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ABSTRACT: Subthermocline eddies (STEs), also termed intrathermocline eddies or submesoscale coherent vortices, are
lens-shaped eddies with anomalous water properties located in or below the thermocline. Although STEs have been dis-
covered in many parts of the World Ocean, most of them were observed accidentally in hydrographic profiles, and direct
velocity measurements are very rare. In this study, dynamic features of STEs in the Kuroshio Extension (KE) region are
examined in detail using concurrent temperature/salinity and velocity measurements from mooring arrays. During the
moored observation periods of 2004-06 and 2015-19, 11 single-core STEs, including 8 with warm/salty cores and 3 with cold/fresh
cores, were captured. The thermohaline properties in their cores suggest that these STEs may originate from the subarctic front
and the upstream Kuroshio south of Japan. The estimated radius of these STEs varied from 8 to 66 km with the mean value of
~30km. The warm/salty STEs seemed to be larger and rotate faster than the cold/fresh ones. In addition to single-core STEs, a
dual-core STE was observed in the KE recirculation region, which showed that the upper cold/fresh cores stacked vertically over
the lower warm/salty cores. Based on the observed parameters of the STEs, their Rossby number and Burger number were further
estimated, with values up to 0.5 and 1, respectively. Furthermore, a low Richardson number O (0.25) was found at the periphery of

these STEs, suggesting that shear instability-induced turbulent mixing may be an erosion route for the STEs.
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1. Introduction

Subthermocline eddies (STEs), usually characterized by
lens-like structures with nearly homogenous temperatures and
salinities in or below the thermocline, are capable of trans-
porting anomalous water properties far from the formation
regions (Shapiro et al. 1995; Testor and Gascard 2003; Bower
etal. 2013; L’Hégaret et al. 2014). These eddies are also termed
intrathermocline eddies (Dugan et al. 1982) or submesoscale
coherent vortices (SCVs; McWilliams 1985) because of their
small horizontal scales and long lifespans reaching months to
years (Armi et al. 1989). Generally, the lens-like STEs rotate
anticyclonically and have a weak stratification minimum at the
center, and they can retain their water properties for a long
distance. The combination of their anticyclonic vorticity and
weak stratification results in the low values of potential vor-
ticity (PV) within their cores. Except for a few STEs that could
induce sea level anomalies (e.g., Lofoten basin vortices; Yu
et al. 2017; Fer et al. 2018; Bosse et al. 2019), most of them are
difficult to detect by remote sensing due to their small size and
weak signals at the sea surface. In most cases, they are dis-
covered accidentally through hydrological surveys (e.g., Oka
et al. 2009; Rossby et al. 2011), SOFAR or RAFOS floats (e.g.,
Testor and Gascard 2006; Bower et al. 2013), Argo or ice-
tethered profiling floats (e.g., Timmermans et al. 2008; Zhang
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et al. 2015; Li et al. 2017), gliders (e.g., Bosse et al. 2015;
Thomsen et al. 2016; Steinberg et al. 2019), and mooring lines
(e.g., Lilly and Rhines 2002; Zhao and Timmermans 2015;
Zhang et al. 2019). For regions where STEs are frequently
detected, multiplatform observation is the most efficient way to
investigate the entire life cycle (Armi et al. 1989; Hebert
et al. 1990).

STEs have been reported in many parts of the global ocean
(McWilliams 1985, 2016; Kostianoy and Belkin 1989). They are
generally named based on their formation regions and water
mass characteristics, for example, the Mediterranean Water
eddies (Meddies) in the North Atlantic (McDowell and Rossby
1978), the California Undercurrent eddies (Cuddies) in the
northeastern Pacific (Garfield et al. 1999), the KE region
intermediate-layer eddies (Kiddies) in the subtropical North
Pacific (Li et al. 2017), the eddies associated with Red Sea
outflow (Reddies) in the Indian Ocean (Shapiro and Meschanov
1991), and other STEs east of Australia, in the Gulf of Mexico
and in the eastern subtropical South Pacific Ocean (Johnson and
McTaggart 2010; Baird and Ridgway 2012; Meunier et al. 2018).
STEs are suggested to play important roles in transporting
subsurface water masses (e.g., Pelland et al. 2013; Li et al. 2017)
as well as enhancing the thermocline diapycnal mixing through
shear instability (Zhang et al. 2019).

The KE in the North Pacific, where the Kuroshio leaves the
western boundary and flows eastward as a free jet, has long been
recognized as the key to multiscale oceanic processes and air—
sea interactions (Mizuno and White 1983; Yasuda et al. 1992;
Nakamura et al. 2002; Qiu and Chen 2005; Ma et al. 2015). STEs
have been reported in this area in several studies. Although the
earliest case report of an STE in the KE region can be traced
back to the 1990s (Maximenko and Yamagata 1995), STEs have
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FIG. 1. (a) Locations of KESS subsurface moorings (yellow stars) from June 2004 to June 2006 and China sub-
surface moorings (red stars) and buoys (red triangles) from November 2015 to September 2019. The STEs recorded
by K4-K7 and M1 are analyzed in this study. Contours are the long-term mean sea surface height (SSH) between
2004 and 2018. Schematic of the design of the (b) KESS moorings and (c) M1 mooring.

received much less attention than the surface-intensified meso-
scale eddies. Recently, more high-resolution hydrographic tran-
sects and autonomous platforms such as Argo profiling floats and
gliders are becoming available, providing new ways to study STEs
systematically. For example, based on a high-resolution hydro-
graphic survey, Oka et al. (2009) observed an STE with anoma-
lously low PV and high dissolved oxygen south of the KE in the
fall of 2008. The observed properties of this eddy are similar to
those of the North Pacific Central Mode Water (CMW). In the
spring of 2014, two STEs with different features of temperature,
salinity and dissolved oxygen were observed by rapid-sampling
Argo floats in the same area (Zhang et al. 2015). A subsequent
in-depth study based on 14-yr Argo float data statistically in-
vestigated general features of STEs, with a special focus on the
cold-core STEs (Li et al. 2017). The results suggested that the
cold-core STEs in this region originate from the subarctic front
(SAF) through subduction possibly induced by mixed layer
frontogenesis (Spall 1995). Given their geographic distributions
and residence depths, these STEs are named KE region
intermediate-layer eddies (Kiddies for short; Li et al. 2017). Li
et al. (2017) also identified many warm- and salty-core STEs in
the northwestern Pacific, but their origins and associated gen-
eration processes were not conclusively addressed.

Although Argo floats and intensive shipboard hydrographic
surveys have improved our understanding of the characteristics
of STEs in the KE region, there remain data gaps regarding
their velocity structures due to a lack of direct current velocity
measurements. This data shortage is an obstacle to further
understanding the dynamic features of STEs. Hence, we ex-
tend our focus to the velocity structure of STEs using subsur-
face moorings deployed during the Kuroshio Extension System
Study (KESS) project (Donohue et al. 2008), as well as a newly
designed subsurface mooring deployed and maintained by
Ocean University of China, to deepen our understanding of
STEs. In addition to thermodynamic properties, we report the
direct velocity measurement of cold-core and warm-core STEs.
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The two types of STEs identified in this study show evident dis-
parities in their sizes, water mass properties and velocity patterns,
suggesting that they may originate from different places through
different generation mechanisms. In addition, a subsurface dual-
core STE with two vertically aligned temperature/salinity cores is
reported here, apparently for the first time in the KE region. The
rest of this paper is organized as follows. In section 2, we introduce
the data collected by subsurface moorings and the procedure used
to identify STEs and estimate their radius. In section 3, the fea-
tures of STEs observed by subsurface moorings are examined. In
section 4, some dynamic characteristics of STEs are presented.
The possible origin and erosion of the STEs are discussed in
section 5. The summary of this study is given in section 6.

2. Data and method
a. KESS subsurface mooring data (2004-06)

The overall goal of KESS was to identify and quantify the
dynamic and thermodynamic processes governing the vari-
ability and the interaction between the Kuroshio Extension
and the recirculation gyre (the website https://uskess.whoi.edu/
offers a comprehensive program description). The KESS array
included inverted echo sounders with bottom pressure gauges
and current meters (C-PIES), subsurface moorings, Kuroshio
Extension Observatory (KEO) surface buoy and dozens of
Argo profiling floats. The subsurface mooring array, as one
important part of KESS, was designed to measure the time-
varying density and velocity fields with a 4D mesoscale reso-
lution, which was required to determine dynamic balances and
cross-frontal exchanges of heat, salt, momentum, and PV.
Seven subsurface moorings, deployed along a line crossing the
axis of the KE and extending south into the southern re-
circulation gyre, were maintained from June 2004 to June
2006 (Fig. 1a).

The subsurface moorings were equipped with three deep
Aanderaa RCM-11 acoustic current meters at 2000, 3500,
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TABLE 1. Details of the instrument configuration for the M1 mooring.

Instrument Type Quantities Sampling interval Nominal depth
ADCP Workhorse Long Ranger ADCP 2 1h 400 m (Nov 2015-Oct 2017)
500 m (Oct 2017-May 2018)
400 m (May 2018-Sep 2019)
CM Aquadopp-DW/Seaguard-RCM DW 3 30 min 1500 m (Nov 2015-Apr 2016)
1500 m/3500 m/5500 m (Apr 2016-Sep 2019)
CTD SBE 37-SM MicroCAT C-T (P) 4 5 min 400 m/800 m/2500 m/3500 m/4500 m (Nov 2015-
recorder Apr 2016)
100 m/400 m/1500 m/5500 m (Apr 2016-Sep 2019)
T chain SBE 56 temperature logger 15 1 min 150-1400 m (Apr 2016-Oct 2017)

150-1000 m (Oct 2017-May 2018)
150-1400m (May 2018-Sep 2019)

and 5000m and a McLean Moored Profiler (MMP) equipped
with a three-axis acoustic current meter and conductivity—
temperature—depth (CTD) sensor moving between 250 and
1500 m vertically every 15 h. In addition, at approximately 250-m
depth of each mooring, an upward-looking acoustic Doppler
current profiler (ADCP) with a sampling interval of one hour
was mounted to measure the near-surface velocity field (Fig. 1b).
Two-year time series of high temporal resolution temperature,
salinity and current data were obtained. However, due to
the influences of strong currents, only 55% of the data from the
MMPs were retrieved and corrected. It should be noted that the
amplitude of velocity is multiplied by a factor of 4/3 through a
comparison with the other instruments directly above or below
the MMPs (Rainville et al. 2009). In this sense, we primarily use
these data to discuss the qualitative characteristics of the velocity
pattern rather than the precise magnitude.

b. M1 mooring data (2015-19)

Since 2014, China has designed and maintained the Kuroshio
Extension Mooring System (KEMS) with an array of real-time
subsurface moorings and surface buoys between the two crests of
KE meanders, located to the east of the KESS subsurface mooring
array. Following the last cruise in November 2019, there are now
four subsurface moorings (M1, M2, M3, and M4) and two surface
buoys (CKEO and CKEO-A) on site (Fig. 1a). In November
2015, the first subsurface mooring of KEMS (M1) was deployed
at a water depth of ~5600m south of the KE jet at 32.4°N,
146.2°E. M1 was equipped with two 75-kHz WorkHorse ADCPs,
four SeaBird 37-SM CTIDs, three Aquadopp-DW/Seaguard-
RCM current meters, and a chain of SeaBird56 temperature
loggers (see Fig. 1c and Table 1 for details). Each year, a new M1
with instruments of the same specifications replaced the old one.
Until the last recovery, M1 had been maintained for almost four
years and provided intensive in situ temperature/practical salinity
(71S) and current data in the upper 1500 m of ocean.

Here, we focus on the time series recorded by ADCPs and
CTDs above 1500 m depth because temperature loggers did
not provide salinity/pressure information and no STE was
detected by other instruments below 1500 m. Specifically, the
top two CTDs were mounted at 100 and 400 m with a sampling
interval of 5 min. Two ADCPs were mounted at approximately
400 m, with one looking upward and the other downward. The
ADCPs can roughly cover the upper 1000 m, and their sampling
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interval and vertical bin size were set to 1h and 16 m, respec-
tively. Unfortunately, between April 2016 and May 2018, the
downward-looking ADCP was damaged, and the lower 500-m
velocity profiles were lost during this period. Furthermore, the
surface-intensified eddies or KE jet that passed through the M1
pushed the upper part of the mooring system downward, with
most instruments mounted on M1 declining and tilting accord-
ingly. The top two CTDs and two ADCPs exhibited a depth
change of hundreds of meters for several weeks, and pitch/roll
angles of ADCPs could reach 25° during the extreme knock-
down events (marked by colored lines on the top of Fig. 2),
which resulted in 15% data gap in the upper 1000-m velocities.
Although the surface flow information was missing, the sub-
surface currents were continuously recorded (Fig. 2).

In this study region, the local inertial period is ~22 h, and the
semidiurnal and diurnal tides have a typical velocity magnitude
of 6cms™ L. All the data were therefore filtered by a fourth-order
Butterworth low-pass filter with a cutoff frequency of 0.5 cpd
(period of 2 days) to remove high-frequency motions such as
tides and inertial gravity waves. The daily averaged data after
quality control and low-pass filtering are used in the following
analyses.

c. Other datasets

In addition to subsurface moorings, data from Argo floats
(Argo 2000) in the domain of 25°-45°N, 135°~165°E, from June
2004 to June 2018 were used to augment the characterization of
STEs. After removing the Argo floats with low-quality salinity
data, a total of 884 floats were finally used in the following
analysis. Besides, the World Ocean Atlas (WOA13) climatol-
ogy of temperature and salinity (Locarnini et al. 2013; Zweng
et al. 2013) were also used as the background field to identify
candidate STEs.

The gridded daily sea surface height (SSH) and absolute
surface geostrophic velocity with a spatial resolution of 1/4°
from the delayed-time, merged, global ocean gridded absolute
surface dynamic topography are used along with the absolute
geostrophic velocities produced by the Data Unification and
Altimeter Combination System (DUACS) and distributed by
Archiving, Validation, and Interpretation of Satellite Data in
Oceanography (AVISO) (https://www.aviso.altimetry.fr/). The
altimetry data aid in excluding the “false’” STEs that resemble
surface-intensified eddy signals in the following subsection.
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FIG. 2. Depth—time plot of (a) zonal velocity, (b) meridional velocity, and (c¢) temperature
after 2-day smoothing from November 2015 to September 2019 by M1. Velocities measured by
current meters at 1500, 3500, and 5500 m are denoted as colored line segments. Black lines in
(c) are isotherms of 15°, 10°, and 5°C. The periods when surface (subthermocline) eddies cross
M1 are indicated by blue (red) lines on the top of the figure. Note that there are no data for the

damaged downward-looking ADCP between April 2016 and May 2018.

d. Identifying STEs

Considering the significant difference in 7/S and PV be-
tween STEs and the surrounding waters, the potential
temperature/salinity anomaly (7,/S,) and low PV are used
to identify the candidate STEs. All temperature data were
converted into potential temperature 6, and the 6/S values
were then interpolated onto isopycnals from 25.00¢ to
27.50¢ with an interval of 0.050,. The T,/S, values were
calculated by subtracting the mean /S from each profile. We
used two approaches to obtaining the mean 6/S profile fol-
lowing Li et al. (2017): 1) from the WOA13 climatological
0/S profiles spatially interpolated into the corresponding
location of mooring or Argo floats; 2) from averaging the
nearby 6/S profiles 5 days (10 days) before and after the STE
event for mooring (a single Argo float).

Assuming that lateral density gradients are weak, the Ertel
PV can be written as follows (Ertel 1942):

PV=ow N—2 ~ i%, 1)

“8 pyz

where w, is the absolute vorticity, N is the buoyancy frequency,
g is the gravitational acceleration, fis the Coriolis parameter,
po = 1030kgm ™ is the reference seawater density, and o is
the potential density relative to the sea surface. Although
KESS and M1 moorings provided velocity profiles, the prop-
agation speed and path of an STE was unknown at the detec-
tion stage. The relative vorticity was neglected due to the lack
of the horizontal gradient of STE velocities. However, the
anticyclonic vorticity of an STE can have a comparable mag-
nitude of f and may lead to the overestimation of PV. The PV
anomalies are also calculated by subtracting the mean PV from
each profile, as the same to the above procedure for 7,/S,
computation.
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Following the recent work by Li et al. (2017), the criteria
listed below were used to identify the STEs based on moored
data in the KE region:

1) local minimum or maximum S is between oy = 25.9 and
27.1kgm > with an anomaly S, exceeding 0.15 psu;

2) the depth of the S, maximum is below the mixed layer;

3) the thickness of S, continuously exceeds 150 m; and

4) low PV is centered within the depth range of S,.

After identifying all candidate STEs using the above criteria,
it is helpful to double-check the SSH fields because the
anomalous properties in the candidate STEs can result from
advection by surface-intensified mesoscale eddies or from
shifts in the KE jet. Therefore, a visual inspection was per-
formed to ensure that there were no concurrent surface-
intensified mesoscale eddies and/or KE jet within 100 km of
each candidate STE; otherwise, the candidate STEs and asso-
ciated 7/S profiles were not taken into consideration.

e. Estimating the radius of STEs

The precise estimation of eddy radius is a prerequisite to in-
vestigating the dynamic features of STEs. Here, the moored
current velocity measurements were used to estimate the radius
of STEs. For each mooring-observed STE event (see section 2d),
its corresponding velocity fields generally exhibit an eddy pat-
tern with two maxima in the time series. The elapsed time 7, and
thickness H of an STE are determined using the velocity contour
with a magnitude of 0.3 times the velocity maxima. This criterion
was used because it can completely extract the STE signals from
the background flow. Then, we selected a key section of the
velocity field V within H during the period from 7, — 5 to
T, + 5 days (as shown in Figs. 3a,b).

According to Lilly and Rhines (2002) and De Jong et al.
(2014), the Rankine eddy is a good model with which to depict
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FIG. 3. Depth-time plot of (a) zonal velocity and (b) meridional velocity from K6. The black rectangle is the key
section V with the elapsed time 7, and the thickness H, according to the peak total velocity times 0.3 (black
contour). (c) The swirl velocity vectors Vgrg. The blue and red vectors are the two maxima, as in (d). The dots in
(d) are mooring positions relative to the STE center. The gray dashed line is the possible path from the blue vector

to the red vector.

the velocity structure of ocean eddies. This eddy model has a
core in a solid body rotation, and its azimuthal velocity is de-
fined as follows:

@

where r is the distance to the eddy core and R is the eddy radius
with maximum azimuthal velocity V... The entire radial com-
ponent of velocity is zero so that the velocity vector at any point
is perpendicular to the radius of that point. In this way, we can
mark the position of each velocity vector in the eddy model using
the time series of the swirl velocity of STEs Vsrg (Fig. 3d). Here,
the Vgt was obtained by subtracting the background velocity
V,, from the original velocity V. The V, was estimated by av-
eraging V between 7, — 5 and T, + 5 at each depth. Note that
each position in the eddy model was also the distance between
the mooring and the eddy center at that moment. The possible
path by which the STE crossed the mooring, therefore, can be
deduced by linking these positions in chronological order.
Next, we use two adjacent positions, r; and r;,; from the
eddy center, based on the above path to calculate R (Fig. 3d).
Given that the horizontal scales of STEs or SCVs are smaller
than the first baroclinic Rossby deformation radius, their
propagations are primarily caused by the background flow
advection (McWilliams 1985). Assuming that an STE was ad-
vected through the mooring by background flow, the distance
(d;) between the two adjacent positions can be approximately
derived by |V,| times the time interval (¢; i.e., 15h for KESS
mooring and one day for M1 in this case). With the angle w;
between r; and r;11, R can be yielded by the law of cosine:
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where £ is the number of positions on this path. We can obtain
k — 1 estimates for R by using all positions. For the case in
which k£ > 2, the arithmetic mean was considered as the final
radius R, and the standard deviation of these estimates was
defined as the uncertainty.

3. Observed features of STEs

In this section, we report direct observations from KESS and
M1 moorings to present the velocity pattern and the 6/S properties
of STEs. Based on the STE identification procedure described in
section 2d, nine single-core STEs were detected using KESS
moorings during the 2-yr observation period, including three cold-
core STEs (C1, C2, and C3) in K5 and K6 in 2004 and six warm-
core STEs (W1-W6) in K4, K5, K6, and K7 from December 2004
to January 2006. Two warm-core STEs (W7 and W8) were cap-
tured by the M1 mooring in March 2016 and August 2018. In
addition, a dual-core STE (D1) was captured by M1 in May 2017.
Other moorings (K1, K2, K3, M2, and M3) located near the KE
axis or farther north did not capture any STEs.

a. STEs observed by KESS moorings

Figure 4 shows the time—depth plots of 77/S and velocity for a
cold-core STE (C1) captured by the mooring K6 in July 2004.
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FIG. 4. Depth-time plot of (a) in-site temperature 7, (b) salinity S, (c) zonal velocity U, and (d) meridional
velocity V containing a cold-core STE (C1) from K6. The contour intervals for 7, S, U, and V are 1°C, 0.1 psu, and
0.2ms" !, respectively. The thick white lines in (a) and (b) denote isolines of 8°C, 10°C, and 34.0 psu. The velocities
in (c) and (d) are the surface geostrophic currents derived from the altimetry data.

A homogenous lens-like structure with cold and freshwater
was found between 520 and 800 m from 2 to 5 July (Figs. 4a,b).
Corresponding to the 7/S anomalies, a concomitant STE ve-
locity pattern can be seen from the depth—time distribution of
velocity (Figs. 4c,d). At the lens periphery, Viay is 0.47ms ™1,
which is larger than the background velocity magnitude
(IVs] =0.31ms™"). In particular, the meridional component

of velocity reverses direction as the center of the lens crosses

the mooring, while no similar signals can be seen at the sea
surface. Based on the above phenomena, this lens-like struc-
ture is indicative of a typical cold-core STE.

Figures 5a and 5b show the T, and S, calculated on the
isopycnals, respectively. The results indicate that high 7, and
S, values mainly occur between 26.10y and 26.40, with highest
values up to —2.63°C and —0.57 psu, respectively, at ~26.30
(Figs. 5a—c). The 6/S contrast between the STE and surrounding
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TABLE 2. STEs observed by KESS and M1 moorings. Here, T, is the elapsed time; 7,/S,, is the potential temperature/practical salinity
anomaly within the STE core; H is the thickness; R is the radius estimate; V ,,,y is the maximum swirl velocity; V,, is the magnitude and
direction of background flow; N? is the squared buoyancy frequency averaged over H within the STE; PV, is the potential vorticity

anomaly; Ro is the Rossby number; and Bu is the Burger number.

N PV,
Te Ta Sa H R Vmax Vb (572) (m71 Sil)

Mooring 1D Date (h) (°C) (psu) (m) (km) (ms™h) (ms™Y) (x107%) (x107%) Ro Bu
K6 C1  Jul 2004 90 —-2.63 —0.57 280 265 =*11.8 0.47 0.31 (—155°) 0.34 —2.94 0.45 0.45
K5 C2 Aug2004 45 -253 —-055 180 20.3 0.33 0.40 (—43°) 1.10 =272 041 0.32
K5 C3 Sep2004 60 -—2.17 —048 220 17.3 0.43 0.40 (—83°) 13.0 -1.71 0.63 0.66
K5 W1 Dec2004 135 +1.18 +0.21 500 38.9 *22.8 0.64 0.23 (—78°) 3.83 -1.93 0.42 0.67
K6 W2 Aug2004 45 +0.35 +0.07 170 8.3 0.29 0.27 (—168°) 12.4 —1.78 0.89 1.71
K4 W3 Jun2005 165 +0.92 +0.14 820 34.0 £155 0.67 0.22 (—56°) 3.70 -1.78 050 2.37
K5 W4 Oct 2005 225 +0.46 +0.10 520 66.9 * 26.6 0.85 0.29 (—=71°) 3.24 -1.96 032 0.25
K6 W5 Jan 2006 210 +0.92 +0.15 690 155 *123 0.70 0.06 (—16°) 1.06 -2.37 1.15 8.07
K7 W6 Jan 2006 240 +1.24 +0.21 680 44.1 £25.7 0.88 0.19 (—137°) 8.61 -1.87  0.51 097
M1 W7 Mar 2016 258 +0.82 +0.13 >600 35.9 * 18.0 0.55 0.08 (—119°) 1.42 -126 039 1.14
M1 W8 Aug2018 555 +0.67 +0.15 >600 30.7 = 19.0 0.89 0.03 (—67°) 3.04 -1.84  0.74 1.56
M1 D1 May2017 96 +}ié +8i; >;88 38.3 = 28.6 0.64 0.08 (—90°) gg 7?23 0.43 1.00

waters is greater than the results reported in Zhang et al.
(2015), who discovered a cold-core STE with a maximum 7,/S,
of —1.95°C/—0.34 psu. The homogeneity of the 6/S properties
of the STE is reflected in a relatively low PV between 600
and 720 m (Fig. 5d). The other two cold-core STEs (i.e., C2
and C3) share similar features with C1, and the details are
shown in Table 2 and Figs. S1 and S2 in the online supple-
mental material.

In addition to cold-core STEs, the KESS mooring array also
captured six warm-core STEs. Here, we take the warm-core STE
(W1) captured by K5 in December 2004 as an example to show
the features of these STEs. STE W1 was located between 560 and
1060 m, and it took ~5 days to cross the mooring (Figs. 6a,b). The
H and T, values were higher than those in the cold-core STEs,
which may indicate a larger horizontal scale for the warm-core
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FIG. 6. Asin Fi
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STEs. The eddy pattern can be clearly seen from the depth-time
variation of velocity, which was first southwestward and then
shifted to northeastward (Figs. 6c,d). The V., of STE W1 was as
large as 0.64 ms ™! (Fig. 6¢). The anomalous water mass of W1 was
located between 26.40 and 26.707 (Figs. 7a,b), and the largest 7,
and S, reached +1.18°C and +0.21 psu at 26.70y, respectively
(Fig. 7c), which are similar to the warm/salty STE reported by
Zhang et al. (2015). The other five warm-core STEs (W2-W6)
have the similar features as W1, and the details can be found in
Table 2 and Figs. S3-S7.

b. General features of current and temperature
observed by M1

Similar to the KESS moorings, the STEs were also captured
by the mooring M1. South of the KE axis, the currents are

(pSU)3 48

34.6
34.4
34.2
34.0

ut for a warm-core STE (W1) from K5. The thick white lines in (a) and (b) are isolines of 7°C,

11°C, 34.2 psu, and 34.4 psu, respectively.
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FIG. 7. As in Fig. 5, but for a warm-core STE (W1) from KS5.

largely modulated by mesoscale rings shed by the Kuroshio
meanders. During the observation period, three cyclonic me-
soscale rings passed M1 in 2016, 2017, and 2018 (Fig. 2). Due to
the strong currents associated with the mesoscale rings, the
upper part of the M1 mooring system significantly tilted
(marked by colored lines on the top of Fig. 2), which resulted in
missing data for both ADCPs and temperature profiles in the
upper 500 m. Based on the 4-yr ADCPs and temperature chain
collected by mooring M1, we identified three STEs with cer-
tainty in March 2016, May 2017, and July—August 2018. The
corresponding migration of the STEs shows strong currents
with reversed directions below the thermocline (Figs. 2a,b). In
the following, we described detailed features of a warm-core
STE (W7) and the dual-core STE (D1). The details of the other
warm-core STE (W8) captured by M1 can be found in Table 2
and Fig. S8.

c¢. A warm-core STE in March 2016

In March 2016, a warm-core STE (W7) was captured by M1.
Similar to the warm-core STE captured by KESS moorings, the
observed velocity displays distinct maxima as the STE crosses
the mooring (Fig. 8a). The V.« value of the STE W7 is
0.55ms™ !, which is similar to that observed by the KESS
moorings. The meridional velocity continued southward dur-
ing the period of W7 (Fig. 8b), suggesting that it was the right-
hand side of the STE that passed the mooring due south.
Hence, we deduce that the crossing path is a chord rather
than a diametrical axis of the circular STE.

The mooring system was pushed down by strong currents of
this STE, with ADCPs and CTDs falling down almost 400 m
(Fig. 8c). Referring to the T, and H values derived from the
current data, the positions of the two CTDs relative to the STE
center during the STE passage can be roughly determined
(gray shading in Fig. 8c). The maximum 7, and S, during the
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STE passage reached +0.82°C and 0.13 psu, respectively, at
26.90 (Fig. 8d). These anomalous values are lower than those
of the warm-core STE observed by KESS. This difference may
be attributed to the chord path of M1 during the W7 crossing,
while the path of K5 was likely along the STE diametrical axis.
More details on mapping the possible paths of STE passages
across moorings are given in section 4.

d. A dual-core STE in May 2017

As described in section 2, only the upward-looking ADCP
on M1 at 400-m depth was available between April 2016 and
May 2018, which, under normal conditions, cannot capture the
STEs that are generally located below 400 m. However, the M1
mooring system experienced an extremely large knock-down
event between 25 April and 25 May 2017. In particular, the
ADCEP descended from 400 to 1000 m (Figs. 9a,b), while two
SBE 37-SM CTDs descended from 100 to 800 m and from 400
to 1100 m, respectively (Fig. 9c). A careful examination of the
SSH field indicates that neither the surface-intensified eddy
nor the KE jet crossed or came close to M1 (Fig. S9). We thus
conclude that the strong currents associated with an STE
during this period pushed the ADCPs and CTDs of the M1
mooring system to fluctuate over a depth range of 700 m. The
dynamics of M1 was assessed using Mooring Design and
Dynamics (MDD) software (Dewey 1999) and validated by
comparing the modeled deepening of the mooring to the
pressure sensor records of CTD probes. Based on the real
configuration of the mooring M1 and the velocity time series
recorded by ADCPs and current meters, the entire process of
this knock-down event was simulated successfully (Fig. 10).
The maximum modeled deepening reached ~400m, which
confirmed that subsurface velocities associated with the STE
could cause the great vertical displacement of M1 (Fig. 10a).
The ADCP data reveal an eddy-like flow pattern (caused by
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FIG. 8. Depth-time plots of (a) zonal velocity U and (b) meridional velocity V measured by ADCPs in March
2016. The contour interval is 0.2ms ™. (c) Depth of two CTDs as a function of time. CTDs in (out of) the rect-
angular gray box are regarded as being inside (outside) of the STE (W7) shown with red (blue) lines. (d) 6-S
diagrams derived from the two CTDs. The red (blue) dots are 6/S values inside (outside) of the STE (W7). The
black dashed line and the gray dots are derived from the WOAI3 climatology in March and nearby Argo floats

(ID: 2902453), respectively.

STE passage) between 500 and 1000 m, with a Vi, value of
~0.64ms~ ! and current directions reversing twice (Figs. 9a,b).
The possible migration direction of this STE (i.e., D1) was
northward according to the flow pattern. The northward mi-
gration of STE D1 is also confirmed by the trajectory of a
nearby Argo float (Fig. 11a).

The most striking feature of the STE D1 is that it has two
subsurface cores, with the upper cold/fresh core between
26.00y and 26.40( and the lower warm/salty core between
26.50¢ and 27.10¢ (Fig. 9d). The upper cold core is relatively
thinner, with a thickness of ~100m, but its 7,/S, is large and
reached —1.31°C/—=0.31 psu at 26.20. In contrast, the lower
warm core is much thicker (at least 500 m) but with a weaker
TS, of +1.18°C/+0.19 psu at 27.00(. This newly discovered
dual-core STE is different from the previously reported
double-core vortices (also called double-thermostad eddies),
most of which being surface-intensified eddies containing a
subsurface lens (Itoh and Yasuda 2010; Itoh et al. 2011;
Meunier et al. 2018; Belkin et al. 2020).

To further demonstrate the robustness of the moored ob-
servations, the data from all Argo floats in the vicinity of M1
during that period are here analyzed. Fortunately, an Argo
float (ID: 2903181) observed similar anomalous 77/S profiles for
two months (starting on 19 April) while this float was trapped
inside STE D1 (Figs. 11a and 12). Temperature and salinity
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were sampled every 5 days by the float, and 11 anomalous
profiles were eventually obtained by this Argo float inside the
STE. The dual-core structure of this STE persisted during that
period (Fig. 12). The shape of the 6/S distribution super-
imposed on the 6—S curves is identical to our observations from
the mooring data (Fig. 9d). Based on all available Argo floats
from 2004 to 2018 in the KE region (including 74041 vertical
profiles), we obtained 22 profiles that captured dual-core STEs
from five floats (Fig. 11b). In addition to the dual-core STE D1
in 2017 mentioned above and another STE found by a float
(ID: 2900668) in 2007, three floats (ID: 2900142, 2900146, and
2900149) deployed by the KESS project might have captured
the same dual-core STE successively between 2004 and 2005.
To the best of our knowledge, this is the first report of this type
of special dual-core STE in the KE region.

4. Radius and velocity structure of STEs

Following the method described in section 2e, the Vgrg time
series at the depth of Vi, was selected during 7, and the
possible mooring path for each STE (in Table 2) was deter-
mined, as shown in Fig. 13. Here, we only focus on the move-
ments within the interior eddy core (<R) and intercept Vsrg
values from two maxima, which indicated the moorings’ first
touch with and final departure from the STE. Except for three



448

-08-06-04-02 0 02 04 06 0.8

ms™ "
= Yo VN
E 400 § el
e
3 3
o 800 . 8
- (a) =
1200 o
=
= o
E 400 o4
= £
S 800 B
Qo o
1200 b=
: s
o o
E 400
S
o 800
(]
ES (€3] (€3] [6)] (@)] [@)]
A
[9)] e ~l N (0¢] N

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 51

167
* inside STE
* outside STE .
14751 o Argo
WOA13

12

342 344 346

Salinity (psu)

F1G. 9. Asin Fig. 8, but for the dual-core STE (D1) from M1 in May 2017. The gray dots in (d) are 6/S measurements
from an Argo float (ID: 2903181) during the STE passage.

warm-core STEs events for which the position of the mooring
relative to the passing STE is unknown, there is a good con-
sistency between the mooring path and the direction of V,,
supporting the hypothesis that translation of STEs is primarily
caused by the background flow advection. In most cases, the
negative meridional component of V,, advected STEs south-
ward, and the mooring would enter at their southern part and
leave at their northern part.

Next, we estimated the radius of STEs using Eq. (3), and the
results are listed in Table 2. As can be seen from the outlines of
STEs in Figs. 4 and 6 and Figs. S1-S7, the warm-core STEs
have a greater radius, with maximum R reaching 66.9 =
26.6 km, while the maximum R of cold-core STEs is only 26.5 =
11.8 km. It should be noted that because the background ve-
locity profiles are not available for the dual-core STE in M1
due to missing ADCP data below 400m, we use the mean
drifting speed (0.08ms™!) of the nearby Argo float (ID:
2903181) as V,, instead. The parking depth of the Argo float is
1000 m so that V, is somewhat weaker than the real back-
ground flow, which may lead to underestimation of the dual-
core STE radius. Lilly and Rhines (2002) proposed a radius
estimation method for SCVs using current meters from a
mooring in the Labrador Sea. The major difference is that they
used half the distance as the ‘“‘apparent radius” given by
background velocity times the SCV duration. If the mooring
does not pass through the eddy core, this apparent radius will
be less than the “real radius.” Our method provides a direct
estimation of the real radius no matter how eddies passed
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through the mooring, although there remained uncertainty due
to the lack of real STE translation velocity and/or a real
eddy model.

We further compared the STE radius with the internal
Rossby deformation radius in this region. According to Dewar
and Meng (1995), the radius of an STE can be estimated by the
internal Rossby deformation radius, denoted by R

_NoH,
I
where N is the background buoyancy frequency at the STE
depth (approximately 0.005s™"), H is the typical thickness of
STEs (200m for cold-core STEs and 600 m for warm-core
STEs), and fis the local Coriolis parameter. The estimated R,
ranges from 13 to 38 km, which is generally within the magni-
tude scope of the above-calculated R.
The eddy Rossby number and Burger number of each STE
(Table 2) are defined as follows:

4 - (Y
f R )"

where { is the vertical relative vorticity [=(1/r)d(rVstr)/0r]
in cylindrical polar coordinates. Ro has an averaged value of
~0.5, which means that the centrifugal force plays an impor-
tant role in the momentum balance. The values of Bu range

from 0.25 to 8.07, with a median value of 0.97. Generally, most
of the Bu values fall within the range of a theoretically stable
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condition (0.05-1) for sustaining an STE (McWilliams 1985),
which has been verified in sufficient observations for different
types of SCVs in other areas. For instance, in the eastern
North Pacific Ocean (Bower et al. 2013; Pelland et al. 2013;

Steinberg et al. 2019), North Atlantic Ocean (Pietri and
Karstensen 2018) and Mediterranean Sea (Testor and Gascard
2006; Bosse et al. 2016), all these SCVs have in common Ro/Bu
values from O(0.1) to O(1) even though they are distributed at

40°N 40°N
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A A £ .
Ao |
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soeN T 1D: 2300146 5
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A
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FI1G. 11. (a) Locations of all Argo floats (triangles) in the yellow rectangle (5° X 5°) between April and June 2017. The
solid triangles denote the profiles within the dual-core STE derived from the Argo float (ID: 2903181). The gray dashed
lines and black lines are the long-term mean SSH field and the 120-cm contour averaged within this period, respectively.
(b) Locations of Argo floats (triangles) that succeeded in capturing the dual-core STE between 2004 and 2018. The gray
dashed lines and black lines denote the mean SSH field and the 120 cm contour, respectively, between 2004 and 2018.
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various depths with various sizes and water mass properties.
The above results demonstrate that all three types of the ob-
served STEs in the KE region are typical SCVs, supporting the
previous argument for the water mass properties and dynamic
characteristics of Kiddies based on Argo measurements
(Zhang et al. 2015; Li et al. 2017).

5. Discussion on the possible origin and erosion of STEs
a. Possible origin regions

Typically, the STEs observed here have low-PV cores
compared to the background PV, although some SCVs with
high PV (positive ¢) have been found recently (Marez et al.
2020; Zhang et al. 2021). Based on the impermeability theorem
(Haynes and Mclntyre 1987), the net transport of PV could
hardly cross the isopycnic surfaces in the absence of diapycnal
mixing. Hence, the low PV of an STE must be created between
two given isopycnic surfaces through nonconservative or dia-
batic processes. This extreme PV anomaly of the STE is most
likely generated at the boundaries rather than in the interior
ocean. At the sea surface, deep convection in winter provides a
PV destruction source or PV sink by reducing stratification,
which is very common in the Mediterranean (Testor and
Gascard 2006; Bosse et al. 2016). Thomas (2008) used a high-
resolution numerical simulation to examine another mecha-
nism for the destruction of PV by wind-driven friction in the
frontal outcropping isopycnals. Below the surface, the PV
source caused by the flow—topography interaction may play an
essential role in the generation of STEs (Molemaker et al.
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2015; Gula et al. 2019; Srinivasan et al. 2019; Zhang et al. 2020).
The Cuddies, for instance, have been demonstrated to be formed
by the interaction of the California Undercurrent with complex
topography (Pelland et al. 2013; Molemaker et al. 2015).

After generations, the STEs usually move along isopycnals
by conserving their water mass properties to a large extent;
thus, their origins could be inferred from 6 or $ distributions on
specific isopycnals (Bower et al. 2013; Zhang et al. 2015). Here,
we did not use salinity as a tracer because the temperatures
within observed STEs were colder than 10°C. This condition
suggested that the STEs may originate from beta oceans
(Carmack 2007), where the density is dominated by salinity and
the temperature is relatively conservative. As mentioned
above, the cold-core STE captured by KESS moorings and the
upper part of the dual-core STE captured by M1 have T,
minima at approximately 26.2¢, while the warm-core STE and
the lower part of the dual-core STE captured by M1 have T,
maxima at approximately 26.9c0. Figure 14a shows that the
cold-core STEs may originate from the SAF region, which
agrees with the conclusion of Zhang et al. (2015) and Li et al.
(2017). Therefore, these cold-core STEs can be generated
through subduction processes in the wintertime mixed layer as
proposed in previous studies (Oka et al. 2009; Li et al. 2017).
The origin of warm-core STEs, however, is still not clear at this
stage. One possible origin of the warm-core STEs can be traced
back upstream along the Kuroshio to the south of Japan
(Fig. 14b). Typically, the Kuroshio crosses over the Izu Ridge
before flowing into the KE region. Similar to the bottom bound-
ary layer processes in the Gulf Stream, submesoscale vortices and
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FIG. 13. Azimuthal velocity of each STE listed in Table 2 and the possible path (black
dashed line in the cycle). The origin in the cycle denotes the center of each STE and the
number 0 (90) on the right (top) side of the cycle represents the east (north) direction. Dots in
the cycle are mooring positions relative to the STE center with colored vector corresponding
to the swirl velocity of STE (Vgsrg) at different time. The gray vector in the origin of each
cycle is V.
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filaments could be generated by velocity shear associated with the
ridge or continental shelf and gradually organize into STEs
through horizontal merger or vertical alignment (Srinivasan et al.
2019). Based on a submesoscale-resolving simulation, Gula et al.
(2019) revealed that the Gulf Stream interacts with the Charleston
Bump to form STEs in the wake of the Bump. Armi (1978)
studied vorticity formation by weaker deep western boundary
currents in a weakly stratified environment and showed that this
mechanism could generate STEs with warm and salty water. The
destruction of PV caused by the lateral/bottom friction is gener-
ally not as severe as that caused by convection, which can reduce
the water stratification to almost zero (Bosse et al. 2016).

For the dual-core STE, as shown in Fig. 14, the 6 contours of
the two centers are disjointed in the northwestern Pacific, im-
plying that it is impossible to generate this type of STE with
two distinct cores at the very beginning. It should be noted that
some Meddies do have two cores in the vertical direction, but
they share similar warm and salty water properties both from
the Mediterranean outflow. While this particular 6/S distribu-
tion of a dual-core STE with two different water properties
could not be found in any single origination in the KE region.
Griffiths and Hopfinger (1987) proposed the possibility that the
anticyclonic vortices of different densities have a tendency to
align in a stratified rotating fluid. In other words, a cold-core
STE may have come above a warm-core STE with the same
rotation direction and have subsequently formed a single
vortex. However, due to the small scales of STEs, we cannot
assess the probabilities of such coalescence base on limited
observations of STEs. Very high-resolution model simulations
may be needed to address this issue.

b. Possible erosion process

The STEs conserve the interior water properties during their
migration by virtue of PV barrier to restrict the exchange and
diffusion with surrounding waters for a long time. Understanding
the process of STE erosion may be beneficial for quantitatively
estimating the salt, heat, nutrient, and oxygen transport along
paths far from their origins. Some studies have argued that the
near-inertial waves could be trapped by the mesoscale or sub-
mesoscale eddy and near-inertial energy may be focused to in-
crease the dissipation levels at the bottom of an eddy (Lueck and
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Osborn 1986; Fer et al. 2018; Zhang et al. 2018; Ferndndez-Castro
et al. 2020; Lelong et al. 2020). A recent study based on moorings
revealed that shear instability was greatly enhanced by an STE in
the western equatorial Pacific, which led to a significant en-
hancement in diapycnal mixing (Zhang et al. 2019). Based on
rough energetics analysis, Zhang et al. (2019) further proposed
that the turbulent dissipation caused by the STE-induced shear
instability may be an important erosion mechanism for STEs.

In Fig. 15, we illustrate the velocity shear variance (§* =
|ou/az)* + |av/az|*), where u and v are the zonal and merid-
ional velocities, respectively, during the warm-core STE at
MI1. In the upper periphery of the STE, the S° is enhanced
and its maxima reaches 10"*m~'s™'. Although no moored
data are available to derive the stratification, we estimate
the Richardson number (Ri = N*/5%) based on one N profile
derived from an Argo float (ID: 2902453), which shares the
same 6/S properties in the STE (Fig. 8d). The result shows
that upon approaching the STE, Ri begins to decrease and in
some instances decreases below 0.25, suggesting the po-
tential occurrence of shear instability (Fig. 15d). Examining
the shear spectrum revealed that the shear variance is pri-
marily dominated by the subinertial and near-inertial com-
ponents (figure not shown). To investigate whether the
subinertial shear associated with the STE alone can induce
shear instability, as found by Zhang et al. (2019) in the
western equatorial Pacific, we then calculated the subinertial
(near-inertial) shear using a fourth-order Butterworth low-pass
(bandpass) filter with a cutoff frequency of 0.75f (0.75f-1.25f),
where fis the local inertial frequency. The results show that if Ri
is calculated using only the subinertial or near-inertial shear, it is
much larger than 0.25. The above findings suggest that the strong
subinertial shear of the STE may favor internal wave breaking to
induce shear instability, which can indirectly enhance the dia-
pycnal mixing. This mixing mechanism may provide a possible
route for erosion of STEs.

6. Summary

In this study, the kinematic and dynamic characteristics of
the STEs in the KE, which were named Kiddies in the previous
Argo-based study (Li et al. 2017), are investigated for the first
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FIG. 15. Depth-time plots of (a) original, (b) subinertial, and (c) near-inertial S during the warm-core STE crossing of M1. (d)—(f) As in
(a)—(c), but for the Ri value. The black dots in (d) are Ri values less than 0.25. The green contours are the absolute velocity larger than
0.2m s ! with an interval of 0.1 ms™*. All values are shown on a logarithmic scale.

time using concurrent moored 77§ and velocity observations. The
cold-core STEs generally have smaller volumes, lower swirl
speeds and stronger 6/S and PV anomalies compared with the
warm-core STEs. The cold-core STEs may originate from the
subarctic front by subduction and/or vertical motions associated
with frontal meanders into the subsurface, while the warm-core
STEs could be generated through friction with the topography in
the upstream region of Kuroshio south of Japan. A dual-core
STE, with the two cores containing contrasting 6/S properties, was
detected in May 2017 by the M1 mooring. The upper (lower) cores
were similar to the cold-core (warm-core) STEs, with a thick-
ness of approximately 190m (400m) and T7,/S, reaching
—1.31°C/=0.31 psu (1.18°C/0.19 psu). Nevertheless, only one
maximum swirl speed was found in the velocity structure, imply-
ing that the dual-core STE rotates as a whole vortex rather than
two vortices. Based on current observations from the moorings, a
diagnostic method is proposed to estimate the STE radii and its
possible paths when crossing the mooring. The results show that
the radius estimations based on observed currents are to some
extent larger than those calculated by 6/ profiles, with the max-
imum R reaching ~60 km. According to their thermohaline fea-
tures and the high Rossby number (~0.5) and O(1) Burger
number, these STEs can be considered as submesoscale coherent
vortices. The low Richardson number on the upper periphery of
STEs suggests that the shear instability could induce turbulent
mixing, which may be an erosion route for the STEs. The detailed
generation and erosion mechanisms of the STEs in the KE region
needs to be further studied in the future based on more high-
resolution observations and model simulations.
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