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A B S T R A C T   

The eddy kinetic energy (EKE) variability associated with 26 major Loop Current eddies (LCEs) in the Gulf of 
Mexico from 1994 through 2019 was investigated. We employed 3D multivariate observation-based ARMOR3D 
monthly ocean analyses of salinity, temperature, and geostrophic velocity field data. In addition, we used ERA5 
wind data, the fifth generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) atmo
spheric global climate reanalysis, to analyze internal and external forcing processes affecting the evolution of 
these LCEs. The energy analysis was performed to understand the role of barotropic (BT) and baroclinic (BC) 
instabilities and their associated energy conversion mechanisms in EKE generation. Our results suggest that BT 
instabilities are the primary source of EKE variability in the upper water column of the LC system. Furthermore, 
BT was positively correlated with Yucatan Channel (YC) transport during these major LCE shedding events. YC 
transport plays a significant role in energy conversion from mean kinetic energy to EKE, Loop Current growth, 
and generation of LCEs. BC instability was inversely correlated with buoyancy frequency, and a decrease in 
stratification triggers the development of BC instability, which favors eddy shedding. An eddy shedding index 
(ESI) was developed to quantify EKE evolution. Major LCE shedding occurs when ESI ≥0.46.   

1. Introduction 

The Loop Current (LC) is recognized as a highly nonlinear and 
complex ocean current system that enters the Gulf of Mexico (GoM) 
through the Yucatan Channel (YC) and exits through the Straits of 
Florida (SoF) (e.g. Reid, 1972; Hurlburt and Thompson, 1980; Hamilton, 
1990; Fratantoni et al., 1998; Oey et al., 2005; Hirschi et al., 2019). The 
LC plays an essential role in forming the western boundary current in the 
North Atlantic Ocean (i.e. the Gulf Stream) (Oey et al., 2005). The 
typical LC cycle involves LC intrusion into the GoM, irregular expansion 
northward, shedding of anticyclonic warm-core eddies (diameters 
200–400 km and lasting 0.5–18 months), and retraction to the 
port-to-port (YC to SoF) route (e.g. Sturges and Leben, 2000; Leben, 
2005; Alvera-Azcárate et al., 2009; Chang and Oey, 2011; Weisberg and 
Liu, 2017). The LC and LC eddies (LCEs) are the main features of cir
culation in the GoM, significantly influencing hydrodynamics, biological 
communities, marine ecosystem functionality, and air-sea interactions 
(e.g. Zimmerman and Biggs, 1999; He and Weisberg, 2003; Vukovich, 
2007; Molina et al., 2016; Meza-Padilla et al., 2019). 

The genesis, evolution, and shedding processes of LCEs have been 
extensively studied using satellite observations, in situ data (e.g. ocean 
color satellites, moorings, surface drifters, and pressure inverted echo 
sounders), numerical simulations, and machine learning techniques (e. 
g. Vukovich, 1988; Hurlburt and Thompson, 1980; Hamilton, 1992; 
Hamilton et al., 2002; Lee and Mellor, 2003; DiMarco et al., 2005; Yin 
and Oey, 2007; Hamilton and Badan, 2009; Chang and Oey, 2012; Le 
Hénaff et al., 2012; Chang and Oey, 2013a; Xu et al., 2013; Muller-
Karger et al., 2015; Liu et al., 2016). In a new study, Zhang et al. (2023) 
studied the bio-optical properties (chlorophyll-a concentration, ab
sorption of particulate and dissolved matters, particulate backscattering, 
and beam-c attenuation) of an LCE and showed that this eddy has 
different bio-optical, physical, and chemical properties from the sur
rounding waters at surface and depth. Several oceanic and atmospheric 
mechanisms driving LC evolution and LCE shedding were proposed, 
including variability of the Yucatan Current, instability processes, the 
momentum balance principle, downstream Florida Strait transport, and 
topographic influences (Pichevin and Nof, 1997; Hurlburt and Thomp
son, 1980; Bunge et al., 2002; Oey et al., 2005; Chang and Oey, 2012, 
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2013a; Lindo-Atichati et al., 2013; Athié et al., 2020). Oey (2003) and 
Chang and Oey (2012), for instance, underline the impacts of wind 
forcing in the GoM and the Caribbean Sea (CS) on the seasonal vari
ability of the LC and LCE shedding process. Furthermore, Chang and Oey 
(2012, 2013a) reported a biannual increase in LCE shedding in summer 
and winter. However, significant knowledge gaps exist in understanding 
the local and remote forcings that contribute to LCE formation and the 
eddy shedding process. Energetics analysis has been recently proposed 
as an effective approach to quantitatively describe the energy exchanges 
between different energy reservoirs (e.g. mean flow and associated 
eddies) of the LC and other boundary current systems (Oey, 2008; Xu 
et al., 2013; Elipot and Beal, 2015; Kang and Curchitser, 2015; Brum 
et al., 2017; Yang and San Liang, 2018; Yan et al., 2019; Zhu et al., 2018; 
Maslo et al., 2020; Li et al., 2021; Zhang et al., 2022; Huang et al., 2023). 
An incipient formation and shedding of an eddy occur when energy 
transfers through barotropic (BT) and baroclinic (BC) instabilities from 
the main flow to eddies. Alternatively, as energy transfers from the 
eddies to the main flow, eddies may dissipate (Macdonald et al., 2016). 
The mechanism of LC ring-shedding was analyzed regarding potential 
vorticity anomaly and energy transfers by Chérubin et al. (2006) using 
numerical model results. They confirmed that a mixed 
barotropic-baroclinic instability is responsible for the LC eddies shed
ding process (Hurlburt (1985, 1986)), and the BT instability is surface 
intensified, while the BC instability is intensified in deep layers. Alver
a-Azcárate et al. (2009) studied the mesoscale circulation in the Carib
bean Sea and the GoM. The barotropic and baroclinic energy 
conversions were calculated using data from the HYCOM model for the 
Caribbean Sea. Their results showed that both barotropic and baroclinic 
energy conversions are positive, transferring energy from the mean flow 
to the perturbations, and thus allowing the Caribbean eddies to grow. 

Donohue et al. (2016) used an array of moored current meters and 
bottom-mounted pressure inverted echo sounders (PIES) to show that 
BC instabilities were a significant source of EKE during the formation of 
three LCEs (Ekman, Franklin, and Hadal) from April 2009 through 
November 2011 in the Gulf of Mexico. Furthermore, the energetics of 
the deep GoM was studied in detail by Maslo et al. (2020) using ROMS 
ocean model outputs. They suggested that eddies are generated by mean 
circulation in the upper layer, whereas eddies drive mean circulation in 
the deep layer. They also analyzed that the deep kinetic energy (KE) is 
maintained by energy transferred from the upper layer to the deep layer 
by vertical pressure work, by the horizontal pressure work through 
Yucatan and SoF, and part of this energy is generated through baroclinic 
instabilities. In addition, in the eastern the Gulf of Mexico, buoyancy 
conversion has been recognized as the main source of submesoscale 
kinetic energy in winter (Yang et al., 2021). 

Furthermore, Yang et al. (2020) investigated instabilities and mul
tiscale interactions underlying the LC in the GoM using energy budget 
analysis, and they showed that the canonical energy transfer between 
the mesoscale eddies and the background flow plays a key role in LCEs 
shedding. Their energy budget analysis showed that the mesoscale eddy 
gains energy through barotropic and baroclinic instabilities, which are 
balanced by horizontal advection, pressure work, and dissipation. Using 
the global Hybrid Coordinate Ocean Model (HYCOM), Zhang et al. 
(2022) revealed that BT and BC instabilities of LC and Florida Current 
system play an important role in the growth and evolution of a frontal 
eddy (“Tortugas eddy”) in the SoF. Moreover, they showed that BC and 
BT instabilities modulate kinetic and potential energy in this system. 
Furthermore, the study demonstrated that these instabilities actively 
modulate the kinetic and potential energy within the system. 

Our overarching objective of this study is to understand better EKE 
and several other key ocean variables and their variations associated 
with major LCE shedding events identified by long-term drifter obser
vations maintained by Horizon Marine Inc. (Woods Hole Group; 
https://www.horizonmarine.com/loop-current-eddies). We conducted 
three specific analyses using long-term ECMWF ERA5 wind data and an 
ocean reanalysis (ARMOR3D):  

1) An energy analysis of the LC system during the shedding of 26 major 
LCEs (“large” and “huge” eddies as classified by Horizon Marine Inc.) 
with diameters of 200–400 km (Hamilton et al., 2019) to illuminate 
the dynamical mechanisms responsible for eddy shedding in the LC 
system (Section 3.1 and 3.2).  

2) An investigation of the variability in Yucatan Channel transport and 
its correlation with the trade winds in the Caribbean Sea (Section 
3.3).  

3) Construction of an eddy shedding index (ESI) that links variability 
among EKE, Yucatan Channel transport, buoyancy frequency, and 
wind stress for major eddy shedding events (Section 3.4). 

2. Data and methods 

2.1. Major Gulf of Mexico eddy shedding events 

Information about the 26 major LC eddies during 1994–2019 was 
obtained by combining the historical data compilation by Chang and 
Oey (2013b) with observations made by Horizon Marine Inc. The pri
mary source of information for EddyWatch is arrays of satellite-tracked 
drifting buoys. Analysis of drifter tracks for current speed and direction 
assists in mapping the Loop Current and Loop Current eddies. Drifters in 
these features provide valuable in situ information on the configuration, 
orientation of axes, rotation, and current velocities associated with these 
features. Note that this study focused on separating 26 large and huge LC 
eddies from the LC, and Table 1 provides information for the separation 
dates. 

2.2. Ocean reanalysis and atmospheric forcing 

To analyze internal and external forcing processes affecting the 
evolution of 26 major LC eddies (huge and large eddies) from 1994 to 
2019, we employed ARMOR3D reprocessed monthly simulated salinity, 
temperature, and geostrophic velocity fields with 1/4◦ spatial resolution 
from EU Copernicus Marine Service (Guinehut et al., 2012). 

ARMOR3D, a multivariate global ocean state estimate, is constructed 
by merging mainly Argo-collected vertical temperature and salinity 

Table 1 
Names, sizes, and shedding dates of 26 major Loop Current eddies (1994–2019) 
used in the analysis, combined from Chang and Oey (2013b) and Horizon Ma
rine Inc.  

Eddy Name Size Shedding Date 

Yucatan Large Sept 1994 
Zapp Large Mar 1993 
Fourchon Large Mar 1998 
Juggernaut Huge Oct 1999 
Millennium Huge Apr 2001 
Pelagic Huge Feb 2002 
Quick Huge Mar 2002 
Sargassum Huge May 2003 
Titanic Large Jan 2004 
Ulysses Huge Sep 2004 
Vortex Huge Feb 2005 
Yankee Huge July 2006 
Albert Large Nov 2007 
Brazos Large Mar 2008 
Cameron Large July 2008 
Ekman Huge July 2009 
Franklin Large May 2010 
Hadal Huge Aug 2011 
Icarus Large Nov 2011 
Jumbo Huge June 2012 
Nautilus Huge May 2015 
Olympus Huge June 2015 
Poseidon Huge Apr 2016 
Quantum Large Nov 2017 
Revelle Huge Apr 2018 
Sverdrup Large July 2019  
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profiles with remote sensing observations. The ARMOR3D products are 
provided by Copernicus Marine Core Service (CMEMS). In addition, 
along with observations from in situ measurements (ships, buoys, and 
floats) and satellite data, ARMOR3D incorporates more real-time data 
directly into the analysis, which potentially reduces biases and un
certainties present in conventional numerical models. The ARMOR3D is 
a data-driven approach that achieves its accuracy by integrating multi
ple observations and advanced data assimilation techniques. In several 
studies, the performance of ARMOR3D has been evaluated (Mulet et al., 
2012; Barceló-Llull et al., 2018). Mulet et al. (2012) showed that the 
geostrophic circulation estimated using ARMOR3D has less than 10% 
errors in the ocean interior. These findings underscore the robustness 
and reliability of ARMOR3D in capturing the essential dynamics of the 
ocean. We quality-controlled the utilized products. In addition, sea 
surface temperature (SST) from ARMOR3D was compared with 
MODIS-derived SST during eddy shedding events, and relatively a good 
agreement was observed (not shown here). Since ARMOR3D is not a 
free-run model, the BT and BC conversions calculated using this dataset 
must be used with caution (Yang et al., 2020, 2021). While ARMOR3D 
offers valuable insights, it is essential to consider its limitations. 
Although the low spatial resolution of ARMOR3D may not capture the 
LC eddies’ details, which may lead to a loss of important features and 
limit the ability to analyze eddy energetics and eddy energy budgets 
accurately, since ARMOR3D is a data-driven approach could mitigate 
these limitations. Monthly data offer a comprehensive overview of 
oceanic behavior, but it may not capture the full complexity of 
short-term and rapid energy fluctuations that can significantly impact 
the dynamics of the system. Monthly data aggregation may smooth out 
transient events, such as oceanic eddy interactions, which can play a 
crucial role in energy transfers and conversions. These transient events 
often operate on shorter timescales than monthly data intervals, 
potentially leading to an underestimation or misrepresentation of the 
true magnitude of certain energy transformations. 

In addition, the fifth generation of the ECMWF’s (European Centre 
for Medium-Range Weather Forecasts) atmospheric reanalysis global 
climate dataset (ERA5) hourly wind speed (10 m v and u components) 
with a horizontal resolution of 0.25◦ × 0.25◦ from 1994 to 2019 was 
obtained from Copernicus Climate Data Store (Mulet et al., 2012; 
Hersbach et al., 2018; Horányi et al., 2019) for wind stress analysis. 

2.3. Zonal wind stress and eddy wind work 

Zonal wind stress over the Caribbean Sea and the GoM was computed 
from 1994 to 2019 to evaluate its possible connection with ocean 
transport through the Yucatan Channel and with eddy detachments. The 
zonal and meridional wind stress component (τx in Nm−2) for the GoM 
and the Caribbean Sea was calculated as: 

τx = ρCdU
(
U2 + V2)1/2 (1)  

τy = ρCdV
(
U2 + V2)1/2 (2)  

where ρ is the air density of 1.225 kgm−3, Cd is the empirical drag co
efficient of 0.0016 (Petty et al., 2017), and u and v are zonal and 
meridional wind velocity components at 10 m (from ECMWF ERA5). In 
addition, the geostrophic eddy wind work (WW; m3s−3), which explains 
the energy transfer between wind and ocean, was calculated in the GoM 
(Renault et al., 2017) as: 

WW =
1
ρ0

(
τ′

xu
′
g + τ′

yv
′
g

)
(3)  

where ρ0 is the ocean surface density (1027 kg m−3), τx and τy are the 
zonal and meridional wind stresses, and ug and vg are the zonal and 
meridional geostrophic currents from ARMOR3D. Note, primes (.̇ ) refer 
to deviation from the long-term mean (Renault et al., 2017). 

2.4. Energy conversion terms 

Following Donohue et al. (2016), and to avoid the near-surface 
subtropical underwater, we performed energetics analysis to quantify 
mean kinetic energy (MKE), EKE, BT, and BC energy conversion in the 
LC region (east of 90◦ W; Fig. 1) at 400 m depth. Based on in situ data, 
Donohue et al. (2016) showed those clear and strong energy conversions 
occurred at 400 m depth. As in previous studies (Donohue et al., 2016; 
Jouanno et al., 2012), these variables were calculated as follows: 

BT= −

[

u′u′ ∂ULP

∂x
+ u′v′

(
∂ULP

∂y
+

∂VLP

∂x

)

+ v′v′∂VLP

∂y

]

(4)  

BC =
−gα

θz
u′T′.∇T́ (5)  

EKE =

(
1
2

)
(
u′2 + v′2)

(6)  

MKE =

(
1
2

)
(
U2

LP + V2
LP

)
(7)  

where u and v are the ARMOR3D x-direction and y-direction velocities, 
respectively. Following Jouanno et al. (2012), we decomposed current 
velocity components, where ULP and VLP, representing the mean flow 
fields, are 120-day low-pass filtered renditions (using a Butterworth 
filter) of u and v , and u′ and v′ are the deviation from the mean values 
that averaged (u′ = u − u; v′ = v − v) from 1994 to 2009. Since the 
characteristic periods of LC eddies can vary from a few months to a year, 
and the lifespans of each 26 LC eddies from genesis, evolution, and 
dissipation vary widely, the 120-day low-pass filter was applied 
following Jouanno et al. (2012). 

In the BC energy conversion equation (Eq. 4), T′ is the temperature 
anomaly relative to mean water temperature (averaged from 1994 to 
2009) at 400 m, gα

θz 
is estimated as 428 cm2s−2◦C−2, where g is the ac

celeration due to gravity, θz is the regional background vertical tem
perature gradient at 400 m depth with a value of 0.023 ◦Cm−1, and α is 
an effective thermal expansion coefficient (10−4◦C−1; Donohue et al., 
2016). 

In addition, buoyancy frequency (N2) was calculated as a measure of 
water column stratification (e.g. Allahdadi et al., 2017; Koohestani 
et al., 2021) and BC instabilities in the water column. 

N2 =
−g
ρ0

(
∂ρz

∂z

)

(8)  

Where water density ρ was calculated using temperature and salinity 
from ARMOR3D and ρ0 is the reference seawater density (1025 kgm3). 

We note that positive values of BT (Eq. (3)) indicate a transfer of 
energy from MKE to EKE (MKE → EKE) through the work of Reynolds 
stresses against the mean shear. Positive values of BC (Eq. (4)) indicate 
BC instabilities. Through the mechanism of BC instability, a significant 
energy transformation occurs within the oceanic system. Mean potential 
energy (MPE), representing the potential energy associated with large- 
scale density gradients, undergoes a conversion into eddy potential en
ergy (EPE) through cross-scale energy transfer mechanisms. This 
transfer contributes to the enhancement of eddy potential energy and 
reinforces the dynamics of the system. Consequently, buoyancy con
version (EPE → EKE) involves the conversion of potential energy asso
ciated with density anomalies and vertical velocity anomalies into eddy 
kinetic (Zhang et al., 2022; Demyshev et al., 2022; Huang et al., 2023; 
Demyshev et al., 2022, 2022). The quantification of buoyancy conver
sion can be derived from observational data, utilizing information about 
density and vertical velocity anomalies. These processes collectively 
shape the energy transformations associated with baroclinic instability, 
contributing to the development and evolution of eddy motions in the 
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ocean. Clearly elucidating these energy pathways helps to provide a 
comprehensive understanding of the dynamics involved in the baro
clinic instability phenomenon. Even though BC is related to EPE rather 
than EKE directly. BC plays a crucial role in the energy conversion 
process from MPE to EPE, ultimately contributing to EKE generation. 

Wang and Pierini (2020) suggested that positive (negative) values of 
BC tend to increase (decrease) the EKE. Positive values of BC and BT 
support eddy formation as energy transfers from the mean flow to 
eddies, whereas negative values indicate energy transfers from eddies to 
the mean flow as eddies dissipate (e.g. Orlanski and Cox, 1973; Masina 
et al., 1999; Oey, 2008; Kang and Curchitser, 2015; Wang and Pierini, 
2020; Yang et al., 2021). 

3. Results 

3.1. Barotropic and baroclinic instabilities 

The variability of EKE associated with each of the 26 major LC eddies 
(from 1994 to 2019) was studied with their associated BT and BC in
stabilities and energy conversion mechanisms. To shed light on the 
contribution of each mechanism of energy conversion to EKE during the 
formation and detachment of these major eddies, the EKE was correlated 
with BT and BC conversion at 400 m (Fig. 1A and B). To do that, BT, BC, 
and EKE were calculated, normalized, and averaged over the LC active 
region, which is east of 90 ◦W (denoted by the black box in Fig. 1C), 
where LC and LCEs are most commonly located (e.g. Garcia-Jove et al., 

2016). The normalization was performed by deducting the minimum 
value of the variable from the variable to be normalized, and the result 
was divided by the range of the variable. This normalization procedure 
was important as it allows different ocean environmental variables to 
have the same scale and be comparable. 

BT and BC have drastically different spatial characteristics in the 
study period. For instance, the 400 m BC and BT before the shedding of 
Eddy Sverdrup (July 2019, Fig. 1A and B) reveal that high loading of BT 
is distributed in the southwestern part of the LC active area, with peak 
values centered at the Yucatan Strait and the shelf break of the Cam
peche Bank. In contrast, high-loading BC instabilities are located near 
the Florida Escarpment and in the central portion of the LC active area, 
having localized, alternating eddy features. The observed spatial vari
abilities of BT and BC instabilities are consistent with Yang et al. (2020). 
Energy transfers to the LC eddies are thus through both BT and BC 
pathways. Taking all 26 major eddy shedding events into consideration, 
we found a positive linear correlation between EKE, BC, and BT (Fig. 1C 
and D), indicating that both BT and BC instabilities contribute to the 
increase in EKE during major eddy shedding events. EKE is correlated 
more with BT. 

(R2 = 0.73, p − value = 0.0093) than with BC (R2 = 0.54, p − value =

0.042), suggesting that BT is a more efficient pathway than BC in EKE 
generation. The Mann–Kendall test (Mann, 1945; Kendall, 1975; 
Androulidakis and Krestenitis, 2022; Brkić, 2023) was employed to 
calculate the p values. In this test, a p value of less than 0.05 was 
considered statistically significant (Androulidakis and Krestenitis, 

Fig. 1. Three-month average (Apr–Jun 2019) of BT (panel A) and BC (panel B) conversion to EKE of circulation at 400 m before the shedding of eddy Sverdrup (July 
2019). The black box in (A) shows the LC active region. The solid black line depicts the mean position of the 17-cm SSH contour, and grey lines indicate the 500, 
1500, and 3000 m isobaths. GoM, LC, CB, YC, WFS, CS, and FE stand for the Gulf of Mexico, Loop Current, Campeche Bank, Yucatan Channel, West Florida Shelf, the 
Caribbean Sea, and Florida Escarpment, respectively. The positive linear correlation between normalized EKE and BT (BC) instability at 400 m is shown in panel C 
(D) for 26 major LC eddy shedding events. 
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2022). Thus, we can confidently conclude that the correlations observed 
in this study are statistically significant according to the Mann–Kendall 
test. 

3.2. Co-variability of EKE, BT, BC, and MKE 

The co-variabilities of normalized EKE, MKE, BT, and BC of the low- 
pass filtered current at 400 m depth in 1994–2019 are depicted in Fig. 2. 
As expected, an increase in EKE was observed during each eddy shed
ding event (Fig. 2A). Timeseries of BT and BC (Fig. 2B and C) allow us to 
investigate the energy exchanges between each reservoir. The time se
ries of BT and BC (Fig. 2B and C) elucidates that instability in BT and BC 
triggered the eddy shedding processes. The time series of BT at 400 m 
depth explains the exchange of energy with the kinetic energy of cur
rents during our analysis period, and eddy shedding events (Fig. 2B, 
dashed red lines), and elevated values of BT describe the conversion of 
energy through BT instabilities. BC instabilities were strengthened 
during some eddy shedding events (Fig. 2C; dashed red lines). EKE was 
strengthened during eddy shedding events as the mean flow became 
more barotropically or baroclinically unstable. Our results reveal that 
BT instability led to EKE growth, and BC led to the growth of EPE 
directly and influenced EKE growth indirectly during the generation and 
separation of LC eddies. The observed mixed instability in our analysis 
agrees with previous studies (Hurlburt, 1985, 1986). The increased 
energy flux from MKE to EKE, as seen in the time series of MKE at 400 m 
depth (Fig. 2D), led to elevated EKE in the month proceeding or during 
eddy shedding events. The observed peaks in EKE, BT, and BC, which 
have not been marked in Fig. 2, could be due to eddies’ 
detachment-reattachment events that may occur multiple times (Ham
ilton et al., 2019; Nickerson et al., 2022). Note, the investigation of the 
LC eddies’ detachment-reattachment events was beyond the scope of 
this study. 

3.3. YC transport, wind stress, and N2 

Our analysis advances the idea that YC transport variations enhance 
BT instability (Fig. 3A), efficiently releasing energy from MKE to EKE 
through the BT energy pathway, ultimately leading to eddy shedding. In 
addition, the relationships between normalized YC transport and 
normalized τx along with the normalized BC and normalized N2

max have 
been investigated (Fig. 3B–D). Yang et al. (2017) showed that the Kur
oshio extension’s strong meanderings prompt BT transfers from MKE to 
EKE, resulting in increased eddy activity. Nearly the same pattern was 
observed in the GoM, as YC transport triggers BT instabilities and 

energetic conversion. The normalized YC transport exhibits a positive 
correlation 

(R2 = 0.60, p − value = 0.023) with normalized BT (Fig. 3A). In 
addition, the positive correlation (R2 = 0.69, p − value = 0.039) between 
easterly wind over the Caribbean Sea and YC transport during major 
eddy shedding events (Fig. 3B) supports findings of earlier studies (e.g. 
Chang and Oey, 2012, 2013a, b) that the easterly wind over the Carib
bean Sea modulates YC transport. The monthly time series of normalized 
τx over the Caribbean Sea and normalized YC transport for 1994–2019 
clearly suggests that wind forcing over the Caribbean Sea (leading by 
one month) controls YC transport (Fig. 3D). To investigate what mod
ulates BC instability in the eastern Gulf of Mexico, buoyancy frequency 
(N2) was used to investigate BC instabilities in buoyancy-driven flow 
(Hetland, 2017). The normalized BC transport exhibits a negative cor
relation (R2 = − 0.52, p − value = 0.0014) with normalized N2

max. N2 is 
used as a measure of stratification. An increase (decrease) in N2 in
dicates the water column is more (less) stratified. Vallis (2017) showed 
that baroclinic instability prevails when vertical stratification weakens. 
Ayouche et al. (2021) showed that the stratification decreases after a 
wind event in the North-East Atlantic Ocean, and baroclinic instabilities 
increase. The negative linear correlation between LC region-averaged 
and 3-month averaged (prior to eddy shedding events) BC and N2

max 
shows that as N2

max decreases, the water column becomes baroclinically 
unstable right before eddy shedding (Fig. 3C). 

The relationship between MKE, which leads by one month, and EKE 
during eddy shedding events (R2 = 0.60, p − value = 0.0044) is presented 
in Fig. 4A. Since the YC transport variations effectively induce BT 
instability and energy transfer from MKE to EKE, the connection be
tween the YC transport and MKE is expected. The positive relationship 
between the YC transport and MKE for a month before eddy shedding 
events 

(R2 = 0.56, p − value = 0.011), as shown in Fig. 4B. Our results are 
consistent with previous studies, showing the positive relationships 
between lead-lag MKE and EKE, and MKE with the mean flow (Jouanno 
et al., 2009, 2012; Hao et al., 2022). Hence, we can assert that the 
correlations observed in this study exhibit statistical significance, as 
indicated by the Mann–Kendall test with a p-value of less than 0.05. 

3.4. Wind stress and wind stress work 

We investigated and quantified the work done by wind stress (Eq. 
(2)) over the GoM on LC eddies. Xu et al. (2016) quantified wind stress 
and its negative work done on the development of oceanic mesoscale 
eddies in most oceanic regions using satellite observations. They also 

Fig. 2. Time series of low-pass filtered LC region-mean normalized (A) EKE, (B) BT, (C) BC, and (D) MKE at 400 m. Red dashed lines indicate 26 major eddy 
shedding events. 
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Fig. 3. (A) The positive linear correlation between spatially averaged (over the LC region), temporally averaged (for three months), normalized BT at 400 m and 
normalized YC transport. (B) The correlation between normalized YC transport and normalized zonal wind stress (τx) in the Caribbean Sea for 26 major LC eddy 
shedding events. (C) The negative linear correlation between normalized BC at 400 m and N2

max. (D) Time series of the normalized YC transport (dashed black line) 
and normalized τx in the Caribbean Sea (solid red line) from Jan. 1994–Dec. 2019 (E) Time series of the normalized N2

max from Jan. 1994–Dec. 2019. 

Fig. 4. The positive linear correlation between (A) normalized MKE (leads by a month) and normalized EKE at 400 m during 26 major LC eddy shedding events and 
(B) normalized YC transport and MKE at 400, for a month before eddy shedding events. 

Fig. 5. The correlations between normalized EKE and (A) normalized YC transport, (B) normalized WW, and (C) normalized N2
max for 26 major LC eddy shed

ding events. 
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showed the linear relationship between wind stress curl and wind stress 
work (WW). Our findings (Fig. 5B) indicate that the wind stress work 
over the GoM is negative during the eddy shedding events. The inverse 
relationship between WW and EKE. 

(R2 = − 0.6, p − value = 0.003) suggests that the wind stress over the 
GoM inhibits the development of eddies. In other words, as wind stress 
increases, the work done by wind has negative, systematic, and direct 
impact on eddy energetics, which leads to removing eddy energy and a 
decrease in EKE over the LC region. Our result is consistent with pre
vious numerical modeling studies, which suggested that EKE decreases 
when the eddy damping by the relative wind stress work was included 
(Eden and Dietze, 2009; Munday and Zhai, 2015). In addition, we can 
confidently affirm that the correlations observed in this study demon
strate statistical significance, as evidenced by the Mann–Kendall test 
(p-value <0.05). 

3.5. Predictability of EKE: Eddy shedding index 

One of the goals of this work was to develop an index that could be 
used to estimate EKE in the GoM during major eddy shedding events. As 
mentioned in sections 3.1 and 3.2, energy from the LC transfers to eddies 
through BT and BC energy pathways, resulting in an increase in EKE and 
EPE during eddy shedding events (Fig. 1). We also discussed the YC 
transport variables and N2

max indirectly impact eddy energetics (here, 
EKE) by modulating BT and BC instabilities, respectively. In addition, 
the direct negative effects of WW on EKE were shown (Fig. 5B), which 
explains the negative work done by wind stress on eddies resulting in 
decreasing EKE. Here, we used these three variables that directly (WW) 
and indirectly (YC transport and N2

max) modulate EKE to estimate EKE 
during major eddy shedding events in the GoM. The index would then 
facilitate the prediction of eddy shedding. We simply formulated an 
Eddy Shedding Index (ESI) using EKE, WW over the eastern GoM (the LC 
region), YC transport, and N2

max over the eastern GoM (the LC region) 
using the Statistics Toolbox in MATLAB: 

ESI= 0.7947 − 1.0784×N2
max−0.5954×WW+0.3657×YCtransport (9) 

The three coefficients of the variables and the constant value were 
determined simply by using linear regression. 

Our results showed that EKE at 400 m is positively correlated with 1- 
month shifted YC transport (R2 = 0.70, p − value = 0.006) (Fig. 5A) and 
negatively correlated with WW and N2 max in the GoM Fig. 5B and C). 
By calculating the ESI when each of the 26 historical major eddies 
separated from the LC, the threshold value for eddy separation was 
found to be 0.46 (Fig. 6). 

4. Discussion and conclusions 

Our analysis focused on 26 major LC eddies energy exchanges 
associated with BT and BC instabilities in the LC region of the GoM using 
ARMOR3D. Results show that EKE grows through BT and BC in
stabilities. EKE measures the intensity of mesoscale eddy activity. 
Furthermore, our analysis indicates that BC and BT energy transfer 
processes are important in generating LC eddies. 

The conversion of MKE to EKE becomes evident in the LC region 
during major eddy shedding events. Our results support that MKE is 

higher prior to or during shedding, and as MKE is converted to EKE 
during shedding, MKE subsequently decreases. Furthermore, analysis of 
the time series of EKE confirms that EKE increases during eddy shedding 
events through either the baroclinic BC pathway, the BT pathway, or a 
combination of both. Moreover, our analysis demonstrates that BC and 
BT instabilities exhibit different patterns of increase within various re
gions of the LC. Notably, along the southern edge of the LC, adjacent to 
the Campeche Bank, high BT instabilities are prominently observed 
(>3 × 10−3cm2s−3). 

BT instabilities are enhanced by extracting kinetic energy from the 
horizontally sheared YC transport, which feeds the LC. The positive 
linear correlation observed between BT instabilities and YC transport, as 
well as between EKE and YC transport, provide further evidence that the 
intensified YC transport enhances BT instabilities and contributes to EKE 
within the LC system. In addition, YC transport could modulate EKE 
fluctuations primarily through its direct impact on BT. For future 
studies, we recommend investigating the influence of YC transport on BT 
and EKE fluctuations using higher spatial (<10 km) and temporal res
olution. In addition, we recommend employing ocean model data (e.g. 
HYCOM) data to assess their efficacy in conducting energy budget an
alyses during eddy shedding events for a wide range of eddy sizes. 
Additionally, it is worth considering the integration of artificial intelli
gence (AI) techniques that incorporate ocean model data and observa
tions for calculating ESI. 

The relationship between easterly wind stress over the Caribbean Sea 
and YC transport has been demonstrated multiple times (Oey and Lee, 
2002; Ezer et al., 2003; Chang and Oey, 2012; Athié et al., 2020). 
Furthermore, Chang and Oey (2012, 2013a, b) showed that easterly 
wind over the Caribbean Sea modulates YC transport, LC intrusion into 
the GoM, and ultimately LC eddy shedding. Considering the complex 
dynamics of easterly wind in the Caribbean Sea and YC transport, it is 
imperative to investigate whether the present analyses support the 
deterministic relationship between easterly wind stress over the Carib
bean Sea and YC transport. The YC transport exhibits a strong positive 
correlation (R2 = 0.69) with easterly zonal wind stress in the Caribbean 
Sea during eddy shedding. The increase in YC transport promotes deeper 
penetration of the LC into the GoM. Our results showed that there was an 
increase in YC transport a month prior to the release of eddies. Hence, 
the energy source for eddy formation through BT conversion could come 
from external forcing that originated in the Caribbean Sea. 

Our results confirmed that BC instabilities associated with vertical 
shear of the mean flow are prominent in the northern and eastern parts 
of the LC. The inverse relationship between BC instabilities and N2

max 
supports the idea that buoyancy inputs force BC instabilities. A decrease 
in N2 indicates that stratification weakens and would be more favorable 
for BC instabilities, which leads to eddy activity. In addition, BC in
stabilities can be viewed as vertical shear instability, through which 
potential energy converts to EKE. LCEs may detach and reattach to the 
LC multiple times. This may amplify BC instabilities and promote mul
tiple eddy detachments. 

We developed an Eddy Shedding Index (ESI) to predict eddy shed
ding in the LC region. YC transport, WW, and N2

max, which control BT and 
BC instabilities, were used to construct the index. WW and N2

max were 
computed over the LC region. The positive correlation between EKE and 
YC transport reveals that the intrusion of YC transport into the GoM 

Fig. 6. Time series of the Eddy Shedding Index (ESI, solid black line). The red dashed vertical lines indicate major eddy shedding events, and the horizontal grey line 
indicates the threshold value (0.46). 
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plays a key role in energy conversion. Moreover, the inverse linear 
relationship between EKE and WW underlines that eddy activities are 
significantly dampened by strong wind and current feedback (Renault 
et al., 2017). Our newly developed ESI can predict future major LCE 
shedding when ESI exceeds the threshold value (0.46). 
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