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Mesoscale eddies are broadly distributed over the global ocean and play a
significant role in modulating the spatiotemporal evolution of mixed layer
depth (MLD). The presence of abnormal eddies in the ocean has been
shown; however, the precise quantification of the effect of eddies on MLD,
given the case of abnormal eddies, has not been carried out thus far. Differently
from the previous approach to identify abnormal eddies through sea surface
temperature, we therefore, proposed a method to identify abnormal eddies,
using potential density based on Argo data (Array for Real-time Geostrophic
Oceanography) for 15 years from 2003 to 2017. Results showed that abnormal
anticyclonic eddies (AAE) and abnormal cyclonic eddies (ACE) accounted for
21.67% and 20.17% of total matching anticyclonic eddies (TAE) and the total
matching cyclonic eddies (TCE), respectively, in the global ocean. The
proportions of abnormal eddies were relatively higher in tropical regions but
lower in regions with the boundary current and strong eddy kinetic energy. The
MLD changes caused by normal and abnormal eddies were estimated
combining satellite altimetry data. The normal eddies were the total
matching eddies with the removal of the abnormal eddies, separately called
normal anticyclonic eddies (NAE) and normal cyclonic eddies (NCE). The
overall influence of NAE (NCE) was more significant on MLD deepening
(uplifting) than that of TAE (TCE). Globally, NAE (NCE) changed MLD
deepening (uplifting) from ~66 m (~54 m) to ~67 m (~53 m) and exhibited a
more pronounced change in the Indian Ocean sector of the Southern Ocean
region, from ~111 m (~94 m) to ~115 m (~92 m) in the winter. AAE (ACE), exerted
a relatively weak but opposite effect on MLD deepening (uplifting). In other
words, the global average MLD caused by them shoaled (deepened) from ~66
m (~54 m) to ~59 m (~59 m), and the North Pacific Ocean shoaled (deepened)
from ~61 m (~47 m) to ~49 m (~57 m) in winter. Given the above results,
abnormal eddies should be accounted for when the impact of ocean eddies is
evaluated on the global climate system.
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1 Introduction

As a boundary layer, the ocean mixed layer (ML) acts as a
medium to exchange matter, energy, heat, and momentum between
the atmosphere and ocean, thus playing a pivotal role in global
climate change. (de Boyer Montegut et al., 2004; Carton et al., 2008).
Besides, the ML is a boundary layer of the ocean that interacts with
the atmosphere boundary layer. Wind forces drive ocean circulation
through the ML (Chereskin and Roemmich, 1991). In areas where
deep convection occurs, winter ML conditions determine the nature
of deep and intermediate water masses in the interior ocean (Talley,
1999). The ocean ML also regulates biological production process,
such as the mixing of phytoplankton and nutrients in and out of the
euphotic zone (Chen et al., 1994; Ohlmann et al., 1996), which in
turn affects the chlorophyll content. Therefore, observations of
global mixed layer depth (MLD) are crucial for assessing the
ocean surface layers through global climate models (Belcher et al.,
2012). To quantify the spatiotemporal ML dynamics of the global
and regional oceans, several algorithms have been proposed.

Traditional methods for defining the MLD fall into two
broad categories, based on temperature and density (Kara et al.,
2000), both of which include threshold and algorithm criteria.
The threshold criterion is proposed by de Boyer Montegut et al.
(2004), but Lorbacher et al. (2006) summarized uncertainties
about the threshold method. In recent years, some new
algorithms have emerged, such as the split merge method
proposed by Thomson and Fine (2003) based on the optimal
analysis of linear segments of a density profile. Their method
performed similarly to the threshold method and worked in the
North Atlantic, but efforts to implement it in the Southern
Ocean did not yield realistic MLD results. The density algorithm,
proposed by Holte and Talley (2009), to identify physical
features in the profiles allow for more accurate tracking and
identifying of the MLD than that of the traditional threshold
method. However, because of its complexity, the algorithm is
slower than the threshold and gradient methods and as with any
MLD algorithm, is prone to be influenced by unusual profiles.
The curvature method reported by Chu and Fan (2010) has the
following characteristics: (1) the determination of MLD depends
on downward profile data from the surface; (2) the procedure is
objective without any initial assumptions (no iteration); and (3)
no differentiations are calculated for the profile data.
Temperature profiles in the western North Atlantic Ocean
from November 14 to December 5, 2007, collected from two
gliders (Seagliders), demonstrate the capability of this method.
The algorithm is analogous to a full range of local “ventilation”
depth proposed by Chen and Yu (2015). Property-adaptive, the
algorithm provided a significant periodic geophysical forcing,
such as the annual cycle. A significant discrepancy between their
and other results is the existence of a constantly deeper MLD
band in the mid-latitude oceans of both hemispheres. However,
the algorithm is more complex than the others. The primary
advantage of climatology of the hybrid algorithm by Holte et al.
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(2017) is that not only is it a more accurate method used for
identifying the MLD, as shown by a quality index analysis, but
also more density profiles are incorporated than before in the
previous climatologies.

The oceanic eddies cover more than 40% of the global ocean
surface and contain approximately 90% of the total energy of the
ocean (Klein and Lapeyre, 2009; Ferrari and Wunsch, 2010).
They are the drivers of the rotating motion of seawater with a
scale smaller than that of the Rossby wave. The quasi-
geostrophic potential vorticity equation controls them,
including vortex, swirl, ring, meander, filament, and wake
(Robinson, 1983). Their horizontal scales are about a few to
hundreds of kilometers, spanning the mesoscale and sub-
mesoscale in oceanography, and the vertical scales are about
tens of meters to thousands of kilometers (penetrating ML and
thermocline) (Chelton et al., 2011). The time scales of eddies are
about several days to several years (Chelton et al., 2011). Oceanic
eddy detection is a critical step in promoting the development of
eddy science, which has been widely implemented based on
various remote sensing data in recent years, such as satellite
altimeters, synthetic aperture radar, and ocean buoys. The
mainstream of the eddy identification method is an automatic
algorithm based on sea level anomaly (SLA) grid maps, which
has been proven effective (Chelton et al., 2011; Faghmous et al.,
2015; Le Vu et al, 2018).

For total matching cyclonic eddies (TCE), the eddy produces
an upward flow, causing a greater density inside the eddy than in
the surrounding seawater, which results in a positive density
anomaly. The eddy is termed as an abnormal cyclonic eddies
(ACE) if the density is a negative anomaly. Similarly, for total
matching anticyclonic eddies (TAE), the eddy produces a
downward flow, causing a lower density inside the eddy than
in the surrounding seawater, resulting in a negative density
anomaly. If the density is a positive anomaly, the eddy is termed
as an abnormal anticyclonic eddies (AAE). Various studied have
been conducted about abnormal eddies based on the SST
method. Globally, the numbers of the warm cyclonic and cold
anticyclonic eddies identified via measurement instruments and
deep learning models were estimated at approximately 20% by
Ni et al. (2021) and 32% by Liu et al. (2021), respectively.
Regionally, Sun et al. (2019) and Sun et al. (2021) separately
detected abnormal eddies in the North Pacific and the South
China Sea. Several studies have posed the following possible
mechanisms for generating abnormal eddies based on SST: (1)
Anticyclonic cold-core eddies emerge from mode water created
by deep winter mixing (Martin and Richards, 2001). (2) Eddy-
wind interaction-driven upwelling in anticyclones forms
anticyclonic cold-core eddies (known as mode water eddy),
whereas eddy-wind interaction-driven downwelling in
cyclones produces cyclonic warm-core eddies (Mcgillicuddy,
2015). (3) Reinforcement with the supply of cold and fresh
water results in anticyclonic cold-core eddies, and that with
warm water causes cyclonic warm-core eddies (Yasuda et al.,
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2000; Rabinovich et al, 2002). (4) The cyclonic warm-core
eddies - anticyclonic cold-core eddies are a result of caused by
the baroclinic instability (Pickart et al., 2005; Kadko et al., 2008;
Carton et al,, 2008). (5) Instability during the decay stage, eddy-
eddy interaction, and horizontal entrainment result in abnormal
eddies (Sun et al., 2019).

Researches have concluded that mesoscale eddies modulate
the spatiotemporal evolution of MLD (Klein et al., 1998). The
vital role of the mesoscale eddies in redistributing MLD has been
well established. For example, Gaube et al. (2019) analyzed how
mesoscale eddies globally modulate the surface MLD and found
that the magnitude of eddy-induced MLD anomalies is largest
during winter in regions of large- amplitude edd ies. Similarly, as
Hausmann et al. (2017) reported, the net deepening of the MLD
by the eddies is expected to be greatest in the regions of large-
amplitude eddies and deep winter mixing in the Indian Ocean
sector of the Southern Ocean. The asymmetry that MLD
anomalies are more prominent in magnitude in anticyclones
than in cyclones has been observed in the Indian Ocean sector of
the Southern Ocean (Hausmann et al, 2017) and the South
Indian Ocean (Kouketsu et al., 2012; Gaube et al., 2013; Dufois
et al.,, 2014). However, the role of abnormal eddies in MLD
remains unclear in related literature.

The main objective of this study was two-fold: (1) to propose
a new perspective to identify abnormal eddies based on the
potential density and (2) to analyze the impact of normal and
abnormal eddies on MLD. The dramatic improvement in state-
of-the-art spatiotemporal sampling and coverage of the Argo
project allowed us to obtain a unique and detailed dataset of
subsurface temperature (T) and salinity (S) records. The rest of
the paper is organized as follows: In the Data, we describe the
three datasets (altimetry, Argo data, and MLD) used in this
study. The Methodology includes the method for data-
preprocessing, identification algorithm for normal and
abnormal eddies, and formula for eddy-induced MLD
anomalies. In Results, findings are presented in two
subsections: (1) the global distribution and proportion of
abnormal eddies; and (2) the spatiotemporal distribution of
MLD inside eddies (including total matching, normal, and
abnormal eddies) and the quantitative evaluation of the impact
of eddies on MLD. Discussion contains the possible generation
mechanisms of abnormal eddies and the reasons for the different
effects of normal and abnormal eddies on MLD. Finally, the
summary of this study is given in the Conclusions.

2 Data
2.1 Satellite altimeter data
The altimeter data used in this study are delayed-time products

generated by CMEMS from a combination of TOPEX/Poseidon (T/
P), ERS-1/2, Envisat missions, Jason-1, Jason-2, Jason-3, Sentinel-
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3A, HY-2A, Saral/AltiKa, Cryosat-2, and GFO missions (CMEMS,
2019). In order to seek a better consistency which is vital to eddy
identification, it is decided to apply the CMEMS “all-satellite”
merged dataset of daily mean SLA with a grid size of (1/4) ° x
(1/4) °, spanning from January 2003 to December 2017. A sub-
dataset is used for simultaneous analysis with Argo measurements.
A comprehensive eddy dataset has been created for the global
ocean, which can be found at: https://data.casearth.cn/thematic/
Global_ocean_eddies?lang=zh_CN (Tian et al., 2020).

2.2 Argo float

The delayed-time Argo data (Array for Real-time
Geostrophic Oceanography) from January 2003 to December
2017 were used. Argo floats are aimed at observing significant
temporal (seasonal and longer) and spatial (thousands of
kilometers) scale subsurface (to a depth of 2,000 m) ocean
variability worldwide (Roemmich et al., 2009). The Argo
project is the first global observation system for the subsurface
ocean and is one of the best sources for in-situ temperature
measurements (Chen et al., 2021b). Because of its unprecedented
spatiotemporal sampling and coverage, the Argo project has
created an enormous dataset of subsurface T and S records that
can be used to study the distribution and variability in MLD. In
this study, Argo profiles with T/S measurements were obtained
from http://www.argo.ucsd.edu. The quality control and
processing of Argo data are automatically conducted by the
Argo Data Center, and only profiles flagged as “good” or
“probably good” were downloaded. Additional data filtering
was applied to profiles with first measurements shallower than
10 m, last measurements deeper than 1000 m, and having at least
30 valid data points within a depth range of 0-1,000m. Finally,
linear interpolation with an interval of 1 m was performed for all
edited high-quality profiles in the global ocean.

The vertical structure anomalies caused by eddies can
comprehensively assessed through T/S data-derived density.
Therefore, in this study, the potential density anomaly (PDA) was
selected as the property to represent the vertical structure of eddies
for abnormal eddy identification. Once the profile data were
preprocessed and filtered, the potential density was estimated
based on the International Thermodynamic Equation of Seawater
2010 from Argo T/S profile data, using the Gibbs Seawater
Oceanographic toolbox (Mcdougall et al., 2010). Anomalies of
every profile were computed by removing climatological profiles.
In this study, the monthly climatological density profiles were
obtained from the 3° x 3° grid resolution Argo profile.

2.3 Mixed layer depth

Several criteria have been suggested in related literature for
defining MLD (de Boyer Montegut et al., 2004; Holte and Talley,
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2009; Holte et al,, 2017, etc.). This study used the database proposed
by Holte et al. (2017), calculated with a hybrid algorithm and a
standard threshold method for detecting MLD. The database is
available online at http://mixedlayer.ucsd.edu and provides monthly
estimates of MLD (mean, median, maximum, and standard
deviation), along with associated properties (mean density,
temperature, and absolute salinity). Their database uses a highly
accurate method for identifying MLD, as shown by a quality index
analysis. It also incorporates a greater number of density profiles
than those in the previous climatologies and is publicly available.
The hybrid algorithm included the density algorithm from Holte
and Talley (2009) and the variable density threshold from de Boyer
Montegut et al. (2004). The basic idea of the algorithm was to
simulate general shape of each profile via the best-fit lines to the
seasonal thermocline and ML. Next, it calculates the threshold
MLD, gradient MLD, intersection of the seasonal thermocline, ML
fits, and property maxima and minima. The above values were
analyzed to select the final MLD estimate.

3 Methodology
3.1 Altimeter-based eddy identification

In the present analysis, a four-step scheme has been
established for eddy identification based on our earlier works
by Liu et al. (2016); Sun et al. (2017); Tian et al. (2020). First, the
global SLA data was high-pass filtered with a Gaussian filter with
a zonal radius of 10° and a meridional radius of 5° before seed
points were effectively determined. Second, the global SLA fields
were divided into regular blocks with a zonal spacing of 45° and
a meridional spacing of 36°. Third, the SLA contours were
computed using a 0.25-cm interval to extract the eddy
boundaries. Lastly, all blocks were seamlessly merged into a
global map, and duplicate eddies were eliminated. The relevant
technical details (including models and programs) can be found
in Liu et al. (2016); Sun et al. (2017), and Tian et al. (2020).

3.2 Eddy matching using the Argo data

To describe the effect of eddies on MLD, a “point-in-polygon”
search was employed to confirm whether an Argo float was present
inside an eddy (de Marez et al.,, 2019). First, we selected the eddies
and Argo float on the same day, and the location of each Argo float
profile was used to match the nearest eddy center in the effective
eddy boundary. In the present study, the effective eddy boundary
and the last closed contour of an eddy were selected as the eddy
contour. Second, it was determined whether an Argo float was
present inside the eddy. An Argo float was considered collocated
with an eddy if it was within the size of the eddy boundary. Next,
the relative radius (r) was calculated as follows:
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S
r=—

L )

where S and L are the distance of Argo from the eddy center
and the distance from the eddy center in the same direction to
the eddy boundary, respectively. Finally, an Argo float-eddy
collocation dataset was created following a global search of all
Argo floats with this criterion. In this study, the total matching
eddies were selected satisfying the following two criteria: (1) the
lifespan was longer than or equal to 30 days and (2) the pixel was
not less than 9. The numbers of profiles that were classified as
TAE and TCE were 205,374 and 200,254, with a match rate of
approximately 1.92% and 1.82%, respectively. Figure 1 shows the
geographical distribution of the Argo profiles. In general, the
Argo float samples are almost all over the global ocean but are
more numerous in the Kuroshio area, the Mediterranean Sea, the
Arabian Sea, and the Bay of Bengal (Figure 1A). Similarly, the
number of Argo floats falling within the eddies is higher in
several of the above regions (Figures 1B, C).

3.3 Definition of abnormal eddies

The eddies satisfying the following criteria were defined as
abnormal eddies: the integral value of PDA of TAE (TCE) per
unit depth in the respective eddy core depth > 0 (<0). In this
study, we used the eddy core depth proposed by Chen et al.
(2021a). The global distribution of eddy core depth is shown in
Figure 2. In general, the abnormal eddies refer to eddies whose
enclosed PDA has an opposite sign concerning their altimeter-
identified polarity, as shown in Figure 3. That is, from the Argo
perspective, they cannot be classified as eddies with the same
polarity. In this analysis, PDA was chosen as the property to
represent the vertical structure of eddies.

3.3.1 The method for calculating PDA
from Argo measurements contains the
following steps:

(1) The potential density was estimated based on the T/S
profile according to the International Thermodynamic Equation
of seawater 2010 (TEOS-10), using the Gibbs Seawater
Oceanographic toolbox (Mcdougall et al., 2010):

pe(SA, t,P,P,-) = p(SA’ O[SA’ t’P’Pr]’Pr)
= £5'(84,0(84.+.P,P,],P,)

where p is the potential density, S, is absolute salinity, which
can be obtained through the reference salinity and sea pressure; ¢
and 0 are the in-situ temperature and potential temperature,
respectively; P and P, are the pressure and reference pressure,
respectively; and gp is the expression of Gibbs function as
follows:
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FIGURE 1

Global geographic distribution of Argo profiles during 2003-2017 under 1° x 1° grid. (A—C) Cumulative number of all profiles, profiles inside
total matching anticyclonic eddies and total matching cyclonic eddies, respectively
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FIGURE 2
Global distributions of eddy core depth at 5° x 5° resolution. The (A, B) panels are the top and bottom of the eddy core depth respectively, and

the (C, D) are for TAE and TCE, respectively.
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FIGURE 3

Globally averaged PDA vertical profiles for normal and abnormal
eddies during January 1, 2003 to December 31, 2017. The solid
(dashed) red line and solid (dashed) blue line represent NAE
(AAE) and NCE (ACE), respectively.

gp(SatP)=g" (tP)+g°(Sa.tP) (3)

where g" and ¢° are the pure-water and saline parts of Gibbs
function, respectively.

(2) Monthly climatological profiles were constructed at a
spatial resolution of 3° x 3° to calculate the climatological
average value of the potential density within each grid. In
this study, the resolution of 3° x 3° was adopted to ensure
the availability of enough data in each grid.

(3) The PDA per unit depth profile was obtained removing
the collocated (space and time) climatological mean of
the potential density at this depth. This process is
repeated for all the individual Argo profiles in the
global ocean.

3.3.2 The algorithm for defining abnormal
eddies is as follows:

(1) PDA per unit depth was integrated over the eddy core
depth. The integral interval was the top and bottom of the eddy
core depth. We set the lower limit of integration as 10 m,
neglecting the values below this depth in the calculation
because the calculation of MLD started from a depth of more
than 10 m. This process is described as Eq. (4).

b
v=/f(x)dx (10m<a<b<1000m) (4)

where a and b are the top and bottom limits of the eddy core
depth, respectively. The integral of PDA and PDA at per unit
depth are expressed by v and f, respectively.

(2) If v> 0 in TAE, the eddy was considered as AAE; if v < 0
in TCE, the eddy was considered as ACE.
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To study the distribution of abnormal eddies, the occurrence
ratio of abnormal eddies was defined thus:

F (%) — nall;nm:lnal
tot:

(5)

where 1,p,0rmar a0d #1404 are the numbers of abnormal and
total matching eddies, respectively.

3.4 Eddy-induced mixed layer depth

This study used MLD estimates from hydrographic profiles
collected by the autonomous Argo float array (Holte et al., 2017).
As the density is more stable than temperature, we preferred the
density-based algorithm for MLD described by Holte and Talley
(2009). If the density data were missing, we used the
temperature-derived threshold-based values as the MLD
estimate (de Boyer Montegut et al,, 2004). Our global MLD
range covered 60° S~60° N. To reflect eddy-induced MLD,
anomalies of MLD (MLD') were calculated through the
removal of the climatological MLD at a given location (x, y)
and time ¢ (Gaube et al., 2019) as follows,

MLD'(x,y,t)=MLD(x,y,t)-MLD(x,y,m) (6)

where MLD is the climatological MLD at location x,y
(latitude and longitude), and month m . Positive MLD' was
defined here as a MLD deeper than climatology. The
climatological MLD is on a 3° x 3° grid.

4 Results

4.1 Detected abnormal eddies

Globally, approximately 21.67% of TAE were AAE, whereas
20.17% of TCE were ACE. Figure 4 shows the proportions of
abnormal eddies in the global 3° x 3° grid. AAE and ACE
occurred more frequently in tropical regions, which was
consistent with the study of Chen et al. (2021a) and Ni et al.
(2021). The numbers of abnormal eddies and ratios with
different relative radii in the five regions (reference Gaube
et al. (2019)) are shown in Table 1. The number and
proportion of abnormal eddies rose with the increased relative
radius. The increase in the abnormal rate from 0.3r to 0.5r was
slight but considerably ranged from 0.5 r to 1 r, a 50% change.

4.2 Eddy-induced depth of the
mixed layer

4.2.1 Seasonal and regional variability of eddy
influence on MLD

To quantitatively study the effects of eddies on vertical shifts
in ML, MLD anomalies are obtained via the removal of the
background field from MLD. According to Eq. (6), the global

frontiersin.org


https://doi.org/10.3389/fmars.2022.981505
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hao et al.

average of MLD anomalies caused by total matching eddies,
normal eddies, and abnormal eddies in winter and summer are
estimated at 3° x 3° spatial resolution, as shown in Figure 5.

Globally, TAE causes positive MLD anomalies, whereas TCE
causes negative MLD anomalies, which were more pronounce in
winter, in particular, in regions with strong eddy kinetic energy
(Figure 5A). In winter and summer, NAE and NCE caused
greater deepening and uplifting than the TAE and TCE
(Figure 5B). This magnitude of MLD caused by AAE and ACE
is weaker than that caused by TAE and TCE and had the
opposite signals (Figure 5C). The five representative regions
are highlighted by the black boxes in Figure 5, and the northern
and southern hemispheres as well as the entire globe were
analyzed separately.

The deepening (uplifting) of MLD caused by TAE (TCE)
peaked in winter and rapidly decreases with the arrival of
summer. NAE (NCE) makes MLD deeper (shallower) than the
TAE (TCE), with the difference between NAE and NCE growing
larger and more apparent. Compared to TAE (TCE), AAE
(ACE) weakened the deepening (uplifting) of MLD. In
contrast, the difference between AAE and ACE became smaller
and even negative.

To study the characteristics of the effect of eddies (total,
normal, and abnormal eddies) on MLD on a monthly scale, the
average value of MLD was calculated for each month during
2003-2017, as shown in Figure 6. For example, in the Northern
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Hemisphere (Figure 6K and Table 2), the maximum value
(average) of MLD caused by TAE was ~109 m (~56 m). The
maximum (average) value of MLD caused by TCE was ~80 m
(~45 m), and the maximum (average) difference was ~28 m (~11
m). NAE (NCE) caused the MLD to be deeper (shallower) up to
~112 m (~79 m) than that caused by TAE (TCE), with the
average increasing (decreasing) to ~58 m (~44 m), respectively.
The maximum and average differences between NAE and NCE
were ~34 m (by ~21%) and ~14 m (by ~27%), respectively.
Compared with TAE and TCE, the maximum (average) value of
AAE decreased from ~109 m (~56 m) to ~88 m (~48 m),
whereas ACE increased from ~80 m (~45 m) to ~96 m (~52 m),
respectively. The maximum (average) difference between AAE
and ACE decreased to ~-8 m (~-4 m). In this study, the negative
sign indicates that the MLD was shallower in AAE than in ACE.

Regionally, the maximum (average) value of the deepening
and uplifting of MLD caused by TAE and TCE were ~147 m
(~71 m) and ~113 m (~55 m), respectively, in the North Atlantic
(Figure 6A and Table 2). The maximum and average differences
between TAE and TCE were ~49 m and ~16 m, respectively,
with both larger than the corresponding values of the northern
and southern hemispheres. NAE and NCE showed deeper and
shallower MLD than the TAE and TCE, with the maximum
values of ~153 m and ~107 m and with mean values of ~74 m
and ~53 m, respectively. The maximum and mean differences
between NAE and NCE significantly increased, reaching 58 m
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FIGURE 4

Proportions of abnormal eddies in global 3° x 3° grid. The ratio of the number of AAE (A) and ACE (B) to the number of TAE and TCE detected
in each grid over the 15-yr period of 2003-2017. The black box indicates five areas (NA, North Atlantic Ocean 30°-55° N, 280°-330° E; NP,
North Pacific Ocean 25°-50° N, 140°-190° E; SP, South Pacific Ocean 20°-40° S, 180°-260° E; SIO, South Indian Ocean 15°-35° S, 70°-120° E;

SO, Indian Ocean sector of the Southern Ocean 40°-60° S,20°-120°
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TABLE 1 The numbers and ratios of abnormal eddies with different relative radius in five regions and globally.

Numbers Ratios
ACE
NA 67 48 660 769 10.15% + 3.821% 6.24% + 3.532%
NP 164 88 2396 1255 6.84% + 3.044% 7.01% =+ 3.085%
SP 99 140 983 922 10.07% + 2.386% 15.18% + 2.181%
SIO 74 55 654 689 11.31% + 2.803% 7.98% +2.917%
SO 152 99 998 999 15.23% + 2.417% 9.91% + 2.521%
Global 2855 2401 20008 19356 14.27% + 0.683% 12.40% + 0.718%
0.5r
Areas Numbers Ratios
AAE ACE TAE TCE AAE ACE
NA 205 173 1800 2088 11.39% + 1.905% 8.29% + 1.843%
NP 591 264 6261 3502 9.44% + 1.840% 7.54% * 1.524%
SP 315 406 2819 2468 11.17% + 1.140% 16.45% + 1.196%
SIO 232 165 1791 1738 12.95% + 1.664% 9.49% + 1.543%
SO 470 284 2875 2628 16.35% + 1.364% 10.81% + 1.410%
Global 8222 6771 54175 52183 15.18% + 0.424% 12.98% + 0.428%
1.0r
Areas Numbers Ratios
AAE ACE TAE TCE AAE ACE

NA 1112 1348 6907 7912 16.10% + 1.117% 17.04% + 1.020%
NP 3720 2121 20422 13790 18.22% + 1.248% 15.38% + 1.253%
SP 2292 2191 11790 9673 19.44% + 0.672% 22.65% + 0.742%
SIO 1517 1160 7046 6553 21.53% + 0.942% 17.70% + 0.826%
SO 2474 1972 10931 9983 22.63% + 0.763% 19.75% + 0.612%
Global 44504 40503 205374 200763 21.67% = 0.279% 20.17% + 0.276%

and 21 m, respectively, with an increase of ~18% and ~31%,
respectively. AAE (ACE) weakened or even reversed the effect of
TAE (TCE) on MLD, and their maximum value reached ~110 m
(~141 m), and on an average, reached ~55 m (~66 m),
respectively. The minimum and average differences between
AAE and ACE plunged to a minimum value of the five
regions (~-31 m and ~-11 m, respectively). On the contrary,
the MLD reached its minimum in summer, but its signal was less
significant than its maximum. The MLD shoaled to an average
depth< ~20 m, and disturbances caused by eddies were no longer
detectable. The minimum value of the MLD was close to ~50 m
in the Indian Ocean sector of the Southern Ocean (Figure 61
and Table 2).
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4.2.2 The variation of MLD associated with
different types of mesoscale eddies MLD
anomalies

Opverall, positive (negative) MLD anomalies tend to be
associated with TAE and TCE. This did not necessarily suggest
that TAE (TCE) was only a positive (negative) MLD anomaly.
This trend was not unique, as shown in Figure 7A, which
indicates that TAE sometimes caused shallower MLD, whereas
TCE sometimes caused deeper MLD. The distribution of the
ratios showed the asymmetry of the response. In other words,
TAE accounted for an increasingly significant share of positive
MLD anomalies than the TCE accounting for negative MLD
anomalies, as shown by the solid black line in Figure 7C. As can
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FIGURE 5

Eddy-induced MLD anomalies (MLD anomalies) mapped to a global 3° x 3° grid between 60°N and 60°S. (A—C) represent total, normal and
abnormal eddies, respectively. The black box area represents five areas: NA, NP, SP, SIO, and SO. The upper and lower panels are MLD
anomalies inside the eddy in winter (Northern hemisphere: December, January, February; Southern hemisphere: June, July, August) and
summer (Northern hemisphere: June, July, August; Southern hemisphere: December, January, February) of each hemisphere, respectively. The
left and right panels of each submap are TAE, NAE, AAE and TCE, NCE, ACE, respectively

be seen from the solid red line in Figure 7C, the phenomena was
more evident in normal eddies. While AAE and ACE accounted
for a large proportion of negative and positive anomalies,
respectively, AAE (ACE) exhibited more negative (positive)
anomalies than the ACE(AAE), as shown in Figure 7B. There
were more AAE (ACE) in the negative (positive) anomalies than
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there were ACE (AAE) anomalies in approximately £50 m MLD,
and subsequently the numbers became comparable. These
indicate that abnormal eddies weaken the influence of normal
eddies on MLD and even exert the opposite effect.

Gaube et al. (2019) proposed that MLD anomalies were
associated with eddy amplitude. As shown in Figure 8, MLD
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Seasonal cycle of mixed layer depth (MLD) in NA (A, B), NP (C, D), SP (E, F), SIO (G, H), SO (I, ), NH (northern hemisphere) (K, L) and SH
(southern hemisphere) (M, N). The solid (dashed) red (magenta) line and solid (dashed) blue (cyan) line represent NAE (TAE) and NCE (TCE) and
the solid (dashed) black line indicates the sum of NAE (TAE) and NCE (TCE) in left panels. The solid red (blue) line and solid (dashed) black line in
the right panels indicates AAE (ACE) and the sum of AAE (TAE) and ACE (TCE), respectively. The standard error, computed as o/v/N, where G is
the standard deviation of all MLD observations during each calendar month and N is the number of MLD observations in each month, is
indicated by the vertical lines.
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TABLE 2 Extreme values and averages of mixed layer depth caused by eddies in five regions, northern and southern hemispheres, and globally.

Regions
Extreme
147 113 49 153 107 58 110 141 -31
value
NA
35 53 % 66 +
A 1+ 0.867 1 4 +0.71 21 + 0.64! -11
verage 71 £ 0.86 0.597 6 74 £0.715 0.607 55 + 0.645 0813
Extreme
147 94 53 153 91 62 106 130 -24,
value
NP
47 + 45 + 57 +
Average 61 +0.431 14 63 +0.493 18 49 + 0.696 -8
0.340 0.352 0.778
Extreme
110 90 21 112 88 26 102 96 -7,
value
SP
51 49 + 55 +
A 0 + 0. 1+04 12 55 + 0.634
verage 6 388 0.361 9 6 39 0397 6. 0.825 0
Extreme
187 150 43 200 146 55 144 163 -11,
value
SO
111 + 94 + 115 + 92 + 96 +
Average 17 23 94 + 0.897 -2
0.811 0.681 0.963 0.752 0.984
Extreme
86 64 21 89 66 23 77 59 0
value
SIO
A 54 +0.419 44 = 10 56 + 0.481 a4 x 12 48 + 0.683 42+ 6
T x 0. x* U x U
verage 0.380 0.427 0.811
Extreme
I 109 80 28 112 79 34 88 96 -8
Northern value
hemisphere 454+ 44+ 52 4
Average 56 + 0.198 11 58 + 0.219 14 48 + 0.461 -4
0.160 0.177 0.368
Extreme
1 131 104 29 137 103 38 110 106 0
Southern value
hemisphere 64+ 63 + 66 +
A 77 £0.21 1 + 0.2 17 + 0.371 2
verage 0.215 0174 3 80 + 0.255 0193 68 + 0.376 0.404
Extreme
76 64 12 78 63 15 68 70 -2
value
Global
54 + 53 + 59 + 59 +
Average 66 + 0.149 12 67 £0.171 14 0
0.121 0.134 0.2978 0.279

anomalies approximately showed a linear relationship with eddy
amplitude and became more significant as the relative radius
decreased in winter. This relationship is more obvious for TAE
than TCE. Here, the eddies with amplitude< 2 cm are removed.
This pattern was more significant in normal eddies (dashed
magenta and cyan in Figure 8). As shown in Figure 8 , the ‘gap’
between normal eddies and total matching eddies was more
significant with the increased relative radius, that is, the number
of abnormal eddies increased with the rise of relative radius, as
shown in Table 1. According to Figure 8 (the dashed red and
blue lines), as the relative radius grew smaller, the relationship
between MLD anomaly and abnormal eddy amplitude
fluctuated, and the effect grew subtle. Overall, AAE (ACE)
weakened the deepening (uplifting) effect of MLD.

Frontiers in Marine Science

5 Discussion

In this study, the abnormal eddies refer to eddies whose
enclosed PDA had an opposite sign concerning their altimeter-
identified polarity. In other words, given the Argo perspective,
they cannot be classified as eddies with the same polarity, as
shown in Figure 3. Identifying abnormal eddies based on PDA
was an essential method in this study, which was different from
the previous method based on SST (Sun et al. (2019); Liu et al.
(2021); Ni et al. (2021); Sun et al. (2021)). The reason for using
PDA was that density is more robust than that in SST in the
ocean because SST is susceptible to interference from other
factors, such as solar radiation flux, sea surface wind speed, and
rainfall, which can affect the identification-related results.
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Compared with the previous method, the new identification
method of abnormal eddies has been improved in two specific
ways. First, the abnormal rate was as high as 32% according to
Liu et al. (2021). However, the ability of an altimeter ability to
identify eddies was relatively stable; hence, their result appeared
to be less reasonable. In the present study, the abnormal rate was
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about 20%, which was more convincing than their results.
Second, this study showed a lower abnormal rate in the
western boundary current regions because the energy and
amplitude of the eddies in these regions are relatively large
and cause a stronger PDA signal. Therefore, these places are less
likely to be misclassified, which was absent in the results of Liu
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Average winter MLD anomalies (MLD anomalies) as a function of eddy amplitude. (A—C) mean 0.3r, 0.5r and 1r, respectively. TAE, TCE, NAE,
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mixed layer depth.
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etal. (2021). Argo-based eddy identification can compensate for
the lack of altimetry, partially rectifying its ineffectiveness in low-
latitude areas. In particular, the altimeter misclassifies the
polarity of the eddies in the oceanic range by approximately
4.3% (Chen et al., 2021a). The abnormal eddies can be divided
into AAE and ACE according to the sign of PDAs. This study
showed that 21.67% of TAE and 20.17% of TCE were abnormal.
As evidenced in Figure 4 and Table 1, abnormal eddies were
primarily concentrated in the tropical regions, confirming that
altimeter-based eddy identification was less effective in low-
latitude areas, which was consistent with the results of Ni et al.
(2021) and Chen et al. (2021a). The generation mechanisms for
AAE and ACE were also discussed in this study. (1) In tropical
regions, where the seawater stratification is strong, and the eddy
energy is weaker, less variation in the potential density was
caused by the eddy pump. (2) Cyclonic and anticyclonic eddies
were misclassified by the altimeter due to its sparse sampling and
the weakened Coriolis force. (3) The abnormal eddy may be
rendered by the eddy-wind interaction and unstable and
complex for the boundary current. For example, the abnormal
rate of AAE and ACE can reach 22.63% and 19.75% in the
Indian Ocean sector of the Southern Ocean, respectively. As
shown in Table 1, the closer to the eddy center, the lower the
abnormal rate, which may be due to the strong kinetic energy of
the eddy within 0.5r, and the resulting signal was also strong.
With the increase relative radius, the eddy kinetic energy
gradually weakened, and the abnormal rate gradually
increased. The analysis of the error of the abnormal rate (Er)
indicated that the error of the abnormal rate gradually increased
with the increased relative radius. When r = 1, Er could reach
50%, and Er was less than 10% when r< 0.5. The calculation
method assumes the abnormal rate within 0.1r as the reference
value. Subsequently, the difference between the abnormal rate
and the reference value was divided by the reference value as the
error of the abnormal rate (not shown here). Thus, a suitable
relative radius, such as 0.5 r, can be appropriately chosen as the
criterion for differentiation when abnormal eddies are identified.
In this study, the relative radii were calculated taking into
account the irregular shape of the eddies considering the Argo
fell inside the eddy, r< 1. If the eddies were calculated based on
the normalized circle radius, Argo falling outside the eddies was
also considered as the internal case. In contrast, the case where
Argo fell inside the eddies was considered external.

According to Figures 5, 6, both abnormal and total matching
eddies showed the most significant disturbances to MLD in
winter. The MLD amplitude caused by abnormal eddy was
smaller than the total matching eddy currents in most areas,
with the opposite signal appearing. When the abnormal eddies
were removed, the results showed that the normal eddies
modulate MLD more significantly than the total matching
eddies (Figures 5B, 6). From the perspective of eddy-induced
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MLD, the deeper (shallower) ML in TAE (TCE) was primarily
explained by the enhanced (suppressed) ocean convection
triggered by anomalous air-sea heat loss (gain) that resulted
from positive (negative) SST anomalies associated with TAE
(TCE) (Williams, 1988; Hausmann et al., 2017; Gaube et al,,
2019). In contrast, the average MLD anomalies caused by AAE
and ACE were found to be much smaller in magnitude and even
appear as opposite signals. This result may be due to the opposite
PDA of AAE and ACE compared to those of TAE and TCE,
leading to weaker surface turbulent heat flow anomalies or even
opposite signals on AAE and ACE. Subsequently, this resulted in
weaker anomalous convective mixing in the surface layers of
AAE and ACE. As expect, there was more than one reason for
this, which has motivated further research and exploration. The
effect of normal and abnormal eddies on MLD showed inter-
annual variability, as shown in Figure 9. The northern and
southern hemispheres showed an approximate mirror symmetry
which also indicated a clear seasonality. In the northern
hemisphere, the MLD variation caused by total matching and
normal eddies gradually decreased, whereas this variation
became less evident in the southern hemisphere. This pattern
was also observed for abnormal eddies although their number
was small, and their fluctuation was less stable. This
phenomenon may be related to the difference in land area and
global warming between the northern and southern
hemispheres, which needs to be explored in future studies. In
Figure 7, the number of TAE in positive MLD anomalies was
greater than that of TCE in negative MLD anomalies, and the
normal eddy made this effect more pronounced. This reveals
that a considerable number of abnormal eddies have weakened
or even reversed eddy-induced variation in MLD anomalies,
which in turn verified the reliability of our identification method.
We can infer from the relationship between eddy amplitude,
MLD anomalies (Figure 8), and Table 1 that the closer to the
eddy center the Argo profile was, the greater the vertical velocity
and flux caused by the eddies, as well as the stronger the
temperature and salt anomaly signals inside the eddies were.
Thus, identifying the eddies was more accurate with the
decreasing relative radius. Integrating the upper and lower
limit intervals of the eddy core depth serves to identify
abnormal eddies. Therefore, some MLDs caused by eddies
located at the upper limit of eddy core depth were not affected
by it.

In summary, the abnormal eddies were identified based on
the finite Argo density profile, and some eddies without Argo
inside them are not identifiable. Calculating MLD climatology
was also important for MLD anomalies. The number of Argo
profiles directly affected the resolution selection, which
determined number and extent of each grid. As the number of
Argo continues to increase, the number of eddies matched will
increase, and the resolution will become finer. The threshold
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Inter-annual variability of eddies-induced MLD in NH (northern hemisphere) and SH (southern hemisphere). The solid (dashed) red (magenta)
line and solid (dashed) blue (cyan) line represent NAE (TAE) and NCE (TCE) in (A, B) The solid red (blue) line in (C, D) indicates AAE (ACE),
respectively.
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value selected in the methodology was 0, which can lead to
misclassification, in particular, for relatively weak-signal eddies.
It is also necessary to consider the distance between the Argo
profile and the eddy center because the closer to the eddy center
it was, the stronger the signal and the more accurate the results
were. For an abnormal eddy, the closer the Argo profile is to the
eddy center, the higher its probability of being identified as an
abnormal eddy was. Correspondingly, if it was a normal eddy,
the closer the Argo profile was to the eddy center, the lower its
probability of being identified as an abnormal eddy was. The
results indicated that some abnormal eddies exhibit similar
properties to normal eddies, which in turn showed that the
abnormal eddies were not entirely separated from the normal
eddies. In terms of the methods for calculating eddy-induced
MLD, there is no guarantee that the impact of other factors on
MLD can be removed entirely, such as air-sea heat flux, Ekman
transport, and ocean advection and entrainment. Accurately
quantifying the net effect of the eddies on the MLD is a
question for future research. In some seasons and regions
where the changes in MLD are small, the vertical resolution of
the Argo profiles needs to be appropriately adjusted for different
conditions. In future research, we will continue to optimize the
methodology and consider the issues discussed above to ensure
that the identified abnormal eddies are more accurate. These will
also provide new insights for future research.

The effects of normal and abnormal eddies on other factors
are also approximately opposite, and their effects have regional
and seasonal characteristics. Whether normal and abnormal
eddies conduct regionally or seasonally in oceanographic
studies should be considered. The discovery of abnormal
eddies enriches the research content of eddy dynamics. The
detailed discussion of the four types of eddies in the global region
aid to deepen the understanding of global oceanography.
Abnormal eddies can also have some influence on the climate.
The abnormal eddies are usually the opposite of the latent heat
flux (LHF) and sensible heat flux (SHF) of normal eddies. The
peak magnitude of LHF anomalies associated with abnormal
eddies is roughly half of those associated with total eddies. The
eddy-induced SHF anomalies are almost identical to those of
LHF anomalies, except for at a smaller magnitude (Ni et al,
2021). Physically, positive eddy SST anomalies induce
anomalous upward surface turbulent heat fluxes, strengthening
near-surface wind and wind stress, thus enhancing turbulent
mixing and downward momentum transport in the atmospheric
boundary layer (Chelton and Xie, 2010; Frenger et al., 2013;
Gaube et al., 2015). This mechanism works regardless of whether
the eddy is normal or abnormal (Liu et al., 2021; Ni et al., 2021).
This is particularly significant in localized areas. More accurate
maritime weather forecasts that consider the influence of
abnormal eddies on atmospheric variables should be
established (Chelton and Xie, 2010; Frenger et al., 2013).
In addition, heat and material transports induced by
eddies (Boas et al, 2015), in particular, those modulated by
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abnormal eddies and their generation mechanisms, are worthy
of further investigation.

6 Conclusion

Using potential density based on the global Argo dataset
spanning 15 years, the results indicate that abnormal eddies are
surprisingly abundant in the global ocean, and ACE (AAE) account
for approximately 20.17% (21.67%) of TCE (TAE). They are more
abundant in the tropical regions than in the boundary current and
strong eddy kinetic energy regions. Their generation mechanisms
were described in the Introduction and Discussion sections. The
changes in MLD caused by normal and abnormal eddies were
estimated separately. The results showed that AAE (ACE)
attenuated the deepening (uplifting) effect of TAE (TCE) on
MLD and even plays the opposite role in some areas. For normal
eddies, the impacts of NAE and NCE were more significant on
MLD than those of TAE and TCE due to the difference between the
PDAs inside the normal and abnormal eddies.

The results showed that abnormal and normal eddies may play
a distinct role in regulating MLD even in the air-sea system
(Chelton and Xie, 2010; Frenger et al., 2013; Boas et al,, 2015).
The number of normal and abnormal eddies observed in the global
ocean may be related to instability of ocean currents, which reflects
their long-term variation trend in the global ocean. Most of the
current research does not consider the effect of abnormal eddies,
which leads to inaccurate results, and the existence of AAE and
ACE conceals the different ocean characteristics. Abnormal eddies
significantly influence the transportation of mass (Pickart et al,
2005; Mathis et al., 2007; Everett et al., 2012), ocean circulation
(Shimizu et al,, 2001), and air-sea interaction (Leyba et al., 2017; Liu
et al., 2020). Consequently, abnormal eddies need to be
appropriately considered when the role of ocean eddies in the
Earth’s climate system is assessed and quantified. With the launch
of the Surface water and ocean topography satellite (Morrow et al,
2019) and the improvement of resolution and technology, not only
can more and smaller scale eddies be identified more accurately but
also quantitative studies of MLD and sea-air systems are becoming
increasingly accurate.
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