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Abstract: The three-dimensional structure of Gulf of Mexico’s warm-core rings, detaching from 1

the Loop Current, is investigated using satellite altimetry and a large set of ARGO float profiles. 2

Reconstruction of the Loop Current rings (LCRs) vertical structure from sea surface height obser- 3

vations is made possible by the use of the gravest empirical modes method (GEM). The GEMs are 4

transfer functions that associate a value of temperature and salinity for each variable pair {dynamic 5

height;pressure}, and are computed by estimating an empirical relationship between dynamic height 6

and the vertical thermohaline structure of the ocean. Between 1993 and 2021, 40 LCRs were detected 7

in the altimetry and their three-dimensional thermohaline structure was reconstructed, as well as 8

a number of dynamically relevant variables (geostrophic and cyclogeostrophic velocity, relative 9

vorticity, potential vorticity, available potential energy and kinetic energy density etc.). The structure 10

of a typical LCR was computed by fitting an analytical stream function to the LCRs dynamic height 11

signature and reconstructing its vertical structure with the GEM. The total heat and salt contents and 12

energy of each LCR were computed and their cumulative effect on the Gulf of Mexico’s heat, salt 13

and energy balance is discussed. We show that LCRs have a dramatic impact on these balances and 14

estimate that residual surface heat fluxes of -13 W m−2 are necessary to compensate their heat input, 15

while the fresh water outflow of the Mississippi river approximately compensates for their salt excess 16

input. An average energy dissipation of O[10−10 − 10−9] W kg−1 would be necessary to balance their 17

energy input. 18

Keywords: three-dimensional eddy reconstruction; Loop Current rings; Gulf of Mexico; Gravest 19

Empirical Modes 20

1. Introduction 21

Although the circulation of the world ocean is dominated by geostrophic turbulence, 22

which is transient by nature, long lived coherent mesoscale eddies can be found in vir- 23

tually every oceanic basin (e.g. Agulhas rings in the South Atlantic [1,2], Gulf Stream 24

rings in the North Atlantic [3,4], Kuroshio rings in the North Pacific [5,6], Loop Current 25

rings in the Gulf of Mexico [7,8]). Because of their longevity and coherence, these eddies 26

are able to trap and transport tracers (heat, salt, oxygen, plankton, nutrients) far away 27

across basins [2,9,10]. The advent of satellite altimetry in the early 90’s yielded a dramatic 28

increase in the knowledge and understanding of the surface properties of mesoscale eddies 29

[11]. However, energy and tracer transport is by essence a three-dimensional process, 30

as momentum and tracer distribution within mesoscale structures is clearly baroclinic. 31

Understanding and quantifying the role of mesoscale coherent eddies in tracer transports 32

requires a detailed assessment of their vertical structure. While ship and glider surveys 33

can offer occasional detailed pictures of a limited number of eddies, the observations they 34

provide are too limited in time and space for systematic statistical analysis on regional or 35

global scale. To address this setback in the availability of a solid statistical description of 36
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the three-dimensional properties of mesoscale eddies, statistical method using jointly in 37

situ observations from ARGO profiling floats and surface observations of sea surface height 38

(SSH) from satellite altimetry were developed [12]. The method consists of automatically 39

detecting mesoscale eddies as closed sea level anomaly (SLA) contours, and searching for 40

ARGO profiles within, and in the vicinity of, the eddy’s boundary. The position of the 41

profile is then referenced to the eddy’s rotation axis and whether normalized by the eddy’s 42

radius or simply localized by its zonal and meridional distance. Given a sufficient number 43

of profiles, the method allows for the computation of one mean 3-dimensional profile, 44

supposed to be representative of a typical eddy in a given region. The method has since 45

been extensively used in many regions of the ocean ([13], [14], and [15] in the tropical and 46

sub-tropical Pacific, [16]) in the South China sea, [17] in the Arabian sea, [18] in the South 47

Atlantic, [19] in the Lofoten basin, among many). While the method, known as composite, 48

or co-location method greatly helped to quantify regional statistical properties of mesoscale 49

eddies, they are of limited use, because they only allow for the computation of one average 50

eddy, and not for the reconstruction of the vertical structure of each eddy spotted in the 51

altimetry. Recently, Meunier et al. [20] proposed an alternative method for the estimation 52

of the heat anomaly carried by Loop Current rings (LCR) in the Gulf of Mexico (GoM), 53

based on satellite altimetry and in situ data. Taking advantage of a convenient linear 54

relationship between the local heat content anomaly and SSH, they were able to estimate 55

the total heat content anomaly of each individual eddy. Their method was however limited 56

to vertically integrated quantities, and did not provide a full three-dimensional picture 57

of the eddies structure. It could thus not provide any information on the energetics of LCRs. 58

59

Over two decades ago, Watts et al. [21] and Sun and Watts [22] proposed a method 60

to estimate the structure of the full water column’s thermohaline structure from dynamic 61

height observations only. The procedure, known as the Gravest Empirical Modes (GEM), 62

consists in establishing an empirical relationship between dynamic height and temperature 63

and salinity, at a given pressure level, from in situ observations. In the Antarctic circumpolar 64

region, the GEM representation was shown to account for over 97% of the thermohaline 65

variance. Taking advantage of the close relationship between dynamic height and sea 66

surface height, Swart et al. [23] use the GEM methods to reconstruct vertical hydrographic 67

transects in the Antarctic Circumpolar Current from satellite altimetry. More recently, 68

Müller et al. [24] used the GEM method along with satellite altimetry to estimate the heat 69

and fresh water transport by mesoscale eddies in the subpolar north Atlantic. This method 70

is of particular interest because it allows the computation of the thermohaline structure of 71

each individual eddy. 72

In this study, we follow the procedure of Müller et al. [24], to infer the three- 73

dimensional thermohaline structure of mesoscale eddies, as well as their heat and salt 74

anomalies, and extend it to the computation of other relevant variables, such as geostrophic 75

and cyclogeostrophic velocity, relative vorticity, potential vorticity, as well as kinetic and 76

available potential energy density. 77

The data used are described in section 2 and the methods in section 3. Validation using 78

independent glider observation across an LCR is presented in section 4. The method is then 79

applied to the 29 years-long AVISO altimetry record in the GoM, where we identified and 80

reconstructed 40 Loop Current rings. The vertical structure of a typical LCR is presented in 81

section 5 and the statistical properties of LCRs characteristics, with an emphasis on their 82

heat, salt and energy contents, are presented in section 6. 83

2. Data 84

2.1. In situ data 85

In situ temperature and salinity data were obtained from 6792 ARGO profiles in the 86

Gulf of Mexico. The profiles locations are shown on the map of figure 1a, showing a wide 87

coverage of the GoM and an homogeneous distribution of the collected data. The color 88

coding corresponds to the local steric height referenced to 2000 dbar computed from the 89
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Figure 1. a: Location of all available ARGO profiles in the Gulf of Mexico. The local 2000 dbar-
referenced steric height is color-coded. b: T-S diagram of all ARGO profiles. The color code is the
same as in panel (a). c: Distributions (normalized PDF) of the 2000 dbar-referenced steric height
computed from in situ data (blue bars) and the gridded absolute dynamic topography (ADT) data
(orange line). d: 2000 dbar-referenced steric height against ADT.

profile data. The presence of the Loop Current (LC) is evident as a tongue of high steric 90

height extending northward from the Yucatan channel and bounded by the West Florida 91

and Louisiana shelves to the East and North, respectively. Sparse high steric height values 92

can also be found in the central and western basin and are the signature of detached LCRs 93

drifting westward. Figure 1b shows a TS diagram of all ARGO profiles. Color-coding is 94

the same as in figure 1a. High steric height water columns are characterized by a warm 95

and salty anomaly between the 1024 and 1026 kg m−3 isopycnals at intermediate depths. 96

This water mass corresponds to the Atlantic subtropical underwater (SUW), of Caribbean 97

origin, found in the LC and LCRs [7,25,26]. 98

2.2. Altimetry data 99

AVISO gridded absolute dynamic topography (ADT) is used for eddy detection, and 100

as a proxy for dynamic height. The gridded fields have a spatial resolution of 1/4◦ and 101

are available on a daily basis. In situ measured steric height and ADT distributions are 102

compared in figure 1c. The principle mode of the distribution at about 30 cm corresponds 103

to the Gulf Common Water (GCW), while the secondary mode at about 70 cm corresponds 104

to the SUW. The similarity between the distributions guarantees an unbiased geographic 105

sampling of the ARGO profiling floats. ADT is plotted against the 2000 dbar-referenced 106

steric height in figure 1d. The clear linear relationship, with a coefficient of determination 107

(R2) of 0.95, shows that the 2000 dbar-referenced steric height is a solid proxy for dynamic 108

height (i.e. the geopotential at 2000 dbar can be considered as flat). 109

2.3. Glider data 110

For validation purposes, we used recent glider observations across an LCR. The glider 111

repeatedly crossed LCR Poseidon [27] through its center between August and November 112

2016. It was equipped with a sea bird CT-sail CTD probe, and had mean vertical and 113

horizontal resolution of 2 m and 2 km, respectively. More details on the glider observations 114

can be found in Meunier et al. [27], [28], [29], and [30]. 115
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Figure 2. Steric height-sorted raw temperature (a) and salinity (b) profiles for the whole ARGO data
set. The x-axis represents sea surface height (SSH) and the y-axis is pressure. SSH is equal to the 2000
dbar-referenced steric height η2000 and closely matches absolute dynamic topography (ADT).

3. Methods 116

3.1. The gravest empirical modes (GEM) method 117

The gravest empirical mode projection (GEM) [21–24,31] consists in establishing an 118

empirical relationship between the vertical thermohaline structure of the ocean and the 119

dynamic height [21,22]. The procedure used here is straightforward and can be summarized 120

as follows: A. The steric height relative to 2000-dbar is computed for each in situ profile of 121

temperature and salinity. B. All profiles are sorted according to their steric height (figure 122

2). C. A regular pressure grid is defined and for each reference value, a spline interpolant 123

is fitted to the functions T(η2000)|p and S(η2000)|p, where T and S are temperature and 124

salinity, η2000 is the 2000 dbar-referenced steric height, and p is the pressure at which the 125

variables are evaluated. D. The relationship between 2000-dbar referenced steric height and 126

dynamic height is assessed by comparing local ADT and η2000 to ensure that the empirical 127

relationship obtained from in situ steric height holds when using ADT (figure 1d). 128

For each couple {p, ADT}, the GEM fields provide a single value of temperature and 129

salinity, so that the three-dimensional structure of the ocean can be inferred from any 130

two-dimensional map of ADT. On that regard, the GEM can be thought of as a transfer 131

function [31]. Yearly averaged GEM fields are shown in figure 3 for temperature, salinity 132

and potential density (referenced to the surface). The salinity maximum between 100 and 133

300 dbar associated with the SUW is particularly evident in the high end of the dynamic 134

height range. It is accompanied by a weakly stratified and warm temperature anomaly. 135

One striking feature, also evident in the sorted raw profiles sections of figure 2, is the 136

smooth transition between SUW and GCW across the dynamic height range. Maps of the 137

root-mean-square (RMS) errors are also provided in figure 3d, e and f. Error is maximum 138

near the surface in low dynamic height water columns (GCW), and below and at the 139

edges of, the salinity maximum. This increased uncertainty at the transition between GCW 140

and SUW might be related to the presence of density compensated interleavings, recently 141

reported around LCRs [29], or could be as well be the consequence of a lower number of 142
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Figure 3. Yearly averaged gravest empirical mode (GEM) fields for temperature (a), salinity (b),
and potential density (c). The x-axis represents dynamic height, and the y-axis represents pressure.
Dynamic height was shown to be equal to the 2000 dbar-referenced steric height η2000 and absolute
dynamic topography (ADT) in figure 1d. The root mean squared (RMS) errors are shown in panels d,
e, and f for temperature, salinity, and potential density, respectively. The black dashed lines represent
the limits of the SUW potential density range (1024-1026.5 kg m−3), while the red or green dashed
lines represent the depth range of the mixed layer.
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Figure 4. Example of seasonal variation of GEM fields for a given value of sea surface height (SSH;
0.8 m here). The x-axis is the time of year while the y axis is pressure. Temperature is shown in panel
(a), salinity in panel (b), and potential density in panel (c).

profiles (figure 1c). The average RMS error is of 0.2◦C, 0.028 psu, and 0.035 kg m−3 for 143

temperature, salinity, and potential density, respectively. They are slightly larger than the 144

values reported by Swart et al. [23], using the same methods south of Africa (0.15 ◦C, 0.02 145

psu, and 0.02 kg m−3). 146

To account for the seasonality of surface conditions, which affects the accuracy of the 147

three-dimensional reconstruction in the top 200 dbar, the GEM fields were constructed on 148

a monthly basis. Figure 4 shows a Hovmuller diagram of the temperature, salinity and 149

potential density GEM for a dynamic height of 80 cm. Seasonal variations of temperature, 150

potential density and mixed layer depth are evident near the surface. Salinity is less affected 151

by the seasonal cycle. 152

3.2. Eddy detection and edge definition 153

The LCR detection method is based on daily ADT maps. First, the edge of the LC is 154

defined as the ADT contour passing through both the Yucatan Channel and the Florida 155

strait, along which the mean velocity is maximum. An LCR is detected when this contour 156

forms a closed loop. However, recently detached LCRs may reattach to the LC, and repeated 157

detachment - reattachment sequences are not rare [32]. Here, we only take into account 158

LCRs that permanently detached from the LC. After detachment, LCRs edge is defined 159
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Figure 5. a: Map of the edge contours of the 40 detected Loop Current rings (LCRs) one day after
detachment. The maximum absolute dynamic topography (ADT) value within each eddy is color-
coded. b: Same as (a) in an eddy-centric frame: the x and y axis are the distance (in km) from the
eddy’s rotation axis. The color code is the same as in (a). c : Maximum ADT value (at the eddy’s
center) against eddy’s radius. d: Volume anomaly (surface-integral of the ADT anomaly) against
distance from the Yucatan channel.
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as the closed ADT contour along which the mean azimuthal velocity is maximum. The 160

maximum velocity contour coincides with a sign-change of the Okubo-Weiss parameter [20, 161

33], so that our edge definition criterion ensures that only the vorticity-dominated portion 162

of the eddy is retained, while the strain-dominated periphery is discarded. For comparison 163

purpose, and because the last closed SSH contour is a commonly used definition for eddies 164

boundaries, the latter was also computed and briefly discussed. Between January 1993 165

and January 2022, 40 LCRs were detected. A map of their edge contours is shown in 166

figure 5a. The maximum ADT value at their center is color-coded. The location of newly 167

detached LCRs exhibit a large zonal and meridional variability. The same edge contours are 168

plotted in an eddy-centric frame in figure 5b, showing that LCRs have a wide range of sizes. 169

Figures 5a and 5b also show a clear tendency for smaller LCRs and for LCRs shed at the tip 170

of the LC (the north-western most eddies) to have a weaker ADT signal. These tendencies 171

are explored further in figure 5c and d, showing a nearly linear relationship between LCRs 172

maximum ADT and their radius, and between their volume anomaly (surface integral of 173

the ADT anomaly) and their distance from the Yucatan channel. 174

4. Validation using independent observations 175

To validate the methods, we directly compared glider observations with GEM inferred 176

vertical sections of temperature, salinity and geostrophic velocity across an LCR. The 177

validation procedure consists of computing a vertical profile from ADT and the GEM at each 178

glider’s dive location. For comparison purposes, geostrophic velocity is then computed 179

after applying a Gaussian low-pass filter with vertical and horizontal decorrelation radii of 180

15 m and 30 km, respectively, and assuming no motion at 1000 dbar [27,34]. Figure 6 shows 181

the two glider sections and the GEM-reconstructed sections. Note that the first section 182

(panels a, c and d) was performed as the glider was navigating towards the drifting eddy, 183

while in the second section (panels b, d, and f), the glider and the eddy were moving in 184

the same direction. This results in an under (over) estimation of distances and an over 185

(under) estimation of velocity in section 1 (2). This bias was discussed in detail by Meunier 186

et al. [27] and a correction method was proposed by Meunier et al. [30]. However, for 187

validation of the GEM fields, we chose to use the uncorrected glider along track coordinate 188

to keep the analysis as straightforward as possible. For the ease of visualisation, the GEM 189

sections are flipped laterally to appear as a mirror image of the glider sections. In both 190

sections, the LCR is obvious as a downward tilting of the isotherms, both in the glider 191

observations and in the GEM-reconstructed fields. The displacement of the isotherms 192

in the GEM sections is in good agreement with the glider observations up to the 25 ◦C 193

isotherm. However, the homogeneity of temperature in the upper part of the eddy’s 194

core (thermostadt) is not faithfully reproduced by the GEM method, which exhibits a 195

slightly more stratified structure. Note that LCR Poseidon was an uncommon LCR with 196

an exceptionally thick thermostadt [27,30], so we hypothesize that this difference is in 197

part related to the exceptional nature of Poseidon. The salinity sections, on the other 198

hand are not subject to this bias, and the double core structure, consisting of a salinity 199

maximum between 200 and 350 m, and an homogeneous salinity minimum above, is well 200

reproduced by the GEM reconstruction. Note that, in both sections, the GEM-reconstructed 201

eddy is slightly smoother, as expected from the methods, which essentially captures the 202

geostrophic, or slow structure of the flow [22]. It should be pointed out that the smoothing of 203

thermohaline gradient has little effect on the geostrophic velocity difference between glider 204

and GEM-derived fields. Indeed, the low-pass filtering required to compute geostrophic 205

velocity from glider observation, removes high wavenumber variability and tends to 206

smooth out gradients, whatever the glider’s original resolution. In other words, the small 207

scale variability that the GEM method is unable to capture has to be removed from the 208

glider data anyway. The vertical sections of geostrophic velocity are shown in panels (e) 209

and (f). In both sections, the agreement between the GEM-reconstructed and the glider 210

sections is evident, both in the spatial patterns and in the magnitude of the velocity. 211
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Figure 6. a and b: Temperature sections across a Loop Current Ring measured by the glider and
reconstructed using the GEM. in each panel, the GEM-reconstructed sections are flipped laterally in
order to appear as a mirror image of the glider section. c and d: Same as (a) and (b) for salinity. e and
f : Same as (a) and (b) for geostrophic velocity.

Although the detailed vertical structure of LCRs is of interest, knowledge of the vertical 212

structure of ocean eddies is particularly crucial for the computation of their heat content 213

and transport, which rely on depth-integrated temperature anomaly. Depth-averaged 214

temperature and salinity anomalies, as well as the depth-averaged geostrophic velocity are 215

shown in figure 7. In both cross-sections, the glider observation and the GEM-reconstruction 216

are in striking agreement, with a coefficient of determination (R2) ranging between 0.91 217

and 0.94, meaning that the GEM method captures over 90 % of the depth averaged velocity, 218

temperature anomaly and salinity anomaly variance. In particular, one should note that the 219

lateral gradients of depth-averaged variables do not suffer from the over-smoothing that 220

was discernible in the detailed vertical sections. The GEM thus appears to be particularly 221

well-suited to compute integrated variables such as heat and salt content, or kinetic and 222

available potential energy. 223

5. 3D structure of an average LCR 224

The 3D reconstruction method was applied to 40 LCRs that detached between 1993
and 2021. Cross-sections of salinity, temperature, and cyclogeostrophic velocity are shown
in figure 8 for 6 selected examples. Maps of ADT 5 days after detachment along with the
virtual transect trajectories are shown in the left-hand-side panels. These examples were
chosen to represent small, average, and large LCRs in spring/summer conditions and in
fall/winter conditions. The reconstructed fields capture well the typical LCR structure,
which is characterized by a double core salinity structure, consisting of a fresh anomaly
in the top 100 to 150 m, lying over a salty anomaly between 150 to 200 m and 300 m. The
thick homogeneous warm anomaly is also evident between the surface and 200 m, and
the isotherms are doming downward throughout the water column. In spring/summer
conditions, a shallow thermocline lies over the main LCR structure, while in fall/winter
conditions, the mixed layer extends down to the base of the thermostat, and is deeper in
the LCR than at its periphery.
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[a]

[c] [d]

[b]

Figure 7. a and b: Horizontal profiles of depth-averaged temperature (red) and salinity (blue)
anomalies. The glider observations are plotted as dotted lines, while the GEM-reconstructed profile
is plotted as plain lines. c and d: Same as (a) and (b) for the geostrophic velocity.

Geostrophic velocity was computed using the thermal wind relations, using H = 2000 dbar
as the level of no motion:

ug(x, y, z, t) =
g

ρ0 f

0∫
−H

∇ρ(x, y, z, t)dz, (1)

where g is the gravity acceleration, ρ0 is a reference density, f is the Coriolis frequency, ∇ 225

is the horizontal gradient operator, and ρ is in situ density. 226

Note that the reference can equally be taken as the surface geostrophic velocity inferred 227

from satellite altimetry, yielding exactly similar results since the GEMs were computed 228

assuming that the geopotential is flat at 2000 dbar. 229

The velocity fields have maxima ranging between 0.6 and 1 m s−1 and exhibit intense 230

vertical shear in subsurface, with the velocity dropping by ≈70% in the top 300 m. 231

232

Although the statistical properties of LCRs presented in this work (section 6) are
computed using individual GEM reconstructions, it is of interest to determine the average
structure of an LCR. To do so, we defined a typical surface signature of LCRs (radial ADT
profile) and then used the GEM’s transfer functions to reconstruct the vertical thermohaline
structure. Each radial ADT profile was fitted to Zhang et al.’s[35] universal stream function,
defined as:

ψ(r) = ψ0 + ψm(1 − r̃2)e−r̃2
, (2)

r̃ =
r
L

, (3)

where ψ(r) is the surface stream function, r̃ is the non-dimensional radial coordinate and 233

L is the radial length scale. ψ0 is the background stream function value outside the eddy, 234

and ψm is the amplitude parameter which is equal to the maximum value at the centre of 235

the eddy. In the geostrophic framework considered here, ψ is simply proportional to ADT 236

(ψ = g
f ADT). For each radial profile of ADT, the parameters η0, ηm, and L are determined 237

using least-square fitting. Figure 9a shows the mean profiles of each of the 40 LCRs (gray 238

lines), along with the universal stream function computed using the average parameters 239

of each least-square fit (black line). Figure 9b shows the distribution of the coefficient of 240

determination R2 between the observed and the fitted profiles. R2 is a measure of the 241

variance fraction that is reproduced by the analytical stream function. The universal stream 242

function appears to faithfully represent LCRs surface signature, with 37 eddies out of 40 243

having a coefficient of determination superior to 0.95. 244
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Figure 8. Selected examples of LCRs three-dimensional structure reconstructed from altimetry and
the GEM method. First row: maps of absolute dynamic topography (ADT). The dotted red line
represents the trajectory of the virtual vertical sections. Second row: Vertical sections of salinity. Third
row: Vertical sections of temperature. Fourth row: Vertical sections of cyclogeostrophic velocity.

[a] [b]

Figure 9. a: Radial profiles of sea surface height (SSH) for the 40 detached Loop Current rings (LCRs)
(gray lines) and mean universal SSH profile (Eq. 3) computed using the mean parameters of the 40
least-square fits (black line). b: Coefficient of determination (R2) of the observed SSH profiles and the
fitted universal profiles.
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Figure 10. Parameters of the least-square fit to the so-called universal stream function (Eq. 3) for each
detected Loop Current ring. The x-axis is the radial length scale and the y-axis is the maximum ADT
anomaly ηm.

[a] [b]

Figure 11. Vertical profiles of temperature (a) and salinity (b) for the reconstructed average Loop
Current ring (LCR). The average LCR is computed using the universal sea surface height (SSH) profile
and the Gravest Empirical Modes (GEM) fields. The parameters used in the universal profile are the
mean from the 40 least-square fits.

Figure 10 shows values of the ADT anomaly ηm against the radial length scale L. In 245

agreement with figure 5c, the amplitude of the sea surface height deviation in the LCR’s 246

core appears to be approximately proportional to the radial length scale. The parameters 247

chosen for the reference ADT profile are the average of each fitted values, which naturally 248

fall on the linear trend line of figure 10. 249

250

The vertical temperature and salinity fields were then built using the yearly-averaged
GEM, and are shown in figure 11. As in the selected individual examples of figure 8, the
downward doming of the isotherms towards the eddy’s center is evident, along with a
slight decrease of stratification in the eddy’s upper core. The salinity section exhibits the
SUW salinity maximum signature near 200 m, and fresher water above. The geostrophic
velocity vertical structure (figure 12a) exhibits well defined velocity maxima of about
0.63m s−1, with vertical shear reaching 1.5×10−3s−1 in the top 200 m.
Cyclogeostrophic velocity was also computed for the reference LCR, following Holton [36].
It is the solution of the gradient-wind balance and reads:

ucg(r, z) = − f r
2

±
(

f 2r2

4
+ f rug(r, z)

)
. (4)

Note that for the computation of the mean LCR’s characteristics, the Coriolis frequency is
chosen to be constant and equal to its value at the average eddy-separation latitude. The
vertical section of cyclogeostrophic velocity is shown in figure 12b. Maximum velocity
is increased with values reaching 0.76 m s−1. As expected, the impact of including the
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[a] [b]

[d][c]

Figure 12. Same as figure 11 for geostrophic velocity (a), cyclogeostrophic velocity (b), geostrophic
relative vorticity (c), and cyclogeostrophic relative vorticity (d). The contour interval is 0.1 m s−1

centrifugal force in the balance has more impacts in the vicinity of the rotation axis, and the
mean velocity increase is of ≈20 % between the velocity maxima and the rotation axis.
Relative vorticity was computed both from the geostrophic and cyclogeostrophic velocities.

In cylindrical coordinates, it is defined as:

ζ(r, z) =
1
r

∂(ruϕ)

∂r
, (5)

where uϕ is the azimuthal velocity. The LCR’s relative vorticity signature consists in a 251

bowl of negative relative vorticity and is discernible down to 1000 dbar. It is enclosed 252

within a crown of positive relative vorticity at the eddy’s periphery, with a more modest 253

depth extent (≈ 300 m). As for the azimuthal velocity, cyclogeostrophic vorticity is more 254

intense than geostrophic vorticity, with maximum normalized values reaching 0.51 × f0, 255

and 0.35 × f0, respectively. 256

A section of Ertel’s potential vorticity (PV) is shown in figure 13a. In cylindrical
coordinates, PV is defined as:

q(r, z) =
1
g
( f + ζ)N2 −

∂uϕ

∂z
∂σ

∂r
, (6)

where N2 is the buoyancy frequency, defines as N2 = − g
σ

∂σ
∂z . The LCR is obvious as a bowl

of extremely low PV in the top 200 m, deflecting the pycnocline downward. Examination of
the vertical structure of the buoyancy frequency (figure 13b) reveals very similar patterns,
suggesting that PV is mostly influenced by the LCR’s stratification.
To conclude this description of the vertical structure of an average LCR, the distribution

of mechanical energy density is shown in figure 14. Kinetic energy density (KED) and
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[a] [b]

Figure 13. a: Same as figure 11 for potential vorticity. b: same as (a) for the squared buoyancy
frequency.

[a] [b]

Figure 14. Same as figure 11 for available potential energy density (a), and kinetic energy density (b)

available potential energy density (APED) are defined following Holliday and McIntyre
[37]:

Ek(r, z) =
1
2

ρu2
ϕ(r, z), (7)

Ep(r, z) = −g
δ∫

0

δ̃(r, z)
dρ

dz
(z − δ̃(r, z))dδ̃, (8)

ρ(z) is the reference density profile, which is defined as the minimum potential energy pro- 257

file in the GoM, and obtained by adiabatically sorting all available density measurements, 258

and δ is the isopycnal displacement. The LCR’s vertical structure consists of a subsurface 259

bowl of intense APED intensified between 150 and 200 m, where isopycnal displacement 260

and density anomaly are maximum. There is no surface signature, while APED anomaly 261

is evident down to 1200 m. KED exhibits significantly smaller values than APED, and 262

is maximum at the periphery of the eddy, while APED is maximum in the core. When 263

integrated over the whole eddy’s volume, we find a ratio of KE/APE ≈ 1/3, so that energy 264

partition is strongly skewed. 265

6. Heat, salt and energy statistical properties 266

One particularly important application of this three-dimensional individual eddy 267

reconstruction method, is to achieve a statistical representation of LCRs properties, and 268

of their impacts on the GoM’s heat, salt, and energy budget. The heat and salt content 269

anomalies associated with each LCR with a boundary C enclosing a surface S are defined 270

as: 271
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Figure 15. a : Total heat content of each detached Loop Current ring (bar plot). The light blue bars
represent values computed using the maximum velocity contour as the LCR’s edge, while dark blue
bars were obtained using the last closed absolute dynamic topography (ADT) contour. The orange
curves, referenced on the right-hand side y-axis, represent the cumulative heat input of the LCRs
over time. The plain and dotted lines represent the maximum velocity and the last closed contour
criteria, respectively. b : same as panel (a) for the salt input. c: Total heat content of each detached
LCR against total salt content. d: Total heat content of each LCR against its total area.
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Figure 16. a : Bar graph of the total mechanical energy (sum of the kinetic and available potential
energy) of each detached Loop Current ring (LCRs). The light blue bars represent values computed
using the maximum velocity contour as the LCR’s edge, while dark blue bars were obtained using
the last closed absolute dynamic topography (ADT) contour. The orange curves, referenced on the
right-hand side y-axis, represent the cumulative energy input of the LCRs over time. The plain,
dotted and dashed lines represent total mechanical energy (TE), available potential energy (APE),
and kinetic energy (KE), respectively. b: KE against APE for each of the 40 detached LCRs. The black
line represents equal partition of energy (Burger number equals to one).

H =
∫∫
S

( 0∫
−H

ρ0CpδTdz
)

dS (9)

S =
∫∫
S

( 0∫
−H

δSdz
)

dS, (10)

where dS is a surface element, Cp is the specific heat of sea water, ρ0 is the mean density, δT 272

is the temperature anomaly, defined as the difference between the temperature T(x, y, z, t) 273

and the GoM’s mean profile T(z), and δS is salinity anomaly (in kg m−3), defined using 274

the same procedure as for temperature anomaly. Heat and salt contents of the 40 detected 275

eddies are shown on the bar plots of figures 15a and b for two different eddy boundary 276

criteria (maximum velocity contour and last closed ADT contour) and are compared against 277

each other on figure 15c. The average heat content of an LCR is of 0.42 and 0.46 ZJ for 278

the maximum velocity contour and the last closed contour boundary criteria, respectively, 279

while the average salt content is of 9.43 and 10.24 billion tons. Heat and salt are extremely 280

variable from one eddy to the other, with a range spanning nearly 2 orders of magnitude 281

([0.017-1.14] ZJ for heat and [0.38-25.5] billion tons for salt). There is a solid proportional- 282

ity relationship (R2=0.98) between heat and salt contents (figure 15c), in agreement with 283

Meunier et al. [20]. The cumulative heat and salt input into the GoM were also computed 284

between 1993 and 2022, and are shown as the orange lines in figures 15a and b. Despite 285

the large variability of LCRs heat and salt contents, and the lack of periodicity in eddy 286

detachment events, the cumulative heat input grows nearly linearly with time, with a 287

growth rate of 0.60 ZJ per year for heat and 13.5 billion tons per year for salt (coefficient 288

of determination R2 = 0.99 for both heat and salt linear fits). It is also interesting to note 289

that the individual heat contents of LCRs do not grow linearly with their surface area, but 290

rather quadratically (figure 15d), which might be attributed to the fact that larger eddies 291

also have larger maximum SSH anomalies, hence, not only larger areas, but also larger heat 292

content anomalies per unit area. 293

294
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The kinetic and potential energy carried by the LCRs were also estimated. Kinetic and
available potential energy (Ek and Ep, respectively) are defined as the volume integral of
KED and APED (defined in Eq. (7) and (8), respectively):

Ek =
∫∫
S

( 0∫
−H

Ekdz
)

dS, (11)

Ep =
∫∫
S

( 0∫
−H

Epdz
)

dS (12)

Similar to the heat and salt contents discussed above, the total energy carried by each 295

individual LCR is shown in the bar plot of figure 16a. The cumulative energy is plotted 296

for KE, APE and total mechanical energy (TE = KE + APE), while the individual energy 297

contents (bar plot) is only shown for TE, for the sake of clarity. Total mechanical energy has 298

an average of 10.0 (10.9) PJ per eddy when defining the eddies boundaries as the maximum 299

velocity contour (last closed contour). They also exhibit a wide range of values with nearly 300

two orders of magnitudes between the less energetic and the more energetic eddies ([0.15- 301

36.6] PJ). On average, APE is 3.8 times larger than KE. This bias in the energy partition is 302

particularly evident in figure 16b, which shows KE against APE for each detected LCR. The 303

black line represent equipartition (Burger number unity). While APE dominates over KE in 304

all LCRs, the ratio between KE and APE (Burger number) decreases as the LCRs total energy 305

increases : large eddies have very small Burger numbers, while smaller eddies can get closer 306

to energy equipartition. The growth of cumulative energy is also nearly linear, with values 307

of 2.95 and 11.2 PJ per year for KE and APE, respectively (R2 = 0.99 for KE and 0.97 for APE). 308

309

It is of interest to put these large numbers back into the context of temperature, salinity 310

and energy balance in the Gulf of Mexico. Attempting a full closed budget of the GoM is 311

beyond the scope of this paper, but we can compute a number of meaningful quantities 312

that highlight the importance of LCRs in the GoM’s dynamics. 313

For instance, it is of interest to estimate the residual net surface heat flux that would
be necessary to balance the 0.60 ZJ per year heat input of LCRs into the GoM. Under the
assumption that the heat carried by each LCR will eventually totally mix with the GoM
water, the necessary residual heat fluxes can be simply estimated by dividing this heat
growth rate by the surface of the GoM (AGOM=1.58 millions km2), or equivalently, since
the heat growth rate can be considered as linear, by dividing the total heat input of the 40
detected eddies by the time interval (τ=29 years) multiplied by the surface of the GoM [20]:

Qb =

40
∑

i=1
Hi

τAGOM
. (13)

Here, we find that a yearly net residual heat flux of -13 W m−2 is necessary to compensate 314

LCRs heat input into the GoM. This value is very close from that of Meunier et al.[20] (14 315

W m−2 ), using a simple linear relationship between SSH and local heat content. Because 316

the literature reveals a wide range of residual net surface heat flux estimates (between 317

-24 and +46 W m−2 [38–40]), knowing the value necessary to balance LCRs heat could be 318

helpful to calibrate heat flux products. 319

320

A similar argument can be used to estimate the necessary fresh water input in the 321

GoM to balance the 13.5 billion tons of salt excess per year carried by LCRs. Following 322

Meunier et al. [20], the necessary flux of fresh water input is: 323
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Fb =

40
∑

i=1
Si

τSGOM
, (14)

where SGOM is the average salinity of the GoM. Here, we find that a fresh water flux 324

of 12, 000 m3s−1 would be necessary for the GoM’s mean salinity to remain constant de- 325

spite the LCRs salt input. This value is also very close from Meunier et al.’s [20] estimate 326

(12, 700 m3s−1 ) using a simple linear relationship between SSH and local salt content. It 327

should be pointed out that these values are closely matching Morey et al.’s [41] recent 328

estimates of the Mississippi river outflow (13, 000 m3s−1), suggesting that the opposing 329

effects of LCRs and the Mississippi river on the GoM’s salinity approximately cancel each 330

other. 331

332

We can similarly estimate the energy dissipation rate that would be necessary to 333

dissipate LCRs energy: 334

ϵb =

40
∑

i=1
Ei

τρ0V
, (15)

where V is the volume of water in which we expect energy to be dissipated. We explore 335

three different hypothesis: (a) energy is homogeneously dissipated within the whole GoM’s 336

volume; (b) energy is dissipated within the top 1000 m; (c) energy is dissipated within the 337

top 500 m. The necessary dissipation rate is respectively of 1.8, 4.5, and 9.0 ×10−10 W kg−1. 338

These values are lower than direct microstructure measurements in the vicinity of LCRs 339

by Molodstov et al.’s [42] ([10−9 − 10−8] W kg−1), but are consistent with their GoM’s 340

background values [10−10 − 10−9] W kg−1, as well as Whalen et al.’s [43] estimates between 341

250 and 500 m, using fine-scale strain parameterization (≈ 5 × 10−10 W kg−1). 342

343

To emphasize the need for the compensation of heat, salt and energy excesses input to 344

the GoM through LCR detachment, it is of interest to investigate what would happen in 345

the absence of surface heat fluxes, fresh water influx, and energy dissipation. To do so, we 346

computed the temperature, salinity, SSH, and energy density rise that would occur if LCRs 347

detachment was not balanced by any process. As for our energy dissipation estimates, we 348

propose three scenarios: the heat, salt and energy excess are homogeneously redistributed 349

into (a) the whole GoM volume; (b) the top 2000 m; (c) the top 1000 m. For each individual 350

LCR, the mean temperature, salinity, and energy density rises read: 351

∆Ti =
Hi

ρ0CpV
(16)

∆Si =
Si
V (17)

∆Ei =
Ei
V (18)

where V represents weather the full water volume of the GoM, or that of the top 2000 or 352

1000 m. The equivalent sea level rise is computed as the difference between the steric height 353

associated with the mean GoM temperature and salinity (T and S), and the steric height 354

associated with the hypothetical increased temperature and salinity (T + ∆T and S + ∆S). 355

The hypothetical (unbalanced) impacts of each individual LCR, as well as their cumulative 356

impacts over time on temperature, salinity, SSH, and energy density are shown in figure 357

17. For the sake of clarity, only the hypothesis (a) (redistribution of tracers over the entire 358

GoM volume) are shown in the bar graphs, while the three scenarios are plotted for the 359

cumulative effects. Because of the heterogeneity of LCRs heat, salt and energy content, the 360
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hypothetical unbalanced response of the GoM to individual eddies is highly variable. On 361

average, mixing of a mean LCR into the whole GoM, the top 2000 m, or the top 1000 m 362

would result in a rise of 0.04, 0.06, and 0.10 ◦C of the GoM’s mean temperature, respectively 363

(figure 17a). For the largest LCRs, these values reach up to 0.12, 0.16 and 0.28 ◦C. Looking 364

at the cumulative effects of LCRs, between 1993 and 2021, if unbalanced by surface heat 365

fluxes, the GoM’s mean temperature would have risen by 1.71, 2.42, and 4.23 ◦C in the 366

whole GoM, top 2000 m, and top 1000 m mixing scenarios, respectively. 367

368

Using similar arguments, in the absence of fresh water input, the average salinity of 369

the GoM would rise by 0.0039 psu after mixing an average LCR within the whole GoM 370

volume (0.0056 and 0.010 psu if the LCRs mixes with the GoM’s top 2000 and 1000 m water 371

mass), while the largest individual LCRs could yield a mean salinity increase of 0.011, 0.015, 372

and 0.026 for in the three scenarios (figure 17b). If unbalanced, the salt excess of LCRs 373

would have induced a salinity rise of 0.16, 0.22, or 0.39 psu depending on the mixing depth, 374

between 1993 and 2021. 375

Although the halosteric effect associated with the salinity increase would partially com- 376

pensate the thermosteric effects due to temperature increase, in the absence of balancing 377

processes, LCRs would have caused a sea level rise of 63 cm over the 29 year study period 378

(figure 17c). 379

If energy was not dissipated, energy density in the GoM would have increased by 167, 236, 380

or 413 J m−3, depending on the scenario. As an illustrative reference, these levels of energy 381

density would be equivalent to the kinetic energy density of currents of 0.57, 0.68, and 0.89 382

m s−1 over the full water column, top 2000, and top 1000 m of the entire GoM. Obviously, 383

such temperature, salinity, SSH and energy density increase is not observed, and these 384

hypothetical scenarios are presented to highlight both the crucial importance of LCRs in 385

the GoM’s dynamics and budgets, as well as the evident need to accurately measure the 386

surface heat fluxes and fresh water inputs when modelling a semi-enclosed basin with such 387

important advective fluxes. 388

7. Summary and conclusion 389

In this work, we applied the GEM method [21,22] to satellite altimetry data, similarly 390

to Swart et al.[23], Stendardo et al.[31], and Müller et al.[24], to reconstruct the three- 391

dimensional structure of individual LCRs in the GoM. 392

Although the joint use of the GEM and satellite altimetry to infer heat and salt contents 393

of mesoscale eddies was first proposed by Müller et al.[24], here, we extended the method 394

to the computation of the full three-dimensional velocity, vorticity and energy density 395

structure of mesoscale eddies. 396

The method was validated using independent glider observations, showing that the 397

GEM-reconstruction was able to represent accurately the vertical structure of temperature, 398

salinity, and geostrophic velocity of LCRs, especially when comparing depth-integrated 399

variables. 400

Application of this three-dimensional reconstruction procedure allowed to achieve 401

two primary goals: 1. Determine the typical structure of LCRs by computing their average 402

thermohaline and dynamical structure. 2. Estimate statistical properties of LCRs heat, salt, 403

and energy contents as well as their cumulative effect. 404

405

Consistent with previous ship and glider observations of individual LCRs [7,27], the 406

typical LCR is characterized by a warm temperature anomaly with weaker stratification, 407

and a double core salinity structure, with a fresher anomaly near the surface and a high 408

salinity anomaly between 150 and 300 m. Although typical LCRs are large eddies, we found 409

that the gradient-wind-balanced velocity was significantly larger than the geostrophic ve- 410

locity (≈ +20% between the rotation axis and the maximum velocity radius), similar to 411

Meunier et al.’s[30] recent observation in LCR Poseidon. This results in an increased relative 412

vorticity, reaching half of the Coriolis frequency, showing that average LCRs (medium 413
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Figure 17. Hypothetical evolution of temperature (a), salinity (b), sea surface height (c), and energy
density (d) if the heat, salt, and energy inputs of Loop Current rings into the Gulf of Mexico (GoM)
were not balanced at all. The bar plots represent the effect of individual eddies while the orange lines
represent their cumulative effects over time. The plain line represents the scenario where the excess
heat, salt and energy are mixed homogeneously within the entire GoM’s volume. The dashed and
dotted lines represent scenarios where the excess of heat, salt and energy are mixed within the top
2000 and 1000 m, respectively.
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size) are significantly non linear eddies with a Rossby radius of 0.5. The average LCR’s 414

PV structure consists of a bowl of low PV deflecting the main pycnocline’s high PV strip 415

downwards, and is mostly controlled by density stratification. It should be pointed out that 416

the average LCR computed here has a weaker PV anomaly, with a lesser vertical extension, 417

than the recent observations of Meunier et al.[30] of LCR Poseidon. We stress this is related 418

to the exceptionally thick thermostadt observed in Poseidon, while the work is focused 419

on describing an average LCR. However, the GEM-reconstructed energy density structure 420

of the mean LCR exhibited a similar pattern than Meunier et al.’s [30] direct observations, 421

with a clear dominance of APE over KE. 422

423

By detecting and studying a large number of LCRs (40), we were able to assess statisti- 424

cal properties of their heat, salt, and energy contents, as well as their cumulative effects on 425

the GoM. One particularly striking characteristics of LCRs is their heterogeneity: The ratio 426

of standard deviation over the mean value for LCRs heat and salt contents is of 0.76 and 427

0.73, respectively. They thus have a very variable impacts on heat and salt input into the 428

GoM: the cumulative effect of the 20% largest eddies contribute to half of the total heat and 429

salt input between 1993 and 2021. 430

As an illustration of the importance of LCRs to the heat, salt, and energy inputs of LCRs 431

in the GoM, we computed the temperature, salinity, SSH and energy density rises that 432

would occur in the absence of balancing processes and showed that, in the hypothesis that 433

LCRs would eventually mix homogeneously within the entire GoM’s volume, the mean 434

temperature and salinity would have increased by nearly 2◦C and 0.15 psu, respectively, 435

between 1993 and 2021, causing a ≈60 cm sea level rise. Over the same period, the energy 436

density would have increased to a level equivalent to mean barotropic currents of nearly 437

0.6 m s−1 over the whole GoM. Another way to appreciate these numbers is to estimate 438

the time it would take for the GoM’s mean temperature and salinity (7.7◦C and 35.2 psu 439

for the top 2000 m for the 2010-2020 period) to reach Caribbean values (9.9 ◦C and 35.36 440

psu for the same depth range and period). Here, we find that if LCRs heat and salt inputs 441

were not balanced, it would only take 25 years for the GoM to have pure SUW properties. 442

Another particularly striking result is that one single unbalanced large LCR would be able 443

to increase the GoM’s mean temperature by over 0.1◦C yielding a sea level rise of nearly 5 444

cm. 445

446

Obviously, the heat, salt, and energy budgets in the Gulf of Mexico do not fall down 447

to an inevitable accumulation of LCRs input, and the numbers presented in the last para- 448

graph are only intended to emphasize the large impact of LCRs as well as the need for 449

compensating processes. Because the GoM is a semi enclosed basin, whose entrance (the 450

Yucatan channel) and exit (the Florida strait) are directly connected by the Loop Current, a 451

straightforward model for volume-integrated budgets is that the heat input of LCRs can 452

be balanced by an outward advective heat flux and surface heat fluxes, their salt input 453

by an outward advective salt flux and fresh water input, and their energy by an outward 454

advective energy flux, energy dissipation and wind stress work. Because the Florida strait 455

is shallower than the Yucatan channel, and the warm and salty anomaly associated with the 456

SUW reach deeper depths than the strait’s depth [44,45], the only possible advective heat 457

flux to partially compensate for the LCRs input would take place in the deeper Yucatan 458

channel. However, Bunge et al.[46] and Candela et al.[47] showed that, despite bursts of 459

outflow through the deep Yucatan channel, mostly related to mass conservation as the 460

Loop Current grows in the GoM, the long term average deep transport is near-zero. Rivas 461

et al.[48] estimated that the advective heat and salt flux through the Yucatan channel were 462

of -30 GW and 1.1 tons per second, respectively. Here, we find that the 29 year trends 463

in LCR heat and salt input are of 19,100 GW and 427 tons of salt per second, so that the 464

advective heat and salt fluxes through the deep Yucatan channel are several orders of 465

magnitudes too small to balance LCRs. LCRs heat, salt and energy thus must be entirely 466

compensated by surface heat fluxes, fresh water input (river outflow plus precipitation 467
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minus evaporation) and energy dissipation. From this very simple remaining balance, we 468

found that net residual heat fluxes of -13 W m−2 were necessary to keep the GoM’s mean 469

temperature constant, in good agreement with Meunier et al.’s[20] estimate. This number 470

could be useful to calibrate and validate heat flux products in the GoM, as well as regional 471

model configurations. 472

We also estimated the necessary fresh water input to be of 12, 000 m3 s−1 : 5 % less than 473

Meunier et al.’s [20] estimates, and still closely matching the Mississippi river outflow. 474

Note that a fully closed salinity budget of the GoM should also include evaporation and 475

precipitation, which is expected to be a fresh water loss in the GoM, hence requiring larger 476

river outflows for balance to be reached. However, as mentioned above, the scope of this 477

paper is not to make a full budget analysis, but rather to quantify the impact of LCRs and 478

highlight possible balancing processes. Similarly, an attempt to close the GoM’s energy 479

budget is beyond the scope of this paper, and would require a careful computation of 480

the wind work and of the buoyancy fluxes through Ekman pumping, using the relative 481

wind (wind minus current velocity) [49–51]. In fact, energy loss of LCRs through relative 482

wind work and energy transfer from APE to KE through Ekman buoyancy fluxes are to 483

be expected for a mesoscale eddy subject to wind forcing [51], and are currently under 484

investigation. However, our simple scaling of the order of magnitude of an equivalent 485

energy dissipation rate ϵ is in good agreement with values observed in the GoM [42,43]. 486

The results reported here highlight the possibility and the utility to reconstruct the three- 487

dimensional structure of individual mesoscale eddies (as opposed to the computation of 488

one single mean composite eddy [12]) from satellite altimetry and the GEM method. The 489

application of the method used and described in the present paper to other regions of the 490

ocean could help to elucidate the role of coherent mesoscale eddies in basin-scale heat, 491

salt and energy exchange. However, one should note that the method is not expected to 492

be accurate everywhere in the ocean, since more complex hydrographic conditions may 493

exist and make the computation of a reliable GEM field more difficult. These results also 494

emphasize the crucial role of LCRs in the GoM, and suggests that more research is necessary 495

to elucidate the processes controlling LCRs (and mesoscale coherent eddies in general) 496

mixing and decay processes. 497
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