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Abstract The Kuroshio Extension region is well known for its strong eddy activity. In this paper, using
satellite altimetry-measured sea surface height anomaly data from 1993 to 2012 in an extended Kuroshio
Extension region (140-180°E, 25-45°N), we analyze eddy characteristics: eddy size, polarity, lifetime, intensity,
trajectory, and spatial and temporal distributions. Using temperature and salinity vertical profiles

measured by Argo floats, we examine the eddy impact on vertical stratification. During the 20-year period,
7,574 eddies are identified (based on following complete eddy trajectories) with a lifetime equal to or
longer than 4 weeks. The numbers of cyclonic and anticyclonic eddies are found to be approximately the
same. The distribution of eddy sizes peaks at a radius of about 40 km. The radius at the peak is at the same
order as the first baroclinic deformation radius or the horizontal shear scale of the Kuroshio flow. The
normalized eddy statistical characteristics show that eddies have different characteristics at different stages
of their lifetimes. Among eddies with lifetimes longer than 50 weeks, more anticyclonic (cyclonic) eddies
are found north (south) of 35°N. In contrast, among eddies with lifetimes shorter than 20 weeks, more
cyclonic (anticyclonic) eddies are found north (south) of 35°N. The asymmetric distribution of eddies
suggests two different eddy generation mechanisms: (1) the development of meanders in the Kuroshio path
leading to the pinch off of eddies with longer lifetime (larger size) and (2) horizontal shear instability
(barotropic instability) leading to eddies of shorter life (smaller size). We further apply an eddy-resolved
numerical product to quantitatively investigate the eddy generation mechanisms.

Plain Language Summary We analyze eddy characteristics with 20-year satellite data and examine
the eddy impact on vertical stratification. Besides, through the statistic result, we propose two eddy
generation mechanisms: flow horizontal shear-induced eddy generation and the meander of flow path
leading to the eddy generation. And then, we further apply an eddy-resolved numerical product to
quantitatively investigate the eddy generation mechanisms.

1. Introduction

As a ubiquitous phenomenon in the ocean, eddies play an important role in the transport and distribution of
heat, salt, energy (Bishop et al., 2013; Chelton et al.,, 2007, 2011; Chen et al,, 2011; Chen, Gan, et al., 2012;
Chen, Wang, et al., 2012; Chu et al.,, 2014; Dong et al., 2014; Liu et al, 2017; Roemmich & Gilson, 2001;
Stammer, 1997; Stammer et al.,, 2001; Volkov et al.,, 2008; Wang et al,, 2012; Xu et al, 2016; Yang et al.,
2015; Z. G. Zhang et al, 2014; Z. W. Zhang et al,, 2014), and marine biological and chemical processes
(e.g., Gaube et al, 2015; Gruber et al, 2011; Johnson & McTaggart, 2010; Kouketsu et al., 2016;
Vaillancourt et al., 2003). Dong et al. (2014) suggest that the global oceanic eddy movement can significantly
influence distribution of the heat and fresh water in the ocean. The Kuroshio Extension (KE) region, from
Japan eastward to the mid-Pacific, is one of the two largest eddy kinetic energy (EKE) bands in the northern
Pacific Ocean (the other being the subtropical frontal zone; Chow et al., 2017; Liu et al., 2012; Qiu & Chen,
2011; Yang et al.,, 2017). Eddy activities in the KE play an important role in the decade variations in the KE
system circulation (Qiu & Chen, 2010, 2011) and air-sea interaction (Ma et al., 2015). Ma et al. (2015) found
that the wind speed is enhanced (weakened) and the precipitation is increased (decreased) with the
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presence of warm (cold) eddies. After the Kuroshio Current leaves the Japanese coast, it enters the open
ocean where the constraint of topography is lost. Without this topographical constraint, the Kuroshio’s path
meanders. A large number of individual eddies have previously been detected using altimetry-measured sea
surface height anomalies (SSHAs; Chu et al.,, 2017; Ichikawa & Imawaki, 1994; Itoh & Yasuda, 2010), satellite
sea surface temperature data (Dong, Nencioli, et al., 2011), and drifter trajectories from the Global Drifter
Program (GDP; Dong, Liu, et al.,, 2011). Prants et al. (2014) used the geostrophic current anomalies derived
from the SSHA to calculate Lagrangian trajectories of synthetic particles in the KE region and to simulate the
Fukushima-derived radionuclides, in which eddies can be well presented by Lyapunov map.

Itoh and Yasuda (2010) analyzed the characteristics of eddies using SSHA from 1992 to 2008 in the KE region
by applying the Okubo-Weiss method. They found that, in the KE region, about half of the EKE variance is
attributable to mesoscale eddies. Dong, Nencioli, et al. (2011) detected and analyzed eddies using AVHRR
9-km sea surface temperature data for the years between 2006 and 2009 and found more anticyclonic (cyclo-
nic) eddies to the north (south) of the Kuroshio path. Dong, Liu, et al. (2011) analyzed an eddy data set for the
KE region they derived from the Global Drifter Program (GDP) sea surface drifter trajectories.

However, these studies on the KE eddies, that is, Itoh and Yasuda (2010), Dong, Nencioli, et al. (2011), and
Dong, Liy, et al. (2011), focused on either eddy statistical analysis or eddy detection method. The eddy gen-
eration mechanisms in the KE region, that is, around an oceanic jet in an open ocean, are not sufficiently
stressed or emphasized. Moreover, how eddies affect the vertical profiles of the temperature and salinity
in the KE is not explicitly clarified. Motivated by these questions, the present study analyzes the eddy data
set from the SSHA data and further infers the eddy generation mechanisms in the KE region based on the
eddy statistical analysis.

In this study, we first derive an eddy data set based on an automated eddy detection scheme (Nencioli et al.,
2010) using altimetry SSHA data in the KE region for the 20-year period of January 1993 to December 2012.
We then make a thorough statistical analysis of that data set. Subsequently, the impacts of eddies on the T/S
vertical profiles are examined using collocated Argo temperature (T) and salinity (S) vertical profiles and the
detected eddies. The results suggest two dominant eddy generation mechanisms, one of which produces
shorter-lived eddies than the other.

The remainder of this paper is organized as follows: section 2 describes the data and methodology used in
the paper. In section 3, the data set of eddies detected using the SSHA data is analyzed, and the impacts
of eddies on the T/S vertical profiles are examined. Section 4 is Discussion, in which two eddy generation
mechanisms are presented. Section 5 is the summary.

2, Data and Methodology

The following data are used in this study: altimetry SSHA and Argo floats. An automatic eddy detection
scheme based on eddy geometry is employed.

2.1. Altimetry SSHA

The altimeter products are produced and distributed by Archiving, Validation and Interpretation of Satellite
Oceanographic (AVISO; http://www.aviso.altimetry.fr/), as part of the Ssalto ground processing segment.
SSHA data have a spatial resolution of 1/3° x 1/3° and a 7-day temporal sampling over the period from
October 1992 to August 2013. We focus on the period of January 1993 to December 2012 over the KE region
(25-45°N, 140-180°E).

2.2. Argo T/S Profiles

Argo floats collect vertical profiles of temperature (T) and salinity (S) from the upper 2,000 m of the ice-free
global ocean. The T/S vertical profiles data can be downloaded from ftp://www.usgodae.org/pub/out-
going/argo/geo/pacific_ocean/. They are sampled daily and the maximum depth reachable by Argo floats
is about 2,000 m. Spatial (center location and eddy boundary) and temporal information from the detected
eddies are used as indices to identify the Argo vertical profiles collocated inside these eddies. There are 4,233/
3,715 profiles trapped by anticyclonic/cyclonic eddies in the area of study. Beside this, there are 1,327/1,281
profiles inside anticyclonic/cyclonic eddies in the area [30-40°N], [145-165°E]. These profiles are used to
examine the impact of eddies on the thermocline and halocline.
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2.3. Numerical Model Data OFES

The numerical model data we use are the OFES (Ocean General Circulation Model for the Earth Simulation)
data (Masumoto et al., 2004), which have horizontal spatial resolution of 0.1° and 54 vertical layers (with
5-m resolution at the surface, and the maximum depth is 6,065 m), resolving mesoscale eddies; the data
can be downloaded from http://apdrc.soest.hawaii.edu/las_ofes/v6/dataset?catitem=87. We choose the data
in year 2000 (3-day averaged) to estimate the EKE sources through the EKE evolution equation in KE region
(25-45°N, 140-180°E) for the study.

2.4. A Velocity Geometry-Based Automated Eddy Detection Scheme

In this study, we use an eddy-detection algorithm based on eddy vector geometry proposed by Nencioli et al.
(2010). This algorithm has been successfully applied to study eddies in different regions, for example, the lee side
of Lanai Island, Hawaii (Dong et al., 2009), Southern California Bight (Dong et al., 2012), subtropical North Pacific
Ocean (Liu et al., 2012), leeward of the Madeira Islands (Couvelard et al., 2012), Balearic Sea (Amores et al., 2013),
Alboran Sea (Peliz et al., 2013), the global ocean (Dong et al,, 2014), and South China Sea (Lin et al., 2015). The
eddy detection scheme is briefly introduced below. For more details, readers can refer to Nencioli et al. (2010).
First, four constraints on the geometry of velocity vectors are defined to determine an eddy center:

1. Along an east-west section, the v component of velocity must reverse in sign across the eddy center, and
its magnitude must increase away from the center.

2. Along a north-south section, the u component of velocity must reverse in sign across the eddy center and
its magnitude must increase away from the center. In addition, the sense of rotation for both U and v
should be the same.

3. The eddy center is defined as the minimum velocity around a region, which extends up to a certain grid
point.

4. The directions of two neighboring velocity vectors around the eddy center must change with a constant
sense of rotation and lay within the same or two adjacent quadrants.

where u"and v’ are the geostrophic current anomaly calculated from the AVISO SSHA data.
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where h' is the SSHA and fis the Coriolis parameter. Eddy centers are first defined at the points satisfied by all
of the constraints listed above. We then search for the outermost closed streamline around the center. If
velocity magnitudes cease to increase in the radial direction, it can be regarded as the eddy boundary. A
tracking algorithm is also included in the package. We applied this method to 20 years (1993-2012) of altime-
try SSHA-derived geostrophic velocity anomalies to obtain an eddy data set, which contains the location of
the eddy center, its lifetime, type, size, intensity, and the locations of its boundaries.

2.5. EKE

The EKE at each point in space and time is calculated using the following formula:

1

EKE = = (u? +v?), 3

N |

where u and v’ are the geostrophic current anomaly calculated from the AVISO SSHA data. A spatial map of
the EKE, averaged over all weeks in the study period after applying a 90-day high-pass filter to remove the
influence of seasonal variability.

3. Results
3.1. EKE

Before we discuss the eddy detection results, we first examine the EKE, as it is often used to characterize the
intensity of eddy activity. As shown in Figure 1, the EKE is much higher in the KE region than in the adjacent
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Figure 1. Spatial distribution of averaged eddy kinetic energy with 90-day high-pass filter over the period of January 1993
to December 2012 (cmz/sz). The geostrophic velocity anomalies are derived from Archiving, Validation and Interpretation
of Satellite Oceanographic sea surface height anomaly data through geostrophic currents formulae, the black contours are
the mean absolute dynamic height (Mean Absolute Dynamic Topography data from Archiving, Validation and
Interpretation of Satellite Oceanographic website), and the black rectangle denotes the Kuroshio Extension region.

regions, which agrees with results as shown Qiu et al. (2015), who used Aviso SSH anomalies data for the
period of October 1992 to December 2013.

Figure 2 shows the weekly time series of the total surface averaged EKE (red) and eddy-contributed surface-
averaged EKE (blue) from January 1993 to December 2012. The seasonal and interannual variations of the EKE
are also plotted in the upper and lower panels, respectively. The EKE caused by eddies is different from the
total EKE. We define the former one as the EKE of an individual eddy: the average kinetic energy within an
eddy area (from its boundary to its center). We found that eddy contribute about 70.1% of the total EKE
(Figure 2). Both the total EKE and eddy-contributed EKE have the same seasonal variation and high interann-
ual correlation of 0.77. The upper panel shows that the seasonal variation is smallest in February (winter) and
largest in August (summer), which agrees with results from Scharffenberg and Stammer (2010), who used
altimeter data from four satellites for the period of 2002-2005. The lower panel shows the interannual varia-
tion of EKE: The dashed line denotes the weekly sampled variation, and the solid line represents the yearly
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Figure 2. Time series of total surface averaged EKE (red) and eddy-contributed surface-averaged EKE (blue): monthly (top)
and temporal (bottom) in [25-45°N], [140-180°E]. The upper panel shows the monthly climatological EKE. The solid lines
(dashed lines) in the lower panel represent 52-week moving average (temporal) situation (cmzlsz). Shaded is the standard
deviation. EKE = eddy kinetic energy.

JIET AL

8551



AAAAAAAAAAAAAA
'AND SPACESCIENCE.

Journal of Geophysical Research: Oceans 10.1029/2018JC014196

2013 =
2012 | B
2011442
201045 -
20081
2003
2007
2006 -
2005{ 78
2004 | Eslige
2005 {6
2002
2001 1
2000
1989
1805
1807 1
1996 {
1995 |
1994 | BE=

Y A T

. 19934° -
140 130 160 170 18D 140 150 1860 170
Longitude (dagres) EKE Longitude {degres)

2000

1500

¥

1000 =

Letituds (degree)
cm

S00

0

D

= =]

Figure 3. The spatial distribution of EKE and relative vorticity as functions of time (Hovmoller plots). In the upper panels,
EKE (left) and relative vorticity normalized by the background Coriolis parameter (right) are averaged over latitudes 25-
45°N and plotted as a function of longitude and time. The bottom panel shows a function of latitude and time. EKE = eddy
kinetic energy.

variation from a 52-week moving average filter. It is shown that the yearly EKE is highest between 2000 and
2005. According to Chen et al. (2018), both local and remote wind forcing and ocean internal instability is
responsible for the generation and modulation of EKE. We calculate the correlation coefficient between
the Nino 3.4 index and monthly averaged EKE, but a low correlation (0.026) between them is found, it indi-
cates that there is no significant correlation between the EKE and ENSO events in our study region.

Figure 3 shows the spatial and temporal variation of EKE and (normalized) relative vorticity in the KE region.
The upper two panels show Hovmoller plots (meridional-averaged quantities as a function of longitude and
time), which illustrate the zonal propagation of EKE and relative vorticity in the KE region. The westward pro-
pagation speeds of both vorticity and EKE are about 4.7 cm/s. It should be noted that the EKE contains con-
tributions from processes that deviate from the mean state, including frontal bending, fluctuation, unstable
wave, and meander of the Kuroshio front (Waterman et al.,, 2011). Therefore, one should take care when inter-
preting the EKE variability shown in Figure 3, as it is somewhat inconsistent with that obtained from EKE cal-
culations with the population of individual eddies. The bottom panel in Figure 3 shows the time series of
zonally averaged EKE against latitude, which clearly shows that the largest EKE appears along latitude 35°N.

3.2. Eddy Size, Lifetime, and Vorticity

Two eddy counting methods are developed: Eulerian method and Lagrangian method. To find out how many
eddies exist in each moment, the former method is used. However, if information about an eddy generation,
evolution, and termination is required, the latter method is employed to identify the eddy history. The
Lagrangian method can also be used to remove those eddies whose lifetimes are shorter than 4 weeks.
We detected a total of 14,797 eddy tracks with the trajectory method. Slightly more than half were identified
as cyclonic eddy tracks (7,669; 51.8%) and the remainder as anticyclonic eddy tracks (7,128; 48.2%). By means
of the snapshot method, the total number of eddies identified was 122,479. About half of these (61,679;
50.4%) were identified as cyclonic eddies, and the remainder as anticyclonic eddies (60,800; 49.6%). Due to
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Figure 4. A snapshot (6 May 2009) of the geostrophic velocity anomaly field

160°E
LOMGITUDE

possible errors in identification and limitations of altimeter SSHA data, we
only consider (except where otherwise specified) those eddies surviving
longer than or equal to 4 weeks. Based on this 4-week criterion, the num-
ber of eddies identified by the trajectory method drops to 7,574, and the
number identified by the snapshot method drops to 109,952. For both
methods, the split between cyclonic and anticyclonic remains close to
50/50. As an example to demonstrate how eddies are identified, Figure 4
shows a snapshot of 6 May 2009 for detected eddies with a radius larger
than 50 km, overlaid with geostrophic current anomaly vector field
derived from SSHA data.

180°W Figure 5 shows the time series of eddy number identified with the snap-
shot method. The left panel shows the seasonal variation, and the right
panel is the interannual variation. Figure 5 (left) shows that the number

170°E

derived from Archiving, Validation and Interpretation of Satellite of eddies in March is the largest, and Figure 5 (right) shows there are more

Oceanographic sea surface height anomaly data and eddies with radius lar-  eddies between 1995 and 1999 than in other years.

ger than 50 km, identified by their center and boundary curves: Cyclonic . . o . .
(anticyclonic) eddies centers and boundary curves are shown in blue (red). In order to examine the spatial distribution of eddy sizes in the KE, we

divide the study area into 1° X 1° bins. The radius of all eddies whose
centers are located in each 1° X 1° bin are averaged to represent the eddy size in that bin. The results
(not shown) are similar to Itoh and Yasuda (2010): The larger eddies are located along 35°N, with the larger
cyclonic (anticyclonic) eddies located south (north) of 35°N. From Figure 3 (bottom panel), we see that lati-
tude 35°N can be regarded as the climatological mean location of the main axis of the Kuroshio. Therefore,
we conclude that the larger cyclonic eddies appear in the south, and the larger anticyclonic eddies appear
north of 35°N, which is in agreement with the results of Itoh and Yasuda (2010).

Radius and lifetime are two important parameters characterizing an eddy. Figure 6 shows the histograms of
eddy radius (upper panel) and eddy lifetimes (lower panel). The histograms of the eddy radius show that the
anticyclonic and cyclonic distributions are similar, with both having peak at about 40 km. The radius at the
peak is of the same order as either the horizontal shear scale of the Kuroshio or first baroclinic deformation
radius (see Chelton et al., 1998), which implies that the shear instability or the baroclinic instability could be
responsible for the eddy generation. For more discussion, please see section 4.

The eddy lifetime distributions are shown in the lower panel of Figure 6: anticyclonic eddies (gray) and cyclo-
nic eddies (black). Eddies can live up to 160 weeks and anticyclonic eddies tend to live longer than cyclonic
eddies. It has been demonstrated in previous numerical and theoretical studies, such as Graves et al. (2006),
Perret et al. (2006), and Dong and Chan (2007), that anticyclonic eddies become more coherent while cyclo-
nic eddies elongate and weaken. With a review of the computational literature, Graves et al. (2006) theoreti-
cally explains why anticyclonic vortices are less strongly deformed than cyclones during transient straining
events and thus lose energy and potential enstrophy in relaxing back to the equilibrium axisymmetric state.

The intensity of an eddy can be characterized by its EKE and vorticity. The vorticity reaches a maximum at the
eddy center and a minimum at its boundary. In this study, the vorticity of an eddy is approximated by the
vorticity at the eddy center. A histogram of anticyclonic and cyclonic eddy relative vorticity, normalized by
the local Coriolis parameter f is shown in Figure 7. There are slight differences between the two vorticity
distributions: For large vorticity magnitudes, there are more cyclonic than anticyclonic eddies.
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Figure 5. Seasonal (left) and interannual (right) variations in eddy number in the Kuroshio Extension region. Cyclonic eddy
numbers are plotted with a blue line and anticyclonic eddy numbers with a red line.
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Figure 6. Histograms of eddy radius (top panel) and eddy lifetimes (bottom panel).

On the left panel of Figure 8, the zonally averaged normalized relative vorticity is plotted against latitude. The
peak cyclonic eddy vorticity lies south of the Kuroshio axis, while the peak anticyclonic eddy vorticity lies to its
north. On the right panel of Figure 8, the meridionally averaged normalized relative vorticity is plotted
against longitude. It shows that the vorticity of both the cyclonic and anticyclonic eddies decreases eastward.
The results shown in Figure 8, together with the results of the spatial distribution of eddy radius, demonstrate
that the cyclonic (anticyclonic) eddies located in the south (north) area of the Kuroshio main axis are larger
and stronger than the anticyclonic (cyclonic) eddies, which agrees with Itoh and Yasuda (2010).

3.3. Eddy Propagation

Figure 9 shows the propagation speeds of both cyclonic and anticyclonic eddies as a function of latitude. In
general, the zonal (westward) speed decreases with latitude and has a range of about 1-6 cm/s, which is of
the same order as the propagation speed of Rossby wave. In particular, it is noted that the zonal (westward)
speed is almost 0 at 35°N. North of the Kuroshio climatological mean axis, there is a peak in the eddy zonal
(westward) speed at 36°N. Anticyclonic eddies display similar propagation speed with cyclonic eddies. South
of the Kuroshio climatological mean axis, the zonal (westward) speed reaches its maximum value at about
30°N. Except near the boundary latitudes, the cyclonic eddies persistently move southward, while the antic-
yclonic eddies move northward (southward) to the north (south) of about 33°N.

3.4. Eddy Evolution

In the above sections, eddies have been characterized using the definitions given in sections 3.1 and 3.2 for
intensity (vorticity and EKE) and radius. Here we define and calculate EKE differently—EKE of an individual
eddy: the average kinetic energy within an eddy area (from its boundary to its center). The vorticity of an eddy
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Figure 7. Histograms of normalized relative vorticity (relative vorticity divided by the local Coriolis parameter f): anticyclo-
nic (pink) and cyclonic (blue).
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Figure 8. The left panel shows the variation of the zonally averaged vorticity with latitude, and the right panel the variation

of the meridionally averaged vorticity with longitude. The blue and red lines denote cyclonic and anticyclonic eddies,
respectively.

is defined as previously stated: the vorticity at the eddy center. We also consider the eddy deformation rate S,
defined by S = (52 + 552)”2, where shear deformation rate S,

ou  ov

Sp= 4
"= oy 4)
and the stretching deformation rate S
o ou
s. =Y A 5
s=o T o (5)

(Carton, 2001; Okubo, 1970; Weiss, 1991). The u and v are the geostrophic current anomalies. The evolutions
of the normalized vorticity, EKE, radius, and deformation rate are recorded for each eddy throughout its life-
time. Only eddies with lifetimes longer than 20 weeks are considered to represent the general patterns of the
time evolution of these four parameters over an eddy lifetime. In total there are 772 cyclonic eddies and 806
anticyclonic eddies. In order to compare eddies with different lifespans, the time along an eddy track is nor-
malized by that eddy’s lifespans: youth stage (0-1/5), mature stage (1/5-4/5), and old stage (4/5-1). Similarly,
each of the four parameters is normalized by its maximum value within each eddy lifetime. The resulting tem-
poral evolution of the four parameters is shown in Figure 10. The figure shows that the eddy vorticity mag-
nitude, EKE, and eddy size increase during the youth stage, slightly increase throughout the mature stage,
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Figure 9. Variation with latitude of anticyclonic (black solid line) and cyclonic (black dashed line) eddy zonal and meridional
propagation speeds. The gray solid and dashed lines are their standard deviation interval.
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Figure 10. Time evolution of the mean eddy characteristic parameters: radius (upper left), vorticity (upper right), kinetic
energy (lower left), and deformation (lower right). Only eddies with life spans longer than 20 weeks are included in the
analysis. Each eddy’s age is normalized by its life span. For each eddy, each parameter is normalized by its maximum value
within the eddy lifetime. The solid and dashed lines indicate cyclonic and anticyclonic eddies, respectively.

and then decrease sharply in old age. It is interesting to notice that there is a slight increase in the intensity
(EKE or vorticity) of eddies, which shows that eddies continue to extract energy from the mean stream
(Kuroshio) during their mature stages before starting to decay. The opposite trend occurs for the deformation
rate: In the first 1/5 of an eddy lifetime, the rate decreases (tends to move to a perfect circle), then stays
approximately constant for the next 3/5 of the lifetime; and in the final 1/5 of an eddy lifetime (old age),
the rate increases sharply until the eddy disappears (death). Liu et al. (2012) reported the same pattern of
parameter evolution in their eddy analysis of the subtropical frontal zone.

3.5. Vertical Profiles of T/S Affected by Eddies

To this point we have examined the sea surface characteristics of eddies
using altimetry data. In this section, we use Argo float data to investigate
variations of eddy T/S vertical profiles caused by eddies. First, all Argo
floats from 1999 to 2010 trapped by the detected eddies in the KE region
are identified. Figure 11 shows the spatial distribution of the number of
Argo floats trapped in detected eddies in 5° x 5° bins. In the KE region,
there are 4,233 and 3,715 profiles of Argo floats trapped by anticyclonic
and cyclonic eddies, respectively. This indicates there is a sufficient
amount of data to obtain good statistics on the eddy impacts on T/S verti-
cal profiles. From Figure 11, one can see that more Argo vertical floats are
trapped by anticyclonic (cyclonic) eddies in the north (south) of the KE
main axis. We find that 1,355 anticyclonic and 1,112 cyclonic eddies trap
at least one Argo float, which indicates that some eddies have multiple
floats and hence multiple T/S vertical profiles. The T/S anomaly (with
respect to the mean in each bin) vertical profiles in the bins spanning only
the region [30-40°N] and [145-165°E] are shown in Figure 12. These four
panels show that an eddy can induce an anomalous T/S vertical profile,
and cyclonic and anticyclonic eddies can cause negative and positive T/S
anomalies, respectively. The lower left panel shows that temperature
anomalies initially increase, reach a maximum, and then decrease, for both
1B5'E ATOE ATS'E 180w the cyclonic and anticyclonic eddies. The depth at which the profiles reach
a maximum is about 350 m for cyclonic eddies and 380 m for anticyclonic

Figure 11. Spatial distribution of the number of Argo profiles trapped within eddies. Eddies have a similar effect on salinity anomaly profiles (300 m for
cyclonic eddies (top) and anticyclonic eddies (bottom). The bin size is 5°x 5°.  cyclonic eddies and 320 m for anticyclonic eddies). Several researchers
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Figure 12. Vertical profiles of T/S affected by eddies. Bin-averaged T/S vertical profiles from Argo data in the bin located at
[30-40°N], [145-165°E]: temperature (upper left), salinity (upper right), temperature anomaly (bottom left), and salinity
anomaly (bottom right). The blue and red lines represent cyclonic and anticyclonic eddies, respectively, and the black solid
lines are the means from all profiles. The dash lines indicate their standard deviation interval.

previously reported the T/S vertical profiles inside eddies. Result from Liu et al. (2012) show that the peak of 7/
S anomaly vertical profiles inside eddies can reach a depth of 180/200 m in the subtropical region. Further,
Chen et al. (2011) investigated the eddy impact on the thermohaline in the South China Sea. They found that
anticyclonic eddies can cause a larger positive temperature anomaly in the upper 500 m and the most signif-
icantly affected depth is 110 m, whereas cyclonic eddies obviously affect the temperature structure in the
upper 160 m and the most affected depth is 80 m. Pegliasco et al. (2015) conducted studies about eddy
vertical structures observed in four major Eastern Boundary Upwelling Systems. When comparing our results
to past literature, we noticed that regardless of the T/S vertical profiles anomaly depth caused by eddies or
the depth corresponding to the peak anomaly value, they are always larger than in other regions. This may
be due to the stronger EKE and deeper thermocline in the western boundary regions than in other regions.
Besides, in the western boundary regions, eddy intensity and structure are also stronger and more cohesive
than in other regions. Note that the T/S anomaly vertical profiles for anticyclonic and cyclonic eddies are
almost mirror reflections of one another.

4. Discussion
4.1. Eddy Generation Mechanisms

The KE region is in the open ocean far from the constraints of topography. Eddy generation mechanisms in
this region are complex. In this section, we attempt to infer the eddy generation mechanisms from the eddy
statistical characteristics.

(a)

Figure 13. Eddy generation mechanisms: (a) eddies generated through the jet path meandering, and (b) eddies generated
through horizontal shear instability.
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Figure 14. Latitudinal variation of the number of eddies with lifetimes shorter than 20 weeks: anticyclonic (left panel) and
cyclonic (right panel).

The relationship between the KE meander and eddy formation in the KE region has been discussed in the
literature. There are two aspects in the relationship. The one aspect is that the development of the jet
meander could lead to the eddy formation, which can be approved using specific cases or numerical
modeling. The other aspect is that the presence of one eddy on one side of the jet (Kuroshio) could cause
the straight jet to lose the pressure balance and then trigger the meander of the Kuroshio path, such as
Bishop, 2013; Hurlburt et al, 1996; Ichikawa & Imawaki, 1994; Itoh & Yasuda, 2010; Kobashi et al., 2016;
Mishra et al, 1999; Mitsudera et al, 2001; Miyazawa et al., 2004, 2008, Mizuno & White, 1983; Qiu &
Chen, 2005, 2010; Waseda et al., 2003; and Yasuda et al., 1992. In this study, we propose two eddy gen-
eration mechanisms: flow horizontal shear-induced eddy generation and the meander of flow path lead-
ing to the eddy generation; see Figure 13.

According to the flow instability theory (Drazin & Reid, 1981), considering all scales of perturbations, only
the most unstable mode with the same scale as its shear scale can survive. Based on this fact, we make
two assumptions to infer the first eddy generation mechanism from the eddy data set, that is, the
shear instability:

1. The Kuroshio is a jet with current shears on both sides. We assume that the shear could cause the

instability, which will lead to the eddy generation. The eddy size should be in the same as the shear
scale. Moreover, if eddies are generated by the shear instability of the Kuroshio Current in the KE
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Figure 15. Relationship between eddy lifetime and eddy radius: cyclonic (upper) and anticyclonic (lower).
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Figure 16. Shear instability-generated eddy. Vectors are Archiving, Validation and Interpretation of Satellite Oceanographic surface geostrophic velocity anomalies.
The figure sequence in the upper panel shows an anticyclonic eddy (red ring), and the sequence in the lower panel shows a cyclonic eddy (blue ring).

JIET AL 8559



'AND SPACE SCiENCE

Journal of Geophysical Research: Oceans 10.1029/2018JC014196

457N - 3 o T

LATITUDE
o
]
(=]
=

307N

EEDN : " =3 b — e =
140°E 150°E 160°E 170°E 130"
LOMNGITUDE

Figure 17. Eddy trajectories for eddies with lifetimes longer than 50 weeks. The dots and asterisks indicate the generation
and termination points of each eddy trajectory, respectively. The red lines are anticyclonic eddies and blue lines are
cyclonic eddies.

region, cyclonic (anticyclonic) eddies should be found on the northern (southern) side of the
Kuroshio.

2. From the eddy statistical analysis, we found that most cyclonic (anticyclonic) eddies with lifetimes
shorter than 20 weeks are located on the northern (southern) side of the Kuroshio (Figure 14). The rela-
tionship between the eddy size and eddy lifetime shown in Figure 15 demonstrates that the eddy radius
ranges between 40 and 60 km when the eddy lifetime is shorter than 20 weeks. Since the Kuroshio width
is about 100 km and half of the width is the horizontal shear scale (50 km), the radius is therefore the
same scale of the Kuroshio shear scale.

3. From the above two steps, we infer that eddies with lifetimes shorter than 20 weeks and whose sizes are in
the same scale of Kuroshio shear scale are caused by the Kuroshio flow shear.

To further demonstrate this, Figure 16 plots two eddies cases (cyclonic and anticyclonic) generated on the
northern and southern sides of the Kuroshio axis.

The second eddy generation mechanism is the meanders of Kuroshio path. We also make two assumptions to
infer the eddy generation mechanism from the eddy data set:

1. There are two meandering directions for a zonal jet: northward and southward. We assume that if the
meander grows large enough, it will lead to an eddy pinch off, and one should find more cyclonic (antic-
yclonic) eddies in the south (north) of 35°N.

2. From the eddy data set, we find that the eddies with lifetimes longer than 50 weeks have such features:
more cyclonic (anticyclonic) eddies in the south (north) of 35°N in the KE (Figure 17). Again, from the rela-
tionship between the eddy size and eddy radius (Figure 15), eddy size is generally about 100 km when
their lifetimes are longer than 50 weeks.

3. From the above two steps, it can be inferred that most eddies formed from the Kuroshio path
meanders live much longer and have larger sizes than those eddies formed through other
mechanisms.

According to the above discussion, one can see that eddies induced by the flow shear and the Kuroshio
meander are different in terms of their sizes and lifetimes: Eddies induced by the flow shear are smaller
and have short time than those by the Kuroshio meander. It should be noted that the eddies pinching off
the Kuroshio can only happen in the meander Kuroshio. When the flow shear generates eddies, the
Kuroshio cannot stay straight due to the loss of the pressure balance between the two sides of the
Kuroshio and then the Kuroshio path meanders resulting in eddies pinching off the Kuroshio.

Figure 18 shows two cases how meanders of the Kuroshio path evolve into eddies (cyclonic and anticyclonic).
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Figure 18. Eddy generated when a large Kuroshio meander pinches off. Vectors are surface geostrophic velocity anomalies. The figure sequence in the upper panel
shows the creation of an anticyclonic eddy (red ring), and the sequence in the lower panel shows the creation of a cyclonic eddy (blue ring).

The instability caused by the horizontal velocity shear is also known as barotropic instability, in which
the eddy (the disturbance) extracts energy from the mean flow. The meander of the Kuroshio can be
considered as the nonlinear stage of flow instability, which could be caused by either baroclinic instabil-
ity, or barotropic instability, or both. For the baroclinic instability, an eddy extracts energy from the
available potential energy. The available potential energy is stored in the horizontal gradient of the
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where u and v, w are the horizontal and vertical velocities, respectively; b is buoyancy; N is buoyancy fre-
quency; and pq is the density of seawater. Prime denotes the anomaly with respect to the 1-year mean (sea-
sonal signals are removed). The overbar denotes the 1-year mean.

Due to the limit of satellite data, we use the OFES data instead of AVISO to do the EKE evolution analysis. To
verify that the OFES data are consistent with AVISO data, we apply the eddy detection scheme to OFES data
and compare them with results from AVISO data. They show similar patterns as those from AVISO. Please see
the details in Appendix A. From the analysis of 1-year OFES data, we can see that the surface Kuroshio
Current runs along the 35° with oscillation. We use OFES upper layers velocity and density data (depth < 200 m)
to calculate the value of HRS, VRS, and VBF of each layer based on the equations (7)-(9). The vertical integral
and zonal averages are then calculated to obtain the EKE sources varying with latitude; see Figure 19. From
Figure 19, it is obviously that VRS is almost 0, the VBF value always is positive, and HRS is dominant within 1°
away from 35°N. The positive values imply that the eddies withdraw energy from the mean flow. The dominant
HRS shows that the shear instability occurs at the edges of the Kuroshio. The vertical buoyancy fluxes represent
the occurrence of baroclinic instability. The results support our deduction on eddy generation mechanisms.

In summary, the two eddies-generating mechanisms (shear instability and meander instability) can be iden-
tified through different eddy characteristics. The baroclinic instability could also play a role in eddy genera-
tion, but it cannot be confirmed through eddy data analysis since it requires numerical modeling research.
Flow shear generates small and short-lived eddies, cyclonic to the north and anticyclonic to the south of
the Kuroshio mean path, while the Kuroshio meander generates larger and longer-lived eddies, which are
anticyclonic to the north and cyclonic to the south.

JIET AL 8562



'AND SPACE SCiENCE

Journal of Geophysical Research: Oceans 10.1029/2018JC014196

5. Summary

In this study, we applied the eddy geometry-based automated detection scheme developed by Nencioli et al.
(2010) to the altimetry-measured SSHA data in the extended KE region during the period of 1993-2012. We
followed eddies throughout their lifetimes, from generation to dissipation and obtained a data set including
7,574 eddies with lifetimes longer than or equal to 4 weeks. Together with the Argo profiles, the study
advances our understanding of the eddy activities in the KE region from previous studies such as Itoh and
Yasuda (2010), Dong, Nencioli, et al. (2011), and Dong, Liu, et al. (2011): more detailed eddy statistical char-
acteristics, eddy impacts on the stratification, and eddy generation mechanisms.

A statistical analysis showed that the longest-lived cyclonic eddy survived for 142 weeks and the longest-
lived anticyclonic eddy for 160 weeks. This shows that some eddies in the KE region have a very coherent
structure and can persist for more than 2 years. Some eddies had a distribution of sizes that was found to
be well described by the lognormal distribution. Yet its significance remains to be understood. The peak
radius for both cyclonic and anticyclonic eddies was found to be approximately 40 km. The peak values of
the normalized relative vorticity of anticyclonic and cyclonic eddies were equal and opposite, and about
0.1 in magnitude (much less than one unit), implying that they are in approximate geostrophic balance.
Agro floats were collocated with the eddies. The vertical profiles of the temperature and salinity of the collo-
cated floats show that cyclonic (anticyclonic) eddies can cause negative (positive). The normalized eddy char-
acteristics showed that all detected eddies passed through three stages from generation to dissipation,
namely, youth, mature, and old. In the KE region, two potential eddy generation mechanisms were proposed:
horizontal shear instability (barotropic instability) and instability in the path meanders, which is a nonlinear
stage of an instability process. We found that cyclonic (anticyclonic) eddies with lifetime longer than 50 weeks
exist at latitudes equatorward (poleward) of 35°N. However, when the eddy lifetimes are shorter than
20 weeks, the opposite result is observed: Cyclonic (anticyclonic) eddies exist at latitudes poleward (equator-
ward) of 35°N. We further apply an eddy-resolving numerical product to quantitatively analyze the eddy
generation mechanisms.

Appendix A: Eddy Characteristic Analysis with OFES Data

We apply the eddy detection scheme to OFES data and compare them with results from AVISO data; see
Figures A1-A3. They show similar patterns as those from AVISO.

Figure A4 is the latitudinal variation of the number of eddies with lifetimes shorter than 20 weeks: anticyclo-
nic (left panel) and cyclonic (right panel) eddies. And Figure A5 is the eddy trajectories for eddies with lifetime
longer than 50 weeks. Comparing the result with AVISO eddy database, they show similar patterns.
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Figure A1. Histograms of eddy size. (top) cyclone. (bottom) anticyclone. AVISO = Archiving, Validation and Interpretation
of Satellite Oceanographic; OFES = Ocean General Circulation Model for the Earth Simulation.
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