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Abstract Mesoscale warm‐core rings, known as Loop Current rings (LCRs) reshape the Gulf of Mexico
water masses by redistributing large amounts of heat and salt laterally. LCRs also transform water masses via
diapycnal mixing, but the mechanisms by which this occurs are poorly measured. Here, we present glider‐
MicroPod turbulence observations that reveal enhanced mixing below the mixed layer, along the eddy edges,
driving the LCR's heat, salt, and oxygen exchanges. Interleavings of adjacent water masses may be interpreted
mainly as a manifestation of submesoscale processes through stirring of the spice gradients, which facilitates
double‐diffusive mixing that transforms Subtropical Underwater into Gulf Common Water. Our findings
highlight the need for ocean models to parameterize double‐diffusive mixing processes directly resulting from
submesoscale tracer stirring, which may be important at basin scale in the presence of LCRs in the Gulf of
Mexico.

Plain Language Summary In the Gulf of Mexico (GoM), anticyclonic eddies, known as Loop
Current rings (LCRs) carrying warm and salty water shape the basin's water mass properties, which in turn,
affects the regional climate and marine life. The water mass properties are altered by turbulent mixing.
However, the mechanisms leading to the mixing of GoM waters are still under debate due to a lack of
observations. Here, we use an autonomous underwater vehicle (glider) equipped with a turbulence sensor to
assess the nature of LCR mixing and its impact on water properties. The breaking of internal waves in the ocean
is often thought to be responsible for turbulent mixing in the ocean interior. However, our findings demonstrate
that a process called double‐diffusive convection is responsible, where turbulence is forced by differences
between the temperature and salinity of adjacent water parcels. We found that double‐diffusive convection was
the main driver in mixing heat, salt, and oxygen along the eddy edges, producing Gulf Common Water. These
findings highlight the need to include double diffusive processes in ocean models for more accurate simulations.

1. Introduction
Loop Current rings (LCRs) are energetic mesoscale anticyclonic eddies, which transport large amounts of warm
and salty Subtropical Underwater (SUW) through the Gulf of Mexico (GoM). These waters are characterized by
significant thermohaline anomalies, up to ∼10°C and more than 1 psu (Meunier et al., 2018). Because of their
large heat and salt content, LCRs influence significantly the GoM's watermass properties (Vidal et al., 1994; P.
Hamilton et al., 2018; Meunier et al., 2020), hurricane intensification (Jaimes et al., 2016; John et al., 2023; Shay
et al., 2000), sea level rise (Thirion et al., 2024), and biogeochemical cycles (Damien et al., 2021; Linacre
et al., 2019). Understanding the processes that control the transformation and variability of LCRs water masses is
of climatic and biogeochemical relevance.

As they drift westward through the GoM, LCR waters undergo significant transformations due to surface heat
fluxes, river discharge, evaporation, precipitation, as well as isopycnal and diapycnal mixing (P. Hamilton
et al., 2018). Recent observations indicate that Ekman buoyancy fluxes may be one of the main drivers of LCRs
decay, by converting their available potential energy into kinetic energy (Meunier et al., 2024). Kinetic energy is
then dissipated through the action of wind stress work, instabilities and turbulent mixing (Brannigan, 2016;
Herring, 2010; Meunier et al., 2024; Pérez et al., 2022; Sosa‐Gutiérrez et al., 2020). Mixing is likely mediated by
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submesoscale (1–10 km) processes, which have been observed along the edge of LCRs (Molodtsov et al., 2020)
but are too small to be observed by altimetry (Meunier et al., 2020).

Ultimately, water mass properties are irreversibly mixed at the dissipation scale (∼1 cm− 1m). However, different
turbulent processes (e.g., shear production and double‐diffusion) are associated with different vertical turbulent
fluxes between water masses (Kunze, 2003). In shear‐driven turbulence, some of the input turbulent kinetic
energy (TKE) turns into turbulent dissipation, while some acts in breaking the stratification. In this framework,
temperature and salinity are assumed to be mixed vertically with the same effective diffusivity as the buoyancy.
Below the mixed layer, vertical shear is mainly attributed to geostrophic currents and internal waves (Fernández‐
Castro et al., 2020; Martínez‐Marrero et al., 2019; Pallàs‐Sanz et al., 2016; Pollard et al., 1973; Wu et al., 2015).
Alternatively, in double‐diffusive convection (DDC), potential energy is converted into TKE, which is then
dissipated, and temperature and salinity have differing effective diffusivities. Although previously considered
primarily a feature of less active regions, such as the Arctic, recent evidences have shown that double‐diffusively
unstable stratifications can develop due to the interleaving of water masses via stirring of submesoscale structures
(Fine et al., 2022; Sanchez‐Rios et al., 2024). This argument was extended by Middleton et al. (2021), who
suggested that sub‐km stirring could result in DDC at the overturning scale. An outstanding question araises as to
the role and contribution of DDC to the LCR's water transformation.

Molodtsov et al. (2020) suggested that the interleaved features along the edge of LCRs were intrusions, similar to
those found in the Arctic (Bebieva & Timmermans, 2016), whose dynamics are governed by micro‐scale mo-
lecular diffusion (B. B. Ruddick & Richards, 2003). However, Meunier et al. (2019) and Shcherbina et al. (2009)
argued that layering and thermohaline interleaving may be created by lateral stirring. Vertically differential lateral
stirring of density‐compensating temperature and salinity anomaly may induce a direct variance cascade
(Meunier et al., 2015), possibly down to the overturning scales where DDC may become important.

Here, we present direct turbulence observations in an early life‐stage LCR drifting through the GoM (the most
intense phase of eddy energy decay identified by Meunier et al. (2024)). We use data collected from a ship survey
as well as glider observations, to quantify the turbulent mechanisms of LCR's water mass transformation and
assess their importance in comparison with the finescale parameterization of double‐diffusion. We show that
Middleton et al. (2021)'s parameterization provides dissipation rates along the eddy's edge that are consistent with
our direct observations. The eddy's turbulent structure is presented, and its variability is discussed within the
limitations of the data set. DDC is identified as a key contributor to Subtropical Underwater heat and salt content
erosion leading to Gulf Common Water (GCW) production, highlighting the importance of accurate parame-
terization in ocean models to understand the formation of water masses in the Gulf of Mexico.

2. Data and Methods
2.1. Overview of the Experiment

As part of the PhytBloomEddy project (“Phytoplankton Blooms in a Loop Current Eddy”), a multi‐platform
survey was performed to measure physical and biogeochemical properties within, and at the periphery of a
recently detached LCR, named ”Yazoo” (Woods Hole Group; https://www.horizonmarine.com/loop‐current‐
eddie).

During a 7‐day ship survey in November 2022, microstructure profiles were collected using a vertical micro-
structure profiler 6,000 to estimate turbulent dissipation rates. Turbulent data collection was limited to the LCR's
west side due to equipment loss. Simultaneously, CTD profiles were gathered using a Sea‐Bird SBE 19 plus
probe. Finally, a Seaglider surveyed the northern edge of the LCR (Figure 1a), capturing data with horizontal and
vertical resolutions of 1 km and 1 m, respectively. The Seaglider was equipped with a Rockland Scientific
MicroPod, an unpumped Seabird CTD Sail probe, and an Anderaa‐4831F oxygen sensor. The Seaglider's average
speed during deployment was approximately 0.2 m s− 1, and the FP07 fast‐response temperature sensor of the
MicroPod sampled at 512 Hz with an effective resolution of 10 milliseconds.

Conservative temperature, absolute salinity, potential density anomaly, buoyancy frequency, and spice were
computed through the TEOS‐10 Gibbs Seawater Oceanographic toolbox (McDougall & Barker, 2011). Spice and
dissolved oxygen were high‐pass filtered using a second‐order Butterworth filter with a cutoff scale of 80 m,
following (Meunier et al., 2015). Mean profiles for the LCR and Gulf waters were derived by averaging CTD data
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(Figure S1 in Supporting Information S1). The LCR's periphery was characterized by wiggling temperature‐
salinity profiles between GCW and SUW (Figure 1b). AVISO daily absolute dynamic topography was used to
detect and track the LCR, following the methodology of Chaigneau et al. (2008) as modified by Sosa‐Gutiérrez
et al. (2020) (Figure 1a).

2.2. Microstructure and Turbulence Parameters

Frequent adjustment of the glider's flight along the eddy edge resulted in significant platform vibration. Frajka‐
Williams et al. (2022), showed that microstructure temperature‐based estimates of the dissipation rate, ε, are less
contaminated by platform vibration; therefore we focused on the T‐S estimates of ε. The temperature‐based ε,

may be estimated by determining the Batchelor wavenumber, defined by kB = (1/2π)( ε/νD2
T)

1/4, and inverting
to yield

Figure 1. (a) Map of absolute dynamic topography from AVISO averaged between November 7 and 17, 2022. The gray line indicates the ship trajectory, colored circles
show CTD stations across the Loop Current Ring (LCR), and red square the vertical microstructure profiler measurements. The black outline indicates the eddy's and
Loop Current's contour, and the pink line, the azimuthal Seaglider section. Figures 1f–1h are derived from Seaglider data. (b) and (c) Conservative temperature ‐
absolute salinity (Θ ‐ SA) diagrams from R/V Pelican and glider sampling, respectively. Green, blue, and orange dots (lines in (d), (e), (f), (g), and (h)) represent eddy's
outside, periphery, and center, respectively. The dashed boxes are Θ ‐ SA limits of the water masses (colored in (h)), according to the Portela et al. (2018) clasification:
CSWr (Caribbean Surface Water remnant ‐ dark blue), GCW (Gulf Common Water ‐ light green), SUW (Subtropical UnderWater ‐ dark green), 18SSW (18°C Sargasso
Sea Water ‐ light orange), and TACW (Tropical Atlantic Central Water ‐ pink) and its core (TACWn ‐ dark orange). To complement in (h), light blue and dark gray are the
Surface Mixed Layer and the Transtion Layers, respectively. Spice (d), (f) and dissolved oxygen (e), (g) anomalies for eastside (f), (g) and westside (d), (e) eddy location.
Magenta square (d), (e) and lines (f), (g), (h) represent the mixed‐layer depth.

Geophysical Research Letters 10.1029/2024GL110845

GENTIL ET AL. 3 of 14

 19448007, 2024, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
110845 by Ifrem

er C
entre B

retagne B
lp, W

iley O
nline L

ibrary on [09/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ε = νD2
T(2πkB)

4, (1)

where ν is the kinematic viscosity of seawater, and DT = 1.44 × 10− 7 m2 s− 1 is the molecular diffusivity co-
efficient of temperature. We determined kB by fitting a theoretical Batchelor spectrum (Batchelor, 1959) to the
observed power spectra of temperature gradients, using the MATLAB toolbox (https://github.com/bscheife/
turbulence_temperature) (Scheifele et al., 2018), based on the theoretical framework of B. Ruddick et al. (2000)
and Peterson and Fer (2014). Dissipation of thermal variance rate (χ) is computed from spectral fits as detailed in
supplementary material (see Text S1 and Figure S2 in Supporting Information S1). Power spectrum densities of
temperature gradients were estimated from 10‐s sections of data (with total of 5,120 points), using fast Fourier
transform (FFT) on 4‐s segments; each spectral point was based on four FFT segments with 50% overlapping.

The eddy diffusivity, κz, is inferred from measurements of ε following the Osborn (1980) model:

κz = Γ
ε
N2 , (2)

where Γ is the mixing coefficient and represents the efficiency of transforming TKE into potential energy and is
classically assumed to be 0.2 in the shear‐driven regime (Osborn, 1980). Then vertical turbulent heat, salt, and
oxygen fluxes, Qh (W m− 2), QS (kg m− 2 s− 1), and QO2

(mmol m− 2 s− 1), respectively, can be computed from κz.

Qh = − ρcpκz
∂T
∂z

, (3)

QS =
1

1000
(− ρκz

∂S
∂z
), (4)

Qo2 = − κz
∂[O2]

∂z
, (5)

Where, ρ is density, cp is the specific heat capacity of seawater, and ∂T
∂z ,

∂S
∂z ,

∂[O2]
∂z are the vertical gradients of

potential temperature, absolute salinity and oxygen concentration, respectively. However in DDC (e.g., salt‐
finger or diffusive‐convection), turbulence is driven by the release of potential energy so that the shear‐
production term of the TKE budget may become negligible and the mixing coefficient can be assumed to be
close to − 1 (Laurent & Schmitt, 1999). The subsequent vertical turbulent fluxes of heat and salt may not be
estimated with a single constant diffusivity.

To help differentiating DDC from turbulent processes, we used the buoyancy Reynolds number (Gargett, 1988)

Reb =
ϵ
νN2 . (6)

When Reb is less than 10, shear‐driven turbulence is suppressed by stratification and the resulting buoyancy flux is
also suppressed (Bouffard & Boegman, 2013; Ivey et al., 2008; Shih et al., 2005; Stillinger et al., 1983). For large
Reb, the effective turbulent diffusivities for heat and salt become the same (Jackson & Rehmann, 2014).
Therefore, we use Reb to distinguish between DDC and shear‐driven turbulence.

Identifying double‐diffusive favorable conditions via the density ratio Rρ is a technique used by many authors
(Oyabu et al., 2023; Schmitt, 1994; Washburn & Käse, 1987; Yang et al., 2016), however, the scale at which Rρ
should be measured to infer instability is an important factor. Middleton et al. (2021) suggested that the over-
turning scale is the relevant scale at which the density ratio must be double‐diffusively favorable to force
instability, which is usually significantly smaller than the resolution used to calculate Rρ. In this study, the
overturning scale is 0.17 m, estimated using the Ozmidov length scale, as shown in supplementary material
(Figure S3 in Supporting Information S1). Also, they argue that the stirring of compensated thermohaline
variance (spice) along isopycnals can lead to double‐diffusively favorable Rρ values on sub‐measurement scales.
Using this argument, they developed a parameterization for double‐diffusive buoyancy fluxes as the result of the
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stirring motions. The computation of ϵ from this method is detailed in supplementary material, and applied to the
glider section. We include the possibility that a background doubly stable stratification may still support double‐
diffusive convection due to lateral stirring by using only the buoyancy Reynolds number to distinguish between
double‐diffusive and shear‐driven regimes. This is supported by the results of Middleton et al. (2021).

To compute the DDC‐induced heat and salt fluxes, we cannot use a single turbulent diffusivity, so we use the
methodology of J. M. Hamilton et al. (1989). Assuming the validity of Osborn and Cox (1972) relationship
between heat flux and dissipation of thermal variance χ, and the Osborn (1980) relationship between dissipation
rate and buoyancy flux ϵ Γ = 〈w′b′〉, J. M. Hamilton et al. (1989) derived the relationship:

γ =
α〈w′T′〉
β〈w′S′〉

≈
ΓRρΣDDC

RρΣDDC − Γ(Rρ − 1)
, (7)

where 〈〉 is the mean operator between isopycnal layers, Rρ =
α ∂T
∂z

β ∂S∂z
is the density ratio, α and β are the thermal

expansion and haline contraction coefficients, respectively. ΣDDC = χN2

2ϵ(δθ̄/δz)
2 is a scaled dissipation ratio defined

by J. M. Hamilton et al. (1989). The turbulent diffusivities of temperature (κT) and salinity (κS) could then be
estimated from the dissipation rate and the above expression for γ.

κT =
⟨w′T′⟩

⟨θz⟩
=

〈ϵ〉
gαΓ(1 − γ− 1)〈θz〉

, (8)

κS =
⟨w′S′⟩

⟨Sz⟩
=

〈ϵ〉
gβΓ(γ − 1)〈Sz〉

, (9)

where Γ = − 1, when double‐diffusive convection occurs, and Γ = 0.2 when shear‐driven mixing occurs. In
DDC, diffusivities for density are associated with up‐gradient flux, while those for heat and salt are down‐gradient
but opposite to buoyancy fluxes. Here, oxygen flux is assumed to be down‐gradient. The molecular diffusivity of
oxygen (2 × 10− 9 m2 s− 1; Ferrell & Himmelblau, 1967) and salinity (1 × 10− 9 m2 s− 1; Vitagliano & Lyons,
1956) are similar, suggesting that turbulent diffusivity for oxygen behaves similarly to that of salinity. Therefore,
κS from Equation 9 is replaced by κρ in Equation 5 under DDC‐favorable conditions. Note that if shear‐driven
mixing dominates, at high buoyancy Reynolds number the effective diffusivities of temperature and salinity
are equal, so γ = Rρ.

To summarize the procedure, we first categorized the water column into shear‐ and DDC‐favorable conditions. As
both double diffusion and shear‐driven turbulence can drive diapycnal mixing (B. R. Ruddick et al., 2010; Fine
et al., 2018, 2022), we chose to consider the distribution of ε as a function of the buoyancy Reynolds number and
the density ratio to highlights their importance in the mixing. For shear‐favorable conditions, we use κz from
Osborn (1980) model to compute turbulent fluxes from Equations 3–5. In DDC‐favorable conditions, we used κT
and κS from the DDC expressions (Equations 8 and 9).

2.3. Water Mass Definition and Analysis

The mixed layer depth was defined based on a change in density of 0.125 kg m− 3 from a reference depth of 10 m
(Monterey & Levitus, 1997). Water masses were characterized according to the criteria of conservative tem-
perature (θ), absolute salinity (SA) , and dissolved oxygen concentration [O2] as defined by Portela et al. (2018).
To assess the transformation of LCR's water, we employed the optimal multiparameter analysis (Tomczak
Jr, 1981; Tomczak & Large, 1989), using θ, SA, [O2] , and potential vorticity. The latter was computed following
Pérez et al. (2022) for glider observations, with noise reduction techniques for vertical derivatives as suggested by
Tomczak (1999). For each observation, optimal multiparameter analysis attempts to solve a constrained linear
system using the method of least squares fitting to find the mixing coefficients. The mixing coefficients account
for the contribution of each source water type to the sample. Water mass types are identified as (quasi) continuous
trajectories in the parameter space based on typical T‐S diagrams included in the supplementary material (Figure
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S1 in Supporting Information S1). Optimal multiparameter analysis was applied only in the pycnocline waters
(i.e., between 8 and ∼28°C) excluding the mixed layer and the plume‐influenced waters, since the method re-
quires avoiding sources and sinks.

3. Results
3.1. LCR's Water Masses Distribution

The LCR is evident in Figure 1a as a circular patch of high absolute dynamic topography, with a radius of
∼150 km centered at 26°N ‐ 91°W. Figure 1h shows a vertical section of the water mass distribution along the
glider trajectory. Caribbean surface water remnants (CSWr) is evident between the surface and the 24.69 kg m− 3

isopycnal, which represents the boundary between the mixed layer and the SUW salinity maximum. The CSWr
thickness exhibits spatial variability, reaching 60 m near the eddy's periphery, transitioning into a thin layer of
20 m within the eddy center (Figure 1h).

Within the eddy, the SUW core is found between the 24.69–26.1 kg m− 3 isopycnals (∼130–200 m), with a salinity
maximum reaching 37.3 g kg− 1. This contrasts with the surrounding GCW outside the eddy, where salinity is
lower (36.5 g kg− 1; Figure 1b). Between these water masses, the Θ − SA diagram alternates between SUW and
GCW. The glider mission focused on the eddy's boundary to capture this complexity in greater details (Figure 1c).
The high‐resolution observations reveal distinct layers of spice anomaly (up to 20 m thick), characterized by
alternating signs and amplitudes reaching 0.25 kg m− 3 (Figure 1f). Remarkably, similar patterns are observed in
the distribution of dissolved oxygen anomaly (Figure 1g), reaching − 20 μmol kg− 1, closely aligned with the spice
anomaly layers, highlighting the strong link between thermohaline properties and oxygen distribution.

For densities larger than 26.1 kg m− 3 (>220 m), the Θ‐SA diagram do not show distinctive features between Gulf's
and LCR's water (Figure 1b). Along this isopycnal, where Tropical Atlantic Central Water (TACW), 18°C
Sargasso Sea Water (18SSW), and a transitional layer interact (Figure 1h), spice and oxygen anomaly layers with
opposite signs are also observed, but 4 to 5 times weaker than those in shallower regions (Figures 1f and 1g).
These stacks of thermohaline and biogeochemical layers of alternating signs, evident in glider data in the north
east of the eddy, are also shown by CTD casts (Figures 1d and 1e).

3.2. Diapycnal Mixing: Distribution, Variability and Origin

High‐resolution observations in the LCR reveal significant vertical variability in ε, with values ranging from
10− 12 to 10− 7 W kg− 1 (Figure 2a). While we observe values as low as 10− 12 W kg− 1, we focus our analysis on
regions where ε is greater than 10− 10 W kg− 1, as lower values are typically below the threshold for meaningful
mixing. Enhanced turbulent mixing is observed within the mixed‐layer, as expected by wind, wave and
convective effects. However, subsurface regions exhibit distinct zones of elevated ε (O(10− 9/10− 8)Wkg− 1) ,
highlighting active mixing beyond surface influences.

At the eddy's periphery, where SUW, GCW, and CSWr interact, ε is structured into layers of weak (O(10− 11) W
kg− 1) and high (O(10− 8) W kg− 1) intensity, directly overlaying the spice and oxygen anomaly layers (Figures 1f
and 1g). In these layers, temperature and salinity gradients are compensated in terms of their impact on density
(see Figures S4 and S5 in Supporting Information S1), which is typical of water intrusions or layering as described
in Meunier et al. (2019). Molodtsov et al. (2020) suggested the layers were double‐diffusive, with a layer of
diffusive convection surrounded by salt‐fingering favorable environment (Figure 2h). Elevated ε and χ values in
these layers (Figures 2a–2c) emphasize a turbulent region where thermal mixing plays a significant role, with
associated Reb values remaining below 10. The origin of the turbulence has been investigated using glider‐
observed spice spectra (Figure S6 in Supporting Information S1). The averaged spice spectral slope of k− 2.2 at
high wavenumbers (3–30 km) is flatter than the typical k− 3 enstrophy cascade, indicating that submesoscale
processes primarily influence spice distribution in the LCR, consistent with Meunier et al. (2019). We analyzed
the geostrophic Richardson number and potential vorticity using glider (not shown) and shipboard data, finding
no significant evidence for conditions conductive to symmetric instabilities (PV ∗ f < 0; Hoskins (1974)). These
findings are in agreement with Pérez et al. (2022), who noted that such instabilities are significant in the surface
boundary layer, at the periphery of the eddy, rather than in the 100–200 m depth range where the layering is
observed. While the glider's alignment along the current likely underestimates the magnitude of geostrophic
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vertical shear, shipboard measurements using CTD/L‐ADCP confirm the results, that is, Richardson number
above 1 below the mixed layer and positive potential vorticity driven by the stratification within the thermocline
(Figure S7 in Supporting Information S1). We suggest, based on the work of Meunier et al. (2019), that the
structures we observe are primarily formed by baroclinic instabilities driven by vertical shear, with layers sub-
sequently tilted and deformed by submesoscale horizontal stirring. In the rest of the text, we investigate the
mechanisms responsible for their dissipation.

Both shear and DDC are involved in the eddy's mixing (Figure 2h). Double‐diffusive convection in the ocean is
commonly characterized by staircase structures (Shibley & Timmermans, 2019). However, high‐resolution
temperature profiles from the glider thermistor reveal indistinct thermohaline staircases (Figure S5 in Support-
ing Information S1). Previous studies (Guthrie et al., 2017; Rippeth et al., 2015; Shibley & Timmermans, 2019),
suggest that elevated ε reduces the presence of these structures. The double‐diffusive intrusions at the eddy
periphery with ε of O(10− 8) W kg− 1, could explain their absence. In deeper regions (>200 m), where intrusions
are not observed, the internal waves shear could be responsible for the observed mixing, as found in similar
mesoscale anticyclonic structures in the North Atlantic subtropical gyre and the GoM (Fernández‐Castro
et al., 2020; Martínez‐Marrero et al., 2019; Pallàs‐Sanz et al., 2016), especially at the eddy center where vertical
shear of the eddy's azimuthal velocity is expected to be very weak, yielding little to no stirring.

Figure 2. Glider azimuthal section showing: (a) the dissipation rates of turbulent kinetic energy from microstucture; (b) same as (a) but parameterized from Middleton
et al. (2021)'s method; (c) the rate of destruction of temperature variance (d), (e), (f) vertical turbulent fluxes of heat, salt, and oxygen, respectively; (g) eddy diffusivity;
(h) mixing regimes based on the buoyancy Reynolds number and the density ratio, with shear‐driven mixing in green, double‐convection in red, salt‐finger in blue, and
areas of no mixing in gray; and (i) water mass transformation expressed as percentages of LCR's and Gulf's waters. The green and orange lines at the top of each panel
denote the eddy's periphery and center, respectively. Additionally, the magenta and black lines represent the mixed‐layer depth and isopycnes, respectively.
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To examine the spatial variability of εwithin the LCR, we compared averaged glider turbulence observations and
vertical microstructure profiles from the eddy's northeastern and western flanks, respectively (Figure 3). Over
80% of ε estimates from the vertical profiler fall within the range of background variability observed by the
glider‐ε estimates (Figures 3b and 3c), suggesting relatively similar conditions, despite the spatio‐temporal
heterogeneity of fine‐scale mixing. However, the averaged glider‐based ε estimates fail to capture ε maximum
from the vertical profiler. At the eddy's periphery, enhanced vertical profiler's ε of O(10− 9) W kg− 1 is observed
where SUW is found around 180 m depth (Figure 3b). At this depth, spice anomaly layers with opposite signs are
observed from CTD casts (Figure 1d), indicating it might be the same process (layering) observed by the glider
(Figure 2a). ε maxima, from the vertical profiler, deeper than 200 m at both eddy's periphery and center, are
associated with high Reb (∼100) (Figure S8 in Supporting Information S1), indicating shear‐driven mixing likely
due to internal wave breaking.

3.3. Turbulent Drivers of Water Masses Transformation

The optimal multiparameter analysis assesses the contributions of LCR's and Gulf's waters in each glider sample,
revealing the significance of the LCR's periphery in the water mass transformation (Figure 2i). Layering consists

Figure 3. (a), (b), (c) Averaged profiles of turbulent dissipation rates: solid lines for vertical microstructure profiler measurements collected from RV Pelican, colored
dots for glider microstructure observations, and black dots for parameterized estimates from double‐diffusive convection (Middleton et al., 2021), across eddy periphery
and center. Shaded areas in plots (b) and (c) represent the spatio‐temporal variability of mixing observed by the Seaglider. Colors correspond to the water masses
characterized in Figure 1h. (d) Profiles of density anomaly sorted by eddy location (Out. for outside, Peri. for periphery) and compared between the different platforms
(RV Pelican vs. glider) (e), (f), (g) Log‐histograms comparing predicted dissipation rates (εPred) with observed rates from glider microstructure (εMicT ) and vertical
profiler (εVMP), covering areas outside the eddy (e), its periphery (f), and center (g), respectively.
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in a stacking of thin layers of salty SUW alternating with thin layers of GCW. This process, driven by mesoscale
azimuthal perturbations, reduces the vertical scale of thermohaline intrusions (∼15–80 m) (Meunier et al., 2019).
At these scales, DDC can induce statically unstable layers even at low buoyancy Reynolds numbers (Figure S8 in
Supporting Information S1), enhancing the turbulent fluxes (Figures 2d–2f), and leading to the formation of well‐
mixed transition layers (Figure 2i). Additional well‐mixed regions are observed: (a) between the LCR's periphery
and core below 200 m, and (b) beneath the SUW core in the eddy's center (∼300 m) where oxygen‐rich 18SSW
water is found (Figure 1h). Both mixed water columns closely match with increased ε (Figure 2a), which is
induced by a mixture of shear‐driven and DDC mixing (Figure 2h).

Ultimately, watermass properties are irreversibly mixed at the dissipative scale. Figure 4 illustrates the contri-
bution of different turbulent processes in vertical turbulent fluxes of heat, salt, and oxygen, across the isopycnal
layers displayed in Figure 1b. Vertical fluxes are normalized according to the thickness of each isopycnal layer,
allowing for comparison between layers. Although DDC conditions are prevalent in 70% of cases (Figure 2h),
shear‐driven mixing is the major contributor to dissipation within the LCR, accounting in average for 78% of
observed ε (Figure 4a). Additionally, 85% of the observed dissipation is localized in the eddy's periphery,
highlighting its critical role in transforming water masses, as shown in Figure 2i. While shear‐driven mixing
dominates in terms of dissipation, DDC accounts in average for∼70% of the vertical turbulent fluxes of heat, salt,
and oxygen (Figure 4), because of its ability to convert potential energy into TKE, for example, Γ = − 1,
indicating that the effective diffusivity is underestimated by Γ = 0.2.

The ability of DDC to force turbulence at low Reb can be assessed in the LCR by comparing the magnitudes and
patterns of the observed average dissipation rate, to the predicted dissipation rate from double‐diffusive

Figure 4. Contribution of (a) dissipation rates and (b), (c), (d) vertical turbulent fluxes of heat, salt, and oxygen, respectively, segmented by isopycnal layers, based on
water mass distribution in the LCR (Figure 1h). They are categorized by eddy location and mixing nature: shear versus double‐diffusive convection (DDC) (bar color).
Relative contributions in each isopycnal layer are shown in % (red and green lines), with net turbulent fluxes changes (±) and their directions, downward (upward) fluxes
are positive (negative). Vertical fluxes are normalized according to the thickness of each isopycnal layer.
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convection parameterized following Middleton et al. (2021) (Figures 3b and 3c, black dots). Histograms of the
estimated and observed dissipation rates from microstructure show similar distribution in the eddy's periphery
(Figure 3f), and reproduce 82% of the observations within an order of magnitude in the layering area. However, in
the eddy center, results show that the parameterized dissipation rate due to DDC is overestimated compared to
observations (Figure 3g). The DDC parameterization assumes a k− 1 slope for the variance spectrum of spice,
which is likely an overestimate in this region due to the weak stirring, leading to the overestimation of mixing
within the SUW core (Figure 2b), as in Fine et al. (2022). Whilst the density ratio Figure 2h is a mixture of doubly
stable, salt fingering favorable and diffusive convection favorable, the buoyancy Reynolds number is skewed
to the left, that is, <10 (Figure S8 in Supporting Information S1), suggesting that in most cases, stratification
suppresses shear‐production. Vertical fluxes are therefore largely driven by DDC triggering turbulence in
the LCR.

3.4. Diapycnal Turbulent Fluxes

The vertical fluxes of heat, salt, and oxygen between the isopycnals layers, based on the water mass distribution
in the LCR are shown in Figure 4. Our analysis reveals that vertical fluxes of heat and oxygen are predomi-
nantly downward (positive), except in the deeper region where oxygen fluxes are upward (negative, Figures 4b
and 4d). Below the 24.69 kg m− 3 isopycnal, the water column warms and gains oxygen, as indicated by the
positive net fluxes (Figures 4b and 4d). In contrast, the layer just below the mixed layer shows the opposite,
with cooling (− 412 W m− 1) and deoxygenation (‐7.9 × 10− 4 mmol m− 1 s− 1) due to its interaction with surface
forcings. Vertical salt fluxes exhibit a more complex pattern with a divergence around the 24.69–26.1 kg m− 3

isopycnal, where thermohaline intrusions are found (Figure 2a). The layer above has a net upward flux, while
the layer below has a net downward flux (Figure 4c). Thermohaline intrusions lead to a net downward salt flux
of ‐0.06 × 10− 6 g kg− 1 m− 1 s− 1, where the SUW is found. Therefore, this double‐diffusive process contributes
to the erosion of the subsurface maximum salinity of the SUW. However, the finer‐scale complexity of tracer
gradients, particularly in the layering, could influence net vertical fluxes (Carpenter et al., 2022). While these
smaller‐scale vertical fluxes might cancel each other out (at the order of meter), our approach focuses on larger
vertical scales between isopycnal layers of ≈100 m, capturing the broader transformation processes throughout
the eddy.

Meunier et al. (2020) suggests that lateral mixing at submesoscale scale (<25 km) is an important process for
LCR's heat dispersion. Assuming the intrusions are in quasi‐steady state, vertical production of temperature
variance must be balanced by large‐scale horizontal production of variance. Following B. R. Ruddick et al. (2010)
and Hebert et al. (1990), we estimated the isopycnal diffusivity resulting from advection along intrusions for heat,
κT sidesDDC = κT(δT /δz)

2
/ (δT /δx)2, and salt, κSsidesDDC = κS(δS/δz)

2
/ (δS/δx)2, where κT and κS were derived from

Equations 8 and 9, respectively. In the thermohaline intrusions, the averaged horizontal heat, − ρcpκTsidesDDC〈δT/δx〉,
and salt, (1/1000)(− ρκSsidesDDC〈δS/δx〉) , fluxes are approximately 200 W m− 2 and 5 × 10− 6 g kg− 1 m− 1 s− 1,
respectively. These values are two and three orders of magnitude higher than the averaged vertical fluxes, which
are around 0.5 W m− 2 for heat and 6 × 10− 9 g kg− 1 m− 1 s− 1 for salt, consistent with observations in similar
finescale structures (Fine et al., 2018; Molodtsov et al., 2020). As shown in Figure 2a, the layering involves
alternating zones of high and low turbulence. Within these low‐turbulence layers, significant thermal variance is
generated by lateral variability in water masses, as described by Carpenter et al. (2022). This process enhances
mixing even in weakly turbulent conditions by creating fine‐scale structures that drive horizontal fluxes,
contributing to the transformation of Subtropical Underwater into Gulf Common Water.

4. Summary and Discussion
This observational study provides quantitative estimates of the turbulent processes within the LCR ”Yazoo”, and
their influence on turbulent fluxes and water mass transformation. Our results indicate that shear‐driven mixing,
does not account for the total heat, salt and oxygen fluxes, and that double‐diffusive convection needs to be
considered as a key process to explain these turbulent fluxes and water mass transformation.

Through detailed microstructure measurements, we captured the processes driving turbulent mixing. Below the
mixed layer, we observed enhanced dissipation rates (O(10− 8) W kg− 1) at the eddy's periphery, beneath its
core, and deeper within the eddy. We have shown that DDC can explain the dissipation at the eddy's edges,
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but not at depth, where it is likely due to internal wave breaking, as observed in various studies (Fernández‐
Castro et al., 2020; Martínez‐Marrero et al., 2019; Pallàs‐Sanz et al., 2016). Anticyclonic eddies as LCRs have
been shown to induce DDC around their edges in the Arctic (Fine et al., 2018), Mediterranean (Armi
et al., 1989; Tokos & Rossby, 1991), Gulf Stream rings (B. Ruddick & Bennett, 1985; Schmitt et al., 1986),
and the Gulf of Mexico (Meunier et al., 2019; Molodtsov et al., 2020). Additionally, the eddy's periphery
emerges as a hotspot responsible for 85% of the total dissipation (Figure 4a), highlighting the need for models
to accurately capture this narrow band of few kilometers thick to effectively resolve the processes driving the
mesoscale eddy decay.

This study also suggests that a possible mechanism of submesoscale stirring of spice leads to DDC, which is a key
process in the route toward transformation of SUW into GCW. We also showed the importance of lateral mixing
(few times larger than vertical), associated with thermohaline intrusions, in diffusing the LCR's heat and salt, as
suggested in Meunier et al. (2019, 2020). These results challenge the perspective that GCW formation results
principally from the vertical mixing of TACW and CSWr (Cervantes‐Díaz et al., 2022), suggesting instead that
SUW significantly influences GCW formation. Although our observations focus on a single LCR, layering ap-
pears to be a recurrent process (Meunier et al., 2019; Molodtsov et al., 2020), and therefore highly relevant for
water mass transformation in the GoM.

One important result of this study is the seemingly secondary role played by shear‐driven mixing in the eddy's
water mass exchanges. Although on average, shear mixing corresponds to ∼80% of the total dissipation—mainly
due to the intense mixing in the subsurface layer interacting directly with the mixed layer depth (Figure 4a)—it
accounts for only a third of vertical fluxes within the eddy. This disparity is attributed to the prevalence of DDC
conductive conditions (∼70% of occurrence), where all potential energy is converted into TKE, a mechanism
contrasting sharply with shear‐driven mixing (Inoue et al., 2007; Laurent & Schmitt, 1999). To verify that DDC is
sufficiently strong to control water mass exchanges within the LCR, we applied the parameterization of Mid-
dleton et al. (2021) to estimate ε due to double‐diffusion. While this method underestimated ε in the high shear
regions, it reproduced the enhanced ε observed in the region of enhanced submesoscale stirring on the LCR
periphery, capturing 82% of the observations within an order of magnitude. These findings show that the sub-
mesoscale stirring of compensated thermohaline variance (spice) along isopycnals may play an essential role in
water mass transformation. Using the classical Osborn (1980) model, with a Γ = 0.2 suited for shear‐driven
mixing, leads to a 42% underestimation of vertical turbulent fluxes. However, adjusting Γ = − 1 to capture
DDC dynamics (Laurent & Schmitt, 1999) gives significantly larger rates of vertical turbulent fluxes, hence water
mass transformation.

We have shown that double‐diffusive convection, favored by submesoscale stirring, is potentially important in
water mass transformation in the Gulf of Mexico. However, the effect of DDC on water mass transformation has
not been quantified on a global scale. Given that LCRs are the principal source of water mass variability in the
Gulf of Mexico (Portela et al., 2018), an ongoing study is employing both internal‐wave (Whalen et al., 2015) and
double‐diffusive (Middleton et al., 2021) parameterizations to estimate ε across all LCRs identified by the 30
missions of the glider group since 2016. This effort will aim at enhancing our understanding of warm‐core rings'
role in tracer transport and diffusion at the basin scale.

Data Availability Statement
The processed data used in this article needed to understand, evaluate, and build upon the reported research are
available in the repository of the Group of Monitoring the Ocean (GMOG). The database is called TurbulentPBE
and can accessed using the link https://gliders.cicese.mx/databases/TurbulentPBE. Will be required to disclose
(a) name, (b) last name, (c) e‐mail address, (d) name of the institution, and (e) specify how the TurbulentPBE will
be used. GMOG‐CICESE will authorize the access and will email to the user a username and password to
download the TurbulentPBE database. Anonymous reviewers have granted access to the data, credentials are not
required. The TurbulentPBE database can be licensed for non‐commerical use, and it is prohibited to share it with
third parties, as well as to profit or sell products derived from it. We utilized the software developed by Scheifele
et al. (2018) for calculating turbulent kinetic energy dissipation rates, (https://github.com/bscheife/turbulence_
temperature [Software]).
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