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Abstract

Western boundaries (WB) have been suggested to be hotspots of mesoscale eddy decay, using an eddy kinetic energy (EKE) flux
divergence based on sea surface height (n). The n-based diagnostic requires approximations, including the use of geostrophic
velocities. Here, we assess to what extent mesoscale EKE flux divergence can be inferred from 7 using a numerical simulation
of the Agulhas Current. The EKE flux divergence is composed of two terms: the eddy-pressure work (linear component) and
the advection of EKE (nonlinear component). Both are mainly positive in the WB region (net EKE sources). However, it is
not reliably accounted by both n-based diagnostics. The n-based eddy-pressure work has a net contribution in the WB region
of the opposite sign than the true one. Ageostrophic eddy-pressure work dominates the geostrophic one (corresponding to a
B-contribution). It is explained by mesoscale eddies’s scale to fall below the scale of {/B ({: root mean square of normalized
relative vorticity for mesoscale eddies; 3: latitudinal variations of Coriolis parameter). The advection done by geostrophic EKE
flux dominates the EKE flux divergence in the WB region. It results in the EKE flux divergence to be qualitatively estimable
using 1 (up to 54 % of the net EKE source). Our results in the Agulhas Current show a mesoscale eddy dynamics in contrast
with the decay’s paradigm at western boundaries. Further analysis in other western boundaries are required to complete our

understanding of mesoscale eddies dynamics.
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Key Points:

e The mesoscale EK F flux divergence is overall positive in the Agulhas Current region,
highlighting a net mesoscale EK E source

« Coupled geostrophic-ageostrophic FKFE flux significantly contributing to the net
EKFE source cannot be inferred using sea surface height

» Advection done by geostrophic EK FE flux dominates the net FKE source and can
be inferred using sea surface height
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Abstract

Western boundaries (WB) have been suggested to be hotspots of mesoscale eddy decay,
using an eddy kinetic energy (EKFE) flux divergence based on sea surface height (7). The
n-based diagnostic requires approximations, including the use of geostrophic velocities. Here,
we assess to what extent mesoscale EK E flux divergence can be inferred from 7 using a
numerical simulation of the Agulhas Current. The EK E flux divergence is composed of two
terms: the eddy-pressure work (linear component) and the advection of EKE (nonlinear
component). Both are mainly positive in the WB region (net EKE sources). However,
it is not reliably accounted by n-based diagnostics. The n-based eddy-pressure work has a
net contribution in the WB region of the opposite sign than the true one. Ageostrophic
eddy-pressure work dominates the geostrophic one (corresponding /to a [-contribution). It
is explained by mesoscale eddies’s scale to fall below the scale of CR% (Crarg: normalized
relative vorticity for mesoscale eddies; 8: latitudinal variations of Coriolis parameter). The
advection of FK F done by geostrophic EK F flux dominates the EK E flux divergence in the
WB region. It results in the EK F flux divergence to be qualitatively estimable using 1 (up
to 54% of the net EKF source). Our results in the Agulhas Current show a mesoscale eddy
dynamics in contrast with the decay’s paradigm at western boundaries. Further analysis in
other western boundaries are required to complete our understanding of mesoscale eddies
dynamics.

Plain Language Summary

Large-scale eddies are a key component of the ocean energy budget. Although their
generation is largely documented, how their energy is dissipated remains uncertain. A clo-
sure to their lifecycle — decay at western boundaries of oceanic basins — has been suggested
using satellite observations of the sea surface. However, using sea surface observations re-
quires several approximations on the ocean dynamics. Understanding to what extent, the
large-scale eddies dynamics can be inferred from sea surface observations is a fundamen-
tal issue for study strategies. Here, we investigate the impacts of the approximations, on
the net energy sources and sinks of large-scale eddies, using a numerical simulation of the
Agulhas Current. We show that the Agulhas Current is a net energy source of large-scale
eddies, which can be qualitatively inferred using sea surface observations. The net energy
source is mainly explained by turbulent motions and more weakly, but still significantly by
wave-like motions. The leading order velocities of turbulent motions can be inferred from
sea surface observations. Our results in the Agulhas Current are favorable to the use of sea
surface observations, but show a dynamics in contrast with the decay’s paradigm at western
boundaries.

1 Introduction

Mesoscale eddies represent 90 % of the surface kinetic energy (Wunsch, 2007) and are
a key component of the global ocean energy budget (Ferrari & Wunsch, 2009; Miiller et
al., 2005). They have horizontal scales of the order of the 15 Rossby deformation radius
(Rd) or larger (Chelton et al., 2011). At these scales, the velocity field can be decomposed
into a leading order geostrophic and a weaker ageostrophic component based on the quasi-
geostrophic theory (Gill, 1982). Geostrophy represents the balance of flows dominated by
rotation compared to advection (Rossby number : Ro < 1) and stratification compared to
vertical shear (Richardson number : Ri > 1). At scales comparable to or smaller than Rd,
the dynamics departs from geostrophy (Ro, Ri ~ O(1)) and ageostrophic effects, such as
advection, vertical shear and topographic interactions among others, can play an important
role.
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The characteristics of mesoscale eddies make them easily trackable by satellite altimetry,
which measures sea surface height (n). The low-frequency component of sea-surface height
is an indirect measure of the surface geostrophic currents. Satellite altimetry allowed to im-
prove our understanding of the ocean dynamics by evidencing the prevalence of mesoscale
eddies at the surface (Ducet et al., 2000). Although mesoscale eddies are ubiquitous across
the ocean, they are the most energetic in western boundary currents and in the Antarctic
Circumpolar Current (Ducet et al., 2000; Chelton et al., 2007, 2011), making these regions
key spots for the global ocean energy budget.

Western boundaries have been suggested to be mesoscale eddy kinetic energy (EKE)
sinks (Zhai et al., 2010). This suggestion closes the following paradigm of mesoscale eddy
lifecycle: mesoscale eddies originate nearly everywhere in the ocean, propagate westward
at about the speed of long baroclinic Rossby waves and decay upon western boundaries,
likely due to direct energy routes, down to dissipation, channeled by topography (Gill et
al., 1974; Zhai et al., 2010; Chelton et al., 2011; Evans et al., 2020; Z. Yang et al., 2021;
Evans et al., 2022). This scenario has been confirmed, using in situ measurements and
idealized numerical simulations, in regions free of western boundary current (Evans et al.,
2020; Z. Yang et al., 2021; Evans et al., 2022). However, in the presence of western boundary
currents, studies based on numerical simulations show more complex mesoscale eddy dy-
namics. Western boundaries are hotspots of mesoscale eddy generation due to instabilities
of the western boundary currents (Halo et al., 2014; Kang & Curchitser, 2015; Gula et al.,
2015; Y. Yang & Liang, 2016; Yan et al., 2019; Li et al., 2021; Jamet et al., 2021; Tedesco
et al., 2022), such that local generation of mesoscale eddies may overcome the local decay
of remotely-generated mesoscale eddies.

Sources and sinks of mesoscale FKFE can be estimated by computing the EKFE flux
divergence. A negative (positive) EKE flux divergence shows a net FEKFE sink (source).
The EKFE flux divergence corresponds to the rate of the spatial redistribution of EKFE. It
has two components : the work done by pressure fluctuations (eddy-pressure work; usually
interpreted as the linear contribution from the waves) and the nonlinear advection of EKE
by the flow (Harrison & Robinson, 1978).

Using an n-based EK E flux divergence, Zhai et al. (2010) estimated a mesoscale EKE
sink. Their vertically-integrated EK E flux divergence based on 7 relies on three approxi-
mations:

(i) Mesoscale eddies are assumed to be geostrophic. Geostrophy should be a good
approximation for mesoscale eddy velocities, as assumed by the quasi-geostrophic
turbulence theory (Charney, 1971) and indicated by the Rossby number of mesoscale
eddies (Ro = O(« 0.05)) inferred from satellite altimetry (Chelton et al., 2011).

(ii) The mesoscale eddy vertical structure is approximated by the 1% baro-
clinic mode. 7 is a measure of the ocean surface dynamics and is usually interpreted
as primarily reflecting the 1°¢ baroclinic mode, which has a surface-intensified struc-
ture (Wunsch, 1997; Smith & Vallis, 2001). It relates to mesoscale eddies which
have surface-intensified vertical structures energized to the bottom, represented by
the combination of the barotropic and 15! baroclinic vertical modes (Wunsch, 1997;
Smith & Vallis, 2001; Venaille et al., 2011; Tedesco et al., 2022).

(iii) Mesoscale eddies interactions with topography are neglected. This might
be justified by assuming that mesoscale EK E flux have spatial variations larger than
that of topography (Zhai et al., 2010).
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Several studies, based on numerical simulations and using no approximations, denote a
EK F flux divergence in contrast with the n-based one (Harrison & Robinson, 1978; Chen et
al., 2014; Capé et al., 2019). The eddy-pressure work is mainly negative and of leading order
in most regions (western boundary currents, Antarctic Circumpolar Current, Subtropical
gyre and Interior Ocean). The advection of EKFE is positive in most western boundary
currents and in the Western Mediterranean Sea, but it is the leading order contribution
only in the latter region. It indicates that the eddy-pressure work and advection of EKE
have contrasted contributions, resulting in an FKFE flux divergence varying between west-
ern boundaries. A recent study has shown that both mesoscale eddy-pressure work and
advection of EKFE are positive in the Agulhas Current region (Tedesco et al., 2022). This
region is a net mesoscale FK E source, in contrast with the paradigm of net mesoscale EK E
sinks at western boundaries.

The differences between the non-approximated and the n-based EK F flux divergence
question the approximations used to derive the n-based diagnostic. Due to the leading or-
der geostrophic component of mesoscale eddy, satellite altimetry is a reference database for
evaluating the surface mesoscale EK FE reservoir. However, the question of using altime-
try data to assess the sources and sinks of mesoscale EK E remains a separate issue. The
quasi-geostrophic theory states that ageostrophic motions significantly contribute to the
processes sustaining the mesoscale EK E reservoir (Miiller et al., 2005; Ferrari & Wunsch,
2009). While the significance of ageostrophic motions to energy transfers across scales, and
especially from mesoscale eddies toward smaller scales, is asserted, its contributions to the
EKFE flux divergence remains an open question to our knowledge.

Surface geostrophic velocities derived from satellite altimetry data are usually inter-
preted as primarily reflecting the 15 baroclinic mode (Wunsch, 2007; Smith & Vallis, 2001).
However, this questions the interpretation of the n-based EK F flux divergence as the one of
the mesoscale reservoir, which is formally represented by the barotropic and 1%¢ baroclinic
modes (Wunsch, 1997; Smith & Vallis, 2001; Venaille et al., 2011). This question is sup-
ported by a study showing that the increasing resolution of eddies results in an increasing
EKE fraction into the baroclinic mode (Yankovsky et al., 2022). It is also supported by a
study showing that the mesoscale EK FE reservoir is equipartitioned between both modes,
or even locally dominated by the barotropic mode, in the western boundary region of the
Agulhas Current (Tedesco et al., 2022).

Topographic interactions are documented to be key processes of mesoscale eddy dy-
namics at western boundaries. Topography controls instability processes (Lutjeharms, 2006;
Gula et al., 2015) and channels energy transfers between mesoscale eddies, eddies of smaller
scale, waves and mean currents (Adcock & Marshall, 2000; Nikurashin & Ferrari, 2010;
Evans et al., 2020; Perfect et al., 2020; Tedesco et al., 2022). The contribution of topo-
graphic interactions to mesoscale EK E flux divergence remains to be determined.

Assessing to what extent altimetry data allows to infer mesoscale F K F flux divergence
is an important step toward improving our understanding of the global ocean dynamics.
It depends on the impact of the three aforementioned approximations — (i) geostrophy vs.
ageostrophy, (ii) 1% baroclinic vs. barotropic modes and (iii) importance of topographic in-
teractions — in regions of western boundary. We aim to assess the impact of approximations
(i), (ii), and (iii) on the mesoscale EKE flux divergence using a numerical simulation of
the Agulhas Current. The latter one is the western boundary current of the South Indian
Ocean (Lutjeharms, 2006) and a sub-region of the largest mesoscale EKE sink, found at
the western boundary of the South Indian Ocean, by Zhai et al. (2010).
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Our study is organized around the following questions : Do the 7n-based components
of the EKFE flux divergence (eddy-pressure work and advection of EK E) provide reliable
estimates of the true ones ? If not, which approximations are responsible for differences ?
What are the implications for inferring the F K E flux divergence using n field ? The true and
n-based expressions of FK E flux divergence components (eddy-pressure work and advection
of EKFE) are defined and interpreted in section 2. The n-based paradigm of mesoscale EKE
sink at western boundaries (Zhai et al., 2010) is evaluated using observations and a numerical
simulation in section 3. The validity of the n-based components are evaluated and the main
contributions of the true components are characterized, respectively in section 4 and 5. The
results of sections 4 and 5 are sum up in section 6 to draw a conclusion on the use of satellite
altimetry data to infer the EK E flux divergence. The results are then discussed in a larger
context of observation-based EK E budgets and of mesoscale eddy dynamics in section 7.

2 Theory

We present in the following the modal EKFE flux divergence. We first present the
theoretical framework of vertical modes. We then define the true expression of the EKE
flux divergence, constituted of the modal eddy-pressure work (EPW) and the advection of
EKE (AEKE), based on Tedesco et al. (2022). We finally detail the approximations that
are required to derive their n-based expressions.

2.1 Vertical modes

A convenient approach to describe the vertical structure of mesoscale motions is the
modal decomposition using traditional vertical modes (Gill, 1982). The vertical structure
of the mesoscale EK E reservoir corresponds to the combination of the barotropic and 1%
baroclinic modes (Wunsch, 1997; Smith & Vallis, 2001; Venaille et al., 2011; Tedesco et al.,
2022), which represents surface-intensified vertical structures energized to the bottom.

The vertical modes ¢,, for the horizontal velocity (u) and the dynamical pressure (p)
are the eigenfunctions solution of the Sturm-Liouville problem (Eq. 1), using linearized free-
surface (|2 ¢n|.my = |_TNQ¢,L|Z:,7) and flat-bottom boundary conditions (|2 ¢y |.——n = 0)

0 1 0 1
7 (]\/'282(%) + 07<Z5n =0 (1)

n

with N? the time-averaged buoyancy frequency, g the acceleration of gravity and c2 =

n—lﬂ :]H N(x, z) dz the eigenvalues of the vertical modes.

The vertical modes are related to horizontal scales via ¢2, which are good approxima-
tions of the Rossby baroclinic deformation radii : Rdp>1 = ‘CT"‘ (Chelton et al., 1998), with
f the Coriolis parameter. The modal base ¢,, satisfies the orthogonality condition :

[ b 2= G @
—H

with d,,, the usual Kronecker symbol and h = 1+ H the water column depth.

The dynamical variables are projected onto n vertical modes as follows :

1

1 n 1
0. 0).~-pu(x.0] = 7 [ (2.0, —-plx, 2 Dlonx. 2) d: (3)

with u,, and p,, the modal amplitudes of the horizontal velocity (u) and dynamical pressure
(p) and po the reference density value.



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

2.2 True expression of the modal EK FE flux divergence

The modal EKE flux divergence is a contribution of the modal EKFE budget. The
modal EK FE budget corresponds to the classic EKE budget (Harrison & Robinson, 1978;
Gula et al., 2016) derived in the framework of the vertical modes. Tedesco et al. (2022)
derived a comprehensive modal EFKE budget in the context of the mesoscale variability,
inspired from the budget derived in the context of internal tides (Kelly, 2016). The modal
EKFE budget reads as follows :

n

—-H —-H

P n
u, - (Poha—tu;) + Vg- / u.p,¢n dz + %VH~/ W, [0, 60| |* dz
N——

Time rate Eddy—pressure work (EPW) Advection of EKE (AEKE)

Modal EKE flux divergence (EPW+AEKE)

=3 S, + D, (4)
—— —
EKE sources EKE sinks
with the prime denoting fluctuations relative to the 1995-2004 time average. Terms are
averaged over this period. The dynamical pressure (p(x,z,t)) is derived from the in situ
density (p(x,z,t)) from which the background density profile (p(z) defined as the spatial
and time average of the in situ density) has been substracted.

The modal EK FE flux divergence corresponds to the rate of the spatial redistribution of
modal EK E done by pressure fluctuations (EPW) and by advection (AEKE). The EPW
is usually interpreted as the linear wave contribution, and AEK E as the advection of EKE
by the total flow (Harrison & Robinson, 1978). In the context of linear theories of internal
waves (Kelly et al., 2010, 2012; Kelly, 2016) and of Rossby waves (Masuda, 1978), EPW
is the only contribution to the modal EK F flux divergence. For interior-ocean dynamics it
represents the main contribution (Harrison & Robinson, 1978). In regions of high variability,
AFEKE can significantly contribute to the FKE flux divergence and can be equivalent to
EPW (Harrison & Robinson, 1978; Capé et al., 2019; Tedesco et al., 2022).

The mesoscale eddy dynamics modeled by our numerical simulation is in equilibrium
for the period considered in our study (1995-2004). The time rate smallness has indeed been
evaluated by Tedesco et al. (2022) for the period 1995-1999, which is shorter than the period
1995-2004 used here. The modal EKFE flux divergence therefore accounts for the left hand
side of the modal EKE budget (Eq. 4). It equals the sum of all local EKE sources (S,,)
and sinks (D,,). It can therefore be interpreted as the redistribution rate of the net EKE
sources and sinks. A negative (positive) EKFE flux divergence indicates that the ingoing
EKE flux are larger (lower) than the outgoing ones, resulting in a net EK E sink (source),
whose content has been imported (exported).

In the present study, we focus on the EK F flux divergence of the mesoscale reservoir,
that we define as the sum of the barotropic (n = 0) and 1% baroclinic (n = 1) components
(EPWy—o—1 and AEKFE,,_o_; that are referred to EPW and AEKE in the following in
order to simplify the notations).

2.3 m-based expressions of the modal FK FE flux divergence

We define the different n-based expressions of FPW, gradually accounting for approx-
imations (i), (ii) and (iii) used in Zhai et al. (2010). We also define an n-based expression of
AEKE accounting for approximation (i). The main terms discussed in this study are listed
in Table 1.



237 2.3.1 Approximation (i) (EPW(;y and AEKE)

238 EPW and AEKE (Eq. 4) can be written as the sum of three contributions, as follows
239 .
U n
EPW = [ 56,V (on) det [ (00) - Vao) dz o)
—H —-H
A B
+Vaun- |u;lp’/ﬂ¢31|z:77 +VuH - |u;1p;z¢31|Z:—H
c

_Po K ’ 2 po [ / 2
AEKE = o |0, 60| >V - (W) dz+? (W,én) - Vil|lu,oull* dz  (6)
H H

A B
Po Po
vH77 |un¢n||u ¢n|| ‘Z n+ VHH ‘unﬁbn”u d)nH ‘Z—
C
240 Terms C represent the interactions of FK E flux with topography (—H) and sea surface

on height (1) gradients. It can be further simplified to interactions with topographic gradients,
242 because : ||[Vgn|| = O(107%)||[Vy H|| in the Agulhas Current region.

243

244 EPW (Eq. 5) and AEKE (Eq. 6) can be written as EPW(;) (Eq. 7) and AEK E(;) (Eq.
245 8) when using the approximation of (i) modal geostrophic velocities (uy ,,¢»). The velocities
26 are expressed using modulated 7 fields, which account for the fraction of the different vertical
wr modes (ug,u6n = kA SV (55 )\nn) with Ay = % and w6, = kn§ Vi (5 ann’)
248 with a,, = 7777:,’)
2 9 " 92 dz 20H =
EPW,,) = Bpog® 0 ( Jlnon a2y + Brog Loz E—t 22
2f2 Ox M’%‘z:o 2f2 am ‘¢721|z—0
B—contribution (A1) B—contribution to topographic interactions (AZ2)

(7)

POg ¢2 ) 2 /2
+7V H-lkAV ( p——
2f AV (5.5 o=

EKE flux—topographic interactions (C)

With approximation (i), the contribution of horizontal modal pressure gradients (B in Eq.
5) cancels out. EPW(;) is therefore constituted of a f-contribution acting on EKFE flux
(A1) and topographic interactions (A2) and of the contribution of EKE flux-topographic
interactions (C).

_Bpog 9 (_on po ["
AEKE(Z’) - 22 H ||2 |¢n|z 0)‘n77 dz+ 9 7H(ug,n¢n) ’ VHHulg,"QS”H2 dz
B—contribution (A) Work of eddy—total flow interactions (B)

(8)
Po
+ EVHH' |ug,n¢n||u;,n¢n||2‘z:7H

EKE flux—topographic interactions (C)
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AEKE(;) (Eq. 8) is constituted of a 3-contribution (A), the work of eddy-total flow inter-
actions (B) and of the EK F flux-topographic interactions (C).

2.3.2 Approximation (ii) (EPW(; ;)

EPW(; (Eq. 7) can be written as EPW(; ;; (Eq. 9) when using the approximation of
(ii) n primarily reflecting the 15 baroclinic mode (o, ~ a1 ~ 1), such as :

EPWi iy = —

n 2

Bpog? 0 [ Jly ot dz ) 4 Brog® OH |6%].——tr o
2f% 0z \_ |¢f]:=0 2f? 9z |¢7].=0

B—contribution (A1) B—contribution to topographic interactions (A2)

9)

2 2

Pog 0%} 2

4+ —-VyH- k/\VH( )77 2=—H
2f | 93] 2=0 |

EKE fluz—topographic interactions (C)

2.3.3 Approximation (iii) (EPW(; iy and EPW(; ;i;))

EPW ;i) (Eq. 9) can be written as EPW(; j; i) (Eq. 10) when using the approxima-
tion of (iii) topographic interactions (A2, C) being negligible compared to the S-contribution
(A1), such that :

ﬂp092 0
EPW.: oo — — “
(2,11,147) 2f2 9z

(10)

fi?H qb% dZ 77/2
|¢%|z:O

B—contribution (A1)

The expression of EPW(; j; ;i) (Eq. 10) corresponds to the contribution of linear EKE
flux, driven by the S-effect, acting on the 1% baroclinic mode to the true EPW (Zhai et
al., 2010).

We additionally define EPW(; ;;; (Eq. 11), which is equivalent to EPW(; ;; iis) (Eq. 10)
with approximation (ii) relaxed, such that :

EPW i iy = —

Bpog® 0 J2 o dzaz ”
2f2 0z \ [62.0 "

B—contribution (A1)

In the following sections, we will test if EPW(; ;; i) (Eq. 10) and AEKE(;) (Eq. 8)
are reliable approximations of EPW (Eq. 4) (section 4) and AEKFE (Eq. 4) (section
5), respectively. The main terms discussed in these sections are summarized in Table 1.
Beforehand, section 3 presents the methods and data.

3 Method
3.1 Observations and numerical model

We first present the observations and the regional numerical simulation used in this
study. We then assess the sensitivity of the paradigm of mesoscale eddy decay at the Ag-
ulhas Current region, by comparing the observed and modeled EPW(; ;; ;i) (Eq. 10). The
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term requires vertical modes (derived using a time-averaged stratification N?) and 7 fields.

3.1.1 Observations

The WOCE (World Ocean Circulation Experiment) and WOA18 (World Ocean Atlas)
climatologies provide in situ temperature and salinity fields at a global scale, with respec-
tive horizontal resolutions of 1/2° and 1°, for monthly compositing means (Gouretski &
Koltermann, 2004; Locarnini et al., 2018; Zweng et al., 2019). Vertical modes are derived
from the time-averaged stratification, computed from temperature and salinity provided by
both climatologies. Altimetric data are mapped on a regular 1/4°- and 1/3°-grid by AVISO
(Archiving, Validation and Interpretation of Satellite Oceanographic data) and provide 7
field for weekly compositing means at a global scale. Here we focus on a subset of data over
the Agulhas Current region (15°E - 34°E and 27°S - 40°S) for the 1995-2004 period.

3.1.2 Numerical model

A regional numerical simulation of the Agulhas Current was performed using the
Coastal and Regional COmmunity (CROCO) model. It is a free surface model, based
on ROMS (Shchepetkin & McWilliams, 2005), which solves the primitive equations in the
Boussinesq and hydrostatic approximations using a terrain following coordinate system (De-
breu et al., 2012). The simulation has a horizontal resolution of dx ~ 2.5 km and 60 vertical
levels. It encompasses the Agulhas Current region from its source, north of the Natal Bight
(27°S), to the Agulhas Retroflection (~ 37°S), from where it becomes the Agulhas Return
Current and flows eastward. Boundary conditions are supplied by two lower-resolution grids
(dx ~ 22.5 km and 7.5 km, respectively covering most of the South Indian Ocean and its
western part). The surface forcing is provided by a bulk-formulation using daily relative
winds. The regional numerical simulation settings and modeled mesoscale eddy dynamics
are presented in details by Tedesco et al. (2019, 2022). Here vertical modes are derived from
the time-averaged stratification over the 1995-2004 period, computed from the modeled
temperature and salinity.

3.2 EPW; ;; i) from observations and a numerical model

In order to ensure the ability of the model to reproduce a realistic mesoscale eddy
dynamics and to assess the sensitivity of the paradigm of mesoscale eddy decay at the
Agulhas Current region, we compare £PW(; ;; ;i) (Eq. 10) computed from observations (as
in Zhai et al. (2010)) and from the model (Figure 1).

Observed and modeled EPW(; ;; iis) are in fairly good agreement across the domain of
the dx ~ 2.5 km grid. Both EPW(; j; ;) are most intense at the Retroflection and along
the Agulhas Return Current (0(0.1-0.5) W m~2) and are less intense along the Agulhas
Current and in the Subgyre (0(0.01-0.1) W m~2). However, the Agulhas Current region
— from north of the Natal Bight (~ 27°S) to the African tip (~ 37°S) and from the shelf
to about 150 km offshore, a typical width of western boundary currents (black region in
Figure 1) — stands out for both. In this region, EPW(; ;; ;;;) is almost uniformly nega-
tive and has a cumulative net negative contribution of magnitude O(1) GW. The negative
EPW(; iiiiiy along the Agulhas Current — referred to as the Western Boundary (WB) region
in the following — is consistent with the hotspot of net EK E sink in the region near the west-
ern boundary of the South Indian Ocean (poleward of 10°S) suggested by Zhai et al. (2010).

The main discrepancy between the observed and modeled EPW(; ;; ;i) is the magni-
tude of the cumulative EK FE sinks in the WB region. There is roughly a twofold decrease
in the model compared to observations (Figure la,b,c). The magnitude difference is still
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present when using smoothed 7, with a length scale of 100 km, in the model to mimic the
altimetry data processing done by AVISO (Figure 1d). It indicates that the EKE sink in
the WB region is robust to altimetry data processing and that horizontal scales < O(100)
km do not significantly contribute to the EPW(; j; ;) term. Using different climatologies
(1/2° WOCE or 1° WOA18) and satellite altimetry data of different resolutions (1/4° or
1/3° AVISO) also does not significantly change the result (Figure la,b).

The magnitude difference is unlikely explained by the forcing of eddies generated in the
parent nest that would propagate in the dx ~ 2.5 km grid. The grid is forced at each time
step at the boundaries by a parent grid (dx ~ 7.5 km), which resolves mesoscale eddies of
scales < 100 km. An explanation can be the slight underestimation of the surface EKE
reservoir in the dx ~ 2.5 km simulation, compared to AVISO, in the Subgyre region (Figure 2
in Tedesco et al. (2022)). A weaker EK E reservoir can lead to a weaker spatial redistribution
of the EKE (EKE flux divergence). It is supported by the observed EPW(; ;; i;; showing
slightly larger magnitudes (-0.1 W m~2) than the modeled EPW(; ;i iy (-0.05 W m~2), in
the same areas where the surface AVISO-based EK F is slightly larger (0.05 m? s=2) than the
modeled one (> 0.03 m? s72). Another explanation can be the definition of the WB region.
The uniform EKFE sink denoted by EPW(; ;; ;;;) has a larger extension in the observations
than in the model (Figure 1). With a typical width of western boundary currents, the WB
region fully encompasses the modeled uniform EKFE sink, with the southern face closely
following the O(0) W m~! isoline. However, the WB region encompasses most, but not all
of the observed uniform EKFE sink.

Both observed and modeled EPW; j; ;:;) are mainly negative in the WB region, showing
a net EKFE sink. It is consistent with the paradigm of the decay of remotely-generated
mesoscale eddy at western boundaries (Zhai et al., 2010). It also ensures that the dx ~ 2.5
km numerical simulation reproduces a realistic mesoscale eddy dynamics and confirms its
use to assess the n-based diagnostic of EKE flux divergence in the WB region.

4 Results I : Validity of the approximated EPW(, ;; ;;;y and main contri-
butions to the true EPW

In this section we evaluate the n-based estimate of EPW (EPW(; ;; ii). We first
evaluate if EPW(; i; ;i) (Eq. 10) is a reliable approximation of the true EPW (Eq. 4). We
then evaluate separately the impacts of approximations (i), (ii) and (iii) (cf. section 2.1.3)
and characterize what are the main contributions to the true EPW.

4.1 Comparison between approximated EPW(; ;; ;;;y and true EPW

EPW(; i) and EPW in Figure 2 — and in all the following Figures — have been
smoothed using a 75 km-radius Gaussian kernel. Smoothed terms emphasize the large-scale
patterns driving the cumulative contributions of EPW in the WB region and ease the com-
parison with EPW(; 4; is:)- The smoothing length scale corresponds to a typical mesoscale
eddy radius at mid-latitudes, as inferred from satellite altimetry (Chelton et al., 2011). The
sensitivity of the EPW term to the smoothing length scale is presented in Appendix A.

EPW(; i) and EPW strongly differ by their patterns across the whole domain and
by their cumulative contributions in the WB region (Figures 2a and b). EPW(; i i is
mainly negative in the WB region (-1.10 GW; Figure 2a) and EPW is mainly positive (0.81
GW; Figure 2b).

EPW shows contrasted net mesoscale EK FE sources and sinks within the WB region,
consistent with the documented Agulhas Current mesoscale variability (Lutjeharms, 2006;
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Paldor & Lutjeharms, 2009; Tedesco et al., 2022). Along the northern and stable Agulhas
Current branch (upstream of Port Elizabeth), EPW is negative (O(-0.01) W m~?2), except
at the Natal Bight (~ 31°E) where EPW is positive and Natal Pulses are locally generated
(Elipot & Beal, 2015). Along the southern and unstable current branch (downstream of Port
Elizabeth), EPW is positive over the entire width of the WB region, except at the Agulhas
Bank tip (~ 23°E) where mesoscale EKE is locally lost. The cumulative contribution of
EPW across the WB region is dominated by the net mesoscale EK E sources (EPW > 0),
which are the most intense along the southern current branch where mesoscale variability
is high. The locally gained mesoscale EK E is transported downstream. It mainly exits the
WB region by its western face toward the South-East Atlantic Ocean or entering back the
South Indian Ocean following the Agulhas Return Current (vector fields in Figure 2b).

The negative EPW(; j; ;1) and the positive EPW support opposite paradigms of mesoscale
eddy dynamics in the WB region. The 7-based version is dominated by a local decay of
remotely-generated mesoscale eddies, while the true version is dominated by a local genera-
tion of mesoscale eddies, which are then exported downstream. It indicates that EPW(; i ii)
(Eq. 10) — B-contribution acting on the 1% baroclinic mode — does not represent the main
contribution to the true EPW (Eq. 5). This suggests that the contribution of S-effect
acting on the 1%¢ baroclinic mode is counterbalanced by other dynamical processes to pro-
duce a positive EPW in the WB region. We investigate in the following which of the
approximations (i), (ii) and (iii) limits the 7-based diagnostic of EPW.
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Figure 1: EPW(; ;i i) (Eq. 10) [W m~2] for (a) AVISO new products (1/4°) and WOA18
(1°) climatology, (b) AVISO old products (1/3°) and WOCE (1/2°) climatology, (c) CROCO
(dx ~ 2.5 km) and (d) CROCO mimicking AVISO processing (7 fields smoothed with a 50
km-radius Gaussian kernel). Terms are averaged over the 1995-2004 period. The black area
denotes the WB region and the terms integral in the region are in [GW] (10° W). The green
contours denote the 0.25 m and 0.5 m isolines of time-averaged 7 and the black contours
denote the 1000 m and 3000 m isobaths. (d) Small scales patterns, visible in spite of the
smoothed 7 fields, are due to horizontal gradients of the 1*¢ baroclinic mode which is at the
model resolution (dx ~ 2.5 km). All EPW(; ;; ;i) show, in good agreement, a net mesoscale
EKE sink in the WB region (EPW(; ;; ;i) < 0). It is consistent with the paradigm of the
decay of remotely-generated mesoscale eddies at western boundaries (Zhai et al., 2010).
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Figure 2: (a) EPW(; ;) (Eq. 10), (b) EPW (Eq. 5), (c) EPW(; ;) (Eq. 11) and (d)
EPW(;y (Eq. 7) [W m™2]. Terms are smoothed with a 75 km-radius Gaussian kernel. (b)
Vector fields denote the mesoscale EKE flux (", ulpj,¢? dz with n =0 — 1) [W m™].
(cf. Figure 1 for a detailed caption). The black area denotes the WB region and the terms
integral in this region are in [GW] (10° W). The green contours denote the 0.25 m and 0.5
m isolines of time-averaged n and black contours denote the 1000 m and 3000 m isobaths.
(a) and (b) strongly differ (EPW(; ;; ;i) < 0 and EPW > 0 in the WB region), indicating
that EPW(; ;i i) is not a reliable estimate of the true mesoscale EPW. (a) and (c) results
from different contributions of the barotropic and 1% baroclinic modes, indicating that
approximation (ii) biases the interpretation of EPW(; ;; ;i;). (c) and (d) differs, invalidating
approximation (iii) for the n-based EPW.
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4.2 Approximation (ii) : contribution of the barotropic mode (EPW ;41,554
vSs. EPW(i,iii))

With approximation (ii) (n field primarily reflecting the 1%¢ baroclinic mode), the
mesoscale EK E reservoir — formally represented by the barotropic and 1%¢ baroclinic modes
(Wunsch, 2007; Smith & Vallis, 2001; Venaille et al., 2011; Tedesco et al., 2022) — is repre-
sented by the 1°¢ baroclinic mode alone. This can lead to a misinterpretation of the dynamics
of the mesoscale EK FE reservoir. It can gain or loose EKE through the barotropic mode
and the barotropic and 1%% baroclinic modes can exchange EK E, via barotropisation and
scattering processes, without affecting the content of the mesoscale EKFE reservoir. The
importance of barotropization has been shown in the WB region of the North Indian Ocean
(Vic et al., 2014). The necessity to account for both modes to infer the mesoscale EKFE
flux divergence in the WB region is supported by the true EPW. Its net contribution in
the WB region (0.81 GW; Figure 2b) results from the partial compensation between the
barotropic (1.56 GW) and the 15! baroclinic modes (-0.75 GW) (not shown), indicating that
barotropization is a significant process in the region.

The expression of EPW(; ;i) (Eq. 11) accounts for the different vertical modes using
a? — the vertical partitioning of the 7 variance. The 7 variance mainly partitions into the
1%¢ baroclinic mode (38 4+ 2 %) and more weakly, but still significantly, into the barotropic
mode (16 £+ 4 %) (Appendix B). It indicates that the mesoscale EK E reservoir can be for-
mally represented by the barotropic and 1% baroclinic modes using n. The 7 variance also
significantly partitions into an intermodal coupling term (36 + 2 %), originating from the
modal correlation in time at the surface (Wunsch, 1997). However, the intermodal coupling
term does not contribute to EPW(; ;;;y (Eq. 11), which uses the orthogonality contribution
(2) and only accounts for individual vertical modes.

Approximation (ii) is evaluated by comparing EPW(; ;; ;i;) (Figure 2a) with EPW(; ;)
(Figure 2c). EPW(; ;i iii) and EPW(; ;;;y have highly similar patterns and magnitudes across
the region. However, the net mesoscale EKE sink in the WB region denoted by EPW(; ;i)
(-0.81 GW; Figure 2¢) results from the combination of the barotropic (-0.51 GW) and 1%
baroclinic modes (-0.30 GW). It contrasts with the net FK E sink denoted by EPW(; (-1.10
GW), attributable to the 15! baroclinic mode alone (Figure 2a). This indicates that both
vertical modes are needed to accurately interpret the mesoscale EPW . It also indicates that
even though the barotropic mode does not dominate the 7 variance (16 + 4 %; Appendix
B), it is the main contribution to the vertically-integrated EPW/; ;;;) in the WB region.

Approximation (ii) biases the interpretation of the n-based EPW (EPW(; ;; i) in Eq.
10), because the barotropic mode represents the main contribution to the net EKE sink
in the WB region denoted by EPW(; ;;; (Eq. 11). However, it is not at the origin of the
strong discrepancies between the 7-based terms - EPW(; i i) (Eq. 10) and EPW(; ;;:y (Eq.
11) - and the true EPW (Eq. 4).
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4.3 Approximation (iii) : contribution of topographic interactions (EPW(; ;i)
vSs. EPW(.L') )

The WB region is characterized by large topographic variations, having a spatially-
averaged magnitude of 3 1072, which can locally peak at 6 10~2. This questions the use of
approximation (iii) of EK F flux-topographic interactions to be negligible in the WB region.

Approximation (iii) is evaluated by comparing EPW(; ;) (Eq. 11; Figure 2c) against
EPW; (Eq. 7; Figure 2d) which includes topographic interactions. The two terms locally
differ by their patterns and magnitudes. However, their cumulative contributions in the
WB region show a net mesoscale EKE sink (EPW(; ;;;EPW(;) < 0). EPW(;, including
topographic interactions, has contrasted patterns within the WB region and is the most
intense at the Eastern Agulhas Bank Bight (23°E-27°E). Its local magnitude is larger by an
order of magnitude than that of EPW(; ;;;), excluding topographic interactions.

Topographic interactions are mainly due to the term of EKFE flux-topographic inter-
actions (C : -3.05 GW in the WB region, not shown), because the term of S-contribution
to topographic interactions has a negligible contribution (A2 : 0.76 GW in the WB region,
not shown). A valid approximation would be to neglect the S-contribution (A1) and the -
contribution to the topographic interactions (A2) compared to the EKE flux-topographic
interactions (C).

Approximation (iii) has a significant impact on EPW(; ;;;y (Eq. 11). However, EPW;
(Eq. 7) — adjusted of approximations (ii) and (iii) — is mainly negative in the WB region,
consistently with the former version of the n-based EPW (EPW(; ;i) in Eq. 10). It
indicates that approximations (ii) and (iii) are not the reasons for the opposite signs in the
WB region between the n-based (EPW(; ;; iy in Eq. 10; Figure 2a) and the true EPW
(EPW in Eq. 4; Figure 2b).

4.4 Approximation (i) : contribution of ageostrophic motions (3-contribution
vs. ageostrophic EPW)

Approximation (i) of geostrophic velocities is the last possible reason for the opposite
signs of the n-based (EPW(; i), EPW(;y < 0; Figure 2¢,d) and true EPW (EPW > 0;
Figure 2b) in the WB region. It suggests that the main contribution to the true mesoscale
EPW is the ageostrophic part of mesoscale eddies velocity.

We use a scale analysis to explain the prevalence of ageostrophy, compared to the -
contribution (in EPW(;); Eq. 7 and EPW(; ;;;); Eq. 11), for the true EPW (Eq. 4).
We focus here on the S-contribution only, because it was the one investigated as the main
contribution to the true EPW by Zhai et al. (2010). The decomposition of velocity and
pressure into a geostrophic and an ageostrophic part in the modal EKFE equation (Eq. 4),
results in three types of contribution to EPW: a purely geostrophic one (S-contribution
to EPW;; Eq. T7), a purely ageostrophic one (ug, ,; Ph,,), and a coupled geostrophic-
ageostrophic one (uggyn; p;_’n). We derive the scale analysis for the purely ageostrophic (Eq.
12) and partially ageostrophic (Eq. 13) terms to assess their contribution to the true EPW.
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/H Vi - (u;g,np;gmd)i) dz| ~ % (12)

! RoU' P H
/H V- (u:zg’np’gmgbi) dz| ~ % (13)

[ ; BP'UH
212 |y 0x \|¢2|.—o 7
2 / :

Eii; = R[(?Ef _ C]zl‘\;l{g\ _ L(:rosz—ov(’ﬂ“7 with Leross—over = RT/J\\%? (15)
1 f Chars Lcrossfover o
(13) _ ROJ — CRJ\ﬁ{S — . With Leross—over = RMS (16)
(14)  Lp L3 I 5

with |V, &| ~ 1, [ [Ty < . > dz| ~ H, [8| ~ B, |f| ~ [, [uj,,| ~ RoU, and
|Ptg,n| ~ RoP; using the expansion of velocity and eddy pressure with Ro the small pa-
rameter — defined as the vertical average of the root mean square of the normalized relative

vorticity of mesoscale eddies (¢! = 9,v' —Jyu'), such as : Ro = ‘% [y (%) dz’ ~ q%%

- : 2,22 pPUTLE :
—|py | ~ Py ~ pofU, L using geostrophy and (T;j; CZO IV ! using the hydrostatic ap-

proximation and geostrophy.

The scale analysis leads to the definition of a cross-over scale (Lcross—over in Eq. 15 and
16) marking the transition from an ageostrophic-dominated EPW (Lcross—over >> Leddy)
to a f-effect dominated EPW (Lcross—over << Leddy)- It must be noted that the definition
of Liross—over 18 not unique. An equivalent expression can be obtained by using Ro = %7

. , 2 y
such that : % = Lléfi = W, with Leross—over = % = Rh. Rh is the Rhines
scale defined in turbulence geostrophic theory to mark the transition from an advectively-
dominated (Rh << Legqy) to a Rossby waves-dominated (Rh >> Lc4qy) turbulent regime

(Rhines, 1975). We discuss here Ro = C%‘% (Figure 3a) and the corresponding scale ratio

Leross—over

(Eq. 12; Figure 3b and Eq. 13; not shown). Rh is assessed for comparison in
Appendix C.

Ro is a measure of ageostrophy (Cushman-Roisin & Beckers, 2011). The typical range
of Ro values for mesoscale eddies at mid-latitudes, inferred from satellite altimetry data
(O(< 0.05) from Chelton et al. (2011)), is used as a reference for mesoscale eddies in the
WB region. Ro has a contrasted distribution in the WB region (Figure 3a). 70 % of its
values are in the range O(0.02 - 0.07). The rest of the values are larger (O(0.07-0.65)) and
located at the Agulhas Current inner front. It confirms that mesoscale eddies are mainly
geostrophic in most of the WB region. They are more ageostrophic at the inner front where
the velocity shear is more intense and where they likely interact with topography.

Although geostrophy is a good approximation for mesoscale eddies velocity in most of
the WB region (Figure 3a), the purely geostrophic EPW — corresponding to a S-contribution
(Figures 2a,c) — is not the main contribution to the true mesoscale EPW (Figures 2b). For
the case of a partially ageostrophic EPW (Leross—over i EQ. 13), Leross—over ~ O(3—T7)Rd
in 70 % of the WB region, with larger ratio (Leross—over ~ O(7 — 19)Rd) located at the
inner front of the Agulhas Current (Figure 3b). It indicates that the partially ageostrophic
EPW dominates the p-effect for the mesoscale regime in the WB region. The partially
ageostrophic-dominated EPW is also supported by the equivalent expression of Leyoss—over
depending on Rh (Appendix C). A typical radius of mesoscale eddies at mid-latitudes,
inferred by satellite altimetry, is 75 km (Chelton et al., 2011). With L.ross—over = O(105-
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Figure 3: (a) Ro for mesoscale eddies (Ro = q*%, with ¢’ the normalized relative vorticity)

and (b) LC“’SI%"”” = %é‘/’g defined for the partially ageostrophic EPW (Eq. 16). The

purple lines denote Ro and % 70 % percentiles, the green contours denote the 0.25
m and 0.5 m isolines of time-averaged n and black contours denote the 1000 m and 3000 m
isobaths. The terms count in the WB region [%] are shown as barplots, where purple shaded
areas denote the 70 % percentile range of values. (a) Ro shows that mesoscale eddies are
mainly geostrophic in the WB region (O(0.02-0.07) in 70 % of the WB region). However,
(b) % >> 1 in the WB region, resulting in Lc4qy (> Rd) to fall in the range of

partially ageostrophic-dominated EPW  compared to the g-effect.

256) km in 70 % of the WB region (not shown), the S-effect would be the main contribution
to the true mesoscale EPW for the large-scale range of mesoscale eddies. For the case of
a purely ageostrophic EPW (Leross—over 10 EQ. 12), Leross—over ~ O(0.1 — 0.5)Rd in 70
% of the WB region with larger ratio located at the inner front of the Agulhas Current
(not shown). It indicates that the S-effect dominates the purely ageostrophic EPW for the
mesoscale regime in the WB region.

In a nutshell, the main contribution to the true mesoscale EPW takes the form
of a coupled geostrophic (pressure) and ageostrophic (velocity) EPW in the WB region
(Leross—over >> Leday from Eq. 13). Approximation (i) therefore questions the use of
satellite altimetry data to infer EPW (Eq. 5). In order to conclude on the use of satellite
altimetry data to infer the FKFE flux divergence, we assess in the following section the
impact of the geostrophic approximation (i) on the AEKE term.
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5 Results II : Main contributions to the true AEKFE

In this section we evaluate the 7-based estimate of AFKE (AEK E;y). We first evaluate
if AFKE(;y (Eq. 8) is a reliable approximation of AEKE (Eq. 4). We then characterize
the main contributions to the true AEKE.

5.1 Comparison between approximated AEKE(;) and true AEKE

AEKE(;) and AEKE are in fairly good agreement across the whole domain (Figure
4a,b). They are mainly positive in the WB region, supporting the WB region as the place
of mesoscale eddy generation whose energy is then exported. Both AEKFE are the most
intense along the southern Agulhas Current branch (downstream of Port Elizabeth), where
mesoscale variability is high. Along this portion of the current, the net mesoscale EKE
sources spread almost uniformly across the width of the WB region. The net mesoscale
EKE source cumulated in the WB region shown by AEK E(;), amounts to 73 % of the one
shown by AEKE. The weaker magnitude is explained by the presence of a large sink at
the Eastern Agulhas Bank Bight Tip (22°E - 23°E) visible in AEK E;).

The fairly good qualitative and quantitative agreements between AEK F ;) and the true
AEKE indicate that the n-based term is a reliable estimate of AEKE. It subsequently
indicates that the approximation (i) of geostrophy is valid for AEFKE, in contrast with
EPW (section 4.4) and consistently with Ro (Figure 3a). In the following subsection, we
characterize in details the contribution of each sub-components — -contribution (A in Eq.
8), work of eddy-total flow interactions (B in Eq. 8) and FK E flux-topographic interactions
(Cin Eq. 8) — to AEKE; (Eq. 8).

On a separate note, both terms result from a combination of the barotropic (AEK E(;
: 0.57 GW ; AEKE : 0.88 GW, not shown) and 1% baroclinic modes (AEKE;y : 1.10 GW
; AEKE : 1.41 GW, not shown). It confirms the need to consider both vertical modes to
accurately infer the mesoscale EK E flux divergence in the WB region.

5.2 Approximation (i) : contribution of geostrophic motions to the true
AEKE

The work of eddy-total flow interactions (B in Figure 4d) represents the main contri-
bution to AEK E(;y (Figure 4a) and the $-contribution (A in Figure 4c) has a weaker and
opposite contribution.

The work of eddy-total flow interactions (B in Eq. 8) is a reliable estimate of the net
mesoscale £ K E source in the WB region denoted by AEK E(;y (up to 73 %) and by AEKE
(up to 53 %). The B-contribution (A in Eq. 8) is almost uniformly negative in the WB
region and amounts for a cumulated net mesoscale EK F sink of -0.19 GW. A in AEKE
(Eq. 8) is the nonlinear counterpart of the S-contribution to EPW (A term in Eq. 7).
Both S-terms have similar contributions to the EKFE flux divergence (Figures 2¢ and 4c),
although the nonlinear 8-term has a weaker cumulative contribution in the WB region (-0.19
GW; Figure 4c) than the linear S-term (-0.81 GW; Figure 2¢). The cumulative contribution
in the WB region of EKFE flux-interactions with topography (C in Eq. 8) is 0.65 GW
(not shown). It is weaker than the work of eddy-total flow interactions (B), but remains
significant. It confirms the need to account for topographic interactions to accurately infer
the net mesoscale EK E sources and sinks in the WB region.

—19—



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

609

610

611

612

613

614

6 Conclusion on the n-based EKFE flux divergence

In this section, we draw a conclusion on the use of 7 to infer the EK E flux divergence,
based on our results for the EPW (cf. section 4) and AEKE components (cf. section 5).

The EKFE flux divergence shows a net mesoscale EKFE source in the WB region
(EPW > 0 in Figure 2b; AEKE > 0 in Figure 3b), supporting the WB as a region of
mesoscale eddies generation. The net mesoscale FK E source in the WB region (3.10 GW)
is mainly due to AEKFE (2.29 GW) and more weakly to EPW (0.81 GW).

AFEKE corresponds to the advection of EK E by the total flow. It significantly exports
EKE along the southern Agulhas Current branch (AEKE > 0), where mesoscale variabil-
ity is high (Figure 4b). AEKE is dominated by geostrophic EKE flux (73 % in the WB
region; Figure 4a), in the form of the work of eddy-total flow interactions (53 % in the WB
region; Figure 4d). EPW represents EK E transport done by the linear part of variability,
usually interpreted as the wave dynamics. Its cumulated contribution in the WB region
is dominated by the EKFE export along the southern current branch (EPW > 0), where
mesoscale variability is high. FPW is dominated by the coupled geostrophic-ageostrophic
EKF flux. A scaling analysis (Eq. 16) shows that for typical mesoscale eddies dynamics in
the WB region, the partially ageostrophic EPW dominates the geostrophic EPW due to
the [-effect.

The geostrophic approximation is required by the use of n and is the most critical ap-
proximation to infer the EKFE flux divergence. In the WB region, the approximation is
valid for the AEKFE component, which dominates the EKE flux divergence. The use of
7 to infer the FKFE flux divergence therefore leads to a fairly good qualitative degree of
accuracy, even if it significantly underestimates its magnitude in the WB region (46 %).

Approximations (i) (n primarily reflecting the 15¢ baroclinic mode) and (iii) (weak
topographic interactions) are less critical, but significantly bias the interpretation and ac-
curacy of the EKF flux divergence. Both approximations are not directly required by the
use of n field and can potentially be relaxed using other datasets in addition to satellite
altimetry data. Numerical outputs and bathymetry data would respectively be needed to
derive 7 partitioning between vertical modes (approximation (ii)) and the contribution of
the EK FE flux-topographic interactions (approximation (iii)).

7 Summary and Discussion
7.1 Summary

We have assessed the mesoscale EKE flux divergence in the region of the Agulhas
Current as well as the use of sea surface height (n) to infer it, using a numerical simulation.
The n-based EKE flux divergence is a reliable qualitative estimate of the true one (54 %),
via one of its component — the advection of EKE by the total flow (AEKE; Figure 4). It
is in favor of the use of satellite altimetry data to infer the net mesoscale EK F sources and
sinks in the region of the Agulhas Current.

7.2 Discussion

Our study supports the WB region of the Agulhas Current as a hotspot of mesoscale
eddy generation, whose energy is then exported (EKFE flux divergence > 0; Figures 2b
and 4b). Tt is in contrast with the paradigm of the decay of remotely-generated mesoscale
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eddies at western boundaries (EKFE flux divergence < 0), likely due to direct EKF routes
channeled by topography (Zhai et al., 2010; Chelton et al., 2011; Evans et al., 2020; Z. Yang
et al., 2021; Evans et al., 2022).

The latter paradigm relies on the (-effect being the main contribution to the EKE
flux divergence (Zhai et al., 2010). Our analysis shows that this contribution is weak for
the mesoscale regime in the WB region, explaining the different paradigms. The weak
[B-contribution is assessed using a scale analysis. In the WB region, the typical scale of
mesoscale eddies falls in the range of a partially ageostrophic-dominated FPW , compared
to the purely geostrophic EPW, which reduces to the S-contribution (Eq. 13; Figure 3b
dn Appendix C). In the WB region, purely geostrophic flows — others than the S-effect —
contribute significantly to the EKFE flux divergence, via AEKFE (nonlinear component).
The scale analysis shows the sensitivity of the EKE flux divergence to metrics set by the
regional mesoscale dynamics. It can vary within western boundary regions across latitudes
and across oceanic gyres, possibly pointing toward opposite contributions to the FK FE flux
divergence. The paradigm of the decay of remotely-generated mesoscale eddies may there-
fore be valid in specific oceanic regions.

The leading order processes of the mesoscale EK E budget in western boundary regions
allow to further interpret the mesoscale EK E flux divergence. In the Agulhas Current, a
study showed that the mainly positive mesoscale E K F flux divergence results from the local
generation of EK E by instability processes of the current, overcoming the local EK E decay
by topographically-channeled interactions and dissipation due to bottom-friction and wind
(Tedesco et al., 2022). It is in contrast with studies at a mid-latitude western boundary,
free of a western boundary current, which showed that the decay of remotely-generated
mesoscale eddies is due to a zoo of topographically-channeled processes triggering direct
EKE routes to dissipation (Evans et al., 2020, 2022). In the same way, a study simulating
an idealized western boundary, free of a mean current, showed a mesoscale eddies decay due
to topographically-channeled turbulence in the presence of rough topography (Z. Yang et
al., 2021). The different studies suggest that in the presence of an intense mean current,
the local generation of EK E may overcome the local decay, while in the absence of intense
generation processes, the local EKE decay will likely dominate.

In a nutshell, the different studies suggest that, western boundary regions would be the
place of contrasted mesoscale E K F flux divergence depending on regional factors. However,
the validity of our discussion in the context of other WB regions is to consider cautiously,
as the different studies are based in different western boundary regions and use different
methods. It would require additional studies of other western boundary regions, including or
excluding a mean current, to conclude on the western boundary regions dynamics and their
contributions to the global ocean energy budget. Some elements of response on mesoscale
eddy dynamics generic to western boundaries can be found using numerical simulations
(Qiu et al., 2018; Torres et al., 2018). The SWOT mission presents the potential to test at
a global scale the suggestion that western boundaries have contrasted contributions to the
global ocean energy budget.
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Appendix A Sensitivity of the true EPW to spatial smoothing

The true EPW (Eq. 4) is spatially smoothed to emphasize the large-scale patterns
driving its cumulative contribution in the WB region.
The unsmoothed EPW term is characterized by small-scales patterns that are the most in-
tense at topographic features — shelf slope (1000 m isobath), seamounts, canyons, roughness,
etc — locally peaking at O(2.5 - 10) W m~2 (Figure Ala). The intense small-scales patterns
are larger by an order of magnitude than the unsmoothed EPW(; j; ;;;y term in the WB
region (0(0.001-0.1) W m~2; Figure 2a). However, EPW has a cumulative contribution in
the WB region (1.31 GW; Figure Ala) close to the one of EPW/(; ;; i) (-1.33 GW; Figure
2a), regardless of the intense small-scale patterns. It indicates that the intense small-scale
patterns locally compensate and do not significantly contribute to the EPW cumulative
contribution in the WB region.

The sensitivity of the true EPW (Eq. 4) to the smoothing is shown using a Gaussian
kernel of progressively increasing length scale : from 35 km, the spatially-averaged Rd over
the dx ~ 2.5 km grid, to 50 km and to 75 km, two typical mesoscale eddies radii at mid-
latitudes as inferred from satellite altimetry (Chelton et al., 2011) (Figure Al). While the
patterns of EPW significantly change with the different smoothing length scales, the order
of magnitude of the cumulative contribution in the WB is fairly unchanged.

In the Figures of the present study, the label ’smoothed’ refers to the Gaussian kernel us-
ing a 75 km-radius. Both smoothings, using a 50 km- or a 75 km-radius, result in fairly
close cumulative EPW contributions in the WB region (Figures Alc,d). The 75 km-radius
smoothing provides smoother patterns, emphasizing the most the large-scale patterns driv-
ing the EPW cumulative contribution in the WB region and easing the most its comparison
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Figure 4: (a) AEKE(;) (Eq. 8), (b) AEKE (Eq. 6), (c) B-contribution (A) to AEK E;
and (d) contribution of work of the eddy-total flows interactions (B) to AEK E(; [W m™2].
Terms are smoothed using a 75 km-radius Gaussian kernel. Note the magnitude difference
between (a,b,d) and (c). (a,b) Vector fields denote the EKFE flux (£ [, ug,|[u,¢,||* dz

with n = 0—1) using (a) geostrophic (up g¢n =kA4Vpy (%Am]) with A, = ) and (b)
total velocity fields (un¢y,) [W m™!]. (cf. Figure 1 for a detailed caption). (a) AEKE(; is
dominated by (d) the work of eddy-total flows interactions and is a reliable estimate of (b)

the true mesoscale AEKE.
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Figure Al: (a) Unsmoothed and (b,c,d) smoothed true mesoscale EPW terms (Eq. 5) [W
m~2]. The radius of the Gaussian kernel used for smoothing varies from (b) 35 km, (c) 50
km to (d) 75 km. Vector fields denote the EKE flux (", ulp,,¢? dz withn =0—1) [W
m~!]. (cf. Figure 1 for a detailed caption). (d) The 75 km-radius smoothing length scale,
a typical radius of mesoscale eddy at mid-latitudes (Chelton et al., 2011), emphasizes the
large-scale patterns driving the cumulative contribution of the true EPW in the WB region
and eases its comparison with EPW(; ;; ;i) (Eq. 10; Figure 1c).
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Appendix B Partitioning of n variance between the barotropic and 9
first baroclinic modes

The partitioning of the 7 variance (1) between the vertical modes (a2) is used to

define EPW(; ;s (Eq. 11), an adjusted expression of EPW(; ;; ;s (Eq. 10), in order to
evaluate approximation (ii) of n field primarily reflecting the 1% baroclinic mode (section
2.1.3.2).

We limit our analysis to the barotropic and 9 first baroclinic modes which capture 85-100
% of the modeled 1 in the Agulhas Current region (not shown). 7 is a 2D field and cannot
be projected on the vertical mode base ¢,,, but the 1 modal coefficient (7,,) is inferred using
the relation |p|.—o = pogn, as follows : n, = pqu \d’fﬁ:o' The modal expression of n'? is
derived and o2 defined as follows : l

n'inn;ininzinf+ iin&% :inf+0nm (B1)
n=0 n=0

n=0 m=0 n=0m%#n

Intermodal coupling (Cpm)

e Crm
al = g2 Gnm = S (B2)

The modal expression of 772 involves an intermodal coupling term C,,,,, (B1). It corresponds
to a phase-locked combination of vertical modes due to the modal correlation in time at

the surface (Wunsch, 1997; Scott & Furnival, 2012). The degree of the modeled modal

9 72
92";7,31"0) is 1.8 in average in the Agulhas Current region,
o m

which is consistent with the 2-3 factor determined from in situ data at global-scale by
Wunsch (1997). It must be noted that the true EPW (Eq. 5) implies the orthogonality
condition (resulting in canceling out the C,,, term) and that it therefore only accounts for
the contributions of the individual vertical modes categories (n = 0 and n = 1).

correlation at the surface (
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Figure Bl: Partitioning of n variance (a?) between the vertical modes categories : (a)
n=20,(b)n=1,(c) n=2-9 and (d) the intermodal coupling term C,,,, [%] (Eq. B1). (cf.
Figure 1 for a detailed caption). The 7 variance largely partitions into (b) the 15 baroclinic
mode and more weakly into (a) the barotropic mode, which both contribute to EPW(; ;)
(Eq. 11; Figure 2c).

n'? mainly partitions into the individual 1% baroclinic mode (38 & 2 % in the WB
region) and the intermodal coupling term (36 + 2 % in the WB region). It also partitions
more weakly, but still significantly into the individual barotropic mode (16 = 4 % in the
WB region) (Figure B1). The partitioning of 7? is partially consistent with the usual
interpretation of n primarily reflecting the 1°¢ baroclinic mode (Wunsch, 1997; Smith &
Vallis, 2001). However, it indicates that the vertical structure of mesoscale eddies — formally
represented by the combination of the barotropic (n = 0) and 1% baroclinic modes (n = 1)
(Wunsch, 2007; Smith & Vallis, 2001; Venaille et al., 2011; Tedesco et al., 2022) — can be
accurately inferred from 7 field.

—26—



703

704

705

706

707

708

709

710

Appendix C Contribution of ageostrophic motions to the true EPW by
the Rhines scale

FI_- Leross—over _ RA
10 101 Rd ~ Rd
—

30°S

Leross — over

Rd

0123456

35°S

a0°s, ( —~—/ ¢

Figure Cl: (a) Ratio % = % (Rh=% ", < %) dz, with |[u’|| the magni-

tude of mesoscale eddies velocity). The purple line denotes ﬁ—g 70 % percentile, the green

contours denote the 0.25 m and 0.5 m isolines of time-averaged n and black contours de-
note the 1000 m and 3000 m isobaths. The terms count in the WB region [%] is shown as
barplot, where purple shaded areas denote the 70 % percentile range of values. (a) % >>1
in the WB region, resulting in Legq, (> Rd) to fall in the range of dominating partially
ageostrophic EPW , compared to the $-effect.

The Rhines scale (Rh) is defined in turbulence geostrophic theory to mark the transi-
tion from an advectively-dominated (Rh << L) to a Rossby waves-dominated (Rh >> L)
turbulent regime (Rhines, 1975). Rh is also emphasized by our scale analysis to mark the
transition from a partially ageostrophic-dominated to a S-effect-dominated EPW (section
4.4).
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We infer Rh for the mesoscale eddies simulated by the dx ~ 2.5 km numerical grid, as

follows : Rh= 4 [ < ‘;;|> dz with ||u’|| the magnitude of mesoscale eddies velocity.

% ~ 0(1.5—3)Rd in 70 % of the WB region, with larger ratio located at the inner front of
the Agulhas Current (Figure C1). It results in Legay (Leaay > Rd) to fall in the WB region

in the range of an advectively-dominated turbulent.

Along with Leross—over = Crars (Eq. 13; Figure 3b), Rh confirms that the partially
ageostrophic EPW dominates the g-effect. It questions the use of satellite altimetry data to
infer EPW (Eq. 4). However, the impact of the geostrophic approximation (i) on AEKE
must be assessed to conclude on the use of satellite altimetry data to infer the EKE flux
divergence.
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