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Abstract

Mesoscale eddies play vital roles in ocean processes. Although previous studies focused on eddy surface features
and individual three-dimensional (3D) eddy cases in the northwestern Pacific Ocean, the analysis of unique eddy
3D regional characteristics is still lacking. A 3D eddy detection scheme is applied to 9 years (2000-2008) of eddy-
resolving Regional Ocean Modeling System (ROMS) output to obtain a 3D eddy dataset from the surface to a
depth of 1 000 m in the northwestern Pacific Ocean (15°-35°N, 120°-145°E). The 3D characteristics of mesoscale
eddies are analyzed in two regions, namely, Box1 (Subtropical Countercurrent, 15°-25°N, 120°-145°E) and Box2
(Southern Kuroshio Extension, 25°-35°N, 120°-145°E). In Box1, the current is characterized by strong vertical
shear and weak horizontal shear. In Box2, the current is characterized by the strong Kuroshio, topographic effect,
and the westward propagation of Rossby waves. The results indicate the importance of baroclinic instability in
Box1, whereas in Box2, both the barotropic and baroclinic instability are important. Moreover, the mesoscale
eddies’ properties in Box1 and Box2 are distinct. The eddies in Box1 have larger number and radius but a shorter
lifetime. By contrast, Box2 has fewer eddies, which have smaller radius but longer lifetime. Vertically, more eddies
are detected at the subsurface than at the surface in both regions; the depth of 650 m is the turning point in Box1.
Above this depth, the number of cyclonic eddies (CEs) is larger than that of anticyclonic eddies (AEs). In Box2, the
number of CEs is dominant vertically. Eddy kinetic energy (EKE) and mean normalized relative vorticity in Box2
are significantly higher than those in Box1. With increasing depth, the attenuation trend of EKE and relative
vorticity of Box1l become greater than those of Box2. Furthermore, the upper ocean (about 300 m in depth)
contains 68.6% of the eddies (instantaneous eddy). Only 16.6% of the eddies extend to 1 000 m. In addition, about
87% of the eddies are bowl-shaped eddies in the two regions. Only about 3% are cone-shaped eddies. With
increasing depth of the eddies, the proportion of bowl-shaped eddies gradually decreases. Conversely, the cone-
and lens-shaped eddies are equal in number at 700-1 000 m, accounting for about 30% each. Studying the 3D
characteristics of eddies in two different regions of the northwestern Pacific Ocean is an important stepping stone
for discussing the different eddy generation mechanisms.
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1 Introduction

Mesoscale eddies are distributed ubiquitously in the world’s
oceans. They contain a considerable amount of kinetic energy,
which can account for ~90% of the total energy of ocean circula-
tion (Su et al., 2001; Wunsch and Ferrari, 2004; Jing et al., 2021).

They play critical roles in ocean dynamics, heat, salinity and en-
ergy transport, and biogeochemical processes (McNeil et al.,
1999; McGillicuddy et al., 1999; Stammer, 1998; Chelton et al.,
2011a, b; Dong et al., 2017; Sun et al., 2019), as well as in air-sea
interactions (Lin et al., 2019; Ma et al., 2015). Mesoscale eddy
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activity strongly affects wind variations (Lin et al., 2019), thus im-
pacting climate-relevant ocean mean and variability simulations
(Chassignet et al., 2020). The divergent effects of cyclonic eddies
(CEs) and convergent effects of anticyclonic eddies (AEs) have
distinct impacts on ocean vertical mixing. The construction of a
unified three-dimensional (3D) eddy structure helps elucidate
the transport capability of eddies (Zhang et al., 2013, 2014; Dong
et al., 2014; Wang et al., 2020a). Additionally, accurate prediction
of oceanic mesoscale eddies propagation and magnitudes helps
elucidate synoptic to intra-seasonal time scales ocean forecast
and prediction (Meng et al., 2021).

The northwestern Pacific Ocean (NWPO; 15°-35°N, 120°-
145°E) has a very complex ocean circulation system (Fig. 1) be-
cause of its geographical position adjacent to the western bound-
ary of the Pacific Ocean (Qu et al., 1998). The westward Northern
Equatorial Current (NEC) reaches the coast of the Philippines
and bifurcates near 13°N due to the influence of topography
(Toole et al., 1990; Wang et al., 2009; Zhou et al., 2006), thereby
forming the equatorial Mindanao Current (MC) and the pole-
ward Kuroshio Current (KC). In addition, the Kuroshio, which
carries warm, salty equatorial water, gradually strengthens while
flowing along the western boundary. This extremely energetic
western boundary current eventually forms the Kuroshio exten-
sion region along the coast of Japan at 35°N (Chern et al., 1990;
Qiu and Imasato, 1990). The Pacific western boundary currents
(WBCs, NEC-MC-KC, and NMK currents system) in the NWPO
also play a very important role in the global ocean circulation and
local climate systems. The WBCs' flow strength and weakness
have important effects on heat, salt, and energy exchange
between the equatorial Pacific and the subtropical Pacific. With
global warming, the change of the Western Pacific Boundary cur-

rent directly affects the Indonesian Throughflow (ITF), which in
turn affects the global thermohaline circulation (GTHC) and
global climate change (Gordon, 1986; Hu et al., 2015; Lukas et al.,
1991, 1996; McCreary and Lu, 1994; Zhou et al., 2006). Mean-
while, high mesoscale eddy activities exist in the NWPO, espe-
cially in the Subtropical Countercurrent (STCC) region, as well as
in the Kuroshio region and its extension. The baroclinic instabil-
ity from the vertical shear between STCC and NEC is the main
energy source for eddies in the STCC region (Qiu, 1999; Roem-
mich and Gilson, 2001; Qiu and Chen, 2005, 2010; Noh et al.,
2007; Kang et al., 2010; Liu et al., 2012; Zhou et al., 2021). In the
Kuroshio and its extension area, the horizontal shear and vertic-
al buoyancy flux on the two sides of the Kuroshio axis are import-
ant energy sources for eddies (Liu et al., 2017a). With decreasing
significance of the topography, the instability of strong currents
can lead to large and small bends. When the loops formed by the
bends pinch off, the eddies break away from the main axis
(Chern et al., 1990; Dai et al., 2020; Dong et al., 2017; Ji et al.,
2018; Ma et al., 2016). A recent study showed that mesoscale ed-
dies have a significant effect on the intra-seasonal variation of
NEC bifurcation. These results provide valuable evidence for
studying the role of mesoscale eddies in the NWPO (Zhou et al.,
2010, 2021). Therefore, investigating the distribution and
propagation characteristics of mesoscale eddies is important
to elucidate the energy variation and air-sea interaction in this
region.

In recent decades, many physical oceanographers have paid
particular attention to mesoscale eddy activities in the NWPO,
but most of them focused on eddy surface characteristics. For ex-
ample, Lin (2005) used satellite altimetry data from 1993 to 2001
and found that an average of 60 mesoscale eddies were gener-
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Fig. 1. Bathymetry of the study area (15°-35°N, 120°-145°E). 25°N (horizontal red line) and 200 m isobath (curved red line) are the
dividing lines. South of 25°N defines Box1 (STCC, 15°-25°N, 120°-145°E), whereas north of 25°N and a water depth exceeding 200 m
define Box2 (Southern Kuroshio Extension, SKE, 25°-35°N, 120°-145°E). The background color represents the water depth in unit of
meter. The inset shows the model simulation domain. The topography data is from ETOPO1 (Amante and Eakins, 2009).
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ated in the NWPO annually. The number of cold eddies was re-
portedly slightly higher than that of warm eddies. Furthermore,
the mesoscale eddies also had noticeable seasonal variations,
more eddies appeared in spring, and less appeared in autumn.
More CEs than AEs with a lifetime longer than 30 d were ob-
served (Cui et al., 2017). In the NWPO, the energy source of ed-
dies might be baroclinic instability, and a reverse cascade of en-
ergy was found (Wang et al., 2019). Yang et al. (2019a) used a nu-
merical model in the NWPO and found that the air-sea heat flux
and wind stress in the Kuroshio Extension (KE) promote the dis-
sipation of oceanic eddies. Moreover, the eddy-induced heat flux
anomalies dampen the sea surface temperature (SST) anomalies,
thereby dampening the available potential energy of eddies. This
phenomenon significantly influences the large-scale SST in the
Kuroshio-Oyashio extension region (Shan et al., 2020).

Satellite data can only reveal the surface characteristics of ed-
dies, and in-situ data are scarce, thereby resulting in limited stud-
ies on the vertical structures of eddies in NWPO (Lin et al., 2012;
Zheng et al., 2014; Cui et al., 2017). Argo data is commonly used
to analyze individual cases of 3D eddies, study the vertical ther-
mohaline structure of eddies, and synthesize 3D eddy structure
(Chaigneau et al., 2011; Yang et al., 2019b; de Marez et al., 2019;
Aguedjou et al., 2019). He (2007) found that AEs were mostly
bowl-shaped, and their depth could reach 1 000-2 000 m in
NWPO. The CEs were more cylindrical and shallower; they usu-
ally reach only a few hundred meters. Zhang et al. (2015) used
Argo floats and reported two sub-thermocline anticyclonic lens-
shaped eddies in the subtropical NWPO, with depths lower than
600 m and thickness values between 150 m and 190 m. Wang et al.
(2020a) observed an AE between 400 m and 600 m in the same
area. The maximum temperature and salinity anomalies of the
eddy core were 1.7°C (1.9°C) and 0.04 (0.07) in the growing stage
(further growing stage), respectively. The temperature and salin-
ity anomaly centers of the AE were between 500 m and 600 m and
800 m and 900 m, respectively (Dai et al., 2020). Liu et al. (2012)
used more than 3 000 Argo float profiles and satellite altimeter
data to statistically analyze the vertical thermohaline structure of
mesoscale eddies in the subtropical countercurrent area. The
cold- and warm-core depths of cold and warm eddies were simil-
ar, and the maximum temperature anomalies were around 1°C .
Yang et al. (2013) explained that due to the existence of mode wa-
ters in the main thermocline, the eddy-induced temperature an-
omaly of CEs exhibited a double-core vertical structure. However,
the salinity anomaly of AEs was significantly sandwich-shaped
because of the vertical water mass distribution. In addition, in-
depth understanding of eddies 3D structure only focused on the
Kuroshio Extension (Yuan et al., 2021). A cylindrical eddy was
based on three existing eddy shapes, and its radius was almost
consistent across all layers. By using high spatial resolution Argo
data, the 3D structure of single eddy or composite eddies can be
obtained (Zhang et al., 2013, 2015; Sun et al., 2017; Wang et al.,
2020a; Dai et al., 2020), but the detailed evolution processes of
eddies are difficult to trace. Therefore, the statistical results of 3D
eddy structures can be obtained only by high resolution model
output.

Previous mesoscale eddy studies in the NWPO focused on the
statistics of surface features, few individual 3D eddy cases, ed-
dies’ vertical temperature and salinity structures, heat/salt trans-
port, and eddy-induced air-sea interactions. The lack of 3D eddy
features limits the understanding of eddy behavior, including the
generation, maintenance, and decay of 3D eddies, as well as the
different generation and termination mechanisms in different
parts of the NWPO. The 3D characteristics of mesoscale eddy in

the NWPO are analyzed in this paper by applying a 3D eddy de-
tection method to 9 years (2000-2008) of the Regional Ocean
Modeling System (ROMS) model data.

The rest of the paper is organized as follows. Section 2 intro-
duces the data and methods used to detect 3D eddies. Sections
3-5 analyze the 3D characteristics and structures of eddies, the
distribution of three types of eddies in different regions, and the
3D horizontal and vertical profiles of temperature, salinity, and
velocity, respectively. Section 6 shows the conclusions.

2 Data and methods

2.1 Observation data

The archiving, validation and interpretation of satellite
oceanographic (AVISO, http://www.aviso.altimetry.fr/) sea sur-
face height anomaly and geostrophic flow anomaly data provided
by Copernicus Marine Environment Monitoring Service Center
(CMEMS, http://www.copernicus.eu/) are used. The daily data
have a spatial resolution of (1/4)°x(1/4)° and are obtained from
January 1993 to December 2019. The Chelton’s eddy dataset
(eddy_trajectory_2.0exp_19 930 101_20 191 015) is also provided
by AVISO. The dataset includes eddy trajectory, center, radius,
amplitude, rotation velocity, and polarity based on the results of
daily sea level anomaly detection from January 1993 to October
2019.

The SST data are from the operational sea surface temperat-
ure and ice analysis (OSTIA) data provided by CMEMS (https://
resources.marine.copernicus.eu/, SST_GLO_SST_L4_REP_OB-
SERVATIONS_010_011). This dataset is a combination of satel-
lite and in situ data and extends from October 1981 to the
present. It has a temporal resolution of 1 d and a spatial resolu-
tion of (1/20)°x(1/20)°.

To have a similar period as the ROMS model data, only data
obtained from 2000 to 2008 are selected from the above datasets.

2.2 Model output

This study uses the results from ROMS. The sea surface
thermal forcing fields, such as 2 m air temperature, skin temper-
ature, rainfall rate, 2 m absolute humidity, upward/downward
long-wave radiation fluxes, and upward/downward short-wave
radiation fluxes, are derived from the National Centers for Envir-
onmental Prediction (NCEP)/ National Center for Atmospheric
Research (NCAR) Reanalysis1 daily atmospheric dataset avail-
able from 1958 to 2008 (http://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis.surfaceflux.html). The heat fluxes
are calculated using the bulk formula. The 1958 simple ocean
data assimilation (SODA) products, including ocean temperat-
ure, salinity, currents, and sea surface height at a resolution of
(1/2)° and interpolated to (1/12)°, are used as the initial field. A
warm start is adopted. Considering that the integration is initial-
ized in January 1958, the surface forcing and cyclic boundary
conditions from January to December of that year is adopted for
10 years. From 1958 to July 1999, the wind field data of NCEP/
NCAR Reanalysis 1 are used as the atmospheric dynamic forcing
field. Considering that the resolution of the NCEP/NCAR forcing
is (1/2)°, we shift to a blended wind field with a (1/4)° resolution
from August 1999 to 2008, in accordance with the QuikScat wind
measurement data (https://manati.star.nesdis.noaa.gov/products/
QuikSCAT.php). The western boundary is closed, and the three
other boundaries are open in our model domain. We select the
Chapman scheme for the barotropic open boundary (Chapman,
1985) and the radiation scheme for the baroclinic open bound-
ary (Orlanski, 1976; Raymond and Kuo, 1984). A 10-year spin-up
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was conducted for dynamic modification until stable variations
are reached for the kinetic and eddy kinetic energy (EKE).

The model domain spans 9°S-41°N and 99°-145°45E with a
(1/12)° horizontal spatial resolution. In the vertical direction, a &
coordinate system with 32 equal layers is adopted. The K-Profile
parameterization (KPP) mixing scheme is used. The NWPO
(15°-35°N, 120°-145°E) is selected as the study area from 2000 to
2008. For further analyses, the dataset is linearly interpolated to
21 vertical layers, as follows: 10 m, then every 50 m from 50 m to
1 000 m. The detailed settings of the model are found in Lin et al.
(2013, 2015). The model evaluation is presented in Appendix.
The model data have been used to study the 3D eddies in the
South China Sea and have been verified (Lin et al., 2013, 2015).
The ROMS model used in the present study does not include data
assimilation, and the numerical results are dynamically bal-
anced.

2.3 Eddy detection scheme

2.3.1 Vector geometry-based surface eddy detection algorithm

This paper adopts an automated mesoscale eddy detection
method based on the geometric characteristics of the flow field,
as proposed by Nencioli et al. (2010). Compared with the Okubo-
Weiss method (Okubo, 1970; Weiss, 1991) and Winding-Angle
method (Sadarjoen and Post, 2000), the selected method can de-
tect eddies more efficiently and flexibly in complex velocity fields
and has a higher rate of successful identification and a lower rate
of excessive identification (Nencioli et al., 2010). This method has
been widely used to study eddies in different sea areas around
the world (Dong et al., 2012; Liu et al., 2012; Lin et al., 2015; Ma
etal., 2016; Sun et al., 2018; Ji et al., 2018; Yang et al., 2020).
Please refer to the above studies for more details on the eddy de-
tection algorithm.

2.3.2 Three-dimensional eddy detection method
The eddy detection method introduced in Section 2.3.1 is ap-
plied to the 21 layers of velocity field to obtain the eddy position,
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polarity, radius, energy, and generation and decay time. It is as-
sumed that the center of an eddy in the next layer does not drift
more than 0.25 times of its upper layer’s radius (at intervals of
50 m or less). We start from the surface and move down with the
same polarity and occurrence time. If the eddy is found in the
next layer, then we use the eddy information at that layer to con-
tinue searching in the layer below up to the 1 000 m layer. If no
eddy is detected in the next layer, then we consider the depth of
the eddy in the previous layer as the next layer’s depth. Specific
details about this method are found in Dong et al. (2012) and Lin
etal. (2015).

3 Verification of eddy dataset and basis for regional division

3.1 Validation of eddy dataset

After applying the automated eddy detection method to the
flow field of the 2000-2008 model data, the occurrence frequency
of eddies with different lifetimes and radiuses are counted. Most
eddies have a lifetime of 3-4 weeks, and a radius of 25-30 km
(Appendix Fig. A4). Notably, due to the limitation of model resol-
ution ((1/12)°x(1/12)°), the current method can only correctly
identify eddies larger than 20 km. Therefore, this paper defines
mesoscale eddies as eddies with a lifetime longer than 3 weeks
and a radius larger than 30 km. In the subsequent analyses, we
remove the eddies that do not meet these requirements. After
screening, a total of 1 876 eddies remains (963 CEs and 913 AEs).
On average, 208 eddies are generated annually, and this number
is larger than the number reported by Lin et al. (2012) (150-151).
The difference may be due to the addition of the East China Sea
in our study and the differences in the studies’ definition of
mesoscale eddy lifetime. Lin et al. (2012) used a lifetime of 4
weeks.

We count the eddies by treating the entire eddy lifetime as
one eddy and selecting the daily radius as the unit for counting
radius. Figure 2 is obtained by filtering the eddy detection results
from ROMS, AVISO, and the Chelton’s eddy dataset (Chelton
etal., 2011b) according to the thresholds. From the perspective of
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Fig. 2. Histograms of eddy lifetime (a, b, and c) and radius (d, e, and f) from ROMS output (left panels), AVISO data (middle panels),

and Chelton’s eddy dataset (right panels) from 2000 to 2008.
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eddy lifetime and radius, they follow a normal distribution. The
eddy lifetime is concentrated between 4 weeks and 6 weeks in the
ROMS results. Only 14 CEs and 13 AEs have a lifetime longer than
21 weeks (Fig. 2a). The eddy lifetime from the AVISO results is
also concentrated between 4 weeks and 6 weeks, but more short-
lived eddies exist (Fig. 2b). The results from Chelton’s eddy data-
set also show a similar result, i.e., peaks at 4-6 weeks in the eddy
lifetime (Fig. 2c), but more long-lived eddies exist. A total of 51
CEs and 57 AEs survived for more than 21 weeks. Compared with
the lifetime, radius distributions of the CEs and AEs are also sym-
metrical (Figs 2d-f). The radius is within 150 km, and the peak ra-
dius appears at 30-50 km. Totally, 20 CEs and 98 AEs with a radi-
us larger than 150 km are found (Fig. 2d), whereas 80 CEs and
101 AEs are noted in the AVISO data results (Fig. 2e). Among
these large eddies, the mean radius of AEs is 20-30 km larger
than that of CEs. The instantaneous eddy radius (Fig. 2f) is larger
than that of the ROMS results, due to the fact that the eddies in
Chelton’s eddy dataset having a longer lifetime. The radius is
mostly less than 250 km. More AEs than CEs exist for eddies with
radius exceeding 250 km.

Based on the same eddy detection method, more eddies with
a lifetime of 4-6 weeks and a radius of 30-50 km are detected in
the AVISO data than in the ROMS model output. However, as
shown by the original velocity field without setting any threshold
(Appendix Fig. A3), the number of eddies detected from the mod-
el results is 12.8% more than that from AVISO data. The eddy
number is smaller, but the eddies are larger in Chelton’s eddy
dataset. The main reason for this difference is the difference in
the resolution of the two datasets. The original AVISO data have a
spatial resolution of (1/4)°x(1/4)°, and the model output resolu-
tion is (1/12)°x(1/12)°. Although both datasets are interpolated to
a (1/8)°x(1/8)° grid resolution, the model data can distinguish
smaller eddies. Furthermore, the model output has a daily tem-
poral resolution, whereas that of the original AVISO data is
weekly. Several days of data are synthesized into 1 d; thus, simil-
ar information is retained. For this reason, eddies from the
AVISO data have a longer lifetime. Although the mean lifetime
and mean radius detected from the ROMS data are shorter and
smaller than those from the AVISO and Chelton datasets, the
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number and lifetime distribution pattern of eddies obtained from
the ROMS model are equivalent to those of Chelton’s eddy data-
set and AVISO data. Therefore, the eddy dataset obtained from
the model is reliable and can be used to further study the 3D
characteristics.

3.2 Basis for regional division

In previous studies on NWPO surface eddies, the region has
always been regarded as a whole, but significant spatial differ-
ences in eddy polarity and intensity in the region are found in our
study (Fig. 3). According to their differences, dividing NWPO into
two areas is necessary for a comparative study. Figure 3a shows
the eddy polarity distribution of the study area from 2000 to 2008,
which reflects the dominant region of CEs and AEs. The defini-
tion of eddy polarity P refers to the probability that a certain
point in the eddy is located in a CE (P<0) or an AE (P>0). The
calculation method is expressed as Eq. (1), as follows:

_ iAE Fcg ’ )
‘A + Fce
where Fag and Fcg are the numbers of AEs and CEs appearing in
each grid point (Chaigneau et al., 2009; Chen et al., 2011). Figure
3a shows that south of 20°N is dominated by CEs, and the AEs are
widely distributed between 20°N and 25°N. This finding is con-
sistent with that of Cheng et al. (2017), who revealed that eddies
are very active between 14°N and 24°N, especially at two latitude
bands, namely, 18°-19°N and 22°-23°N. In the western North Pa-
cific, the eastward STCC is separated into three parts, namely,
southern STCC (19°-20°N), northern STCC (22°-24°N), and east-
ern STCC (24°-27°N) (Hasunuma and Yoshida, 1978). In our
study area (NWPO), the vertically meridional potential vorticity
gradient of southern and northern STCC reverses and provides
an energy source for the generation of eddies (Cheng et al., 2017).
The number of AEs is significantly greater than that of CEs in the
high-latitude regions of the Pacific Ocean (Zheng et al., 2014). A
clear asymmetric distribution of eddy polarity exists in the Kur-
oshio area. CEs are generated on the left side of the Kuroshio,
whereas AEs are generated on the right side. This finding is con-
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Fig. 3. Eddy polarity distribution map (a) and meridional vertical cross-section (zonal average of the whole domain) showing the
average intensity of cyclonic (b), anticyclonic (c), and total eddies (d) during 2000-2008. In a, the blueish and reddish tones are
cyclonic and anticyclonic eddies, respectively; the solid magenta line is the dividing line between Box1 and Box2. In b, the solid
magenta lines are the contours of 0.25 and 0.35. The dotted lines in a are the dividing lines of every 5° of latitude, the dotted line in b

marks latitude of 25°N.
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sistent with the results of Liu et al. (2017a) along the main axis of
the Kuroshio. The uniqueness of ocean eddies in western bound-
ary current areas and the close relationship between the distribu-
tion of eddy polarity and the distribution of ocean current are
highlighted (Chelton et al., 2011b).

To elucidate the influence of eddy depth, we divide the vorti-
city of the eddy center (Co) by the Coriolis parameter (f) to obtain
the relative vorticity ((o/f) at the eddy center (Figs 3b and c). For
both CEs or AEs, the larger eddies are concentrated in the upper
ocean and show an axe shape with latitude. For CEs (Fig. 3b) with
a relative vorticity greater than 0.25 at 200 m in the upper layer
between 15°N and 25°N, the 0.25 contour line begins to deepen
and reaches a depth of about 600 m as the latitude exceeds 25°N.
However, the contour of AEs with intensity levels greater than
0.35 (Fig. 3c) remains above 200 m. From the 0.25 isoline, the
depth begins to increase after 25°N, and two obvious protrusions
are located at about 29°N and 34°N, where the depth can reach
about 800 m. This phenomenon also appears in CEs, but the
amplitude is relatively weak. After superposing the relative vorti-
city of CEs and AEs, the total trend of eddy intensity remains un-
changed (Fig. 3d). With increasing latitude, the eddy intensity
gradually deepens from 200 m. This phenomenon is related to
the Kuroshio to the north of 25°N, which continuously provides
energy to the eddies. In addition, previous studies have found
that the number of eddies is small at south of 15°N (Yang et al.,
2013), whereas the STCC (about 15°-25°N) and the southern Kur-
oshio Extension (SKE, about 25°-35°N) have high eddy activities
(Wang et al., 2020). To understand the dynamic mechanisms
linked to the distinct eddy characteristics of the two regions, we
check the baroclinicity of the corresponding background ocean
currents, according to Zhou et al. (2021). The horizontal shears
(Fig. 4b) are calculated by averaging the absolute values of the
meridional gradient of the zonal velocities between 15°N and
35°N. The vertical shears (Fig. 4c) are calculated by differencing
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the zonal velocities between vertical layers. The background flow
fields in these two regions show distinct patterns. The current is
characterized by strong vertical shear but weak horizontal shear
at south of 25°N. This contributes to a high EKE level (Fig. 4a), in-
dicating that baroclinic instability is the main energy source for
eddies in this region. One of the dynamic mechanisms is the op-
posite directions of the surface STCC and subsurface NEC; other
reasons are the opposite direction of the STCC and the westward
propagation of Rossby waves and eddies in this region. The cur-
rent is characterized by the strong Kuroshio, topography effect,
and the westward propagation of Rossby waves north of 25°N.
Two obvious regions with strong eddy relative vorticity (~29°N
and ~34°N, Figs 3b-d) are observed. These areas also show very
high EKE levels (Fig. 4a) due to the strong barotropic and baro-
clinic instability from surface to 1 000 m (Figs 4b and c). There-
fore, considering the eddy polarity and intensity characteristics
(Fig. 3), the study area is divided into Box1 (STCC, 15°-25°N,
120°-145°E) and Box2 (SKE, 25°-35°N, 120°-145°E). Eddies are
then separately analyzed and counted in the two regions.

4 Eddy characteristics in Box1 and Box2

4.1 Interannual, seasonal and monthly variations

Box1 has 121 eddies a year on average, with small interannu-
al variation (Fig. 5a). The largest number of eddies is 130 in 2000
and the smallest number is 111 in 2007. The numbers of CEs and
AEs generated in different years also differ. In 2000, 68 AEs exist
(maximum), whereas only 44 exist in 2007. In 2001 and 2008, up
to 70 CEs exist, and in 2006, at least 56 exist. In 2007 and 2008, the
numbers of CEs vastly exceed those of AEs by 23 and 18, respect-
ively. A good correlation (0.54) exists between the interannual
eddy number and EKE (not shown). The generation of meso-
scale eddies has a clear seasonal variation (Fig. 5¢). Spring has
the maximum number of eddies; then, the number decreases
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with every subsequent season (spring: MAM, summer: JJA, au-
tumn: SON, winter: DJF). The annual cycle of the number of ed-
dies is more significant than the interannual variation (Fig. 5¢).
The number of generated eddies is highest in May and lowest in
November, which corresponds to the summer and winter EKE
seasonal variations, respectively (Qiu et al., 2014). This annual
cycle of EKE is due to the seasonal changes in the STCC’s intens-
ity. The latter determines the growth rate of baroclinic instability
(Qiu and Chen, 2013).

The number of eddies generated in Box2 is 83 per year on av-
erage and has a strong interannual variation (Fig. 5b). The
highest and lowest numbers are 105 and 71 in 2001 and 2005, re-
spectively. Similar to Box1, the number of CEs is different from
that of AEs in the different years. The AEs and CEs reach maxim-
um numbers of 53 and 52, respectively, in 2001. In the following
year, the number of AEs decreases to a minimum of 31. That of
CEs decreases to a minimum of 33 in 2005. The seasonal vari-
ation of the number of eddies generated in Box2 (Fig. 5d) is dif-
ferent from that in Box1. The numbers of CEs in spring and au-
tumn are larger than those in summer and winter; there are more
CEs than AEs. As for the monthly variation (Fig. 5d), the maxim-
um number of eddies generated in Box2 occurs in May (similar to
Box1), whereas the minimum number occurs in March. In Janu-
ary, July, and September, a difference in the range of 10-18 is
found between the numbers of CEs and AEs.

Ordinarily, the NWPO mesoscale eddy characteristics have
significant interannual and annual changes consistent with EKE
variations (baroclinic instability) caused by the seasonally vary-
ing vertical shear between the STCC and North Equatorial Cur-
rent (NEC) system (Yang et al., 2013; Qiu et al., 2014; Tang et al.,
2019). However, the SST variation can affect the formation of ed-
dies by changing the stratification strength of the upper ocean
(Shan et al., 2020). The results obtained by Zu et al. (2016) in the
North Pacific are negatively correlated. Meanwhile, Cui et al.
(2017) found that the interannual variation of the generated

number of the eddy is not directly related to El Nifio-Southern
Oscillation (ENSO). However, Ding et al. (2018) found in the
Northeast Pacific that EKE and eddy occurrence number (EON)
have certain spatial and temporal relationships with Pacific
Decadal Oscillation (PDO) and North Pacific Gyre Oscillation
(NPGO). Also, Box2 is more related to PDO and ENSO than Box1
(not shown); the approach used may be different from the meth-
od of calculating EKE and EON (Ding et al., 2020). These results
suggest that the mesoscale eddy’s role in the NWPO region is still
unclear. Therefore, further analysis and verification are required
to identify the specific physical mechanism.

4.2 Eddy lifetime and radius

The general trend characteristics in Box1 and Box2 are shown
in Fig. 6. More eddies exist in Box1 (1 094) than in Box2 (753).
The mean eddy radius is larger in Box1 (56 km in Box1 and 51 km
in Box2). Eddies in Box2 have a longer lifetime (42 d in Box1 and
48 d in Box2). The numbers of CEs and AEs are 567 and 527 in
Box1 and 393 and 360 in Box2, respectively. This indicates that
there are 4% more CEs than AEs in both areas. At the surface,
77% CEs and 79% AEs in Box1 and 70% CEs and 74% AEs in Box2
survive less than 14 weeks. Only 6 and 7 CEs and 6 and 7 AEs in
Box1 and Box2, respectively, live longer than 21 weeks (Figs 5a
and b). For instantaneous eddy radii, 90% CEs and 84% AEs in
Box1 and 92% CEs and 93% AEs in Box2 are less than 80 km. Box1
has more large-sized (over 150 km) AEs than CEs, and Box2 has
more large-sized CEs than AEs (Figs 6¢ and d).

The eddy detection method (Section 2.3 presents more de-
tails) is applied to the 21-layer velocity field. The eddy radius,
lifetime, and standard deviations in Box1 and Box2 are shown in
Fig. 7. The CEs and AEs radius and lifetime show the same trend.
Specifically, the mean radius of CEs (AEs) is 49.4 km (50.2 km) in
Box1. From the surface to 1 000 m, the radius of AEs is always
slightly larger than that of CEs, except at a depth of 250-350 m
(Fig. 7a). The vertically averaged radiuses of CEs and AEs are
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Fig. 6. Histogram of eddy lifetime (a and b) (lifetime>3 weeks) and radius (c and d) (radius>30 km) in Box1 (left panels) and Box2

(right panels).

46.6 km and 46.7 km in Box2, respectively, which are smaller than
those in Box1. However, the trend is similar to surface eddies
(Fig. 6). With increasing latitude, the eddy radius tends to de-
crease, which is consistent with the rule of change of Rossby de-
formation radius. By comparing the standard deviations of eddy

radius, the eddies’ radiuses in Box1 vary significantly between
500 m and 600 m, and the AEs have a more noticeable difference
at the surface. In Box2, the radiuses of AEs vary more than those
of CEs between 200 m and 800 m.
Similarly, the eddy lifetime in all 21 layers of Box1 and Box2
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Fig. 7. Vertical profile of mean eddy radius and its standard deviation (SD) in Box1 (a) and Box2 (b) and mean eddy lifetime and its

SD in Box1 (c) and Box2 (d).
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and their standard deviations are shown in Figs 7c and d. In gen-
eral, the trend of the vertical lifetime is similar to that at the sur-
face. Eddies in Box1 have shorter lifetimes than those in Box2.
The vertically averaged lifetimes of CEs and AEs are about 45 d
and 46 d, respectively, in Box1 (Fig. 7c). The AEs have a longer
lifetime of up to 3 days at all depths, except between 50 m and
450 m. The vertically averaged lifetimes of CEs and AEs in Box2
are about 50 d and 49 d, respectively, The maximum difference
between the lifetimes of CEs and AEs is 5 d at 50 m (Fig. 7d).

Table 1 shows that the number of eddies in Box1 increases
from 10 m to 100 m and then decreases until 500 m before in-
creasing again at 1 000 m. In addition, the number of AEs is more
than that of CEs at 1 000 m, and the maximum difference is 115.
In Box2, the number of eddies first increases from 10 m to 100 m
and then decreases until 1 000 m. CEs are more than AEs, and the
average difference is 30.

4.3 Vertical statistics

In Box1, more CEs are generated than AEs at above 650 m,
whereas the opposite trend is observed at below 650 m (Fig. 8a).
The numbers of surface CEs and AEs are 567 and 527, respect-

Table 1. Number of eddies at different depths in Box1 and Box2
Number of eddies

Box2
CEs
393
465
398
314

Box1
CEs
567
723
665
672

Depth/m

All
1094
1342
1298
1459

All
753
897
760
609

AEs
527
619
633
787

AEs
360
432
362
295
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ively. At 50 m, CEs and AEs increase by 149 and 141, respectively.
In addition, a minimum difference exists between CEs and AEs at
650 m, and a maximum difference exists at 950 m. In Box2, the
number of CEs is always greater than that of AEs, with 393 and
360 surface CEs and AEs, respectively. At 50 m, CEs and AEs in-
crease by 47 and 75, respectively. The number of eddies de-
creases with depth (Fig. 8b). A minimum difference between CEs
and AEs is found at 50 m, and a maximum difference is found at
450 m. The number of vertical eddies in Box1 and Box2 is signi-
ficantly higher in the subsurface layer, which could differ from
surface eddies, because subsurface eddies have weak signals and
cannot be detected by satellite altimeter data (Chaigneau et al.,
2011; Gordon et al., 2017; Nan et al., 2017; Xu et al., 2019). Xu et al.
(2019) conducted a systematic statistical analysis of subsurface
eddies in the Northwest Pacific Ocean using model data. They
found that the subsurface eddies were concentrated in the latit-
udinal band between 9°N and 17°N, in the Kuroshio extension re-
gion, and in the area east of the Ryukyu Islands. Furthermore,
most of them are AEs at 400 m depth.

The 9-year regionally averaged EKE in Box1 and Box2 de-
crease with depth in the range of 9-532 cm?/s? and 56-1 029 cm?/s?,
respectively. As shown in Fig. 8c, the average EKE at the surface
(10 m) of Box1 is about 405 cm?/s2. At 100 m, it is 205 cm?2/s?,
which is only about 1/2 of the surface value, whereas at 200 m,
the EKE decreases to 1/5 of the surface EKE. At 1 000 m, it is only
about 12 cm?/s2. Compared with the vertical EKE variation in
Box1, EKE in Box2 is significantly larger and decreases more
slowly with depth. This phenomenon is due to the existence of
the Kuroshio. The average EKE of Box2 at the surface is about 843
cm?/s? (Fig. 8d), which is twice the surface EKE of Box1. At 250 m,
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this decreases to about 1/2 of the surface EKE, whereas at 600 m, 4.4 Eddy movement characteristics

itis about 1/5 of the surface value. At 1 000 m, it is only about 81 Eddy movements are affected by the S-effect and the back-
cm?/s2. These values correspond to the EKE distribution in the  ground flow field. To study in greater detail how the trajectory,
two boxes (Fig. 4a). direction, and movement of the NWPO eddies change over time,

The normalized relative vorticity ({o/f) is calculated as the ~ we select the trajectory of the eddies with a lifetime longer than
maximum relative vorticity o divided by the local Coriolis para- 21 weeks at 100 m depth in Box1 and Box2 (Figs 9a and b). Most
meter f. Figures 8e and f show that the normalized relative vorti-  of the CEs and AEs in Box1 are generated in the east and propag-
city varies with depth. In Box1, the mean normalized relative vor-  ate westward before decaying when they reach the western
ticity of CEs ranges between 0.10 and 0.44, whereas the values for ~ boundary. Only a few of them move with the Kuroshio and sur-
AEs are between 0.10 and 0.36. At the surface, the mean normal-  vive for a while after reaching the source area of the Kuroshio. A
ized relative vorticity of CEs (0.44) is larger than that of AEs  few CEs and AEs are also generated in the southeastern waters of
(0.36). Similar to the vertical distribution of EKE (Figs 8c and d),  the Taiwan Island, but their propagation range is limited to that
the mean normalized relative vorticity in Box2 is larger than that  region. With increasing latitude, Box2 eddies move to the west.
in Box1. At the surface, the CEs’ mean normalized relative vorti- ~ When they reach the western boundary, they turn under the in-
city is 0.73, which is larger than the 0.50 of AEs. This finding can  fluence of the Kuroshio and topography. There is a CE in Box2
indicate that CEs are more dominant (Fig. 8b). The standard de-  that moves with the Kuroshio Current, and an AE is hovering in
viations in Figs 8e and f show the great variation of the mean nor-  the Kuroshio extension area.
malized relative vorticity in Box1 and Box2 in the upper ocean The mean velocities of eddy propagation in Box1 and Box2
(300 m). The attenuation trend of the average normalized relat-  vary with longitude (Figs 9c and d) and latitude (Figs 9e and f).
ive vorticity is consistent with the respective EKE trends. Higher =~ Most of these long-lived eddies move westward and northward.
mean EKE and relative vorticity provide more energy to eddies, According to Fig. 9c, the Box1 eddies indicate that meridional
which is also why the average eddy lifetime in Box2 is greater  velocity changes slightly (less than 1 cm 2/s?) between 124°E and
than that in Box1. 145°E. Between 122°E and 124°E, the eddies move sharply north-
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ward, and the CEs velocity can reach up to 8 cm?/s2. The AEs also
move at a speed of 6 cm?/s?, which is related to the Kuroshio Cur-
rent flowing northward east of Luzon Island. However, the ed-
dies in Box2 (Fig. 9d) propagate northward, except in the Kurosh-
io extension between 134°E and 138°E and east of 143°E where
they move southward. The velocity of the CEs between 123°E and
124°E can reach about 10 cm?2/s2. From the perspective of meridi-
onal distribution, the average velocity in Box1 is negative (Fig. 9¢),
which means that the eddy is moving westward at a velocity of
about 3-10 cm?/s2. The velocity of CEs is greater than that of AEs
in the range of 15°-19°N. From 19°N to about 28°N, the speed of
AEs is greater than that of CEs. However, north of 28°N, the ed-
dies move eastward with speeds in the range of 4-6 cm?/s2. Some
AEs move westward between 32°N and 33°N. (Fig. 9f). This find-
ing is roughly consistent with that of Cui et al. (2017).

Overall, eddies in different regions have different character-
istic structures. Eddies in Box1 have a shorter lifetime, larger ra-
dius, and smaller energy, whereas the opposite is observed in
Box2. In addition, the energy and intensity of the eddies in Box1
decay faster with increasing depth of the eddies. At south of 25°N,
the eddies propagate westward with a speed of up to 10 cm/s?.
North of 25°N away from the Kuroshio, eddies still move west-
ward. Along the Kuroshio, the eddies begin to change direction
and spread eastward.

5 3D features of eddies

5.1 3D types of eddies

Based on the 3D eddy detection method (Section 2.3.2), ed-
dies are divided into three types and analyzed at depths of 300 m,
500 m, 700 m, and 1 000 m. A total of 79 693 eddies are detected
from 2000 to 2008 in Box1 (44 471) and Box2 (35 222) (Fig. 10).
Most of the eddies (68.6%) affect depth above 300 m. Petersen et al.
(2013) found that the global number of surface eddies differs by
one order of magnitude from the number of eddies at 1 000 m
depth. According to the four levels considered in Box1 and Box2,
77.4% of the eddies in Box1 are above 300 m, but only 8.0% reach

1000 m depth. In Box2, only 57.5% of the eddies are above 300 m,
and 27.4% reach 1 000 m. The eddies are grouped into three
types, according to the categorization proposed by Dong et al.
(2012) and Lin et al. (2015), as follows: bowl-, cone-, and lens-
shaped. Yuan et al. (2021) obtained four eddy 3D structures us-
ing a 3D eddy identification and tracking algorithm based on
pressure anomalies. Except for one more cylindrical shape, the
other shapes are consistent with our results. Figure 10 shows that
most eddies (~87%) above 300 m in Box1 and Box2 are bowl-
shaped. This finding is similar to the bowl-shaped structure of
most mesoscale eddies observed by Liu et al. (2017b) in the Gulf
Stream region with a maximum depth of about 1 800 m. Zhang et al.
(2014) also used satellite altimeter data and Argo profile to identi-
fy a CE and an AE, both bowl-shaped eddies, and with depths of
1200-1 500 m. Cone-shaped eddies make up only about 2.7% of
the total. Although the proportion of bowl-shaped eddies de-
creases with increasing depth, they are still dominant. The pro-
portion of cone-shaped eddies gradually increases with depth.
The decrease in the number of bowl-shaped eddies with increas-
ing depth is greater in Box1 than in Box2. The number of lens-
shaped eddies stays the same in both regions at 300-500 m. Box2’s
number of cone-shaped eddies increases by about 10%, whereas
that of Box1 increases by about 5%. Bowl-shaped eddies, which
are only 300 m, consist of more AEs than CEs in Box2. In addi-
tion, cone-shaped eddies at 500-700 m consist of more AEs than
CEs (Tables 2 and 3).

5.2 Distribution eddies at 1 000 m

Based on the results in Section 5.1, we select eddies that reach
1000 m depth from the three types of eddies and statistically cal-
culate their meridional and zonal distributions (Fig. 11). Fewer
eddies exist between 15°N and 25°N; there are more CEs than
AEs. With increasing latitude, the number of eddies increases;
peaks appear at 30°N and 31°N (Figs 11a-c). This finding can
show how eddy intensity increases with increasing latitude
(Figs 3 and 4). Figures 11d-f show more eddies on the east side of
135°E than on the west side. This finding shows that with eddies’

a all Box1 / Box2 .
68.6% ‘ 57.5%
77.4%
300 m [ 500 m [N 700 m [N 1 000 m
b 300m 500 m 700 m 1000 m
Boxl__ 30
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35.1% 32.3% 32.3%
11.4% 24.1% 29.0%
¢ 300 m 500 m 700 m 1000 m
Box2__ 10,72,
6%
30.7% 26.8% 27.7%
8.7% [£157% 29.8%
[ bowl-shaped cone-shaped lens-shaped

Fig. 10. Pie diagram showing the total instantaneous eddies with a lifetime of more than 3 weeks at 300 m, 500 m, 700 m, and 1 000 m
in Box1 and Box2 (a) and the pie charts of the three types of eddies at the corresponding depths in Box1 (b) and Box2 (c).



Yang Guijing et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 10, P. 74-93

Table 2. Number of different types of 3D eddies in Box1
Number of eddies

Depth/m Bowl-shaped Cone-shaped Lens-shaped
CEs AEs CEs AEs CEs AEs
300 15012 14914 509 402 1885 1668
500 1348 773 251 201 827 562
700 684 424 347 266 477 346
1000 879 504 662 376 712 442

Table 3. Number of different types of 3D eddies in Box2
Number of eddies

Depth/m  Bowl-shaped Cone-shaped Lens-shaped
CEs AEs CEs AEs CEs AEs
300 7669 9885 281 246 1157 1014
500 998 855 138 128 519 418
700 637 566 210 226 320 280
1000 2440 1675 1979 901 1958 722

westward propagation from generation to maturity, their intens-
ity gradually increases. The number of eddies reaching 1 000 m
depth is largest between 135°E and 140°E. Then, the intensity of
the eddies gradually decreases as they reach the western bound-
ary, where the number of eddies with 1 000 m depth gradually
decreases until zero eddies are left. At the same time, the num-
ber of CEs of the three types is generally larger than that of AEs.
However, at 137°E, the number of bowl-shaped AEs is larger than
that of bowl-shaped CEs. The eddy characteristics have notice-
able regional features.

5.3 3D structure cases of the three types of eddies

Studying the 3D structure is important to better elucidate the
characteristics of mesoscale eddies. Three types of CEs and AEs
reaching 1 000 m are selected, and six eddies are analyzed. Their
sea surface positions are shown in Fig. 12. Their positions are in
line with the eddy concentrated area (Fig. 11). Detailed vertical
and horizontal sections of temperature, salinity, and velocity are
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analyzed to better elucidate the 3D structure of the three types of
CEs and AEs.

Figures 13a and e show the temperature anomaly of two
bowl-shaped eddies (b-1 and b-2) at depths of 10 m, 200 m, 400 m,
600 m, 800 m, and 1 000 m. In Fig. 13a, an obvious cold-core
structure appears from 10 m to 1 000 m, indicating that b-1 has a
stable eddy structure. The maximum temperature anomaly is 8°C,
especially at above 400 m. Hu et al. (2011) used CTD, ADCP, and
satellite altimeter data to observe a bowl-like cold eddy in the
southwestern part of the South China Sea. The eddy can reach a
depth of 500 m. However, the eddy core is more evident at a
depth of 50-100 m. Figures 13b-d are the zonal sections corres-
ponding to temperature, salinity, and velocity across the eddy
center. The temperature profile has a pronounced and strong up-
ward curvature. The 18°C isotherm, which is considered the ther-
mocline depth, is at the sea surface near the eddy center and at a
depth of about 250 m at the edge of the eddy (Fig. 13b). The salin-
ity profile shows a similar structure. Moreover, an obvious low
salinity water mass exists at 600 m (Fig. 13c). The velocity profile
(speed direction: north is positive and south is negative) shows
the connection between the eddy structure and radius (Fig. 13d).
The tangential velocity reaches a maximum of 2.0 m/s with a tan-
gential velocity of 0.4 m/s at 800 m. The horizontal temperature
anomaly profile (Fig. 13e) shows that b-2 has a warm core with a
large temperature anomaly at 200 m. The warm core structure
gradually disappears at below 400 m. The temperature profile
(Fig. 13f) shows that the isotherm of b-2 significantly drops at its
center. If the depth of the 20°C isotherm is taken as the thermo-
cline depth, then the 20°C isotherm reaches about 250 m
at the eddy center and about 150 m at the eddy edges. The eddy
causes a thermocline drop of nearly 100 m. The salinity profile
has the same downward trend as the temperature (Fig. 13g). The
velocity profile (Fig. 13h) shows that the maximum tangential ve-
locity of b-2 reaches 0.9 m/s. A comparison of the velocity pro-
files of b-1 and b-2 shows that the tangential velocity has a clear
convergence with a very noticeable bowl-shaped structure.

Figures 14a and e show the horizontal temperature anomaly
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Fig. 11. Meridional (a, b, and c) and zonal (d, e, and f) distributions of the bowl-(a and d), cone-(b and e), and lens-shaped (c and f)

eddies at 1 000 m.
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profiles of cone-shaped eddies c-1 and c-2. The cold-core struc-
ture of c-1 in Fig. 14a is closely related with the flow field. The
cold-core gradually becomes larger from top to bottom due to the
shape of the eddy. The corresponding temperature profile is con-
vex (Fig. 14b). If the 20°C isotherm depth is taken as the thermo-
cline depth, then the 20°C isotherm rises from 150 m to 50 m at
the eddy center. The salinity profile (Fig. 14c) shows that the eddy
penetrates the halocline at about 200 m and forms an independ-
ent water mass of high salinity in the eddy center. The horizontal
temperature anomaly structure of c-2 is unclear (Fig. 14e).
However, the vertical temperature (Fig. 14f) and salinity (Fig. 14g)
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profiles clearly show that the isoline drops at the eddy center. A
comparison of the velocity profiles of c-1 and c-2 (Figs 14d and h)
shows that the tangential velocity profile differs from that of the
bowl-shaped eddies. Furthermore, the cone-shaped eddy radius
contour line is consistent with the tangential velocity; it shows a
shape with a small top and a large bottom.

The horizontal temperature structure of the lens-shaped eddy
1-1 is the same as that of the bowl- and cone-shaped eddies with
obvious cold-core structures (Fig. 15a). Corresponding vertical
sections of temperature (Fig. 15b) and salinity (Fig. 15c) show
that the eddy passes through the thermocline just like the cone-
shaped eddy and does not reach the sea surface like a bowl-
shaped eddy. Similarly, Fig. 15e shows that the temperature an-
omaly signal of the lens-shaped eddy 1-2 is not very obvious at the
surface. The corresponding vertical temperature profile (Fig. 15f)
shows that the eddy warm core is at 200 m near the subsurface
layer. The velocity profile is the most significant. Similar to the
other two types of eddies, the eddy radius contour line coincides
with the tangential velocity. In particular, the maximum tangen-
tial velocity of 1-2 is at a depth of 300 m, which gives 1-2 a perfect
lens-shaped structure (Fig. 15h).

In general, most eddies (68.6%) are concentrated in the up-
per ocean at a depth of about 300 m. The bowl-shaped eddies are
the dominant type, followed by lens- and cone-shaped eddies.
Lin et al. (2015) pointed out that the bowl-shaped eddy is gener-
ated by the sea surface wind stress curl, whereas the cone-shaped
eddy with a small top and a large bottom is related to the bottom
topography and friction. The lens-shaped eddy is generated by
the interaction between the flow field and the continental shelf
slope. The three types of eddies in different regions have differ-
ent distributions at different depths. In the latitudinal direction,
eddy structure is more stable, and the depth of influence is deep-
er when the eddies reach the mature stage. In the three types of
eddies, the eddy structure of CEs is very obvious. The eddy cores
are concentrated between 200 m and 400 m. The structure of AEs
is not very obvious, especially the cone-shaped types. The eddy
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structure is highly consistent with the flow field. Zhang et al.
(2016) and Yang et al. (2020) used observation data, theoretical
analysis, and numerical model experiments to observe the vertic-
al tilt of the eddy. In our case, we can also see similar shapes, but
the tilt at 0-1 000 m is not as obvious as the tilt at 1 000-2 000 m.

6 Summary and conclusions

The 3D characteristics of mesoscale eddies in the NWPO are
analyzed from 9 years of high-resolution numerical model ROMS
output. Using an automated eddy detection method, a 21-layer
vertical and horizontal 3D eddy dataset is obtained. The dataset

includes eddy position, lifetime, size, vorticity, velocity, and en-
ergy. A total of 963 CEs and 913 AEs with a lifetime of more than 3
weeks and a radius of more than 30 km are identified. More ed-
dies exist in Box1 (1 094) than in Box2 (753). There are 567 CEs
and 527 AEs in Box1 and 393 CEs and 360 AEs in Box2. The inter-
annual variation of Box1 eddies is small; 121 eddies are gener-
ated annually on average. The seasonal variation shows that the
maximum and minimum numbers of eddies occur in spring
(344) and winter (233), respectively. The highest (134) and low-
est (57) numbers of eddies are generated in May and November,
respectively. Compared with Box1, the interannual variation of
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Box2 eddies is pronounced, with strong and weak years. The sea-
sonal variation is larger in spring and autumn than in summer
and winter. The number of eddies in May reaches 85 (the highest),
whereas the number of eddies in March is 45.

The eddy lifetimes in Box1 and Box2 are generally 4-7 weeks
with a radius in the range of 40-50 km. In addition, the eddies in
Box2 have a larger radius (56 km in Box1 and 51 km in Box2), but
Box2 eddies have a longer lifetime (42 d in Box1 and 48 d in
Box2). The average lifetimes of CEs and AEs at the surface in
Box1 are 41.9 d and 42.4 d, respectively, with a range of 22-251 d.
The average lifetime of CEs and AEs in Box2 is 49.7 d and 46.3 d,
respectively, with a range of 22-384 d. Most eddies (90%) have a
radius of less than 80 km, and 75% have a lifetime of fewer than
14 weeks. The mean vertical radius (lifetime) is 49.8 km (45.5 d)
in Box1, and this is 46.6 km (49.5 d) in Box2. The 9-year regio-
nal average EKE of Box1 and Box2 are 9-532 cm?/s? and 56-
1 029 cm?/s?, respectively. The relative vorticity of Box1 CEs is
between 0.10 and 0.44, and that of AEs is between 0.10 and 0.36.
The relative vorticity of CEs in Box2 is in the range of 0.23-0.73,
and that of AEs is in the range of 0.22-0.55. Influenced by the -
effect, the eddies propagate westward at latitudes less than 28°N
and reach a maximum velocity of 11cm/s at about 15°N in the
NWPO. The velocity of CEs between 15°N and 19°N is greater
than that of AEs, and the propagation direction of the eddies
changes on the northern and southern sides of 28°N. The differ-
ent statistical characteristics of Box1 and Box2 eddies are due to
the differences in latitude and circulation structure.

Most eddies (68.6%) are concentrated in the upper ocean
(about 300 m in depth). Only 16.6% of the eddies extend to 1 000 m.
Bowl-shaped eddies (~87%) are the main type, followed by lens-
shaped (~10%) and cone-shaped ones (~3%). The uplifting effect
of CEs on the thermocline is very obvious, especially in cone- and
lens-shaped CEs. The distribution characteristics of temperature
and salinity in CEs are related to their 3D structure. However, the
distribution characteristics in AEs are different, especially for
cone-shaped eddies. This finding may be due to the strong cur-
rent field at the surface layer, which compresses the eddy and
makes the surface shape and structure smaller. The temperature
and salinity changes at depths above 400 m are not evident. With
increasing depth, the current weakens, allowing the eddy shape
to become larger and the eddy structure to gradually become ob-
vious.

At present, only a few mesoscale eddy field observations exist,
and altimeter data can only reveal the surface characteristics of
eddies. At middle and low latitudes, the SST and salinity signals
in eddies are weak, and chlorophyll observation data are scarce.
These cannot be used to study the 3D characteristics of eddies.
Although the results in this paper are purely based on model data
and there is a lack of validation from in situ observational data,
these results can also be used to supplement more eddy field ob-
servations in the future. Therefore, 3D eddy properties obtained
from model outputs represent a more economical and quick
method for studying these characteristics.
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Appendix: Model evaluation

SST is among the most important observation indexes for air-sea interaction and climate change. We use OSTIA SST data from
2000 to 2008 to evaluate the model outputs and calculate the seasonal mean SST distribution over the NWPO in summer and winter.
As shown in Fig. A1, the simulated regional seasonal SST is similar to the observed one. Both the OSTIA data and the model output
show that the summer SST north of 30°N is less than 25°C in the East China Sea. An obvious low-temperature region exists in the
Kuroshio extension south of Japan, where the simulated cold tongue area extends southward by about 1°-2°N. In winter, the OSTIA
and model results show a very significant temperature gradient along the 200 m isobath, and the modeled temperature gradient is
larger at the 200 m isobath. The SST tends to extend to the continental shelf of the East China Sea due to the intrusion of the Kuroshio
northeast of the Taiwan Island. The low-temperature zone near the coast of Jiangsu Province in China and the cold tongue outside the
Yangtze River estuary are very similar. Some subtle differences can be due to the fact that the model data represent ocean temperature
at a depth of 10 m, whereas the OSTIA data are the merged multi-satellite sea skin temperature.

Figure A2 shows the average normalized SST time series for the entire northwestern Pacific from 2000 to 2008. The model results
and the OSTIA data show the same trend, and the correlation coefficient between the two is about 0.99. Figure A2a shows that the
model temperature is lower than the OSTIA data in winter with a maximum difference of 1.4°C . The normalized EKE time series (Fig.
A2b) has a strong seasonal signal similar to SST; it is strongest in summer and weakest in winter. This finding is consistent with the
changes in the STCC area reported by Qiu (1999). After a 90-d seasonal Gaussian smoothing, the correlation coefficient between the
two is about 0.59, which shows high correlation. The results of the ROMS model have good consistency with the satellite observation
data and can thus be used for 3D eddy detection in the NWPO.

To verify the eddy detection results from the model output, we apply the same geometry-based eddy detection algorithm (Nencioli
etal., 2010) to AVISO data (Fig. A3). We interpolate the model and AVISO data to (1/8)°x(1/8)° due to their different horizontal
resolutions. We calculate the number of eddies by treating the entire eddy lifetime as one eddy. A total of 32 323 eddies are detected in
the ROMS data and 24 965 eddies in the AVISO data. The number of eddies detected from the model results is 12.8% more than that
from AVISO data (Figs A3a-b). Their mean radius distribution patterns are very similar (Figs A3c-d). However, many eddies from the
model data have a lifetime of less than 1 week. For further statistical analysis, threshold screening is performed on the detection
results (Fig. A4) with a lifetime longer than 3 weeks and a radius larger than 30 km.
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Fig. A1. Seasonal mean SST distribution in summer and winter from 2000 to 2008. a and b. Summer months, June to August (JJA); c
and d. winter months, December to February (DJF). The ROMS model results are displayed on the left, and OSTIA data results are on
the right. The black line is the 200 m isobath.
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Fig. A2. Time series of normalized SST (a) and EKE (b) in the study area from 2000 to 2008. Normalization means dividing the SST
and EKE by their respective maximum values (OSTIA 29.6°C , ROMS 29.0°C ; AVISO 362.1 cm?/s2, ROMS 450.6 cm?2/s?). R is the

correlation coefficient.
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Fig. A3. Histograms of eddy lifetime (a and b) and radius (c and d) from ROMS output (left panels) and the AVISO result (right

panels) from 2000 to 2008.
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Fig. A4. The eddy number distribution with different lifetimes and radiuses.
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