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Characteristics of Eulerian
mesoscale eddies in the
Gulf of Mexico

Yingli Zhu* and Xinfeng Liang

School of Marine Science and Policy, University of Delaware, Lewes, DE, United States
Although numerous studies on Eulerian mesoscale eddies with closed

contours of sea surface height (SSH) or streamline have been conducted in

the Gulf of Mexico (GoM), a comprehensive study on their temporal and spatial

characteristics is still lacking. In this study, we combine three eddy detection

algorithms to detect Eulerian eddies from the 26-year SSH record in the GoM

and examine their characteristics. We find distinct characteristics between

Loop Current Eddies (LCEs), Loop Current Frontal Eddies (LCFEs), and

mesoscale eddies that are not directly related to the Loop Current (LC). Many

characteristics of LCEs and LCFEs in the eastern GoM are closely related to the

LC. More LCFEs are formed in January to July than in August to December,

likely related to the seasonal variation of the northward penetration of the LC.

However, the formation of non-LCFE cyclonic eddies shows a biannual

variability, which could be linked to the position and strength of the

background current in the western GoM. Nevertheless, the seasonal

variability of the Eulerian eddies shows large uncertainties (not significant at

the 95% confidence level). Low-frequency (interannual to multidecadal)

variability is also detected. In the eastern GoM, the extent of northward

penetration of the LC can affect the generation of LCFEs and result in low-

frequency variations. In the western GoM, the low-frequency variability of eddy

occurrence and amplitude could be related to the surface circulation strength.

KEYWORDS

Gulf ofMexico, loop current,mesoscale eddies, eddy characteristics, background currents
1 Introduction

Mesoscale eddies, which are usually demonstrated as closed contours of sea surface

height (SSH) or streamline, are ubiquitous in the Gulf of Mexico (GoM). Different types

of eddies have been identified, such as anticyclonic Loop Current Eddies (LCEs), cyclonic

Loop Current Frontal Eddies (LCFEs), and eddies that are not directly related to the Loop

Current (LC). Those eddies with closed contours of SSH and streamline are usually called

Eulerian eddies. These eddies are important for explaining surface mesoscale anomalies
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of temperature and salinity (e.g., Meunier et al., 2018; Brokaw

et al., 2019), and can potentially affect the bottom currents in the

GoM (e.g., Zhu and Liang, 2020). For example, the bottom

currents are closely related to the upper-layer mesoscale eddies

in the GoM (e.g., Tenreiro et al., 2018; Zhu and Liang, 2020).

Besides, those eddies can modify the atmospheric environment.

In particular, hurricanes in the GoM can be intensified when

encountering warm-core rings by absorbing a large amount of

heat from eddies (e.g., Bosart et al., 2000; Hong et al., 2000).

Therefore, it is useful to examine the characteristics of the

mesoscale eddies in the GoM.

Various measurements, including drifters, gliders, mooring,

and satellite data, have been used to characterize eddies in the

GoM (e.g., Elliott, 1982; Paluszkiewicz et al., 1983; Kirwan et al.,

1984; Vukovich and Maul, 1985; Lewis et al., 1989; Hamilton,

1992; Hamilton et al., 1999; Hamilton, 2007; Rivas et al., 2008;

Rudnick et al., 2015; Meunier et al., 2018; Zhang et al., 2019).

Some eddy characteristics, such as diameter and propagation

speed, have been reported in previous studies. In the eastern

GoM, where the LC is the dominant circulation feature, LCEs

with a warm and salty core are shed irregularly from the LC

through dynamic instability (e.g., Hurlburt and Thompson,

1980; Pichevin and Nof, 1997; Sturges and Leben, 2000; Liu

et al., 2016; Yang et al., 2020). The shedding time of LCEs has

been shown to be related to the seasonal winds in the GoM and

the Caribbean Sea (Chang and Oey, 2012) and fluctuations from

the Caribbean Sea (Murphy et al., 1999; Oey et al., 2003; Chang

and Oey, 2012; Chang and Oey, 2013). LCEs have a diameter of

200 to 400 km, a surface swirling speed exceeding 0.5 m s−1, and

an average propagating speed of 2 to 5 km day−1 (e.g., Elliott,

1982; Kirwan et al., 1984; Vukovich and Crissman, 1986; Kirwan

et al., 1988). The LCE path occupies a broad band in the center of

the basin with a mean west-southwest track (Hamilton et al.,

1999; Meza-Padilla et al., 2019). When LCEs travel to the

western GoM and encounter the western boundary,

companion cyclones can be generated (Smith and David, 1986;

Vidal et al., 1992; Frolov et al., 2004).

In addition to LCEs, mesoscale cyclonic eddies (CEs) with

relatively small diameters of 80 to 150 km have also been

detected in the GoM (Vukovich and Maul, 1985; Hamilton,

1992; Vukovich, 2007; Le Hénaff et al., 2014; Jouanno et al.,

2016). The commonly seen CEs in the eastern GoM are cold-

core LCFEs that are formed on the LC’s periphery as a result of

the barotropic and baroclinic instabilities (e.g., Vukovich and

Maul, 1985; Fratantoni et al., 1998; Zavala-Hidalgo et al., 2003;

Chérubin et al., 2006; Donohue et al., 2016a; Jouanno et al., 2016;

Maslo et al., 2020; Yang et al., 2020). The topographic vortex

stretching can play a role in the intensification of LCFEs (Le

Hénaff et al., 2012; Le Hénaff et al., 2014). Also, eddies with a

median radius of 30 km have been observed on the northern

GoM slope from drifter orbits and hydrographic surveys (e.g.,

Hamilton, 2007). The small-scale slope eddy activity was
Frontiers in Marine Science 02
speculated to be related to the LC extension and LCE

detachment (Nickerson et al., 2022). Some eddies on the

northern GoM slope that are not likely related to the LC have

also been observed (Hamilton, 1992; Hamilton et al., 2002).

Besides, Caribbean eddies can squeeze into the GoM through the

Yucatan Channel (Murphy et al., 1999; Huang et al., 2013;

Huang et al., 2021), but the eddy number is relatively small.

Nevertheless, most previous studies only focus on the LCEs and

LCFEs, while characteristics of other types of mesoscale eddies in

the GoM have not been comprehensively described.

Although some temporal and spatial distributions of eddy

characteristics have been obtained from the absolute dynamic

topography (ADT) maps or along-track SSH anomalies, they are

based on short-period altimeter data with record lengths of 2 to 4

years (Leben and Born, 1993; Brokaw et al., 2020) or are focused

on one specific type of eddy, such as the LCE (e.g., Leben, 2005;

Hall and Leben, 2016) or LCFE (Le Hénaff et al., 2014). For

example, by tracking SSH contour (17 cm) and its breaking from

the LC in the GoM, LCE separations have been determined over

the first 12-year (Leben, 2005) and 20-year altimetry period

(Hall and Leben, 2016). A significant peak in the timing of LCE

separation in August and September and a less significant peak

in February and March have been observed (Vukovich, 2012;

Hall and Leben, 2016). An increasing number of LCEs in the

decade 2001-2010 was also found (Vukovich, 2012; Lindo-

Atichati et al., 2013). The previous studies indicate that the

mesoscale eddies vary with season and over long time scale. The

seasonal and interannual variabilities of mesoscale eddies are

important and closely related to that of the large-scale

circulation, from which eddies obtain energy (e.g., Yang et al.,

2020). As the dominant circulation system in the eastern GoM,

the LC has been shown to be more intrusive from January to July

on the seasonal time scale (Hamilton et al., 2014) and from 2002

to 2006 than in 1993 on the interannual time scale (Alvera-

Azcárate et al., 2009). The climate variability in the GoM has

been related to remote climate forcing such as El Ninão-

Southern Oscillation (ENSO) and North Atlantic Oscillation

(NAO) (e.g., Rodriguez-Vera et al., 2019). Therefore, the eddy

activity in the GoM could be affected by various climate modes,

such as ENSO (e.g., Philander, 1990), NAO (e.g., Wallace and

Gutzler, 1981), and Atlantic Meridional Mode (AMM) (e.g.,

Chiang and Vimont, 2004). However, characteristics of different

types of eddies in the GoM, such as propagation, seasonal, and

low-frequency (interannual to multidecadal) variability, are not

clear and need more examination. Nowadays, with the satellite

observed SSH data that span almost 30 years, we can conduct a

more comprehensive analysis of the characteristics of mesoscale

eddies in the GoM.

It should be noted that two distinct definitions of mesoscale

eddies exist, reflecting the nature of mesoscale features presented

in different studies. The mesoscale eddies detected with the

Eulerian methods are mostly defined as mesoscale features
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with closely SSH or streamline. SSH provides geostrophic

streamlines. These methods have been widely used and greatly

advanced our understanding of the dynamics and impacts of

mesoscale eddies over the past few decades. However, the

Eulerian eddies may not have material coherent structure,

depend on the frames and the observer (e.g., Haller, 2005;

Peacock et al., 2015) and can change form and exchange

material with ambient fluid. In contrast, Lagrangian eddies or

Lagrangian coherent vortex (e.g., Haller, 2005; Andrade-Canto

et al., 2020) have material boundaries that withstand stretching

or diffusion. They are therefore important for tracking the

transport of ocean materials (Bello-Fuentes et al., 2021;

Andrade-Canto and Beron‐Vera, 2022; Andrade-Canto et al.,

2022). In this study, we focused on the mesoscale features with

closed SSH or streamlines that can be detected with Eulerian

methods. These eddies can be considered as propagating signals/

perturbation even though the material and vortex are not

necessarily conserved during the eddy propagating. We

specifically named the mesoscale eddies presented in this study

Eulerian eddies.

To detect and describe Eulerian eddies, a variety of

automatic Eulerian eddy detection and tracking algorithms

have been developed. Chelton et al. (2007) used the physical

Okubo-Weiss (OW) parameter (Okubo, 1970; Weiss, 1991) to

detect mesoscale eddies. Geometric properties, such as the closed

SSH or streamline contours, have also been used to define eddy

domains (e.g., Chaigneau et al., 2008; Chelton et al., 2011;

Faghmous et al., 2015; Le Vu et al., 2018). Moreover, hybrid

methods that combine the physical parameters and geometric

properties have been proposed to discern mesoscale eddies

(Kang and Curchitser, 2013; Halo et al., 2014). The 17-cm

SSH contour has also been widely used to define the LC front,

and separation events of LCE are identified by breaking of the

17-cm tracking contour with no later reattachment (Leben,

2005; Hall and Leben, 2016). Different eddy detection

algorithms have their advantages and drawbacks. For example,

the OWmethod is sensitive to the noise in the SSH data, and the

approaches that use geometrical properties are sensitive to the

interval searching for closed contours (Le Vu et al., 2018; Lian

et al., 2019).

In this study, to find Eulerian eddies that are less sensitive to

the Eulerian eddy detection algorithms, a method that combines

three previously used Eulerian eddy detection algorithms is

developed and applied to the 26-year SSH maps in the GoM.

Characteristics of Eulerian mesoscale eddies in the GoM are

derived by examining the eddies detected with the new method.

The paper is organized as follows: data and details of the eddy

detection and tracking algorithms are presented in section 2.

Characteristics of the detected eddies, including basic eddy

characteristics, seasonal and low-frequency variabilities of

eddies are reported in section 3. Conclusions and discussions

are given in section 4.
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2 Data and methods

2.1 Data

Statistical and comprehensive analyses of eddies over the

whole GoM using in situ data and satellite infrared or ocean

color data are difficult (e.g., Vukovich, 2007). In situ data cannot

give continuous monitoring over the whole GoM. The nearly

uniform sea surface temperature (SST) in summer and the

extensive cloud cover hinder us from discerning eddies from

the satellite infrared or ocean color maps (e.g., Vukovich and

Maul, 1985; Sturges and Leben, 2000). In contrast, altimeter

observed SSH data are available in all weather conditions and are

the most complete source of detecting mesoscale eddies (e.g., Liu

et al., 2011). Altimetry products were used to characterize the

spatial patterns of the LC system variation in the GoM based on

a machine learning method (e.g., Liu et al., 2016; Weisberg et al.,

2017; Nickerson et al., 2022), but due to the limited number of

the characteristic patterns chosen, the mesoscale eddies were not

fully represented. Delayed time 2018 (DT2018) gridded ADT

data (Taburet et al., 2019) from two altimeter satellites (twosat

product) provided by the Copernicus Climate Change Service

(C3S) were used for eddy detection and the subsequent

examination of eddy characteristics. DT2018 gridded ADT

data from multiple satellites (allsat product) provided by the

Copernicus Marine Environment Monitoring Service (CMEMS)

were also used for the discussion of the influence of satellite

sampling on eddy detection. The ADT data span from 1 January

1993 to 13 May 2019 with a daily time interval. ADT data rather

than sea level anomalies (SLAs) were selected because artificial

eddies could be identified in SLAs (e.g., Laxenaire et al., 2018;

Pegliasco et al., 2021). Note that although the spatial resolution

of the ADT provided is 0.25 degrees, its effective spatial

resolution is controlled by many factors, such as the along-

track smoothing and the spatial correlation scale (Pujol et al.,

2016). Satellite altimetry products were demonstrated to slightly

outperform the numerical models in the GoM (Liu et al., 2014).

To examine the effective spatial resolution of the gridded

ADT product in the GoM, TOPEX/Poseidon (T/P) along-track

ADT data from 2 January 1996 to 3 December 1999 were

compared with the twosat gridded ADT data (Figure 1).

Gridded ADT data were first linearly interpolated to the

ground tracks shown in Figure 1A. The wavenumber spectra

of the along-track and interpolated ADT data along one sample

T/P track were then calculated and averaged over the selected T/

P period (Figure 1B). Compared to the along-track ADT, the

spectrum of the gridded ADT decreases by 50% at the

wavelength of 200 km, which represents the effective spatial

resolution of the gridded ADT data in the GoM. This finding is

consistent with the spatial correlation scales used in the gridded

product processing (Pujol et al., 2016) and corresponds to an e-

folding scale of about 37 km for an individual eddy (Chelton
frontiersin.org
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et al., 2011). The interpretation of filter cutoff wavelength in

terms of the corresponding eddy scale is based on eddy shape

that is approximated as an axially symmetric Gaussian structures

(Chelton et al., 2011). Chelton et al. (2011) showed that a half-

power point at a wavelength of 2° corresponds to a Gaussian

feature in space with an e-folding scale of 0.37°. Therefore, the

gridded ADT product in the GoM can only resolve eddies with a

radius larger than 37 km, and eddies with a radius smaller than

37 km are not considered in this study. The gridded products

cannot capture the small-scale eddies (Amores et al., 2018). It

should be noted that eddies that lie in the “diamond-shaped”

area between the satellite tracks cannot be fully resolved. The

eddy amplitude could be underestimated due to the smoothing

during the data generation process. We focus on the spatial and

temporal variability when we examine the eddy amplitude.

ADT data were further processed before they were used to

detect eddies. First, since altimetry observations near the coast

are less reliable and more than 30% of along-track data are not

available for the mapping of the gridded product at locations less

than 30 km away from the coast (Saraceno et al., 2008; Castelao

and He, 2013), ADT data at grid points that are 30 km or less

away from the coast were discarded. However, it should be noted

that the quality of altimetry data gets worse in shallower water

(Liu et al., 2012). Second, to make eddy features stand out from

the large-scale background SSH field, a two-dimensional spatial

filter with a cut-off wavelength of 1000 km was applied to the

gridded ADT data. The spatial filtering removes the large-scale

variability of SSH that is dominated by the seasonal steric height,

which is similar to removing the daily spatial average ADT over

the deep-water GoM. Third, because the LC has a shape of a

loop, which is different from isolated mesoscale eddies but might

be recognized as eddy by the eddy detection algorithms, the LC

was isolated so that no eddy was considered within the LC.

Leben (2005) used the 17-cm contour of ADT to define the LC

front. As the mean reference SSH field in this study was different
Frontiers in Marine Science 04
from that used in Leben (2005), we used the 25-cm contour of

the SSH anomalies to define the LC front. Because we would like

to eliminate the spatially uniform variability of SSH in the GoM,

the SSH anomalies with the spatially mean SSH removed were

used to find the LC front. The northern boundary of the LC

obtained using the 25-cm contour of SSH anomalies shows

similar variability as that reported in Leben (2005). Eulerian

eddy detection and tracking algorithms were then applied to the

high-passed ADT fields.

Other variables were also explored to explain some of the

detected eddy characteristics. The global atlas of the first-mode

Rossby radius of deformation (Chelton et al., 1998) was used to

calculate the standard first-mode Rossby wave propagation

velocity, c=-bR2, where b is the meridional variation of the

Coriolis parameter and R is the first-mode Rossby radius of

deformation. Moreover, the multivariate ENSO index (MEI V2)

(Zhang et al., 2019), NAO index (Hurrell, 1995), and AMM

index (Chiang & Vimont, 2004) were used to examine possible

relationships between the eddy activity in the GoM and

climate modes.
2.2 Eddy detection and tracking
algorithms

An approach that combines three Eulerian eddy detection

algorithms proposed by Faghmous et al. (2015); Le Vu et al.

(2018), and Halo et al. (2014) was developed to detect Eulerian

mesoscale eddies in the GoM. The three algorithms represent

different approaches of automatic eddy detection and hereafter

are referred to as F15, L18, and H14, respectively. In the F15

algorithm, eddies are defined as features of closed-contour SSH

with one extremum of SSH. The eddy center is at the location

with extremum SSH. The H14 algorithm combines the OW

parameter and geometrical properties of SSH. It identifies eddy
BA

FIGURE 1

(A) Ground tracks of the TOPEX/Poseidon satellite in the GoM. The thick black line represents the track along which the wavenumber spectrum
of ADT was estimated. The dashed black line represents the 200-m isobath. (B) Wavenumber spectrum of along-track and gridded ADT along
the track marked by the thick black line in (A). The vertical green line marks the wavelength of 200 km.
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as contained within a close loop of SSH and dominated by

vorticity with the negative OW parameter. The eddy center is the

mean position of the identified eddy. The L18 algorithm is a

hybrid method based on physical parameters and geometrical

properties of the velocity field. The eddy is contained within

closed streamlines around an eddy center with a local maximum

normalized angular momentum. The differences between the

three eddy detection algorithms are that closed SSH contours are

used in F15 and H14, while closed streamlines are used in L18.

The eddy center is defined differently in the three algorithms and

is associated with the SSH extremum location, mean position of

eddy, and the local maximum normalized angular momentum in

F15, H14, and L18, respectively.

Due to the limited resolution of the gridded ADT field, a

minimum of 9 pixels was used in the F15 algorithm and a

minimum eddy radius of 37 km was used in the other two

algorithms. The threshold value of nine pixels was selected in the

F15 algorithm because it corresponds to a square area that is

occupied by the smallest eddy with a radius of 37 km. Also, a

minimum eddy amplitude of 2 cm was applied due to the

accuracy of the SSH product (Pujol et al., 2016). The three

eddy detection algorithms were implemented to the high-passed

ADT field, yielding daily mesoscale eddies. An example of the

detected eddies on 20 March 1995, as marked by the black circles

in Figures 2A-C, shows that some eddies can be detected by one

algorithm but cannot be detected by the others. The three

algorithms, F15, L18, and H14, gave rise to a total of 67016,

65852, and 55309 anticyclonic eddies (AEs), and a total of 93054,
Frontiers in Marine Science 05
93118, and 86077 CEs in the GoM over the examined period,

respectively. The daily mean area occupied by AEs in F15, L18,

and H14 is 1.91e5 km2, 2.42e5 km2, and 9.57e4 km2, respectively;

while the daily mean area occupied by CEs in F15, L18, and H14

is 2.1e5 km2, 2.45e5 km2, and 1.14e5 km2, respectively. The H14

algorithm yields the smallest eddy size and the least eddy

number, suggesting the H14 algorithm is more restrictive than

the other two algorithms. Moreover, to examine the influence of

the spatial filtering that removes the large-scale variability of

SSH on eddy detection, we run the eddy detection algorithms on

the unfiltered ADT field and compare the eddy numbers with

those from the filtered ADT field. A total of 139867, 148309 and

125886 eddies are found in F15, L18, and H14, respectively,

which are less than 158970, 160070 and 141386 eddies when the

filtered ADT field is used (Eddy number and area are listed in

Table S1 in the supplementary material). The differences of eddy

numbers obtained from the filtered and unfiltered ADT fields are

from 7% to 12% of the total eddy number. Therefore, the spatial

filtering can make eddy features stand out from the large-scale

background ADT field.

We focus on the Eulerian mesoscale eddies that can be

detected by at least two algorithms. Eddies from the most

recently developed L18 algorithm were used as basis eddies.

For each basis eddy, if common eddy pixels were found in H14

or F15, the eddy was considered and kept for further processing.

There are 10% of AEs and 7% of CEs detected by L18 that were

removed based on the comparison of outputs of the three

algorithms. Mesoscale eddies are selected in this way so that
B

C D

A

FIGURE 2

Snapshots of the high-passed ADT (contours) and detected eddies (color shading) on 20 March 1995. Eddies were detected by (A) F15
algorithm, (B) L18 algorithm, (C) H14 algorithm, and (D) eddies were selected by a combination of the three algorithms. The black circle in
(A–C) encloses the eddy that was detected by one algorithm but not detected by the other two algorithms.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1087060
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhu and Liang 10.3389/fmars.2022.1087060
we have more confidence in the detected eddies than that given

by one algorithm, but they are less restrictive than those given by

the H14 method. Figures 2A-C show an example of eddies on 20

March 1995 detected by F15 algorithm, L18 algorithm and H14

algorithm, respectively. The black circles in Figures 2A-C

enclose the eddy that was detected by one algorithm but not

detected by the other two algorithms. An example of selected

eddies on 20 March 1995 is shown in Figure 2D, and the selected

eddies are those that were detected by at least two algorithms.

The resulting eddies were then tracked with an algorithm

that was also used in Le Vu et al. (2018). First, each detected eddy

ei at the last time step t is associated with the closest eddy ej of the

same sign detected at the previous time step t-dt in a given

search area. The maximum search distance Dij is then given by

Dij=C(1 + dt)/2 + <Rmax> (j) + Rmax(i), where <Rmax > (j) is the

mean speed-based radius of ej averaged during the five preceding

steps of its track, while Rmax (i) is the speed-based radius of ei(t)

that corresponds to the eddy radius with maximum mean

azimuthal velocity. The speed parameter C is a constant value

of 6.5 km/day that is one typical upper bound of eddy

propagation speed used in the maximum search distance Dij

(Le Vu et al., 2018). When no eddies are found in the search area,

ei(t) is identified as a new eddy. When several eddies are found in

the search area, ei will be associated with ej, which minimizes one

cost function:

ϵij =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dij

Dij Tcð Þ

" #2

+
DR

〈R 〉 jð Þ + R ið Þ
� �2

+
DRo

〈Ro 〉 jð Þ + Ro ið Þ
� �2

+
dt
2Tc

� �2

vuut

where dij is the distance between ei and ej; Dij(Tc) is the distance

Dij at the correlation time (Tc=10 days); DR and DRo are the

radius and the Rossby number difference between ei and ej,

respectively; <R> (j) and <Ro> (j) are the mean radius and the

mean Rossby number of the eddy ej averaged during the five

preceding steps, respectively; the eddy radius is defined as the

radius of the circle equivalent to the eddy area. The

dimensionless cost function is used to compare physical

similarity between eddy pairs. The terms under the root

square represent the relative distance between eddy centers,

the relative difference between eddy radius, the relative

difference between the intensity characterized by Rossby

number and the relative difference of temporal separation,

respectively. Eddy merging and splitting due to eddy-eddy

interactions are considered in this tracking algorithm. Because

the temporal correlation scales of gridded ADT data are about 30

days at latitudes of the GoM (Pujol et al., 2016), only eddies with

a lifetime greater than 30 days are examined in this study.

Although there are eddies with lifetime shorter than 30 days,

the gridded SSH data are not independent on timescales shorter

than 30 days and are not sufficient to detect the short-

lived eddies.

AEs were further grouped into LCEs and non-LCE AEs. LCEs

are AEs that were generated east of 92°W, were dead west of 90°
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W, translated westward for more than 2 degrees, and had eddy

amplitude at the birth time larger than 0.12 m and have a lifespan

of more than 60 days. The eddy amplitude was defined as the

difference between the SSH on the contour of maximum rotation

speed and maximum or minimum SSH in the eddy. Because the

LC may experience detachment and reattachment during the

formation of LCE, the identified LCE may lose tracking and

new eddies were identified. Therefore, AEs that were formed east

of 92°W with amplitude larger than 0.2 m and with the distance

between eddy center and the LC front being less than 250 kmwere

considered as LCEs as well. The threshold values used in the

definition of LCEs were chosen by comparing detected AEs with

the SSH maps that show separations of LCEs from the LC. A total

of 51 LCE trajectories were found. Among the 35 LCEs with

industry names, separation dates of 28 LCEs are less than 1 month

different from those reported by Hall and Leben (2016). There are

376 non-LCE AE trajectories. CEs were further grouped into

LCFEs and non-LCFE CEs. Based on the CE trajectories, LCFEs

are CEs that have the distance between the eddy center and the LC

front be less than 200 km in the first 20 days after the generation.

LCFEs defined in this way propagate along the LC front during

their lifetimes. Non-LCFEs are CEs that are not identified as

LCFEs. There are 297 LCFE trajectories and 447 non-LCFE CE

trajectories (Number of eddy trajectory is listed in Table S2 in the

supplementary material).
3 Results

3.1 Eddy frequency and propagation

Figure 3 shows the percentages of months when eddy birth,

death, and presence were observed over the observation period.

The months of eddy birth and death were the times when eddies

were first and last detected, respectively. LCEs were mostly

generated in the northwestern tip of the LC (Figure 3A), were

mostly dissipated in the western GoM, and some of them could

reach the western boundary of the GoM (Figure 3B). They

traveled from the east to the southwest in a broad meridional

band, consistent with the broad paths of LCEs revealed in

previous studies (e.g., Vukovich and Crissman, 1986;

Hamilton et al., 1999; Vukovich, 2007). Therefore, it is more

frequent to observe LCEs in the band from the east to the

southwest (Figure 3C).

LCFEs were mostly generated east of Campeche Bank, in the

northern and eastern LC (Figure 3D), and they were more likely

to dissipate in the eastern LC (Figure 3E). LCFEs traveled mainly

in the eastern GoM because they were closely tied to the LC.

LCFEs generated around the Campeche Bank did not travel or

lost tracks along the western part of the LC. In the eastern part of

the LC, LCFEs traveled along the southward flowing LC. These

are consistent with the previous conclusion that LCFE motions

along the northern and eastern LC were decoupled from the
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LCFE motions along the southwestern LC (Walker et al., 2009;

Donohue et al., 2016a; Donohue et al., 2016b; Hamilton et al.,

2016). LCFEs were most frequently found east of Campeche

Bank and in the eastern LC (Figure 3F). A large fraction of

LCFEs has been reported on the eastern flank of the Campeche

Bank (Zavala-Hidalgo et al., 2003; Le Hénaff et al., 2014; Jouanno

et al., 2016).

In contrast to the LCEs and LCFEs that were directly related

to the instability of the LC in the eastern GoM, non-LCE AEs

and non-LCFE CEs were mostly generated in the western GoM,

especially in the central-western GoM and in the Bay of

Campeche (Figures 3G, J). They were prone to dissipate along

the western boundary of the GoM (Figures 3H, K). The non-LCE

AEs and non-LCFE CEs are mostly in the western GoM and do

not affect the eastern GoM. The presence frequencies of these

eddies are also the highest west of 92°W (Figures 3I, L).

Although dynamic instabilities of large-scale currents have

been reported to be important for the aforementioned spatial

pattern of eddy generation (e.g., Sturges and Leben, 2000;

Zavala-Hidalgo et al., 2003; Chérubin et al., 2006; Donohue

et al., 2016a; Jouanno et al., 2016; Maslo et al., 2020; Yang et al.,

2020), the eddy-topography interaction and eddy-eddy

interaction could play a role in generating new eddies (Smith
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and David, 1986; Vidal et al., 1992; Biggs et al., 1996; Frolov

et al., 2004). The eddy-eddy interaction including eddy splitting

and merging was also considered in this study following Le Vu

et al. (2018). When a characteristic shared contour encloses two

eddy centers and the mean velocity along the shared contour

reaches a maximum value larger than the maximum velocity of

at least one eddy, the two eddies inside the shared contour

experience eddy interaction. If such a characteristic shared

contour is detected and there is only one trajectory before the

eddy interaction period, a splitting event is considered. New

eddies due to splitting accounts for 15.4% of the total generated

eddies. Only 2 LCEs and 16 LCFEs were generated by splitting.

However, 80 non-LCE AEs and 82 non-LCFE CEs were

generated by splitting and account for 7% of the total

generated eddies, respectively. Most non-LCE AEs and non-

LCFE CEs due to eddy splitting were scattered in the western

GoM (Figure 4A). In addition to eddy splitting, LCEs could

induce eddies along their periphery during the traveling period

because of the relatively large current shear around LCEs or

when they encounter the western boundary of the GoM.

Figure 4B shows the center locations of eddies that were

generated along LCE periphery. There are 14 non-LCE AEs

and 118 non-LCFE CEs (10% of the total generated eddies) that
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FIGURE 3

(A, D, G, J) The percentage of months when eddy birth was observed from January 1993 to April 2019. (B, E, H, K) The percentage of months
when eddy death was observed. (C, F, I, L) The percentage of months when the presence of eddy was observed. LCEs, LCFEs, non-LCE AEs,
non-LCFE CEs are shown in (A-C), (D-F), (G-I), and (J-L), respectively. The black line represents the 25-cm contour of temporal mean SSH
anomalies from 1993 to 2019.
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are likely related to LCEs, showing no particular pattern. Only a

small number of CEs were generated along the western

boundary of GoM as LCEs arrived there, suggesting that the

interaction between LCEs and topography plays a relatively

small role in creating new eddies. The dominance of CEs that

are possibly induced by LCEs is consistent with the fact that the

current shear along LCE periphery is mainly cyclonic.

Moreover, eddy propagation velocities were estimated by

least-squares fitting the positions of eddy centers as a function of

time in overlapping 30-day segments of each eddy’s trajectory.

Figure 5 shows the mean eddy propagation speeds and

directions. Mean eddy propagating speeds are highly variable

in the GoM. Specifically, LCEs have large traveling speeds in the
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central-western GoM that can be as large as 5 km/day

(Figure 5A). The mean propagating direction of LCEs is

southwestward in the central GoM and bifurcates north and

south when LCEs encounter the western boundary of GoM.

LCFEs propagate along the LC front and large propagation

speeds are found in the eastern part of the LC (Figure 5B) that

are related to the advection of the LC. Non-LCE AEs and non-

LCFE CEs have large propagation speeds in the southwest of the

GoM and the dominant propagation direction of the two types

of eddies is to the west (Figures 5C, D). The eddy speeds in the

western GoM have a similar magnitude as the first-mode Rossby

wave propagation speeds (Chelton et al., 2011). However, it

should be noted that eddy speeds larger than the first-mode
BA

FIGURE 4

(A) Locations of generated eddies due to splitting. (B) Locations of generated eddies within LCE radius plus 100 km.
B

C D

A

FIGURE 5

Mean eddy propagation speeds (color shading) and directions (magenta arrows) for (A) LCEs, (B) LCFEs, (C) non-LCE AEs, and (D) non-LCFE
CEs. The thick black line represents the 25-cm contour of temporal mean SSH anomalies from 1993 to 2019.
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Rossby wave propagation speeds by more than 1 km day-1 were

also found, which might be related to the background

circulation, or in the case of CEs caused by the swirl velocities

of a large LCE.
3.2 Basic eddy characteristics

Distributions of some basic eddy characteristics derived

from the mean values along eddy trajectories are presented in

Figures 6A-D, and the distribution of eddy lifetime is shown in

Figure 6E. Apparent differences between the four types of eddies

appear in their amplitude, scale, relative vorticity, and maximum

rotational speed (Figures 6A-D). LCEs have the largest mode

values of eddy amplitude, LCFEs have a smaller eddy amplitude,

and non-LCE AEs and non-LCFE CEs have the smallest mode

values of eddy amplitude (Figure 6A). The distributions of the

eddy scale, defined as the radius with the maximum rotational

speed (Chelton et al., 2011), show that LCEs have the largest

scale and that the other three types of eddies have smaller and

similar mode values of eddy scale (Figure 6B). The distributions

of the relative vorticity, and maximum rotational speed show

that LCEs and LCFEs have larger magnitudes of mode values

than those of non-LCE AEs and non-LCFE CEs (Figures 6C, D).

Nearly 25.1% of AEs have a lifetime longer than 100 days. About

16.7% of CEs can live longer than 100 days (Figure 6F).

Because the temporal correlation scale of gridded ADT data

is about 30 days, the obtained eddy amplitude, scale, and

maximum rotational speed were mapped into monthly data on
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two-degree grids. To illustrate their spatial distributions, the

temporal mean eddy characteristics on spatial grids are shown in

Figure 7. Eddy characteristics within the LC are not considered

in this study because SSH fields within the LC region were

removed. Mean values of the LCE amplitude, scale, and

maximum rotational speed are large northwest of the LC

where LCEs were shed from the LC (Figures 7A-C) and are

much larger than those of the other three types of eddies. The

larger amplitude of LCEs is expected due to their larger size even

with a rotational speed comparable to smaller eddies. LCFEs

have relatively large amplitude and rotational speed in the

southeastern part of the LC (Figures 7D, F), in agreement with

previous estimates that LCFEs have larger amplitude and

rotational speed in the northern and eastern side of the LC

than on the western side (e.g., Le Hénaff et al., 2014). Compared

to the eddy amplitude and rotational speed, the LCFE scale is

relatively uniform (Figure 7E). In contrast to LCEs and LCFEs,

non-LCE AEs and non-LCFE CEs show relatively small spatial

variations of amplitude, scale, and rotational speed (Figures 7G-

L). The spatial patterns of the eddy amplitude, scale, and

maximum rotational speed are not likely related to the eddy

number distributions (Figures 3, Figure 7).
3.3 Monthly climatology of eddies

Monthly climatology of eddy number was obtained and

expressed in percentage of the total generated eddies

(Figure 8). The seasonal peak of LCE birth in September and
B C
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A

FIGURE 6

Histograms of basic eddy characteristics: (A) amplitude (m), (B) eddy scale (km), (C) eddy relative vorticity (s-1), (D) maximum rotational speed
(m/s), (E) lifetime (day).
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FIGURE 8

(A) The percentage of birth number of LCEs relative to the total eddy birth number. (B) The percentage of birth number of LCFEs relative to the
total birth number. The black line in (B) represents the monthly climatology of the LC position. (C) The percentage of birth number of non-LCE
AEs relative to the total birth number. (D) The percentage of birth number of non-LCFE CEs relative to the total birth number. The shading
denotes the 95% confidence level represented by two times standard deviation of eddy percentage in each month.
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FIGURE 7

Eddy mean amplitude (m) for (A) LCEs, (D) LCFEs, (G) non-LCE AEs, and (J) non-LCFE CEs. Eddy mean scale (km) for (B) LCEs, (E) LCFEs, (H) non-LCE
AEs, and (K) non-LCFE CEs. Eddy mean maximum rotational speed (m/s) for (C) LCEs, (F) LCFEs, (I) non-LCE AEs, and (L) non-LCFE CEs. The black line
represents the 25-cm contour of temporal mean SSH anomalies from 1993 to 2019.
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the secondary peak in February are observed (Figure 8A), which

are consistent with that reported by Hall and Leben (2016). The

seasonal variation of LCEs is the smallest compared to the other

three types of eddies and is not significant at the 95% confidence

level. The nonsignificant seasonal variability of LCE separation

may be partially related to the physical processes that do not

have apparent seasonal variability but can affect the LCE

separation. For example, fluctuations such as mesoscale eddies

from the Caribbean Sea (Murphy et al., 1999; Oey et al., 2003;

Huang et al., 2021) can influence the LCE separation.

Compared to LCEs, more LCFEs are observed and the birth

number of LCFEs is larger in January to July than in October to

December (Figure 8B). The magnitude of the seasonal variation

of LCFEs is close to 1% of the total eddy birth number, but it is

still not significant at the 95% confidence level. Because LCFEs

are generated along the LC peripheral, the extent of northern

penetration of the LC may be one important factor for the LCFE

generation. The seasonal variation of the northern boundary of

the LC is shown to have a similar variation as that of LCFEs

(Figure 8B). Hamilton et al. (2014) also showed that altimeter-

derived LC northern-boundary latitude is relatively high from

January through about July and low in September and October.

The more northward the LC penetrates, the more LCFEs

are generated.

The seasonal variations of non-LCE AEs and non-LCFE CEs

are relatively large, but differences of eddy number between most
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months are not significant at the 95% confidence level due to

large uncertainties (Figures 8C, D). The number of non-LCFE

CEs is small in May and December and is large in February and

August (Figure 8D), indicating a biannual variability. Compared

to the non-LCFE CEs, the seasonal variation of non-LCE AEs

has a different phase and a smaller amplitude (Figure 8C). Both

the background currents and eddy-eddy interaction might be

important for the seasonality of the two types of eddies. Figure 9

shows the monthly climatology of the eddy numbers of non-LCE

AEs and non-LCFE CEs that were induced by eddy splitting and

LCEs. The seasonal variations of AEs and CEs induced by

splitting and LCEs are small and are not significant at the 95%

confidence level. It should be noted that their seasonal variations

are much smaller and more random than those shown in

Figures 8C, D. Therefore, the seasonal variations of non-LCE

AEs and non-LCFE CEs (Figures 8C, D) are not related to eddy-

eddy interaction represented by eddy splitting and the effect of

LCEs and could be likely related to the background currents. It is

noted that the seasonal variations of the eddies are not robust.

The large uncertainties of the seasonal variations of eddies are

likely related to the multiple factors that can influence the large-

scale background circulation such as the LC. In the eastern GoM,

the seasonal variability of the LC can be modulated both by wind

forcing over the northwestern Caribbean Sea and GoM (Chang

and Oey, 2012; Chang and Oey, 2013) and by mesoscale

variability in the Caribbean Sea (Murphy et al., 1999; Oey
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FIGURE 9

(A) The percentage of non-LCE AEs generated due to splitting relative to the total generated eddies. (B) The percentage of non-LCFE CEs
generated due to splitting relative to the total generated eddies. (C) The percentage of non-LCE AEs generated within LCE radius plus 100 km
relative to the total generated eddies. (D) The percentage of non-LCFE CEs generated within LCE radius plus 100 km relative to the total generated
eddies. The shading denotes the 95% confidence level represented by two times standard deviation of eddy percentage in each month.
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et al., 2003). In the western GoM, both the irregular LCEs and

seasonal wind forcing contribute to the circulation that is

partially important for the eddy generation (e.g., Sturges, 1993).

To further show spatial patterns of the monthly climatology

of generated eddies, the locations of eddy centers were mapped

on two-degree grids (Figure 10). Figures 10A-D shows the

generation locations of LCEs and the mean position of the LC

in February, May, August, and November (the generation

locations of LCEs in 12 months are shown in Figure S1 in the

supplementary material). The LC has a more northward

penetration in February and May than in August and

November but more LCEs are formed at the northwestern tip

of the LC in August than in other months, suggesting no clear

linkage between the generation of LCEs and the LC northern

boundary can be built. However, more LCFEs can be found in

the northern LC in February and May when the LC makes more

penetration than in August and November when the LC makes

less penetration (Figures 10E-H) (the generation locations of

LCFEs in 12 months are shown in Figure S2 in the

supplementary material). Therefore, a more northward

penetration of the LC favors the generation of LCFEs.

Compared to LCEs and LCFEs that are closely related to the

LC, the generation of non-LCE AEs and non-LCFE CEs is

scattered over the whole GoM and is mainly in the western

GoM (Figures 10I-P) (the generation locations of non-LCE AEs
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and non-LCFE CEs in 12 months are shown in Figures S3 and S4

in the supplementary material). The contours of current speed

gradient in Figures 10I-P indicate the position of strong

background currents. The generation locations of eddies tend

to move with the seasonal movement of strong currents, from

which eddies may obtain energy. However, non-LCE AEs do not

show a significant change in the birth number between different

months, which is also indicated in Figure 8C. It is noted that the

number of non-LCFE CEs is more likely related to the strength

of the background currents (Figures 10M-P). More non-LCFE

CEs were generated along the boundary of strong currents in

February and August and fewer non-LCFE CEs were generated

in May and November. The current speeds and directions in the

four months are highlighted and shown in Figure 11 (the current

speeds and directions are shown in Figure S5 in the

supplementary material). The background currents in western

GoM are stronger in February and August than in May. The

mean currents in the central western GoM flow westward

approximately at 22-23°N and eastward at 25-27°N, forming

an anticyclonic circulation pattern. It is noted that the currents

change direction with season along the western boundary.

Therefore, the non-LCFE CEs were more likely formed along

the periphery of the strong anticyclonic circulation pattern in the

western GoM. It is noted that the eddy generation location varies

within the strong-current region and sometimes few eddies are
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FIGURE 10

(A-D) LCE percentage relative to the total generated eddies in (A) February, (B) May, (C) August, and (D) November. (E-H) LCFE percentage
relative to the total generated eddies in (E) February, (F) May, (G) August, and (H) November. (I-L) Non-LCE AE percentage relative to the total
generated eddies in (I) February, (J) May, (K) August, and (L) November. (M-P) Non-LCFE CE percentage relative to the total generated eddies in
(M) February, (N) May, (O) August, and (P) November. The black lines in (A-H) represent the mean position of the LC in February, May, August,
and November, respectively. The magenta lines in (I-P) represent the monthly climatology of current speed gradient in February, May, August,
and November, respectively.
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generated. One possible reason is that the large-scale

background current can influence the eddy generation but is

not the only factor that determines the eddy generation location

and other factors such as wind stress play some role.
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In addition to the seasonality observed in the eddy birth

number, the seasonal variability of eddy amplitude at the time of

eddy birth was examined. The monthly climatology of median

eddy amplitude is presented in Figure 12. Since eddy amplitude
B
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FIGURE 12

Monthly climatology of eddy amplitude of (A) LCEs, (B) LCFEs, (C) non-LCE AEs, and (D) non-LCFE CEs whey they were generated. The shading
denotes the 95% confidence level represented by two times standard deviation of amplitude.
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FIGURE 11

Current speeds (m/s, color shading) climatology and mean current direction (arrows) in the GoM in (A) February, (B) May, (C) August, and (D)
November. The magenta contour denotes the current speed of 0.2 m/s.
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is not normally distributed, median eddy amplitude was used to

mitigate the potential influence of amplitude outliers. Compared

to the seasonal variability of eddy number, the seasonal

variability of eddy amplitude is less apparent. This is because

eddy amplitude is defined as the difference between the SSH on

the contour of maximum rotation speed and maximum or

minimum SSH in the eddy. In the LCEs and LCFEs region,

SSH variations are dominated by intra-seasonal oscillations, not

by annual cycles or seasonal variations (Liu et al., 2016; Weisberg

et al., 2017). LCEs and LCFEs have relatively larger monthly

variations and uncertainties than non-LCE AEs and non-LCFE

CEs. It should be noted that the seasonal variation of LCE

amplitude may not be reflected from the relatively short record

because it was estimated from a relatively small number of LCEs

that is less than 6 in most months.
3.4 Low-frequency variability of eddies

To examine the low-frequency variability of eddies, annual

variations of eddy birth number and amplitude were obtained.

Figure 13 shows the annual variations of the birth number of

eddies. The generation of LCEs is relatively rare and shows a

weak variability (Figure 13A). The other three types of eddies

indicate a larger variability. A linear regression model that

includes a linear trend, ENSO index, NAO index, and AMM

index was applied to the annual eddy number. An increasing

number of LCEs over 2001-2010 has been found in previous

studies (Vukovich, 2012; Lindo-Atichati et al., 2013).

Nevertheless, no long-term variability of other types of eddies

has been reported. The linear trends of the annual birth number

of LCEs, LCFEs, non-LCE AEs, and non-LCFE CEs from 1993 to

2018 are 3.5×10-2 ± 3.3×10-2 ( ± 1s) year-1, -0.2 ± 0.17 ( ± 1s)
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year-1, -0.06 ± 0.11 ( ± 1s) year-1, and 0.05 ± 0.11 ( ± 1s) year-1,
respectively. These linear trends are not significant at the 95%

confidence level. LCFEs have the largest decreasing trend that is

not significant, which is likely related to the negative trend of the

northern boundary of the LC that is -1.7×10-2 ± 1.7×10-2 ( ± 1s)
degree year-1. Regression coefficients of the three climate indices

are not significant as well. For the four types of eddies, the

coefficients of determination of the three climate indices are less

than 0.08. Therefore, only a small portion of eddy number

variance can be explained by the three climate modes,

indicating that the role of the remote climate variability in

changing the eddy activity in the GoM is relatively small or

cannot be detected from the linear model.

In the eastern GoM, the low-frequency variability of eddy

number is likely related to that of the LC. Figure 13B shows the

annual mean variation of the northern boundary position of the

LC that particularly follows the variation of LCFEs. Correlation

between the birth number of LCEs and the northern boundary

position of the LC is small and not significant (Correlation

coefficient r=0.38), therefore, the extent of LC penetration plays

a relatively small role in the separation of LCEs. However, the

LCFE number and the northern boundary position of the LC are

correlated with a significant correlation coefficient of 0.76,

indicating that the LCFE number increases with the northward

penetration of the LC on the interannual to multidecadal time

scale. The extent of northward penetration of the LC is

important for the LCFE generation although previous studies

have shown that perturbations coming from the Caribbean Sea

(Huang et al., 2013) and the topography of the northern

Campeche (Chérubin et al., 2006) also contribute to the eddy

activity along the western edge of the LC.

For the non-LCE AEs and non-LCFE CEs, the eddy numbers

also show large annual mean variations (Figures 13C, D). Since
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FIGURE 13

Annual number of generated (A) LCEs, (B) LCFEs, (C) non-LCE AEs and (D) non-LCFE CEs and is expressed as percentage of the total new eddy
from 1993 to 2018. The black line represents the annual mean northern boundary (°N) of the LC in (B) and the annual mean current speed (m/s)
in the western GoM in (D). The dashed lines represent linear trend of generated eddies.
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the background current strength could be important in affecting

the low-frequency eddy activity (Chen et al., 2011), birth

numbers of non-LCE AEs and non-LCFE CEs, which were

mostly formed in the western GoM, were compared with the

surface current speed averaged in the western GoM

(Figure 13D). The non-LCE AE number is anticorrelated with

the mean surface current speed in the western GoM (r=-0.42).

The non-LCFE CE number is correlated with the mean surface

current speed in the western GoM (r=0.33). But the correlation

values are not significant at the 95% confidence level.

In addition to the influence of background currents, the

eddy-eddy interaction that includes eddy splitting and eddy

formation related to LCEs is considered as well. The annual

mean variability of eddies due to eddy-eddy interaction is

relatively weak. After removing the eddies induced by eddy

splitting and LCEs, the correlations between non-LCE AE

number, non-LCFE CE number, and the mean surface current

speed in the western GoM are -0.38 and 0.32, respectively. The

eddy-eddy interaction has little effect on the relationship

between western eddies and the background flows. Since a

much smaller number of eddies due to eddy splitting and

LCEs are found along the western boundary (Figure 4) where

LCEs could interact with the topography (e.g., Vidal et al., 1992),

the eddy-topography interaction is not important for the low-

frequency variability of eddies.

The relationship between the eddy number and the strength

of the circulation in the western GoMwas further examined with

composite analysis. The mean current speeds and flow directions

during the periods with more non-LCFE CEs and fewer non-

LCFE CEs are shown in Figure 14. When the annual number of

non-LCFE CEs is one standard deviation larger than the average

eddy number, strong mean anticyclonic circulation is observed

in the western GoM. When the annual number of non-LCFE

CEs is one standard deviation smaller than the average eddy

number, weak mean anticyclonic circulation is observed in the
Frontiers in Marine Science 15
western GoM. However, over the period with more non-LCE

AEs weak mean anticyclonic circulation is observed in the

western GoM. Over the period with fewer non-LCE AEs

strong mean anticyclonic circulation is observed in the western

GoM. Therefore, the strength of the background circulation

could play a role in influencing the low-frequency variability of

eddy number.

Eddy amplitude in the GoM exhibits low-frequency

variability as well. To mitigate the potential influence of

amplitude outliers, the median amplitude of eddies at the time

of birth in each year was selected for the analysis of the low-

frequency variability of eddy amplitude (Figure 15). LCEs show

the largest annual variation of eddy amplitude (Figure 15A) that

was obtained from a small number of LCEs (Figure 13A). The

amplitude variation of LCFEs is weaker than that of LCEs but is

larger than those of non-LCE AEs and non-LCFE CEs

(Figure 15B). The variations of LCE and LCFE amplitude are

not closely related to the northern boundary of the LC with small

correlations, suggesting the extent of the LC penetration is not

an important factor for the eddy amplitude at the time of birth.

For non-LCE AEs and non-LCFE CEs, the eddy amplitude at the

time of birth seems to be related to the strength of background

currents in the western GoM (Figures 15C, D) but with a

nonsignificant positive correlation of 0.47.
4 Conclusions and discussions

In this study, we present characteristics of the Eulerian

mesoscale eddies in the GoM, including their spatial

distributions, seasonal and low-frequency variabilities. As

expected, many eddy characteristics in the eastern GoM are

closely related to the LC, which sheds large and strong LCEs and

develops small-scale LCFEs (e.g., Le Hénaff et al., 2014; Brokaw

et al., 2020). Compared to LCEs and LCFEs, non-LCE AEs and
BA

FIGURE 14

Composite of current speeds in the GoM (A) during the period with more generated non-LCFE CEs (annual number of non-LCFE CEs is larger
than mean value plus one standard deviation), and (B) during the period with fewer non-LCFE CEs (annual number of non-LCFE CEs is smaller
than mean value minus one standard deviation). Arrows denote the mean current direction.
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non-LCFE CEs are mainly formed in the central-western GoM,

tend to dissipate along the western boundary, and have smaller

amplitude, relative vorticity magnitude, and rotational speed.

Temporally mean propagation speeds are high in the eastern

part of the LC and the southwestern GoM.

The temporal variability of eddy occurrence and amplitude,

which is less reported in the literature, shows manifest spatial

patterns and dramatic differences between LCEs, LCFEs, non-

LCE AEs, and non-LCFE CEs. This study indicates a biannual

variability of LCE separation with large uncertainties that is

similar to that found in a shorter record by Hall and Leben

(2016). However, the seasonality in LCE formation is not

significant, while Hall and Leben (2016) suggested that the

seasonal peak in LC eddy separation events in August and

September was significant. The seasonal variabilities of birth

numbers of the other three types of eddies are also not significant

at the 95% confidence level. Nevertheless, LCFEs and non-LCFE

CEs show more apparent seasonal patterns than LCEs and non-

LCE AEs. More LCFEs are observed from January to July, while

more non-LCFE CEs are found in February and August. Fewer

LCFEs are observed from August to December, while fewer non-

LCFE CEs are found in May and December. Moreover, the

seasonal variability of eddy amplitude at the time of eddy birth is

more random than that of eddy number. Similar to the temporal

mean characteristics, the seasonal variability of eddy amplitude

of LCEs and LCFEs at the time of eddy birth is much larger than

that of non-LCE AEs and non-LCFE CEs. On the low-frequency

time scale, although an increasing number of LCEs in the decade

2001-2010 has been found in previous studies (Vukovich, 2012;

Lindo-Atichati et al., 2013), the linear trends of LCEs and other

three types of eddies obtained in this study are not significant at

the 95% confidence level.
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The seasonal and low-frequency variabilities described above

could be closely related to the large-scale background

circulations such as the LC, eddy-eddy interaction, and eddy-

topography interaction. On the seasonal time scale, the extent of

northward penetration of the LC is important for LCFE

generation but not for their amplitude. The position and

strength of background currents in the western GoM are likely

important for the formation of non-LCFE CEs and non-LCE

AEs that are mostly formed in the western GoM. On the low-

frequency band (interannual to multidecadal), LCFE number is

related to the extent of northward penetration of the LC in the

eastern GoM. In the western GoM, the surface circulation

strength could be important for the low-frequency variability

of eddy occurrence and amplitude, which is also found in other

oceans (e.g., Chen et al., 2011). In contrast, the eddy-eddy

interaction that includes eddy splitting and the effect of LCEs

and the eddy-topography interaction give rise to a relatively

small number of eddies and play a small role in the temporal

variability of eddies.

Note that the Eulerian eddies examined in this study are

interpreted as mesoscale perturbations with closely SSH or

streamlines, which reflect the generation, propagation, and

dissipation of these signals rather than coherent mass. The

characteristics of these Eulerian eddies are useful information

for the description of the upper-ocean mesoscale variabilities

that possess different temperature and salinity and that may

exert significant influence on the bottom currents (Brokaw et al.,

2020; Zhu and Liang, 2020). Nevertheless, the Eulerian eddies

were detected without considering the conservation of material

within them. The material within the eddy might exchange with

the ambient fluid and might be different during the propagation

process. Therefore, the detected and traced eddies examined in
B

C D

A

FIGURE 15

Annual median amplitude (m) of the (A) LCEs, (B) LCFEs, (C) non-LCE AEs and (D) non-LCFE CEs when they were generated. The black line
represents the annual mean northern boundary (°N) of the LC in (B) and the annual mean current speed (m/s) in the western GoM in (D).
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this study cannot be directly used to infer the transport of ocean

mass, temperature, salinity, and other materials. In cases of

examining ocean material transport within mesoscale eddies,

Lagrangian methods that consider the conservation of boundary

materials should be used (e.g., Andrade-Canto et al., 2020). The

Lagrangian coherent vortex is different from the Eulerian eddies

in the objective definition of coherent structure that is frame-

independent and observer-independent. Eddy characteristics

based on the Lagrangian methods can be done and compared

with the results obtained with the Eulerian methods in our

future work.

In addition to the limitation of eddy detection and tracking

algorithms, satellite sampling could affect the detection of the

mesoscale activity (Le Traon and Dibarboure, 1999) and the LC

statistics (Dukhovskoy et al., 2015). The allsat ADT product was

derived from a varying number of altimeters and was useful for

examining the influence of satellite sampling on eddy detection.

Mesoscale eddies were detected with the algorithm developed by

Le Vu et al. (2018) from the allsat ADT product and were

compared with those detected from the twosat ADT. From 1

January 1993 to 31 December 1999 when twosat and allsat ADT

data were mainly derived from 2 altimeters, 41388 and 41343

eddies were detected from the twosat and allsat ADT data

respectively, suggesting that 0.1% of eddies was not detected in

allsat ADT. From 1 January 2000 to 13 May 2019 when the allsat

ADT data were mainly derived from 3 or more altimeters,

117582 and 117359 eddies were detected from the twosat and

allsat ADT data respectively, suggesting that 0.2% of eddies was

less detected in allsat ADT than in twosat ADT. The satellite

sampling has a relatively small effect on the detection of eddies in

the GoM.

In this study, we focus on describing the characteristics of

the Eulerian mesoscale eddies in the GoM, and some

characteristics such as the temporal and spatial patterns of

eddies still need further dynamical explanations. Previous

studies indicate that mesoscale eddies in the eastern GoM

likely arise from dynamic instabilities, such as barotropic and

baroclinic instabilities (e.g., Vukovich and Maul, 1985; Pichevin

and Nof, 1997; Sturges and Leben, 2000; Zavala-Hidalgo et al.,

2003; Chérubin et al., 2006; Donohue et al., 2016a; Yang et al.,

2020). In the future, dynamic analyses such as eddy energy may

shed light on the detailed mechanisms of the temporal and

spatial variability of mesoscale eddies in the GoM.
Data availability statement

Publicly available datasets were analyzed in this study. This

data can be found here: The daily DT2018 ADT data (Taburet
Frontiers in Marine Science 17
et al., 2019) from two altimeter satellites used for eddy detection

was provided by the C3S (https://cds.climate.copernicus.eu/

cdsapp#!/dataset/satellite-sea-level-global?tab=form). Besides,

the daily DT2018 ADT data from multi-mission altimeter

satellites used to examine the influence of satellite sampling on

eddy detect ion is SEALEVEL_GLO_PHY_L4_REP_

OBSERVATIONS_008_047 that was produced and provided

by CMEMS (https://resources.marine.copernicus.eu/product-

d e t a i l / S EALEVEL_GLO_PHY_L 4_MY_0 0 8 _ 0 4 7 /

INFORMATION). TOPEX/Poseidon (T/P) along-track ADT

data from 2 January 1996 to 3 December 1999 were used to

examine the effective spatial resolution of the gridded ADT

product in the GoM and were provided by CMEMS. Since the

eddy traveling speeds were compared with the first-mode

baroclinic Rossby wave speeds, the atlas of the first-baroclinic

Rossby radius of deformation was also used and downloaded at

https://ceoas.oregonstate.edu/rossby_radius (Chelton et al.,

1998). The multivariate ENSO index (MEI V2) (e.g., Zhang

et al., 2019) from National Oceanic and Atmospheric

Administration (NOAA) Physical Sciences Laboratory, NAO

index (Hurrell, 1995) from NOAA Climate Prediction Center,

and AMM index (Chiang and Vimont, 2004) from University of

Wisconsin were used to examine possible relationships between

the eddy activity in the GoM and climate modes. The MEI, NAO

index, and AMM index were downloaded at https://psl.noaa.

gov/data/climateindices/list/.
Author contributions

YZ and XL designed the experiments and YZ carried them

out. YZ prepared the manuscript with contributions from XL.

All authors contributed to the article and approved the

submitted version.
Funding

The work was supported in part by the National Aeronautics

and Space Administration through Grant 80NSSC20K0757.
Acknowledgments

The preprint of the work was submitted for public discussion

online (Zhu and Liang, 2022) and the authors acknowledge

comments from two reviewers and Dr. Francisco Beron-Vera.

The authors thank three reviewers for their constructive

comments and suggestions.
frontiersin.org

https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=form
https://resources.marine.copernicus.eu/product-detail/SEALEVEL_GLO_PHY_L4_MY_008_047/INFORMATION
https://resources.marine.copernicus.eu/product-detail/SEALEVEL_GLO_PHY_L4_MY_008_047/INFORMATION
https://resources.marine.copernicus.eu/product-detail/SEALEVEL_GLO_PHY_L4_MY_008_047/INFORMATION
https://ceoas.oregonstate.edu/rossby_radius
https://psl.noaa.gov/data/climateindices/list/
https://psl.noaa.gov/data/climateindices/list/
https://doi.org/10.3389/fmars.2022.1087060
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhu and Liang 10.3389/fmars.2022.1087060
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Marine Science 18
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fmars.2022.1087060/full#supplementary-material
References
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