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Abstract In this study, we harness the 25-year satellite-altimeter record, in concert with a vast array of
in situ measurements, to estimate the heat content anomaly of 32 warm-core rings in the Gulf of Mexico
(GoM). The decay rate of these mesoscale eddies is studied in detail, and it is shown that they release the
majority of their heat as they drift in the central GoM (away from topographic obstacles). The surface heat
fluxes from the eddies are shown to be small in comparison to the total rate of heat loss from the eddies,
suggesting that heat is primarily released toward the surrounding water masses. Integrating the total heat
evolution equation over the warm-core rings yields an estimate of their effective lateral diffusivity
coefficient. The long-term impact of warm-core rings on heat and salt balance in the GoM is also discussed.

1. Introduction
Warm-core rings are mesoscale, surface-intensified, anticyclonic eddies that commonly detach from intense
meandering currents. Famous examples include Kuroshio rings in the North Pacific (Li et al., 1998; Sasaki
& Minobe, 2014), Agulhas rings in the South Atlantic (Olson & Evans, 1986; Wang et al., 2016), Gulf Stream
rings in the North Atlantic (Liu et al., 2018; Richardson, 1983), and Loop Current rings (LCRs) in the Gulf of
Mexico (GoM) (Donohue et al., 2016; Elliott, 1982). Because they are long lived and coherent, these eddies
can trap and carry water masses far away from their formation sites (Beron-Vera et al., 2013; Gordon &
Haxby, 1990; Wang et al., 2016) and impact the oceanic basins' thermohaline properties.

Of all the aforementioned eddies, LCRs are of particular interest: they detach, drift, and decay in a semien-
closed basin for which they are the only source of external water above 1,000 m (subtropical underwater;
SUW) (Bunge et al., 2002; Sheinbaum et al., 2002), so that the thermohaline anomalies they carry are crucial
to the basin's heat budget and water mass transformation into Gulf Common Water (GCW) (Hamilton et al.,
2018). They were also shown to impact the southern United States whether by controlling severe thunder-
storm events (Molina et al., 2016) as well as the reinforcement of hurricanes (Shay et al., 2000; Yablonsky &
Ginis, 2013) because of the large available heat reservoir they carry.

While timely observational efforts revealed the main characteristics of LCR's thermohaline structures, con-
sisting of a vertically homogeneous temperature anomaly between the surface and 250 m and a saline core
between 150 and 400 m (Cooper et al., 1990; Elliott, 1982; Meunier et al., 2018), the time evolution of their
structure, and the rate at which the anomalous water mass mixes with the surroundings remains largely
unknown. Synoptic estimates of LCR's heat content anomaly (the difference between an eddy's heat content
and that of an equivalent volume of Gulf Common Water) and decay would require repeated observations
over several months, and the uncertainty of LCR shedding makes the planning of such experiments difficult.

It has been well admitted that LCR's fate is to mix and decay once they reach the western GoM's continental
slope (Biggs & Müller-Karger, 1994), although some eddies were shown to suffer considerable erosion before
reaching the so-called eddy graveyard, possibly through interaction with the neighboring mesoscale turbu-
lence field (Lipphardt et al., 2008). However, so far, no general and systematic estimate of LCR's heat content
anomaly, evolution, and decay during their drifting phase has been attempted. Such estimate is crucial for
the understanding of the GoM's heat budget, the GCW formation, and LCR-Atmosphere interactions. Of
particular importance is the disentangling of heat losses toward the surrounding water and toward the atmo-
sphere. Early studies of Gulf Stream rings emphasized the role of ventilation on the decay of warm-core rings
(Dewar, 1987; Evans et al., 1985), and more recent research highlighted the increased air-sea heat exchanges
over warm eddies (Chelton & Xie, 2010), including LCRs (Putrasahan et al., 2017).
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Figure 1. (a) Probability density function of sea surface height in the Gulf of Mexico. The black solid line represents
satellite-derived SSH (AVISO absolute dynamic topography, ADT), while the dashed green line represents the dynamic
height computed from in situ data. Since the level of reference is arbitrary, both SSH and dynamic height were
referenced to the mode of the distribution. (b) Location of the in situ hydrographic profiles. (c) T-S diagram of the in
situ profiles used in the present study. The red dots represent profiles through warm-core rings (subtropical
underwater, SUW) while the blue dots represent Gulf Common Water (GCW). (d) Depth averaged T-S diagram from
the surface down to 1,000 dBar. The black solid line represents a linear fit to the data. (e) Thermosteric (red dots) and
halosteric (blue dots) contributions to dynamic height (black line). The solid lines represent the linear fits to the data.
The green dots represent the corresponding altimeter-derived SSH (Aviso Absolute Dynamic Topography). (f) Heat (red
dots) and salt (blue dots) anomalies against sea surface height. The linear fits are plotted as solid lines. (g) Glider
section of temperature anomaly across a Loop Current Ring (adapted from ; Meunier et al., 2018, Figure 6b). The thick
black vertical lines represent the location of the velocity maxima. (h) Illustration of the LHC computation: the red line
represents a random temperature profile accross an eddy while the blue line is the reference GCW profile. LHC is
defined as the area between the two curves.

In this paper, we propose an estimate of LCR's total heat content (THC) anomaly and time evolution during
the first months of the drifting phase, between 88◦ and 95◦W, before the occurrence of any vortex splitting or
merging events. Using simple theoretical arguments, we take advantage of 24 years of satellite altimetry and
of a large database of in situ data to infer an empirical relationship between sea surface height (SSH) and
local heat content (LHC) anomaly. This allows us to build a climatology of 32 eddies and estimate their THC,
decay rate, effective depth-averaged lateral diffusivity, and to infer heat exchanges toward the surrounding
ocean and toward the atmosphere.
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2. Estimating LCR's Total Heat Content Anomaly and Its Evolution
2.1. Data
All satellite altimetry data used in this work are AVISO Absolute Dynamic Topography. We use 10-day com-
posite products objectively mapped on a 0.25◦ regular grid. In situ data were obtained from the World Ocean
Database and consist of 3,995 validated profiles within the GoM. The selected data are composed of 77%
autonomous profiler data (Argo) and 23% ship CTD stations. Assuming that the 40 cm SSH approximately
represents the transition between GCW and SUW, 14% of the total in situ database was acquired within
LCRs. Figure 1b shows a map of all profiles locations: despite a denser observational effort in the north, the
whole Gulf is well sampled. The distribution of satellite altimeter SSH and of in situ computed dynamic
height are shown in Figure 1a: both show a well-defined primary mode, corresponding to GCW (SSH = 0),
and a smaller secondary mode corresponding to SUW (45 cm < SSH < 55 cm). The slightly larger ampli-
tude of the second mode in dynamic height, compared to altimeter SSH, is most likely due to the important
community effort to sample the Loop Current and LCRs. The turbulent heat fluxes (latent and sensible
heat fluxes) used in this study are the IFREMER-FLUX data set v4, which is based on the European Space
Agency Ocean Heat Flux project. They are calculated as daily estimates with a regular grid spacing of 0.25◦

(Bentamy et al., 2017).

2.2. Inferring Total Heat Content Anomaly From Altimetry
Satellite measurements of the SSH were shown to be a good proxy for dynamic height (𝜂) in the GoM (Hamil-
ton et al., 2018). The latter is defined as the vertical integral of specific volume anomaly between a given
geopotential level and the surface, which, under the hydrostatic approximation is proportional to the vertical
integral of density anomaly (Gill & Niiler, 1973):

𝜂 = 1
𝜌0 ∫

0

−D
𝜌′(z)dz, (1)

where 𝜌0 = 1, 027 kg/m3 is a reference density, 𝜌′(z) is density anomaly, defined as the difference between
the local instantaneous density profile 𝜌(z), and a reference density profile 𝜌(z). Here, D is chosen to be the
level of no motion (flat reference geopotential surface), assumed to be 1,000 m in the GoM (Oey et al., 2005),
so that dynamic height coincides with the 0–1,000 dBar steric height.

In this work, all reference variables, including temperature, salinity, density, and SSH are chosen to be GCW,
which we define as the mode of the distribution of each variable. Anomaly is computed as the difference
between a given vertical profile and the reference profile, as illustrated in Figure 1h. The vertically averaged
values for these reference profiles are 10.7 ◦C, 35.36 psu, 1,026.95 kg/m3, and 24 cm, for temperature, salin-
ity, potential density, and satellite-derived SSH, respectively. Satellite-derived SSH is compared to in situ
dynamic height in Figure 1e: They are in good agreement, with little scattering about the linear fit (mean
absolute error of 4.3 cm).

Under the linear equation of state approximation, density anomaly is a linear combination of temperature
(T′) and salinity (S′) anomalies:

𝜌′ = 𝜌0(−𝛼T′ + 𝛽S′), (2)

where 𝛼 and 𝛽 are the thermal dilatation and haline contraction coefficients, respectively. In the limit of
small salinity variations, density anomaly is controlled by temperature anomaly, and the use of SSH anomaly
has been shown to be a solid proxy for the LHC anomaly h′ above the level of no motion (Willis et al., 2003,
2004):

h′ = ∫
0

−D
𝜌0CpT′dz, (3)

𝜂′ ≈ A
𝜌0Cp

h′, (4)

where Cp is the specific heat of sea water and the new variable A is introduced here since 𝛼 is both
temperature and depth dependent:

A =
∫ 0
−D 𝛼T′

∫ 0
−D T′

dz. (5)
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As evident on the T-S diagram of Figure 1c, the Gulf of Mexico's two main water masses (SUW and
GCW) exhibit strong salinity differences, so that the approximation of equation (4) does not hold. How-
ever, estimating LHC from altimetry is still possible, provided there exists a linear relationship between the
depth-integrated salinity and temperature contributions to density anomaly:

𝛾 =
∫ 0
−D 𝛽S′dz

∫ 0
−D 𝛼T′dz

= constant. (6)

A depth-averaged T-S diagram of all in situ profiles is shown in Figure 1d: Linearity of the depth-averaged
T-S relationship holds for the whole range of water masses found in the GoM. As predicted by equations (1)
and (2), linearity of the depth-averaged T-S relationship results in linear variations of the contributions of
halosteric and thermosteric effects in dynamic height variations (Figure 1e).

Hence, provided the validity of equation (6) and an empirical value for 𝛾 obtained from the in situ database,
LHC can be estimated from any SSH field as

h′ =
𝜌0Cp

A(1 − 𝛾)
𝜂′. (7)

Assessment of the validity of equation (7) was performed, retrieving 𝛾 from the in situ data and using
satellite-derived SSH as a proxy for 𝜂′. Figure 1f shows local heat (red dots and solid line) and salt (blue dots
and solid line) content anomalies against SSH. Linearity of the relationship between LHC and SSH is evi-
dent, with a coefficient of determination between in situ data and the linear fit of R2 = 0.86. Salt content
anomaly exhibits more scattering, with a coefficient of determination of R2 = 0.77. Note, however, that scat-
tering is larger for high SSH values, with R2 decreasing to 0.70 when considering SSH greater than 40 cm
(SUW) only.

To track LCRs in the 24 years SSH database and compute eddy-integrated variables, it is necessary to choose
a dynamically appropriate criterion for the eddy's edge. Here, we are concerned with the trapping and evo-
lution of heat in coherent eddies, so that we should confine ourselves to the eddies core, whose boundary
would represent a barrier for tracer exchange in the absence of diffusive processes. This boundary was
shown to correspond to a sign change of the Okubo-Weiss parameter (OW) (Elhmaidi et al., 1993; Jeong &
Hussain, 1995; Isern-Fontanet et al., 2003, 2004; Okubo, 1970; Weiss, 1991). As shown by Isern-Fontanet
et al. (2004), for geostrophic eddies (nondivergent and azimuthal flow) in cylindrical coordinates, OW =
−4 1

r
𝜕r(u2) (where r is the radial coordinate and u is the geostrophic velocity), so that the boundary of the

core (OW = 0) coincides with the radius of maximum velocity. In this study, we thus defined the eddy's edge
 as the maximal circulation contour (the closed SSH contour along which the path-integral of geostrophic
velocity is maximal). This contour also coincides with a sign-change of vorticity, so that it encloses the anti-
cyclonic region of the eddies only. This criterion also ensures that the edge contour corresponds to the zone
where thermohaline properties have the sharpest gradients, assuring the capture of most of the thermoha-
line anomalies. This is illustrated in Figure 1g (adapted from Meunier et al., 2018, Figure 6b), which shows a
vertical section of temperature anomaly through a Loop Current Ring. The core of anomalously warm water
is confined between the velocity maxima (thick black vertical lines). Note that, since the last closed contour
is a commonly used criterion for eddies edges in detection algorithms (Chaigneau et al., 2008), the latter is
also briefly discussed in this paper for comparison.

The eddy's THC is defined as the surface integral of LHC enclosed within the boundary (𝜃, t):

He(t) = ∫
2𝜋

0 ∫
R(𝜃,t)

0
he(𝜃, r, t)rdrd𝜃 (8)

where the “e” subscripts denote the anomalies associated with the eddy (equivalent to the primed variables
in the general case described above), 𝜃 is the azimuth, t is time, R(𝜃, t) is the radial position of the boundary
, which may vary both with time and azimuth (the eddy is not necessary circular), and he = ∫ 0

−D 𝜌0CpTe is
LHC. Temperature Te is referenced to the mode of the temperature distribution, which corresponds to GCW
(vertical profile with a vertically averaged temperature of 10.7 ◦C).

We also define the eddy's equivalent mean surface flux density as the mean rate of change of THC per unit
area:

Qe =
𝜕tHe

e
, (9)
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wheree is the eddy's area. Qe has the dimension of a heat flux density (W/m−2) and is a convenient variable
to compare the eddies heat loss with the average surface heat flux density.

2.3. Heat Evolution and Effective Lateral Diffusivity
The evolution equation for LHC is obtained by integrating the temperature evolution equation between
depth D and the surface:

𝜕the + ∇⃗ · (heu⃗e) = ∇⃗ · (Kh∇⃗he) + Qs
tot − Qd. (10)

u⃗e is the depth-averaged horizontal velocity, ∇⃗ is the horizontal component of the Del operator, Kh is the
depth-averaged lateral diffusion coefficient, Qs

tot is the total surface heat flux, defined as the sum of the radia-
tive (Qs

rad), latent (Qs
lat), and sensible (Qs

sen) heat fluxes. Qd is a diffusive heat flux at depth D, defined as
Qd = Kv𝜕zTe(D), where Kv is the vertical diffusion coefficient and 𝜕zTe(D) is the vertical temperature gradi-
ent at depth D. Note that equation (10) is equivalent to Moisan and Niiler's (1998) temperature evolution
equation under the assumption of small temporal variations of the depth D, which is valid for large values
of D. In the present work, D is the level of no motion, which is assumed to be constant (1,000 m).

Integrating equation (10) over the eddy's surface (defined by the time and azimuth-varying radius R(𝜃, t))
yields an equation for the evolution of THC:

𝜕tHe(t) =
1
2 ∫

2𝜋

0
he(R)𝜕tR2d𝜃 + ∫

2𝜋

0 ∫
R(𝜃,t)

0
∇⃗ · (Kh∇⃗he)rdrd𝜃 + ∫

2𝜋

0 ∫
R(𝜃,t)

0
(Qs − Qd)rdrd𝜃. (11)

Since integration is done along closed stream lines, the heat flux divergence term vanishes. The first term
on the right-hand side arises from Leibnitz's theorem on integration over variable intervals and is related
to geometrical variations of the eddy's edge (mostly related to geostrophic readjustment during the eddy's
decay). It will be referred to as the spreading term. Using the two-dimensional Ostrogradski theorem and
assuming that Kh is homogeneous along the edge contour of the eddy, the surface integral of the lateral
diffusion term (second term on the right-hand side of equation (11)) can be rewritten:

∫ ∫S
∇⃗ · (Kh∇⃗he)dS = Kh(R)∮

∇⃗he · n⃗dc, (12)

where Kh(R) is the mixing coefficient at the edge of the eddy, n⃗ is a unit vector normal to the contour , and
dc is a contour element.

Neglecting Qd, equation (11) immediately yields an effective depth-averaged lateral diffusivity coefficient :

Kh(R) =
𝜕tHe(t) −

1
2
∫ 2𝜋

0 he(R)𝜕tR2d𝜃 − ∫ 2𝜋
0 ∫ R(𝜃,t)

0 (Qs
tot)rdrd𝜃

∮∇⃗he.n⃗dc
(13)

In practice, turbulent diffusivity can be defined as the ratio of the covariance of small-scale velocity and LHC
fluctuations and the mean LHC gradient of the mesoscale eddy:

Kh =
u⃗′

eh′
e

∇⃗he

. (14)

The Kh estimates proposed in this work are effective diffusivity coefficient and represent the advective effects
of all subgridscale fluctuations of velocity u⃗′

e and LHC h′
e, including submesoscale turbulence surrounding

the eddies, or intrinsic high azimuthal wave number instability of the eddies.

3. Results
3.1. LCR's Total Heat Content Anomaly and Its Evolution
Between 1 January 1993 and 1 January 2017, 32 LCRs were identified and tracked. Their edge contour, 10
days after detachment are shown in a centered frame of reference in Figure 2a. The LCRs have a wide size
range, with radii ranging between 87 and 178 km and areas between 2,400 and 9,900 km2. Figure 2a also
clearly shows a correlation between LCR's sizes and SSH: the larger the LCR, the larger the mean SSH. LCRs
detach between 25 and 27.4◦N, and their general southwestward path keeps covering a meridional range of
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Figure 2. (a) Centered edge contours of the 32 LCEs 10 days after detachment. The mean SSH of each eddy is color
coded. (b) Trajectory of the center of the 32 LCEs. The eddy's age (time since detachment) is color coded. (c) Heat
content anomaly of each detached eddy 10 days after detachment. Values computed using the maximal circulation
contours are shown as blue bars, while those computed using the last closed contours are plotted in red. The
cummulative heat for both cases is represented by the blue and red solid lines. (d) e-folding time 𝜏 against decay rate 𝜆

for all detected LCRs (gray dots). The dashed line is the 𝜆 = 1∕𝜏 function. (e) Time evolution of the eddies heat content
anomaly (gray dots). Exponential decay fits are superimposed as dashed black lines. (f) Heat content anomaly of the
eddies against the exponential fits (gray dots).The dashed black line represents the linear regression to the data.

approximatively 2◦ (Figure 2b). The eddies were tracked for periods ranging from 30 to 240 days, with an
average tracking time of 150 days. Note that the tracking time does not necessarily coincide with the eddy's
full life time, since tracking ended at the first splitting or merging event.

The cumulative heat contained in the 32 LCRs, as well as their individual heat content anomaly 10 days
after detachment, are shown in Figure 2c. The blue line represents values computed using the maximal
circulation contour criterion, while the red line represents the last closed contour criterion case. Between
1993 and 2017, LCRs carried 16.5 ZJ (1 ZJ = 1021 J) toward the interior GoM (20.4 ZJ when considering
the last closed contour as the outer edge of the eddies). The individual THC of each eddy 10 days after
detachment is highly variable, ranging between 0.08 and 1.6 ZJ, for an average of 0.51 ZJ (0.63 ZJ when
considering the last closed contour as the outer edge of the eddies) .

Figure 2e shows time series of LCR's THC during their drift. After detachment, THC decays exponentially
with time. A decay law of the form He(t) = He(0)e−𝜆t was fitted to the time series. Values for the decay rates
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𝜆 of each eddy were computed as
𝜆 = ⟨− ln(He(t)∕He(0))

t
⟩T , (15)

where ⟨·⟩T is the time-mean operator. Time series of the fitted exponential decay are superimposed on time
series of observed THC in Figure 2e, while they are plotted against each other in Figure 2f. On average, the
exponential decay law is a good approximation of THC, with a mean relative error of 15%. Figure 2d shows
the range of decay rate and corresponding e-folding decay time (𝜏 = 𝜆−1) for the 32 LCRs. Decay rates are
highly variable, with a range spanning 1 order of magnitude (3.4 × 10−8 < 𝜆 < 3.7 × 10−7 s−1), yielding an
average e-folding time of 130 days, and a range between 30 and 340 days.

3.2. Impact of the Surface Heat Fluxes
To quantify and understand the effects of surface fluxes in the eddies decay, the eddies equivalent mean
surface flux density (Qe) were computed following equation (9). The distribution of Qe is compared to the
eddy-averaged radiative (Q

s
rad), turbulent (Q

s
turb), and net total (Q

s
tot) heat flux density in the histogram of

Figure 3a. The net total heat flux density has a near-zero mean (5 W/m2), because of the compensating
contributions of turbulent and radiative heat fluxes, which have average values of −140 and 145 W/m2,
respectively. Although the distribution of Qe overlaps the distribution of the total surface heat flux density,
on average, the eddies lose heat at a much faster rate than surface heat fluxes would cause, with an average
value of Qe = −490 W/m2, and extreme values reaching −2,000 W/m2.

To infer the possible seasonality of the eddies heat loss, monthly mean values of Qe were computed. They
are shown in Figure 3b and compared with monthly means of Q

s
tot, Q

s
turb, and Q

s
rad. While the seasonal

cycle of the surface heat fluxes is clear, with Q
s
tot, Q

s
turb, and Q

s
rad varying respectively from−145, −210, and

65 W/m−2 in December to 150, −70, and 220 W/m2 in June, no evident cycle is discernible in the monthly
Qe variations. Moreover, maximum eddy heat loss is found to occur in July and August (average of −770 and
−800 W/m−2, respectively), which is a period of positive total net surface heat flux (heat gain for the eddies).

The radial distribution of the time variation of the eddies LHC (𝜕the(r)) was also investigated, computing
azimuthally averaged radial mean profiles for each eddy. A composite profile was computed as the average
of all eddies, nondimensionalizing the radial coordinate with each eddy's radius. The mean radial distribu-
tion of surface heat flux density (Qs

tot, Qs
turb, and Qs

rad) was computed following the same method. Results
are shown in Figure 3d. The radial distribution of 𝜕the(r) has a Gaussian form, with a maximum value of
550 W/m2 near the eddy's center, decreasing to zero at r = 2, and changing sign to reach moderate positive
values (60 W/m2) at r = 3. Despite enhanced turbulent fluxes over the eddies (−165 W/m2 at r = 0 and
−125 W/m2 at r = 2), the total surface heat flux density remains small (between 0 and +20 W/m2), because
of the compensating contributions of turbulent and radiative heat fluxes when averaged over the life times
of the 32 eddies.

To assess the long-term effect of surface fluxes on the eddies, the total heat loss caused by surface heat fluxes
during the eddies tracking period was computed as the integral of the surface heat flux density over the
surface of each eddy from detachment to the end of the detection period (before splitting or merging):

Hsur𝑓 = ∫
T

0 ∫
2𝜋

0 ∫
R

0
Qs

totrdrd𝜃dt, (16)

where T is the time during which each eddy was tracked. The ratio of Hsurf and the eddies total loss during
time T (Hsurf∕(He(0) − He(T))) was computed and its distribution is shown in Figure 3c. The ratio ranges
between −18 and 26% and has a near zero-mean (≈ −1%), showing that the net effect of surface heat fluxes
on a LCR life cycle can be a heat gain as well as a heat loss, and that, in any case, its impact is moderate.

3.3. Effective Lateral Diffusivity Estimates
Effective lateral diffusivity coefficients Kh were computed for all eddies using equation (13). Their distri-
bution is shown on the histogram of Figure 3e. The average value of Kh is 215 m2/s1, but the distribution
exhibits a wide range of variations, eventually reaching 1,500 m2/s1, and including events of negative val-
ues. Obviously, negative diffusivity coefficients Kh do not have any physical meaning, and are an artifact of
the methods. Here, occurrence of negative Kh is associated with short events of THC increase that are not
compensated by an increase of the surface heat fluxes or the spreading term.

To assess the time evolution of the diffusivity coefficient as the eddies drift, the diffusivity coefficient of
the 32 LCRs and the different terms of equation (13) were averaged over 10-day time intervals from their
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Figure 3. (a) Distribution of eddy-averaged rate of heat loss (gray bars), total surface heat flux density (yellow bars),
radiative surface heat flux density (red bars), and turbulent surface heat flux density (blue bars). (b) Monthly means of
eddy-averaged rate of heat loss (gray dots), total surface heat flux density (yellow dots), radiative surface heat flux
density (red dots), and turbulent surface heat flux density (blue dots). The standard deviations are plotted as light color
bars. (c) Distribution of the contribution of the total surface heat flux to the eddy's heat loss (blue bars). The red line
represents a Gaussian fit. (d) Composite radial distribution of the eddy's rate of heat loss (gray line), total surface heat
flux density (yellow line), radiative surface heat flux density (red line), and turbulent surface heat flux density (blue
line). The shaded areas represent the standard deviation between the observed eddies. (e) Distribution of the
depth-averaged effective lateral diffusivity coefficient (Kh). (f) Distribution of the heat flux toward the surrounding
ocean (diffusive flux, gray bars), heat flux toward the atmosphere (turbulent surface flux and upward long-wave
radiation), and the radiative heat flux received by the eddy (downward short and long wave radiations). (g) Time
evolution of the mean Kh (blue line and dots), and of the different terms in equation (13).

detachment until the end of the tracking period. As shown in Figure 3g, Kh is maximal right after detach-
ment, and then decreases from 500 to 120 m2/s during the first 2 months. It then fluctuates between 100 and
300 m2/s1 during the rest of the tracking periods, as the number of observations starts to decrease. Sensi-
tivity tests on the averaging time interval were performed (not shown), showing a decrease of the initial Kh
values and a smoothing of the fluctuations when increasing the interval. The rapid decrease of Kh during the
early life stage of the eddies is associated with a rapid decrease of the eddies rate of heat loss 𝜕tHe (first term
of equation (13)), and a continuous decrease of the radial component of the LHC gradient integrated over
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the eddy's edge contour (denominator in equation (13)). The surface heat flux and spreading terms (Terms
2 and 3 in equation (13)) remain small and do not affect the evolution of Kh with time.

Estimating and comparing heat transfers toward the atmosphere and toward the surrounding ocean is of
particular interest. In our framework, the only heat flux from the eddies toward the ocean is the diffusive heat
flux, which represents the advective effects of all unresolved fluctuations (second term on the right-hand
side of equation (11)). Heat is transfered from the eddies toward the atmosphere through turbulent heat
fluxes and upward long-wave radiative fluxes. The total heat fluxes distributions are shown in Figure 3f.
The total heat flux of LCRs toward the atmosphere ranges between 0.2 and 30 TW, with an average value
of 5.6 TW, while the total heat received by an eddy through solar radiation has an average 5.7 TW, which
compensates the eddies losses toward the atmosphere. In comparison, the total heat flux toward the ocean
(diffusive flux) is large, with an average value of 21 TW, eventually reaching 150 TW for some particularly
large eddies during their early life cycle.

4. Discussion and Conclusion
In this observational study, we gave a quantitative estimate of the THC of all LCRs detached between 1993
and 2017 and described their exponential decay as they drift through the central GoM. We showed that total
net surface heat fluxes could not account for the fast heat loss of the eddies, and that lateral mixing was
therefore necessarily a key process to explain the observed decay rates. Using simple theoretical arguments,
we proposed an estimate of the effective lateral diffusivity coefficient, representing the effects of all subgrid
processes (at scales smaller than 0.25◦).

Beyond numbers, this study aims to bring a better understanding of the heat budget in the GoM and the
processes controlling LCRs erosion. In particular, it is of interest to discuss the fate of the total heat carried
into the inner GoM by LCRs and its implication for the basin's heat budget. The residual net annual surface
heat fluxes over the GoM are still subject to debate, with estimates ranging between −24 and 46 W/m2

(Zavala-Hidalgo et al., 2002). To keep the GoM's total heat content stationary between 1993 and 2017 despite
the 16.5 ZJ carried by LCRs, the necessary average residual surface heat flux over its 1.6 × 106 km2 area
(GoM) can be estimated as

Qres =
∑32

n=1 Hn
e

GoMΔt
, (17)

where
∑32

n=1 Hn
e is the total heat carried by the 32 eddies during the time interval Δt = 24 years. The average

residual surface heat flux is found here to be a net heat loss of 14 W/m−2, similar to Hastenrath's (1968)
estimate, but less than Etter, 's (1983) 25 W/m2. Since several authors suggested that residual net surface
heat fluxes were near-zero or a heat gain for the GoM (Adem et al., 1993; Zavala-Hidalgo et al., 2002), it is
interesting to estimate the impact of unbalanced LCRs heat input. Under the approximation of a long-term
homogeneous redistribution of LCR's heat excess over the whole GoM's surface, equation (7) predicts that,
in the case of a zero annual mean net flux, the mean sea level would have increased by 66 cm in 24 years,
which has not been observed. This supports the existence of a yearly residual negative surface heat flux over
the GoM.

Although this study is focused on heat, similar estimates are possible for the salt content anomaly. Combin-
ing equations (1), (2), and (6), a similar expression to equation (8) describes the total salt content anomaly
of LCRs :

Se = ∫
2𝜋

0 ∫
R(𝜃,t)

0 ∫
0

−D

𝜂′

𝛽(1 − 𝛾−1)
rdrd𝜃 (18)

Applying this expression to the LCR database, we find an average total salt content anomaly of 10.7 billion
tons and a cumulative salt excess of 342 billion tons for the GoM between 1993 and 2017. The fresh water
input necessary to keep a mean salinity of S = 35.4 psu in the GoM can be estimated as

F =
∑32

n=1 Sn
e

SΔt
. (19)
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Numeric values for
∑32

n=1 Sn
e described above yield a necessary freshwater input of 12,700 m3/s, which closely

match Morey et al., 2003's (2003's) recent estimates of the Mississipi discharge (13,000 m3/s) and is slightly
larger than the total freshwater input estimates of Elliott (1982) (11,000 m3/s).

Our estimates of decay rate and e-folding times give interesting information on where LCR's heat is released.
From the 32 eddies, 9 were tracked until they approached the western GoM's shelf. The average time for those
eddies to reach the longitude of 95◦W is 190 days, while the average e-folding decay time 𝜏 is 130 days. After
time 𝜏, an eddy's THC is He(0)

e1 , which suggests that in average, eddies have lost nearly 2/3 of their heat two
months before they reach the eddy graveyard. This study thus shows that on average, eddies primarily release
their heat toward the interior GoM, and that they have considerably decayed as they reach the western GoM.

One important result of this study is the seemingly secondary role played by surface heat fluxes in the
eddies decay: Although on average, turbulent heat fluxes extract heat to LCRs at a rate corresponding to
about 35% of the total eddy's heat loss, the latter are compensated by the heat gained from radiative heat
fluxes, so that the average effect of total surface heat fluxes is close to zero. Heat fluxes may however have
an indirect impact on the LCRs heat loss: using a 11∕2-layer model of a zero-potential vorticity warm-core
ring, Dewar (1987) showed that warm-core rings decayed through ventilation was not only related to the
direct heat loss toward the atmosphere, but that secondary processes, including geostrophic readjustment,
resulted in large amount of energy loss in the internal-wave spectrum. The applicability of Dewar, 's (1987)
theoretical model seems however limited in our case: while the 11∕2-layer model seems suited to describe
LCRs, and the zero-potential vorticity hypothesis, despite not being representative of LCRs, may be accept-
able; the magnitude of instantaneous heat losses considered by Dewar (1987) are extremely far from what
is observed in the GoM. Considering the extreme case of a 12-hr cold-front event, where latent heat fluxes
can reach 1,000 W/m2 and radiative fluxes tend to zero, the total heat loss toward the atmosphere can be
approximated as

ΔHe = ∫
12h

0 ∫
2𝜋

0 ∫
R(𝜃,t)

0
Qs

latrdrd𝜃dt. (20)

For an average LCR, the ratio ΔHe∕He has a value of 0.27%, which is 2 orders of magnitude smaller than the
most moderate case considered by Dewar (1987) (20%). It is also important to note that the heat loss would
occur continuously during 12 hr, which is half the inertial period at 25◦N, so that it can hardly be considered
as instantaneous. Since the magnitude of the effects of adjustment on the eddy's decay is directly linked to
this instantaneous heat loss ratio, one could argue that it should have small effects in our case. Moreover,
important adjustment should result in a large spreading term, which is not observed here (Figure 3g).

That most of LCRs' heat is transfered to the surrounding water rather than toward the atmosphere is an unex-
pected result. However, it is important to keep in mind that even if the atmosphere has relatively moderate
effects on LCRs, the latter have strong impact on extreme mesoscale atmospheric events, such as thunder-
storm cells (Molina et al., 2016) and hurricanes (Shay et al., 2000), that strongly affect human activity. In
that regard, our results do not aim to lessen the importance of air-sea fluxes over LCRs. We simply suggest
that air-sea fluxes have a more relative importance for the atmosphere than for LCRs life cycle.

It is also important to note that all heat flux products have a large error in the GoM, which is one of
the world's region with most uncertainty in latent heat flux estimates (Bentamy et al., 2017), with errors
eventually reaching 60 W/m2. Although this error may seem large, it is moderate in regard to the large dif-
ference between the rate of heat loss of LCRs and the total net heat fluxes (Figures 3a–3d). Propagating an
uncertainty of 60 W/m2 on Qs

tot in equation (13) adds an uncertainty of 13% on the Kh values.

The average lateral diffusivity coefficient estimated in this study (215 m2/s) is of the same order of magnitude
as Joyce and Stalcup's (1985) estimates in Gulf Stream rings (200–500 m2/s), which are close cousins of
LCRs, but more than Olson, 's (1986) 90 m2/s and Chassignet et al., (1990)'s 50 m2/s in that same type of
eddies. Our results are also close to Conway et al., (2018)'s and Qiu et al., (2007)'s estimate in a Kuroshio
ring (300 m2/s). They are however significantly larger than Ledwell et al., (2008)'s estimates in Sargasso
sea mode water eddies (20 m2/s). Although extensive field work and numerical experiments have recently
provided important information on the dispersion of tracers in the deep GoM (Ledwell et al., 2016), to the
best of our knowledge, no estimate of lateral diffusivity is available for LCRs so that a strict comparison of our
results with previous work is not possible. It is, however, important to note that the coarse resolution of the
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altimetry data might lead to an overestimate of Kh: the radial LHC gradient, which controls the denominator
of equation (13), is considerably smoothed on the altimetry grid. While typical velocity maxima found using
altimetry are of 0.7 m2/s, in situ measurements show values ranging between [1 and 2] m2/s (Cooper et al.,
1990; Guan et al., 2011; Meunier et al., 2018). Since surface geostrophic velocity is proportional to the radial
SSH gradient, and thus the radial LHC gradient (equation (7)), an underestimation of a factor 2 in surface
velocity corresponds to an overestimation of the same factor for Kh. Our average Kh would then be≈100 m2/s.

Making sense of lateral diffusivity coefficient values can be delicate. Since the latter are extremely dependent
on the resolved spatial scale (Shcherbina et al., 2015), the range of values proposed here is only strictly com-
parable with estimates performed on the same spatial scale. They cannot be directly compared to the results
of most dye experiments which are valid for scales of [1–10 km] and yield typical Kh values of O(1 m2/s)
(Ledwell et al., 1998), nor basin-scale experiments, which are valid for scales of [100–1,000 km] and yield
typical values of O(104 m2/s (Zhurbas & Oh, 2004).

These diffusivity coefficients, which represent the advective effects of subgrid fluctuations, could however
be useful for the parameterization of numerical models with similar grid scales (mesoscale permitting but
not resolving) such as modern coupled climate models.

While our study cannot shed light on the physical processes responsible for the lateral dispersion of LCR's
heat, it clearly shows that these processes occur at the submesoscale (smaller than the smaller scale resolved
by SSH, i.e., roughly 2 × 0.25◦), and that most of LCR's erosion occurs in the interior GoM and not along
the western shelf and slope, as previously accepted. An ongoing series of glider surveys in the central GoM,
as well as very-high resolution modeling in idealized and regional configurations, should shed light on the
details of the processes occuring at O(1–10 km) and impacting heat dispersion. A similar study, applied to
Agulhas rings is also in progress, and should extend these results to a different class of eddies, with the
purpose of better understanding the role of warm-core rings in the global tracer transport and diffusion at
basin scales.
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