity observations, drifter trajectories,
tide gauge measurements, satellite sea surface height data, and assimilative Hybrid Coordinate Ocean Model (HYCOM) reanalysis outputs were used to analyze a cyclonic eddy-induced large Kuroshio onshore intrusion during late autumn 2008. Along with nine anticyclonic eddy events and seven cyclonic eddy events
extracted from long-term HYCOM reanalysis outputs, the variability of the eddy-induced intrusion was
quantiﬁed. The impacts of the cyclonic eddy and the anticyclonic eddy were opposite. Under the impact of
cyclonic (anticyclonic) eddy, the total onshore intrusion between 1228E and 1248E across the 200 m isobaths
was decreased (increased) by 15.7% (7.3%), while the onshore intrusion west of 122.68E and the northeastward current on the outer shelf were increased (decreased) by 30.6% (4.7%) and 31% (10.1%), respectively.
The arrival of cyclonic (anticyclonic) eddy brought positive (negative) potential vorticity (PV) ﬂux and modulated the local ocean vertical stratiﬁcation, which weakened (enhanced) the cross-slope PV gradient and the
shelf slope constraint on the upper layer current and, therefore, favored (inhibited) the Kuroshio onshore
intrusion.

1. Introduction
Off the northeastern coast of Taiwan, the Kuroshio Current (KC) collides with the continental shelf of the
East China Sea (ECS) then veers northeastward along the shelf break (Figure 1). Observations [Uda, 1936;
Hsueh et al., 1992] suggest that only a small part of the Kuroshio water ﬂows onto the shelf northeast of Taiwan. The long-term mean onshore Kuroshio intrusion is estimated to be 1.4 Sv along the whole ECS shelf,
compared to the Kuroshio volume transport (KVT) in the East Taiwan Channel of 24 Sv [Tang et al., 2000;
Liang et al., 2003; Guo et al., 2006; Isobe, 2008]. Traditionally, the Kuroshio intrusion northeast of Taiwan was
thought to be a quasi-steady phenomenon (especially in the winter time). It is deﬁned as the Kuroshio
Branch Current (KBC) by previous studies. The KBC, together with the Taiwan Strait Warm Current (TSWC), is
the origin of the Taiwan Warm Current [Yuan and Su, 1984; Su and Pan, 1987; Guan and Fang, 2006], which
supplies the Tsushima Warm Current [Fang et al., 1991; Isobe, 2008]. The KBC can even reach 308N off
Changjiang River mouth from time to time [Kondo, 1985; Yang et al., 2012; Wang and Oey, 2016]. This crossshelf Kuroshio intrusion provides an important way for heat and mass exchange between the ECS and the
western Paciﬁc Ocean [Chen et al., 1995; Matsuno et al., 2009] and plays an important role in controlling the
physical and biochemical environments on the ECS shelf [Chen, 1996; Gong et al., 1997; Liu et al., 2010; Sassa
and Tsukamoto, 2010].
Because of the constraint of potential vorticity (PV) conservation, the Kuroshio generally ﬂows along the
steep ECS slope without external forcing. Studies have proposed mechanisms to explain how the Kuroshio
overcomes this strong topographic PV barrier to intrude onto the shelf region.
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First, the collision of Kuroshio and the zonally running slope were considered as the primary cause for the
intrusion [Chao, 1990; Hsueh et al., 1992]. Due to the zonal pressure gradient and the absent of lateral
boundary northeast of Taiwan, the inertia drives the Kuroshio water to ﬂow along the pressure gradient and

EDDY ON KUROSHIO INTRUSION

1

Journal of Geophysical Research: Oceans

10.1002/2016JC012263

intrude onto the ECS shelf [Liang and
Su, 1994]. But without any external forcing, PV conservation will require the
intruded water back to the Kuroshio
and has little contribution to the crossshelf exchange. Yang et al. [2012] suggested that the vortex-tube stretching,
which is induced by the steep slope on
the northern side of the I-Lan Ridge,
leads to the Kuroshio water onshore
intrusion below the thermocline.
Second, the local atmospheric forcing
could steer the Kuroshio into the shelf
region. Wind-driven Ekman transport
[Chao, 1990; Chen, 1996] and wind
stress PV input [Guo et al., 2006] have
been suggested to account for the
intrusion in the winter time. Chuang
and Liang [1994] showed a 1 month lag
between the wind ﬁeld change and the
intrusion. Using an idealized ocean
model, Oey et al. [2010] reported the
seasonal Kuroshio intrusion by surface
heat ﬂux forcing. Their PV budget indicates that the enhanced intrusion in
winter is accounted for by the joint
effect of baroclinicity and bottom relief
(JEBAR) [Huthnance, 1984] term, which
Figure 1. Winter circulation around Taiwan Island, overlaid with the location of
ADCP mooring (268300 N, 1228360 E, black triangle), Keelung (258090 N, 1218450 E),
is associated with strong sea surface
and Ishigaki (248200 N, 1248100 E) stations, the I-Lan Ridge (blue line), and the P
cooling in winter. The thermocline in
transect (green line, normal to the 200 m isobath). The thick, thin, and dashed
the offshore side tilts under the surface
red arrows represent the KC, the KBC, and the TSWC. Also shown are the 200 m
(thick black contour) and 2000 m (thin contour) isobaths.
cooling and a large JEBAR is generated,
which could weaken the cross-shelf PV
gradient and increase the Kuroshio intrusion. This result is consistent with Guo et al. [2006], who suggested
that the JEBAR term balances the advection of the geostrophic PV term and induces the Kuroshio intrusion
along the 200 m isobath. Furthermore, the anomalous positive wind stress curl and surface cooling northeast of Taiwan produce a deep upper layer and strong tilting of thermocline along the Kuroshio, which
gives rise to JEBAR and modulates the interannual variability of the Kuroshio intrusion [Wang and Oey,
2014]. In addition, the sea surface heat ﬂux gradient shows higher correlation than wind stress with the
stronger intrusion events northeast of Taiwan [Wu et al., 2014].
Third, the interannual variability of the Kuroshio onshore intrusion along the ECS shelf break is also related
to the KVT [C. Liu et al., 2014; X. Liu et al., 2014]. Northeast of Taiwan, the onshore intrusion increases when
the KVT decreases. This phenomenon is attributed to the Kuroshio’s inertia, and the intrusion depends on
the balance between the inertia and the b-effect [Sheremet, 2001; Yuan and Wang, 2011]. However, this theory ignores the effect of topography, which requires further investigation.
Fourth, abundant frontal eddies and instability waves around the ECS shelf break [Qiu et al., 1990; James
et al., 1999] contribute to the water exchange between the ECS shelf and the Kuroshio. Based on analysis of
water mass, Guo and Wan [1995] showed that one frontal eddy outputs 0.44 Sv of shelf water into the Kuroshio and draws 0.04 Sv of Kuroshio water onto the shelf. Using high-resolution model, nonlinear frontal
waves were excited around the shelf break, which results in more water exchange between the Kuroshio
and the ECS shelf [Isobe and Beardsley, 2006].
Mesoscale eddies can contribute to the water exchange around the shelf break. In the Mid-Atlantic Bight off
the northeastern United States, large eddies and rings developed from the Gulf Stream could either
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transport cold shelf water offshore [Joyce, 1984; Cherian and Brink, 2016] or transport warm and salty water
onto the shelf [Oey and Zhang, 2004; Zhang and Gawarkiewicz, 2015]. Owing to the baroclinic instability of
the North Paciﬁc Subtropical Countercurrent (STCC)-North Equatorial Current (NEC) system, abundant mesoscale eddies are generated and propagate to the western boundary, impacting the Kuroshio’s path and volume transport [Johns et al., 2001; Zhang et al., 2001; Kuo and Chern, 2011; Chang and Oey, 2011; Hsin et al.,
2013; Soeyanto et al., 2014; Tsai et al., 2015]. Gawarkiewicz et al. [2011] suggested that the onshore intrusion
northeast of Taiwan is associated with low KVT, a cyclonic eddy pattern, and offshore meandering east of
Taiwan. In contrast, little onshore intrusion is observed during the period with high KVT and an anticyclonic
eddy pattern east of Taiwan. Velez-Belchı et al. [2013] also showed that cyclonic eddies from the western
Paciﬁc are well correlated with the observed large Kuroshio intrusion northeast of Taiwan. Using the same
idealized model as Hsueh et al. [1992], Velez-Belchı et al. [2013] suggested that it is the incident angle of the
Kuroshio, modiﬁed by eddies, that determines the strength of the intrusion. The shoreward migration of
the Kuroshio axis [Ichikawa et al. 2008] and thermal front [Hsin et al., 2011] takes place northeast of Taiwan
when the KVT weakens, and vice versa, especially at period of 120 days, which is attributed to the interaction between the westward propagating open-ocean mesoscale eddies and the Kuroshio east of Taiwan.
Mesoscale eddies are also suggested to have a role in modulating the seasonal variability of the Kuroshio
intrusion northeast of Taiwan [Yin et al., 2014].
While these studies have provided important information on eddies’ impact on the variability of the Kuroshio intrusion, in situ observations and a dynamical explanation of eddy activities leading to the Kuroshio
intrusion are still lacking. The objective of this study is to investigate the impact of eddies on the Kuroshio
and its intrusion speciﬁcally in the subsurface ocean and give the dynamical interpretation. A velocity time
series observed by an acoustic Doppler current proﬁler (ADCP) mooring northeast of Taiwan and concurrent
high-resolution HYCOM reanalysis ﬁelds were utilized to study a cyclonic eddy-induced large Kuroshio
onshore intrusion during late autumn 2008, which reveal the intrusion variability. The dynamical interpretations were made based on the PV budget analysis. Furthermore, the generality of eddy-induced intrusion
and the applicability of the dynamical interpretations were veriﬁed by multiple strong eddy events
extracted from 9 year HYCOM reanalysis data.

2. Data
This study used a unique in situ observation opportunity near the edge of the continental shelf northeast of
Taiwan. An ADCP mooring was deployed at 113 m (see Figure 1) from 21 September 2008 to 5 April 2009.
Velocity and bottom temperature were sampled every 10 min using a bottom-mounted 300 kHz ADCP and
a thermistor. With 8 m vertical bins, the ADCP provided velocity records in 13 vertical layers of the water column. The top two bins were excluded in our analysis because the data were contaminated by sidelobe
reﬂection. Because we focus on subtidal circulation, a 36 h low-pass ﬁlter was applied to the remaining 11
vertical bins, ranging from 14 to 94 m, to remove tidal signal.
Other in situ data include daily sea level observations at Keelung and Ishigaki (see Figure 1), which were
used to compute the difference between the stations’ sea level anomalies (relative to the 2008–2009 mean
sea level) as an indicator of Kuroshio volume transport [John et al., 2001]. The 10 m wind and sea surface
heat ﬂux ﬁelds used in this paper are from the ERA interim data set [Dee et al., 2011].
We used a 9 year (2004–2012) realistic ocean reanalysis output generated by the data assimilative global
Hybrid Coordinate Ocean Model (HYCOM) [Chassignet et al., 2009] to depict the impact of eddies on the
Kuroshio and its intrusion. HYCOM applied the Navy Coupled Ocean Data Assimilation system [Cummings
and Smedstad, 2013], which assimilates available satellite altimeter and sea surface temperature observations, in situ sea surface temperature, and vertical temperature and salinity proﬁles from XBTs, Argo ﬂoats,
and moored buoys. HYCOM reanalysis ﬁelds are available daily with 1/128 horizontal resolution and 33
z-levels.
We also used an eddy census database provided by http://cioss.coas.oregonstate.edu/eddies/ [Chelton
et al., 2011], satellite-based AVISO geostrophic velocity maps, and drifter data from the International Argo
Program [Argo, 2000; Lumpkin et al., 2012] to trace mesoscale eddies east of Taiwan and quantify their
characteristics.
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3. Results and Discussion
3.1. A Cyclonic Eddy-Induced Large Kuroshio Intrusion Event
Velez-Belchı et al. [2013] showed that there was a cyclonic eddy-induced large Kuroshio intrusion event in
October 2008 (their Figure 6). To highlight the intrusion, we designated September as the period before
eddy impact and October as the period during eddy impact. Both the AVISO-derived and HYCOM-simulated
monthly mean surface velocity ﬁelds showed that the KC northeast of Taiwan (Figure 2) turned from northeastward in September to nearly northward in October and intruded further onto the midshelf. During this
period, the KC interacted with a mesoscale cyclonic eddy propagated from the open ocean, and meandered
offshore east of Taiwan. Trajectories data from 18 drifters that passed through the I-lan Ridge transect
depicted paths of the KC during our study period (Figure 3A). All drifters ﬂowed along the slope in September. Then in October most drifters moved directly north once they ﬂowed over the I-lan Ridge and penetrated to the 200 m isobath, consistent with the simulated drifters’ trajectories from the AVISO and HYCOM
data (Figures 3B and 3C).
During the same period, low Kuroshio transport was reﬂected by both tidal gauge and HYCOM-simulated
sea level differences between Ishigaki and Keelung (Figure 4A). Our 7 month long ADCP mooring deployment northeast of Taiwan took concurrent measurements during this eddy-Kuroshio interaction period (Figures 4B and 4C).
The depth-averaged subtidal current (36 h low-pass ﬁltered) was decomposed into along-shelf (458
from north) and cross-shelf (3158 from north) components. Mean and maximum along-shelf velocities
were 0.21 and 0.56 m s21, respectively. Spectrum analyses showed a 2–5 day period in along and

Figure 2. Mean geostrophic velocity (A) derived from AVISO sea surface height data and HYCOM model-simulated mean 15 m velocity
(B) in September (top) and October (bottom). Gray contours are the 200 m isobaths.
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Figure 3. (A) Trajectories of observed surface drifters, (B) simulated drifters with the surface geostrophic velocity from AVISO data, and (C) the 15 m velocity from HYCOM simulation
results in September (top) and October (bottom). Dots represent the starting locations of drifters. Six drifters were observed in September and 12 in October. The simulated drifters were
released every other day in each month and tracked by the fourth-order Runge-Kutta integration scheme.

cross-shelf velocity, and an 11 day period in cross-shelf velocity and bottom temperature. A high correlation between velocity and sea surface wind over a 2–4 day period was found over the ECS continental slope northeast of Taiwan [Chuang and Liang, 1994]. The 11 day oscillation can be attributed to the
Kuroshio baroclinic instability waves that were observed near the ECS slope [James et al., 1999]. With a
20 day low-pass ﬁlter, the correlation coefﬁcient between along and cross-shelf velocities was 20.68,
the correlation coefﬁcient between along-shelf velocity and the bottom temperature was 0.67, and the
correlation coefﬁcient between cross-shelf velocity and the bottom temperature was 20.45. Thus, the
along-shelf velocity indicated the Kuroshio intrusion, which raised the bottom temperature by delivering warmer water.
There was a persistent strong along-shelf ﬂow in October, with a mean of 0.35 m s21, twice as fast as during
the other 6 month observations (0.18 m s21). Observed bottom temperature also showed a signiﬁcant
increase (mean 1.38C, maximum 3.58C) in October. Together, the velocity and temperature observations provide direct evidence for the Kuroshio intrusion. Although the eddy-induced strong intrusion only lasted for
1 month, it accounted for more than 30% of the total transport observed over the 7 month period, representing a signiﬁcant contribution to cross-shelf water exchange.
In addition, there was another strong subtidal current from December to February (Figure 4B), which should
be associated with the KBC induced by surface cooling [Oey et al., 2010]. The KVT also decreased and was
associated with the impact of another weaker cyclonic eddy located southeast of Ishigaki (not shown here).
Therefore, the Kuroshio intrusions in December–February were potentially initiated by both surface cooling
and cyclonic eddy effects.
To better understand the Kuroshio intrusion in October and the corresponding vertical structure of the shelf
current, the subtidal current at the mooring station was decomposed into three components: Ekman current, barotropic current, and baroclinic current. Using a one-dimensional model and the ERA-interim data
set, the wind-induced Ekman current was calculated according to
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Figure 4. (A) Observed and modeled sea level anomaly difference (unit: m) between Ishigaki and Keelung. Both time series are 36 h lowpass ﬁltered. Period H (15 August to 15 September) is deﬁned as the high (before eddy interaction) Kuroshio transport phase, and Period L
(1 October to 31 October) is deﬁned as the low (during eddy interaction) Kuroshio transport phase. (B) Depth-averaged (36 h low-pass ﬁltered) along and cross-shelf velocities (unit: m s21) measured by the mooring. Positive values are northeastward (shoreward) for the
along-shelf (cross-shelf) velocities. Dashed line is the mean value (0.21 m s21) of the along-shelf velocity. (C) Bottom temperature (36 h
low-pass ﬁltered, unit: 8C) measured by the mooring. The dashed line indicates the mean temperature (18.458C).
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where f is the local Coriolis parameter, ~
u is the velocity vector, and t is the viscosity coefﬁcient. The surface
boundary condition is
q0 t

@~
u
5~
s;
@z

(2)

where q0 is the constant density (1025 kg m23) and ~
s is the surface wind stress. Here t is 0.01 m2 s21
according to Price and Sundermeyer [1999]. After removing the Ekman current, the depth-averaged
current was taken as the barotropic current, and the remaining current was taken as the baroclinic current
(Figure 5). Compared with the barotropic and baroclinic currents, the Ekman currents were very small (e.g.,
5 cm/s at 14 m) and thus negligible. Except in November, the magnitude of baroclinic current was only
about 5–20% of that of barotropic current. This quasi-barotropic current should be largely related to stronger mixing associated with wind and surface cooling in late fall to early spring [e.g., Oey et al., 2010].
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Figure 5. Vertical proﬁles of (A) observed along-shelf sub-tidal current velocity (color, unit: m s21), and (B) its barotropic and (C) baroclinic
components. All three time series are 36 h low-pass ﬁltered.

Figure 6. Comparisons between mooring observations and HYCOM simulation results at two adjacent grid points (124.58E, 268N) and
(124.58E, 26.58N). (A) U and V are the depth-averaged along (458 from north) and cross (3158 from north) shelf velocity (unit: m s21), respectively. Uadcp and Vadcp are from mooring observations. U26N and V26N are model-simulated depth-averaged velocity at (124.58E, 268N), and
U26.5N and V26.5N are model-simulated depth-averaged velocity at (124.58E, 26.58N). (B) Tadcp is the bottom temperature (unit: 8C) from
mooring observations. T26N and T26.5N are the model-simulated bottom temperature at (124.58E, 268N) and (124.58E, 26.58N), respectively.
All time series are ﬁltered by the 10 day running mean.
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To ﬁll the spatial and temporal gaps in mooring observations and satellite data, the high-resolution dataassimilative HYCOM outputs for this period were used for further diagnostic analyses. At the sea surface,
comparisons of the surface current (Figure 2), drifter trajectories (Figure 3) and sea level anomaly difference
(Figure 4A) showed good performance by HYCOM. The deﬁciency was that both the extent of onshore
intrusion and its westward migration along the 200 m isobath were weaker than observed (Figure 6A). However, the simulated bottom temperature at the mooring station matched well with the observation (Figure
6B). In general, the HYCOM outputs resolved the cyclonic eddy and its interaction with Kuroshio reasonably.
To focus on the eddy’s impact, Period H (15 August to 15 September) was deﬁned as the high (before eddy
impact) Kuroshio transport phase, and Period L (1 October to 31 October) was deﬁned as the low (during
eddy impact) Kuroshio transport phase (Figure 4A). The P transect and the 200 m isobath northeast of Taiwan (see Figure 1) were selected to estimate the variability of both Kuroshio and its intrusion in the subsurface ocean, respectively. The mean normal velocities and their differences at the two locations are shown in
Figure 7, and the volume transports across the two transects are shown in Table 1. With the impact of the
cyclonic eddy, the onshore volume transport across the 200 m isobath from 1228E to 1248E decreased by
41.7%. It increased (37.9%) west of 122.68E and decreased (73%) east of 122.68E, showing a distinct westward migration from 1238E to 1228E–122.58E. A weakened Kuroshio and an intensiﬁed (31.3%) northeastward current on the outer shelf can be seen along the P transect. The southwestward ﬂow at the bottom
along the slope disappeared completely. There was a remarkable shoreward axis migration, especially in
the upper layer. The temperature, Brunt-V€ais€al€a frequency, and their differences at the two transects are
shown in Figure 8. Usually, the cyclonic eddy traps cold water and propagates westward. The arrival of the
cyclonic eddy uplifted isopycnals in the offshore direction and depressed isopycnals around the slope
region. As a result, in the main intrusion region (west of 123.258E), the vertical stratiﬁcation was weakened
(enhanced) in the upper (lower) layer around the shelf break region and enhanced (weakened) in the upper
(lower) layer in the deep ocean side. So the cyclonic eddy changed the thermocline tilting across the 200 m
isobath northeast of Taiwan and weakened cross-shelf PV gradient in the upper layer, which played the

Figure 7. Proﬁles of mean normal velocities (unit: m s21) at the 200 m isobath northeast of Taiwan (positive values are onshore, top) and at the P transect (positive values are northeastward, bottom) during (A) Period H, (B) Period L, and (C) the difference (B-A). The contour interval is 0.1 m s21.
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Table 1. Volume Transports Across the 200 m Isobath and P Transect During Each Time Perioda
200 m Isobath
Time Period

1228E–122.68E

Period L
Period H
Anticyclonic Eddies
JA
Cyclonic Eddies
SO

2.95 Sv
2.14 Sv
2.03 Sv
2.13 Sv
2.82 Sv
2.16 Sv

a

122.68E–1248E
37.9%
24.7%
30.6%

1.47 Sv
5.44 Sv
4.75 Sv
4.19 Sv
1.63 Sv
3.12 Sv

273%
13.4%
247.8%

P Transect
1228E–1248E
4.42 Sv
7.58 Sv
6.78 Sv
6.32 Sv
4.45Sv
5.28 Sv

241.7%
7.3%
215.7%

25.78N–26.58N
3.27 Sv
2.49 Sv
1.96 Sv
2.18 Sv
3.0 Sv
2.29 Sv

31.3%
210.1%
31%

The percentage is the volume transport anomaly during the impact of mesoscale eddies.

similar role with the anomalous positive wind stress curl and surface cooling as shown in Wang and Oey
[2014, 2016].
3.2. Dynamical Interpretations of the Cyclonic Eddy-Induced Kuroshio Intrusion Variability
How does the cyclonic eddy modulate the Kuroshio and enable it to overcome the PV barrier caused by the
steep slope and intrude onto the ECS shelf? To answer this question, we followed the PV budget analysis
adopted by Guo et al. [2006] and Oey et al. [2010] and used the HYCOM reanalysis circulation ﬁelds to examine the role of the density ﬁeld in the eddy-induced Kuroshio intrusion in terms of the depth-averaged vorticity balance during Periods H and L. After vertically averaging the primitive momentum equations and
then cross differentiating, the vorticity equation can be written as


 
 
 
 
@
M
f
ss 2sb
A
D
2rz 3
rz 3
1M  r
5Jðv; H21 Þ1rz 3
1rz 3
;
(3)
q0 H
@t
H
H
H
H

Figure 8. Proﬁles of mean Brunt-V€ais€al€a frequency (color, unit: 1023 s21) at the 200 m isobath northeast of Taiwan (top) and P transect (bottom) during (A) Period H, (B) Period L, and
(C) the difference (B-A). Contours are potential density (unit: kg m23) during Period H (black) and Period L (green).
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Ð0
where JðA; BÞ5@A=@x@B=@y2@A=@y@B=@x and rz 3ðCÞ5@Cy =@x2@Cx =@y; M5 2H ~
u dz is a volume transÐ
0
port vector with ~
u being the velocity; Jðv; H21 Þ is the JEBAR term with v5 2H zgq=q0 dz; ss is the wind stress;
 b represents the averagedsb 5CD j
u b j
u b is the bottom stress, CD 52:231023 is the drag coefﬁcient, and u
velocity in the bottom layer (10 m above the seaﬂoor); and two vectors, A5Ax~i1Ay~j and D5Dx~i1Dy~j, are
the nonlinear advection term and the vertically intergrated horizontal diffusion term, respectively. The
JEBAR term is the only term related to the density ﬁeld, which was used to diagnose the contribution of the
vertical stratiﬁcation change to the Kuroshio intrusion across the ECS shelf break [Mertz and Wright, 1992].
The mean values of each PV term in equation (3) during Periods H and L were estimated along the 200 m
isobath northeast of Taiwan. All other terms were smaller (not shown here) and negligible, except the APV
(advection of the geostrophic potential vorticity, second term in the left-hand side of equation (3)) and
JEBAR terms (Figures 9A and 9B). The positive and negative APV terms correspond to onshore and offshore
transport, respectively. In both periods, the JEBAR term basically balanced the APV term along the 200 m
isobath, and the variability of the two terms coincided well with that of the Kuroshio intrusion. These two
terms increased west of 122.68E and decreased east of 122.68E from Period H to Period L. These results suggest that JEBAR is the main term determining the cross-shelf advection. In other words, the change in local
stratiﬁcation, which appears as the JEBAR term, is responsible for the Kuroshio intrusion variability. A similar
explanation was proposed by Oey et al. [2010] and Wang and Oey [2014], who attributed enhanced Kuroshio intrusion to an increased JEBAR term along the ECS shelf break introduced by strong sea surface wind
curl and cooling.
In addition to the impact of the cyclonic eddy, surface heat ﬂux also has an effect on the density ﬁeld, which
may account for part of the JEBAR term. It is hard to separate the contribution of surface heat ﬂux to the
JEBAR term. The mean net heat ﬂux (from the ERA-interim data set) on the shelf (1228E–1248E, 25.58N–278N)
was 48.88 and 226.78 W m22 during Periods H and L, respectively. Oey et al. [2010] produced increased

Figure 9. Mean APV and JEBAR terms (unit: s22) in a meridional range of 1/38 centered on the 200 m isobath northeast of Taiwan during (A) Period H and (B) Period L. (C) Depthaveraged PV (unit: s21 m21) in the upper 100 m at the P transect during Period H and L. Mean PV (color, unit: s21 m21) proﬁles during (D) Period H, (E) Period L, and (F) the difference
(E-D). Contours are potential density (unit: kg m23) during Period H (black) and Period L (green).
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onshore velocity of about 30% in winter with a seasonal heat ﬂux of 6400 W m22. If we use this result as a
reference, the onshore velocity anomaly induced by the surface heat ﬂux during Period L will be about 3%
and thus negligible. Therefore, the local ocean vertical stratiﬁcation change during Period L was mainly
caused by the cyclonic eddy.
The above diagnostic analyses indicate that the strong Kuroshio intrusion in October 2008 is mainly due to
the large JEBAR term from eddy-induced local density ﬁeld change. But how could the density change help
the Kuroshio overcome the topographic PV barrier in the slope region? The constraint of bottom topography on the current in the upper layer is determined by the vertical structure of density ﬁeld. In the case of a
barotropic ﬂuid, the current can fully feel the topography variation when it collides with a slope. However,
the baroclinicity of the ﬂuid could reduce the bottom topography PV constraint to the upper layer. Taking
the ocean as a two-layer ﬂuid and assuming that ﬂuid in the lower layer is nearly stagnant, the topography
variation in the lower layer does not affect the upper layer current. As mentioned earlier, in the lower ocean
layer around the shelf-break, the vertical stratiﬁcation was enhanced and would eliminate the pressure gradient, which made the southwestward ﬂow at the bottom disappear completely during Period L (Figures 7
and 8). This weakens the bottom topography PV constraint and leads the upper layer Kuroshio to intrude
into the shelf region.
@q
The PV during the two periods (Figures 9D and 9E) was calculated using the equation q5 f 1f
q  @z , where q is
@u
PV, f is the local Coriolis parameter, f5 @v
@x 2 @y is relative vorticity, and q is density. In general, due to the difference of vertical stratiﬁcation, the PV in the upper layer is largest on the shelf and decreases gradually offshore, which generates a strong PV gradient across the slope and blocks the Kuroshio water intrusion.
During the strong intrusion Period L, the cyclonic eddy carried positive PV ﬂux and increased PV in the offshore direction by lifting the isopycnal layers (Figure 9E). The depth-averaged PV gradient in the upper
100 m across the slope (around 25.58N) was weakened from 2.89 3 1029 s21 m21 to 0.34 3 1029 s21 m21
per degree (Figure 9C).

So far, based on mooring observations and HYCOM assimilative data, the large intrusion has mainly been
attributed to the eddy-induced vertical stratiﬁcation change and PV ﬂux. Are these features and interpretations universal and applicable during other cyclonic eddy events? And how about anticyclonic eddy events?
In the following section, we will discuss these issues by using long-term HYCOM reanalysis data.
3.3. Kuroshio Intrusion Variability Induced by Mesoscale Eddies
Using the trajectories of mesoscale eddies detected by Chelton et al. [2011], we traced open ocean eddies
that arrived eat of Taiwan (1228E–1258E, 228N–258N) from 2004 to 2012. There were 20 anticyclonic eddies
and 24 cyclonic eddies. The arrival of anticyclonic (cyclonic) eddy could rise up (bring down) the sea level at
the east side of Kuroshio and then enhance (weaken) the KVT across the I-Lan Ridge transect. Therefore, the
KVT anomaly was used as an indicator of the impact of mesoscale eddies. The extreme positive KVT anomaly represents the inﬂuence of an anticyclonic eddy, while the extreme negative KVT anomaly represents the
inﬂuence of a cyclonic eddy.
Based on the HYCOM reanalysis data from 2004 to 2012, the mean daily KVT across the I-Lan Ridge was
26.54 Sv (anomalies are shown in Figure 10A). The KVT was ﬁltered with a 2 years high-pass ﬁlter, and the
extreme KVT was deﬁned as events exceeding 1.2 standard deviations (std) of the demeaned time series.
Over 9 years, summer and autumn stand out as the seasons having the greatest number of extreme KVT
events (Figure 10B). The total time of the extreme high KVT events in July and August (JA) was 165 days
(red stars), and the total time of the extreme low KVT events in September and October (SO) was 122 days
(blue stars). There were nine extreme high KVT events in JA with a mean KVT anomaly of 8.44 Sv, while
there were seven extreme low KVT events in SO with a mean KVT anomaly of 29.46 Sv. In contrast, the KVT
anomaly in JA and SO climatology (composited by the percentage of each month) was only 3.09 Sv and
21.99 Sv, respectively. In this study, we focused on the extreme KVT events in JA and SO to investigate the
impact of mesoscale eddies on the Kuroshio and its intrusion.
We traced mesoscale eddies east of Taiwan for each of the 16 KVT anomaly events (Figure 10C). Among
these eddies, the mean amplitude, rotation speed, and radius of the nine anticyclonic eddies were
20.9 cm, 39.7 cm s21, and 139 km, respectively. The mean amplitude, rotation speed, and radius of the
seven cyclonic eddies were 30.2 cm, 48.3 cm s21, and 139.1 km, respectively. Most of these eddies were
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Figure 10. (A)Two years high-pass ﬁltered KVT anomalies (unit: Sv) derived from HYCOM simulation results. Dashed lines are 61.2 std (5.69 Sv) of KVT anomalies. The red stars correspond to the KVT anomalies that are higher than 1.2 std in JA, while the blue stars correspond to the KVT anomalies that are lower than 21.2 std in SO. (B) Monthly distribution of the
extreme KVT anomalies which exceed the 1.2 std ranges of the demeaned time series. (C) Trajectories of nine eddies. Red and blue lines correspond to anticyclonic and cyclonic eddies,
respectively. ‘‘1’’ and ‘‘o’’ corresponds to the position of eddy’s generation and end, respectively. (D) Composite ﬁelds of extreme high KVT events in JA and (E) low KVT events in SO:
mean velocity at 15 m depth (arrows) and sea level anomaly (color, unit: m).

generated in the STCC region near the western boundary; only one anticyclonic eddy was tracked back to
east of 1508E.
HYCOM reanalysis ﬁelds during these extreme high KVT events in JA and low KVT events in SO were averaged to form composite velocity ﬁelds at 15 m and sea surface height anomalies to describe the impact of
anticyclonic and cyclonic eddies (Figures 10D and 10E), respectively. Similar to Gawarkiewicz et al. [2011],
we ﬁnd that during the impact of anticyclonic eddies, the sea surface height composite showed a positive
anomaly east of Taiwan and a weak negative anomaly at the southern edge of the ECS shelf. The Kuroshio
was intensiﬁed, but the onshore intrusion northeast of Taiwan was inconspicuous. In contrast, during the
impact of cyclonic eddies, the sea surface height composite showed a negative anomaly east of Taiwan and
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a larger positive anomaly at the southern edge of the ECS shelf. The Kuroshio was weaker but had a larger
meander northeast of Taiwan. The onshore intrusion reached the midshelf, consistent with the statistical
results of 20 year drifter tracks [Velez-Belchı et al., 2013, Figure 8]. In addition, the directions of the ﬂow
through the Kerama Gap in the two composites were opposite, which should be associated with the impact
of mesoscale eddies east of Taiwan.
The mean normal velocities and their anomalies during the impact of eddies at the 200 m isobaths and P
transect were calculated, and the volume transports across them are shown in Table 1. In contrast to the
results of JA climatology, it shows an intensiﬁed Kuroshio and a weakened (10.1%) northeastward current
on the outer shelf with the impact of anticyclonic eddies (Figure 11). In addition, the southwestward ﬂow
at the bottom along the slope was enhanced. The onshore volume transport across the 200 m isobath
from 1228E to 1248E increased by 7.3%. However, it decreased (4.7%) west of 122.68E and increased
(13.4%) east of 122.68E. With the impact of cyclonic eddies, a weakened Kuroshio and an intensiﬁed (31%)
northeastward current on the outer shelf were shown compared with the results of SO climatology
(Figure 12). The southwestward ﬂow at the bottom along the slope almost disappeared. There was a signiﬁcant shoreward axis migration, especially in the upper layer. The onshore volume transport across the
200 m isobath from 1228E to 1248E decreased by 15.7%. However, it increased (30.6%) west of 122.68E
and decreased (47.8%) east of 122.68E, which shows a conspicuous westward migration of Kuroshio
intrusion.
The temperature, the Brunt-V€ais€al€a frequency, and their anomalies at the two transects during eddy impact
were also calculated. During the impact of anticyclonic eddies, isopycnals were uplifted around the shelfbreak and depressed in the offshore region (Figure 13). The stratiﬁcation was enhanced (weakened) in the
upper (lower) ocean around the shelf-break. In the offshore region, the stratiﬁcation was weakened in the
upper layer and almost remained unchanged in the lower layer. The impact of cyclonic eddies on the stratiﬁcation is opposite comparing to that of anticyclonic eddies (Figure 14).

Figure 11. Proﬁles of mean normal velocities (unit: m s21) at the 200 m isobath northeast of Taiwan (positive values are onshore, top) and P transect (positive values are northeastward,
bottom) during (A) the impact of anticyclonic eddies, (B) JA climatology, and (C) the difference (A-B). The contour interval is 0.1, 0.1, and 0.05 m s21 in A, B, and C, respectively.
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Figure 12. Proﬁles of mean normal velocities (unit: m s21) at the 200 m isobath northeast of Taiwan (positive values are onshore, top) and P transect (positive values are northeastward,
bottom) during (A) the impact of cyclonic eddies, (B) SO climatology, and (C) the difference (A-B). The contour interval is 0.1, 0.1, and 0.05 m s21 in A, B, and C, respectively.

We also performed PV budget analyses with the HYCOM reanalysis data to examine the role of the density
ﬁeld in the Kuroshio intrusion during four periods: the impact of anticyclonic eddies, JA climatology, the
impact of cyclonic eddies, and SO climatology. All other PV terms in equation (3) are smaller (not shown
here) and negligible along the 200 m isobath northeast of Taiwan, except the APV and JEBAR term. In the
four periods, the JEBAR term basically balances with the APV term along the 200 m isobath (Figure 15), and
the variability of the two terms coincides well with the Kuroshio intrusion. These two terms decreased
(increased) west of 122.68E and increased (decreased) east of 122.68E with the impact of anticyclonic
(cyclonic) eddies, revealing a large westward migration of the maximum with cyclonic eddies. These results
suggest that the change in local vertical stratiﬁcation is responsible for the intrusion variability. Both the surface net heat ﬂux (from the ERA-interim data set) and its horizontal gradient during the eddy periods
showed little change (Figure 16), so the contribution of surface heat ﬂux forcing to the variation of JEBAR
term is negligible. Thus, we concluded that the variability of ocean vertical stratiﬁcation and Kuroshio intrusion during these extreme KVT events was mainly determined by mesoscale eddies.
The dynamical interpretations of the Kuroshio intrusion variability, proposed from a previous single cyclonic
eddy event, were also veriﬁed. During the impact of anticyclonic eddies, a strengthened PV constraint of
bottom topography on the upper layer current from the joint effect of weakened vertical stratiﬁcation and
enhanced southwestward ﬂow in the lower layer at the shelf break can be derived. The anticyclonic eddy
inputs additional PV ﬂux during its interaction with the Kuroshio, decreasing PV offshore (Figure 17C). As a
result, the depth-averaged PV gradient in the upper 50 m across the slope (around 25.58N) is increased
from 2.18 3 1029 s21 m21 to 2.94 3 1029 s21 m21 per degree (Figure 18A), which inhibits the Kuroshio
onshore intrusion. During the impact of cyclonic eddies, a weakened PV constraint of bottom topography
on the upper layer current from the joint effect of intensiﬁed vertical stratiﬁcation and weakened southwestward ﬂow in the lower layer at the shelf-break region can also be derived. The cyclonic eddy inputs
additional PV ﬂux during its interaction with the Kuroshio, increasing PV offshore (around 24.68N in Figure
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Figure 13. Proﬁles of mean Brunt-V€ais€al€a frequency (color, unit: 1023 s21) at the 200 m isobath northeast of Taiwan (top) and P transect (bottom) during (A) the impact of anticyclonic
eddies, (B) JA climatology, and (C) the difference (A-B). Contours are potential density (unit: kg m23) during JA climatology (black) and the impact of anticyclonic eddies (green).

17F). As a result, the depth-averaged PV gradient in the upper 100 m across the slope (around 25.58N) is signiﬁcantly reduced from 1.19 3 1029 s21 m21 to 0.48 3 1029 s21 m21 per degree (Figure 18B), enabling the
Kuroshio to overcome the PV barrier and intrude onto the midshelf.
In this section, based on the 9 year HYCOM assimilative data, the variability of the Kuroshio, the onshore
intrusion, and surrounding ocean vertical stratiﬁcation were investigated through nine anticyclonic (JA) and
seven cyclonic (SO) eddy events. The variability induced by multiple cyclonic eddy events is consistent with
that of the single cyclonic eddy event in October 2008. The variability induced by anticyclonic eddies was
generally opposite to that of cyclonic eddies, and the onshore intrusion variability with cyclonic eddies was
larger in this study. The dynamical interpretations on how the current in the upper layer overcomes the ECS
slope PV constraint are applicable to multiple strong eddy events.

4. Summary and Discussion
This study provides more information on the eddy-induced variability of both Kuroshio and its intrusion
northeast of Taiwan and also provides dynamical interpretations.
A cyclonic eddy-induced large Kuroshio onshore intrusion event during October 2008 northeast of Taiwan
was captured by multiple observations. ADCP mooring observations provided direct in situ current observations for the cyclonic eddy-induced Kuroshio onshore intrusion. The concurrent HYCOM reanalysis data
revealed the variability of the Kuroshio, the onshore intrusion, and surrounding ocean vertical stratiﬁcation.
Based on the variability characteristics, the ECS slope’s PV constraint on the current in the upper layer and
the cross-slope PV barrier were proposed as dynamical interpretations. Further, nine anticyclonic eddy
events in JA and seven cyclonic eddy events in SO were extracted from long-term HYCOM reanalysis data,
and the generality of intrusion and the applicability of the dynamical interpretations were veriﬁed.
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Figure 14. Proﬁles of mean Brunt-V€ais€al€a frequency (color, unit: 1023 s21) at the 200 m isobath northeast of Taiwan (top) and P transect (lower panels) during (A) the impact of cyclonic
eddies, (B) SO climatology, and (C) the difference (A-B). Contours are potential density (unit: kg m23) during SO climatology (black) and the impact of cyclonic eddies (green).

Figure 15. Mean APV and JEBAR terms (unit: s22) in a meridional range of 1/38 centered on the 200 m isobath northeast of Taiwan during
(A) the impact of anticyclonic eddies, (B) JA climatology, (C) the impact of cyclonic eddies, and (D) SO climatology.
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Figure 16. Mean sea surface net heat ﬂux (unit: W m22) during (A) the impact of anticyclonic eddies, (B) JA climatology, (D) the impact of cyclonic eddies, and (E) SO climatology. Mean
sea surface net heat ﬂux anomaly during the impact of (C) anticyclonic eddies (A-B) and (F) cyclonic eddies (D-E). The contour interval is 10 W m22. The thick black contours are the
coastline, and the gray contours are the 200 m isobaths.

Under the impact of cyclonic eddies, the Kuroshio weakened, the northeastward current on the outer shelf
intensiﬁed, and the Kuroshio intruded far onshore northeast of Taiwan. The onshore velocity increased west
of 122.68E and decreased east of 122.68E along the 200 m isobath, which showed the distinct westward
migration of the Kuroshio intrusion. Stratiﬁcation was weakened in the upper layer and enhanced in the
lower layer around the shelf break. In the offshore region, stratiﬁcation was enhanced in the upper layer. In
general, the impacts of the anticyclonic eddy were opposite to those of the cyclonic eddy. The variability of
Kuroshio onshore intrusion northeast of Taiwan was also quantiﬁed. Under the impact of cyclonic (anticyclonic) eddy, although the total onshore intrusion between 1228E and 1248E across the 200 m isobaths was
decreased (increased) by 15.7% (7.3%), the onshore intrusion west of 122.68E and the northeastward current
on the outer shelf was increased (decreased) by 30.6% (4.7%) and 31% (10.1%), respectively. Most of intrusion turned back into the offshore region immediately, while the decreased and westward migratory
onshore intrusion reached a more onshore region (Figure 10E), which could have more substantive impact
on the physical and biochemical environment of the ECS.
It is worth noting that the variability induced by cyclonic eddies is larger than that induced by anticyclonic
eddies. This might be due to the mean intensity of cyclonic eddies being stronger, with larger amplitude
and rotation speed. Additionally, the selected cyclonic and anticyclonic eddies events are in SO and JA,
respectively. The mean PV gradient across the ECS slope is weaker in SO than in JA (compare Figure 17B
with Figure 17E), so it should be easier to modulate the intrusion with the same eddy intensity in SO.
The comprehensive diagnostic analyses showed that the Kuroshio onshore intrusion variability was mainly
attributed to the eddy-induced local vertical stratiﬁcation variation, while the attributions of sea surface
wind and heat ﬂux forcing were negligible. The dynamical interpretations were summarized as follows.
Under the impact of cyclonic eddies, the joint effect of enhanced vertical stratiﬁcation and weakened southwestward ﬂow in the lower layer weakened the ECS slope’s PV constraint on the upper layer current, which
led to more Kuroshio onshore intrusion. The positive PV ﬂux by cyclonic eddies resulted in a positive PV
anomaly in the offshore direction around the shelf break, which weakened the cross-shelf PV gradient and
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Figure 17. Mean PV (color, unit: s21 m21) proﬁles during (A) the impact of anticyclonic eddies, (B) JA climatology, (D) the impact of cyclonic eddies, and (E) SO climatology along the P
transect. Mean PV anomaly during the impact of (C) anticyclonic eddies (A-B) and (F) cyclonic eddies (D-E). Contours are the potential density (unit: kg m23).

favored the Kuroshio onshore intrusion. With anticyclonic eddies, the joint effect of weakened vertical stratiﬁcation and enhanced southwestward ﬂow in the lower layer strengthened the ECS slope’s PV constraint
on the upper layer current, which inhibited Kuroshio onshore intrusion.

Figure 18. Depth-averaged PV (unit: s21 m21) in the upper 50 m during the impact of anticyclonic eddy and JA climatology (A), and in the
upper 100 m during the impact of cyclonic eddy and SO climatology (B) at the P transect.
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