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ABSTRACT: Observations of deep Argo displacements (located between 950 and 1150 dbar) and their associated inte-
grated Lagrangian velocities allow for the first time to compute worldwide deep horizontal transfers of kinetic energy (KE)
between the 38 3 38 mean and eddy reservoirs [mean kinetic energy (MKE) and eddy kinetic energy (EKE), respectively].
This diagnostic reveals that the transfers are mainly localized along western boundaries and in the Southern Ocean. Over-
all, the MKE-to-EKE transfers appear dominant globally and in all specifically tested regions (i.e., Gulf Stream, Kuroshio,
Agulhas Current, and Antarctic Circumpolar Current). However, an important exception is the Zapiola Gyre where EKE-
to-MKE transfers dominate. Beyond that, we find that horizontal KE transfers are better described by the horizontal prop-
erties of the mean flow deformation (divergence and strain) than by the horizontal properties of the turbulent velocities.
Our theoretical analysis also demonstrates that the mean flow vorticity does not contribute to KE transfers. We show the
existence of two consistent transfer modes: one from MKE to EKE and one from EKE to MKE, which are based on the
eigendirections of the mean flow deformation tensor. The alignment of the turbulence along these directions selects
the transfer modes, and it is the competition between these two transfer modes that leads to the actual transfers. We com-
pute these transfer modes globally, regionally, and locally. We explain the distinctive situation of the Zapiola Gyre by the
favored alignment of the turbulence with the EKE-to-MKE transfer mode. Overall, the dominance of the large-scale flow
properties on the structure of the MKE-to-EKE transfers suggests the potential for large-scale parameterization.
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1. Introduction

Ocean circulation acts on a wide range of time scales (Dijkstra
2000) from gravity waves to inertial motions (van Aken et al.
2007), to meso- and submesoscale turbulence (Chelton et al.
2007; McCoy et al. 2020), to Rossby waves (Tulloch et al. 2009),
to long, climatically relevant basin-scale variability (Kushnir
1994). In particular, in energetic regions, such as the Gulf
Stream, Kuroshio, Agulhas Current, Zapiola Gyre, and Antarctic
Circumpolar Current, active mesoscale turbulence coexists with
intense mean currents (e.g., van Sebille et al. 2011). Mean flow
and eddy turbulence can feedback on each other because of non-
linear processes (Harrison and Robinson 1978). Hence, the inter-
action between the mean circulation and the eddy turbulence is a
current topic of ocean research.

The subject of eddy-driven mean flows originated in the atmo-
sphere when the midlatitude westerlies were shown through ob-
servations by Starr and collaborators (see Starr 1968) to be forced
by the convergence of zonal momentum by the eddies. This has
been confirmed by laboratory b-plane experiments showing the
dynamical links between mean flow generation, Rossby wave ra-
diation, and potential vorticity mixing (Whitehead 1975; Colin de
Verdière 1979). Examples of such behaviors also exist in the
ocean. For example, in the Gulf Stream, the transport estimated
by the Sverdrup balance only accounts for a third of the actual
transport. This remained a puzzle until quasigeostrophic models
and theory showed the existence of inertial recirculation gyres
forced by eddies produced by baroclinic instability (Holland 1978;

Rhines and Holland 1979). Another example is the Zapiola Gyre
in the Argentine Basin, whose circulation was first observed by
Saunders and King (1995) during the WOCE experiment and has
a barotropic transport around 120 Sv (1 Sv ; 106 m3 s21), as
found from Argo float data by Colin de Verdière and Ollitrault
(2016). The eddy-driven character of the circulation is discussed
with both theory and numerical simulations by Dewar (1998) and
deMiranda et al. (1999).

In this context, one of the current overarching questions of
ocean dynamics is how the energy received by the ocean
(Munk and Wunsch 1998) subsequently finds its way to dissi-
pation through a wide range of scale interactions. Hence, the
study of energy transfers has been a long, active field of ocean
research using both local observations (e.g., Hall 1986; Rossby
1987, focusing on the Gulf Stream) and numerical models
(e.g., Kang and Curchitser 2015). In an eddy-resolving high-
resolution (1/108) ocean model, von Storch et al. (2012) ana-
lyzed the energy budget following the Lorenz energy cycle
(Lorenz 1955) in the absence of tidal forcing. They showed
that most (;68%) of the kinetic energy (KE) dissipation was
achieved through eddy kinetic energy (EKE) dissipation. Hence,
the kinetic energy of the ocean [see Ferrari and Wunsch (2009)
for a thorough review on kinetic energy in the ocean] and the
distinction between mean kinetic energy (MKE) and EKE ap-
pear crucial. Arbic et al. (2014) further suggest the key role of
eddy dynamics, which, through the inverse cascade of kinetic en-
ergy, generates long time-scale and large spatial-scale variability.

Observations of eddy–mean flow interactions have shown
the existence of KE transfers between reservoirs (i.e., MKE
reservoir and EKE reservoir). This has been computed in the
Agulhas region by Zhu et al. (2018), for example. They showCorresponding author: F. Sévellec, florian.sevellec@univ-brest.fr
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that the barotropic eddy energy conversion rate (i.e., transfers
from MKE to EKE) is the main source of changes in the region,
over the baroclinic eddy energy conversion rate (i.e., transfers
from mean to eddy potential energy). In a more global and ex-
haustive framework, Chen et al. (2014a) derived a full energy
transfer framework and showed the existence of local and nonlo-
cal eddy–mean interactions (showing that the former dominates
in the subtropics, whereas the latter dominates in intense current
regions). This work has been extended by Chen et al. (2016) for
time-dependent reservoirs. This leads to the identification of an
additional KE reservoir [KE perturbation residual reservoir}
residual kinetic energy (RKE) for residual KE], which acts as a
buffer between MKE and EKE transfers. This rationalizes the
effect of local and nonlocal eddy–mean interactions as transfers
between MKE and EKE reservoirs and between MKE and
RKE reservoirs, respectively. Beyond KE transfers, eddy–mean
flow interactions have also been shown to impact tracer evolu-
tion (Marshall and Radko 2003), with consequences for long-
term variability (Sévellec et al. 2021) and the interpretation of
eddy-less ocean models (McDougall and McIntosh 2001).

Here, for the first time, we estimate from global deep observa-
tions the horizontal mean–eddy interactions and characterize the
horizontal transfer of kinetic energy between the MKE and EKE
reservoirs. For this purpose, we use velocities estimated from the
Argo float deep displacement ANDRO database (Ollitrault et al.
2022). We show that the KE transfers at 1000-m depth are inten-
sified along energetic western boundary currents and within the
Antarctic Circumpolar Current. The transfers have a spatial scale
significantly smaller than the mean flow. Decomposing the trans-
fer based on the properties of the turbulent flow (isotropic, aniso-
tropic, and covariance components) does not exhibit a dominant
term. Also, the inherent coordinate dependence of this de-
composition motivates the need for a coordinate-invariant
decomposition. Hence, we suggest an alternative decomposition
based on the mean flow properties (divergence and strain). It
shows that the transfer is the small residual of two opposing and
intense transfers: one from MKE to EKE and one from EKE to
MKE acting along the horizontal strain directions. These trans-
fers can be physically interpreted within the classical framework
of eddy growth/decay. We find that the MKE-to-EKE transfer
dominates globally, and in many regions, the Zapiola Gyre is an
exception where the eddies drive the mean flow. If the eddy-
driven character of the Zapiola Gyre has already been predicted
from theory and numerical models (Dewar 1998; de Miranda
et al. 1999), it is the first time that it is found in observations.

The article is organized as follows. The observational data and
the method to infer mean and turbulent velocities are described
in section 2. Section 3 presents the theoretical framework used
to characterize KE transfers between the mean and eddy reser-
voirs. Results from the application of the framework to the ob-
servations are included in section 4. Conclusions are in section 5.

2. Data and methods

a. The ANDRO dataset

The ANDRO dataset provides horizontal velocities derived
from Argo float deep displacements (Ollitrault et al. 2022).

Details on the ANDRO dataset are provided in Ollitrault and
Rannou (2013) and Ollitrault and Colin de Verdière (2014).
We used the 2022 release corresponding to ANDRO_91950.
Within this dataset, we have access to 1 347392 velocity values
since 2000. These velocities correspond to displacements of
typically 10 days, which is set to represent the typical meso-
scale turbulence decorrelation time (Freeland et al. 1975;
Rossby et al. 1983; Owens 1991; Ollitrault and Colin de
Verdière 2002).

From the full dataset, we first select velocities located at
;1000 dbar (within the range between 950 and 1150 dbar).
This leads to a total of 1 000 981 displacements (Fig. 1). A full
discussion of the sources of error is provided in Sévellec et al.
(2017, 2022). Here, we will fully acknowledge these observa-
tional errors (also provided by the ANDRO dataset) by per-
forming 10 successive, independent computations of the full
analysis, following a Monte Carlo method (see the detailed
description at the end of section 2b).

Before describing the methodology, it is important to ac-
knowledge the horizontal inhomogeneity of the density of the
Argo float displacements provided by the ANDRO dataset
(Fig. 1). Velocities are recorded almost everywhere in the
ocean, but the coverage shows lower density in the Southern
Ocean and northern North Pacific and a relatively higher den-
sity in the South Pacific, North Atlantic, and central Indian
Oceans. We computed the density of the selected Argo float
displacements at each 183 18 location using a 383 38 size cell.
The average density is 240 displacements per 38 3 38 with a
standard deviation of 55 displacements per 38 3 38, but it can
locally go up to 1252 displacements per 383 38.

In this framework, deviations from the mean flow within a
38 3 38 grid cell could be due to (permanent) spatial differ-
ences in the flow within the cell, time variations of the flow, or
both. However, they are all used together to provide local veloc-
ity statistics. Hence, in the rest of the study, the mean will be de-
fined as permanent features larger than 38 3 38, whereas
turbulence will be defined as spatiotemporally variable features
smaller than 383 38 but longer than 10 days. This spatiotemporal
average denotes the more classical spatial or temporal average
often used to separate the mean and turbulent flows in the litera-
ture. This choice of a single spatiotemporal average is dictated
by the observational dataset, but leads to a nontrivial interpreta-
tion of the mean and turbulent flows, as well as their interactions,
that should be done carefully.

b. Methods

From these deep velocity observations, the mean velocity is
computed for each 18 3 18 cell using a running average of all
velocities over a 38 3 38 grid as

u(x0, y0) 5
1
n
∑
n

j51
uj(x,y) O(x0,y0),

∣∣∣ (1a)

y (x0, y0) 5
1
n
∑
n

j51
y j(x,y) O(x0,y0),

∣∣∣ (1b)

where x and y are the zonal and meridional coordinates, re-
spectively; u and y are the mean zonal and meridional
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velocities, respectively; uj and y j are the zonal and meridional
velocities from the ANDRO dataset, respectively; O(x0, y0)
defines a cell centered at longitude x0 and latitude y0 such that
x 2 [x0 2 (1/2)Dx, x0 1 (1/2)Dx] and y 2 [y0 2 (1/2)Dy, y0 1
(1/2)Dy] with x0 and y0 being evenly spaced every 18 and Dx
and Dy being the zonal and meridional extents of the spatial
mean corresponding to the 38 3 38 cell, respectively; n is the
number of zonal and meridional velocity samples available in
this O cell; and j is the index of these individual velocities.

The difference between the Eulerian mean and the La-
grangian mean is an old subject reviewed by Davis (1991). Re-
garding the specific issue of inferring velocities using Argo
float trajectories, Wang et al. (2020) show that errors can
reach up to 10% in numerical model estimates, differences
which will not be further examined in the rest of the study.
Beyond this, the locality of the velocity can also be questioned
in fast current regions. Indeed, some Lagrangian particles can
travel beyond a single grid cell over their 10-day displace-
ment. In Sévellec et al. (2017), this was estimated to occur for
10% of the particles for a 48 3 48 grid. Hence, together with
our reference 38 3 38 grid, we have tested the computation
of KE transfers with three wider grids: 48 3 48, 58 3 58, and
68 3 68. The grid size sets a scale selection differentiating
the MKE and EKE reservoirs. We found that our results are
robust to the grid size, beyond the typical smoothing expected
with the use of wider grid (we refer the reader to section 5
and Fig. 14 for further discussion on this point).

The mean velocities show the general circulation at this depth
(Figs. 2a,b). The circulation is dominated by an eastward flow in
the Southern Ocean, characteristic of the Antarctic Circumpolar
Current. The flow also shows signatures of intense circulation
features such as the Gulf Stream, Kuroshio, Agulhas Current,
and Zapiola Gyre, for instance.

From these mean velocities, we can compute the horizontal
deformations caused by the mean flow. Following Okubo
(1970) and Weiss (1991), we define four properties of the
mean horizontal flow (Fig. 3):

D 5­xu 1­yy , (2a)

z 5 ­xy 2 ­yu, (2b)

sn 5­xu 2­yy , (2c)

ss 5­xy 1 ­yu, (2d)

where D is the divergence, z is the vorticity, sn is the stretch-
ing (or normal strain), and ss is the shearing (or shear strain).
These diagnostics show that the divergence of the mean flow
is small compared to the vorticity or strain, a result consistent
with the expected underlying geostrophic dynamics. Note that
the relatively large values of the divergence south of 568S are
occurring in regions where the sampling is the weakest and so
should be taken with caution. Being spatial derivatives of the
mean flow, large values of vorticity and strain are mainly lo-
cated along intense western boundary currents and along the
Antarctic Circumpolar Current. These diagnostics exhibit smaller
spatial scales than the mean flow. The divergence and stretching
show smaller-scale structures than the more coherent picture of-
fered by the vorticity and shearing.

The turbulent velocities and velocity covariance (i.e., the
horizontal Reynolds stresses) can also be estimated at each
18 3 18 cell as the standard deviation of all the velocities re-
corded in the ANDRO dataset within a 38 3 38 grid. This
reads as follows:

FIG. 1. Argo float deep displacement density. Number of velocity measurements from the
ANDRO dataset per 38 3 38 cell along a 183 18 grid for the selected 1000981 velocities (i.e., be-
tween 950 and 1150 dbar). The color bar follows a log scale. The white colored regions corre-
spond to regions with less than 10 measurements or no available data.
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ũ(x0, y0) 5
�����
u′2

√
5

����������������������������������������
1

n 2 1
∑
n

j51
[uj(x, y)|O(x0,y0) 2 u]2

√
, (3a)

ỹ (x0, y0) 5
�����
y ′2

√
5

����������������������������������������
1

n 2 1
∑
n

j51
[y j(x, y)|O(x0,y0) 2 y ]2

√
, (3b)

c̃(x0, y0) 5 u′y ′

5
1

n 2 1
∑
n

j51
[uj(x, y)|O(x0,y0) 2 u][y j(x, y)|O(x0,y0) 2 y ],

(3c)

where u′2 and y ′2 are the zonal and meridional velocity per-
turbation variances, respectively; ũ and ỹ are the zonal and
meridional standard deviations measuring the zonal and me-
ridional turbulent velocities, respectively; and c̃ is the velocity
covariance. From ũ and ỹ , we can define the eddy kinetic en-
ergy as (ũ2 1 ỹ 2)/2. Given this definition, the turbulent veloci-
ties are not strictly restricted to mesoscale eddy turbulence
and submesoscale processes, but include all variations found
in the observations. Here, we should remind readers that we
observe flows for frequencies lowest than Nyquist frequency
≃(0.05 cycles per day), with potential aliasing of higher-
frequency processes.

Zonal and meridional turbulent velocities show intensification
in western boundary currents and along the Antarctic Circum-
polar Current (Figs. 2c,d), which are expected regions of intense
turbulent mesoscale activity. The values in the Southern Ocean

are consistent with the ones reported by Gille (2003; in the con-
text of eddy momentum fluxes). The Zapiola Gyre and the
Agulhas Current retroflection regions are also particularly ener-
getic. The zonal turbulent velocities appear especially strong in
the equatorial region (and are related to the meridional migra-
tion of mean currents and countercurrents, as well as equatorial
wave dynamics; Brandt et al. 2011; Delpech et al. 2020). Hence,
midlatitude turbulence is inhomogeneous, with strong values in
western boundary currents and the Antarctic Circumpolar Cur-
rent and weak values in the gyre interiors. There, it is mostly iso-
tropic, while by contrast, the turbulence at the equator is
strongly anisotropic with particular dominance of turbulent ve-
locities over the mean velocities.

Consistent with the descriptions of Wunsch and Ferrari
(2018), a Péclet number measured by the ratio of the mean
to the standard deviation (i.e., reflecting the ratio of the
mean advection to the turbulent advection) is smaller than
1 for our coarse 38 3 38 1000-m depth flow (Figs. 2a,b vs
Figs. 2c,d).

All the individual deep velocities (uj and y j) are associated
with an observational error (u*j and y *j ) provided by the
ANDRO dataset (Ollitrault and Rannou 2013). These errors
are used to estimate the robustness of our results through the
Monte Carlo method. Hence, each individual Lagrangian veloc-
ity is treated as a random process with expectation value given
by the observational data (uj and y j) and standard deviation
given by the observational error (u*j and y *j ). Ten realizations of
random processes are carried out to create 10 independent data-
sets. The full analysis (binning on the regular 18 3 18 grid,

FIG. 2. Mean and turbulent zonal and meridional velocities. Colors show (a),(b) zonal and meridional mean and
(c),(d) standard deviation of velocities (cm s21), following (1) and (3), respectively. The latter are a proxy for turbu-
lent velocities. (d) Contours show covariance of zonal and meridional velocities, following (3). Velocities are com-
puted as the velocity mean, standard deviation, and covariance within 38 3 38 cell on a 18 3 18 grid. Black, gray, and
blue contours correspond to positive, zero, and negative values, with a contour interval of 20 cm2 s22.
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computation of mean and turbulent velocity, and the computa-
tion of KE transfers described thereafter) is done for each reali-
zation. The mean and standard deviation of the results give the
most likely result and its error, respectively. We stop after 10
realizations because the results and errors have converged. The
convergence comes from the fact that KE transfers derive from
the local velocity mean and standard deviation, which are well
constrained despite the individual velocity errors, since we have
an average of;240 samples at each location (Fig. 1). TheMonte
Carlo realizations do not exhibit any visible changes in the

patterns, so that the associated error is not shown in individual
figures. It is only summarized in Table 1.

Despite not impacting the framework and derivations, since
a mean and a standard deviation are defined without ambigu-
ity regardless of the size of the dataset, the number of sam-
ples is another possible source of uncertainty. To test this
source of truncation errors, we have reproduced the full anal-
ysis using two older releases of ANDRO: ANDRO_47029
and ANDRO_66657 from 2013 and 2019, respectively, which
are still available online. By construction, they are such that

TABLE 1. Regional values of horizontal transfers of KE (10211 m2 s23). Values and uncertainties are averaged over the globe and
five key regions: Gulf Stream, Kuroshio, Zapiola Gyre, Agulhas Current, and ACC. These regions have been chosen for their
relatively intense KE transfers. The ACC region is defined as south of 358S, whereas the others are shown in Fig. 4, for instance. The
values and uncertainties are computed as the mean and the standard deviation of 10 Monte Carlo realizations. The relative values are the
spatial integral of the region divided by the global area. Note that since negative values are possible, regional relative values can be high
because of interregional compensations. The total horizontal transfers of KE are split into three terms based on turbulent flow properties:
isotropic, anisotropic, and covariance. The total horizontal transfers are also split into properties of the mean flow: primary and secondary
modes. Finally, the potential for MKE-to-EKE and EKE-to-MKE transfers (FMKE"EKE and FEKE"MKE, respectively) and the efficiency
of the MKE-to-EKE transfers (GMKE"EKE) are also indicated. Positive and negative values show MKE-to-EKE and EKE-to-MKE
transfers, respectively. The dominant term for each of the categories/decompositions is shown in bold.

Global Gulf Stream Kuroshio Zapiola Gyre Agulhas Current ACC

Total (absolute) 0.8 6 0.0 1.0 6 0.1 1.0 6 0.2 21.4 6 0.2 11.5 6 0.2 2.9 6 0.0
Total (relative) 100% 5% 7% 27% 87% 97%
Isotropic 0.4 6 0.0 1.3 6 0.1 0.2 6 0.1 2.2 6 0.1 5.8 6 0.2 1.8 6 0.1
Anisotropic 20.3 6 0.0 21.2 6 0.0 0.7 6 0.1 29.2 6 0.2 21.6 6 0.2 21.7 6 0.1
Covariance 0.7 6 0.0 0.9 6 0.0 0.1 6 0.1 5.5 6 0.1 7.3 6 0.1 2.7 6 0.1
Primary 22.9 6 0.2 33.3 6 0.1 16.3 6 0.3 97.7 6 0.4 88.2 6 0.2 57.2 6 0.4
Secondary 222.1 6 0.2 232.3 6 0.2 215.3 6 0.2 299.2 6 0.7 276.7 6 0.3 254.3 6 0.5
FMKE"EKE 44.0 6 0.3 66.0 6 0.2 30.9 6 0.6 193.6 6 0.8 167.3 6 0.5 110.8 6 0.8
FEKE"MKE 243.2 6 0.3 263.4 6 0.4 230.5 6 0.4 2189.2 6 0.8 2155.7 6 0.3 2107.1 6 0.9
GMKE"EKE 0.50 6 0.00 0.50 6 0.00 0.50 6 0.00 0.49 6 0.00 0.50 6 0.00 0.50 6 0.00

FIG. 3. Horizontal gradients of mean horizontal velocities. Colors show (a)–(d) horizontal divergence, vorticity, stretching
(or normal strain), and shearing (or shear strain) of horizontal mean velocities.
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ANDRO_66657 (corresponding to a mean sample of ;180 per
38 3 38) is a subsample of ANDRO_91950 and ANDRO_47029
(corresponding to a mean sample of ;100 per 38 3 38) is a sub-
sample of ANDRO_66657. This analysis confirms the robustness
of our results and does not show a significant impact of the num-
ber of samples (not shown).

3. Analysis

a. Set of equations

To derive the horizontal kinetic energy transfers between the
mean flow and its perturbation, we start from the Boussinesq,
incompressible, primitive equations appropriate for a high
Reynolds number (viscous forces are negligible), together
with hydrostatic equilibrium for vertical momentum and
nondivergence:

Dtu 2 fy 52
1
r0
­xp, (4a)

Dty 1 fu 52
1
r0
­yp, (4b)

0 52
1
r0
­zp 2

g
r0

r, (4c)

­xu 1­yy 1 ­zw 5 0, (4d)

where t, x, y, and z are the time, longitude, latitude, and
depth, respectively; u, y , and w are the zonal, meridional, and
vertical velocities, respectively; r(0) is the (reference) density
for seawater; p is the pressure; f is the Coriolis parameter; g is
the acceleration due to gravity; and (Dt 5­t 1 u­x 1 y­y 1 w­z)
is the material derivative.

b. Mean and eddy kinetic energy evolution

From this set of equations, we can derive the evolution of
mean and eddy kinetic energy. This derivation can be found in
some forms in numerous previous studies or textbooks (e.g.,
Rossby 1987; Davidson 2004). It is summarized here for consis-
tency and to provide the readers with the exact framework.

Splitting the velocities, density, and pressure between a
(spatiotemporal) mean ( ? ) and a perturbation (′) from this
mean such that u5 u 1 u′, y 5 y 1 y ′, w5 w 1 w′,
r 5 r 1 r′, and p5 p 1 p′ (with u′ 5 y ′ 5 w′ 5 0, r′ 5 0, and
p′ 5 0), we obtain a set of equations for the mean and a set of
equations for the perturbation. Then, we can write the mean
evolution of MKE [defined as (u2 1 y 2)/2] as

DtMKE 52u(­xu′2 1­yu
′y ′ 1­zu

′w′ )
2y (­xu′y ′ 1­yy

′2 1­zy
′w′ )

2
g
r0

wr 2
1
r0

(u­xp 1 y­yp 1 w­zp), (5)

where Dt is the mean material derivative (5­t 1 u­x 1
y­y 1 w­z). The first two lines correspond to the eddy–mean

flow interactions, whereas the third line corresponds to the
mean baroclinic transfer with potential energy and the
mean pressure work.

We define the eddy–mean interactions acting on MKE as

C 52u(­xu′2 1­yu
′y ′ 1­zu

′w′ )
2 y (­xu′y ′ 1­yy

′2 1­zy
′w′ ): (6)

The two terms within the parentheses are the divergence of
the Reynolds stresses, the turbulent forces acting on the
mean circulation. Hence, C is the work of these forces, cor-
responding to the action of the turbulence on the mean
flow.

Following the same steps as for the MKE but starting from
the set of equations for the perturbation, the EKE [defined as
(u′2 1 y ′2 )/2] changes read

DtEKE 52(u′2­xu 1 y ′2­yy )
2 u′y ′ (­xy 1 ­yu) 2 u′w′­zu 2 y ′w′­zy

2
g
r0

w′r′ 2
1
r0

(u′­xp′ 1 y ′­yp′ 1 w′­zp′ ): (7)

On the left-hand side of this equation is the mean of the time
evolution together with the advection by the mean velocity
and by the velocity perturbation of EKE. These advective
terms, which include eddy–mean interactions, are divergence
terms that vanish by integration over the domain. Hence, they
redistribute EKE, but are not a net source or sink of EKE,
per se. On the right-hand side of this expression, we have
sources and sinks of EKE. The first two lines correspond to
eddy–mean flow interactions, where the two first terms are
horizontal transfers from the mean kinetic energy (as demon-
strated later) and the two following ones are vertical transfers
from the mean kinetic energy. The third line corresponds to
baroclinic transfer with potential energy and pressure gradi-
ent work.

Equivalently to the evolution of MKE, we define the eddy–
mean interactions acting on EKE as

B 52(u′2­xu 1 y ′2­yy ) 2 u′y ′ (­xy 1 ­yu)
2 u′w′­zu 2 y ′w′­zy : (8)

c. Local versus nonlocal eddy–mean interactions

Using integration by parts, the eddy–mean interaction
terms for MKE [(6)] can be rearranged to explicitly show the
link between the evolution of EKE and MKE. We obtain

C 5 (u′2­xu 1 y ′2­yy ) 1 u′y ′ (­xy 1 ­yu) 1 u′w′­zu 1 y ′w′­zy

2 [u′­x(uu′) 1 y ′­y(uu′) 1 w′­z(uu′)]
2 [u′­x(y y ′) 1 y ′­y(y y ′) 1 w′­z(y y)]: (9)

We find C52B1D, where D can be rewritten as a diver-
gence term using (4d), the second and third line in (9). Here,
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2B represents the horizontal and vertical sources and sinks of
MKE, which also appear in the EKE evolution [(8)], with the
opposite sign (consistent with the description of Tennekes
and Lumley 1972, for instance). Hence, it corresponds to the
kinetic energy transfer between MKE and EKE reservoirs.
The second term D represents the perturbation advection of
residual kinetic energy (defined as RKE5 uu′ 1 yy ′). It is
equivalent to an eddy-induced advection of first-order kinetic
energy perturbation. This term has no net global impact since
it is a divergence of a flux, which is zero at the boundaries
(and after acknowledging the nondivergence of the eddy
flow). This corresponds to a geographical redistribution of ki-
netic energy. Hence, the domain average of C and2B is equal
and opposite. Following Chen et al. (2014a, 2016), the terms
2B and D are called local and nonlocal mean–eddy interac-
tion, respectively. Since the goal of the study is to assess ki-
netic energy transfers, we will focus exclusively on the local
mean–eddy interactions B.

4. Results

a. Global observations of horizontal kinetic
energy transfers

In the context of velocity gathered by deep displacements
of Argo floats from the ANDRO database, the whole expres-
sion of the evolution of mean and eddy kinetic energy cannot
be fully assessed. Indeed, the Argo floats only give us access
to the horizontal velocities. This means that the vertical trans-
fers of kinetic energy and the baroclinic transfers with poten-
tial energy cannot be evaluated. Note that away from the
equator, the vertical kinetic energy transfers are expected to
be smaller than the horizontal ones given the small Rossby
number of the large-scale circulation and mesoscale turbu-
lence. The baroclinic transfers from available potential en-
ergy are obviously significant since the main source of
turbulence at mesoscale is the conversion of mean potential
energy by baroclinic instability. Other terms such as the
pressure gradient term, the advection by the mean flow, and
the advection by the turbulence vanish by integration over

the domain. They transport MKE or EKE but have no net
contribution.

Hence, we will focus in the rest of the study on the horizon-
tal component of KE transfers, which, following (8), reads

{MKE ↔ EKE}hor 5 B|hor 52(u′2­xu 1 y ′2­yy )
2 u′y ′ (­xy 1 ­yu): (10)

This term will be referred to as KE transfers. Here, positive
and negative values correspond to net transfers from MKE to
EKE and from EKE to MKE.

Using this diagnostic, we find that the major transfers are lo-
cated in western boundary regions, the equator, and the South-
ern Ocean (Fig. 4). Particularly, active regions are associated
with intense current and eddy-active regions (Fig. 2 vs Fig. 4):
the Gulf Stream, the Kuroshio, the Zapiola Gyre, the Agulhas
Current, and the Antarctic Circumpolar Current. KE transfer
values in these regions could go up to65603 10210 m2 s23 with
important spatial and amplitude variations (Figs. 4 and 5a, re-
spectively). Regional spatial mean values are residuals of large
positive and negative values (Fig. 5a). The global mean transfer
is positive with a value of 10.8 3 10211 m2 s23. All abovemen-
tioned regions have also a net positive MKE-to-EKE transfer
value (11.0 3 10211, 11.0 3 10211, 111.5 3 10211, and
12.9 3 10211 m2 s23 for the Gulf Stream, the Kuroshio, the
Agulhas Current, and the Antarctic Circumpolar Current,
respectively; Table 1), except the Zapiola Gyre, where the
EKE-to-MKE transfers dominate (21.4 3 10211 m2 s23,
Table 1). Using 10 realizations following the Monte Carlo
method, we have tested the robustness of these results,
which exhibit excellent accuracy (Table 1).

For all tested regions, their relative contributions (far) ex-
ceed their relative area (Table 1). This suggests that they are
key regions of KE transfers. In particular, at the studied depth,
the Agulhas Current and the Antarctic Circumpolar Current
(ACC) have relative contributions close to the total global KE
transfers.

Deep observations of KE transfers are rare, so comparisons
of our results with previously established data are limited. In

FIG. 4. Total horizontal transfers of KE. The total horizontal transfers of KE ({MKE ↔ EKE}hor) is computed fol-
lowing (10). Positive and negative values show MKE-to-EKE and EKE-to-MKE transfers, respectively. Insets (clock-
wise from top left) show magnification for the Gulf Stream, Kuroshio, Agulhas Current, and Zapiola Gyre regions.
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the Southern Ocean, south of Tasmania (508S–1438E), Phillips
and Rintoul (2000) reported a value of (1.66 9.4)3 1029 m2 s23

using 2-yr-long velocity measurements from moorings. We also
find that this region exhibits particularly intense MKE-to-EKE
transfers (Fig. 4). Beyond the large uncertainties described in
Phillips and Rintoul (2000), we obtain values consistent with
theirs (of the order of a few 1029 m2 s23).

b. Physical turbulent components of kinetic
energy transfers

To better understand the physical constraints of the trans-
fers, we first decomposed the following properties of horizon-
tal turbulence:

{MKE ↔ EKE}hor 52
1
2
(u′2 1 y ′2 )(­xu 1­yy )

2
1
2
(u′2 2 y ′2 )(­xu 2­yy )

2 u′y ′ (­xy 1 ­yu) ? (11)

This decomposition follows the decomposition suggested by
Hoskins et al. (1983) in the context of eddy momentum

transfers. These three components are also associated with
different properties of the mean flow.

1) The transfers by the isotropic component of the turbulence
act through the horizontal divergence of the mean flow:

2EKE D: (12a)

2) The transfers by the anisotropic component of the turbulence
act through the horizontal stretching (or normal strain) of the
mean flow:

2
1
2
(u′2 2 y ′2 )sn: (12b)

3) The transfers by the covariance component of the turbu-
lence act through the horizontal shearing (or shear strain) of
the mean flow:

2u′y ′ss: (12c)

Note that there is no explicit contribution of the mean flow vor-
ticity here (as will be explicitly demonstrated later), even
though stability theorems involve the gradient of mean poten-
tial vorticity.
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FIG. 5. Distribution of horizontal transfers of KE. Distribution of (a) total and (b) isotropic,
(c) anisotropic, and (d) covariance horizontal transfer components of KE. The total horizontal
transfer of KE ({MKE ↔ EKE}hor) is computed following (10), and the components follow the
decomposition of (11), based on the properties of the turbulent flow. Positive and negative val-
ues show MKE-to-EKE and EKE-to-MKE transfers, respectively. The vertical black lines corre-
spond to the global mean for each component. Note that the large values of the extreme bins are
because of the large range of the extreme bins, not because of frequent large outliers.
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Following (11), we compute the three components of the total
horizontal transfers. This shows that the three components re-
main spatially variable (Fig. 6). The geographical maps do not
show clear dominance of one component over the others, except
maybe slightly larger values of the component related to the iso-
tropic turbulence. The statistical distributions of these three
components reveal that the isotropic component mainly con-
trols the shape of the statistical distribution of the total trans-
fer, whereas the anisotropic and covariance components
exhibit lower values and tighter distributions (Fig. 5). These
tighter distributions are consistent with the relatively good

spatial consistency of the anisotropic and covariance compo-
nents compared to the isotropic ones (e.g., Gulf Stream or
Agulhas Current regions in Fig. 6). The global mean values
correspond to an MKE-to-EKE transfer for the isotropic and
covariance components, whereas it is an EKE-to-MKE trans-
fer for the anisotropic component (Fig. 5 and Table 1). The
global mean of total transfers is mainly controlled by its co-
variance component (Table 1).

For the four specifically studied regions, we find that the
dominant term hugely varies from region to region (Table 1).
As for the global mean, the anisotropic term appears to be

FIG. 6. Components of horizontal transfers of KE. As in Fig. 4, but for each of the KE transfer components of the
decomposition (12), based on turbulent flow properties: (a) isotropic, (b) anisotropic, and (c) covariance components.
Positive and negative values show MKE-to-EKE and EKE-to-MKE transfers, respectively. Insets (clockwise from
top left) show magnification for the Gulf Stream, Kuroshio, Agulhas Current, and Zapiola Gyre regions.
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the only component able to drive an EKE-to-MKE transfer in
regional averages. However, it drives MKE-to-EKE transfer
in the Kuroshio region, where it is the dominating component.
The dominant term is the isotropic, anisotropic, and covariance
components in the Gulf Stream, Zapiola Gyre, and Agulhas
Current regions, respectively. The covariance component also
dominates in the Antarctic Circumpolar Current region. How-
ever, overall, the decomposition in properties of the turbulent
flow does not help us disentangle a general role for each
component. Following this conclusion, we suggest an alter-
native approach to decompose the horizontal transfers of
kinetic energy.

c. Natural mean components of kinetic energy transfers

1) DECOMPOSITION

Using (12), we have computed the three horizontal KE
transfer terms and have assessed their respective importance.
Here, we will suggest a new decomposition based on the idea
that the mean strain tensor is key for eddy–mean flow interac-
tions (Tennekes and Lumley 1972) and that eddies grow and
decay along strain directions (Kundu 1990). Hence, in this
framework, it is interesting to note that the horizontal transfers
can be rewritten in the form of a scalar product of velocity pertur-
bations transformed by the mean velocity gradients. This reads

{MKE ↔ EKE}hor 52(u′2­xu 1 y ′2­yy ) 2 u′y ′ (­xy 1 ­yu),

5 (u′, y ′)
2­xu 2­xy

2­yu 2­yy

( )
u′

y ′

( )
,

5 (u′, y ′)
2
1
2
(D 1 sn) 2

1
2
(ss 1 z)

2
1
2
(ss 2 z) 2

1
2
(D 2 sn)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
u′

y ′

( )
:

(13)

The mean velocity gradient tensor is the exact same operator
as the Jacobian matrix for horizontal tracer gradients de-
scribed by Okubo (1970) and Weiss (1991). We can split the
tensor into symmetric and skew-symmetric parts. This is inter-
esting since the former is related to deformation and the latter
to rotation. This reads

2
1
2

D 1 sn ss 1 z

ss 2 z D 2 sn

( )
52

1
2

D 1 sn ss

ss D 2 sn

( )
2

1
2

0 z

2z 0

( )
,

where the symmetric part is the mean flow deformation tensor
(or mean strain tensor). It corresponds to the divergence, the
shearing, and the stretching of the mean flow (D, ss, and sn,
respectively), and the skew-symmetric part corresponds solely
to the vorticity of the flow z. Applying them independently to
the velocity perturbations reveals that only the symmetric
part of the tensor has an action, since the skew-symmetric
component leads to a vanishing transfer. This demonstrates
that the vorticity of the mean flow does not transfer kinetic
energy, but only transfers variance between zonal and meridi-
onal directions within a reservoir. It is also useful to discuss

the symmetric part of the tensor under the geostrophic as-
sumption. Since the geostrophic flow is nondivergent on an
f plane, the transfer will only be controlled by the strain terms
and the trace of the tensor would be zero. This means that
with an isotropic turbulence (u′2 5 y ′2 ), the transfers would
only occur through the covariance of the turbulence. Hence,
the existence of transfer is linked to either the ageostrophy of
the mean flow, the horizontal anisotropy or covariance of the
turbulence, the b effect, or a combination of the above.

This formulation of the transfer through the symmetric
tensor is also interesting because it allows us a simpler de-
composition. Indeed, symmetric tensors have eigenvectors
that are orthogonal to each other, precluding us from the
need to compute biorthogonal eigenvectors (e.g., Farrell
and Ioannou 1996a,b). Hence, one can write, without loss of
generality,

{MKE ↔ EKE}hor 5 (u′, y ′)
2
1
2
(D 1 sn) 2

1
2
ss

2
1
2
ss 2

1
2
(D 2 sn)

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ u′

y ′

( )
,

(14)

5 (u′, y ′)
p̂x ŝx
p̂y ŝy

( )
lp 0

0 ls

( )
p̂x p̂y

ŝx ŝy

( )
u′

y ′

( )
,

(15)

where ( p̂x, p̂y) and (ŝx, ŝy) are the eigenvectors associated
with the eigenvalues lp and ls, respectively, of the mean flow
deformation tensor, so that p̂xp̂x 1 p̂yp̂y 5 ŝxŝx 1 ŝyŝy 5 1
and p̂xŝx 1 p̂yŝy 5 0. This shows that the velocity perturba-
tions are rotated within or projected onto the natural di-
rections of the deformation of the mean flow [( p̂x, p̂y) and
(ŝx, ŝy)] where a deformation of amplitude lp or ls is
applied.

The eigenvalues of the symmetric matrix [(14)] are

lp/s 52
1
2
D 6

1
2
s, (16)

where s is the strain magnitude, such that s2 5 s2
s 1 s2

n. This
expression is particularly useful since both the divergence and
the strain magnitude are coordinate invariant (i.e., intrinsic ki-
nematic quantities). Here, the primary and secondary eigen-
values differ by the constructive or opposing action of the
strain magnitude on the horizontal divergence. Hence, in the
absence of strain (s 5 0), the eigenvalues become half
the divergence: lp 5 ls 52D/2. In the absence of horizontal
divergence (D 5 0), the eigenvalues act to both transfers
from MKE to EKE and from EKE to MKE equivalently
with lp/s 5 6s/2 acting along their respective eigenvector
direction. It is also worth noting that the sum of the two ei-
genvalues is the horizontal divergence (since the trace is
conserved). The eigenvectors associated with the eigenvalue
lp/s are (sn7s, ss)/

���������������
2s272ssn

√
, and this expression is slightly

more complex and reincorporates ss and sn, which are not coor-
dinate invariant, allowing the nontrivial definition of a direction.
These orthogonal eigenvectors correspond to the two natural
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directions of deformation of the mean flow. For example, within
a purely strain dynamics, they are the directions of convergence
and divergence of the flow, corresponding to directions of con-
centration and of spreading of passively advected particles (e.g.,
Okubo 1970).

Applied to our dataset, the eigenvalues exhibit values in
the range 62 3 1026 s21, which corresponds to times longer
than 5.8 days (Fig. 7). The primary eigenvalues are almost
exclusively positive values everywhere, leading to MKE-to-
EKE transfers, whereas the secondary eigenvalues are almost
exclusively negative values everywhere, leading to EKE-to-
MKE transfers. These values are particularly strong in energetic
regions, such as western boundaries, especially where intense,
turbulent currents occur, and in the Southern Ocean. On the
other hand, the ocean interior exhibits low eigenvalues. The val-
ues of each eigenvalue are quite high (of the order of 1026 s21)
compared to their sum (1027 s21). This suggests, as expected
for a weakly divergent horizontal flow, that the mean flow is
mainly strain dominated (s . |D|) or even significantly strain

dominated (s .. |D|) in most regions (Fig. 8). This means
that there is a significant compensation of the action of the
two eigenvectors.

This eigenvector decomposition allows us to define a pri-
mary and secondary source of kinetic energy transfers linked
to the primary and secondary directions of the deformation of
the mean flow. Following (15), this reads

{MKE ↔ EKE}hor 5 lp(u′p̂x 1 y ′p̂y)2 1 ls(u′ ŝx 1 y ′ ŝy)2 ,
(17)

where the first and second terms of the right-hand side cor-
respond to the primary and secondary directions, respec-
tively. Since lp . ls and the mean flow is mainly strain
dominated (s . |D|), the primary and secondary directions
mainly lead to MKE-to-EKE and EKE-to-MKE transfers,
respectively. This split between EKE to MKE and MKE to
EKE is unique, being set by the equations controlling the evo-
lution of the momentum. Hence, here, we have a dynamical

FIG. 7. Eigenvalues of the symmetric operator of the mean flow gradients. Eigenvalues for the (a) primary and (b) secondary modes, fol-
lowing the decomposition of (15) and expression of (16). Positive and negative values are associated with transfers from MKE to EKE
and from EKE to MKE, respectively. The maximum (2 3 1026 s21) and color increment (1027 s21) correspond to time scales of 5.8 and
115.7 days, respectively. The sum of the eigenvectors corresponds to the horizontal divergence of the mean flow (Fig. 3a). Insets (clockwise
from top left) show magnification for the Gulf Stream, Kuroshio, Agulhas Current, and Zapiola Gyre regions.
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attribution of KE transfers. Note that the primary component
could be weaker in absolute values than the secondary
component.

This decomposition through the primary and secondary
components allows us to separate MKE-to-EKE and EKE-to-
MKE transfers from the total transfers (Fig. 9). This sug-
gests the importance of this decomposition based on the
natural properties of the mean flow (compared to the de-
composition based on the physical properties of the turbu-
lent flow). Hence, the primary and secondary transfers
correspond to a spatially consistent pattern, where the
transfers mainly occur along western boundaries, through
intense boundary currents, and in the Southern Ocean. The
global mean values of each of these transfers are one order
of magnitude higher than their sum (Table 1). This suggests
that the total transfers are small residuals of the primary
and secondary components, or, in other words, the total
transfers are small outcomes of the competition between
large MKE-to-EKE and EKE-to-MKE transfers. Spatial
averages show that the primary component (associated
with MKE-to-EKE transfers) dominates globally and for
the Gulf Stream, the Kuroshio, the Agulhas Current, and
the Antarctic Circumpolar Current, whereas the secondary
component (associated with EKE-to-MKE transfers) domi-
nates for the Zapiola Gyre (Table 1).

2) PHYSICAL INTERPRETATION

Restarting from (17), we can rewrite the transfers in light
of the Reynolds stress tensor (i.e., velocity covariance ten-
sor) and its natural (i.e., eigenvalues and eigenvectors)
decomposition:

{MKE ↔ EKE}hor

5lp(p̂x, p̂y)
u′2 u′y ′

u′y ′ y ′2

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠ p̂x

p̂y

( )
+ ls(ŝx, ŝy)

u′2 u′y ′

u′y ′ y ′2

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠ ŝx
ŝy

( )
,

5 lp(p̂x, p̂y)
p̃x s̃x
p̃y s̃y

( )
u′2p 0

0 u′2s

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ p̃x p̃y

s̃x s̃y

( )
p̂x

p̂y

( )

+ ls(ŝx, ŝy)
p̃x s̃x
p̃y s̃y

( )
u′2p 0

0 u′2s

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ p̃x p̃y

s̃x s̃y

( )
ŝx
ŝy

( )
,

5 lpu
′2
p ( p̂xp̃x + p̂yp̃y)2 + lpu

′2
s (p̂xs̃x + p̂ys̃y)2

+ lsu
′2
p (ŝxp̃x + ŝyp̃y)2 + lsu

′2
s (ŝxs̃x + ŝys̃y)2, (18)

where ( p̃x, p̃y) and (s̃x, s̃y) are the eigenvectors associated

with the eigenvalues u′2p and u′2s , respectively, of the turbulent
velocity covariance operator, so that p̃xp̃x 1 p̃yp̃y 5 s̃xs̃x 1
s̃ys̃y 5 1 and p̃xs̃x 1 p̃ys̃y 5 0. These directions are the empiri-
cal orthogonal function of the velocities, which maximize the
velocity variance. This decomposition is often associated
with the turbulence ellipsoid (Waterman and Lilly 2015).
This shows that the transfers occur through the alignment
of the natural directions of the Reynolds stress tensor with
the natural directions of the mean flow deformation tensor
(Fig. 10).

To shed light on the physical processes at play during the
transfers, we consider the case where the horizontal transfers
are the only process changing the horizontal velocities.
Hence, after using (13) and rotating the framework along the
natural directions of the mean flow deformation tensor, we
obtain

­tEKE 5 {MKE ↔ EKE}hor,

(u′, y ′) ­tu
′

­ty
′

( )
5 (u′, y ′)

p̂x ŝx

p̂y ŝy

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠ lp 0

0 ls

( )
p̂x p̂y

ŝx ŝy

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠ u′

y ′

( )
:

Since this equation directly derives from (4a) and (4b), we
can write explicitly the contribution from zonal and meridio-
nal velocities:

­tu
′

­ty
′

( )
5

p̂x ŝx
p̂y ŝy

( )
lp 0

0 ls

( )
p̂x p̂y

ŝx ŝy

( )
u′

y ′

( )
,

­tû
′ 5

1
2
(2D 1 s)û′,

­t ŷ
′ 5

1
2
(2D 2 s)ŷ ′,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ (19)

where (û′ 5 p̂xu
′ 1 p̂yy

′) and (ŷ ′ 5 ŝxu
′ 1 ŝyy

′) are the ve-
locity anomalies aligned to the primary and secondary natural
directions of the mean flow deformation tensor, respectively.
These expressions suggest the existence of instability and sta-
bility directions where anomalous velocities grow or decay,
respectively. Physically, this corresponds to the extraction
from the mean flow (or mean velocity gradient) of momentum
by the anomalous velocity. This quantitative derivation and
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FIG. 8. Strain magnitude vs horizontal divergence. Relative
distribution of the mean horizontal flow in terms of its strain
magnitude and of its divergence. The dashed lines correspond
to s 5 |D|, separating regions dominated by strain or diver-
gence. This reveals the (strong) dominance in most regions of
strain in setting the eigenvalues as two intense positive and neg-
ative values compared to their sum (the trace), which corre-
sponds to the divergence. The spatial integral of the distribution
is set to be one.
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analytical result are consistent with the qualitative description
of Kundu (1990) about the intensification and decay of eddies
along the primary and secondary strain directions. Three
cases occur: 1) If |D| , s, there is one unstable direction and
one stable direction (saddle point); 2) if |D| . s and D . 0,
the two directions are stable (stable node); and 3) if |D| . s

and D , 0, the two directions are unstable (unstable node).
[|D| 5 s being a degenerate case falling in the category (1),
but with one direction being neutral and one direction be-
ing either stable or unstable depending if D 9 0.] This
growth or decay of velocity perturbation can be interpreted
as a growth or decay of EKE. Hence, in the context of KE
transfers, this suggests MKE-to-EKE and EKE-to-MKE
transfers, respectively. Since the flow is mainly strain domi-
nated (Fig. 8), case (1) appears to be more typical, suggesting
the coexistence of two orthogonal directions, one correspond-
ing to MKE-to-EKE transfers and the other to EKE-to-MKE
transfers.

To illustrate this mechanism and the induced KE transfers,
we look in detail to the velocity field between 508 and 308S

and between 458 and 758E, a region of the Antarctic Circum-
polar Current downstream of the Agulhas Current, near the
Kerguelen Plateau. At this location, the MKE reached up to
280 cm2 s22 (i.e., ;17 cm s21 of velocity magnitude), whereas
the EKE reached up to 400 cm2 s22 (Figs. 11a,b, respectively).
The mean flow shows a well-defined jet. We interpret the KE
transfers through (18), setting the framework of natural di-
rections of the mean flow deformation and of the velocity
covariance described in (Fig. 10). The computation of the ei-
genvectors of the mean flow deformation tensor corresponds
to a positive direction along the southwest/northeast direc-
tion north of the jet and along the southeast/northwest direc-
tion south of the jet (the negative direction being orthogonal by
construction). This rotation of the natural direction is expected
for a jet (since the gradient flips sign across the flow direction).
The gradients are stronger at the edge of the jet and are primar-
ily controlled by the strain rather than the divergence. On the
other hand, the EKE is intensified close to the core of the jet. It
shows a prevailing zonal direction, mainly aligned with the
jet. The resulting transfers occur north and south of the jet

FIG. 9. Modes of horizontal transfers of KE fromMKE to EKE. As in Fig. 4, but for each of the KE transfer components of the decom-
position (17), based on mean flow properties: (a) primary and (b) secondary mode components. Positive and negative values show MKE-
to-EKE and EKE-to-MKE transfers, respectively. Insets (clockwise from top left) show magnification for the Gulf Stream, Kuroshio,
Agulhas Current, and Zapiola Gyre regions.
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(Fig. 11c), with MKE to EKE and EKE to MKE located north
and south of the jet, respectively. This is consistent with the 908
rotation of the natural direction of the mean flow deformation
tensor from the north to the south of the jet (colors vs red and
blue crosses in Fig. 11c), further confirming the control of the
KE transfers by the mean flow strain. The transfers correspond
to decelerating and accelerating the mean jet and to increasing
and decreasing the eddy turbulence north and south of the jet,
respectively. This leads to a southward shift of MKE and a
northward shift of EKE, creating a latitudinal offset between
MKE and EKE (Fig. 11d).

It is worth noting that, in this particular region where the
flow is quite zonal allowing for a coordinate-dependent de-
composition, the anisotropic component (and the covariance
one, to some extent) obtained with the physical turbulent de-
composition also exhibits positive and negative KE transfers
south and north of the jet, respectively (Figs. 6c,d). This dem-
onstrates the usefulness and consistency of the two interpreta-
tions/decompositions.

3) DIAGNOSTICS

As demonstrated above, the amplitude of turbulent veloci-
ties (measured by the EKE) and the amplitude of the mean
flow deformation (measured by lp and ls) will play a role in
the amplitude of the kinetic energy transfers. Hence, we can
define the potential of kinetic energy transfers. This could be
expressed as the transfer values achieved if the turbulent flow
is perfectly aligned to the primary or secondary directions of
the mean flow deformation (Fig. 10). This reads

F{MKE"EKE} 5 lp(u′2 1 y ′2 ), (20a)

F{EKE"MKE} 5 ls(u′2 1 y ′2 ): (20b)

These indices can also be defined instantaneously as
F{MKE"EKE}(t)5 lp(u′2 1 y ′2) and F{EKE"MKE}(t)5 ls(u′2 1 y ′2).
The dominance of one transfer potential over the other can only
come from the dominance of one eigenvalue over the other. As
expressed in (16), this can only occur through the existence of
horizontal divergence of the mean flow (and not the strain mag-
nitude of the flow).

The overall pattern of the potential of the primary and sec-
ondary components is close to their components themselves
(Fig. 12), with high amplitude in intense western boundary
currents and in the Southern Ocean. However, the computed
potentials are of magnitude significantly higher than their ac-
tual values. This means that the KE transfers for both MKE
to EKE and EKE to MKE can be more important than the
actual transfers. Also, we find that the potential of the pri-
mary component (associated with MKE-to-EKE transfers) is
higher than the potential of the secondary component (associ-
ated with EKE-to-MKE transfers) both globally and for all
tested regions (Table 1). This suggests that the deep ocean is
indeed more prone to MKE-to-EKE transfers. These prop-
erties are directly derived from the divergence of the mean
horizontal flow (as discussed above for the eigenvalues).
Also, this consistency further confirms the usefulness of the
decomposition through the natural properties of the mean
flow.

Besides the potential of the transfers, the more the turbu-
lent velocity is aligned to the primary or secondary direction,
the more efficient the transfers from MKE to EKE or EKE to
MKE are (Fig. 10). For the MKE-to-EKE transfers, this effi-
ciency term can be measured by the normalized projection of
the turbulence onto the primary direction as

G{MKE"EKE} 5
(u′p̂x 1 y ′p̂y)2

u′2 1 y ′2

[ ]
; (21a)

whereas, it is

G{EKE"MKE} 5
(u′ ŝx 1 y ′ ŝy)2
u′2 1 y ′2

[ ]
, (21b)

for the efficiency of EKE-to-MKE transfers. The numerator is
the covariance of the turbulence with the natural directions of

FIG. 10. Schematic of the KE transfers. The schematic represents
the KE transfers induced by the local eddy–mean interactions. The
mean flow (black dotted arrows) can be represented through the
eigenvectors of the mean flow deformation tensor (controlled by
its shearing, stretching, and divergence) scaled by their respective
eigenvalues (controlled by its strain and divergence), leading to the
direction of MKE-to-EKE and EKE-to-MKE transfers (red and
blue arrows, respectively). The turbulence is represented by the ve-
locity variance ellipsoid representative of the Reynolds stress (gray
arrows and ellipsoid). Here, two diagnostics summarizing the KE
transfers are represented. The transfer potential from MKE to
EKE (F{MKE"EKE}}orange double arrow) corresponds to the as-
sumed perfect projection of the turbulence on the direction of the
mean flow gradient eigenvectors. The transfer efficiency from
MKE to EKE (G{MKE"EKE}}cyan arc) measures the angle be-
tween the turbulence and the mean flow deformation.
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the mean flow deformation tensor (corresponding to the strain
directions). Note that the denominator is simply the EKE and
that these indices could be defined instantaneously such as
G{MKE"EKE}(t)5 (u′p̂x 1 y ′p̂y)2/(u′2 1 y ′2) and G{EKE"MKE}(t)5
(u′ ŝx 1 y ′ŝy)2/(u′2 1 y ′2). It is also worth noting that since the
eigenvectors ( p̂x, p̂y) and (ŝx, ŝy) defined an orthogonal basis,
the sum of the efficiency terms is 1. So that the efficiency indices
measure which of the two pathways is preferred: either MKE to

EKE or EKE to MKE, since G{MKE"EKE} 1 G{EKE"MKE} 5 1,
by construction.

The efficiency reveals a small-scale dominant geographical
pattern, with values further away from balance (i.e., 0.5) in
the equatorial band (Fig. 13a). The statistical distribution is
quite tight and centered around 0.5 (Fig. 13b). Spatial aver-
ages also show that the efficiencies of MKE to EKE and EKE
to MKE are equivalent (Table 1). This means that the

FIG. 11. Local example of KE transfers. ACC downstream of the Agulhas Current, near the Kerguelen Plateau.
(a) MKE (color shading), horizontal mean velocities (gray arrows), and the primary and secondary directions multi-
plied by their respective amplitude (crosses) show the direction of MKE-to-EKE and EKE-to-MKE transfers
(through the red and blue segments), respectively, and are set by the natural directions of the mean flow deformation
tensor (or mean strain tensor). (b) EKE (color shading) and the respective primary and secondary directions of the
turbulence (gray crosses) representing the turbulence ellipsoid and set by the natural directions of the velocity covari-
ance tensor (or Reynolds stress tensor). (c) The total kinetic transfers (color shading), the MKE (dashed contours
from 0 with a contour interval of 40 cm2 s22), the natural turbulent directions (gray crosses), and the natural directions
of the mean flow deformation tensor (colored crosses). Positive and negative values show MKE-to-EKE and
EKE-to-MKE transfers, respectively. (d) Meridional section at 548E indicated by the thin black line in (c) with spline
interpolation on a regular 0.018 grid.
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direction of the turbulent flow is well balanced between the
primary and secondary directions of the mean flow defor-
mation tensor both globally and for the Gulf Stream, the
Kuroshio, the Agulhas Current, and the Antarctic Circum-
polar Current. Hence, in these regions, the turbulence does
not favor specifically MKE-to-EKE transfers or EKE-to-
MKE transfers. This leaves the dominance of the transfers
to their respective potentials (controlled by the horizontal
mean flow), which favored MKE-to-EKE transfers in all
tested regions and globally (through the horizontal mean
flow divergence). On the other hand, the turbulence slightly
favored EKE-to-MKE transfers for the Zapiola Gyre
(G{MKE"EKE} is equal to 0.49 when averaged over this re-
gion). This small increase in the efficiency of EKE-to-
MKE transfers leads to net EKE-to-MKE transfers, despite
the dominance of the MKE-to-EKE transfer potential.
Hence, there, and unlike other tested regions, the turbu-
lence is able to dictate the direction of the KE transfers, de-
spite the mean flow preference, making the Zapiola Gyre a
quite unique region.

5. Discussion and conclusions

Changes and variability in the ocean are seen on a large range
of time scales (Dijkstra 2000). Intense large-scale mean currents
are often also associated with intense mesoscale eddy-driven tur-
bulence. This raises questions about the interactions between
mean and eddy flow, in particular on the transfer of kinetic en-
ergy between the mean kinetic energy, associated with the mean
flow, and the eddy kinetic energy, associated with the mesoscale
eddy turbulence and submesoscale processes.

In this study, we have used deep Argo float displacements
centered around 1000-m depth to estimate the horizontal
transfers of kinetic energy between the mean kinetic energy
and the eddy kinetic energy (section 4). We show that these
transfers occur mainly in the Southern Ocean and in the vicin-
ity of western boundaries, especially in energetic regions such
as the Gulf Stream, the Kuroshio, the Zapiola Gyre, the Agul-
has Current, and the Antarctic Circumpolar Current (Fig. 4).
We show that the geographical patterns of these transfers are
small-scale dominant and that their spatial averages are small
residuals of intense local values. The MKE-to-EKE transfer is

FIG. 12. Potential of MKE-to-EKE and EKE-to-MKE transfers. (a) Potential of MKE-to-EKE transfers (F{MKE"EKE}) and (b) poten-
tial of EKE-to-MKE transfers (F{EKE"MKE}), following (20). Positive and negative values show MKE-to-EKE and EKE-to-MKE trans-
fers, respectively. Insets (clockwise from top left) show magnification for the Gulf Stream, Kuroshio, Agulhas Current, and Zapiola Gyre
regions.
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favored globally and in regional averages of the Gulf Stream,
the Kuroshio, the Agulhas Current, and the Antarctic Cir-
cumpolar Current regions (Table 1). However, the Zapiola
region appears to be a unique region where an EKE-to-MKE
transfer is favored. This is consistent with theoretical and nu-
merical studies (e.g., de Miranda et al. 1999), but it is the first
time that this transfer is observed experimentally.

We have tested two decompositions, one that follows the
physical properties of the turbulent flow (isotropic, aniso-
tropic, and covariance; section 4b) and one that follows the
natural properties of the mean flow (i.e., eigenvectors of the
mean flow deformation tensor; section 4c). The former does
not appear to be extremely useful to better understand the es-
sence of KE transfers. Indeed, the physical decomposition
suffers from a coordinate dependency. This is not always
problematic, such as in an idealized setting (e.g., zonally peri-
odic configurations) or in the atmosphere (where the circula-
tion is more zonal), but this is an issue in the ocean (where
the mean flow is less consistently aligned). This difficulty is
overcome by the decomposition using the natural mean flow
properties for which amplitude components are coordinate in-
variant (i.e., composed of the divergence and strain magni-
tude). We conclude that the decomposition using natural

mean flow properties is thus more robust for analyzing real
ocean observations. Hence, this decomposition, equivalent to
a dynamical attribution, allows us to demonstrate the unique
existence of two transfer modes: one from MKE to EKE and
one from EKE to MKE. These two modes are significantly
more intense than their sum (Fig. 9), suggesting that actual
KE transfers are small residuals of two competing effects.
These two effects depend on whether the horizontal strain
acts constructively with or opposes the effect of the horizontal
divergence.

The physical decomposition of the turbulence follows Hoskins
et al. (1983), which has been shown to be useful for understand-
ing the momentum forcing by the turbulence (Waterman and
Hoskins 2013; Waterman and Lilly 2015). However, here, in the
context of KE transfers, with both turbulence and mean flow de-
formation contributing, it appears less useful to decompose the
turbulence than the mean flow deformation (Fig. 6 vs Fig. 9).
However, these two decompositions remain related since the
projection of the turbulence (and so of its natural directions, de-
fining the turbulence ellipsoid, as discussed in Waterman and
Lilly 2015) onto the natural directions of mean flow gradients
(mainly corresponding to the strain directions) sets the KE
transfers (Fig. 10). This is visible in our key equations [(17) and

FIG. 13. Efficiency of MKE-to-EKE transfers. (a) Geographical map and (b) distribution of the efficiency of MKE-to-EKE transfers
(G{MKE"EKE}), respectively, following (21a). Values above or below 0.5 show regions more favorable to MKE-to-EKE or EKE-to-MKE
transfers, respectively. Value 0 or 1 shows region purely following EKE-to-MKE or MKE-to-EKE transfers, respectively. Insets in (a)
(clockwise from top left) show magnification for the Gulf Stream, Kuroshio, Agulhas Current, and Zapiola Gyre regions.
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(18)] describing the decomposition of KE transfers. We rational-
ized the usefulness of the natural decomposition of the mean
flow, over the physical decomposition of the turbulence, due to
the fact that KE transfers derive from momentum instabilities,
that are ultimately controlled by the mean momentum gradients.
Hence, the natural decomposition of the mean flow can be physi-
cally interpreted through the classical framework of eddy growth/
decay (Kundu 1990).

The decomposition using the natural properties of the
mean flow deformation allows to develop two diagnostics
[section 4c(3)]. One measures the potential of MKE-to-EKE
transfers and of EKE-to-MKE transfers and the other meas-
ures the respective efficiency of these two transfers. The for-
mer shows the maximum intensity that can be reached by the
transfers if the turbulence is optimally aligned with the mean
flow deformation. The latter shows how the turbulence is
aligned with mean flow deformation. Hence, efficiency is a
measure of which transfer direction is favored. Application of
the potential diagnostics reveals that the MKE-to-EKE po-
tential always dominates over the EKE-to-MKE potential for
all tested regions and globally. Regarding efficiency, this diag-
nostic suggests that the two transfer directions are well balanced
in most tested regions (Gulf Stream, Kuroshio, Agulhas Current,
and Antarctic Circumpolar Current) and globally. However,
when averaged over the Zapiola Gyre, the efficiency suggests a
slight unbalance in favor of the EKE-to-MKE transfer. This
makes the Zapiola Gyre a unique location, where the turbulent
dynamics favor EKE-to-MKE transfer.

Our analysis suggests that the KE transfers are better ratio-
nalized by the mean flow properties (rather than by the turbu-
lent flow properties). Also, despite being a scalar, our natural
decomposition explicitly distinguishes between the directions
of KE transfers [(19)], making it well suited for a generaliza-
tion to a momentum directional parameterization. This shows
the potential to develop a small-scale closure available for the
large-scale flow. This potential is further confirmed by the com-
putation of the efficiency of the transfers, which shows that the
direction of the turbulent flow is not particularly aligned to the
natural direction of the flow at the global scale and for the Gulf
Stream, Kuroshio, Agulhas Current, and Antarctic Circumpolar
Current regions. This conclusion is not robust for the Zapiola
Gyre region and at the local scale. Nonetheless, we have pro-
vided a method and a map to determine such direction that can
be incorporated into a small-scale closure.

An alternative interpretation of EKE is the variance of small-
scale velocity amplitude. Hence, the prevailing direction of KE
transfers controls the variance growth and MKE-to-EKE or
EKE-to-MKE transfers can be reinterpreted as source or sink of
small-scale variance. This makes this diagnostic well suited to
discuss small-scale predictability. In this framework, we find that
regions of intense ocean dynamics, such as the western bound-
aries and the Southern Ocean, exhibit significant growth of
small-scale variance. At a regional scale, the Gulf Stream, Kur-
oshio, Agulhas Current, and Antarctic Circumpolar Current ex-
hibit variance growth on average, unlike the Zapiola Gyre. At
the global scale, our diagnostic also suggests the growth of small-
scale variance.

Following the same principle, we now focus on the rele-
vance of our results for the large-scale momentum magnitude
(measured by the MKE). Since the length of the dataset is a
bit shorter than two decades, this allows us to assess the role
of turbulence on this two-decade “mean” climate. We find
that the turbulence slows down the flow magnitude on aver-
age (i.e., MKE-to-EKE transfer is positive). At a regional
scale, we find this result to be consistent for energetic regions
such as the Gulf Stream, the Kuroshio, the Agulhas Current,
and the Antarctic Circumpolar Current. However, the region
of the Zapiola Gyre exhibits positive transfers from the turbu-
lence to the magnitude of the flow, suggesting that the turbu-
lence accelerates the mean circulation (as shown in numerical
models by de Miranda et al. 1999). Also, on a local level, there
exist numerous regions where the mean flow magnitude is ac-
celerated by the turbulence. Hence, we conclude that the tur-
bulence can accelerate the mean flow locally but slow down
the circulation on a larger scale (i.e., global mean or large
tested regions, except for the Zapiola Gyre).

We have also shown that the mean velocity gradient tensor
is similar to the Jacobian matrix for tracer gradient dynamics
(Okubo 1970; Weiss 1991). This is arguably the result which
offers the most interesting perspective. In particular, we find
that the eigenvalue decomposition of the mean flow defor-
mation tensor leads to the exact same solution as the de-
composition for tracer gradient magnitude (Balwada et al.
2021). This demonstrates that gradient growth or decay is
associated with kinetic energy transfers from MKE to EKE
or EKE to MKE, respectively. This will be the topic of fu-
ture investigations.

Our analysis suffers from inherent shortcomings. One key
issue of the dataset is the possible spurious divergence of the
mean flow, mainly because of the averaging of trajectories oc-
curring at different times and spaces. Despite not being the
dominant term over the strain magnitude (Figs. 3 and 8), we
have tested a different dataset to define the mean (Ollitrault
and Colin de Verdière 2014; Colin de Verdière et al. 2019).
The computation of KE transfers with this dataset, that con-
strains the flow to be fully geostrophic (restricting the diver-
gence), does not show significant qualitative or quantitative
differences.

As with any observation, the ANDRO dataset cannot sam-
ple the full continuous range of ocean processes. We have
tested the convergence of the results by subsampling the data-
set (using previous less-complete official releases). This test
shows the overall excellent convergence of the KE transfers
and of the suggested decompositions and diagnostics. How-
ever, this does not test if a key scale is still not sampled (e.g.,
small-scale permanent front}rarely visited by Argo floats
during their journey at depth). To build confidence on the ro-
bustness of our analysis, we could compare the overall KE
transfers with those of independent analyses (including moor-
ing measurements, state estimates, and numerical models),
which do not suffer from this particular sample issue. Phillips
and Rintoul (2000) found values of KE transfers (1.6 6 9.4)3
1029 m2 s23 at 11 500 dbar using mooring observations of
Drake Passage, consistent with our evaluations. Chen et al.
(2014b) found the same key locations in KE transfers as we

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 541650

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 08/05/24 09:54 AM UTC



do in both altimetry reconstruction and state estimate for sur-
face transfers, but with a larger amplitude (61028 m2 s23), as
expected for surface values compared to 1000-m deep ones.
In a high-resolution state estimate, Zhu et al. (2018) show the
existence of a positive intensification of KE transfers at the
south of the tip of South Africa consistent with our results.
Their typical values are 61026 m2 s23 for the upper 500 m in
the Agulhas Current region. These values are above ours, but
still in the expected range given the different depths. In high-
resolution models, Kang and Curchitser (2015) and Yan et al.
(2019) obtained values of KE transfers at 1000-m depth of
61028 m2 s23 in the Gulf Stream region and of 53 1028 m2 s23

in the Kuroshio region, respectively. All these previous studies

have obtained geographical patterns and amplitudes consistent
with our estimates.

Given the spatiotemporal average used in our study, the in-
terpretation of KE transfers has to be done with care. One
possible interpretation is to consider the average as a tempo-
ral average where observations are considered consistent over
the spatial scale of the grid. From (14), we have two actions
of the grid size on the KE transfers. The first is the scale selec-
tion needed to define MKE and EKE reservoirs, setting both
turbulent velocities and the properties of the mean flow defor-
mation tensor. The second is a smoothing of the overall KE
transfers (as depicted by the large overbar on the right-hand
side of the equation). Following this idea, we have tested a

FIG. 14. Sensitivity of total MKE-to-EKE transfers to gridcell size. As in Fig. 4, but for flow statistics computed using
(a) 48 3 48, (b) 58 3 58, and (c) 68 3 68cells.
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range of grid sizes from 38 3 38 to 68 3 68. This shows that our
results are robust, beyond the typical smoothing expected
with the use of wider grids (Fig. 14).

Our results focusing on large-scale average for the mean state
are aligned with the dynamics of coarse, laminar ocean models
that still remain currently routinely used for climate projections.
Nevertheless, it is highly possible that KE transfers acting at a
smaller scale are even more intense than the ones described in
the present study because strain magnitude is higher at meso-
scales and submesoscales. Refining our results for smaller scales
is a direction for future work.

Beyond that, the most obvious shortcoming is the single-
depth approach constrained by the depth of Argo float deep
displacements. It would be interesting to generalize our re-
sults and analysis to other depths. However, this approach
might be restricted to a numerical approach since in situ ob-
servations at all depths do not exist. On the other hand, since
there are observations by surface Lagrangian buoys, another
direction for future work will be to specifically target the sur-
face. There, other processes contribute to the horizontal dis-
placements (e.g., Ekman transport or surface wave Stokes
drift). Hence, we would like to estimate how these new pro-
cesses modify the suggested picture of deep KE transfers.
This might be directly (through momentum transfers) or indi-
rectly (through heat transfers) important for the impact of the
ocean on the atmosphere and, hence, on the climate and its
predictability.
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