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Interannual eddy variability in the eastern Ryukyu Island chain (RIC) was analyzed

based on eddy trajectories and assimilation data. Analysis of the eddy trajectory

data suggested a predominance of eddies originating near the study area. The

occurrence frequency of eddies has interannual variability, but it demonstrates a

different tendency with eddy kinetic energy (EKE): few eddies appear when EKE is

high; however, they are strong with fast rotation speeds and increase in size. The

EKE variability was correlated with the baroclinic conversion rates, suggesting a

vital role of baroclinic instability in the study area. Baroclinic instability was found

to be affected by the North Equatorial Current (NEC), during which more NEC

water entered the eastern RIC, intensifying the vertical velocity shear between

the upper and lower oceans. Consequently, baroclinic instability in the study area

was enhanced.

KEYWORDS

mesoscale eddy, interannual variability, Ryukyu Current, baroclinic instability, North
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1 Introduction

Mesoscale eddies normally have horizontal scales of O(100 km) and timescales of O

(100 days), and are ubiquitous in oceans. They can transport heat, salt, and other chemical

constituents of seawater over considerable distances from their generation areas. Hence,

they play crucial roles in climatic and biological changes (Farneti et al., 2010; Chelton et al.,

2011). Mesoscale eddies have been studied for several decades. Researchers have focused on

the spatiotemporal characteristics and interactions with other physical processes (Chow

et al., 2017; Yang et al., 2019).

Geographically, studies on eddy activity in the North Pacific have primarily focused on

two eddy-rich regions. The first region was the Kuroshio Extension (KE, 140°–170°E, 30°–40°

N) region. Large-amplitude meanders frequently occur in this region, generating vigorous

mesoscale eddies (Joyce et al., 2001; Mizuno andWhite, 1983; Yasuda et al., 1992). Moreover,

eddy activity in the KE region is affected by decadal variations in the large-scale wind stress
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curl in the North Pacific (Qiu and Chen, 2005; Qiu and Chen, 2011).

The second eddy-rich region of the North Pacific is represented by

the Subtropical Countercurrent (STCC, 125°–180° E, 18°–28° N)

region (Qiu, 1999), which is characterized by the eastward STCC in

the upper ocean and the westward North Equatorial Current (NEC)

in the lower ocean. The STCC-NEC current system provides

favorable conditions for developing instability (Qiu and Chen,

2013; Qiu et al., 2014), resulting in rich eddy activities. Eddy

activity in the STCC zone exhibits distinct seasonal characteristics

governed by STCC intensity variability (Qiu, 1999).

In addition to these two regions, the region east of the Ryukyu

Island chain (RIC) is characterized by remarkable eddy activity in

the North Pacific. A northeastward current with a subsurface

velocity core (Ichikawa et al., 2004; Zhu et al., 2006; Zhao et al.,

2020), that is, the Ryukyu Current (RC) exists in this area. Despite

its small volume transport, the RC transports twice as much nitrate

in the East China Sea as the Kuroshio (Zhu et al., 2003) and is

reportedly affected by mesoscale eddies (Zhu et al., 2003; Thoppil

et al., 2016). Therefore, investigating the eddy generation

mechanism could help us understand the variability in materials

(inorganic and organic components) and nutrients in the eastern

RIC. Many studies have been conducted on eddies generated in the

interior ocean because they are considered a significant source of

variability near the region east of the RIC. However, these eddies do

not provide a comprehensive picture of eddy activity in this region.

Because eddies obtain energy from the mean-flow field through

barotropic and baroclinic instability processes, the existence of the

RC represents a potential energy source for eddies to grow. The

eddy generation mechanism related to RC instabilities remains

unclear, particularly at interannual timescales. In this study, we

investigated interannual eddy variability in the region east of the

RIC and its dominant mechanisms. Notably, we used ocean

assimilation data and eddy trajectory products to analyze eddy

variability with the aim of explaining it from multiple perspectives.
2 Method

To elucidate the driving mechanism of eddy variability, we

performed an energy conversion analysis based on a four-

dimensional variational ocean reanalysis of the western North

Pacific (FORA-WNP) data product (Usui et al., 2013). FORA-

WNP assimilates in situ temperature and salinity data in addition to

sea surface temperature data and satellite-derived sea surface height

anomalies. FORA-WNP is a daily assimilation data product

available from 1993 to 2014 that spatially covers the western

North Pacific (117°E–160°W, 15°N–65°N). It has a horizontal

interval of 0.1° × 0.1° latitude/longitude and 54 levels in the

vertical using a terrain-following coordinate. This dataset was

previously validated by Zhang et al. (2021) (see the Appendix for

data validation in their study) and was utilized to investigate the

seasonal RC volume transport variability.

Eddy variability in the region east of the RIC was also examined

using mesoscale eddy trajectory atlas products obtained from the

Archiving Validation and Interpretation of Satellite Oceanography

(AVISO). In this study, we used the META 3.1 exp DT version of
Frontiers in Marine Science 02
the data product. This dataset was created based on the “two-

satellite” daily delayed-time global absolute dynamics topography

(ADT), originating from the Copernicus Climate Change Service

(C3S). Mesoscale eddies have been detected using closed SSH

contours at daily time intervals; eddy characteristics such as

rotation speed, radius, and lifetime have been estimated (Mason

et al., 2014). We selected ADT data from 1993 to 2014 to match the

available period of the FORA-WNP. Notably, the reanalysis data

assimilated satellite data, which were also applied to the eddy

trajectory data products. Therefore, the reanalysis and eddy

trajectory products used in this study were not independent of

each other.

The following equations were used to quantify the relative

importance of barotropic and baroclinic instabilities (Dong et al.,

2007; Klein et al., 2008):

EKE =
1
2
(u

0 2 + v
0 2),   (1)

KmKe = −(u0u0
∂ �u
∂ x

+ u0n 0 ∂ �u
∂ y

+ n 0u0
∂ �n
∂ x

+ n 0n 0 ∂ �n
∂ y

),   (2)

PeKe = −
g
r0

r0w0, (3)

where (u,v,w) are the zonal, meridional, and vertical velocity

components (m s-1), respectively; g is the gravitational acceleration

(m s-2); r is the density and r0= 1,027 kg m-3 is the reference

density. EKE denotes eddy kinetic energy (m2 s-2). KmKe and PeKe

are the barotropic conversion rates from the mean kinetic energy to

EKE and the baroclinic conversion rate from the eddy potential

energy to EKE, respectively. Notably, barotropic or baroclinic

instability is expected if the conversion rates are positive. The

overbar in these equations denotes the time averaging for each

year, and the prime denotes the anomalies or deviations from the

annual averages. According to Rieck et al. (2015), the anomalies

calculated in this way do not contain the year-to-year variations of

the annual-mean fields.
3 Results

3.1 Interannual eddy variability revealed
from the eddy trajectories data product

Over the last two decades, automatic detection methods have

been successfully developed for mesoscale eddies (Chelton et al.,

2007; Petersen et al., 2013; Mason et al., 2014). Here, we examine

eddy properties such as the rotation direction, speed, and radius,

which conventional methods cannot reveal. Figures 1A, B show the

appearance of eddies in the study area (black dashed-line boxes). A

total of 558 cyclonic eddies (CE) and 427 anti-cyclonic eddies (AE)

were identified in the study area from 1993 to 2014. The frequencies

of the two types of eddies differed slightly. Specifically, CE tended to

emerge more intensively than AE on the western side of the RC. In

contrast, the AE tended to emerge on the eastern side of the RC.

This feature has also been observed in the Kuroshio (Han et al.,
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2016; Liu et al., 2017; Qin et al., 2015). Based on the initial locations

where the eddies were identified, they can be divided into local and

remote eddies. Local eddies indicate those that were initially

identified within the study area, whereas remote eddies indicate

those that were initially identified far from the study area. Most

eddies (>90%) were local (figure not shown), suggesting that the

interannual eddy variability in the study area was dominated by

these local eddies.

The occurrence frequency of eddies in each year has interannual

variability (Figure 1C); Notably, between 2002 and 2009, the

variability in the occurrence frequency of eddies remained

relatively small compared with other periods. Conversely, the

EKE variability showed a distinctly high frequency from 2002 to

2009 compared to other periods. A negative correlation (r = -0.469,

95% confidence level) was observed between the depth integrated

EKE and the eddy frequency (Figure 1C). This negative correlation

remains significant (95% confidence level) as long as the depth for

integration is no more than 800 m. Overall, the results indicate that

the two quantifications exhibit opposite signs when considering

interannual variability. This issue ultimately reduces to the

definition of an ‘eddy’. EKE is generally used to represent

mesoscale eddies in the conventional method and is calculated

using an Eulerian framework. However, eddies from the trajectory

data product were tracked using a Lagrangian framework.

Furthermore, EKE according to its definition accounts for the

velocity fluctuations due to eddies, fronts, waves, and the

meandering of currents, while the Lagrangian eddy characteristics

do not (Klein et al., 2019).
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Other eddy properties were further examined; the appearance of

eddies exhibited an evident and moderate negative correlation with

the rotation speed and radius (r = -0.62 and r = -0.54, 95%

confidence level), as shown in Figures 1D, E. This indicates that

the eddies rotated fast and increased in size when they were fewer in

number. Overall, the relationship between the two types of statistics

can be summarized as follows. High EKE levels are associated with

strong eddies with fast rotation speeds, wide radii, and low eddy

numbers. These conclusions are consistent with those of a previous

study conducted in the Bay of Bengal (Chen et al., 2012).
3.2 Interannual eddy variability revealed
from the assimilation data product

The analysis in the previous section indicated that local eddies

predominated the eddy variability in the study area, and the

appearance of eddies correlated with the EKE variability.

Therefore, the variability revealed by the eddy-trajectory data

product can be understood using the conventional method.

Before we discuss this issue further, it is necessary to check

whether barotropic or baroclinic instabilities have occurred in the

study area. For this purpose, we integrated the KmKe and PeKe terms

at a depth of 800 m. Both KmKe and PeKe terms showed positive

values in the study area (Figures 2A, B). This indicated that

barotropic and baroclinic instabilities occurred in the study area.

However, the horizontal structures of the two terms were different:

depth-integrated KmKe (Figure 2A) exhibited a dipole structure with
B

C

D

E

A

FIGURE 1

Quantitative analysis of (A) cyclonic eddies (CE) and (B) anti-cyclonic eddies (AE) that appeared in the study area (black dashed line box) in the
period from 1993 to 2014. Time series of eddy frequency and (C) depth-integrated (above 800 m) EKE (black line), (D) eddy rotation speed (black
line), and (E) eddy radius (black line) averaged in the study area. The eddy numbers in (A, B) were counted in each 0.25° × 0.25° box. The red lines in
(C–E) indicate the eddy numbers appearing at each year (including AE, CE). All the correlation coefficients in (C–E) exceed the 95% confidence level.
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negative and positive values on the western and eastern sides of the

RC, respectively, whereas depth-integrated PeKe (Figure 2B) showed

a monopole structure with only positive values. The positive values

of PeKe were over three-fold larger than those of KmKe in the study

area. This result indicates that the baroclinic instability process in

the study area contributes more to EKE variability than the

barotropic instability process. The vertical sections illustrated in

Figures 2C, D indicate that KmKe and PeKe were clustered above

1,000 m depth. Positive PeKe values were concentrated near the

subsurface and were characterized by a positive core near 200 m.

Positive KmKe values were also identified near the RC velocity core

below the sea surface, indicating that both barotropic and baroclinic

instabilities contributed to the EKE variation in the eastern RIC.

However, it should be noted that the contributions of both

barotropic and baroclinic instabilities to the EKE variation may

vary depending on the location, and it is crucial to consider this

when interpreting regional features.

As PeKe was found to be over three-fold larger than KmKe, we

next compared the interannual EKE and PeKe variabilities. As

illustrated in Figure 3A, the EKE variability (black line) exhibits

an evident positive correlation (r = 0.64, 95% confidence level) with

PeKe (red line) at the interannual timescale. The observed positive

correlation between the EKE and PeKe variability suggests that

changes in the intensity of baroclinic instability may have a direct

impact on the EKE variability. It is important to note that the

relationship between baroclinic instability and EKE is not always

straightforward, as other factors such as front, wave, and current
Frontiers in Marine Science 04
path variations can also influence EKE variability. Therefore,

definitive statements regarding the relative importance of the two

instability processes are not provided here. Future studies with

more comprehensive analyses are required to fully understand the

complex dynamics of EKE variability in the study area.

Given the evident positive correlation between the EKE and

PeKe, it is reasonable to investigate the factors contributing to the

variability in baroclinic instability. Figure 3B shows the velocity

profiles averaged over the study area during PeKe-high (red line)

and PeKe-low (blue line) years. The velocity variability was confined

to a depth of almost 800 m. Using a two-layer model, Walker and

Pedlosky (2002) revealed that the growth rates of baroclinic

instability for meridional flow weaken as the vertical shear

weakens. If the velocity above 800 m is considered the upper-

layer velocity, the velocity variability would only exist in the upper

layer, and the upper-layer velocity could serve as a practical

representation of the vertical shear variability between the upper

and lower layers, providing insights into the intensity of baroclinic

instability. We first examined whether the upper-layer velocity was

related to the baroclinic instability variability. A positive correlation

(r = 0.46, 95% confidence level) was observed between PeKe (red

line) and the upper-layer velocity (green line) (Figure 3A). Notably,

the variabilities in PeKe and the upper-layer velocity were highly

related until 2005. Qiao et al. (2022) demonstrated that a rapid

phase shift accompanied by a relatively large wind-stress curl

anomaly occurred in the STCC zone around 2006. The decline in

the correlation after 2005 may be related to the regime shift in
B

C D

A

FIGURE 2

Horizontal distributions of the depth-integrated (above 800 m) (A) barotropic conversion rates, KmKe and (B) baroclinic conversion rates, PeKe.
Vertical sections of (C) KmKe and (D) PeKe. The area covered by the black dashed lines in (A, B) was defined as our study area. The green lines in
(A, B) reflect the along-stream cross sections (not all shown) in the study area. Each cross-section is 200 km in length and is aligned with a 10 km
spatial interval along the 3,500 m isobath. The vertical sections show the mean values averaged in our study area. Black contours in (C, D) reflect the
averaged normal velocity components (m s-1) in the study area.
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variability in the interior region. Nonetheless, the results generally

indicate that PeKe is correlated with the upper-layer velocity for the

period 1993–2014.

The time average of the upper-layer velocity (Figure 4A)

indicated that the upper-layer velocity in the RC was related to

the upstream condition. Apart from 23° N, water in the interior

region enters the RC region through two pathways. The water north

of 23°N enters the RC region directly, whereas the water south of

23° N first joins the Kuroshio east of Taiwan and then flows into the

study area. As the northern edge of the westward NEC can extend to

28°N (Qiu et al., 2015), the variability in NEC is considered to have

an impact on the upper-layer velocity in the RC region. The

differences in the upper-layer velocity between the PeKe-high and

PeKe-low years showed that the upper-layer velocity variability in

the study area was affected by the variability in NEC; the velocity in

NEC (122°–130°E, 20°–23°N) increased during the PeKe-high years,

and more water from this area subsequently entered the study area,

resulting in an increase in northeastward components. Here, PeKe

-high/low years were defined as years when PeKe was larger/smaller

than the 22 years average (Figure 3A). Although NEC was found to

have an impact on the upper-layer velocity in the study area based

on composite analysis, the correlation was not significant in the

interannual time series. Other factors, such as the baroclinic

response of the wind-stress curl at each latitude (Qiao et al.,

2022), can also contribute to the upper-layer velocity variation. In

addition, remote eddies can also be considered an external force for

the upper-layer velocity in the study area (Zhu et al., 2003; Thoppil

et al., 2016). Recently, Liu et al. (2022) showed that the topography
Frontiers in Marine Science 05
of Rossby waves may also affect the RC. Further studies are

necessary to clarify the driving mechanism of upper-layer velocity

variability in the RC region.
4 Discussions

This study elucidated the interannual eddy variability in the

region east of the RIC based on eddy trajectory and assimilation

data. Analysis on the eddy trajectory data showed that most eddies

were initially identified within the study area, suggesting that

interannual eddy variability in the study area was dominated by

these ‘local’ eddies rather than ‘remote’ eddies that propagate far

from the interior region. The occurrence frequency of eddies has

interannual variability, but it demonstrates a different tendency

from the results revealed by the EKE; a negative correlation was

found between the occurrence frequency of eddies and the depth-

integrated EKE, indicating that more eddies appear when the EKE is

low. This negative correlation may be related to the following

phenomenon: when the EKE is high, few eddies are identified;

however, they become stronger with fast rotation speeds and

increase in size. Analysis of the conversion rates revealed that the

RC can act as an energy source for eddy growth. The baroclinic

conversion rates were much higher than the barotropic conversion

rates in the study area and were found to be highly related to EKE

variability in the study area, suggesting the vital role of baroclinic

instability in interannual EKE variability. The intensity of the

baroclinic instability was related to the upper-layer (< 800 m)
BA

FIGURE 3

(A) Normalized time series of the depth-averaged (above 800 m) EKE (black line) PeKe (red line) and velocity (Vupper, green line) in the study area.
(B) Vertical velocity profiles in PeKe-high (red line) and PeKe-low years (blue line) averaged in the study area. The PeKe-high years are defined as the
year when the PeKe values are higher than the 22 year averaged values [black dashed line in (A)].
BA

FIGURE 4

Horizontal distribution of (A) the depth-averaged (800 m) velocity over 22 years; (B) differences of the depth-averaged velocity in PeKe-high and PeKe-
low years. The lines are streamlined based on the depth-averaged velocity field. The PeKe-high years are defined as the year when the PeKe values are
higher than the 22 year averaged values (see Figure 3A). The areas covered by the red dashed lines in (A, B) were defined as our study area.
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velocity variability in the study area from 1993 to 2014. Based on the

composite analysis, the upper-layer velocity variability in the study

area was affected by NEC. During the years when baroclinic

instability intensified, the northern part of NEC, located at 122°–

130°E, 20°–23°N, was enhanced. More water from NEC entered the

area east of the RIC, resulting in an increase in upper-layer velocity.

Consequently, baroclinic instability was enhanced, resulting in high

EKE levels.

Our results demonstrate the impact of NEC on eddy variability

in the region east of the RIC. At the interannual time scale, NEC

variation is generally considered to be closely related to the El Niño-

Southern Oscillation (ENSO). Although not all extremes of NEC

transport are correlated with ENSO events, studies have found that

NEC transport increases during El Niño and decreases during La

Niña (Qiu and Lukas, 1996; Kashino et al., 2009). In fact, most PeKe-

high years were El Niño years (1995, 2002, 2004, 2006, and 2014,

based on the NINO3.4 Index). Therefore, eddies with fast rotation

speeds and wide radii are expected to occur in the eastern RIC

during ENSO events. Notably, the eddies analyzed in this study

were tracked on closed SSH contours. Eddies can also be tracked

using different methods such as the wind-angle eddy identification

method (Chaigneau et al., 2009). Therefore, some differences are

expected in the eddy statistical results when using different eddy

trajectory data products. In addition, the choice of the dataset may

also have an impact on the calculation of conversion rates.

Comparative studies could help eliminate the impact of different

methods on interannual eddy variability in the region east of

the RIC.
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