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The North Pacific Subtropical Countercurrent (STCC) region has high
mesoscale eddy activities due to its complex circulation structure. This study
divides these mesoscale eddies into four types: cyclonic cold-core eddy (CCE),
anticyclonic warm-core eddy (AWE), cyclonic warm-core eddy (CWE), and
anticyclonic cold-core eddy (ACE) according to the rotation direction of the
eddy flow field and the sign of average temperature anomaly within the eddy
after spatial high-pass filtering. CCE and ACE are called normal eddies, while
CWE and ACE are named abnormal eddies. Using eddy-resolving model data
(OFES), this work finds that the abnormal eddy phenomenon mainly occurs in
the ocean'’s upper layer. The eddy number proportion for CCEs, AWEs, CWEs,
and ACEs at the sea surface is 35.60, 32.08, 12.95, and 19.37%. The
corresponding average radius is 79.14 + 3.7, 83.34 + 3.75, 73.74 + 4.14, and
79.46 + 3.89 km, respectively. Each type of eddy’s average amplitude is about 3
cm. Regarding the eddy average eccentricity, the four types of eddies have very
close eccentricities, with a range of 0.73 ~ 0.76. If the types of eddies are not
distinguished, the eddies generated north of 21°N tend to move southward,
while eddies generated south of that latitude tend to move northward. The
depth of CCEs, AWEs, CWEs, and ACEs with average eddy nonlinearity larger
than one is concentrated in the ocean’s upper layer at 109.0, 116.0, 159.0, and
52.0 m, respectively. This study deepens the understanding of the spatial
distribution characteristics of mesoscale eddies in the STCC region.
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Introduction

Previous studies on satellite altimeter data show two bands
with strong eddy kinetic energy (EKE) in the North Pacific
Ocean. One is the Kuroshio Extension and the other is the North
Pacific Subtropical Countercurrent (STCC) region (Kang et al.,
2010; Chang and Oey, 2014; Ma and Wang, 2014a; Ma and
Wang, 2014b). The STCC region, which extends from the east of
the Luzon Strait to the Hawaiian Islands, is the focus of this
study. Previous studies have shown that this region is rich in
mesoscale eddy activity (Chow et al., 2017; Tang et al., 2019; Sun
et al,, 2020). These eddies have horizontal spatial scales ranging
from tens to hundreds of kilometers and time scales from several
to hundreds of days. The vertical shear action of the North
Equatorial Current (NEC) system causes the STCC region to
have a complex circulation structure and strong baroclinic
instability (Qiu and Chen, 2010). Therefore, mesoscale eddies
in this region usually show strong nonlinearity.

Liu et al. (2012) pointed out that there are more than 6,000
eddies (from 1993 to 2010) with a lifespan of more than eight
weeks, among which cyclonic eddies (CEs) are 4% more than
anticyclonic eddies (AEs). The average eddy radius is 84.7 km for
CEs and 86.2 km for AEs. The eddy in this region moves
westward at a speed of 8 km/d and finally reaches east of
Taiwan island, where it interacts with the central axis of the
Kuroshio Current. Tang et al. (2019) showed that the histogram
of eddy amplitude, radius, rotation velocity, and Rossby number
in the STCC region follows a Gaussian distribution. The average
amplitude of CEs (rotational velocity, Rossby number) is 8.1 cm
(24.98 cm/s, 0.053), and is slightly higher than that of AEs (7.3
cm, 22.89 cm/s, 0.042), and the maximum amplitude (rotational
velocity) of CEs is 39 cm (92.19 cm/s), also slightly higher than
that of AEs (23 cm, 57.74 cm/s). The average and maximum
radius of CEs (AEs) are 91 km (94 km) and 176 km (179 km),
respectively. This value is larger than the results reported by Liu
et al. (2012), which is due to the different data used.

Previous mesoscale eddy studies include eddy shapes (Wang
et al,, 2015; Chen et al,, 2021), eddy regulating ocean dynamics
(Wang et al, 2018; Lian et al, 2021), heat and freshwater
transport (Zhang et al., 2014; Treguier et al, 2017; Su et al.,
2020; Qiu et al., 2021, Qiu et al., 2022), biochemical environment
variation (Xian et al., 2012; Dawson et al., 2018; Xu et al., 2019;
Ellwood et al.,, 2020) and energy cascade (McGillicuddy, 2015;
Liu et al, 2017a; Li et al, 2018). Therefore, correctly
understanding eddy distribution characteristics helps deepen
the knowledge of other related issues in physical oceanography.

These previous studies on the basic characteristics of
mesoscale eddies lay a foundation for understanding mesoscale
processes in the STCC region. However, with the increasing
number of studies focusing on the mesoscale eddy phenomenon,
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it has been found that there are not only normal eddies, i.e.,
cyclonic cold-core eddies (CCEs, with anticlockwise flow field
and cold eddy core) and anticyclonic warm-core eddies (AWEs,
with clockwise rotation flow field and warm eddy core). There
are also mesoscale eddies with the opposite properties (Yasuda
et al., 2000; Itoh and Yasuda, 2010; Ji et al., 2016; Sun et al., 2019;
Sun et al., 2021a; Liu et al., 2021; Ni et al., 2021; Qi et al., 2022):
cyclonic warm-core eddies (CWEs, with anticlockwise rotation
flow field and warm eddy core), and anticyclonic cold-core
eddies (ACEs, with clockwise rotation flow field and cold
eddy core).

Using the summer survey data from 1993 to 1997, Yasuda
et al. (2000) found that under the influence of the low
temperature and low salinity water from the Okhotsk Sea,
ACEs appeared almost every year in the south of the Bussol’
Strait. Based on the heat content anomaly integrated over 50 ~
200 dbar, Itoh and Yasuda (2010) pointed out that 15% of the
AEs within the area of (140 ~ 155°E, 35 ~ 50°N) have a cold and
fresh eddy core, i.e., they belong to ACEs. An analysis of 20 years
of satellite observation data shows that the proportion of
abnormal eddies can reach about 10% in the North Pacific
Ocean (Sun et al, 2019). A global mesoscale eddy survey
found that the CWEs and ACEs accounted for 19% and 22%
of the corresponding CEs and AEs (Ni et al., 2021). Using the
latest artificial intelligence identification method, Liu et al
(2021) found that the proportion of abnormal eddies in the
world ocean can reach up to 1/3 of the total eddies.

The regional study on abnormal eddies includes the Japan
Sea (Hosoda and Hanawa, 2004); the Kuroshio Extension region
(Ji et al, 2016), the Kuroshio-Oyashio Extension region (Sun
et al.,, 2022); the South China Sea (Sun et al., 2021a; Qi et al,,
2022), the North Pacific Ocean (Sun et al., 2019), the Bay of
Bengal (He et al,, 2020; Yang et al, 2020) and the Southern
Ocean (Frenger et al., 2013). It can be concluded that abnormal
eddy is a natural phenomenon widely distributed in the world’s
oceans and is not negligible. These studies on abnormal eddies
enrich the contents of mesoscale eddy dynamics. In addition,
some studies show that the abnormal eddy can affect the heat
flux at the air-sea interface and have a climate effect (Hu et al.,
20215 Ni et al., 2021). Currently, there is no systematic study on
abnormal mesoscale eddies in the STCC region. Therefore,
systematically discussing this region’s eddy phenomena is of
great scientific significance.

The rest of the study is as follows. Section 2 introduces the
OFES data used for eddy analysis and the definition of the four
types of eddies. In Section 3, the three-dimensional structures
and basic characteristics of four kinds of mesoscale eddy cases
are discussed. The differences between normal and abnormal
eddies on eddy number, radius, amplitude, eccentricity,
movement direction, velocity, and nonlinearity are analyzed in
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Section 4. Finally, Section 5 gives the main conclusions of
this study.

Data and methods

OFES data

The eddy analysis data used in this work is from the Ocean
General Circulation Model (OGCM) for the Earth Simulator
data (OFES), which is produced by Japan’s Earth Simulator
(Sasaki et al., 2008). The data has an almost-global coverage (75°
S ~ 75°N), except for the Arctic Sea. Its horizontal spatial
resolution is 0.1° by 0.1°, and the temporal resolution is three
days. The model data has a surface depth of 2.5 m and a
maximum depth of 6,065 m, with 54 layers in the vertical. The
thickness of each layer is from nearly 5 m intervals in the surface
layer to about 330 m intervals in the bottom layer, considering
the circulations above the main thermocline. Previous studies
have shown that the OFES data can well reproduce the mesoscale
process of the ocean (Sasaki et al., 2008). Considering that the
spatial resolution of the OFES data is higher than that of gridded
satellite observation data products, it can better distinguish
mesoscale eddies. The OFES data is three-dimensional and can
provide the information below the sea surface that satellite data
cannot. Besides, the OFES data does not use an assimilation
process, and its dynamic structure is balanced for diagnosis
analysis of mesoscale processes. Therefore, the OFES data has
been used in several mesoscale eddies (Taguchi et al, 2010;
Zhang et al., 2017; Ji et al.,, 2018; Sun et al., 2022).

In this study, OFES’s sea surface height (SSH), zonal velocity
(u), meridional velocity (v), and temperature (7) data from
January 03, 2008 to December 29, 2017 provided by the Asia-
pacific Data Research Center at the University of Hawaii are
selected. This study first conducts high-pass space filtering of 3°
by 3° on the original OFES data to obtain mesoscale information
(Lu et al., 2016).

10.3389/fmars.2022.1004300

AVISO data

The Archiving, Validation, and Interpretation of Satellite
Oceanographic (AVISO) data are used to verify the ability of
the OFES data to simulate mesoscale phenomena in the STCC
region. The data includes merged measurements from several
satellite altimeters (TOPEX/Poseidon, ERS-1, ERS-2, Jason-1,
Jason-2, Envisat, and Geo Follow-on satellite) and results in a
product of spatial resolution of 1/4° by 1/4° and one-day temporal
resolution. The data has been widely used in mesoscale eddy
analysis in different regions (Bashmachnikov et al, 2013; Sun
etal., 2017; He et al., 2018; Qiu et al., 2020; Sandalyuk et al., 2020).

Figure 1 shows the eddy kinetic energy (EKE) distribution
calculated from the OFES and AVISO data after high-pass space
filtering. Comparing the two figures shows that the EKE from
OFES and AVISO data have a similar pattern. This distribution
confirms that the OFES data can well reproduce the mesoscale
process in the STCC region.

Eddy detection and tracking algorithm

At present, there are many eddy automatic detection and
tracking algorithms, such as “OW” (Okubo, 1970; Weiss, 1991)
and “WA” methods (Sadarjoen and Post, 2000). This study
adopts a vector geometry-based two-dimensional eddy detection
scheme proposed by Nencioli et al. (2010). Compared with
“OW” and “WA” methods, this method can obtain a higher
detection success rate and lower excess detection rate. It has been
successfully applied to the regional and global study of oceanic
eddies, such as the STCC region (Liu et al., 2012), the Southern
California Bight (Dong et al., 2012), the Madeira Islands
(Couvelard et al,, 2012), the Alboran Sea (Peliz et al., 2013),
the Mediterranean (Aguiar et al., 2013), the South China Sea
(Sun et al., 2018; Sun et al., 2021a), Kuroshio Extension region (Ji
et al., 2018), East China Sea (Liu et al., 2017b), North Pacific
Ocean (Sun et al., 2019), Indian Ocean (Wang et al., 2019), the
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FIGURE 1

Distribution of sea surface eddy kinetic energy calculated from (A) OFES and (B) AVISO data. Shading indicates eddy kinetic energy (units: cm?/

s%). Note that the eddy kinetic energy is plotted with log base 10.
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Southern Ocean (Sun et al,, 2021b), and the global ocean (Dong
etal., 2014; Dong et al., 2022; You et al.,, 2022). Please refer to the
supporting information (Text S1) for a detailed description of
this method.

A three-dimensional eddy detection method (Dong et al., 2012)
is also used in this paper. This method assumes that the same eddy
meets the following three conditions at different depths: 1) the eddy
occurrence time is the same; 2) the eddy polarity is the same; and 3)
the position deviation of the eddy center between two adjacent
layers is less than 1/4 of the eddy radius in the upper layer. This
method can integrate the eddy information detected on the two-
dimensional plane into three-dimensional eddy information. Please
refer to the supporting information (Text S2) for a detailed
description of the three-dimensional eddy automatic
detection method.

Definition of four types of eddies

The definition of a normal eddy has been well known and
accepted. The CCE (ACE) is defined as an eddy with an
anticlockwise (clockwise) rotation flow field and an average
temperature anomaly inside the eddy (T"c44y) of less than zero
(larger than zero). However, there are several different
viewpoints on the definition of the abnormal eddy. Sun et al.
(2019) proposed that the abnormal eddy needs to meet the
following conditions: 1) the average temperature inside the CWE
(ACE) is 0.1°C warmer (colder) than the average temperature of
the annular area between the CWE (ACE) boundary and 1.5
times the eddy boundary; 2) the proportion of the warm (cold)
temperature points inside the CWE (ACE) is at least 60% of the
total points. Liu et al. (2021) only used the positive and negative
of the filtered temperature anomaly to define the abnormal eddy.
In the global study of abnormal eddies, Ni et al. (2021) reported
that defining abnormal eddies by using the difference between
the temperature inside and around the eddies, and using the
positive and negative temperature anomalies after filtering were
statistically the same.

Therefore, this study uses a relatively simple definition of
abnormal eddies. That is, according to the rotation direction of
the eddy flow field and the average temperature anomaly inside
the eddy (7" c44y), the mesoscale eddy is divided into four types:
cyclonic cold-core eddy (CCE, with an anticlockwise rotation
flow field and a negative T’.44,), anticyclonic warm-core eddy
(AWE, with a clockwise rotation flow field and a positive T"cqay),
cyclonic warm-core eddy (CWE, with an anticlockwise rotation
flow field and a positive T".44,), anticyclonic cold-core eddy
(ACE, with a clockwise rotating flow field and a negative T qg4).
In this study, CCE and AWE are collectively referred to as
normal eddies, while CWE and ACE are referred to as
abnormal eddies.

Three additional constraints are added to the resulting three-
dimensional eddy dataset to increase the robustness of the
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results. (1) Considering that the lifespan of mesoscale eddies is
several weeks to several months, only eddies with a lifespan
greater than or equal to 30 days are selected. (2) Regarding the
spatial scale of mesoscale eddies and the spatial resolution of the
OFES data, only eddies with an average radius larger than 25 km
are retained. (3) Given the uncertainty of the simulation results
in the deep ocean and the substantial standard deviation of the
average eddy radius below 5,000 m, this study only discusses
eddies above that depth.

Eddy cases analysis

Four eddy cases are presented in Figure 2 to understand the
three-dimensional structure of the four types of eddies in the
STCC region (please refer to Table 1 for a detailed description of
these cases.). The gray shadow indicates the outer boundary of
the eddy case, and the color indicates the temperature anomaly
(T') after high-pass space filtering. The vertical planes show the
cross-section along the meridional and zonal direction through
the eddy center.

Figure 2A shows a CCE case on February 6, 2009. It formed
on January 16, 2009, and died on March 1, 2009, with a lifespan of
48 days. Therefore, the figure shows the mature stage of this eddy
(Liu et al., 2012). The eddy centers at its surface and bottom are
located at (149.95°E, 27.25°N) and (149.85°E, 27.45°N),
respectively. The central axis of this eddy is inclined by 24.33
km in the vertical direction. The average eddy radii of this CCE
case on the surface, bottom, and overall depth are 65.00, 50.87,
and 56.65 km, respectively. According to the classification of eddy
shapes proposed by Lin et al. (2015), it is a bowl-shaped eddy. The
vertical penetration depth of this eddy is 694.1 m. The maximum
and average temperature anomalies induced by this eddy on the
surface are -1.31°C and -0.67°C, respectively. The overall
maximum eddy-induced temperature anomaly is -1.31°C, which
occurs at 7.56 m.

Figure 2B shows the three-dimensional structure of an AWE
case on April 21, 2013. It formed on March 10, 2013, died on
June 23, 2013, and had a lifespan of 108 days. Therefore, the
figure also shows the mature stage of the eddy lifespan. The eddy
centers on the surface and bottom layer are located at (185.75°E,
27.45°N) and (185.65°E, 27.35°N), respectively, and the eddy
central axis is inclined by 14.87 km in the vertical direction. The
average radii of this eddy at the surface, bottom, and whole
depth are 60.10, 70.16, and 51.93 km, respectively. Therefore,
this AWE case belongs to a lens-shaped eddy. The vertical
penetration depth of this eddy is 460.50 m. The maximum and
average eddy-induced surface temperature anomalies are 0.74°C
and 0.50°C, respectively. The maximum temperature anomaly
caused by this eddy is 1.99°C, which occurs at 120.77 m.

Figure 2C shows the three-dimensional structure of a CWE
case on January 25, 2010. This eddy was formed on October 27,
2009, and died on February 9, 2010, with a lifespan of 105 days.
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Three-dimensional structures of four types of eddy cases in the STCC region. (A-D) represent cyclonic cold-core eddy, anticyclonic warm-core
eddy, cyclonic warm-core eddy, and anticyclonic cold-core eddy, respectively. The color and white vectors indicate the temperature anomaly
(units: °C) and the velocity anomaly vector (units: cm/s) after high-pass space filtering. The black curves and the asterisk represent the eddy
boundary and eddy center at the corresponding depth, respectively. The gray shadow represents the outer boundary of the eddy case. The
vertical planes show the cross-section along the meridional and zonal directions through the eddy center.

Therefore, the figure shows the decaying stage of the eddy. The
eddy centers on the surface and the bottom layer are located at
(166.75°E, 27.55°N) and (166.65°E, 27.55°N), respectively. That
is, the central axis of this CWE tilts 9.86 km vertically. The
average radii of this eddy are 58.48, 46.88, and 31.31 km at the
surface, bottom, and overall depth, respectively. Therefore, like

TABLE 1 Basic information of the four types of eddy cases.

Variable Type CCE
Generation Time 20090116
(YYYYMMDD)

Death Time 20090301
(YYYYMMDD)

Lifespan (days) 48

Surface Center (lon, lat)

Bottom Center (lon, lat)

(149.95°E, 27.25°N)
(149.85°E, 27.45°N)

Center Axis Inclined (km) 24.33
Surface Eddy Radius (km) 65.00
Bottom Eddy Radius (km) 50.87
Overall Eddy Radius (km) 56.65

Eddy Shapes bowl-shaped
Vertical Penetration Depth (m) 694.10
Surface Maximum Temperature Anomaly (°C) -1.31
Surface Average Temperature Anomaly (°C) -0.67
Overall Maximum Temperature Anomaly (°C) -1.31
Depth at the Previous Line (m) 7.56

Depth at which CWE (ACE) Become CCE (AWE) (m)
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the CCE case, this eddy belongs to a bowl-shaped eddy as well.
The vertical penetration depth of this eddy case is 700.00 m. The
maximum and average surface temperature anomalies induced
by this eddy are 0.58°C and 0.31°C, respectively. The maximum
positive (negative) temperature anomaly caused by this CWE
case is 1.74°C (-1.13°C), which occurs at 134.31 m (319.01 m).

AWE

20130310

20130623

108
(185.75°E, 27.45°N)
(185.65°E, 27.35°N)

14.87
60.10
70.16
51.93
lens-shaped
460.50

0.74

0.50

1.99

120.77

CWE

20091027

20100209

105
(166.75°E, 27.55°N)
(166.65°E, 27.55°N)

9.86
58.48
46.88
31.31

bowl-shaped
700.00
0.58
0.31

1.74
(-1.13)

134.31
(319.01)

223.20

ACE

20091018

20100128

99
(122.55°E, 22.75°N)
(122.55°E, 22.75°N)

0.00
65.30
61.62
50.10

bowl-shaped
1,185.00

-0.93

-0.62

-0.93
(1.41)

95.56
(357.60)

148.40
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Figure 2D shows the three-dimensional structure of an ACE
case on January 7, 2010. This eddy formed on October 18, 2009,
and died on January 28, 2010, with a lifespan of 99 days.
Therefore, the figure shows the 81st day of the eddy lifespan,
which is in the eddy decaying stage. The eddy centers on the
surface and the bottom layer are both located at (122.55°E,
22.75°N), i.e., the central axis of this ACE is not tilted vertically.
The average eddy radii are 65.30, 61.62, and 50.10 km at the
surface, bottom and overall depth, respectively. Therefore, like
the CCE and CWE cases, this eddy also belongs to a bowl-shaped
eddy. The vertical penetration depth of this eddy is 1,185.00 m.
The maximum and average surface temperature anomalies
induced by the ACE are -0.93°C and -0.62°C, respectively. The
maximum negative temperature anomaly induced by this ACE
case is -0.93°C, which occurs at 95.56 m, while the maximum
positive temperature anomaly is 1.41°C, which occurs at
357.60 m.

It can be seen that the abnormal eddy phenomenon is
mainly concentrated in the ocean’s upper layer and become a
normal eddy after reaching a certain depth (CWE case exceeds
223.20 m, ACE case exceeds 148.40 m). This result is consistent
with the previous results from Sun et al. (2021a) and Ni
et al. (2021).

Eddy statistical characteristics
Eddy numbers

There are two methods to count the number of mesoscale
eddies (Yang et al., 2020). One is based on the eddy lifespan,
called the lifespan counting (ELC) method. In this method, an
eddy is counted as one throughout its lifespan. The other is the

115°E  125°E  135°E  145°E 155°E

FIGURE 3

165°E
Longitude (°)

10.3389/fmars.2022.1004300

snapshot counting (ESC) method, in which the eddy number is
the number of times the eddy is observed. For example, an eddy
with a lifespan of 60 days will be observed 21 times because the
temporal resolution of the OFES data is three days. According to
the ELC method, the eddy number is 1, but according to the ESC
method, the eddy number is 21. This study uses the ESC method,
except when discussing the eddy movement direction.

Figure 3 shows the eddy number distribution of the four
types of eddies in 1° by 1° grids to explore the uneven
distribution of eddies at the sea surface. From 2008 to 2017,
the total number of normal eddies is 143,965, of which 75,726
are CCEs, accounting for 52.60% (Figure 3A), and 68,239 are
AWEs, accounting for 47.40% (Figure 3B). That is, there are
5.20% more CCEs than AWEs, which is consistent with the
statistical results of Liu et al. (2012) using satellite altimeter
measurement data (CEs are 6.95% more than AEs). The total
number of abnormal eddies is 68,751, of which 27,554 and
41,197 are CWEs and ACEs, accounting for 40.08% and 59.92%,
respectively. The number of ACEs is 19.84% more than that of
CWEs. Regarding spatial distribution, normal eddies are mainly
distributed in the open ocean (Figures 3A, B). In contrast,
abnormal eddies are primarily distributed in the southeast of
the STCC region, the South China Sea, and near the Hawaiian
Islands (Figures 3C, D).

In Figure 3A, the CCEs are concentrated in the range of 18 ~
21°N. The eddy numbers in the boundary region of STCC are
much less than that in the middle area. In Figure 3B, the AWEs
are mainly distributed between 20 and 22°N. If the CCEs and
AWESs are combined (i.e., considering total normal eddies), their
concentration area is 19 ~ 22°N. This spatial distribution is more
southerly than the result (eddy mainly concentrated in the 22 ~
23°N band area) of Hwang et al. (2004), and the different data
used may cause this difference. CWEs are concentrated along 20°

Eddy Number

30

175°E  175°W  165°W  155°W

Number of four types of eddies at the sea surface in the STCC region in each 1° by 1° grid. (A—D) show cyclonic cold-core eddy, anticyclonic
warm-core eddy, cyclonic warm-core eddy, and anticyclonic cold-core eddy, respectively. The color indicates the number of eddies. Note that

(A, B) and (C, D) use different color bar ranges.
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N and from 160 to 155°W bands near the Hawaiian Islands
(Figure 3C). ACEs are mainly concentrated in the southeast part
of the STCC region and the northern region of the Hawaiian
Islands (Figure 3D).

The above analysis shows that the high incidence area of
CCEs (AWEs) is the low-value area of CWEs (ACEs). On the
contrary, the low-value area CCEs (AWEs) is the high incidence
area of CWEs (ACEs).

Figure 4 shows the vertical distribution of the four types of
eddies. Comparing Figure 4A with B, the number of normal and
abnormal eddies has the opposite change trend in the vertical
direction. However, the change trend within the normal and
abnormal eddies is almost identical. Specifically, in the upper
1,000 m, the number of CCEs and AWEs gradually increases
with depth, decreases between 1,000 and 4,000 m, and eventually
increases below 4,000 m (Figure 4A). On the contrary, the
number of CWEs and ACEs first decreases in the upper 1,000
m, then gradually increases with depth between 1,000 and 4,000
m, and finally decreases below 4,000 m (Figure 4B).

The number of normal eddies at the surface is 2.09 times that
of abnormal eddies (143,965 for normal eddies and 68,751 for
abnormal eddies). At about 3,300 m, the number of normal and
abnormal eddies is almost equal, and then the number of
abnormal eddies exceeds that of normal eddies at deeper

10.3389/fmars.2022.1004300

layers. The apparent increase in abnormal eddies below 1,000
m may be due to their definition. The present study does not
limit the temperature difference between the eddy interior and
surrounding background field to 0.1°C, as suggested by Sun et al.
(2019). As a result, many eddies with very small temperature
anomalies below 1,000 m are classified as abnormal eddies. If the
strict definition of abnormal eddies in Sun et al. (2019) is
adopted, the number of abnormal eddies below 1,000 m will
sharply reduce (figure not shown).

Eddy radius

The average distance from the eddy boundary to the eddy
center is defined as the eddy radius in this study (please refer to
S1 in the supporting information for a comparison of four types
of eddy radii). The statistical histogram of eddy average radius at
the surface (Figures 5A, B) and 1,000 m (Figures 5C, D) is given
in Figure 5. The ordinate 7 indicates the percentage of eddies in
a particular bin relative to the total number of eddies with the
same type. In the figure, an eddy radius smaller (larger) than 40
km (120 km) is placed in the 25 ~ 40 km (120 ~ 130 km) bin.

The average radius of CCEs, AWEs, CWEs, and ACEs at the
surface layer is 79.14 + 3.7, 83.34 + 3.75, 73.74 £ 4.14, and
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FIGURE 4

Vertical distribution of four types of eddies’ number in the STCC region. Blue, red, green, and magenta curves represent cyclonic cold-core
eddy (A), anticyclonic warm-core eddy (A), cyclonic warm-core eddy (B), and, anticyclonic cold-core eddy (B), respectively.
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FIGURE 5

Statistical histogram of eddy radius at the sea surface (A, B) and 1,000 m (C, D). Blue, red, green, and magenta curves represent cyclonic cold-
core eddy, anticyclonic warm-core eddy, cyclonic warm-core eddy, and anticyclonic cold-core eddy, respectively.

79.46 + 3.89 km, respectively. At 1,000 m, the average radius of
the four types of eddies is 68.35 + 4.76, 70.40 + 5.37,49.32 + 8.15,
and 51.33 + 7.48 km. The result of the average eddy radius at the
surface layer is slightly smaller than that pointed out by Tang
et al. (2019), in which the average radius of CE is 91 km and AE
94 km. The main reason for this difference may be that the
spatial resolution of the satellite altimeter data used by Tang
etal. (2019) is 1/4° by 1/4°, while the OFES data is 1/10° by 1/10°.
In addition, the average eddy radius at 1,000 m is significantly
smaller than that of the surface layer.

From Figure 5A, the eddy radius of the CCEs and CWEs has
a Gaussian distribution (i.e. ¥ (x) = ae ), where o, Uand o
means the undetermined coefficient, average value and the
standard deviation, respectively.), and the expression of the
fitting function is y(x) = 0.13¢ "% for CCEs and nx) =
0.14¢"¢5%"" for CWEs. It can be concluded from comparing the
average and standard deviation of the two Gaussian fitting
functions that the eddy radius of CCEs is more significant
than that of CWEs, and its distribution is also more
concentrated than that of CWEs. The maximum statistical
probability of the average radius of CCEs and CWEs lies
within 60 ~ 70 km. Among them are 10,334 CCEs, accounting
for 13.64% of the total CCEs, and 3,885 CWEs, accounting for
14.10% of the total CWEs. The maximum eddy radius of CCEs
and CWEs is 396 and 340 km, respectively.

Figure 5B shows that the statistical distribution of the AWEs
and ACE:s radius also follows a Gaussian distribution, and the
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expressions of their fitting function are ¥, (x) = 0.12¢ and
%(x) =0. 13¢ (557", respectively. It can be seen from the fitting
functions that the average radius of ACEs is more significant
than that of AWEs, and the distribution of eddy radius is more
concentrated than that of AWEs. The maximum statistical
probability of the average radius for AWEs and ACE:s is also
60 ~ 70 km. Among them are 8,573 AWEs, 12.57% of the total
AWEs, and 5,450 ACEs, accounting for 13.23% of the total
ACEs. The maximum radius of the AWEs and ACEs are 429 and
370 km, respectively.

It is evident from Figure 5C that the statistical probability
distribution of CCE radius almost decreases linearly at 1,000 m,
and its linear fitting function is y1(x)=-1.59x10-3x+0.22. The
maximum statistical probability of the average CCE radius is
25 ~ 40 km. There are 27,301 CCEs in this bin, accounting for
19.08% of the total CCEs. The statistical probability of the CWE
radius decreases exponentially, and the fitting function is 7yl
(x)=1.39¢-0.04x. The maximum statistical probability of the
average CWE radius is 25 ~ 40 km. There are 1,259 CWEs in
this bin, accounting for 36.81% of the total CWEs. The
maximum radius of the CCEs and CWEs is 334 and 253
km, respectively.

From Figure 5D, the radius probability distribution of the
AWESs decreases linearly at 1,000 m, and its linear fitting
function is y1(x)=—1.50x10-3x+0.21. The maximum statistical
probability of the average AWE radius is 25 ~ 40 km, which
includes 25,574 eddies, accounting for 18.80% of the total AWEs.
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The ACE radius probability distribution is in the form of
exponential decay, and the fitting function is y1(x)=1.01e-0.04x.
The maximum statistical probability of the average ACE radius is
25 ~ 40 km, which is the same as AWEs. There are 1,537 ACEs in
this section, accounting for 32.46% of the total ACEs. The
maximum radius of the AWE and ACE are 360 and 226
km, respectively.

At 1,000 m, the fitting functions of the eddy radius
probability of CCEs and AWEs are linear functions, while the
fitting functions for CWEs and ACEs are exponential functions,
indicating that the eddy radius of abnormal eddies phenomenon
is more likely to occur in the smaller eddies.

All four types of eddies have their largest average radius in
the surface layer (Figure 6). The surface average radius of AE
(81.40 km) is 6.09% larger than that of CE (76.44 km). This
result is consistent with the statistical finding of Liu et al. (2012)
using altimeter data. The variation trend of the normal eddies
average radius in the vertical direction is more stable than that of
abnormal eddies. The normal eddies average radius decreases by
18 km (from 79.1 to 61.1 km) from the surface to 1,500 m. From
1,500 to 5,000 m, the eddy radius decreases by only 11 km (from
61.1 to 50.1 km). The overall trend of the average abnormal eddy
radius from surface to 1,000 m also decreases, then increases

10.3389/fmars.2022.1004300

slightly from 1,000 m to 2,000 m. Below 2,000 m, the average
radius of the abnormal eddy remains stable at about 52 km.

Eddy amplitude

The eddy amplitude is defined as the absolute value of the sea
surface height anomaly (SSHA) extremum within the eddy (please
refer to S2 in the supporting information for a comparison of four
types of eddies’ amplitude). From Figure 7, it is found that the
average eddy amplitude of CCEs, AWEs, CWEs, and ACEs is 3.25 +
278,328 +2.51,2.85 + 2.56, and 3.02 + 2.40 cm, respectively. This
value is much smaller than the average amplitude of global eddies
(about 8 cm) pointed out by Chelton et al. (2011). The median
(maximum) value of eddy amplitude for CCEs, AWEs, CWEs, and
ACEs is 3.31 (20.10), 3.02 (20.62), 3.27 (20.58), and 2.96 (20.80) cm,
respectively. The median of CEs is larger than that of AEs, but their
maximum amplitudes are very close. The ordinate 9, indicates the
percentage of eddies in a particular bin relative to the total number
of eddies with the same type (Figure 7). The statistical histograms of
the four types of eddy amplitudes follow a Gaussian distribution,
and their fitting functions are: p, = 17.04e" 58" for CCEs, %=
18.46¢~ 55 for AWEs, 9, = 18.12¢°5%Y for CWEs, and 9, =
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Statistical histogram of eddy amplitude for the four types of eddies. Blue, red, green, and magenta bars represent cyclonic cold-core eddy (A),
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the distribution of the Gaussian fitting function.

x-3.05

19.85¢° 51 for AWEs, respectively. The order of the amplitude
concentration of the four types of eddies is ACEs, AWEs, CWEs,
and CCEs, and the amplitude distribution concentration of the AEs
is higher than that of CEs.

The maximum probability distribution of eddy amplitudes for
CCEs, AWEs, CWEs, and ACEs are all concentrated at the 2 ~ 3
cm bin, reaching 13,108 (17.31%), 12,863 (18.85%), 5,029
(18.25%), and 8,182 (19.86%), respectively. The amplitude of
CCEs, AWEs, CWEs, and ACEs less than 5 cm reaches 56,559
(74.69%), 52,408 (76.80%), 21,845 (79.28%), and 33,600 (81.56%),
respectively, which is higher than the 40% reported by Chelton
etal. (2011). Accordingly, the number of eddies with an amplitude
larger than 10 cm is 1,598 (2.11%), 983 (1.44%), 306 (1.11%), and
564 (1.37%), respectively, which is less than the 25% reported by
Chelton et al. (2011). The reasons for this difference deserve
further discussion in future studies.

Eddy eccentricity

Based on satellite data, Hwang et al. (2004) pointed out that
the shape of eddies in the STCC region is mainly elliptical. Using
in-situ observation from an underwater glider, Qiu et al. (2019)
found an AWE with an irregular shape. In this study, we
perform ellipse fitting on the eddy boundary and take the
ellipse’s eccentricity as an index to measure the irregularity of
the eddy. According to the definition of elliptical eccentricity, it
varies between 0 and 1. The smaller the eddy eccentricity is, the
closer the eddy is to a circle. Accordingly, the larger the eddy
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eccentricity is, the flatter the eddy is. Please refer to Table S3 in
the supporting information for the comparison information of
the four types of eddy eccentricities.

The statistical histogram of eddy eccentricity is shown in
Figure 8, where the ordinate 9; is the ratio of the eddy number in
the corresponding interval to the total of the corresponding eddy
type. The eddy eccentricities show a partial Gaussian
distribution, and their fitting functions of CCEs, AWEs,
CWEs, and ACEs at the surface are %;3(x) = 0.303’(%)2, %(x) =
0.30¢ 5", 1(x) = 0.30¢ 5, and p(x) = 0.28¢ 5,
respectively. From the expression of the fitting function, it can

be seen that there is no noticeable difference in the eccentricity of
the four types of eddies.

The average eccentricity of CCEs, AWEs, CWEs, and ACEs
at the sea surface is 0.76 + 0.35, 0.76 + 0.33, 0.73 + 0.50, and
0.73 + 0.73 (Figures 8A, B). Accordingly, the corresponding
average eddy eccentricity at 1,000 m is 0.76 + 1.58, 0.76 + 1.69,
0.73 = 1.73, and 0.66 + 3.28, respectively (Figures 8C, D). The
average eddy eccentricity of normal eddies (0.76) is 4.11% larger
than that of abnormal eddies (0.73). However, the standard
deviation of the abnormal eddy eccentricity is about twice that of
normal eddy eccentricity, indicating that the eccentricity of
abnormal eddies is more dispersed.

The eddy eccentricity distribution of the four types of eddies
at the surface and 1,000 m is mostly in the range of 0.8 ~ 0.9
(Figure 8). At the sea surface, there are 24,887 (32.86%) CCEs,
22,780 (33.40%) AWEs, 8,911(32.34%) CWEs, and 12,969
(31.48%) ACEs, which are in the 0.8 ~ 0.9 bin. There are only
a few eddies with an eccentricity less than 0.2 at the sea surface,
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including 196 (0.26%) CCEs, 79 (0.12%) AWEs, 40 (0.15%)
CWEs, and 63 (0.15%) ACEs, indicating that almost-circular
eddies rarely exist in the ocean. At 1,000 m, there are 52,355
(36.59%) CCEs, 46,972 (34.53%) AWEs, 1,166 (34.09%) CWEs,
1,553 (32.80%) ACE:s in the 0.8 ~ 0.9 bin. There are few eddies
with an eddy eccentricity less than 0.2 at 1,000 m, including 155
(0.11%) CCEs, 152 (0.11%) AWEs, 2 (0.06%) CWEs, and 13
(0.27%) ACEs, indicating that almost-circular eddies rarely exist
at 1,000 m as well.

In a word, the eccentricity probability distributions of the
four types of eddies at the surface and 1,000 m are all in the range
of 0.8 ~ 0.9, corresponding to the maximum value. There are
only a few eddies with eccentricity less than 0.2.

Figure 9 shows the vertical distribution of the four types of
eddies’ eccentricity. The average eccentricity of normal eddies
fluctuates slightly within the upper 1,000 m and gradually
decreases from 1,000 to 5,000 m. In contrast, abnormal eddies
show a decreasing trend within the upper 1,000 m and with large
fluctuations. Below 1,000 m, the eddy eccentricity of CWEs
decreases, while the ACEs’ eccentricity gradually increases above
2,000 m and then almost remains stable. Overall, the eccentricity
of the abnormal eddies is smaller than that of the normal eddies,
especially in the ocean’s upper layer.

The maximum eddy eccentricity for CCE, AWE, CWE, and
AWE is 0.77, 0.77, 0.78, and 0.77, occurring at 796.38, 694.09,
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192.50, and 148.35 m, respectively. Accordingly, the minimum
eddy eccentricity for CCEs, AWEs, CWEs, and AWE:s is 0.66,
0.68, 0.65, and 0.66, which occurs at 4,600.00, 4,286.51, 1,515.41,
and 1,041.39 m, respectively. The average eccentricity of the four
types of eddies decreases in the vertical direction, but the
variation range is minimal (CCE: 0.12, AWE: 0.09, CWE: 0.13,
and ACE: 0.11).

Eddy movement direction

Previous studies showed that eddies move westward in a zonal
direction on a global scale (Chelton et al., 2011). However, eddy
movement in the meridional direction is different. Some studies
point out that most CEs move poleward while AEs move
equatorward (Chelton et al., 2007). Based on satellite altimeter
data from 1993 to 2010, Liu et al. (2012) pointed out that in the
STCC region, both CEs and AEs generated south (north) of 21°N
would be deflected northward (southward). The first view does
not limit the area of eddy generation (south or north of 21°N), but
it limits the type of eddies (CE or AE). In contrast, the second view
does not limit the type of eddy but the area where it is generated.
Based on the following two considerations, we continue to use the
traditional division method in this subsection and only divide the
eddy into CEs and AEs. On the one hand, this allows for
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respectively.

comparison with the results from previous studies. On the other
hand, to discuss the eddy movement trajectory, it is necessary to
treat the whole eddy lifespan as one eddy. Previous studies have
shown that in the whole lifespan of the eddy, there will be a
situation where one stage belongs to the normal eddy, and another
stage belongs to the abnormal eddy (Sun et al., 2019). Therefore, if
we continue to divide the eddies into four types, the eddies at
different lifespan stages may be divided into two or more eddies,
so it is impossible to calculate the deflection direction of
their movement.

The trajectory of eddies (with a lifespan longer than 30 days)
and their frequency distribution in the STCC region are given in
Figure 10 (please refer to Table S4 in the supporting information for
information on eddy movement direction). We move the eddy
generation position to the origin in the figure and specify the
eastward and northward directions as positive. During the study
period, there are 3,598 eddies with a lifespan of more than 30 days
generated north of 21°N, including 1,741 CEs and 1,857 AEs
(Figure 10A). On the whole, eddies move westward. The longest
distance of CEs and AEs in the zonal direction is -25.40° (~ 2,636.75
km) and -50.30° (~ 5,221.60 km), respectively, and the average
distance is -2.07 + 2.90° (~ 214.88 + 301.05 km) and -2.91 + 4.60° (~
302.08 + 477.52 km). The maximum deflection distance of CEs and
AEs to the north is 5.90° (612.47 km) and 6.40° (664.38 km),
respectively. The maximum deflection distance to the south is -7.00°

Frontiers in Marine Science

12

(726.66 km) and -8.30° (861.60 km), and the average deflection
distance is -0.16 + 1.17° (16.61 + 121.46 km) and -0.07 + 1.29°
(727 £ 13391 km). The average deflection distance in the
meridional direction is about 4.70% of that in the zonal direction,
which indicates that the horizontal transport of substances (such as
nutrients) by eddies is mainly concentrated in the zonal direction.
However, considering that the temperature of the seawater presents
a belt-like distribution in the zonal direction, the eddy-induced heat
transport in the zonal and meridional directions needs to be
specifically analyzed. The statistical histogram shows that 51.20%
(45.64%) of eddies move southward (northward), including 52.44%
(44.11%) of CEs and 50.03% (47.07%) of AEs (Figure 10B). The
remaining 3.16% of eddies (3.45% CEs and 2.91% AEs) do not
deflect north or south.

Accordingly, there are 3,922 eddies generated south of 21°N,
including 1,991 CEs and 1,931 AEs (Figure 10C). The longest
moving distance of CEs and AEs in the zonal direction is -44.50°
(4,619.51 km) and -61.20° (6,353.12 km), respectively, and the
average moving distance is -3.12 + 4.22° (323.88 + 438.07 km)
and -3.56 + 5.77° (369.56 + 598.98 km). The maximum
deflection distance of CEs and AEs to the north is 10.80°
(1,198.8 km) and 9.90° (1,098.9 km), respectively, while the
maximum deflection distance to the south is -5.20° (577.20 km)
and -5.30° (588.3 km). The average deflection distance to the
south is 0.36 + 1.51° (39.96 + 167.61 km) and 0.48 + 1.47°
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Trajectories of eddies generated (A) north and (C) south of 21°N in the STCC region at the sea surface. East and North directions are positive,
and the West and South are negative. (B) and (D) show the statistical histogram of eddy trajectory deflection azimuth. Blue and red indicate CEs

and AEs, respectively.

(53.28 + 163.17 km) for CEs and AEs, respectively. Among these
eddies, 59.10% (37.68%) of the eddy trajectories have a
northward (southward) deflection, including 57.86% (38.32%)
CEs and 60.39% (37.03%) AEs. The remaining 3.16% of the eddy
trajectories (3.82% CEs and 2.59% AEs) do not deflect north or
south. These results agree with Liu et al. (2012). Following the
method of Chelton et al. (2007), 51.94% of CEs and 53.32% of
AEs deflect to the north, and 44.38% of CEs and 44.00% of AEs
deflect to the south. Accordingly, 3.68% of CEs and 2.68% of AEs
will not deflect in the meridional direction (figure not shown).

Eddy velocity

Figure 11 shows the statistical histogram of the averaged
zonal (Figures 11A-D) and meridional (Figures 11E-H) eddy
velocity component at the surface (Figures 11A, B, E, F) and
1,000 m (Figures 11C, D, G, H). The ordinate represents
the ratio of eddy number in the corresponding interval to the
total number of the same type of eddies. The maximum
zonal velocity of CCEs, AWEs, CWEs, and ACEs at the
surface is -49.64, -49.67, -49.66, and -49.65 cm/s, and
the average value is -4.29 + 0.92, -3.97 * 2.30, -4.05 + 1.06,
and -4.93 + 1.61 cm/s, respectively. Accordingly, 51.71, 53.47,
52.38, and 48.37% of the eddies have a zonal velocity less than 5
cm/s, while only 5.20, 5.83, 5.20, and 5.70% of the eddies have
zonal velocities of more than 20 cm/s. The Gaussian fitting
functions corresponding to the statistical histogram of the eddy
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zonal velocity for the four types of eddies at the surface are ¥(

012 c 012
(001 x+0.01 —(x0.01)

x) = 0.44¢ 05| 1 (x) = 0.45¢ 55, % (x) = 0.45¢ o
¥ (x) = 0.41¢ (o’ respectively. The fitting functions for the

and

four types of eddies are only different in the undetermined
coefficient o, and the other two parameters (¢ and o) are
identical, indicating that there is no apparent difference among
the four types of eddies in this respect.

The maximum zonal velocity of CCEs, AWEs, CWEs and
ACEs at 1,000 m is -49.72, -49.69, -49.52, and -49.55 cm/s, and
the average velocity is -2.78 + 1.23, -3.11 + 1.25, -2.04 + 4.56,
and -2.06 + 4.15 cm/s, respectively (Figure 11C, D). Accordingly,
80.97, 78.62, 80.64, and 80.76% of the eddies move at a zonal
velocity less than 5 cm/s, while only 1.91, 1.93, 3.22, and 2.88% of
the eddies have a zonal velocity of more than 20 cm/s at 1,000 m.
The expressions of the Gaussian fitting function cor to the
statistical histogram of the eddy zonal velocity for the four
types of eddies at 1,000 m are ¥(x) = 0.75e'(ﬁ)2, ¥s(x) =
0.74¢ @,  %(x) =0.75¢ @', and y%(x) =072 G,
respectively. Since u in the fitting function is equal to zero, it
can be inferred that the eddy zonal velocity at a depth of 1,000 m
is almost zero. Comparing Figures 11A-D, the magnitude of the
eddy zonal velocity at 1,000 m is significantly smaller than that at
the surface. Its average magnitude is only 0.65, 0.78, 0.50, and
0.42% that at the surface layer, respectively.

The maximum meridional velocity of CCEs, AWEs, CWEs,
and ACEs at the surface is -49.73, -49.52, -49.69, and -49.55 cm/s,
while the average value is 0.11 + 1.04, 0.85 + 2.50, 0.49 + 1.70, and
0.39 + 1.67 cm/s respectively. Among these eddies, 74.50, 71.72,
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Statistical histogram of zonal (A-D) and meridional (E—H) eddy velocity at the sea surface (A, B, E, F) and at 1,000 m (C, D, G, H, units: cm/s).
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anticyclonic cold-core eddy, respectively. Eastward and northward are positive, and westward and southward are negative. The curves show the

distribution of the Gaussian fitting function

74.60, and 74.86% have a meridional velocity less than 5 cm/s,
while only 3.56, 4.43, 3.75, and 3.18% have a meridional velocity
larger than 20 cm/s. The Gaussian fitting functions corresponding
to the statistical histogram of the meridional velocity for the four
types of eddies at the sea surface are y5(x) = 0.552'(x5%21)2, ¥(x) =
0.54e (551 % (x) = 0.55¢ (100, and 7(x) = 0.58¢ 56,
respectively. Similar to the zonal velocity’s fitting functions, the

meridional velocity’s fitting functions are also almost identical.
Accordingly, at 1,000 m, the maximum meridional velocity of
CCEs, AWEs, CWEs, and ACEs is -49.73, -49.52, -49.69, and -49.55
cm/s, and their average value is -0.13 * 1.55, -0.06 + 1.54, -0.35 +
5.00, and -0.22 + 3.65 cm/s, respectively. Among these four types of
eddies, 80.97, 78.62, 80.64, and 80.76% have meridional velocity less
than 5 cm/s, while only 1.91, 1.93, 3.22, and 2.88% are larger than 20
cm/s. The expressions of the Gaussian fitting function
corresponding to the statistical histogram of the eddy meridional
velocity for the four types of eddies at 1,000 m are (x) =
0.75¢" @, 15(x) = 0.74e" @, y(x) = 0.72¢" @ and 5(x) =
0.72¢ ", respectively. Similar to the zonal velocity’s
fitting functions at 1,000 m, u in the fitting function is also equal
to zero, indicating no meridional movement trend of the
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eddies at 1,000 m. For the comparison information of the four
types of eddies’ velocity, please refer to Table S5 in the
supporting information.

Figure 12 shows the vertical distribution of eddy velocity and
the average background field velocity. The four types of eddies
move westward (negative zonal velocity) in the overall water
depth, and the size of the zonal eddy velocity is larger than that
of the background field (Figures 12A-D). Below 700 m, the
average zonal velocity of the background field is almost zero,
which makes the difference in zonal velocity size between the
eddy and the background field more obvious. The zonal velocity
of the four types of eddies increases with depth in the upper
1,000 m. It first increases rapidly, then decreases gradually, and
finally tends to be stable. Even in the deep ocean (nearly 5,000
m), the eddy zonal velocity does not reach zero but remains at
about -1.3 cm/s.

The maximum average zonal velocity of CCEs, AWEs,
CWEs, and ACEs is -4.29, -4.58, -5.02, and -5.65 cm/s,
appearing at 2.50, 120.77, 65.23, and 54.02 m, respectively.
Figures 12C, D show the distribution in the upper 1,000 m to
make the vertical change of the zonal velocity clearer. The figures
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show that in the upper ocean (CWE corresponds to 200 m, and
the ACE corresponds to about 170 m), the zonal velocity of
abnormal eddies is greater than that of normal eddies. Deeper
than that, the zonal velocity of the abnormal eddies is
significantly smaller than that of the normal eddies until the
velocity difference between the two almost disappears below
2,500 m.

The eddy meridional velocity has noticeable changes
(especially for the normal eddy) within the upper 1,000 m,
and its size is very small and has little difference below 1,000 m
(Figures 12E-H). The maximum meridional velocity for CCEs,
AWEs, CWEs, and ACEs is 0.42, 0.86, 1.01, and -0.59 cm/s,
respectively, appearing at 207.50, 7.56, 73.23, and 73.23 m.
Figures 12G, H show that in the upper 100 m, CEs (CCEs and
CWEs) and AWEs deflect northward, while ACEs deflect
southward. The value of the background meridional velocity
changes rapidly and decreases sharply from nearly 2 cm/s to
almost 0 at 55 m in the ocean’s upper layer. This meridional
velocity increases slightly from 55 to 108 m and gradually
decreases below 108 m, finally remaining almost stable below
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700 m, showing a northward direction, but the size is
nearly zero.

Eddy nonlinearity

Ocean eddies can transport heat and freshwater horizontally.
Many studies attribute it to the fact that an eddy is nonlinear and
can trap seawater. Therefore, the degree of eddy nonlinearity can
measure its ability to transport freshwater and other substances.
According to Chelton et al. (2011), we define eddy nonlinearity
asR = Z—:, where v, and v, are the eddy average rotation velocity
and the eddy movement velocity in the horizontal direction,
respectively. Eddy nonlinearity larger than one means the eddy
rotation velocity exceeds its horizontal movement velocity. The
eddy has the ability to enclose materials within the eddy and
transport it horizontally. On the contrary, eddy nonlinearity less
than one means the eddy rotation velocity is less than the
horizontal movement velocity. Therefore, the ability to trap
materials within the eddy is weak, and it is not easy to
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transport materials horizontally. For the comparison
information of the four types of eddies’ nonlinearity, please
refer to Table S6 in the supporting information.

Figure 13 shows the statistical horizontal nonlinearity
distribution of the four types of eddies at the surface
(Figures 13A, B) and 1,000 m (Figure 13C, D). There are 42,407,
37,375, 13,424, and 18,963 eddies with a nonlinearity larger than
one at the surface, accounting for 56.00, 54.77, 48.72, and 46.03% of
CCEs, AWEs, CWEs, and ACEs, respectively. The expressions of
the Gaussian fitting function corresponding to the eddy
nonlinearity statistical histogram of the four types of eddies are

_ —(3:065)2 0362
Yo(x) = 0.22¢ 15 ,

, %6(x) = 0226775 x(x) = 0.24¢ (T
and ¥%(x) = 0.25¢ (&)’ respectively. From the four fitting
functions, the coefficient pifor the normal eddy is larger than that
in the abnormal eddy, indicating that the normal eddy is stronger
than the abnormal eddy in the eddy nonlinearity. This result also
verifies the view that abnormal eddies mainly occur in eddies’
generation and decay stages (with weak nonlinearity,
Sun et al,, 2019).

Accordingly, among the four types of eddies at 1,000 m,
there are 1,068, 1,767, 284, and 74 eddies with an eddy
nonlinearity larger than one, accounting for 1.41, 2.59, 1.03,
and 0.18% of the corresponding types of eddies. The expressions
of the Gaussian fitting functions corresponding to the eddy
nonlinearity statistical histogram for the four types of eddies are

10.3389/fmars.2022.1004300

x-0.18\2

%(x) = 0.22¢ s %6(x) = 0.216 R, 4 (x) = 0.32¢
Yo(x) = 0.34¢ 55", respectively. As in the case on the sea

_(MV

£-0.10)2
0.28 = ) S

0.19

surface, the normal eddies’ nonlinearity is also more
substantial than the abnormal eddies at 1,000 m.

Figure 14 shows the vertical distribution of the average eddy
nonlinearity of the four types of eddies. The average eddy
nonlinearity decreases rapidly with depth in the upper 1,000
m, and the rate of change becomes very small below that depth.
The maximum average eddy nonlinearity of the four types of
eddies appears at the surface layer. The maximum value for
CCEs, AWEs, CWEs, and ACEs is 1.3925, 1.3911, 1.2249, and
1.1769, respectively. The minimum average eddy nonlinearity
corresponding to the four types of eddies is 0.1842, 0.1796,
0.1712, and 0.1672, respectively, which appears at 2,847.0,
2,847.0, 1,515.4, and 2,348.9 m. The depth of CCEs, AWEs,
CWEs, and ACEs with average eddy nonlinearity larger than one
is concentrated in the ocean’s upper layer, which is 109.0, 116.0,
159.0, and 52.0 m, respectively. Below this depth, their
nonlinearities become less than one.

Conclusions

The STCC region is the second highest EKE region in the
North Pacific Ocean. This area is rich in mesoscale eddy
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FIGURE 13

Statistical histogram of eddy nonlinearity at the surface (A, B) and 1,000 m (C, D). Blue, red, green, and magenta bars represent cyclonic cold-
core eddy, anticyclonic warm-core eddy, cyclonic warm-core eddy, and anticyclonic cold-core eddy, respectively. The curves show the

distribution of the Gaussian fitting function.
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activities and various mesoscale eddy types. This study uses the
newly proposed eddy classification method to divide mesoscale
eddies into four categories: CCEs with anticlockwise rotating
flow field and cold eddy core, AWEs with clockwise rotating flow
field and warm eddy core, CWEs with anticlockwise rotating
flow field and warm eddy core, and ACEs with clockwise
rotating flow field and cold eddy core.

The spatial characteristics of these four kinds of mesoscale
eddies are discussed in detail based on the OFES data. The
analysis of four eddy cases shows that the eddy in the STCC
region has bowl-shaped and lens-shaped three-dimensional
structures. The abnormal eddy phenomenon mainly occurs in
the ocean’s upper layer. After a certain depth, the abnormal eddy
often goes back to a normal eddy.

Based on the eddy detection results of OFES data from 2008
to 2017, the statistical analysis shows that the proportion of the
four types of eddies at the sea surface is 35.60, 32.08, 12.95, and
19.37%, respectively. Regarding the spatial distribution at the sea
surface, normal eddies are primarily distributed in the open
ocean. In contrast, abnormal eddies are mainly distributed
southeast of the STCC, the South China Sea, and the Hawaiian
Islands. The maximum number of normal eddies in the vertical
direction appears at 1,000 m, indicating a considerable number
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of subsurface eddies in the ocean (Assassi et al., 2016, Nan et al.,
2017), which is a scientific problem worthy of further study.

The average radius of the four types of eddies at the sea
surface is almost the same (about 80 km). However, at a depth of
1,000 m, the average radius of the normal and abnormal eddies is
about 70 and 50 km, respectively. In the vertical direction, the
maximum average radius of the four types of eddies appears at
the sea surface, which confirms the view of Lin et al. (2015) that
most oceanic eddies have a bowl-shaped structure.

The average amplitude of the four types of eddies in the
STCC area is only about 3 cm, less than half of the global
statistical result (~ 8 cm) obtained by Chelton et al. (2011).
Among the four types of eddies, the proportion of eddies with an
amplitude larger than 10 cm is less than 3%, which is much less
than the result of 25% reported by Chelton et al. (2011). Most of
the four types of eddies’ eccentricity occur in the range of 0.8 ~
0.9, indicating that most eddies are elliptic-shaped. Only a few
eddies” eccentricities are less than 0.2. In the vertical direction,
the eccentricity of the four types of eddies shows a decreasing
trend with depth.

Regarding the horizontal movement direction of eddies,
except for the apparent westward movement characteristics,
the eddies generated north of 21°N tend to deflect to the
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south, while eddies generated south of 21°N tend to deflect to the
north. The average zonal velocity of the four kinds of eddies at
the sea surface is -4.29 + 0.92, -3.97 * 2.30, -4.05 + 1.06, and
-4.93 + 1.61 cm/s, respectively. Accordingly, 51.71, 53.47, 52.38,
and 48.37% of the eddies have a zonal velocity less than 5 cm/s,
while only 5.20, 5.83, 5.20, and 5.70% of the eddies have zonal
velocities of more than 20 cm/s. Accordingly, the average
meridional velocity is 0.11 £ 1.04, 0.85 + 2.50, 0.49 + 1.70, and
-0.39 £ 1.67 cm/s respectively. Among these eddies, 74.50, 71.72,
74.60, and 74.86% have meridional velocity less than 5 cm/s,
while only 3.56, 4.43, 3.75, and 3.18% are larger than 20 cm/s.

According to the definition of eddy nonlinearity in Chelton
et al. (2011), this study finds that strongly nonlinear eddies are
mostly distributed in the ocean’s upper layer, and nearly half are
larger than one. However, at a depth of 1,000 m, the ratio is only
1.41, 2.59, 1.03, and 0.18%, respectively.

A detailed discussion of the spatial distribution
characteristics of the four types of eddies helps deepen the
understanding of the mesoscale eddy phenomenon in the
STCC region. The STCC region is located in the East Asian
monsoon-dominated region, and the mesoscale eddy activities
in this area will inevitably be affected by the seasonal changes in
the atmospheric background field. The seasonal difference in
eddy characteristics is one of the current scientific problems we
are discussing. In addition, the possible generation mechanism
of abnormal eddies and whether this abnormal eddy
phenomenon is regionally dependent will discuss in a
future study.
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