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Abstract

Except for conventional mesoscale eddies, there are also abundant warm cyclonic eddies (WCEs) and cold
anticyclonic eddies (CAEs) in the global ocean. Based on the global mesoscale eddy trajectory atlas product,
satellite altimetric and remote sensing datasets, and three-dimensional temperature/salinity dataset,
spatiotemporal features of WCEs and CAEs are compared with traditional cold cyclonic eddies and warm
anticyclonic eddies in the Kuroshio Extension (KE; 28°~43°N, 140°-170°E) region. Characteristics of abnormal
eddies like radius, amplitude, eddy kinetic energy, and proportion in all eddies behave in significant asymmetry
on the north and south sides of the KE jet. Unlike eddies in the general sense, temporal feature analysis reveals
that it is more favorable to the formation and maintenance of WCEs and CAEs in summer and autumn, while
winter is the opposite. The spatiotemporal variation of abnormal eddies is likely because the marine environment
varying with time and space. Statistically, proportion of abnormal eddies increases rapidly in decaying stage
during the whole eddy lifespan, resulting in smaller average radius, amplitude, sea surface temperature anomaly
and sea surface height anomaly compared to normal ones. The three-dimensional composite structures for four
types of eddies expose that the difference between abnormal and conventional eddies is not just limited to the sea
surface, but also exists within the water below the sea surface. Vertical structures also indicate that the anomalous

temperature signal is confined in the water from the sea surface to layers at about 30 m in the KE region.
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1 Introduction

Mesoscale oceanic eddies reserve a huge amount of energy
and play an important role in material and energy transport and
air-sea interaction (Dong et al., 2017; Sun et al., 2019b; Yang et
al., 2023). Conventionally, a cyclonic eddy (CE)/an anticyclonic
eddy (AE) appears a quasi-monopolar cold-core/warm-core sea
surface temperature (SST) pattern, under the combined action of
the vertical pumping and lateral swirling (Frenger et al., 2015;
Gaube et al., 2015; Sun et al., 2019b; Yu et al., 2021; Lv et al.,
2022). Recent studies reveal that there are a certain proportion of
warm cyclonic eddies (WCEs) and cold anticyclonic eddies
(CAEs), which are also named as abnormal eddies (Sun et al.,
2019a; Liu et al., 2021). Since negative/positive SST anomaly in-
duced by CEs/AEs can impact local atmospheric parameters like
wind speed, clouds, and precipitation in marine atmosphere
boundary layer overlying them differently (Ma et al., 2015;
Renault et al., 2019; Sun et al., 2020, 2022; Desbiolles et al., 2021),
there will be certain errors if ignoring the existence of abnormal
eddies when discussing issues like air-sea interaction or heat flux
associated with oceanic mesoscale eddies (Xu et al., 2018; Ni
etal., 2021). In addition, some studies on oceanic mesoscale ed-
dies conducted eddy identification methods based on SST de-
rived from in situ observation or infrared imagery (Castellani,
2006; Fernandes and Nascimento, 2006; D’ Alimonte, 2009; Ji
etal., 2017). To a certain extent, the existence of abnormal eddies

could lead to confusion in the determination of eddy polarity.
The WCEs and CAEs are usually fewer in occurrence number
than eddies with traditional SST anomaly features, which are
mentioned as cold cyclonic eddies (CCEs) and warm anticyclon-
ic eddies (WAEs) hereinafter. Early studies were mostly based on
monitoring conductivity, temperature and depth (CTD) and
shipborne acoustic Doppler current profiler (ADCP) data to ex-
plore individual cases of abnormal eddies in the subarctic area
(Mathis et al., 2007; Itoh and Yasuda, 2010a, 2010b). Along with
the wide application of satellite altimetry data and remote sens-
ing SST data, researchers can identify a large number of meso-
scale eddies and select abnormal eddy signals according to cer-
tain criteria, making carrying out statistical analysis on spati-
otemporal characteristics of abnormal eddies in global ocean to
be practical. Several regional studies reveal the high percentage
of abnormal eddies in the areas like the South China Sea (Sun et
al., 2021), the Tasman Sea (Everett et al., 2012), the North Pacific
Ocean (Sun et al., 2019a) and the tropical oceans (Ni et al., 2023).
Itis affirmed that the WCEs and CAEs are rather abundant in the
global ocean (Ni et al., 2021), especially in areas associated with
the Equatorial Current and regions between the continental
shelves and high unstable currents like the Oyashio Current,
western boundary currents, and Antarctic Circular Current (Liu
etal., 2021). In terms of the temporal characteristics, the exist-
ence number and occurrence frequency for WCEs and CAEs in
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the North Pacific are highest in summer and lowest in winter
(Sun et al., 2019a; Liu et al., 2021). The statistics show that the ab-
normal eddy signals usually generate in the beginning stage and
the decaying stage of eddy (Sun et al., 2019a). The study also veri-
fied two types of formation mechanisms for the abnormal eddies
through the case study on the evolution process of an eddy case.
The increased instability of the studied CE led to a fast enlarged
radius and absorption of warm water from the surrounding en-
vironment in its decaying stage, which finally resulted in the
transition of the normal CE into a WCE. The studied AE was
turned into a CAE because of the eddy-current interaction.

The area associated with the Kuroshio Extension (KE,
28°-43°N, 140°-170°E) has the highest eddy kinetic energy (EKE)
in the North Pacific because the KE sheds off numerous meso-
scale eddies towards its two flanks while flowing easterly (Qiu et
al.,, 2017; Ji et al., 2018). A large number of studies have investig-
ated the activity characteristics, structural features, and air-sea
interactions of mesoscale eddies in the region (Itoh and Yasuda,
2010b; Kouketsu et al., 2016; Yang et al., 2018; Shan et al., 2020a,
2020b; Yao et al., 2023). According to the statistics in Sun et al.
(2019a) and Ni et al. (2021), the KE region is also one of the re-
gions with the highest occurrence frequency of WCEs and CAEs.
At present, although several studies have conducted statistical
analysis on the characteristics of WCEs and CAEs to a certain ex-
tent, there is still no clear understanding of the spatiotemporal
features and general structural characteristics of these abnormal
eddies.

The paper is structured as follows: The data sets, the pre-pro-
cessing method, abnormal eddy definition method, and spatial
structure composite method are detailed in Section 2. The spati-
otemporal variation features of WCEs and CAEs in the KE region
are statistically analyzed based on sea surface observational data
and mesoscale eddy trajectory atlas product in Section 3. In Sec-
tion 4, the spatial composite structures of the abnormal eddies
and conventional eddies in the study area are constructed by us-
ing three-dimensional temperature/salinity fields, and the differ-
ence between abnormal eddies and regular eddies is further
compared. Section 5 summarizes the main conclusions and dis-
cussions of this study.

2 Data and methods
2.1 Data

2.1.1 AVISO Absolute Dynamic Topography (ADT) data

The sea surface height (SSH) anomaly field in the study area
is obtained from the multiple satellite-merged daily SSH data
provided by the Archiving, Validation, and Interpolation of Satel-
lite Oceanographic (AVISO) (http://www.aviso.oceanobs.com/),
with a spatial resolution of 0.25° x 0.25°. The SSH anomaly (%)
signal associated with mesoscale eddies is extracted from the ori-
ginal SSH field through pre-filtering as is presented in Zu et al.
(2019). Firstly, a 3-week low-pass temporal filter is conducted to
eliminate the synoptic scale disturbance in SSH. Secondly, a 52-
week high-pass temporal filter is used to remove variation in time
scale over years. According to the general horizontal scale in
0 (100 km) of oceanic mesoscale eddies, a two-dimensional spa-
tial high-pass filter with a 4° (about 440 km) half-width was fur-
ther conducted to extract signals associated with mesoscale ed-
dies from the background fields. Taking the balance of pressure
gradient force and Coriolis force approximately, the geostrophic

velocity anomaly (u'and v’ for zonal and meridional component,
respectively) is calculated based on the mesoscale SSH anomaly
field, which can be regarded as the tangential velocity around the
mesoscale eddy center:
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where g is the gravitational acceleration, g = 9.8 m/s?; fis the
Coriolis parameter at the corresponding latitude. The EKE is fur-
ther evaluated as follows:

1
EKE = 5 (u’2 + v’2> . @)

2.1.2 AVHRR-only-v2

To reveal the SST anomaly structure induced by mesoscale
eddies, we also use the daily SST data provided by the optimum
interpolation Advanced Very High-Resolution Radiometer
(AVHRR-only-v2) SST product, with a spatial resolution of 0.25° x
0.25°. The access website is https://climatedataguide.ucar.
edu/climate-data/. For consistency, the SST data are pre-filtered
before determining abnormal or not and compositing in the
same way as SSH data to obtain mesoscale SST anomaly.

2.1.3 Mesoscale eddy trajectory Atlas product

A global mesoscale eddy dataset Meta3.1exp DT (Delayed-
time) allsat version released by AVISO is used directly in this
study. The dataset contained mesoscale eddies identified and
tracked from the altimetric dataset in the global ocean during
January 1993 to March 2020, including information like eddy cen-
ter location, tangential speed, amplitude, and effective radius
(Pegliasco et al., 2022). Eddies that last longer than 28 d located
in the KE and surrounding areas during the period of January
1993 to December 2019 are selected for the analysis in this study.
The eddy dataset is obtained through the website: https://
data.aviso.altimetry.fr/aviso-gateway/data/META3.1exp_DT/.

It is worth noting that the selected eddy snapshots include not
only eddy trajectories that exist in the study area throughout the
survival cycle, but also the eddies generated outside and propag-
ated into the study area later, and the eddies generated inside but
later propagated out of the study area. Therefore, to eliminate the
influence of the above different situations on determining the
stage of eddy snapshot in its whole life cycle, the eddy trajector-
ies located inside the research area from their generation to
death are selected to reconstruct the evolution process during the
lifetime.

2.1.4 Three-dimensional temperature/salinity (T/S) dataset

To recognize the exact three-dimensional structures of meso-
scale eddies, the temperature and salinity data derived from the
Multi Observation Global Ocean ARMOR3D L4 analysis and
multi-year reprocessing dataset provided by Copernicus Marine
Environment Monitoring Service (CMEMS) is used in this study.
The dataset provides a weekly three-dimensional 7/S field from
January 1, 1993 to the present with a horizontal resolution of
0.25° x 0.25°, which is vertically divided into 50 levels (41 levels in
upper 1 500 m depth). The dataset is available at https://data.
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marine.copernicus.eu/product/MULTIOBS_GLO_PHY_TSUV_3
D_MYNRT_015_012/services.

Firstly, the T/S field on each depth layer is filtered following
the same procedures as SSH and SST data to obtain the 7/S an-
omaly signals related to mesoscale eddies under the sea surface.
Besides, the steric dynamic height anomaly H’ at different levels
associated with mesoscale eddies is also calculated based on the
three-dimensional T/S field (Dilmahamod et al., 2018):

P

H (S, T,P) = / 3p (S, T, P)dp, 3)

ref-lev

where S, T, and P denote the salinity, temperature, and pressure
of seawater on each level, seawater density p is derived from the
T/S field, seawater density anomaly 8p is further obtained by us-
ing the same filtering method as the 7/S field. The reference level
(ref-lev) is set to 1 500x10* Pa, which is commonly considered as
no-motion by previous studies (Yang et al., 2015). Finally, the T',
§', and H' fields are matched with the mesoscale eddy snapshots
temporally and spatially to obtain the composite structure of the
eddies. Due to the quasi-geostrophic nature of mesoscale eddies,
the three-dimensional structure of geostrophic velocity (V,) an-
omaly for eddies can be calculated by combining the composite
H' structure with the geostrophic balance relationship, which is
similar to Eq. (1).

2.2 Methods

2.2.1 Definition of abnormal eddies

WCEs and CAEs are selected from the numerous eddy snap-
shots in the study period and region as follows. For each eddy
snapshot, the pre-filtered mesoscale SST anomaly within one ra-
dius from eddy center is selected to calculate the average value
T',,.Ifthe T'; of a CE snapshot is positive/negative, it is judged
as a WCE/CCE. Similarly, if the T',, of an AE snapshot is negat-

140°  145°  150° 155° 160° 165° 170°E
43° 600
N
40° 500
400
37° 0 2
300
34° ¢ =
200 &
° m
3 100
28° 0
350
c
300
§ 250
2
= 200
150 — i . . . .
Jan. Mar. May Jul. Sept.  Now.
Month

in., 2024, Vol. 43, No. 5, P. 30-40

ive/positive, it is judged as a CAE/WAE. Another relevant indicat-
or is y,, which is calculated by dividing the number of abnormal
grid points inside the eddy core by the total number of grid points
inside the eddy core. In different studies, the determination con-
ditions of abnormal eddies are not consistent, which will lead to
the difference in analysis results, especially the number and fre-
quency of eddies, but will not have a substantial impact on the
results of other characteristics and structures of eddies (Sun et
al., 2021).

2.2.2 Composite analysis

In the coordinate system with eddy center and eddy normal-
ized radius as the axis, the eddy SST, SSH, three-dimensional
temperature, and dynamic height anomaly structures are com-
posited following the method in Chaigneau et al. (2011). The res-
ultant three-dimensional structures are interpolated vertically in-
to equally spaced from sea surface to 1 500 m depth with an in-
terval of 10 m.

2.2.3 Index of abnormal eddy (IAE)

In this study, the Pearson correlation coefficient between the
composite SST anomaly (SSTA) structure and the composite SSH
anomaly (SSHA) structure will be used as an index to measure
the degree of the abnormality in eddy temperature structures:
IAE = R (SSTA, SSHA), the value of which is in the range of -1 to 1.
When the value is positive, the SST anomaly of CE/AE appears
cold-core/warm-core feature, which is the most common. Con-
versely, if the value is negative, the SST anomaly of CE/AE ap-
pears warm-core/cold-core feature instead. Besides, the larger
the absolute value of IAE is, the closer the core of SST anomaly to
the eddy center is. On the contrary, the smaller the absolute value
of IAE is, the more dipolar the SST anomaly pattern is. The coeffi-
cient can help quantitatively assess the degree of abnormality in
the temperature structure of eddies and the degree of proximity
to a monopole.
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Fig. 1. Distribution of average eddy kinetic energy (EKE, shading) and absolute dynamic topography (ADT, contours) in the Kuroshio
Extension jet and its vicinity (a), correlation coefficient of mesoscale sea surface height anomaly (SSHA) and sea surface temperature

anomaly (SSTA) (the dotted region means passing the significance

test of 0.01) (b), climatological monthly regional-average EKE (c),

and annual cycle of spatial correlation coefficient of mesoscale SSHA and SSTA (d). The shadings in ¢ and d indicate the standard er-

ror.
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3 Spatial-temporal features

3.1 Statistical characteristics

As is shown in Figs 1a and c, the overall level of EKE in the
study area is relatively high, especially in the KE jet and its vicin-
ity, and EKE shows an annual variation which is strong in sum-
mer and autumn, but weak in winter and spring, which is consist-
ent with the conclusions of previous studies (Ji et al., 2018). The
temporal correlation coefficient between mesoscale SST anom-
aly and SSH anomaly in the region is strongly positive, and ex-
ceeds 0.4 for most of the area that passes the significance test of
0.01 (Fig. 1b), which denotes that positive/negative SSH anomaly
are more relevant to positive/negative SST anomaly, except for
the area south of the KE jet, which can be expressed as the most
densely packed sea surface ADT contour lines in Fig. 1a. Mean-
while, the spatial correlation coefficient of mesoscale SST anom-
aly and SSH anomaly fields in Fig. 1d shows an annual variation
pattern of weakest in summer (June to August, <0.3) and
strongest in winter (December to January in the following year,
>0.5), indicating that the SSH anomaly field caused by the meso-
scale eddy in summer has a relatively strong (weak) spatial cor-
relation with the SST anomaly field in summer (winter), which is
speculated to be related to the seasonal regularity of abnormal
eddy activity to a certain extent.

In this paper, the average SST (SSH) anomaly within one radi-
us from the eddy center is selected as the SST (SSH) anomaly of
the eddy core, and the scatter distribution of SST anomaly and
SSH anomaly within the eddy core is shown in Fig. 2. The aver-
age SSH anomaly inside the CE/AE core is basically in the range
of (-60 cm to 10 cm)/(-10 cm to 50 cm), at the same time, the av-
erage SST anomaly is in the range of (-3°C to 2°C)/(-2C to 3°C).
The proportion of abnormal points inside the eddy core is also
shown in Fig. 2. The SST anomaly roughly increases/decreases
with the increase/decrease of the SSH anomaly. It can be seen
that there is also an inverse phase relationship between SST an-
omaly and SSH anomaly associated with oceanic mesoscale
eddy, and there is quite a proportion of CEs with warm-core fea-
ture and AEs with cold-core feature. During the study period,
there are 313 415 CE snapshots in the study area, of which 90 295
(28.81%) correspond to positive SST anomaly and meet the con-

cyclonic eddy (CE)

SST anomaly/C

20
SSH anomaly/cm

33

dition for warm-core eddy snapshots defined in this paper. Simil-
arly, there are 298 113AE snapshots, of which 90 780 (30.45%)
correspond to negative SST anomaly and meet the condition for
cold-core eddy snapshots defined in our study. The total number
of CEs is larger than that of AEs, whereas the number of WCEs is
smaller than CAEs, thus the proportion of abnormal eddies is
higher in CAEs. Figure 2 indicates that the higher the proportion
7} is, the larger the corresponding value of positive/negative tem-
perature anomaly averaged in CE/AE core will be. It should be
noted that in Fig. 2a/Fig. 2b, a small portion of the points repres-
ent positive/negative values for the average SSH anomaly within
the cyclonic/anticyclonic eddy. This is largely because the eddy
radius provided by the atlas is represented by a circular radius of
equal area to the actual eddy range, which may not necessarily be
a perfect circle, resulting in some grid points locating outside the
actual eddy range are included when calculating the average SSH
anomaly.

In order to make the definition method of abnormal eddy in
this study more comprehensible, the evolution process of a CE
that generated at (41.33°N, 155.80°E) on March 26, 2000 and las-
ted for 261 d with an average radius of 71.1 km and an average
amplitude of 6.9 cm, and an AE that generated at (40.64°N,
165.80°E) on October 24, 2002 and lasted for 157 d with an aver-
age radius of 73.4 km and an average amplitude of 6.8 cm were
analyzed. Figure 3 shows the evolution of the mean SST anomaly
(T",,) and proportion y, within the CE and AE cores with the de-
velopment of the eddy from its generation to death, respectively.
According to the evaluation conditions in this study (7", > 0°C),
there are three times converting to WCE during the CE lifetime in
Fig. 3a: Days 29 to 59, Days 84 to 102, and Days 146 to 178. In
Fig. 3b, considering the evaluation conditions of conversion to
CAE (T, < 0°C), the AE is transformed into CAE four times dur-
ing its lifetime: Days 20 to 29, Days 41 to 67, Days 102 to 113, and
Days 141 to 157. Abnormal eddy snapshots are consistence with
relative large proportion y,. It is obvious in Fig. 3 that an eddy
may turn into an abnormal eddy more than once during its life
cycle and maintain the abnormal signal for several days.

3.2 Spatial features
Statistical analysis is conducted on WCEs, CAEs, CCEs, and
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Fig. 2. Scatter plots of sea surface height (SSH) anomaly and sea surface temperature (SST) anomaly averaged inside the eddy core
corresponding to CE (a) and AE (b). The color of scatter plots denotes the proportion y, of abnormal points within one radius from the

eddy center.
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WAES in the study area during 1993 to 2019 to obtain the spatial
distribution of characteristics like radius, amplitude, maximum
rotational velocity, and proportion of each type of eddies in the
corresponding polarity eddies (shown in Fig. 4). It is clear in
Fig. 4a that the maximum values of radius for WCEs/CCEs ap-
pear at latitudes near the 32°N/33°N, while those for CAEs/WAEs
appear at slightly higher latitudes in the range of 35°N to 37°N,
which are also around the KE jet (defined as 35°N thereafter ac-
cording to contours in Fig. 1a). At most latitudes, the zonally-av-
erage radius of both WCEs and CAEs is always smaller than that
of the corresponding conventional eddies, whereas the latitudes
at which the maximum values occur are basically the same no

matter whether the eddies are abnormal or not.

Figure 4b shows that the zonally-average amplitude for four
types of eddies also has an extreme value at latitudes near the KE
jet. By combining the latitudinal distribution features of zonally-
average radius (Fig. 4a) with that of amplitude (Fig. 4b) for four
types of eddies, it can be seen that the average amplitude of CEs
is larger and the average radius is smaller than AEs in the north of
the KE jet. On the contrast, the average amplitude of CEs is smal-
ler and the average radius is larger than AEs in the south of the
KE jet. The latitudinal variation of average amplitude for abnor-
mal eddies is similar with that of normal eddies, except the value
of amplitude for abnormal eddies is slightly smaller than that of
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corresponding normal eddies.

Figure 4c shows the zonal average of EKE for four types of ed-
dies based on the EKE information for each eddy snapshot
provided by the eddy dataset, also revealing an asymmetry
between the two sides of KE jet. The average EKE of AEs is higher
in the area north of 35°N than south of it, with the highest values
near 37°N, reaching approximately 800 cm?/s2. On the other
hand, CEs exhibit higher EKE south of 35°N, with the highest val-
ues near 33.5°N, especially WCEs, reaching up to 2 200 cm?/s2.
Based on the EKE and radius information, the EKE intensity (EI)
of eddies is calculated by dividing the EKE of each eddy by its
area, which can be used to measure the intensity of the eddy. It
can be indicated in Fig. 4d that WCEs have the strongest EI
among all four types of eddies across most latitudes in the study
area. In area south of the KE jet, high levels of EKE result in a
peak near 33.5°N (0.096 (cm? - s-2)/km?), whereas smaller radius
lead to a secondary peak near 37°N (0.054 (cm? - s-2)/km?) in the
north of the KE jet. Overall, both types of CEs have higher intens-
ity in the south of the KE jet, whereas both types of AEs have lar-
ger intensity in the north. Besides, when considering the same
polarity, abnormal eddies generally have a higher EI than nor-
mal eddies at the same latitude due to the smaller size, which
means a more concentrated energy.

3.3 Temporal variation

The annual variation of the occurrence frequency of four
types of eddies during the selected period in the study area is
shown in Fig. 5. It is clear that the proportion of abnormal eddies
is larger in the area south of the KE jet, which can reach up to 50%
at latitudes around 30°N in specific seasons (Figs 5a and b). Dong
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et al. (2017) indicated that the temperature anomaly of meso-
scale eddies was shown as subsurface intensified structures on
the south side of the KE jet, whereas near-surface intensified
structures on the north side, which can explain such higher pro-
portion of eddies with abnormal SST anomaly in the south flank
of KE jet. It can also be found that in most areas, the proportion
of abnormal eddies is highest in summer and lowest in winter
(Figs 5a and b), except for CAEs south of 32°N, of which the sea-
sonal variation is not significant. The seasonal discrepancy of the
proportion, especially for WCEs south of the KE jet and CAEs
near the KE jet, is most pronounced.

Figures 5¢ and d show that the occurrence numbers of con-
ventional CCEs and WAEs in the KE region are both highest in
boreal winter and spring, whereas lowest in summer and au-
tumn. However, the number and proportion of abnormal WCEs
reach the highest in July (about 400 a-!, 37%) and the lowest in
February (about 150 a~!, 15%). Whereas for CAEs, the number
and proportion reach the highest in June (about 340 a-!, 35%)
and the lowest in December (about 170 a-1, 18%). The seasonal
variation of proportion of abnormal eddies could explain why the
spatial correlation between mesoscale SST anomaly and SSH an-
omaly in the study area shows a seasonal cycle of lowest in sum-
mer and highest in winter as is shown in Fig. 1d, and the latitud-
inal variation of proportion could explain why the temporal cor-
relation coefficient is smaller in area south of the KE jet as is
shown in Fig. 1b. Based on Figs 5a-d, it can be concluded that for
either type of abnormal eddies in the study area, its proportion is
generally higher in summer than in winter, which indicates that
the marine environment in the study area during summer is
more favorable for the formation and maintenance of abnormal
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Fig. 5. Seasonal variation of the occurrence frequency of four types of eddies. a. Proportion of WCEs in all cyclonic eddies in each 0.5°
latitudinal bands in four seasons; b. the same with a, but for CAEs in all anticyclonic eddies; c. average occurrence numbers for four
types of eddies in each month; d. average proportion of abnormal eddies in all eddies in each month. WCE, warm cyclonic eddy; CAE,
cold anticyclonic eddy; CCE, cold cyclonic eddy; WAE, warm anticyclonic eddy.
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eddies.

In this study, four types of eddies in the study area are tem-
porally standardized according to their respective duration time.
As can be seen in Fig. 6a, a larger proportion of CAEs in all AEs
than that of WCEs in all CEs occurs during almost whole dura-
tion of the eddy lifetime, except for the beginning stage. Moreover,
the existence proportion of WCEs/CAEs in all CEs/AEs decreases
from about 29% to 28% during the 0-0.3 standardized survival
period and then increases steadily to 34%/32% before the eddy
extinction. In contrast, the proportion of CCEs/WAEs in all CEs/
AEs increases firstly and then decreases steadily before eddy dis-
appears (Fig. 6b). During the last 0.3 standardized lifetime of the
eddy, the proportion of WCEs/CAEs increases rapidly from 29.4%/
31.2% to 32.3%/34.0%, which accounts for 67%/47% of the differ-
ence between its maximum and minimum values. The rapid in-
crease in the proportion of abnormal eddies during the decaying
stage of eddies can be attributed to the enlargement of eddy radi-
us, which leads to the absorption of surrounding warm/cold sea-
water (Sun et al., 2019a) or various instability (Sun et al., 2021).

Due to the above characteristics of abnormal eddies, there are
spatial differences between the north and south regions divided
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Fig. 7. Average potential temperature and salinity characterist-
ics in study area for four seasons. The black contour lines repres-
ent potential density, the thin colored lines represent the region
north of 35°N, while the thick ones represent the region south
of it.

by the KE jet, as well as significant seasonal differences between
summer and winter. Figure 7 shows the T-S diagram of the study
area for different seasons on both sides of 35°N. It is evident that
there are significant differences in the marine environment
between the north and south regions. The seawater south of 35°N
has higher temperature, greater salinity, and denser stratification
than the seawater north of it. In the same region, the marine en-
vironment near the surface also exhibits significant differences
between the winter and summer. This will inevitably lead to spa-
tiotemporal differences in the characteristics of abnormal eddies
in the study area.

4 Analysis of composite structures

4.1 Sea surface structures

In order to compare the difference in spatial structures
between abnormal eddies and normal eddies, the pattern of SST
anomaly and SSH anomaly for four types of eddies within twice
the radius are composited, as is shown in Fig. 8. Obviously, the
WCE (Fig. 8a) has a negative SSH anomaly (with an extreme
value of about -14.2 cm) and a positive SST anomaly (with an ex-
treme value of about 0.22°C) composite structure, with the warm
core locating about 0.8 times of radius east of the eddy center
(IAE = -0.63). Contrastively, the CCE (Fig. 8b) has a more signific-
ant negative SSH anomaly (with a larger amplitude of about
-17.0 cm), of which the large positive IAE value (0.98) denotes a
negative and quasi-monopolar SST anomaly pattern.

The composite structure of CAE (Fig. 8c) has a weaker posit-
ive SSH anomaly (with an extreme value of about 10.8 cm) than
the other three types of eddies and an abnormal SST anomaly
feature (IAE = -0.52), with the cold core locating south of the
eddy center. Whereas the composite structure of WAE (Fig. 8d)
has a positive SSH anomaly (about 15.2 cm) and a warm-core
feature (IAE = 0.85), which is less monopolar than that of CCE. In
summary, in addition to the differences in SST anomaly struc-
ture, both types of CEs have a larger amplitude than AEs, while
for eddies with the same polarity, abnormal eddies have a smal-
ler amplitude and weaker SST anomaly than normal eddies,
which is consistent with the characteristic differences shown in
Figs 3a and b. This may be due to the fact that abnormal eddies
have the highest proportion during the decaying phase of eddies,
as is shown in Fig. 6a, when the amplitude and radius of the ed-
dies are both smaller compared to the mature phase.

4.2 Vertical structures
The three-dimensional structures of temperature anomaly
and V, anomaly for four types of eddies are calculated and com-
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posited based on the 7/S field. The vertical profiles of the temper-
ature anomaly and the V, anomaly of the composite eddy struc-
tures are illustrated in Fig. 9. Figure 9a shows that the CCEs/
WAE:s result in cold/warm anomaly at the layers from sea surface
to at least 1 200 m depth, whereas the WCEs/CAEs present an ab-
normal warm/cold feature at the sea surface, which gradually
weakens with the depth, converts to a common cold/warm an-
omaly at about 30 m and strengthens with the depth. The aver-
age temperature anomaly of the abnormal WCEs/CAEs on each
layer is also weaker than that of normal CCEs/WAEs, with a dif-
ference up to 0.28°C/0.15°C at about 360 m/300 m depth. Regard-
less of whether it is abnormal or not, the maximum value of tem-
perature anomaly inside CEs occurs at about 360 m, which is
-1.05°C/-0.73°C, whereas the average profile of AEs has a maxim-
um value of 0.85°C/0.72°C at a shallower layer (about 300 m).
According to Fig. 9b, the maximum tangential velocity around
the eddy center is largest at the sea surface, with that of the CCEs/
WAES reaching (28.5 cm/s)/(24.8 cm/s), and then decreases with
depth. The maximum V, anomaly of the CCEs is 1.5 cm/s faster
than the WCEs at the sea surface, while that of WAEs is 3.3 cm/s
faster than the CAEs. The difference between WCEs/CAEs and
CCEs/WAEs decreases with the depth, until about 600 m/900 m
depth, respectively. It is also obvious in Fig. 9b that the priority
for rotational velocity of cyclonic eddies over anticyclonic eddies
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could last from sea surface to layers at least 1 200 m.

In order to exhibit the vertical structures for all types of ed-
dies more intuitionally, Fig. 10 shows the east-west sections
across the eddy center of the composite structure for CCEs,
WCEs, WAEs, and CAEs. It can be seen that the rotational velo-
city near the eddy center from sea surface to deep layer is close to
0 cm/s for all types of oceanic eddies. Compared with CCEs, the
rotating velocity of WCEs is slightly weaker (Figs 10a and b),
whereas there is no significant difference between the tangential
velocity sections of CAEs and WAEs (Figs 10c and d).

It can be clearly seen from Fig. 10 that the temperature anom-
aly induced by CEs and AEs are mainly confined within one radi-
us from the eddy center in the horizontal direction, regardless of
whether it is abnormal or not, whereas the temperature anomaly
with opposite sign and small value is presented in the range of
1.2-2 times the radius from the center. In the vertical direction,
the signal of local seawater temperature anomaly caused by the
eddy can extend to the water layer at least 1 200 m, meanwhile,
the abnormal temperature anomaly signal for WCEs (CAEs) is
limited to the near sea surface.

Consistent with the result in Fig. 9, the extreme value of tem-
perature anomaly for WCEs (CCEs) also appears at around
360 m, with an amplitude of about -1.6°C (-2.4°C). The core of
CAEs (WAEs) is shallower, with an extreme value of about 1.3°C
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Fig. 10. West-east sections of temperature anomaly (color shading) and geostrophic velocity anomaly (contours, unit: cm/s) across

the center of composite WCEs (a), CCEs (b), CAEs (c) and WAEs (d).
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(1.6°C) in temperature anomaly that appears at about 300 m
depth. In a word, the amplitude of composite temperature anom-
aly structures for abnormal eddies is smaller than that for normal
eddies with the same polarity. However, whether abnormal or
not has little influence on the depth of the extreme value, and the
inconsistency in sign caused by abnormal eddy is only reflected
in the temperature anomaly near the sea surface.

5 Summary and discussion

According to the definition method in this paper, and based
on the mesoscale eddy information provided by the global eddy
trajectory atlas, satellite altimetric data, and remote sensing data,
the WCEs and CAEs are selected in the KE region in the North Pa-
cific Ocean. The characteristics of WCEs and CAEs like radius,
amplitude, EKE, and EKE intensity are statistically analyzed and
compared with those for CCEs and WAEs in spatial distribution.
The results show that the all these characteristics exhibit asym-
metry on the north and south sides of the KE jet without consid-
ering whether it is abnormal or not. On the north side of the jet,
the AE has a larger radius, smaller amplitude, larger EKE and EKE
density. Whereas on the south side of the KE jet, it is the CE that
has a larger radius, smaller amplitude, and larger EKE intensity
instead. The average radius and amplitude of abnormal eddies is
slightly smaller than that of conventional ones, whereas the high-
er EKE and smaller size result in the more concentrated EKE of
abnormal eddies.

The proportion of abnormal eddies among the total eddies
also exhibits asymmetry, especially for WCEs. The proportion
also shows significant seasonal variations, particularly for WCEs
south of the KE jet and CAEs near the KE jet. In contrast to the
overall seasonal variation pattern of all eddies, the number and
proportion of abnormal eddies are generally highest in summer
and lowest in winter. These spatial and temporal differences are
largely related to the north-south discrepancy and seasonal vari-
ation in the marine environment, but the specific physical mech-
anisms require further discussion to be determined.

According to the standardized lifecycle of eddies, it is indic-
ated that the proportion of abnormal eddies rapidly increases
during the decaying phase. This largely results in the WCEs/CAEs
having smaller average radius, amplitude, SST anomaly and SSH
anomaly compared to CCEs/WAEs. Additionally, abnormal ed-
dies do not only have smaller SST anomaly than conventional
ones at the sea surface, but also exhibit smaller amplitude of tem-
perature anomaly and V, anomaly at various depths beneath the
surface. Besides, vertical structures indicate that the temperature
anomaly is not limited to the sea surface, levels above the depth
of about 30 m also shows an abnormal signal.

This study reveals the spatiotemporal characteristics of ab-
normal eddies in the highly active KE region of the North Pacific
Ocean. It indicates that there is a certain relationship between
the activity features of abnormal eddies and spatiotemporal evol-
ution of the marine environment. However, the specific physical
mechanisms underlying this relationship require further explora-
tion and research.
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