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Abstract High-resolution hydrographic measurements reveal the presence of three intrathermocline
eddies (ITEs) embedded within a loop current eddy. ITEs are lenticular bodies of nearly homogeneous
water, which contrasts with the well-stratified surrounding water. Their radii and thickness ranged between
19–32 km and 150–250 m. Negative relative vorticity within their cores (down to −0.85 times the
Coriolis frequency), along with a large negative stratification anomaly, results in low Ertel potential
vorticity and intense negative Ertel potential vorticity anomalies. Vortex stretching and relative vorticity
have comparable contributions to potential vorticity anomaly, resulting in Burger numbers of order unity.
The similarity of thermohaline properties within the ITE’s cores and the surrounding loop current eddy water
suggests that these ITEs likely form by intense mixing events followed by Rossby adjustment.

Plain Language Summary Small oceanic interior vortices, named intrathermocline eddies, were
observed for the first time in the Gulf of Mexico using autonomous underwater gliders. These small eddies
had the particularity to be embedded below a large and energetic anticyclonic eddy, which detached
from the loop current 5 months before the survey. The physical properties of these structures are described,
and their formation mechanisms, as well as potential impact on the redistribution of heat and salt in the
Gulf of Mexico, are discussed.

1. Introduction

Intrathermocline eddies (ITEs; Dugan et al., 1982), also known as submesoscale coherent vortices (McWilliams,
1985) are common features of the ocean interior. They typically are anticyclonic structures, consisting of a
lenticular body of nearly homogeneous water splitting the pycnocline. Their thermohaline properties sharply
contrast with the surroundings (Kostianoy & Belkin, 1989). Their velocity field is characterized by a deep maxi-
mum of azimuthal velocity presenting an azimuthal symmetry (Thomas, 2008). They are particularly abundant
in the vicinity of major intermediate water outflows such as the Mediterranean (Hebert, 1988), Persian Gulf
(L’Hégaret et al., 2016), or Red Sea (Shapiro & Meschanov, 1991) outflows, but ITEs were also extensively
observed in various oceanic basins, marginal seas, or current systems, such as the Arctic Ocean (Kostianoy &
Belkin, 1989), Beaufort sea (D’Asaro, 1988a), Mediterranean Sea (Brenner, 1989; Damien et al., 2017), Bay of
Biscay (Pingree & Le Cann, 1992), Tasman Sea (Baird & Ridgway, 2012), Sargasso sea (Dugan et al., 1982),
Labrador sea (Lilly & Rhines, 2002), California Under Current (Collins et al., 2013), Peru-Chile Under Current
(Thomsen et al., 2016), and in the Bay of Bengal (Gordon et al., 2017).

Various formation mechanisms were proposed, including baroclinic instability of undercurrents (Jungclaus,
1999), lateral frictional processes near capes or promontories (D’Asaro, 1988b; Molemaker et al., 2015),
diapycnal mixing whether by bottom friction (McWilliams, 1985) or locally intensified internal wave breaking
(Lelong & Sundermeyer, 2005; Stuart et al., 2011), winter convection (Testor & Gascard, 2003), or subduc-
tion along frontal zones (Ou & Gordon, 2002; Thomas, 2008). They are associated with low values of Ertel
potential vorticity (PV) and Brunt-Väisälä frequency, and fairly high Rossby numbers. They are known to
have a particularly long lifetime (up to 2 years for meddies; Armi et al., 1989), which allows them to carry
water mass properties far away from their formation zones, slowly diffusing their heat and salt content and
biogeochemical properties to the surrounding waters.
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Because of their intrathermocline localization, ITEs are often described as isolated structures. However, on
rare occasions, they were reported to be embedded or trapped within larger-scale eddies (Baird & Ridgway,
2012; Hallock et al., 1981; Gordon et al., 2002). The present manuscript reports recent in situ glider observa-
tions within the Gulf of Mexico (GoM) of three ITEs embedded within the main thermocline of a loop current
eddy (LCE).

LCEs are large and energetic near-surface intensified anticyclonic vortex rings detaching sporadically
from the loop current (Elliott, 1982; Ichiye, 1959; Vukovich, 1995). They drift westward through the GoM
(Glenn & Ebbesmeyer, 1993; Johnson et al., 1992), carrying warm and salty subtropical underwater (SUW;
(Hernández-Guerra & Joyce, 2000; Wüst, 1964)). LCE Poseidon (Meunier et al., 2018), in which the ITEs were
observed, was a large (300 km in diameter) structure with particularly large temperature and salinity anoma-
lies (up to 9.7∘ and 1.22 psu) resulting in an almost homogeneous core of warm and salty water surrounded
above and below by well stratified thermocline water. The maximum velocity ranged from 0.8 to 1.5 m/s in
subsurface at the eddy’s periphery, at about 150 km from its center.

In this paper, the thermohaline and dynamical properties of these ITEs are studied through an examination of
the fine-scale hydrographic data collected through Poseidon. Their formation process, as well as their possible
impact on the diffusion of SUW in the GoM are also discussed.

2. Data and Methods

The data were collected during a full cross-transect through LCE Poseidon (Figure 1a) using an autonomous
underwater vehicle (glider) equipped with an unpumped Seabird CT-SailⓇ CTD probe. It sampled the water
column from the surface down to 1,000 m at average horizontal and vertical speeds of 0.15 m/s and a sampling
rate of 0.15 Hz. The resulting average horizontal and vertical resolutions were of 2 km and 2 m, respectively. To
avoid thermal lag effects, salinity data were corrected using Garau et al.’s (2011) algorithm. Full details of the
glider mission, of the formation and early life of Poseidon, and its detailed vertical structure are reported in
Meunier et al. (2018). Geostrophic velocity ug was computed using the observed density field and referenced
using the depth averaged currents measured by the glider’s drift between two surfacing events, following
Rudnick et al. (2015). Because ITEs are embedded within the larger-scale velocity field of the LCE, an average
advection velocity was subtracted from the geostrophic velocity to isolate the ITE’s currents, following Bosse
et al. (2015). The cyclogeostrophic velocity were then computed from the geostrophic velocity, following
Elliott and Sanford (1986) and Bosse et al. (2015):

u(r, z) = rf
2

(
−1 ±

√
1 − 4

ug

r

)
, (1)

where r and z are the radial and vertical coordinates, respectively. Relative vorticity was then computed from
the cyclogeostrophic velocity:

𝜉(r, z) = 1
r
𝜕r(ru(r, z)). (2)

Because the glider section is two-dimensional and ITEs do not have any surface signature that could be
tracked using altimetry, an uncertainty on the radial coordinate is inevitable. In the case of a circular eddy,
the true path of the glider might be on a chord, shifted from the eddy center by a certain distance 𝛿, and
the along-track coordinate is not r but 𝜆 =

√
r2 − 𝛿2. This will introduce an error on any tracer distribu-

tion, which will be amplified when computing radial derivatives or any operation depending on the radius,
as is done when computing velocity and relative vorticity. Unfortunately, in the absence of any supplemen-
tary data source, the only way to estimate the velocity and vorticity here is to assume that the glider directly
sliced through the eddy’s center, introducing an error that cannot be directly estimated from the data, and the
reader should keep in mind that the ITE’s properties discussed in the present paper rely on this assumption.
An analytical quantitative study of the impact of a shift in the glider’s trajectory on the important variables
computed in this paper was performed using an idealized vortex lens profile and is available in Appendix A. It
shows that, in the case of an anticyclonic lens, velocity and relative vorticity will be underestimated. The shift
obviously also reduces the apparent size of the surveyed structures: An eddy with a radius R will appear to be
L =

√
(R2 − 𝛿2). Both effects feed through the Rossby and Burger numbers, which may be underestimated

and overestimated, respectively.
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Figure 1. (a) Map of the glider transect through the central GoM. Loop current eddy (LCE) Poseidon is materialized by
the 0.7-m contours of absolute dynamic topography. Time is color coded in both the ADT contours and the glider’s
track. ITEs 1, 2, and 3’s positions are materialized by blue, green, and red segments, respectively. (b) Vertical section of
squared Brunt Väisälä (N2) across LCE Poseidon. ITEs centers are marked with a red vertical line. They are obvious as
bubbles of weak stratification embedded within the LCE’s well stratified lower pycnocline below the eddy core.
(c–e) Vertical profiles of N2 through the centers of ITEs 1, 2, and 3 (materialized by a red line in panel b) compared
with an average profile within the LCE core (blue line). While ITEs cores are obvious as negative anomalies of N2

(blue shaded areas), lobes of positive anomalies (red shaded areas) surround the ITEs cores in each case.
ITE = intrathermocline eddy.

The squared Brunt-Väisälä frequency N2 = −g𝜕z𝜎∕𝜎 (where 𝜎 is potential density), and the Ertel PV and PV
anomaly (PVA) are particularly suited quantities to identify and describe ITEs (D’Asaro, 1988b; McWilliams,
1985; Thomas, 2008). PVA is the difference between local PV (q) and a reference ambient PV (QP), which is
chosen here to be the average PV within the LCE’s central part (core) at the ITE’s mean depth.
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Similarly, 𝜎 and N2 are decomposed as the sum of a mean part (𝜎P(z) and N
2

P(z)) corresponding to the average
LCE core’s conditions and a perturbation part (𝜎′(r, z) and N2′ (r, z)) corresponding to the ITE’s local anomaly.

ITEs were observed to be far from the LCE’s frontal region where the horizontal density gradients and the
vertical velocity shear are strong (Meunier et al., 2018); hence, horizontal components of relative vorticity can
be neglected. Computing relative vorticity of large and quickly evolving mesoscale eddies such as LCEs is
challenging, especially when sampled with a slow vehicle, because of the difficulty to identify properly their
rotation axis. The ambient relative vorticity 𝜉P corresponding to LCE Poseidon is evaluated using the scaling
𝜉P ≈ 2fRoP , where RoP = Up∕fRP is the LCE’s Rossby number, UP is the LCE’s peak velocity averaged over the
depth of the ITEs, and RP is the approximate LCE’s radius. Under these assumptions, the local and ambient PV
respectively read

q = (f + 𝜉)
g

N2, (3)

where 𝜉 is the local vertical component of the relative vorticity and

QP =
f (1 + 2RoP)

g
N

2

P. (4)

The nondimensional form of PVA, q∗ = q−QP

QP
, can be expressed as

q∗ = N∗2 + 𝜉∗ + 𝜉∗N∗2, (5)

where 𝜉∗ = 𝜉∕f (1 + 2RoP) is the nondimensional vertical components of the ITE’s relative vorticity and

N∗2 = N′2∕N
2

P is the nondimensional squared Brunt-Väisälä frequency anomaly corresponding to the vortex
stretching term.

3. Results

The stratification structure of LCE Poseidon is shown on the Brunt-Väisälä section of Figure 1b: The LCE is
obvious as a large body of nearly homogeneous water between 50 and 200 m, splitting the pycnocline and
deflecting it downward below the eddy. The ITEs were surveyed between 3 and 5 October (ITE 1), between 23
and 25 October (ITE 2), and between 25 and 27 October (ITE 3). They are evident as lenses of well-mixed water
(weak N2) embedded in the more stratified LCE main pycnocline. They are centered at 92.8 (ITE 3), 92.5 (ITE 2),
and 91.45∘W (ITE 1) at the depths of 280, 395, and 270 m, have radii of 19, 32, and 25 km, respectively. Vertical
profiles of N2 through the ITE’s centers are compared to the average LCE core’s profile in Figures 1c–e. They
reveal the presence of stratification maxima above and below the negative stratification anomalies; while
isopycnals are stretched within the ITEs cores, they are squeezed above and below. Considering the positive
N2 anomaly lobes as part of the ITEs, their total thickness respectively reach 160, 250, and 150 m, while the
negative N2 anomaly cores alone are 60, 150, and 65 m thick.

Cyclogeostrophic velocity associated with the isopycnal spreading (Figure 2) shows typical vortex lens char-
acteristics in ITEs 1 and 2, including closed isotachs around the velocity maximum, and both azimuthal and
vertical symmetry of the velocity field. ITE 3’s isotachs are not strictly closed and do not show the same
symmetry. ITEs 1, 2, and 3 have cyclogeostrophic velocity maxima of 0.26, 0.23, and 0.16 m/s, respectively.

Relative vorticity associated with the anticyclonic circulation ranges between −0.85 and −0.46 f. For compar-
ison, the LCE’s relative vorticity at the depth of 250 m computed using equation (4) ranges between −0.03
and −0.06 f, considering average azimuthal velocity of 0.25 to 0.5 m/s and a radius of 150 km (Meunier et al.,
2018). ITEs relative vorticity is 8 to 28 times larger, suggesting that ITEs vorticity is little affected by the LCE.

The combination of the intense anticyclonic vorticity and the negative stratification anomaly yields an anoma-
lously low PV (equation (3)) in all three ITEs (Figures 3a–c). Analysis of the PVA structure (Figure 3d) shows that
the cores are characterized by patches of negative PVA surrounded above and below by thin lobes of pos-
itive PVA. Analysis of the terms of equation (5) shows a moderate dominance of the vortex stretching term
N∗2 over relative vorticity 𝜉∗ in the central core of ITE 3, an opposite situation in ITE 1, and an equal contribu-
tion in ITE 2. Defining the Burger number as the ratio of relative vorticity to vortex stretching averaged over
the vortex core, values of 1.24, 1.04, and 0.73 were found for ITEs 1, 2, and 3 respectively. Contrary to N∗2,
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Figure 2. Cyclogeostrophic velocity (red contours) superimposed on potential density maps (color) of the three intrathermocline eddies (ITEs). For clarity,
only the mid-depth isopycnals are labeled. The contour spacing is 0.1 kg/m−3. The velocity contour spacing is of 0.025 m/s.

𝜉∗ is negative all over the ITE’s thickness, so that the positive PVA lobes are more driven by vortex stretching.
Since 𝜉∗ and N∗2 are of the same sign within the ITEs cores, where stratification anomaly is negative, the non-
linear term 𝜉∗N∗2 is positive, and tends to diminish PVA intensity. The opposite situation is observed in the
lobes, where 𝜉∗ and N∗2 have opposite signs.

The thermohaline structure of the ITEs is described and compared with the surrounding LCE water mass
in the T-S diagram of Figure 4. The blue, green, and red dotted lines represent vertical profiles through
the cores of ITEs 1, 2, and 3, respectively, the black dotted line represents the average of all LCE profiles
between 91.8 and 92.3∘W and the gray line represents the Common Gulf Water (CGW) measured far outside
the LCE. The shallower ITEs 1 and 3 are centered in the lower part of the T-S curvature associated with the
SUW salinity maximum. A detailed look at the T-S diagram (Figure 4b) reveals a straight line T-S distribution

Figure 3. (a–c) Vertical sections of PV for each intrathermocline eddy (ITE). (d) Analysis of the contribution of each term in the nondimensional potential vorticity
anomaly (PVA). The red lines represent relative vorticity 𝜉∗ , the green line is the vortex stretching term N∗2, the blue line is the product of both (𝜉∗N∗2), and the
black line is the total nondimensional PVA. The Tilting term is two orders of magnitudes smaller and is not plotted.
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Figure 4. (a) T-S diagram of an average loop current eddy (LCE) vertical profile (black dotted line), a Common Gulf Water
(CGW) profile (gray dotted line), and the three profiles through the cores of ITEs 1, 2, and 3 (red, green, and blue dotted
lines, respectively). (b) Zoom on ITEs 1 and 3. (c) Zoom on ITE 2. In each panel, the ITE’s localization is materialized
by thicker dots.

within ITEs 1 and 3 between the 25.6- and 26.1-kg/m3 isopycnals, literally taking a shortcut through the curved
LCE T-S distribution, suggesting that diapycnal mixing might have occurred. Oppositely, the T-S signature of
ITE 2 is not discernible (Figure 4c), presumably because salinity decreases nearly linearly with temperature
within the LCE at this depth. The absence of any obvious difference between ITEs and average LCE’s water
masses, apart from a local mixing evidence, contrasts with most observed ITEs in the literature, which usually
carry strong thermohaline signatures.

ITEs 1 and 3 have similar T-S signatures and sizes and could therefore be suspected to be one single structure
advected around the LCE during the glider’s transect and surveyed twice. However, their PV minimum con-
siderably differ (0.5 × 10−10⋅m−1⋅s−1 and 1.5 × 10−10⋅m−1⋅s−1, respectively). As PV is a conservative tracer, this
difference supports the idea that they are two different structures. The uncertainty on relative vorticity inher-
ent to the blind glider trajectory discussed in section 2 and in Appendix A could not explain such a difference
of magnitude.

4. Discussion and Conclusion

Although ITEs were intensively observed and studied throughout the ocean, those reported in the present
paper show three original or rare characteristics: They are the first ITEs ever observed within the GoM, they
are embedded within a large anticyclonic vortex ring, and their thermohaline properties do not contrast
sharply with the surrounding LCE water. The T-S distribution considerably constrains the possible formation
mechanisms: While ITE’s subduction at the sharp frontal edges of LCEs may occur, especially when favored by
intermittent strong northerly winds during autumn and winter over the GoM, this process is unlikely to have
formed the observed ITEs because their thermohaline signature would be that of the adjacent water mass,
namely, CGW (Figure 4).

Frictional processes, such as PV reduction by boundary torques, were also shown to be an efficient ITE forma-
tion mechanism (D’Asaro, 1988b). Intense negative vorticity is generated within a frictional boundary layer
when an undercurrent flows with a topographic boundary on its right; if the topography sharply turns to the
right at some point (as in the case of a cape or a promontory), the sheared current separates and the anti-
cyclonic shear layer evolves as a series of anticyclonic ITEs. However, the possibility for a boundary torque
to generate ITEs from the LCE current within the GoM seems difficult. The only topographic interactions
that LCEs may experience would be with the GoM’s northern and southern shelves and slope. LCEs are anti-
cyclonic, so that friction against these boundaries would result in the formation of a cyclonic shear layer,
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which can obviously not account for the observed anticyclonic ITEs. Small satellite cyclones were observed
to form around LCEs and travel with them (Chérubin et al., 2005; Rudnick et al., 2015). Frictional torque of the
latter against the GoM boundaries would indeed form anticyclonic shear layers that could evolve into anticy-
clonic ITEs, but their thermohaline properties would be closer to CGW than SUW (Rudnick et al., 2015), and
they would likely form at the periphery of the LCE, not near their centers as observed here.

The stratification breakdown and low PV found within all three ITEs, the lack of contrast between the water
they carry and LCE water, and the well-defined mixing line observed within ITEs 1 and 3 suggest that they
might form through intense mixing, followed by Rossby adjustment, as proposed by McWilliams (1985):
Strong diapycnal mixing would homogenize quickly a patch of water, setting up an azimuthal current to reach
the geostrophic equilibrium, hence spinning up a balanced anticyclonic circulation.

The mixing and adjustment theory requires to identify a possible source of diapycnal mixing that would be
able to homogenize such thick bodies of water. Bottom friction of a strong current against rough topog-
raphy could lead to intense mixing, either through drag in a frictional bottom boundary layer (Marshall &
Naveira Garabato, 2008; McWilliams, 1985) or by the generation of breaking internal wave, as discussed by
Marshall and Naveira Garabato (2008) and Lelong and Sundermeyer (2005). Because the first process would
be confined within a bottom boundary layer, it requires to identify a sufficiently shallow zone (less than 500 m
depth for ITE 2 and 350 m for ITEs 1 and 3) over which the intense velocity annulus of LCE Poseidon have
passed. A joint examination of altimetry and bathymetry data (not shown) shows that such an event only hap-
pened briefly over the tip of the Campeche Bank in May 2016, soon after Poseidon’s detachment. Oppositely,
internal waves can propagate vertically and could therefore be generated well below the ITEs depth, which
would not constrain as much the water depth when searching for a potential generation site.

The possibility of ITE generation prior to LCE formation cannot be ruled out. The loop current is an intense
current (over 1.5 m/s; Oey et al., 2005), flowing along the Yucatan’s east coast over an irregular shelf and slope,
including impinging of the current against the coast in the Caribbean sea prior to entering the Gulf, which
could be sources of spatially irregular mixing. ITEs would then be advected northward and trapped within
detaching LCEs.

As the ITEs observed in the GoM share the thermohaline properties of the much larger LCE in which they were
embedded at the time of the glider survey, their contribution in the advection and diffusion of heat and salt in
the basin may seem secondary at first sight. The significance of their impact likely depend on the number of
ITEs travelling with the LCE and their ability to escape from it. If they remain trapped, their fate is to reach the
Western GoM and dissipate in the so-called eddy graveyard along with the large LCE. If they leave the LCE and
are entrained by the surrounding mesoscale turbulence, they could carry their thermohaline content to areas
of the GoM that are not affected by LCEs. The observation of three ITEs in a single transect suggests that these
structures might be abundant hence have an important impact on the redistribution of SUW throughout
the gulf.

So far, little is known about these structures, from their generation process to their fate and possible impacts.
Upcoming ship surveys as well as repeated glider missions in the GoM as part of the CIGoM project will help
to a better understanding of these ITEs.

Appendix A: Estimating the Error Induced by a Shift Between a Glider’s Trajectory
and the Center of an Idealized Vortex Lens
To infer the impact of the error associated with a glider trajectory shifted from the center of the eddy, an
analytical model was built, fitting the ITEs velocity field to a Cauchy-Lorentz distribution stream function. The
latter was shown to be suited to match vortex lenses (Hua et al., 2013; Meunier et al., 2015) and is defined
as follows:

𝜓(r, z) = 𝜓0(1 + Γ2 + Γ4)−1, (A1)

Γ =
√

r2

R2
+ z2

H2
, (A2)

where H and R are the ITE’s thickness and radius, respectively. The close fit between the analytical and ITE 2’s
velocity fields is obvious in Figures A1a–c. Synthetic “Glider-measured” density anomaly, cyclogeostrophic
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Figure A1. (a) Cauchy-Lorentz fit of ITE 2’s velocity field (color). The observed cyclogeostrophic velocity (Ucyclogeo) is plotted as green contours. The contour
interval is of 0.025 m/s. (b) Horizontal profile of the azimuthal velocity: The green line is the cyclogeostrophic velocity inferred from the glider data; the black,
purple, and red lines are the Cauchy-Lorentz velocity computed in 𝜆 coordinates for 𝛿 = 0, 0.3, and 0.6 R, respectively. (c) Vertical profile of the azimuthal velocity:
The same color code as in (b) is used. Depth was nondimensionalized by the ITE’s thickness. (d) Relative errors on 𝜎 (red lines), u (green lines), and 𝜉 (blue line) at
𝜆 = 0 (continuous lines), and 𝜆 = L∕2 (dotted lines), as a function of 𝛿. Rossby (purple dots) and Burger (orange dots) numbers are also plotted against 𝛿.

velocity, and relative vorticity [�̃�, ũ, 𝜉](𝜆, z) were computed by defining a trajectory along a chord L of the cir-
cular eddy, shifted from the center by a distance 𝛿. The along-chord coordinate, 𝜆, is defined as 𝜆 =

√
r2 − 𝛿2.

Relative errors on density anomaly, cyclogeostrophic velocity, and relative vorticity are defined as follows:

𝜀[𝜎,u,𝜉] =
‖‖‖‖‖
[�̃�, ũ, 𝜉](𝜆, z) − [𝜎, u, 𝜉](r, z)

[𝜎, u, 𝜉](r, z)

‖‖‖‖‖ . (A3)

Radial and vertical velocity profiles computed in 𝜆 coordinates are shown for different values of 𝛿 in
Figures A1b and A1c, respectively. Relative errors on 𝜎, u, and 𝜉 at 𝜆 = 0 and 𝜆 = L∕2 are shown in Figure A1d.
Because they depend on radial derivatives, relative errors on 𝜉 and u are larger than on 𝜎. Errors also appear to
be stronger near the velocity maximum at 𝜆 = L∕2 than near the eddy center. However, for a shift of 𝛿 = 0.3R,
relative errors remain moderate (under 0.1 for 𝜎, 0.12 for u, and 0.16 for 𝜉), and only for 𝛿 > 0.7 does the error
on relative vorticity within the eddy center reach 0.5. A Rossby number of 0.76 in radial coordinate will appear
to be 0.7 and 0.38 in 𝜆 coordinate for 𝛿 = 0.3 and 𝛿 = 0.7R, respectively. Similarly, a Burger number unity in
radial coordinate will increase to 1.1 and 1.9 in 𝜆 coordinate for D = 0.3 and 0.7, respectively. In the case of a
glider surveying a 30-km-radius ITE and missing its center by about 10 km, the relative errors would remain
moderate.
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