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Key Points:

» We assess whether the mesoscale eddy energy flux divergence can be calculated from
sea surface height in the Agulhas Current region

¢ Geostrophy allows a qualitative estimate of eddy energy advection, but not of eddy
pressure work

 This favours the use of sea surface height, but challenges the founding approximations
of an earlier paradigm
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Abstract

Western boundaries have been suggested as mesoscale eddy graveyards, using a diagnostic
of the eddy kinetic energy (FKFE) flux divergence based on sea surface height (). The
graveyard’s paradigm relies on the approximation of geostrophy — required by the use of
1n — and other approximations that support long baroclinic Rossby waves as the dominant
contribution to the EKFE flux divergence. However, a recent study showed an opposite
paradigm in the Agulhas Current region using an unapproximated EKFE flux divergence.
Here, we assess the validity of the approximations used to derive the n-based FKE flux
divergence using a regional numerical simulation of the Agulhas Current. The EKF flux
divergence consists of the eddy pressure work (EPW) and the EKE advection (AEKE).
We show that geostrophy is valid for inferring AEKFE, but that all approximations are
invalid for inferring EPW . A scale analysis shows that at mesoscale (L > O(30) km), EPW
is dominated by coupled geostrophic-ageostrophic FK E flux and that Rossby waves effect
is weak. There is also a hitherto neglected topographic contribution, which can be locally
dominant. AEKFE is dominated by the geostrophic EK F flux, which makes a substantial
contribution (54%) to the net regional mesoscale EK E source represented by the EK E flux
divergence. Other contributions, including topographic and ageostrophic effects, are also
significant. Our results support the use of 7 to infer a qualitative estimate of the EK F flux
divergence in the Agulhas Current region. However, they invalidate the approximations on
mesoscale eddy dynamics that underlie the graveyard’s paradigm.

Plain Language Summary

In the ocean, the most energetic motions are large-scale eddies with horizontal scales
ranging from tens to hundreds of kilometers. These are major components of the ocean
energy budget, and unravelling their lifecycles is crucial to improving our understanding
of ocean dynamics. Although the generation of large-scale eddies is well documented, how
their energy is dissipated remains uncertain. Based on satellite observations of the sea
surface and approximations to the dynamics of large-scale eddies, it has been suggested
that they decay at western boundaries of oceanic basins, thereby closing their lifecycle.
However, based on different data and approximations, a recent study has suggested that
large-scale eddies are predominantly generated in a specific western boundary region, such
as the Agulhas Current. Our study explains which of the data (sea surface observations)
or the assumed leading order dynamics (approximations) explains the opposite eddy energy
sources and sinks shown by the two studies in the Agulhas Current region. Our results show
that the use of sea surface observations is valid for qualitatively inferring the regional eddy
energy source, but not the assumed leading order dynamics. This has implications for (1)
our understanding and (2) study strategies of the energetics of large-scale eddies.
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1 Introduction

Mesoscale eddies account for 80 % of the surface kinetic energy and are a key component
of the global ocean energy budget (Wunsch, 2007; 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, following the quasi-
geostrophic theory (Gill, 1982). Geostrophic flows are horizontally divergence-free flows
— in a local approximation — dominated by the effects of rotation compared to advection
(Rossby number : Ro < 1) and stratification compared to vertical shear (Richardson number
: Ri > 1). Ageostrophic flows account for variations in the geostrophically balanced system.
They are characterized by a large vertical component and the increasing effects of advection.

Mesoscale eddies are easily tracked by satellite altimetry, which measures sea surface
height (1) and whose low-frequency component is an indirect measure of surface geostrophic
currents. Satellite altimetry has shown that mesoscale eddies are ubiquitous in the oceans
and that they are most energetic in western boundary currents and in the Antarctic Circum-
polar Current (Ducet et al., 2000; Chelton et al., 2007, 2011). This identifies these regions
as key to the global ocean energy budget.

Using satellite altimetry data, Zhai et al. (2010) suggested western boundaries as
mesoscale eddy kinetic energy (EKE) sinks. In the energy budget, sources and sinks of
eddy kinetic energy (EKE) are accounted for by the EKF flux divergence term (Harrison
& Robinson, 1978). This term represents the rate of EKFE transport done by: the work
of pressure fluctuations (eddy pressure work; usually interpreted as the linear contribution
from waves) and the nonlinear advection of EKE by mean and eddy flows. When ocean
dynamics are in equilibrium, the FK F flux divergence indicates a net EK F source (>0) or
sink (<0).

Zhai et al. (2010) explicitly developed a n-based diagnostic of the mesoscale eddy pres-
sure work (linear component of the FKE flux divergence) using several approximations.
Their diagnosis reduces to the linear contribution of the g-effect, corresponding in particu-
lar to the propagation of long Rossby waves. Figure la shows Zhai et al. (2010)’s version
of the eddy pressure work in the Agulhas Current region, which they suggested to be the
largest mesoscale EK FE sink. The approximated n-based eddy pressure work indicates an
almost uniform mesoscale EKE sink (<0) at the western boundary (WB; black domain),
whose cumulative value is of O(1) GW (Figure 1a).

Their result would establish the following paradigm: mesoscale eddies originate almost
everywhere in the ocean, propagate westward at about the speed of long baroclinic Rossby
waves, and decay at western boundaries, probably through direct energy routes to dissi-
pation, channeled by topography (Gill et al., 1974; Zhai et al., 2010; Chelton et al., 2011;
Evans et al., 2022). This scenario is supported in regions free of western boundary currents,
by in situ measurements and idealized numerical simulations (Evans et al., 2020; Z. Yang
et al., 2021; Evans et al., 2022). However, in regions containing western boundary currents,
model-based studies suggest more complex mesoscale eddy dynamics. Western boundaries
are hotspots for 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).

In particular, a recent study has shown that the Agulhas Current region is a mesoscale
EKE source using an unapproximated FKFE flux divergence performed from a model
(Tedesco et al., 2022). Figure 1d,e shows the unapproximated eddy pressure work and ad-
vection of EK E (forming the EKFE flux divergence) computed from 3-dimensional modeled
mesoscale velocities (Tedesco et al., 2022). Both unapproximated terms differ significantly
from the approximated n-based eddy pressure work, with their magnitudes being larger of
an order and their scale patterns smaller (Figure 1d,e). In the WB region of the Agulhas
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Current, the two unapproximated terms are the most intense on the shelf — over a band
narrower than the WB width — and have locally comparable magnitudes. Their cumula-
tive value represents a mesoscale EK F source (>0), whose main contribution is due to the
advection of EKE.

The opposite mesoscale EKE sources and sinks supported in the Agulhas Current
region by the different versions of the EK F flux divergence (Figure la,d,e reproducing Zhai
et al., 2010; Tedesco et al., 2022), challenge (1) the hypothesis that long baroclinic Rossby
waves are the main contributors to the mesoscale EKE flux divergence, and thus (2) the
approximations used to derive the n-based term. In this study, we focus on explaining the
differences between the approximated n-based and the unapproximated model-based EK E
flux divergence in the Agulhas Current region. We discuss below the approximations used
by Zhai et al. (2010) and their implications:

(i) Mesoscale FKFE flux divergence is mainly due to geostrophic flows
The geostrophic approximation is required when using satellite altimetry data. Geostro-
phy is a good approximation to infer mesoscale eddy velocities, which have small
Rossby numbers (Ro = O(« 0.05); Chelton et al., 2011). However, the use of
geostrophic velocities to infer the mesoscale EK F flux divergence — a tendency term
of the EK F budget that represents the rate of spatial redistribution of the mesoscale
EKE reservoir (Harrison & Robinson, 1978) — is a separate issue.

(ii) The vertical structure of mesoscale eddies is represented by the 1% baro-
clinic mode
The sea surface height (1) is usually interpreted as primarily reflecting surface-
intensified vertical structures represented by the 1%¢ baroclinic mode. However, the
mesoscale EK E reservoir is represented by the combination of the barotropic and 1%¢
baroclinic modes (Wunsch, 1997; Smith & Vallis, 2001; Venaille et al., 2011). The par-
titioning between the two vertical modes varies regionally, from being close to equipar-
tition to being dominated by one of the modes (Tedesco et al., 2022; Yankovsky et al.,
2022). The contributions of the barotropic and 1% baroclinic modes to the mesoscale
EKFE flux divergence remain unknown to our knowledge. Their individual contri-
butions can possibly transport EKE in a decoupled (coupled) manner, which would
then compensate (accumulate) when considering the EKFE flux divergence for the
mesoscale reservoir.

(iii) Mesoscale EKE flux interactions with topography are weak

The approximation of weak topographic interactions is equivalent to assuming that
the mesoscale EK E flux has spatial variations larger than those of topography (Zhai
et al., 2010). This approximation is challenged by (1) the large topographic gradients
at western boundaries (1 - 1072 £ 2 - 1072 in the Agulhas Current region) and (2)
the strong topographic control on mesoscale eddy dynamics at western boundaries.
Topography controls the triggering of current’ instabilities that generate mesoscale
eddies (Lutjeharms, 2006; Gula et al., 2015) and helps to channel energy transfers be-
tween mesoscale eddies and other types of flow (Adcock & Marshall, 2000; Nikurashin
& Ferrari, 2010; Evans et al., 2020; Perfect et al., 2020; Tedesco et al., 2022). The
contribution of topography to the mesoscale EKE flux divergence remains, to our
knowledge, an open question.

In summary, opposing paradigms of mesoscale eddy dynamics are supported by two
versions of the diagnosis of the FKFE flux divergence in the western boundary region of
the Agulhas Current (Zhai et al., 2010; Tedesco et al., 2022). The two diagnoses differ in
method (7 field measured by satellite altimetry vs. modeled 3-dimensional velocities) and
assumed leading order contribution to the FKFE flux divergence (long baroclinic Rossby
waves as a result of approximations (i), (ii) and (iii) vs. no approximations to account for
geostrophic, ageostrophic and topographic contributions acting on the barotropic and 15t
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baroclinic mode). The two contradictory diagnoses of mesoscale EK F source and sink sug-
gest that either the method or the approximations lead to a misestimation of the mesoscale
EKFE flux divergence. This raises questions about the main contributions to the dynam-
ics of the mesoscale eddy energy reservoir, and consequently, about strategies for study-
ing mesoscale eddies. Open questions include: What are the main contributions — among
geostrophic and ageostrophic effects, barotropic and 1°¢ baroclinic modes, and topographic
contribution — to the eddy pressure work and advection of EK E? What are the implications
for inferring the mesoscale FK F flux divergence using the 7 field? We focus in particular on
determining whether approximation (i) of geostrophy is valid, as it is the only one formally
required for the use of satellite altimetry to infer the mesoscale EK E flux divergence.

In the present study, we use a numerical simulation to evaluate the validity of approx-
imation (i) for inferring the mesoscale EKE flux divergence in the region of the Agulhas
Current. Our study is organized as follows. Unapproximated and 7n-based expressions of
the eddy pressure work and advection of EKE (which form the FKE flux divergence) are
presented in section 2. The regional numerical simulation is presented in section 3. The
unapproximated and 7-based versions of the eddy pressure work and advection of EK E are
evaluated in sections 4, 5 and 6. Finally, we discuss our results in the larger context of
altimetry-based diagnosis of mesoscale eddy dynamics at western boundaries in section 7.
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2 Theory

In this section we present the modal EKFE flux divergence. First, we present the
theoretical framework of the vertical modes. Then, we define the unapproximated expression
of the modal EKFE flux divergence, which consists of the eddy pressure work (EPW) and
the advection of EKE (AEKE). Finally, we define the n-based expressions of EPW and
AEKE.

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 energised 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|.mpy = |_Tm¢n|z:n) and flat-bottom boundary conditions (|2 ¢y |.=—n = 0)
(1 0 1
0z (N28z¢ )+C%¢ 0 ()

with N? the time-averaged buoyancy frequency, g the acceleration of gravity and c2 =
ﬁ jH N(x,z) dz the eigenvalues of the vertical modes.
The modal base ¢,, satisfies the orthogonality condition :

[ ombn dz = @)
-H

with d,,, the usual Kronecker symbol and h = n + H the water column depth.
The dynamical variables are projected onto n vertical modes as follows :

n
o 0) oo pn(x, 0] = 3 [ fu 2, 0),plo )} x,2) ds 3)
Po hJ_u Po
with u,, and p,, the modal amplitudes of the horizontal velocity (u) and dynamical pressure
(p) and pg the reference density value.
The vertical modes are related to horizontal scales via ¢2, which are good approximations
of the Rossby baroclinic deformation radii : Rd,>; = ICTH\ (Chelton et al., 1998), with f the

Coriolis parameter.

2.2 Unapproximated modal EK FE flux divergence
2.2.1 EKEFE flux divergence in the EKFE budget

The modal FK E flux divergence is a term of the modal EK E budget. A comprehensive
modal EKE budget has been derived in Tedesco et al. (2022), inspired from the budget
derived in the context of internal tides (Kelly, 2016). The modal EKFE budget reads as
follows:

/ Q ’ T e Po K ’ 2
u, - (poh un) + Vg unpngbn dz + Vu. un¢n||un¢n|| dz
O —H 2 -H
—_———

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

EKE fluz divergence (EPW+AEKE)

=3 S, + D, (4)
~— ~—
EKE sources EKE sinks
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Terms are time-averaged and the primes indicate fluctuations relative to the time-average.
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 temporal average of the in
situ density) has been subtracted.

The FKFE flux divergence corresponds to the rate of EKFE spatial transport. When
integrated over a domain, the FKFE flux divergence corresponds to the transport across
the domain boundaries. A positive (negative) sign indicates that outgoing (incoming) flux
dominate the incoming (outgoing) flux. At equilibrium, the time rate of EKE (Eq. 4) is
negligible. The EK FE flux divergence is therefore equal to the sum of the FK E sources and
sinks accounted for in the right-hand side of the modal EKFE budget (S, and D,, in Eq. 4).
A positive (negative) EKE flux divergence thus represents a net EKE source (sink) that
is then transported away (has been transported in).

The EKF flux divergence consists of two contributions: the eddy pressure work (EPW;
Eq. 4) and the advection of EK E by the mean and eddy flows (AEKE; Eq. 4) (Harrison &
Robinson, 1978). EPW is the only contribution to the EK F flux divergence in the context
of linear theories of internal waves (Kelly et al., 2010, 2012; Kelly, 2016) and of Rossby waves
(Masuda, 1978). It is also the main contribution for interior-ocean dynamics (Harrison &
Robinson, 1978). AEKFE can contribute significantly to the FKE flux divergence and can
be equivalent to EPW in regions of high variability (Harrison & Robinson, 1978; Capé et
al., 2019; Tedesco et al., 2022).

Here, we study the EKFE flux divergence for the mesoscale reservoir over the period
1995-2004. We define the mesoscale EKE flux divergence as the sum of the barotropic
(n = 0) and 1% baroclinic (n = 1) contributions: EPW,—¢_1 and AEKE,—¢_1. To
simplify notations, we refer to the mesoscale terms as EPW and AEKE in the following.
The modeled mesoscale eddy dynamics over the period 1995-2004 is in equilibrium. The
smallness of the time rate of EKE (Eq. 4) has been asserted for the period 1995-1999 in
Tedesco et al. (2022). It is even smaller for the period 1995-2004 considered in this study.

2.2.2 Contributions to the EKE flur divergence

EPW and AEKFE (Eq. 4) can be written as the sum of the contributions of EK E flux
(A+ B in Eq. 5, 6) and EKE flux interacting with topographic gradients (C in Eq. 5, 6)
as follows:

n n
EPW = [ ponVar- o) dit [ (w6, Viulpion) d= o)
_H —H
velocity divergence (A) work of eddy pressure shear (B)

EKE fluz (A+B)
+ V- [Wopndn| ., + VaH - [wplén]

topographic—contribution (C)

__Po K ’ 2 po [ / 2
AEKE = 0} [lu;,dnl|“VH - (unody) dz+ ) (Wn@n) - Vllu,én||” dz (6)
H H

velocity divergence (A) work of EKE shear (B)

EKE fluz (A+B)

+ %VHﬂ : ‘un¢n‘|u;¢n|‘2| + p?OVHH |un¢n||u;¢n||2’Z:_H

z=n

topographic—contribution (C)

The EKFE flux term (A 4+ B; Eq. 5, 6) consists of a velocity divergence contribution
(A) and an eddy pressure shear work for EPW (B in Eq. 5) and an EKE shear work
for AEKE (B in Eq. 6). From their analytical expressions, it can be deduced that the
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importance of geostrophic and ageostrophic effects varies between A and B. The velocity
divergence contributions (A4) mainly account for ageostrophic effects, since geostrophic veloc-
ities are horizontally divergent-free. The only geostrophic effects in A are due to geostrophic
velocities expressed in the S-plan (Cushman-Roisin & Beckers, 2011). The geostrophic A-
contributions acting on EPW and AEKE are thus reduced to EKE flux driven by the
B-effect. In the case of EPW (Eq. 5), the f-driven linear EKE flux corresponds to long
baroclinic Rossby waves and was assumed by Zhai et al. (2010) to be the primary con-
tributor to EPW, and subsequently to the EK E flux divergence. The work contribution
(B) accounts for geostrophic and ageostrophic effects in different proportions for EPW and
AEKE. For EPW (Eq. 5), the B-contribution is exclusively due to ageostrophic effects.
Indeed, geostrophic velocities are orthogonal to the eddy pressure shear resulting in the
cancellation of the eddy pressure shear work. For AEKE (Eq. 6), the B-contribution ac-
counts for both geostrophic and ageostrophic effects. Geostrophic velocities are in the same
direction than the EKFE shear, resulting in a non-null work.

The topographic-contribution (C; Eq. 5,6) acting on EPW and AEKFE represents
the interactions of EKE flux with topography and sea surface height gradients. It can
be reduced to the contribution of topography gradients, which are much larger than 7
gradients (||[Vgn|| = O(107%)||[Vg H]||). The analytical expression of C' does not allow the
contribution of geostrophic or ageostrophic effects to be readily separated.

2.3 Approximated n-based modal EKFE flux divergence

In the following, we present the n-based expressions of EPW and AEK FE accounting
for approximation (i). We also present two other n-based expressions of EPW accounting
for approximations (ii) and (iii). The main expressions of EPW and AEKE discussed in
this study are listed in Tables 1 and 2.

2.3.1 Approxzimations (i) of geostrophic velocities (EPW ;) and AEKE;)

Approximation (i) of geostrophy is required by the use of 7 to infer the EKFE flux
divergence. EPW and AEKE are written as EPW(;) and AEKE(;) when using modal
geostrophic velocities (Table 1, 2). Modal geostrophic velocities are expressed from 7 fields,
modulated to account for the fraction of the different vertical modes with A,, = %" and

i
ay, = ?7—7, as follows:

g On
Wy =k 4V ( o 77> ()
! d)n !
00 =k 4V ( S ) (8)

Approximation (i) of geostrophy has a larger impact on EPW than on AEKE. EPW ;)
(Table 1) reduces to a linear EKFE flux driven by the S-effect (A1) and two topographic
contributions, one acting on the S-driven FK E flux (A2) and the other acting on geostrophic
EKE flux (C). AEKE(; (Table 2) includes the g-effect (A), the geostrophic EKE shear
work (B) and a topographic contribution acting on the geostrophic EKE flux (C).

2.3.2 Approximations (ii) and (i) (EPW(; ;) and EPW; i; iii))

The n-based version of EPW defined by Zhai et al. (2010) relies on the additional
approximations (ii) and (iii), which are not formally required by the use of 7 to infer the
EKF flux divergence. Approximations (ii) and (iii) therefore lead to approximated versions
of the n—based EPW: EPW(Z’”) and EPW(i,ii,iii) (Table 1)
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2.3.2.1 Approzimation (ii) of sea surface height primarily reflecting the 15t baroclinic

EPW(; ) is written as EPW(;), but assumes that modal geostrophic velocities ex-
pressed from 7 reflect only the 1% baroclinic mode (Table 1), using ., ~ a; ~ 1, as follows:

/ _ 9 ¢ /
tga 01 = KA fVH <|¢1|z_0n) ©

2.8.2.2 Approzimation (iii) of weak topographic-contributions (EPW; i; iii))

EPW(; i) (Al; Eq. 10) is derived from EPW(;;; (Al + A2 + C), assuming that
topographic contributions (A2 and C) are negligible:

Jon 01 d= 77/2>

2
EPW i ii i) = _Bhog” O (

(10)

2f2 8.23 |¢%|z=0

B—contribution (A1)

EPW(; ;i iy (Al; Table 1) corresponds to a f-driven linear FK E flux acting on the
1%t baroclinic mode, which represents the contribution of long baroclinic Rossby waves to
the FKFE flux divergence. EPW(; j; ;i) is the approximated n-based version of EPW used
in Zhai et al. (2010), which established the paradigm of mesoscale eddies decay at western
boundaries.

This study focuses on evaluating the main contributions to EPW and AEKFE (which
form the EK E flux divergence) in the Agulhas Current region (Figure 1d,e). To do this, we
evaluate the impacts of approximations (i), (ii) and (iii) on EPW and of approximation (i)
on AEKE. We start our analysis by EPW, which is the term explicitly discussed in Zhai et
al. (2010). We first evaluate the validity of approximations (ii) and (iii) to infer the n-based
EPW (cf. section 4). This allows us to define EPW(; — the unapproximated 7-based
EPW — which we then use to evaluate the validity of approximation (i) of geostrophy to
infer the unapproximated EPW (cf. section 5). We next expand our analysis to AEKE
(¢f. section 6). This term dominates the cumulative value of the EKFE flux divergence in
the WB region (Figure le) and is not explicitly discussed in Zhai et al. (2010).

Evaluation of the effects of approximations (i), (ii) and (iii) on EPW provides informa-
tion on the elements of mesoscale eddy dynamics that invalidate the paradigm of mesoscale
eddy graveyard in the Agulhas Current region. In addition, evaluation of the effect of ap-
proximation (i) of geostrophy on EPW and AEKFE provides information on the possibility
of using 7 to infer EKF flux divergence.
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289 3 Method

200 In this section, we present and evaluate the regional numerical simulation of the Agulhas
201 Current. We first present the numerical set-up and observations used in this study. We
202 then evaluate the modeled mesoscale eddy dynamics against observations. The modeled
203 mesoscale EKFE in the Agulhas Current region has already been evaluated against satellite

204 altimetry data in Tedesco et al. (2022). Here, we evaluate the n-based version of EKE flux
205 divergence defined by Zhai et al. (2010) (EPW(; ;i ii;)) derived from our numerical simulation
206 against one derived from observations. The computation of EPW(; ;; ;i;y (Al; Table 1)
207 requires the computation of vertical modes — based on the time-averaged stratification
208 (N?) — and n.

299 3.1 Numerical model

300 The regional numerical simulation of the Agulhas Current was performed using the
301 Coastal and Regional COmmunity (CROCO) model. It is a free surface model, based
302 on ROMS (Shchepetkin & McWilliams, 2005), which solves the primitive equations in the

303 Boussinesq and hydrostatic approximations using a terrain following coordinate system (De-
304 breu et al., 2012). The numerical simulation is presented in details in Tedesco et al. (2022).
305 The simulation has a horizontal resolution of dx ~ 2.5 km and 60 vertical levels. It en-

306 compasses the Agulhas Current region from its source (north of the Natal Bight at 27°S)
307 to the Agulhas Retroflection (at ~ 37°S), from where it becomes the Agulhas Return Cur-

308 rent.Boundary conditions are supplied by two lower-resolution grids (dx ~ 22.5 km and
309 7.5 km, respectively covering most of the South Indian Ocean and its western part).

310 Vertical modes are derived from the time-averaged stratification over the period 1995-
311 2004, computed from the modeled daily-averaged temperature and salinity.

312 3.2 Observations

313 The WOCE (World Ocean Circulation Experiment) climatology provides in situ tem-
314 perature and salinity fields at a global scale for monthly compositing means at the horizontal

315 resolution of 1° (Gouretski & Koltermann, 2004).

316 Altimetric data are mapped on a regular 1/4°-grid by AVISO (Archiving, Validation
317 and Interpretation of Satellite Oceanographic data) and provide global scale 7 field for
318 weekly compositing means. We focus on a subset of data over the Agulhas Current region

319 (15°E - 34°E and 27°S - 40°S) for the period 1995-2004.

320

21 3.3 Observed and modeled mesoscale E K E sources and sinks from EPW; ; i:3)
3 Figure la-c shows EPW(; ;; ;) (Table 1) in the Agulhas Current region calculated
323 from observations and the model. Observed and modeled EPW(; ;; ;s show patterns in
32 fairly good agreement in the Agulhas Current region. EPW(; j; ;;;y is most intense at the
325 Retroflection and along the Agulhas Return Current (O(0.1-0.5) W m~2), where it has
326 patterns alterning positive and negative signs. It is less intense along the Agulhas Current

527 and in the Subgyre (0(0.01-0.1) W m~?2), where it has more uniform patterns.

228 We define the western boundary (WB) region as extending from north of the Natal
329 Bight (~ 27°S) to the African tip (~ 37°S), over a typical width for a western boundary
330 current of about 150 km (black region in Figure 1). In the WB region, EPW(; j; ;) is
331 roughly uniformly negative, indicating an EKFE sink of cumulative magnitude O(1) GW.
332 This is consistent with the FKFE sink emphasised by Zhai et al. (2010) at the western
33 boundary of the South Indian Ocean (poleward of 10°S).
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Figure 1: Different versions of the mesoscale EK E flux divergence (formed by eddy pressure
work and advection of EKE) [W m~2] in the Agulhas Current region. (a-c) Approximated
n-based eddy pressure work performed from (a) observations (AVISO and WOCE data) fol-
lowing Zhai et al. (2010) and (b,c) a numerical simulation (built upon the CROCO model),
at (b) the resolution of the simulation (dx ~ 2.5 km) and (c) a coarsened resolution mim-
icking the resolution of observations.(d,e) Unapproximated model-based (d) eddy pressure
work and (e) advection of EK E at the resolution of the simulation (dx ~ 2.5 km). Note the
different colorbar ranges between panels (a, b, ¢) and panels (d, e). Black area denotes the
WB region. The cumulative terms in the WB region are in [GW] (10° W). Green contours
denote the 0.25 m isoline of time-averaged n and black contours denote 1000 m and 3000 m
isobaths.

Observed and modeled EPW(; j; j;;ys differ mainly in the magnitude of the FK E sinks
that they depict in the WB region. There is about a twofold decrease in the model compared
to the observations (Figure la-c). The difference in magnitude is not explained by the coarser
horizontal resolution of AVISO data (effective horizontal resolution of O(100) km; Chelton
et al., 2011) compared to the model (effective horizontal resolution of 25 km; following
Soufflet et al., 2016). The twofold decrease in the model is also present when using smoothed
modeled 7, with a length scale of 100 km to mimic the altimetry data processing done by
AVISO (Figure 1c). This indicates that the net EKE sink in the WB region is robust
to altimetry data processing and that horizontal scales < O(100) km do not contribute
significantly to EPW(; ;; iis)- The difference in magnitude could be explained by too weak
a forcing of remotely generated eddies in the model. The numerical simulation is forced at
the boundaries by a parent simulation (dx ~ 7.5 km), which resolves mesoscale eddies of
scales 50 km—100 km, but underestimate their amplitude. See Appendix A for details of the
evaluation of the amplitude of the modeled mesoscale eddy field against satellite altimetry
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data. This underestimation in the model is likely due to a too weak inverse cascade at smaller
scales, which have been shown to substantially energize the mesoscale eddy energy reservoir
in the Agulhas Current region (Schubert et al., 2020). Note that the magnitude of the
cumulative EK FE flux is sensitive to the definition of the WB region. Our definition of the
WB region best captures the EK E sink shown by the modeled and observed EPW(; i iis)-
However, the observed EK E sink extends further south of the WB region (Figure 1a), while
the modeled one is fully encompassed by the WB region — with its southern face closely
following the 0 W m~2 isoline — (Figure lc,d).

The fairly good agreement between modeled and observed EK E reservoirs (Tedesco et
al., 2022) and EPWs(; ;; ;i) (Figure la-c), indicates that our numerical simulation reliably
represents the mesoscale eddy dynamics, at least as inferred from satellite altimetry data.
Our numerical simulation is therefore suitable to evaluate the leading order contribution
of the EKFE flux divergence, and subsequently to explain the opposing paradigms between
n-based and unapproximated diagnoses in this region.
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4 Approximated and unapproximated n-based EPW's (EPW; ;; ii;y and
EPW )
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Figure 2: n-based and unapproximated EPWs [W m~2] (Table 1). (a-c) Versions of n-based
EPW, including (a) EPW(;, (b) EPW(; ;;, and (c) EPW(; ; jii)- (d) Unapproximated
EPW (A4 B+C) split into the contributions of (¢) EKE flux (A+ B) and (c) topographic-
contribution (C). Terms are smoothed with a 75 km-radius Gaussian kernel. (¢f. Figure 1
for a detailed caption).

In this section, we evaluate the validity of approximations (ii) and (iii) to reliably
infer the n-based EPW(;. We first compare EPW; (unapproximated n-based EPW)
and EPW(; ;i i) (approximated 7-based EPW used by Zhai et al., 2010). Next, we detail
separately the differences due to approximations (ii) and (iii).

Note that most of the figures discussed in the study show smoothed terms (Figures 2, 4,
B1). Smoothed terms highlight the large-scale patterns driving the cumulative contributions
in the WB region. Smoothing also facilitates comparison between EPW(; ;; iis) (Figure la-c)
and the other EPW versions. The smoothing length scale corresponds to a typical mesoscale
eddy radius at mid-latitudes (75 km), as inferred from satellite altimetry (Chelton et al.,
2011). See Appendix B for details on the sensitivity of EPW to the smoothing length scale.

4.1 Mesoscale EKFE sources and sinks from the unapproximated and ap-
proximated n-based EPWs (EPW ;) vs. EPW(; j; iii))

Figure 2a-c shows the different versions of the n-based EPW in the Agulhas Current
region (EPW(Z), EPW(L”) and EPW(17“7721)) EPW(z) and EPW(l,n,mz) have different
local patterns and magnitudes in the Agulhas Current region (Figure 2a,c). In the WB
region, EPW(;) is predominantly negative, but shows patterns of varying magnitude and sign
(Figure 2a). This contrasts with EPW(; ;; ;;;y which is almost uniformly negative (Figure
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2c). Both EPWs show an EKE sink in the WB region, but that of EPW(;) (-3.13 GW) is
significantly larger than that of EPW(; j; ;i;) (-0.99 GW).

The differences between EPW(;y and EPW; j; iis) show that EPW(; ;; i — the ap-
proximated 7n-based version of EPW defined by Zhai et al. (2010) — is not a good estimate
of the unapproximated n-based EPW(;) in the Agulhas Current region (Figure 2a,c). This
indicates that one or both of the approximations (ii) and (iii) are not valid for inferring the
n-based EPW ;.

4.2 Bias due to approximation (ii)

Approximation (ii) of 5 primarily reflecting the 15! baroclinic mode can bias the 7-
based EPW(; ;;) in two ways. It can bias the accurate estimate of the contribution of the
15¢ baroclinic mode to the n-based EPW ;. n does not exclusively reflect eddies (1 variance)
of the 1! baroclinic mode. In the WB region of the Agulhas Current, the variance of the
modeled 7 accounts for about 16 & 4% of the barotropic mode, 38 & 4% of the 1% baroclinic
mode and 36 + 2% of a coupling between the first 10 vertical modes (Figure C1). See
Appendix C for details on the partitioning of the n variance into the 10 first vertical modes
in the Agulhas Current region. Approximation (ii) may also bias the estimate of the EKE
flux divergence for the mesoscale reservoir, because EPW(; ;;y does not include the barotropic
contribution. Contributions from the barotropic and 1%¢ baroclinic EPW(;ys can transport
EKE in a decoupled (coupled) manner, which would then compensate (accumulate) when
considering the EK FE flux divergence for the mesoscale reservoir.

EPW iy and EPW(; have similar local patterns and magnitudes in the Agulhas
Current region (Figure 2a,b). However, their cumulative EKE sinks differ slightly in the
WB region. EPW|; ;;) denotes a larger EKE sink (-4.83 GW; Figure 2b) than EPW;
(-3.13 GW; Figure 2a). EPW(; ;) includes only the contribution from the 1% baroclinic
mode, while £PW(; can be split into the contributions of the barotropic mode (-1.01 GW
in the WB region; not shown) and the 15¢ baroclinic mode (-2.12 GW in the WB region;
not shown).

The large similarities between EPW;y and EPW; ;;) patterns (Figure 2a,b) indicate
that approximation (ii) is not the main reason for the large discrepancies between EPW ;
and EPW(; ;; ;i) in the Agulhas Current region (Figure 2a,c). However, approximation (ii)
leads to an overestimation of (1) the FK F sink in the WB region (overestimation by 154%)
and (2) the contribution of the 1% baroclinic mode (overestimation by 228%).

4.3 Bias due to approximation (iii)

The topography acts on EPW(; ;; (Al 4+ A2 + C; Table 1) via two contributions:
the S-driven flux (A2) and the geostrophic EKE flux (C). Approximation (iii) of weak
topographic contribution is equivalent to assuming that the mesoscale EKFE flux (Al) has
larger spatial variations than that of the topography (A2 and C) (Zhai et al., 2010).

EPW(; iy and EPW(; ;; iis) have very different patterns and magnitudes in the Agulhas
Current region (Figure 2b,c). These differences are the same as those for EPW(; and
EPW(; ii iy (cf. section 4.1). This confirms that approximation (iii) is the one that limits
the estimate of the 7-based EPW(; in the Agulhas Current region (Figures 2a,b,c). This
also indicates that the topographic contributions (A2 and C in EPW;y and EPW(; ;;); Table
1) dominate the n-based EPW's (EPW(; and EPW(; ;;; Figures 2a,b). In particular, the
topographic contribution to the geostrophic EKE flux (C: -4.54 GW in the WB region; not
shown) is the dominant contribution, compared to the S-driven topographic contribution
(A2: 0.70 GW in the WB region; not shown).

In summary, EPW(; i sy — the EPW version defined by Zhai et al. (2010) — is not a
good estimate of EPW(;) — the unapproximated n-based EPW — in the Agulhas Current
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region, because approximation (iii) is not valid (Figure 2a-c). In other words, the S-driven
linear EKE flux acting on the 1%% baroclinic mode (EPW(Z-,Z-M-Z-Z-)) is not the leading order
contribution to the n-based EPW ;. EPW (i) (Al + A+2+ C; Figure 1a) is dominated by
interactions between the geostrophic EK E flux of the barotropic and 1%¢ baroclinic modes
with topographic gradients (C).

However, the n-based EPW(; still shows an EKE sink in the WB region (<0; Figure
2a) in contrast with the unapproximated EPW (>0; Figure 1d). This suggests that ap-
proximation (i) of geostrophy is the one at the origin of the opposing paradigms supported
by n-based and unapproximated EPW.
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5 mn-based EPW, and unapproximated EPW

In this section, we inform about the invalidity of approximation (i) of geostrophy for
a reliable inference of the unapproximated EPW. We first evaluate the mesoscale FKE
sources and sinks represented by the unapproximated EPW . We then characterize the main
contributions to the unapproximated EPW.

5.1 Mesoscale EKE sources and sinks from the n-based EPW(;) and the
unapproximated EPW

EPW(; and EPW show no similarity over the whole Agulhas Current region (Figure
2a,d). In the WB region, they have similar patterns of locally opposite signs. These local
differences are reflected in their cumulative values, which amount to an EKE sink (<
0) and an EKE source (> 0), for EPW ;) and EPW respectively. This confirms that
approximation (i) of geostrophy is not valid for inferring EPW in the Agulhas Current
region (Figure 2a,d).

The unapproximated EPW indicates a source of EKF in the WB region (0.82 GW;
Figure 2d). The locally gained EKE is then exported downstream of the Agulhas Current,
eventually towards the South Atlantic, or recirculated into the Indian Ocean along the
Agulhas Return Current (vector field in Figure 2d). Locally, the unapproximated EPW
shows patterns and magnitudes consistent with the documented variability of the Agulhas
Current (Lutjeharms, 2006; Tedesco et al., 2022).

Along the northern branch of the WB region (31°E — 26°E), where the Agulhas Current
is stable, the unapproximated EFPW is weak compared to the rest of the domain and have
patterns of contrasting sign (Figure 2d). EPW is negative upstream of the Natal Bight
(31°E) and between the Natal Bight and the Agulhas Bank over a narrow band along the
straight part of the shelf (26°E-30.5°E). In these areas, EPW (<0) therefore indicates that
the eddy dynamics are mainly acting to deplete the mesoscale reservoir. This is consistent
with the northern Agulhas Current being stable due to the topographic constraint (Lut-
jeharms, 2006; Tedesco et al., 2022). EPW is locally positive at the Natal Bight. This
is consistent with the punctual generation (4-5 times per year) of Natal Pulses: mesoscale
eddies that are the main source of variability of the Northern Agulhas Current (Lutjeharms,
2006; Elipot & Beal, 2015).

Along the southern branch of the WB region (26°E — 23°E), where the shelf curvature
increases and the Agulhas Current is unstable, the mesoscale EPW is large and positive
(Figure 2d). In this area, EPW shows the largest EKF source of the WB region. This
shows that eddy dynamics are mainly energising the mesoscale reservoir there. This is
consistent with the highly unstable nature of the southern Agulhas Current and the docu-
mented generation of quasi-permanent meanders there (Lutjeharms, Penven, & Roy, 2003;
Lutjeharms, Boebel, & Rossby, 2003; Schubert et al., 2021). Note that the mesoscale EPW
locally changes sign and becomes negative at the tip of the shelf (24°E — 23°E). There, the
shelf curvature decreases and the current is constrained by the topography, locally enhancing
EKEF dissipation and preventing mixed barotropic-baroclinic instability to trigger (energy
conversion terms of barotropic and baroclinic instability are negative, indicating a kinetic
energy loss from mesoscale eddies in favor of the mean circulation; Tedesco et al., 2022).

5.2 Main contributions to the unapproximated EPW

Geostrophic effects are not the leading contribution to EPW in the Agulhas Current
region. We therefore characterize the main contributions to the unapproximated mesoscale
EPW below. We first evaluate the main contributions to the unapproximated EPW and
then discuss their range of validity.
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5.2.1 Contributions of ageostrophic and topographic effects

The unapproximated EPW (A + B + C; Table 1; Figure 2d) consists of an EKFE
flux contribution (A + B; Figure 2b) and a topographic contribution (C'; Figure 2¢). Both
are large and largely compensate in the Agulhas Current region. In the WB region, the
cumulative value of EPW is dominated by the positive EKFE flux contribution (A + B).
However, it can be locally dominated by the negative topographic contribution (C), as for
example along the straight part of the shelf, where a narrow band of negative EPW is
visible (30.5°E — 26°E; Figure 2d).

The EKE flux contribution (A + B) and the topographic contribution (C') do not ac-
count for geostrophic and ageostrophic effects to the same extent. Approximation (i) of
geostrophy limits the estimate of the FKE flux contribution (A 4+ B), because the unap-
proximated A + B (Figure 2e) is very different from its geostrophic analogue (Al; Figure
2c). The velocity divergence contribution to the EKFE flux (A) accounts for ageostrophic
effects and the S-effect. While the eddy pressure shear work (B) exclusively accounts for
ageostrophic effects (cf. section 2.2.2). The geostrophic EKFE flux is thus reduced to a lin-
ear B-effect (A1; Figure 2c), which we have shown to be negligible for the n-based EPW(;
(Al + A2 + C; Figure 2a).

On the other hand, approximation (i) of geostrophy allows to derive a qualitatively
good estimate of the topographic contribution (C). The unapproximated C-contribution
(Figure 2f) is similar to the n-based EPW;y (Al+ A2+ C; Figure 2a), which we have seen
to be dominated by the geostrophic C-contribution (cf. section 4).

Note that the EKFE source shown by the unapproximated FPW in the WB region
(0.82 GW; Figure 2d) is mainly due to the barotropic EPW (1.56 GW; not shown), while
the 1% baroclinic EPW represents an EK E sink (-0.74 GW; not shown) and acts against the
barotropic EPW . This emphasises the importance of properly defining the unapproximated
mesoscale EPW as the sum of barotropic and 1% baroclinic EPWs. In the case of the
unapproximated EPW, both vertical modes compensate each other, while in the case of
the n-based EPW(;), both vertical modes amplify each other (cf. section 4). The different
contributions of barotropic and 1%¢ baroclinic modes to the different versions of EPW is
therefore non-trivial.

In summary, the n-based EPW; and the unapproximated EPW support opposite
paradigms in the Agulhas Current region, because they have different leading order contri-
butions. We first showed that the n-based EPW(;) is dominated by the topographic con-
tribution acting on the geostrophic FKE flux. We then showed that the unapproximated
EPW is dominated overall by ageostrophic effects and locally by the topographic contri-
bution. In the following section, we characterize the range of validity for the dominance of
ageostrophic effects.
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5.2.2 Scale analysis argument for large ageostrophic effects and weak -
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Figure 3: Adimensional metrics measuring the contribution of ageostrophic effects to £ PW.

(a) Rossby number for mesoscale eddies (Ro = C%}” 2) and (b) ratio between the cross-over

scale (Lg a9 = %; Eq. 15) and the characteristics length scale of mesoscale eddies (Rossby
deformation radius; Rd). In the barplots, counts of (a) and (b) in the WB region are
expressed in [%] and shaded areas show the 70 % percentile. In the maps, purple contours
show (a) and (b) 70 % percentiles in the physical space. (¢f. Figure 1 for a detailed caption)

5.2.2.1 Definition of a cross-over scale

The founding hypothesis of the paradigm of mesoscale eddies graveyard at western
boundaries was that long baroclinic Rossby waves are the main contributor to the EKE
flux divergence (Zhai et al., 2010). This hypothesis favours one contribution of EPW —
the p-effect (Al in EPW;y; Table 1) — over others, which include ageostrophic effects and
the topographic contribution. We have seen that for the EKFE flux contribution (A + B)
acting on the unapproximated EPW (Table 1), ageostrophic effects overcome the j-effect
in the WB region of the Agulhas Current (cf. section 5). Here, we use a scale analysis to
evaluate in which regimes we can expect ageostrophic effects to dominate over the S-effect
for the unapproximated EPW.

Ageostrophic effects acting on the FK E flux contribution (A+ B; Table 1) take the form
either of (1) both ageostrophic velocities and pressure (EPW/(,4)) or (2) coupled ageostrophic
velocities to geostrophic pressure (EPW(, .4)). Using quasi-geostrophic scalings of velocity
and pressure, we perform the scaling of EPW(,4) (Eq. 11), EPW(4 o4y (Eq. 12), and of the
B-effect (Eq. 13), as follows:
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We use the following adimensionalized variables ‘VH, a%’ ~ %, ’f:’H <.> dz‘ ~ H, |B| ~

B\ 1 f~ f Using the expansion of velocity and eddy pressure with Ro the small parameter,

RoUy and [Pl .| ~ RoP;, with Ro = | [, (&32) dZJ ~ s the
vertical average of the root mean square of the normalized relative vorticity for mesoscale
eddies (¢" = 0,v" — 9,u’). Using geostrophy, we define |p ,,| ~ P, ~ pofU;L. Using the

/ ~Y
ag,n

we define ’ u

. . . 2 o2 g2 P'U'LF
hydrostatic approximation and geostrophy, we define f;g ‘ZZO ~ I

The scale analysis is used to define two cross-over scales (Lg q4 in Eq. 15 and Lgg in
Eq. 14), at which the contributions to EPW of the two forms of ageostrophic EKFE flux
(EPW(4.qa9) and EPW(,4) have the same order of magnitude as the contribution of the
[G-effect:

—2

~ 2
11 2 / L /
)RS _Chus Lo Lag = Smas (14)

13) g Ljp L 7B

L qq is the ratio of the eddy vorticity and of the S parameter (Eq. 15). Lg .4 is greater
than L, if the eddy Rossby number is <1, which is the case for mesoscale eddies. L q4
will thus generally impose the most restrictive condition. Note that the definition of the
cross-over scales is not unique. An equivalent definition involving the Rhines scale can be
defined using another scaling of the eddy Rossby number(Ro = %) See appendix D for
details on the alternative definition of Ly ,, for the mesoscale EPW in the Agulhas Current

region.

5.2.2.2 Cross-over scale performed in the Agulhas Current region

We compare Ly 5 (Eq. 15) with the characteristic length scale of mesoscale eddies —
the Rossby deformation radius (Rd) of about 30 km in the region of the Agulhas Current —
(Figure 3). The typical values of Ro confirm that mesoscale eddies are mainly geostrophic
in the WB region (Ro in 0(0.02-0.07) in 70% of the WB region and Ro in O(0.07-0.65)
at the inner front; Figure 3a). However, the typical values of L, ., show that coupled
geostrophic-ageostrophic effects dominate over the S-effect at mesoscale (Lg 44 in O(3-7)Rd
in 70% of the WB region and Ly o4 in O(7-19)Rd at the inner front; Figure 3b). On the
other hand, the purely ageostrophic effects are weaker than the contribution of the S-effect
(Lag in O(0.1-0.5) Rd in the WB region; not shown).

Typical values of L, 4 (Eq. 15) are about O(105-256) km in the region of the Agulhas
Current (not shown). This sets the upper limit of the scale range where coupled geostrophic-
ageostrophic effects are expected to dominate over the g-effect. This scale range is consistent
with the result of the idealized numerical simulations shown in Zhai et al. (2010), where an
eddy of 500 km-diameter was used to illustrate the validity of the approximated n-based
version of EPW.
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In summary, approximation (i) of geostrophy is not valid to infer the unapproximated
EPW in the Agulhas Current region, because the coupled geostrophic-ageostrophic FKFE
flux overall dominate the EPW at the mesoscale range (105 km>L> Rd ~ 30 km). We
evaluate in the next section, the use of approximation (i) of geostrophy to infer AEKFE
(Table 2), the nonlinear component of EKFE flux divergence.
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6 7n-based AEKE(;) and unapproximated AEKE

We first evaluate the mesoscale FKFE sources and sinks represented by the n-based
and the unapproximated AEKFE. We then characterize the main contributions of the two
AEKEFEs.

05 00 05 —05 00 05 —05 00 05
A T 107! [WmT?] A W <1072 [Wm™?] A W 107! [Wm?2]
n — based AEKE(;) (A+B +C) g - contribution (A) geostrophic work of EKE shear (B)

a)[WBregion:1.16 GW, b)[WB region: c).[WBregion: 1. W]

(Smoothed) '), v . rSmoothedLg . ([Smoothed)-£ //
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/
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Figure 4: n-based AEKE ;) and unapproximated AEKE [W m~2] (Table 2). (a) n-based
AEKE(;) (A+ B+ C) split into the contributions of (b) B-effect (A) and (c) work of EKE
shear (B). (d) Unapproximated AEKE (A+ B+ C) split into the contributions of (¢) EKE
flux (A + B) and (f) topographic-contribution (C). (a,d) Vector fields show (a) geostrophic

EKE flux (8 [",; ugnénllu}, én|> dz, with n = 0 — 1) and (b) unapproximated EKE
flux (2 7, wpén|[ul,é,]|? dz, with n = 0—1) [W m~!]. Note the different colorbar ranges
between (b) and the other panels. All terms are smoothed with a 75 km-radius Gaussian

kernel. (c¢f. Figure 1 for a detailed caption).

6.1 Mesoscale EKE sources and sinks from the n-based AEK E(;y and the
unapproximated AEKFE

Figure 4a,d shows the n-based AEK E(;) and unapproximated AEKE in the Agulhas
Current region. In the WB region, AEK E(;) and AEK F are in fairly good agreement. Both
AEK Es show a net EKE source (>0; Figure 4a,d). The 7-based AEK E;y accounts for
73% of the cumulative EK FE source shown by the unapproximated AEKFE (the remaining
27% being accounted for by ageostrophic effects). The locally gained FKE is then exported
out of the WB region, eventually into the South Atlantic Ocean or recirculated in the South
Indian Ocean (vector field in Figure 4a,d). The large similarities between AEK E(;) and
AEKE indicate that approximation (i) of geostrophy is valid for qualitatively inferring
AEKE.

The two AEK E's show patterns and magnitudes consistent with the documented vari-
ability of the Agulhas Current (Lutjeharms, 2006; Tedesco et al., 2022). Along the northern
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branch of the WB region (31°E — 26°E), where the Agulhas Current is stable, both AEK E's
are weak (one order of magnitude smaller than in the rest of the domain; Figure 4a,d).
Along the southern branch of the WB region (26°E — 23°E), both AEK Es are large and
generally positive where the shelf curvature increases and the current is documented to be
unstable (Lutjeharms, 2006; Tedesco et al., 2022) (Figure 4a,d). In this area, the AEK E's
indicate that the eddy dynamics mainly act to energise the mesoscale reservoir, similar to
the unapproximated EPW (Figure 2d). Note that AEK E;y, and AEKE in a lesser extend,
locally change sign and becomes negative at the tip of the shelf (24°E — 23°E), where the
topographic constraint on the current is large. This local magnitude difference between the
EKE sinks shown by AEK E(;) and AEK E suggests that ageostrophic effects substantially
contribute to the mesoscale eddy dynamics at this location.

6.2 Main contributions to the n-based AEK E ;)

The n-based AEKE(;) (A + B + C; Table 2; Figure 4a) consists of a geostrophic
EKF flux contribution (A + B; Figures 4b,c) and a topographic contribution acting on the
geostrophic EKE flux (C; not shown), which are of different importance in the Agulhas
Current region. The geostrophic A + B-contribution accounts for 61% of the net AEKE(;,
while the geostrophic topographic contribution accounts for the remaining 39% . Within
the geostrophic EKFE flux (A + B), the geostrophic EK FE shear work (B) is the main con-
tribution (Figure 4c). The geostrophic EK E shear work (B; Figure 4c) has locally similar
patterns and magnitudes than ALK E(;y (A+ B+ C; Figure 4a) in the Agulhas Current re-
gion. The velocity divergence contribution (A) corresponds to a negligible nonlinear S-effect
(Figure 4b). It represents a weak EK FE sink in the WB region (<0; Figure 4b), similar to
its linear analogue acting on EPW(; (Al; Figure 2c). In a nutshell, the n-based AEK E;
(A+ B+ C; Table 2) is dominated by geostrophic effects in the form of the FKE shear
work (B).

6.3 Main contributions to the unapproximated AEKFE

Similar to the n-based AEK E(;), the unapproximated AEKE (A + B + C; Table 2)
consists in an EKE flux contribution (A + B) and a topographic contribution (C'), which
are of different importance in the Agulhas Current region. In the WB region, AEKFE
(A4 B+ C; Figure 4d) is overall dominated by the positive EK E flux contribution (4 + B;
Figure 4e), except at the shelf tip (24°E — 23°E) where it is locally dominated by the negative
topographic contribution (C; Figure 4f).

The FKFE flux contribution (A + B) and the topographic contribution (C') do not
account for geostrophic and ageostrophic effects in the same proportions. Approximation
(i) of geostrophy allows to infer a qualitative estimate of the patterns of the FKE flux
contribution (A + B; the leading order contribution of AEKE = A+ B + C). However,
note that the ageostrophic effects acting on A and B are significant. The geostrophic EK E
flux (A + B; Figure 4b,c) underestimates the EKFE source shown by the unapproximated
analogue (A + B; Figure 4e) (underestimation of 35%).

On the other hand, approximation (i) of geostrophy limits the estimation of the patterns
and magnitude of the topographic contribution (C; a secondary contribution to AEKE =
A+ B+ (). Geostrophic and unapproximated C-contributions have cumulative values of
opposite sign in the WB region (geostrophic C: 0.65 GW, not shown and unapproximated
C: -0.38 GW in Figure 4f). This indicates that the topographic contribution (C') acting on
AFEKE is largely influenced by ageostrophic effects.

Note that the EKE source shown by the unapproximated AEKE (2.29 GW; Figure
4d) is due to the accumulation of the barotropic AEKE (0.79 GW; not shown) and 1%
baroclinic AEKE (1.50 GW; not shown). This suggests that the mesoscale AEKFE could
be approximated from the contribution of the 1% baroclinic mode. Similar contributions
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of the barotropic and 15 baroclinic modes are found for the n-based AEKE(;) (mesoscale
AEKE;: 1.67 GW in Figure 4a and barotropic AEK E(;: 0.57 GW and 1%t baroclinic
AEKE;: 1.10 GW; not shown).

In summary, the n-based AEK E(;) and the unapproximated AEK E support similar
paradigms in the Agulhas Current region, because geostrophic effects are a major contributor
to AEKE (via the EKE shear work B). However, the accurate estimation of its magnitude
using 7 is less reliable. Indeed, ageostrophic effects also make a significant contribution to
AEKE (A4 B+ C), via all its sub-contributions (A, B and C).
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7 Summary and Discussion

In this study, we have investigated the main contributions to the mesoscale EKE flux
divergence in the Agulhas Current region. Motivated by opposing n-based and model-
based paradigms of mesoscale eddy dynamics, we aimed to evaluate the validity of the
approximation (i) of geostrophy to infer the mesoscale EKFE flux divergence in this region.
Geostrophy is a good approximation for inferring mesoscale eddy velocities, but it is a
different matter to use it to infer the EKF flux divergence (a tendency term of the EKFE
budget representing net £ K F sources and sinks for ocean dynamics in equilibrium; Harrison
& Robinson, 1978). Our analysis used a regional numerical simulation to evaluate the main
contributions of the components of the E K F flux divergence, consisting of the eddy pressure
work (EPW) and the advection of EKE (AEKE). In this section, we summarise our main
findings and discuss their implications for the understanding of mesoscale eddy dynamics.

7.1 On the use of sea surface height (1) to infer the mesoscale EKFE flux
divergence

7.1.1 Eddy pressure work (EPW)

Based on an approximate calculation of EPW using sea surface height (1), Zhai et al.
(2010) showed that western boundaries are mesoscale EK E sinks. The n-based diagnosis
of EPW is by definition geostrophic. It reduces to the contribution of long baroclinic
Rossby waves (linear B-contribution acting on the 1% baroclinic mode) with additional
approximations to (ii) the vertical structures of mesoscale eddies and (iii) the contribution
of topography. Our results show that none of the approximations (i), (ii) and (iii) are valid
to infer the mesoscale FPW in the Agulhas Current region.

We first showed that the n-based EPW(;y (considering only approximation (i); Table
1) is dominated by a topographic contribution acting on the barotropic and 1% baroclinic
modes (Figure 2a-d). While the Rossby waves contribution is negligible (A1; Figure 2c).
This invalidates the use of approximations (i) and (iii). We then showed that the unap-
proximated EPW (Table 1) is dominated overall by the coupled geostrophic-ageostrophic
EKF flux and locally by topographic interactions (Figures 2d-f,3b). A scale analysis em-
phasised that the coupled geostrophic-ageostrophic FK F flux dominates EPW at mesoscale
(L > O(30) km), while the S-effect could potentially dominate EPW at larger scales
(L > O(105-256) km).

The dominance of ageostrophic effects explains the opposite paradigms supported by
the n-based EPW(;) and the unapproximated EPW in the Agulhas Current region. This
also invalidates the use of approximation (i) of geostrophy to infer the mesoscale EPW in
this region.

7.1.2 Advection of eddy kinetic energy (AEKE)

We have defined and performed an unapproximated 7-based version of the AEKE
component (AEKE(;; Table 2) in the Agulhas Current region. Our results show that
approximation (i) of geostrophy is valid to infer a qualitative mesoscale AEK E. Unapprox-
imated AEKE and n-based AEKE(;y support similar paradigms in the Agulhas Current
region (Figure 4a,d), because geostrophic effects largely contribute to AEKFE (A+ B+ C;
Figure 4a), via the term of the EKFE shear work (B; Figure 4c).

Our results support the use of 17 to qualitatively infer the mesoscale EK E source rep-
resented by the AEKE component in the western boundary region of the Agulhas Current.
This is furtherly supported by the 7-based AEK E(;) performed using observations (Figure
5). The observed n-based AEK E(;) (Table 2) is calculated by combining: (1) 7 measured
by satellite altimetry, (2) vertical modes calculated from time-averaged stratification de-

rived from the WOCE climatology, and (3) A, = 2 (Eq. 2.3.1) and o, = :77—:} (Eq. 2.3.1)
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parameters — modulating 7 according to vertical modes — derived from our numerical sim-
ulation at each time step and spatially averaged over the WB region. The observed n-based
AEK E(;) shows a mesoscale EKE source in the WB region in fairly good agreement with
the modeled n-based AEK E(;) and the modeled unapproximated AEKE (Figures 5a and
4a,d). It shows a large EK F source extending from about 26°E to the Retroflection (20°E),
whose cumulative value is 43% and 32% of that of the modeled n-based AEK E(;) and the
unapproximated AEK FE, respectively.

Note that the fairly good qualitative agreement between observed n-based AEK E and
modeled versions of AEKFE (Figures 5a and 4a,d) highlights a reliable alternative to ap-
proximation (ii). The contribution of the barotropic and 1% baroclinic modes to 7, and
hence to AEKFE, can be reliably approximated in small regions using spatially averaged
model-based partitioning of the modal 7.

-0.5 0.0 0. -0.1 0.0 0.

5 1
x107! [Wm~?] x107 [W m~?]
n — based AEKE(;, (A+B +C) n — based AEKE(; (A+ B + C)

|WB region :0.91 GW| b |WB region:0.73 GW| T
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(AVISO/WOCE) | / /55y : (AVISO/WOCE) | / /5
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35°S . * e . * -

30°S.

Figure 5: Observed n-based AEKE(; [W m™2] (Table 2). (a) Unsmoothed and (b)
smoothed version of the observed n-based AEK E(;y performed using a combination of satel-
lite altimetry data (AVISO), climatological data (WOCE) and model-based parameter (Eq.
7, 8). For (b), the smoothing radius is 75 km as for Figures 2, 4. Note the different colorbar
range between the two panels. (¢f. Figure 1 for a detailed caption).

7.1.3 Conclusion on the mesoscale EKE flux divergence (EPW and AEKE)

Our thorough analysis of the contributions to EPW and AEKE (forming the EKFE
flux divergence) allows us to conclude on the use of 1 to infer mesoscale EK E sources and
sinks in the Agulhas Current region. AEK F represents the larger cumulative contribution
(AEKE: 229 GW) to the EKFE flux divergence in the WB region (EPW + AEKE:
3.12 GW; Figures 2d, 4d). Although, the approximation of geostrophy (i) does not allow
to infer EPW (Figures 2a,d), it does allow to infer a qualitative estimate of AEKE (73%;
Figure 4a,d). This indicates that a qualitative estimate of the EKF flux divergence can
be inferred from 7, via the AEFKE component. In the model, using the n-based AEK E;
as a proxy for the EKFE flux divergence would lead to an underestimation of 46% of the
EKE source in the WB region of the Agulhas Current (Figure 4a,d). From observations,
however, the underestimation appears to be significantly larger (76%; Figure 5b and 4d).
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Further investigation would therefore be required to conclude on the use of n measured by
satellite altimetry to reliably infer the magnitude of the FK E source in this region.

Our results support the use of 1 to infer a qualitative estimate of the mesoscale AEKF,
and subsequently of the mesoscale FKFE flux divergence, but for fundamentally different
reasons than Zhai et al. (2010). Zhai et al. (2010) used approximation (i) of geostrophy
based on the hypothesis that long baroclinic Rossby waves are the main contributor to the
EKFE flux divergence. We show in this study that geostrophic effects make a significant
contribution to the FK FE flux divergence in the Agulhas Current region, via the advection
of geostrophic EK E by geostrophic mean and eddy flows (AEKE).

7.2 On the mesoscale eddy energy budget at western boundaries
7.2.1 Main contributions acting on the mesoscale EKE flux divergence

The paradigm of a mesoscale eddies graveyard at western boundaries supported by
Zhai et al. (2010) relies on long baroclinic Rossby waves (5-effect) as the main contributor
to the mesoscale EKE flux divergence. Our results suggest that the mesoscale EKE flux
divergence may not be dominated by the -effect in western boundary regions.

Our scaling analysis showed that the magnitude of the linear S-contribution to EPW
depends on metrics that provide a measure of dynamical and regional characteristics (Ro:
mesoscale eddy Rossby number and the § parameter, respectively). The § parameter is
usually low compared to Ro at mid-latitudes, resulting in a weak S-contribution to EPW.
However, the § parameter is larger at low latitudes, suggesting that these regions may be
more conducive to a large linear -contribution to the F K F flux divergence. However, topo-
graphic interactions are large at western boundaries regardless of latitude. The topographic
contribution may therefore be as large or larger than the g-effect contribution to the EKE
flux divergence at western boundaries of all latitudes.

7.2.2 Main sources and sinks of EKE

The positive FKFE flux divergence indicates that the mesoscale eddy dynamics in
the WB region of the Agulhas Current are locally dominated by processes energising the
mesoscale FKE reservoir. A recent study characterized the processes contributing to the
mesoscale EKE source in this region (Tedesco et al., 2022). They showed that the local
generation of mesoscale eddies — due to barotropic and mixed barotropic-baroclinic instabil-
ities of the Agulhas Current — overcomes the local decay of locally- and remotely generated
mesoscale eddies — mainly due to bottom stress and topographically channeled processes
— . Our current study complements the process study of Tedesco et al. (2022), by showing
(1) that the local mesoscale EK E source is largely redistributed in space by the advection
done by geostrophic mean and eddy flows and (2) that this net spatial redistribution can
be qualitatively inferred from 7 fields.

We suggest that the EKE flux divergence at western boundaries may vary with the
presence or absence of a western boundary current. However, additional studies of other
western boundary regions — with or without a western boundary current and for a broad
latitudinal range — would be required to draw conclusions about the mesoscale eddy dy-
namics at each western boundary. The mesoscale FKFE flux divergence could represent an
EKF sink in the western boundary regions without a western boundary current, as topo-
graphically channeled processes damping mesoscale eddies would locally dominate. This is
supported by studies based on in situ observations and idealized numerical simulations, for
western boundary regions without a western boundary current (Evans et al., 2020; Z. Yang
et al., 2021; Evans et al., 2022). The mesoscale FKE flux divergence could represent an
EKFE source in western boundary regions with a western boundary current, as the local
generation of mesoscale eddies would dominate the damping effect of topographic interac-
tions, similar to the Agulhas Current region (Tedesco et al., 2022). This is supported by the
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intense generation of mesoscale eddies by flow instabilities documented in several 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). Fur-
thermore, an exhaustive description of the processes contributing to mesoscale eddy decay in
western boundary regions including a western boundary current, should include eddy-mean
interactions in addition to topographic interactions (Holloway, 1987; Adcock & Marshall,
2000; Chen et al., 2014; Tedesco et al., 2022).
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Appendix A Observed and modeled sea surface height (n) variance in
the Agulhas Current region

0.00 0.05 0.10 0.15 0.20

n/2 [m2]

Figure A1l: Observed and modeled mesoscale variability at the surface in the Agulhas Cur-
rent system. 7 variance (/%) [m?] performed from (a) a numerical simulation (dx ~ 7.5 km)
and (b) satellite altimetry data (AVISO). Green contours denote isolines of 7 variance and
black contours denote 300 m and 1000 m isobaths.

The evaluation of the n-based version of the FK F flux divergence defined by Zhai et
al. (2010) (EPW(; j; sii)) in the model and observations, suggest that the modeled mesoscale
eddy field might be weaker compared to observations (c¢f. section 3.3). The model of
horizontal resolution of dx ~ 2.5 km, used in this study, is forced at the boundaries at each
time step by a parent model of dx ~ 7.5 km. The parent simulation resolve mesoscale eddies
of scales 50 km—100 km, but may underestimate their magnitude due to a too weak inverse
turbulent cascade at smaller scales. This process has been shown to be of importance in the
Subgyre regions of the Agulhas Current system (Schubert et al., 2020).

Based on this assumption, we evaluate the modeled mesoscale variability (n variance)
simulated by the parent simulation (dx ~ 7.5 km) against satellite altimetry data (Figure
A1l). The parent simulation covers the western part of the subtropical gyre of the Indian
Ocean. The Agulhas Current originates from the lower end of the Mozambique Channel
(32.5°E), where it feeds upon the Mozambique Current and the East Madagascar Current.
The Agulhas Current flows along the South African coastline to the South African tip (20°E).
From there, it Retroflects and become the Agulhas Return Current flowing eastward into
the South Indian Ocean.

Modeled 7 variance represents the variability of the Agulhas Current system in overall
good agreement with observations. The Mozambique Current, the East Madagascar Current
and the Agulhas Current show moderate value of i variance (0(0.02-0.03) m?). The Agulhas
Retroflection and the Agulhas Return Current show the largest n variance (0(0.05-0.15)
m?). In the context of our study, a relevant difference is the weaker modeled 7 variance
in the Subgyre region (35°E — 45°E and 25°S — 35°S). There, the model shows moderate
value of smaller extend than in observations. This confirms that the modeled mesoscale
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eddies propagating westward through the Subgyre toward the Agulhas Current region have
a weaker amplitude than in observations. This supports the weaker amplitude of the FKFE
sink in the WB region shown by the modeled EPW(; ;; ;;;ycompared to observed one, to be
due to a weaker modeled mesoscale eddy field forced at the boundaries.
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Appendix B Sensitivity of the unapproximated EPW to spatial smooth-

ing
-0.50 -0.25 0.00 0.25 0.50
x1071 [W m~2]
unapproximated EPW unapprommated EPW
] [ [ % a7
a) |WB region:1.31 GW| b |WB region: 111 GW| -
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a

WB reg/on 7 d |$WB \ reglon 0.82 GW|
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Figure B1: Sensitivity of the unapproximated EPW [W m~2] (Table 1) to spatial smooth-
ing. EPW shown for (a) no spatial smoothing and (b,c,d) spatial smoothing of different
radius from (b) 35 km, (c¢) 50 km to (d) 75 km. Vector fields show the corresponding
smoothed EKE flux (", u),p,¢? dz, with n =0—1) [Wm™']. (¢f. Figure 1 for a detailed
caption).

The unapproximated EPW (Table 1) is spatially smoothed to emphasise the large-
scale patterns driving its cumulative contribution in the WB region (Figure B1). The
unsmoothed EPW is characterized by small-scales patterns that are the most intense at to-
pographic features — shelf slope (1000 m isobath), seamounts, canyons, roughness, among
others — locally peaking at O(2.5 - 10) W m~? (Figure Bla). In the WB region, the in-
tense small-scales patterns of the unapproximated FPW are larger by one or two order of
magnitude than the unsmoothed EPW(; ;; ;i) (0(0.01) W m~2; Figure 2a). However, the
magnitude of the cumulative contribution of EPW (1.31 GW; Figure Bla) is close to the
one of EPW(; ;i iii) (-1.32 GW; Figure 1b) in this region, regardless of the intense small-scale
patterns. It indicates that the intense small-scale patterns locally compensate and do not
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significantly contribute to the cumulative EPW in the WB region.

The sensitivity of the unapproximated EPW to the smoothing is shown using a Gaus-
sian kernel of progressively increasing length scale: from 35 km (the spatially-averaged
Rossby deformation radius in region the modeled region) to 50 km and 75 km (two typical
mesoscale eddies radii at mid-latitudes; Chelton et al., 2011). The patterns of EPW change
with the different smoothing length scales, but the order of magnitude of the cumulative
contribution in the WB region is reasonably unchanged (< 30%; Figure B1). A similar
sensitivity to the smoothing is found for the unapproximated AEKE (< 20%; not shown).

In the study, the label ’smoothed’ in Figures refers to the Gaussian kernel using a
75 km-radius. The smoothings using 50 km- and 75 km-radius result in fairly close cu-
mulative EPW in the WB region (Figures Blc,d). However, the 75 km-radius smoothing
provides smoother patterns, emphasizing the most the large-scale patterns driving the EPW
cumulative in the WB region, and facilitating the most its comparison with EPW(; j; i)
(Table 1; Figures 1b).
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Appendix C Partitioning of sea surface height () variance into the barotropic

and 9 first baroclinic vertical modes

In order to assess the validity of approximations (ii) and (iii) to infer EPW, we pro-
gressively relax the use of the approximations when inferring the n-based EPW term (cf.
section 4). Relaxing the use of approximation (ii) of 5 primarily reflecting the 1% baroclinic
mode, rgguires to evaluate the partitioning of the n variance into the different vertical modes
(a2 = :77"2; Eq. 8 in section 2.3.1). 7 is a 2-dimensional field and cannot be straightforwardly

projected onto the vertical mode base. However, the modal coefficient for 7 (7,) can be
Py (2=0)

inferred such as: 7], = e

relationship.

, using the modal pressure at z =0 m and the hydrostatic
The modal expression of the 7 variance (%) and o are defined as follows:
(oo} (oo}
77/2 = Z 77% Z nin
n=0 m=0
oo o0 o0
DA S) S
n=0

n=0m#n

Intermodal coupling (Cpm)

n? = Z My + Cnm (C1)
n=0
12 C
ai = 77—72 and oy, 7]7:;1 (C2)

The modal expression of the variance of n (Eq. C1) involves an intermodal coupling
term(Chy). It corresponds to a phase-locked combination of vertical modes at the sur-
face due to the modal correlation in time (V\gunscgl, 1997; Scott & Furnival, 2012). The
degree of the surface modal correlation (92;73%
simulation, which is consistent with the 278" Factor determined at global-scale from in situ
data (Wunsch, 1997). However, it must be noted that the unapproximated EPW (Table
1) only accounts for the contribution of individual modes (n = 0 and n = 1). The coupling
term C',,, is of importance for accurately decomposing 7 into vertical modes, but it does not
contribute to the vertically-integrated form of the mesoscale FK E flux divergence consid-
ered in this study. Indeed, EPW involves the orthogonality condition resulting in canceling
out the contribution of C,,,, to EPW.

) is 1.8 in average in our numerical

Using our numerical simulation of the Agulhas Current, we inferred o the partitioning
of the n variance into the barotropic and 9 first baroclinic modes (Figure C1). The barotropic
and 10 first baroclinic modes account for 85-100% of the modeled 7 variance in the region
(not shown).
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Figure C1: Partitioning of the sea surface height variance into categories of vertical modes

(a2 = Z;’z) [%], including (a) the barotropic mode (n = 0), (b) the 15! baroclinic mode
(n = 1), (c) higher baroclinic modes (n = 2 —9) and (d) the intermodal coupling at the
surface (Chm). (cf. Figure 1 for a detailed caption).

In the WB region, The 7 variance mainly partitions into the 15! baroclinic mode (38
+ 2%; Figure Clb) and C,,, the intermodal coupling term (36 + 2%; Figure C1d). It
partitions more weakly, but still significantly into the barotropic mode (16 + 4%) (Figure
Cla). This is partially consistent with the usual interpretation of n primarily reflecting the
1%t baroclinic mode (Wunsch, 1997; Smith & Vallis, 2001). However, it also 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. This
enables us to relax approximation (ii) and compute the unapproximated n-based EPW;
(defined as the sum of the barotropic and 1% baroclinic contributions) from the modeled 7
field (cf. section 4).

—35—



874

875

876

877

878

879

880

881

882

883

Appendix D Alternative definition of the cross-over scale based on the
Rhines scale
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Figure D1: Alternative cross-over scale (Lgq = Rh = 4 [", dz, with ||u’||

the magnitude of mesoscale eddies velocity) in the Agulhas Current region. (a) Ratio be-
tween the alternative cross-over scale and the characterisitc length scale of mesoscale eddies
(Rossby deformation radius; Rd). In the barplot, counts of (a) in the WB region are in
[%] and shaded area shows the 70 % percentile. In the map, purple contours show 70 %
percentile of (a) in the physical space. (¢f. Figure 1 for a detailed caption)

Our scale analysis allows us to define a cross-over scale, marking the transition between
regimes of large ageostrophic effects and large -effect acting on the unapproximated EPW
(¢f. section 5.2.2). Using quasi-geostrophic scalings for horizontal velocity and pressure,
the cross-over scale is determined by the magnitude of the mesoscale eddies Rossby number
(Ro) with respect to the S-parameter (Eq. 15). The definition of the cross-over scale is
not unique and changes with the scaling of Ro. Using Ro = J?—L' (instead of Ro = (e f
in section 5.2.2), we define an alternative cross-over scale, which corresponds to the Rhines

scale (Rh = 4 [", %) dz, with ||u’|| the magnitude of mesoscale eddies velocity).
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In the quasi-geostrophic theory, the Rhines scale marks the transition from an advectively-
dominated (nonlinear) dynamical regime (Rh >> L; with L the characteristic length scale
of eddies) to a Rossby waves-dominated (linear) dynamical regime (Rh << L) (Rhines,
1975). This definition of the cross-over scale shows that evaluating the dominant regime
of the mesoscale EPW is therefore similar to evaluating the mesoscale eddies dynamical
regime.

In the Agulhas Current region, the typical values of the Rhines scale support the con-
clusions arising from the version of the cross-over scale presented in the study (Eq. 15
and Figure 3b). The Rhines scale indicates that mesoscale eddies fall in the range of large
coupled geostrophic-ageostrophic EPW with respect to the linear S-contribution (RA in
O(1.5-3)Rd in 70% of the WB region and larger values at the inner front; Figure D1). This
results shows that in the WB region of the Agulhas Current, mesoscale eddies fall in the
range of large coupled geostrophic-ageostrophic flux — with respect to linear S-effect — as a
result of mesoscale eddies being characterized by a nonlinear dynamical regime (Rh >> Rd)
— and not a linear wave dynamical regime (Rh << L) —. Nonlinear dynamics of mesoscale
eddies has been characterized from satellite altimetry data, as documented by Chelton et
al. (2011).
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Open Research Section

WOES36 model outputs are available online at http://dap.saeon.ac.za/thredds/
catalog/SAEON.EGAGASINI/2019.Penven/DAILY MEANS/1_36_degree/catalog.html The AVISO
data are available at www.aviso.altimetry.fr, the WOA18 and WOCE climatologies are
available at www.nodc.noaa.gov/0C5/woal8/ and https://icdc.cen.uni-hamburg.de/
thredds/catalog/ftpthredds/woce/catalog.htm.
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Can mesoscale eddy kinetic energy sources and sinks be
inferred from sea surface height in the Agulhas Current
region?
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Key Points:

» We assess whether the mesoscale eddy energy flux divergence can be calculated from
sea surface height in the Agulhas Current region

¢ Geostrophy allows a qualitative estimate of eddy energy advection, but not of eddy
pressure work

 This favours the use of sea surface height, but challenges the founding approximations
of an earlier paradigm
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Abstract

Western boundaries have been suggested as mesoscale eddy graveyards, using a diagnostic
of the eddy kinetic energy (FKFE) flux divergence based on sea surface height (). The
graveyard’s paradigm relies on the approximation of geostrophy — required by the use of
1n — and other approximations that support long baroclinic Rossby waves as the dominant
contribution to the EKFE flux divergence. However, a recent study showed an opposite
paradigm in the Agulhas Current region using an unapproximated EKFE flux divergence.
Here, we assess the validity of the approximations used to derive the n-based FKE flux
divergence using a regional numerical simulation of the Agulhas Current. The EKF flux
divergence consists of the eddy pressure work (EPW) and the EKE advection (AEKE).
We show that geostrophy is valid for inferring AEKFE, but that all approximations are
invalid for inferring EPW . A scale analysis shows that at mesoscale (L > O(30) km), EPW
is dominated by coupled geostrophic-ageostrophic FK E flux and that Rossby waves effect
is weak. There is also a hitherto neglected topographic contribution, which can be locally
dominant. AEKFE is dominated by the geostrophic EK F flux, which makes a substantial
contribution (54%) to the net regional mesoscale EK E source represented by the EK E flux
divergence. Other contributions, including topographic and ageostrophic effects, are also
significant. Our results support the use of 7 to infer a qualitative estimate of the EK F flux
divergence in the Agulhas Current region. However, they invalidate the approximations on
mesoscale eddy dynamics that underlie the graveyard’s paradigm.

Plain Language Summary

In the ocean, the most energetic motions are large-scale eddies with horizontal scales
ranging from tens to hundreds of kilometers. These are major components of the ocean
energy budget, and unravelling their lifecycles is crucial to improving our understanding
of ocean dynamics. Although the generation of large-scale eddies is well documented, how
their energy is dissipated remains uncertain. Based on satellite observations of the sea
surface and approximations to the dynamics of large-scale eddies, it has been suggested
that they decay at western boundaries of oceanic basins, thereby closing their lifecycle.
However, based on different data and approximations, a recent study has suggested that
large-scale eddies are predominantly generated in a specific western boundary region, such
as the Agulhas Current. Our study explains which of the data (sea surface observations)
or the assumed leading order dynamics (approximations) explains the opposite eddy energy
sources and sinks shown by the two studies in the Agulhas Current region. Our results show
that the use of sea surface observations is valid for qualitatively inferring the regional eddy
energy source, but not the assumed leading order dynamics. This has implications for (1)
our understanding and (2) study strategies of the energetics of large-scale eddies.
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1 Introduction

Mesoscale eddies account for 80 % of the surface kinetic energy and are a key component
of the global ocean energy budget (Wunsch, 2007; 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, following the quasi-
geostrophic theory (Gill, 1982). Geostrophic flows are horizontally divergence-free flows
— in a local approximation — dominated by the effects of rotation compared to advection
(Rossby number : Ro < 1) and stratification compared to vertical shear (Richardson number
: Ri > 1). Ageostrophic flows account for variations in the geostrophically balanced system.
They are characterized by a large vertical component and the increasing effects of advection.

Mesoscale eddies are easily tracked by satellite altimetry, which measures sea surface
height (1) and whose low-frequency component is an indirect measure of surface geostrophic
currents. Satellite altimetry has shown that mesoscale eddies are ubiquitous in the oceans
and that they are most energetic in western boundary currents and in the Antarctic Circum-
polar Current (Ducet et al., 2000; Chelton et al., 2007, 2011). This identifies these regions
as key to the global ocean energy budget.

Using satellite altimetry data, Zhai et al. (2010) suggested western boundaries as
mesoscale eddy kinetic energy (EKE) sinks. In the energy budget, sources and sinks of
eddy kinetic energy (EKE) are accounted for by the EKF flux divergence term (Harrison
& Robinson, 1978). This term represents the rate of EKFE transport done by: the work
of pressure fluctuations (eddy pressure work; usually interpreted as the linear contribution
from waves) and the nonlinear advection of EKE by mean and eddy flows. When ocean
dynamics are in equilibrium, the FK F flux divergence indicates a net EK F source (>0) or
sink (<0).

Zhai et al. (2010) explicitly developed a n-based diagnostic of the mesoscale eddy pres-
sure work (linear component of the FKE flux divergence) using several approximations.
Their diagnosis reduces to the linear contribution of the g-effect, corresponding in particu-
lar to the propagation of long Rossby waves. Figure la shows Zhai et al. (2010)’s version
of the eddy pressure work in the Agulhas Current region, which they suggested to be the
largest mesoscale EK FE sink. The approximated n-based eddy pressure work indicates an
almost uniform mesoscale EKE sink (<0) at the western boundary (WB; black domain),
whose cumulative value is of O(1) GW (Figure 1a).

Their result would establish the following paradigm: mesoscale eddies originate almost
everywhere in the ocean, propagate westward at about the speed of long baroclinic Rossby
waves, and decay at western boundaries, probably through direct energy routes to dissi-
pation, channeled by topography (Gill et al., 1974; Zhai et al., 2010; Chelton et al., 2011;
Evans et al., 2022). This scenario is supported in regions free of western boundary currents,
by in situ measurements and idealized numerical simulations (Evans et al., 2020; Z. Yang
et al., 2021; Evans et al., 2022). However, in regions containing western boundary currents,
model-based studies suggest more complex mesoscale eddy dynamics. Western boundaries
are hotspots for 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).

In particular, a recent study has shown that the Agulhas Current region is a mesoscale
EKE source using an unapproximated FKFE flux divergence performed from a model
(Tedesco et al., 2022). Figure 1d,e shows the unapproximated eddy pressure work and ad-
vection of EK E (forming the EKFE flux divergence) computed from 3-dimensional modeled
mesoscale velocities (Tedesco et al., 2022). Both unapproximated terms differ significantly
from the approximated n-based eddy pressure work, with their magnitudes being larger of
an order and their scale patterns smaller (Figure 1d,e). In the WB region of the Agulhas
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Current, the two unapproximated terms are the most intense on the shelf — over a band
narrower than the WB width — and have locally comparable magnitudes. Their cumula-
tive value represents a mesoscale EK F source (>0), whose main contribution is due to the
advection of EKE.

The opposite mesoscale EKE sources and sinks supported in the Agulhas Current
region by the different versions of the EK F flux divergence (Figure la,d,e reproducing Zhai
et al., 2010; Tedesco et al., 2022), challenge (1) the hypothesis that long baroclinic Rossby
waves are the main contributors to the mesoscale EKE flux divergence, and thus (2) the
approximations used to derive the n-based term. In this study, we focus on explaining the
differences between the approximated n-based and the unapproximated model-based EK E
flux divergence in the Agulhas Current region. We discuss below the approximations used
by Zhai et al. (2010) and their implications:

(i) Mesoscale FKFE flux divergence is mainly due to geostrophic flows
The geostrophic approximation is required when using satellite altimetry data. Geostro-
phy is a good approximation to infer mesoscale eddy velocities, which have small
Rossby numbers (Ro = O(« 0.05); Chelton et al., 2011). However, the use of
geostrophic velocities to infer the mesoscale EK F flux divergence — a tendency term
of the EK F budget that represents the rate of spatial redistribution of the mesoscale
EKE reservoir (Harrison & Robinson, 1978) — is a separate issue.

(ii) The vertical structure of mesoscale eddies is represented by the 1% baro-
clinic mode
The sea surface height (1) is usually interpreted as primarily reflecting surface-
intensified vertical structures represented by the 1%¢ baroclinic mode. However, the
mesoscale EK E reservoir is represented by the combination of the barotropic and 1%¢
baroclinic modes (Wunsch, 1997; Smith & Vallis, 2001; Venaille et al., 2011). The par-
titioning between the two vertical modes varies regionally, from being close to equipar-
tition to being dominated by one of the modes (Tedesco et al., 2022; Yankovsky et al.,
2022). The contributions of the barotropic and 1% baroclinic modes to the mesoscale
EKFE flux divergence remain unknown to our knowledge. Their individual contri-
butions can possibly transport EKE in a decoupled (coupled) manner, which would
then compensate (accumulate) when considering the EKFE flux divergence for the
mesoscale reservoir.

(iii) Mesoscale EKE flux interactions with topography are weak

The approximation of weak topographic interactions is equivalent to assuming that
the mesoscale EK E flux has spatial variations larger than those of topography (Zhai
et al., 2010). This approximation is challenged by (1) the large topographic gradients
at western boundaries (1 - 1072 £ 2 - 1072 in the Agulhas Current region) and (2)
the strong topographic control on mesoscale eddy dynamics at western boundaries.
Topography controls the triggering of current’ instabilities that generate mesoscale
eddies (Lutjeharms, 2006; Gula et al., 2015) and helps to channel energy transfers be-
tween mesoscale eddies and other types of flow (Adcock & Marshall, 2000; Nikurashin
& Ferrari, 2010; Evans et al., 2020; Perfect et al., 2020; Tedesco et al., 2022). The
contribution of topography to the mesoscale EKE flux divergence remains, to our
knowledge, an open question.

In summary, opposing paradigms of mesoscale eddy dynamics are supported by two
versions of the diagnosis of the FKFE flux divergence in the western boundary region of
the Agulhas Current (Zhai et al., 2010; Tedesco et al., 2022). The two diagnoses differ in
method (7 field measured by satellite altimetry vs. modeled 3-dimensional velocities) and
assumed leading order contribution to the FKFE flux divergence (long baroclinic Rossby
waves as a result of approximations (i), (ii) and (iii) vs. no approximations to account for
geostrophic, ageostrophic and topographic contributions acting on the barotropic and 15t



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

baroclinic mode). The two contradictory diagnoses of mesoscale EK F source and sink sug-
gest that either the method or the approximations lead to a misestimation of the mesoscale
EKFE flux divergence. This raises questions about the main contributions to the dynam-
ics of the mesoscale eddy energy reservoir, and consequently, about strategies for study-
ing mesoscale eddies. Open questions include: What are the main contributions — among
geostrophic and ageostrophic effects, barotropic and 1°¢ baroclinic modes, and topographic
contribution — to the eddy pressure work and advection of EK E? What are the implications
for inferring the mesoscale FK F flux divergence using the 7 field? We focus in particular on
determining whether approximation (i) of geostrophy is valid, as it is the only one formally
required for the use of satellite altimetry to infer the mesoscale EK E flux divergence.

In the present study, we use a numerical simulation to evaluate the validity of approx-
imation (i) for inferring the mesoscale EKE flux divergence in the region of the Agulhas
Current. Our study is organized as follows. Unapproximated and 7n-based expressions of
the eddy pressure work and advection of EKE (which form the FKE flux divergence) are
presented in section 2. The regional numerical simulation is presented in section 3. The
unapproximated and 7-based versions of the eddy pressure work and advection of EK E are
evaluated in sections 4, 5 and 6. Finally, we discuss our results in the larger context of
altimetry-based diagnosis of mesoscale eddy dynamics at western boundaries in section 7.
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2 Theory

In this section we present the modal EKFE flux divergence. First, we present the
theoretical framework of the vertical modes. Then, we define the unapproximated expression
of the modal EKFE flux divergence, which consists of the eddy pressure work (EPW) and
the advection of EKE (AEKE). Finally, we define the n-based expressions of EPW and
AEKE.

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 energised 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|.mpy = |_Tm¢n|z:n) and flat-bottom boundary conditions (|2 ¢y |.=—n = 0)
(1 0 1
0z (N28z¢ )+C%¢ 0 ()

with N? the time-averaged buoyancy frequency, g the acceleration of gravity and c2 =
ﬁ jH N(x,z) dz the eigenvalues of the vertical modes.
The modal base ¢,, satisfies the orthogonality condition :

[ ombn dz = @)
-H

with d,,, the usual Kronecker symbol and h = n + H the water column depth.
The dynamical variables are projected onto n vertical modes as follows :

n
o 0) oo pn(x, 0] = 3 [ fu 2, 0),plo )} x,2) ds 3)
Po hJ_u Po
with u,, and p,, the modal amplitudes of the horizontal velocity (u) and dynamical pressure
(p) and pg the reference density value.
The vertical modes are related to horizontal scales via ¢2, which are good approximations
of the Rossby baroclinic deformation radii : Rd,>; = ICTH\ (Chelton et al., 1998), with f the

Coriolis parameter.

2.2 Unapproximated modal EK FE flux divergence
2.2.1 EKEFE flux divergence in the EKFE budget

The modal FK E flux divergence is a term of the modal EK E budget. A comprehensive
modal EKE budget has been derived in Tedesco et al. (2022), inspired from the budget
derived in the context of internal tides (Kelly, 2016). The modal EKFE budget reads as
follows:

/ Q ’ T e Po K ’ 2
u, - (poh un) + Vg unpngbn dz + Vu. un¢n||un¢n|| dz
O —H 2 -H
—_———

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

EKE fluz divergence (EPW+AEKE)

=3 S, + D, (4)
~— ~—
EKE sources EKE sinks
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Terms are time-averaged and the primes indicate fluctuations relative to the time-average.
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 temporal average of the in
situ density) has been subtracted.

The FKFE flux divergence corresponds to the rate of EKFE spatial transport. When
integrated over a domain, the FKFE flux divergence corresponds to the transport across
the domain boundaries. A positive (negative) sign indicates that outgoing (incoming) flux
dominate the incoming (outgoing) flux. At equilibrium, the time rate of EKE (Eq. 4) is
negligible. The EK FE flux divergence is therefore equal to the sum of the FK E sources and
sinks accounted for in the right-hand side of the modal EKFE budget (S, and D,, in Eq. 4).
A positive (negative) EKE flux divergence thus represents a net EKE source (sink) that
is then transported away (has been transported in).

The EKF flux divergence consists of two contributions: the eddy pressure work (EPW;
Eq. 4) and the advection of EK E by the mean and eddy flows (AEKE; Eq. 4) (Harrison &
Robinson, 1978). EPW is the only contribution to the EK F flux divergence in the context
of linear theories of internal waves (Kelly et al., 2010, 2012; Kelly, 2016) and of Rossby waves
(Masuda, 1978). It is also the main contribution for interior-ocean dynamics (Harrison &
Robinson, 1978). AEKFE can contribute significantly to the FKE flux divergence and can
be equivalent to EPW in regions of high variability (Harrison & Robinson, 1978; Capé et
al., 2019; Tedesco et al., 2022).

Here, we study the EKFE flux divergence for the mesoscale reservoir over the period
1995-2004. We define the mesoscale EKE flux divergence as the sum of the barotropic
(n = 0) and 1% baroclinic (n = 1) contributions: EPW,—¢_1 and AEKE,—¢_1. To
simplify notations, we refer to the mesoscale terms as EPW and AEKE in the following.
The modeled mesoscale eddy dynamics over the period 1995-2004 is in equilibrium. The
smallness of the time rate of EKE (Eq. 4) has been asserted for the period 1995-1999 in
Tedesco et al. (2022). It is even smaller for the period 1995-2004 considered in this study.

2.2.2 Contributions to the EKE flur divergence

EPW and AEKFE (Eq. 4) can be written as the sum of the contributions of EK E flux
(A+ B in Eq. 5, 6) and EKE flux interacting with topographic gradients (C in Eq. 5, 6)
as follows:

n n
EPW = [ ponVar- o) dit [ (w6, Viulpion) d= o)
_H —H
velocity divergence (A) work of eddy pressure shear (B)

EKE fluz (A+B)
+ V- [Wopndn| ., + VaH - [wplén]

topographic—contribution (C)

__Po K ’ 2 po [ / 2
AEKE = 0} [lu;,dnl|“VH - (unody) dz+ ) (Wn@n) - Vllu,én||” dz (6)
H H

velocity divergence (A) work of EKE shear (B)

EKE fluz (A+B)

+ %VHﬂ : ‘un¢n‘|u;¢n|‘2| + p?OVHH |un¢n||u;¢n||2’Z:_H

z=n

topographic—contribution (C)

The EKFE flux term (A 4+ B; Eq. 5, 6) consists of a velocity divergence contribution
(A) and an eddy pressure shear work for EPW (B in Eq. 5) and an EKE shear work
for AEKE (B in Eq. 6). From their analytical expressions, it can be deduced that the
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importance of geostrophic and ageostrophic effects varies between A and B. The velocity
divergence contributions (A4) mainly account for ageostrophic effects, since geostrophic veloc-
ities are horizontally divergent-free. The only geostrophic effects in A are due to geostrophic
velocities expressed in the S-plan (Cushman-Roisin & Beckers, 2011). The geostrophic A-
contributions acting on EPW and AEKE are thus reduced to EKE flux driven by the
B-effect. In the case of EPW (Eq. 5), the f-driven linear EKE flux corresponds to long
baroclinic Rossby waves and was assumed by Zhai et al. (2010) to be the primary con-
tributor to EPW, and subsequently to the EK E flux divergence. The work contribution
(B) accounts for geostrophic and ageostrophic effects in different proportions for EPW and
AEKE. For EPW (Eq. 5), the B-contribution is exclusively due to ageostrophic effects.
Indeed, geostrophic velocities are orthogonal to the eddy pressure shear resulting in the
cancellation of the eddy pressure shear work. For AEKE (Eq. 6), the B-contribution ac-
counts for both geostrophic and ageostrophic effects. Geostrophic velocities are in the same
direction than the EKFE shear, resulting in a non-null work.

The topographic-contribution (C; Eq. 5,6) acting on EPW and AEKFE represents
the interactions of EKE flux with topography and sea surface height gradients. It can
be reduced to the contribution of topography gradients, which are much larger than 7
gradients (||[Vgn|| = O(107%)||[Vg H]||). The analytical expression of C' does not allow the
contribution of geostrophic or ageostrophic effects to be readily separated.

2.3 Approximated n-based modal EKFE flux divergence

In the following, we present the n-based expressions of EPW and AEK FE accounting
for approximation (i). We also present two other n-based expressions of EPW accounting
for approximations (ii) and (iii). The main expressions of EPW and AEKE discussed in
this study are listed in Tables 1 and 2.

2.3.1 Approxzimations (i) of geostrophic velocities (EPW ;) and AEKE;)

Approximation (i) of geostrophy is required by the use of 7 to infer the EKFE flux
divergence. EPW and AEKE are written as EPW(;) and AEKE(;) when using modal
geostrophic velocities (Table 1, 2). Modal geostrophic velocities are expressed from 7 fields,
modulated to account for the fraction of the different vertical modes with A,, = %" and

i
ay, = ?7—7, as follows:

g On
Wy =k 4V ( o 77> ()
! d)n !
00 =k 4V ( S ) (8)

Approximation (i) of geostrophy has a larger impact on EPW than on AEKE. EPW ;)
(Table 1) reduces to a linear EKFE flux driven by the S-effect (A1) and two topographic
contributions, one acting on the S-driven FK E flux (A2) and the other acting on geostrophic
EKE flux (C). AEKE(; (Table 2) includes the g-effect (A), the geostrophic EKE shear
work (B) and a topographic contribution acting on the geostrophic EKE flux (C).

2.3.2 Approximations (ii) and (i) (EPW(; ;) and EPW; i; iii))

The n-based version of EPW defined by Zhai et al. (2010) relies on the additional
approximations (ii) and (iii), which are not formally required by the use of 7 to infer the
EKF flux divergence. Approximations (ii) and (iii) therefore lead to approximated versions
of the n—based EPW: EPW(Z’”) and EPW(i,ii,iii) (Table 1)
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2.3.2.1 Approzimation (ii) of sea surface height primarily reflecting the 15t baroclinic

EPW(; ) is written as EPW(;), but assumes that modal geostrophic velocities ex-
pressed from 7 reflect only the 1% baroclinic mode (Table 1), using ., ~ a; ~ 1, as follows:

/ _ 9 ¢ /
tga 01 = KA fVH <|¢1|z_0n) ©

2.8.2.2 Approzimation (iii) of weak topographic-contributions (EPW; i; iii))

EPW(; i) (Al; Eq. 10) is derived from EPW(;;; (Al + A2 + C), assuming that
topographic contributions (A2 and C) are negligible:

Jon 01 d= 77/2>

2
EPW i ii i) = _Bhog” O (

(10)

2f2 8.23 |¢%|z=0

B—contribution (A1)

EPW(; ;i iy (Al; Table 1) corresponds to a f-driven linear FK E flux acting on the
1%t baroclinic mode, which represents the contribution of long baroclinic Rossby waves to
the FKFE flux divergence. EPW(; j; ;i) is the approximated n-based version of EPW used
in Zhai et al. (2010), which established the paradigm of mesoscale eddies decay at western
boundaries.

This study focuses on evaluating the main contributions to EPW and AEKFE (which
form the EK E flux divergence) in the Agulhas Current region (Figure 1d,e). To do this, we
evaluate the impacts of approximations (i), (ii) and (iii) on EPW and of approximation (i)
on AEKE. We start our analysis by EPW, which is the term explicitly discussed in Zhai et
al. (2010). We first evaluate the validity of approximations (ii) and (iii) to infer the n-based
EPW (cf. section 4). This allows us to define EPW(; — the unapproximated 7-based
EPW — which we then use to evaluate the validity of approximation (i) of geostrophy to
infer the unapproximated EPW (cf. section 5). We next expand our analysis to AEKE
(¢f. section 6). This term dominates the cumulative value of the EKFE flux divergence in
the WB region (Figure le) and is not explicitly discussed in Zhai et al. (2010).

Evaluation of the effects of approximations (i), (ii) and (iii) on EPW provides informa-
tion on the elements of mesoscale eddy dynamics that invalidate the paradigm of mesoscale
eddy graveyard in the Agulhas Current region. In addition, evaluation of the effect of ap-
proximation (i) of geostrophy on EPW and AEKFE provides information on the possibility
of using 7 to infer EKF flux divergence.

—11—



289 3 Method

200 In this section, we present and evaluate the regional numerical simulation of the Agulhas
201 Current. We first present the numerical set-up and observations used in this study. We
202 then evaluate the modeled mesoscale eddy dynamics against observations. The modeled
203 mesoscale EKFE in the Agulhas Current region has already been evaluated against satellite

204 altimetry data in Tedesco et al. (2022). Here, we evaluate the n-based version of EKE flux
205 divergence defined by Zhai et al. (2010) (EPW(; ;i ii;)) derived from our numerical simulation
206 against one derived from observations. The computation of EPW(; ;; ;i;y (Al; Table 1)
207 requires the computation of vertical modes — based on the time-averaged stratification
208 (N?) — and n.

299 3.1 Numerical model

300 The regional numerical simulation of the Agulhas Current was performed using the
301 Coastal and Regional COmmunity (CROCO) model. It is a free surface model, based
302 on ROMS (Shchepetkin & McWilliams, 2005), which solves the primitive equations in the

303 Boussinesq and hydrostatic approximations using a terrain following coordinate system (De-
304 breu et al., 2012). The numerical simulation is presented in details in Tedesco et al. (2022).
305 The simulation has a horizontal resolution of dx ~ 2.5 km and 60 vertical levels. It en-

306 compasses the Agulhas Current region from its source (north of the Natal Bight at 27°S)
307 to the Agulhas Retroflection (at ~ 37°S), from where it becomes the Agulhas Return Cur-

308 rent.Boundary conditions are supplied by two lower-resolution grids (dx ~ 22.5 km and
309 7.5 km, respectively covering most of the South Indian Ocean and its western part).

310 Vertical modes are derived from the time-averaged stratification over the period 1995-
311 2004, computed from the modeled daily-averaged temperature and salinity.

312 3.2 Observations

313 The WOCE (World Ocean Circulation Experiment) climatology provides in situ tem-
314 perature and salinity fields at a global scale for monthly compositing means at the horizontal

315 resolution of 1° (Gouretski & Koltermann, 2004).

316 Altimetric data are mapped on a regular 1/4°-grid by AVISO (Archiving, Validation
317 and Interpretation of Satellite Oceanographic data) and provide global scale 7 field for
318 weekly compositing means. We focus on a subset of data over the Agulhas Current region

319 (15°E - 34°E and 27°S - 40°S) for the period 1995-2004.

320

21 3.3 Observed and modeled mesoscale E K E sources and sinks from EPW; ; i:3)
3 Figure la-c shows EPW(; ;; ;) (Table 1) in the Agulhas Current region calculated
323 from observations and the model. Observed and modeled EPW(; ;; ;s show patterns in
32 fairly good agreement in the Agulhas Current region. EPW(; j; ;;;y is most intense at the
325 Retroflection and along the Agulhas Return Current (O(0.1-0.5) W m~2), where it has
326 patterns alterning positive and negative signs. It is less intense along the Agulhas Current

527 and in the Subgyre (0(0.01-0.1) W m~?2), where it has more uniform patterns.

228 We define the western boundary (WB) region as extending from north of the Natal
329 Bight (~ 27°S) to the African tip (~ 37°S), over a typical width for a western boundary
330 current of about 150 km (black region in Figure 1). In the WB region, EPW(; j; ;) is
331 roughly uniformly negative, indicating an EKFE sink of cumulative magnitude O(1) GW.
332 This is consistent with the FKFE sink emphasised by Zhai et al. (2010) at the western
33 boundary of the South Indian Ocean (poleward of 10°S).
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Figure 1: Different versions of the mesoscale EK E flux divergence (formed by eddy pressure
work and advection of EKE) [W m~2] in the Agulhas Current region. (a-c) Approximated
n-based eddy pressure work performed from (a) observations (AVISO and WOCE data) fol-
lowing Zhai et al. (2010) and (b,c) a numerical simulation (built upon the CROCO model),
at (b) the resolution of the simulation (dx ~ 2.5 km) and (c) a coarsened resolution mim-
icking the resolution of observations.(d,e) Unapproximated model-based (d) eddy pressure
work and (e) advection of EK E at the resolution of the simulation (dx ~ 2.5 km). Note the
different colorbar ranges between panels (a, b, ¢) and panels (d, e). Black area denotes the
WB region. The cumulative terms in the WB region are in [GW] (10° W). Green contours
denote the 0.25 m isoline of time-averaged n and black contours denote 1000 m and 3000 m
isobaths.

Observed and modeled EPW(; j; j;;ys differ mainly in the magnitude of the FK E sinks
that they depict in the WB region. There is about a twofold decrease in the model compared
to the observations (Figure la-c). The difference in magnitude is not explained by the coarser
horizontal resolution of AVISO data (effective horizontal resolution of O(100) km; Chelton
et al., 2011) compared to the model (effective horizontal resolution of 25 km; following
Soufflet et al., 2016). The twofold decrease in the model is also present when using smoothed
modeled 7, with a length scale of 100 km to mimic the altimetry data processing done by
AVISO (Figure 1c). This indicates that the net EKE sink in the WB region is robust
to altimetry data processing and that horizontal scales < O(100) km do not contribute
significantly to EPW(; ;; iis)- The difference in magnitude could be explained by too weak
a forcing of remotely generated eddies in the model. The numerical simulation is forced at
the boundaries by a parent simulation (dx ~ 7.5 km), which resolves mesoscale eddies of
scales 50 km—100 km, but underestimate their amplitude. See Appendix A for details of the
evaluation of the amplitude of the modeled mesoscale eddy field against satellite altimetry
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data. This underestimation in the model is likely due to a too weak inverse cascade at smaller
scales, which have been shown to substantially energize the mesoscale eddy energy reservoir
in the Agulhas Current region (Schubert et al., 2020). Note that the magnitude of the
cumulative EK FE flux is sensitive to the definition of the WB region. Our definition of the
WB region best captures the EK E sink shown by the modeled and observed EPW(; i iis)-
However, the observed EK E sink extends further south of the WB region (Figure 1a), while
the modeled one is fully encompassed by the WB region — with its southern face closely
following the 0 W m~2 isoline — (Figure lc,d).

The fairly good agreement between modeled and observed EK E reservoirs (Tedesco et
al., 2022) and EPWs(; ;; ;i) (Figure la-c), indicates that our numerical simulation reliably
represents the mesoscale eddy dynamics, at least as inferred from satellite altimetry data.
Our numerical simulation is therefore suitable to evaluate the leading order contribution
of the EKFE flux divergence, and subsequently to explain the opposing paradigms between
n-based and unapproximated diagnoses in this region.
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4 Approximated and unapproximated n-based EPW's (EPW; ;; ii;y and
EPW )
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Figure 2: n-based and unapproximated EPWs [W m~2] (Table 1). (a-c) Versions of n-based
EPW, including (a) EPW(;, (b) EPW(; ;;, and (c) EPW(; ; jii)- (d) Unapproximated
EPW (A4 B+C) split into the contributions of (¢) EKE flux (A+ B) and (c) topographic-
contribution (C). Terms are smoothed with a 75 km-radius Gaussian kernel. (¢f. Figure 1
for a detailed caption).

In this section, we evaluate the validity of approximations (ii) and (iii) to reliably
infer the n-based EPW(;. We first compare EPW; (unapproximated n-based EPW)
and EPW(; ;i i) (approximated 7-based EPW used by Zhai et al., 2010). Next, we detail
separately the differences due to approximations (ii) and (iii).

Note that most of the figures discussed in the study show smoothed terms (Figures 2, 4,
B1). Smoothed terms highlight the large-scale patterns driving the cumulative contributions
in the WB region. Smoothing also facilitates comparison between EPW(; ;; iis) (Figure la-c)
and the other EPW versions. The smoothing length scale corresponds to a typical mesoscale
eddy radius at mid-latitudes (75 km), as inferred from satellite altimetry (Chelton et al.,
2011). See Appendix B for details on the sensitivity of EPW to the smoothing length scale.

4.1 Mesoscale EKFE sources and sinks from the unapproximated and ap-
proximated n-based EPWs (EPW ;) vs. EPW(; j; iii))

Figure 2a-c shows the different versions of the n-based EPW in the Agulhas Current
region (EPW(Z), EPW(L”) and EPW(17“7721)) EPW(z) and EPW(l,n,mz) have different
local patterns and magnitudes in the Agulhas Current region (Figure 2a,c). In the WB
region, EPW(;) is predominantly negative, but shows patterns of varying magnitude and sign
(Figure 2a). This contrasts with EPW(; ;; ;;;y which is almost uniformly negative (Figure
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2c). Both EPWs show an EKE sink in the WB region, but that of EPW(;) (-3.13 GW) is
significantly larger than that of EPW(; j; ;i;) (-0.99 GW).

The differences between EPW(;y and EPW; j; iis) show that EPW(; ;; i — the ap-
proximated 7n-based version of EPW defined by Zhai et al. (2010) — is not a good estimate
of the unapproximated n-based EPW(;) in the Agulhas Current region (Figure 2a,c). This
indicates that one or both of the approximations (ii) and (iii) are not valid for inferring the
n-based EPW ;.

4.2 Bias due to approximation (ii)

Approximation (ii) of 5 primarily reflecting the 15! baroclinic mode can bias the 7-
based EPW(; ;;) in two ways. It can bias the accurate estimate of the contribution of the
15¢ baroclinic mode to the n-based EPW ;. n does not exclusively reflect eddies (1 variance)
of the 1! baroclinic mode. In the WB region of the Agulhas Current, the variance of the
modeled 7 accounts for about 16 & 4% of the barotropic mode, 38 & 4% of the 1% baroclinic
mode and 36 + 2% of a coupling between the first 10 vertical modes (Figure C1). See
Appendix C for details on the partitioning of the n variance into the 10 first vertical modes
in the Agulhas Current region. Approximation (ii) may also bias the estimate of the EKE
flux divergence for the mesoscale reservoir, because EPW(; ;;y does not include the barotropic
contribution. Contributions from the barotropic and 1%¢ baroclinic EPW(;ys can transport
EKE in a decoupled (coupled) manner, which would then compensate (accumulate) when
considering the EK FE flux divergence for the mesoscale reservoir.

EPW iy and EPW(; have similar local patterns and magnitudes in the Agulhas
Current region (Figure 2a,b). However, their cumulative EKE sinks differ slightly in the
WB region. EPW|; ;;) denotes a larger EKE sink (-4.83 GW; Figure 2b) than EPW;
(-3.13 GW; Figure 2a). EPW(; ;) includes only the contribution from the 1% baroclinic
mode, while £PW(; can be split into the contributions of the barotropic mode (-1.01 GW
in the WB region; not shown) and the 15¢ baroclinic mode (-2.12 GW in the WB region;
not shown).

The large similarities between EPW;y and EPW; ;;) patterns (Figure 2a,b) indicate
that approximation (ii) is not the main reason for the large discrepancies between EPW ;
and EPW(; ;; ;i) in the Agulhas Current region (Figure 2a,c). However, approximation (ii)
leads to an overestimation of (1) the FK F sink in the WB region (overestimation by 154%)
and (2) the contribution of the 1% baroclinic mode (overestimation by 228%).

4.3 Bias due to approximation (iii)

The topography acts on EPW(; ;; (Al 4+ A2 + C; Table 1) via two contributions:
the S-driven flux (A2) and the geostrophic EKE flux (C). Approximation (iii) of weak
topographic contribution is equivalent to assuming that the mesoscale EKFE flux (Al) has
larger spatial variations than that of the topography (A2 and C) (Zhai et al., 2010).

EPW(; iy and EPW(; ;; iis) have very different patterns and magnitudes in the Agulhas
Current region (Figure 2b,c). These differences are the same as those for EPW(; and
EPW(; ii iy (cf. section 4.1). This confirms that approximation (iii) is the one that limits
the estimate of the 7-based EPW(; in the Agulhas Current region (Figures 2a,b,c). This
also indicates that the topographic contributions (A2 and C in EPW;y and EPW(; ;;); Table
1) dominate the n-based EPW's (EPW(; and EPW(; ;;; Figures 2a,b). In particular, the
topographic contribution to the geostrophic EKE flux (C: -4.54 GW in the WB region; not
shown) is the dominant contribution, compared to the S-driven topographic contribution
(A2: 0.70 GW in the WB region; not shown).

In summary, EPW(; i sy — the EPW version defined by Zhai et al. (2010) — is not a
good estimate of EPW(;) — the unapproximated n-based EPW — in the Agulhas Current
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region, because approximation (iii) is not valid (Figure 2a-c). In other words, the S-driven
linear EKE flux acting on the 1%% baroclinic mode (EPW(Z-,Z-M-Z-Z-)) is not the leading order
contribution to the n-based EPW ;. EPW (i) (Al + A+2+ C; Figure 1a) is dominated by
interactions between the geostrophic EK E flux of the barotropic and 1%¢ baroclinic modes
with topographic gradients (C).

However, the n-based EPW(; still shows an EKE sink in the WB region (<0; Figure
2a) in contrast with the unapproximated EPW (>0; Figure 1d). This suggests that ap-
proximation (i) of geostrophy is the one at the origin of the opposing paradigms supported
by n-based and unapproximated EPW.
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5 mn-based EPW, and unapproximated EPW

In this section, we inform about the invalidity of approximation (i) of geostrophy for
a reliable inference of the unapproximated EPW. We first evaluate the mesoscale FKE
sources and sinks represented by the unapproximated EPW . We then characterize the main
contributions to the unapproximated EPW.

5.1 Mesoscale EKE sources and sinks from the n-based EPW(;) and the
unapproximated EPW

EPW(; and EPW show no similarity over the whole Agulhas Current region (Figure
2a,d). In the WB region, they have similar patterns of locally opposite signs. These local
differences are reflected in their cumulative values, which amount to an EKE sink (<
0) and an EKE source (> 0), for EPW ;) and EPW respectively. This confirms that
approximation (i) of geostrophy is not valid for inferring EPW in the Agulhas Current
region (Figure 2a,d).

The unapproximated EPW indicates a source of EKF in the WB region (0.82 GW;
Figure 2d). The locally gained EKE is then exported downstream of the Agulhas Current,
eventually towards the South Atlantic, or recirculated into the Indian Ocean along the
Agulhas Return Current (vector field in Figure 2d). Locally, the unapproximated EPW
shows patterns and magnitudes consistent with the documented variability of the Agulhas
Current (Lutjeharms, 2006; Tedesco et al., 2022).

Along the northern branch of the WB region (31°E — 26°E), where the Agulhas Current
is stable, the unapproximated EFPW is weak compared to the rest of the domain and have
patterns of contrasting sign (Figure 2d). EPW is negative upstream of the Natal Bight
(31°E) and between the Natal Bight and the Agulhas Bank over a narrow band along the
straight part of the shelf (26°E-30.5°E). In these areas, EPW (<0) therefore indicates that
the eddy dynamics are mainly acting to deplete the mesoscale reservoir. This is consistent
with the northern Agulhas Current being stable due to the topographic constraint (Lut-
jeharms, 2006; Tedesco et al., 2022). EPW is locally positive at the Natal Bight. This
is consistent with the punctual generation (4-5 times per year) of Natal Pulses: mesoscale
eddies that are the main source of variability of the Northern Agulhas Current (Lutjeharms,
2006; Elipot & Beal, 2015).

Along the southern branch of the WB region (26°E — 23°E), where the shelf curvature
increases and the Agulhas Current is unstable, the mesoscale EPW is large and positive
(Figure 2d). In this area, EPW shows the largest EKF source of the WB region. This
shows that eddy dynamics are mainly energising the mesoscale reservoir there. This is
consistent with the highly unstable nature of the southern Agulhas Current and the docu-
mented generation of quasi-permanent meanders there (Lutjeharms, Penven, & Roy, 2003;
Lutjeharms, Boebel, & Rossby, 2003; Schubert et al., 2021). Note that the mesoscale EPW
locally changes sign and becomes negative at the tip of the shelf (24°E — 23°E). There, the
shelf curvature decreases and the current is constrained by the topography, locally enhancing
EKEF dissipation and preventing mixed barotropic-baroclinic instability to trigger (energy
conversion terms of barotropic and baroclinic instability are negative, indicating a kinetic
energy loss from mesoscale eddies in favor of the mean circulation; Tedesco et al., 2022).

5.2 Main contributions to the unapproximated EPW

Geostrophic effects are not the leading contribution to EPW in the Agulhas Current
region. We therefore characterize the main contributions to the unapproximated mesoscale
EPW below. We first evaluate the main contributions to the unapproximated EPW and
then discuss their range of validity.
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5.2.1 Contributions of ageostrophic and topographic effects

The unapproximated EPW (A + B + C; Table 1; Figure 2d) consists of an EKFE
flux contribution (A + B; Figure 2b) and a topographic contribution (C'; Figure 2¢). Both
are large and largely compensate in the Agulhas Current region. In the WB region, the
cumulative value of EPW is dominated by the positive EKFE flux contribution (A + B).
However, it can be locally dominated by the negative topographic contribution (C), as for
example along the straight part of the shelf, where a narrow band of negative EPW is
visible (30.5°E — 26°E; Figure 2d).

The EKE flux contribution (A + B) and the topographic contribution (C') do not ac-
count for geostrophic and ageostrophic effects to the same extent. Approximation (i) of
geostrophy limits the estimate of the FKE flux contribution (A 4+ B), because the unap-
proximated A + B (Figure 2e) is very different from its geostrophic analogue (Al; Figure
2c). The velocity divergence contribution to the EKFE flux (A) accounts for ageostrophic
effects and the S-effect. While the eddy pressure shear work (B) exclusively accounts for
ageostrophic effects (cf. section 2.2.2). The geostrophic EKFE flux is thus reduced to a lin-
ear B-effect (A1; Figure 2c), which we have shown to be negligible for the n-based EPW(;
(Al + A2 + C; Figure 2a).

On the other hand, approximation (i) of geostrophy allows to derive a qualitatively
good estimate of the topographic contribution (C). The unapproximated C-contribution
(Figure 2f) is similar to the n-based EPW;y (Al+ A2+ C; Figure 2a), which we have seen
to be dominated by the geostrophic C-contribution (cf. section 4).

Note that the EKFE source shown by the unapproximated FPW in the WB region
(0.82 GW; Figure 2d) is mainly due to the barotropic EPW (1.56 GW; not shown), while
the 1% baroclinic EPW represents an EK E sink (-0.74 GW; not shown) and acts against the
barotropic EPW . This emphasises the importance of properly defining the unapproximated
mesoscale EPW as the sum of barotropic and 1% baroclinic EPWs. In the case of the
unapproximated EPW, both vertical modes compensate each other, while in the case of
the n-based EPW(;), both vertical modes amplify each other (cf. section 4). The different
contributions of barotropic and 1%¢ baroclinic modes to the different versions of EPW is
therefore non-trivial.

In summary, the n-based EPW; and the unapproximated EPW support opposite
paradigms in the Agulhas Current region, because they have different leading order contri-
butions. We first showed that the n-based EPW(;) is dominated by the topographic con-
tribution acting on the geostrophic FKE flux. We then showed that the unapproximated
EPW is dominated overall by ageostrophic effects and locally by the topographic contri-
bution. In the following section, we characterize the range of validity for the dominance of
ageostrophic effects.
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5.2.2 Scale analysis argument for large ageostrophic effects and weak -
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Figure 3: Adimensional metrics measuring the contribution of ageostrophic effects to £ PW.

(a) Rossby number for mesoscale eddies (Ro = C%}” 2) and (b) ratio between the cross-over

scale (Lg a9 = %; Eq. 15) and the characteristics length scale of mesoscale eddies (Rossby
deformation radius; Rd). In the barplots, counts of (a) and (b) in the WB region are
expressed in [%] and shaded areas show the 70 % percentile. In the maps, purple contours
show (a) and (b) 70 % percentiles in the physical space. (¢f. Figure 1 for a detailed caption)

5.2.2.1 Definition of a cross-over scale

The founding hypothesis of the paradigm of mesoscale eddies graveyard at western
boundaries was that long baroclinic Rossby waves are the main contributor to the EKE
flux divergence (Zhai et al., 2010). This hypothesis favours one contribution of EPW —
the p-effect (Al in EPW;y; Table 1) — over others, which include ageostrophic effects and
the topographic contribution. We have seen that for the EKFE flux contribution (A + B)
acting on the unapproximated EPW (Table 1), ageostrophic effects overcome the j-effect
in the WB region of the Agulhas Current (cf. section 5). Here, we use a scale analysis to
evaluate in which regimes we can expect ageostrophic effects to dominate over the S-effect
for the unapproximated EPW.

Ageostrophic effects acting on the FK E flux contribution (A+ B; Table 1) take the form
either of (1) both ageostrophic velocities and pressure (EPW/(,4)) or (2) coupled ageostrophic
velocities to geostrophic pressure (EPW(, .4)). Using quasi-geostrophic scalings of velocity
and pressure, we perform the scaling of EPW(,4) (Eq. 11), EPW(4 o4y (Eq. 12), and of the
B-effect (Eq. 13), as follows:
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We use the following adimensionalized variables ‘VH, a%’ ~ %, ’f:’H <.> dz‘ ~ H, |B| ~

B\ 1 f~ f Using the expansion of velocity and eddy pressure with Ro the small parameter,

RoUy and [Pl .| ~ RoP;, with Ro = | [, (&32) dZJ ~ s the
vertical average of the root mean square of the normalized relative vorticity for mesoscale
eddies (¢" = 0,v" — 9,u’). Using geostrophy, we define |p ,,| ~ P, ~ pofU;L. Using the
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The scale analysis is used to define two cross-over scales (Lg q4 in Eq. 15 and Lgg in
Eq. 14), at which the contributions to EPW of the two forms of ageostrophic EKFE flux
(EPW(4.qa9) and EPW(,4) have the same order of magnitude as the contribution of the
[G-effect:
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L qq is the ratio of the eddy vorticity and of the S parameter (Eq. 15). Lg .4 is greater
than L, if the eddy Rossby number is <1, which is the case for mesoscale eddies. L q4
will thus generally impose the most restrictive condition. Note that the definition of the
cross-over scales is not unique. An equivalent definition involving the Rhines scale can be
defined using another scaling of the eddy Rossby number(Ro = %) See appendix D for
details on the alternative definition of Ly ,, for the mesoscale EPW in the Agulhas Current

region.

5.2.2.2 Cross-over scale performed in the Agulhas Current region

We compare Ly 5 (Eq. 15) with the characteristic length scale of mesoscale eddies —
the Rossby deformation radius (Rd) of about 30 km in the region of the Agulhas Current —
(Figure 3). The typical values of Ro confirm that mesoscale eddies are mainly geostrophic
in the WB region (Ro in 0(0.02-0.07) in 70% of the WB region and Ro in O(0.07-0.65)
at the inner front; Figure 3a). However, the typical values of L, ., show that coupled
geostrophic-ageostrophic effects dominate over the S-effect at mesoscale (Lg 44 in O(3-7)Rd
in 70% of the WB region and Ly o4 in O(7-19)Rd at the inner front; Figure 3b). On the
other hand, the purely ageostrophic effects are weaker than the contribution of the S-effect
(Lag in O(0.1-0.5) Rd in the WB region; not shown).

Typical values of L, 4 (Eq. 15) are about O(105-256) km in the region of the Agulhas
Current (not shown). This sets the upper limit of the scale range where coupled geostrophic-
ageostrophic effects are expected to dominate over the g-effect. This scale range is consistent
with the result of the idealized numerical simulations shown in Zhai et al. (2010), where an
eddy of 500 km-diameter was used to illustrate the validity of the approximated n-based
version of EPW.
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In summary, approximation (i) of geostrophy is not valid to infer the unapproximated
EPW in the Agulhas Current region, because the coupled geostrophic-ageostrophic FKFE
flux overall dominate the EPW at the mesoscale range (105 km>L> Rd ~ 30 km). We
evaluate in the next section, the use of approximation (i) of geostrophy to infer AEKFE
(Table 2), the nonlinear component of EKFE flux divergence.
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6 7n-based AEKE(;) and unapproximated AEKE

We first evaluate the mesoscale FKFE sources and sinks represented by the n-based
and the unapproximated AEKFE. We then characterize the main contributions of the two
AEKEFEs.
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Figure 4: n-based AEKE ;) and unapproximated AEKE [W m~2] (Table 2). (a) n-based
AEKE(;) (A+ B+ C) split into the contributions of (b) B-effect (A) and (c) work of EKE
shear (B). (d) Unapproximated AEKE (A+ B+ C) split into the contributions of (¢) EKE
flux (A + B) and (f) topographic-contribution (C). (a,d) Vector fields show (a) geostrophic

EKE flux (8 [",; ugnénllu}, én|> dz, with n = 0 — 1) and (b) unapproximated EKE
flux (2 7, wpén|[ul,é,]|? dz, with n = 0—1) [W m~!]. Note the different colorbar ranges
between (b) and the other panels. All terms are smoothed with a 75 km-radius Gaussian

kernel. (c¢f. Figure 1 for a detailed caption).

6.1 Mesoscale EKE sources and sinks from the n-based AEK E(;y and the
unapproximated AEKFE

Figure 4a,d shows the n-based AEK E(;) and unapproximated AEKE in the Agulhas
Current region. In the WB region, AEK E(;) and AEK F are in fairly good agreement. Both
AEK Es show a net EKE source (>0; Figure 4a,d). The 7-based AEK E;y accounts for
73% of the cumulative EK FE source shown by the unapproximated AEKFE (the remaining
27% being accounted for by ageostrophic effects). The locally gained FKE is then exported
out of the WB region, eventually into the South Atlantic Ocean or recirculated in the South
Indian Ocean (vector field in Figure 4a,d). The large similarities between AEK E(;) and
AEKE indicate that approximation (i) of geostrophy is valid for qualitatively inferring
AEKE.

The two AEK E's show patterns and magnitudes consistent with the documented vari-
ability of the Agulhas Current (Lutjeharms, 2006; Tedesco et al., 2022). Along the northern
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branch of the WB region (31°E — 26°E), where the Agulhas Current is stable, both AEK E's
are weak (one order of magnitude smaller than in the rest of the domain; Figure 4a,d).
Along the southern branch of the WB region (26°E — 23°E), both AEK Es are large and
generally positive where the shelf curvature increases and the current is documented to be
unstable (Lutjeharms, 2006; Tedesco et al., 2022) (Figure 4a,d). In this area, the AEK E's
indicate that the eddy dynamics mainly act to energise the mesoscale reservoir, similar to
the unapproximated EPW (Figure 2d). Note that AEK E;y, and AEKE in a lesser extend,
locally change sign and becomes negative at the tip of the shelf (24°E — 23°E), where the
topographic constraint on the current is large. This local magnitude difference between the
EKE sinks shown by AEK E(;) and AEK E suggests that ageostrophic effects substantially
contribute to the mesoscale eddy dynamics at this location.

6.2 Main contributions to the n-based AEK E ;)

The n-based AEKE(;) (A + B + C; Table 2; Figure 4a) consists of a geostrophic
EKF flux contribution (A + B; Figures 4b,c) and a topographic contribution acting on the
geostrophic EKE flux (C; not shown), which are of different importance in the Agulhas
Current region. The geostrophic A + B-contribution accounts for 61% of the net AEKE(;,
while the geostrophic topographic contribution accounts for the remaining 39% . Within
the geostrophic EKFE flux (A + B), the geostrophic EK FE shear work (B) is the main con-
tribution (Figure 4c). The geostrophic EK E shear work (B; Figure 4c) has locally similar
patterns and magnitudes than ALK E(;y (A+ B+ C; Figure 4a) in the Agulhas Current re-
gion. The velocity divergence contribution (A) corresponds to a negligible nonlinear S-effect
(Figure 4b). It represents a weak EK FE sink in the WB region (<0; Figure 4b), similar to
its linear analogue acting on EPW(; (Al; Figure 2c). In a nutshell, the n-based AEK E;
(A+ B+ C; Table 2) is dominated by geostrophic effects in the form of the FKE shear
work (B).

6.3 Main contributions to the unapproximated AEKFE

Similar to the n-based AEK E(;), the unapproximated AEKE (A + B + C; Table 2)
consists in an EKE flux contribution (A + B) and a topographic contribution (C'), which
are of different importance in the Agulhas Current region. In the WB region, AEKFE
(A4 B+ C; Figure 4d) is overall dominated by the positive EK E flux contribution (4 + B;
Figure 4e), except at the shelf tip (24°E — 23°E) where it is locally dominated by the negative
topographic contribution (C; Figure 4f).

The FKFE flux contribution (A + B) and the topographic contribution (C') do not
account for geostrophic and ageostrophic effects in the same proportions. Approximation
(i) of geostrophy allows to infer a qualitative estimate of the patterns of the FKE flux
contribution (A + B; the leading order contribution of AEKE = A+ B + C). However,
note that the ageostrophic effects acting on A and B are significant. The geostrophic EK E
flux (A + B; Figure 4b,c) underestimates the EKFE source shown by the unapproximated
analogue (A + B; Figure 4e) (underestimation of 35%).

On the other hand, approximation (i) of geostrophy limits the estimation of the patterns
and magnitude of the topographic contribution (C; a secondary contribution to AEKE =
A+ B+ (). Geostrophic and unapproximated C-contributions have cumulative values of
opposite sign in the WB region (geostrophic C: 0.65 GW, not shown and unapproximated
C: -0.38 GW in Figure 4f). This indicates that the topographic contribution (C') acting on
AFEKE is largely influenced by ageostrophic effects.

Note that the EKE source shown by the unapproximated AEKE (2.29 GW; Figure
4d) is due to the accumulation of the barotropic AEKE (0.79 GW; not shown) and 1%
baroclinic AEKE (1.50 GW; not shown). This suggests that the mesoscale AEKFE could
be approximated from the contribution of the 1% baroclinic mode. Similar contributions
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of the barotropic and 15 baroclinic modes are found for the n-based AEKE(;) (mesoscale
AEKE;: 1.67 GW in Figure 4a and barotropic AEK E(;: 0.57 GW and 1%t baroclinic
AEKE;: 1.10 GW; not shown).

In summary, the n-based AEK E(;) and the unapproximated AEK E support similar
paradigms in the Agulhas Current region, because geostrophic effects are a major contributor
to AEKE (via the EKE shear work B). However, the accurate estimation of its magnitude
using 7 is less reliable. Indeed, ageostrophic effects also make a significant contribution to
AEKE (A4 B+ C), via all its sub-contributions (A, B and C).
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7 Summary and Discussion

In this study, we have investigated the main contributions to the mesoscale EKE flux
divergence in the Agulhas Current region. Motivated by opposing n-based and model-
based paradigms of mesoscale eddy dynamics, we aimed to evaluate the validity of the
approximation (i) of geostrophy to infer the mesoscale EKFE flux divergence in this region.
Geostrophy is a good approximation for inferring mesoscale eddy velocities, but it is a
different matter to use it to infer the EKF flux divergence (a tendency term of the EKFE
budget representing net £ K F sources and sinks for ocean dynamics in equilibrium; Harrison
& Robinson, 1978). Our analysis used a regional numerical simulation to evaluate the main
contributions of the components of the E K F flux divergence, consisting of the eddy pressure
work (EPW) and the advection of EKE (AEKE). In this section, we summarise our main
findings and discuss their implications for the understanding of mesoscale eddy dynamics.

7.1 On the use of sea surface height (1) to infer the mesoscale EKFE flux
divergence

7.1.1 Eddy pressure work (EPW)

Based on an approximate calculation of EPW using sea surface height (1), Zhai et al.
(2010) showed that western boundaries are mesoscale EK E sinks. The n-based diagnosis
of EPW is by definition geostrophic. It reduces to the contribution of long baroclinic
Rossby waves (linear B-contribution acting on the 1% baroclinic mode) with additional
approximations to (ii) the vertical structures of mesoscale eddies and (iii) the contribution
of topography. Our results show that none of the approximations (i), (ii) and (iii) are valid
to infer the mesoscale FPW in the Agulhas Current region.

We first showed that the n-based EPW(;y (considering only approximation (i); Table
1) is dominated by a topographic contribution acting on the barotropic and 1% baroclinic
modes (Figure 2a-d). While the Rossby waves contribution is negligible (A1; Figure 2c).
This invalidates the use of approximations (i) and (iii). We then showed that the unap-
proximated EPW (Table 1) is dominated overall by the coupled geostrophic-ageostrophic
EKF flux and locally by topographic interactions (Figures 2d-f,3b). A scale analysis em-
phasised that the coupled geostrophic-ageostrophic FK F flux dominates EPW at mesoscale
(L > O(30) km), while the S-effect could potentially dominate EPW at larger scales
(L > O(105-256) km).

The dominance of ageostrophic effects explains the opposite paradigms supported by
the n-based EPW(;) and the unapproximated EPW in the Agulhas Current region. This
also invalidates the use of approximation (i) of geostrophy to infer the mesoscale EPW in
this region.

7.1.2 Advection of eddy kinetic energy (AEKE)

We have defined and performed an unapproximated 7-based version of the AEKE
component (AEKE(;; Table 2) in the Agulhas Current region. Our results show that
approximation (i) of geostrophy is valid to infer a qualitative mesoscale AEK E. Unapprox-
imated AEKE and n-based AEKE(;y support similar paradigms in the Agulhas Current
region (Figure 4a,d), because geostrophic effects largely contribute to AEKFE (A+ B+ C;
Figure 4a), via the term of the EKFE shear work (B; Figure 4c).

Our results support the use of 17 to qualitatively infer the mesoscale EK E source rep-
resented by the AEKE component in the western boundary region of the Agulhas Current.
This is furtherly supported by the 7-based AEK E(;) performed using observations (Figure
5). The observed n-based AEK E(;) (Table 2) is calculated by combining: (1) 7 measured
by satellite altimetry, (2) vertical modes calculated from time-averaged stratification de-

rived from the WOCE climatology, and (3) A, = 2 (Eq. 2.3.1) and o, = :77—:} (Eq. 2.3.1)
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parameters — modulating 7 according to vertical modes — derived from our numerical sim-
ulation at each time step and spatially averaged over the WB region. The observed n-based
AEK E(;) shows a mesoscale EKE source in the WB region in fairly good agreement with
the modeled n-based AEK E(;) and the modeled unapproximated AEKE (Figures 5a and
4a,d). It shows a large EK F source extending from about 26°E to the Retroflection (20°E),
whose cumulative value is 43% and 32% of that of the modeled n-based AEK E(;) and the
unapproximated AEK FE, respectively.

Note that the fairly good qualitative agreement between observed n-based AEK E and
modeled versions of AEKFE (Figures 5a and 4a,d) highlights a reliable alternative to ap-
proximation (ii). The contribution of the barotropic and 1% baroclinic modes to 7, and
hence to AEKFE, can be reliably approximated in small regions using spatially averaged
model-based partitioning of the modal 7.

-0.5 0.0 0. -0.1 0.0 0.
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|WB region :0.91 GW| b |WB region:0.73 GW| T
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Figure 5: Observed n-based AEKE(; [W m™2] (Table 2). (a) Unsmoothed and (b)
smoothed version of the observed n-based AEK E(;y performed using a combination of satel-
lite altimetry data (AVISO), climatological data (WOCE) and model-based parameter (Eq.
7, 8). For (b), the smoothing radius is 75 km as for Figures 2, 4. Note the different colorbar
range between the two panels. (¢f. Figure 1 for a detailed caption).

7.1.3 Conclusion on the mesoscale EKE flux divergence (EPW and AEKE)

Our thorough analysis of the contributions to EPW and AEKE (forming the EKFE
flux divergence) allows us to conclude on the use of 1 to infer mesoscale EK E sources and
sinks in the Agulhas Current region. AEK F represents the larger cumulative contribution
(AEKE: 229 GW) to the EKFE flux divergence in the WB region (EPW + AEKE:
3.12 GW; Figures 2d, 4d). Although, the approximation of geostrophy (i) does not allow
to infer EPW (Figures 2a,d), it does allow to infer a qualitative estimate of AEKE (73%;
Figure 4a,d). This indicates that a qualitative estimate of the EKF flux divergence can
be inferred from 7, via the AEFKE component. In the model, using the n-based AEK E;
as a proxy for the EKFE flux divergence would lead to an underestimation of 46% of the
EKE source in the WB region of the Agulhas Current (Figure 4a,d). From observations,
however, the underestimation appears to be significantly larger (76%; Figure 5b and 4d).
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Further investigation would therefore be required to conclude on the use of n measured by
satellite altimetry to reliably infer the magnitude of the FK E source in this region.

Our results support the use of 1 to infer a qualitative estimate of the mesoscale AEKF,
and subsequently of the mesoscale FKFE flux divergence, but for fundamentally different
reasons than Zhai et al. (2010). Zhai et al. (2010) used approximation (i) of geostrophy
based on the hypothesis that long baroclinic Rossby waves are the main contributor to the
EKFE flux divergence. We show in this study that geostrophic effects make a significant
contribution to the FK FE flux divergence in the Agulhas Current region, via the advection
of geostrophic EK E by geostrophic mean and eddy flows (AEKE).

7.2 On the mesoscale eddy energy budget at western boundaries
7.2.1 Main contributions acting on the mesoscale EKE flux divergence

The paradigm of a mesoscale eddies graveyard at western boundaries supported by
Zhai et al. (2010) relies on long baroclinic Rossby waves (5-effect) as the main contributor
to the mesoscale EKE flux divergence. Our results suggest that the mesoscale EKE flux
divergence may not be dominated by the -effect in western boundary regions.

Our scaling analysis showed that the magnitude of the linear S-contribution to EPW
depends on metrics that provide a measure of dynamical and regional characteristics (Ro:
mesoscale eddy Rossby number and the § parameter, respectively). The § parameter is
usually low compared to Ro at mid-latitudes, resulting in a weak S-contribution to EPW.
However, the § parameter is larger at low latitudes, suggesting that these regions may be
more conducive to a large linear -contribution to the F K F flux divergence. However, topo-
graphic interactions are large at western boundaries regardless of latitude. The topographic
contribution may therefore be as large or larger than the g-effect contribution to the EKE
flux divergence at western boundaries of all latitudes.

7.2.2 Main sources and sinks of EKE

The positive FKFE flux divergence indicates that the mesoscale eddy dynamics in
the WB region of the Agulhas Current are locally dominated by processes energising the
mesoscale FKE reservoir. A recent study characterized the processes contributing to the
mesoscale EKE source in this region (Tedesco et al., 2022). They showed that the local
generation of mesoscale eddies — due to barotropic and mixed barotropic-baroclinic instabil-
ities of the Agulhas Current — overcomes the local decay of locally- and remotely generated
mesoscale eddies — mainly due to bottom stress and topographically channeled processes
— . Our current study complements the process study of Tedesco et al. (2022), by showing
(1) that the local mesoscale EK E source is largely redistributed in space by the advection
done by geostrophic mean and eddy flows and (2) that this net spatial redistribution can
be qualitatively inferred from 7 fields.

We suggest that the EKE flux divergence at western boundaries may vary with the
presence or absence of a western boundary current. However, additional studies of other
western boundary regions — with or without a western boundary current and for a broad
latitudinal range — would be required to draw conclusions about the mesoscale eddy dy-
namics at each western boundary. The mesoscale FKFE flux divergence could represent an
EKF sink in the western boundary regions without a western boundary current, as topo-
graphically channeled processes damping mesoscale eddies would locally dominate. This is
supported by studies based on in situ observations and idealized numerical simulations, for
western boundary regions without a western boundary current (Evans et al., 2020; Z. Yang
et al., 2021; Evans et al., 2022). The mesoscale FKE flux divergence could represent an
EKFE source in western boundary regions with a western boundary current, as the local
generation of mesoscale eddies would dominate the damping effect of topographic interac-
tions, similar to the Agulhas Current region (Tedesco et al., 2022). This is supported by the
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intense generation of mesoscale eddies by flow instabilities documented in several 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). Fur-
thermore, an exhaustive description of the processes contributing to mesoscale eddy decay in
western boundary regions including a western boundary current, should include eddy-mean
interactions in addition to topographic interactions (Holloway, 1987; Adcock & Marshall,
2000; Chen et al., 2014; Tedesco et al., 2022).
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Appendix A Observed and modeled sea surface height (n) variance in
the Agulhas Current region

0.00 0.05 0.10 0.15 0.20

n/2 [m2]

Figure A1l: Observed and modeled mesoscale variability at the surface in the Agulhas Cur-
rent system. 7 variance (/%) [m?] performed from (a) a numerical simulation (dx ~ 7.5 km)
and (b) satellite altimetry data (AVISO). Green contours denote isolines of 7 variance and
black contours denote 300 m and 1000 m isobaths.

The evaluation of the n-based version of the FK F flux divergence defined by Zhai et
al. (2010) (EPW(; j; sii)) in the model and observations, suggest that the modeled mesoscale
eddy field might be weaker compared to observations (c¢f. section 3.3). The model of
horizontal resolution of dx ~ 2.5 km, used in this study, is forced at the boundaries at each
time step by a parent model of dx ~ 7.5 km. The parent simulation resolve mesoscale eddies
of scales 50 km—100 km, but may underestimate their magnitude due to a too weak inverse
turbulent cascade at smaller scales. This process has been shown to be of importance in the
Subgyre regions of the Agulhas Current system (Schubert et al., 2020).

Based on this assumption, we evaluate the modeled mesoscale variability (n variance)
simulated by the parent simulation (dx ~ 7.5 km) against satellite altimetry data (Figure
A1l). The parent simulation covers the western part of the subtropical gyre of the Indian
Ocean. The Agulhas Current originates from the lower end of the Mozambique Channel
(32.5°E), where it feeds upon the Mozambique Current and the East Madagascar Current.
The Agulhas Current flows along the South African coastline to the South African tip (20°E).
From there, it Retroflects and become the Agulhas Return Current flowing eastward into
the South Indian Ocean.

Modeled 7 variance represents the variability of the Agulhas Current system in overall
good agreement with observations. The Mozambique Current, the East Madagascar Current
and the Agulhas Current show moderate value of i variance (0(0.02-0.03) m?). The Agulhas
Retroflection and the Agulhas Return Current show the largest n variance (0(0.05-0.15)
m?). In the context of our study, a relevant difference is the weaker modeled 7 variance
in the Subgyre region (35°E — 45°E and 25°S — 35°S). There, the model shows moderate
value of smaller extend than in observations. This confirms that the modeled mesoscale
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eddies propagating westward through the Subgyre toward the Agulhas Current region have
a weaker amplitude than in observations. This supports the weaker amplitude of the FKFE
sink in the WB region shown by the modeled EPW(; ;; ;;;ycompared to observed one, to be
due to a weaker modeled mesoscale eddy field forced at the boundaries.
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Appendix B Sensitivity of the unapproximated EPW to spatial smooth-

ing
-0.50 -0.25 0.00 0.25 0.50
x1071 [W m~2]
unapproximated EPW unapprommated EPW
] [ [ % a7
a) |WB region:1.31 GW| b |WB region: 111 GW| -
30°Sk (Unsmoothed 7 Smoothed (35 km) /i "4
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Figure B1: Sensitivity of the unapproximated EPW [W m~2] (Table 1) to spatial smooth-
ing. EPW shown for (a) no spatial smoothing and (b,c,d) spatial smoothing of different
radius from (b) 35 km, (c¢) 50 km to (d) 75 km. Vector fields show the corresponding
smoothed EKE flux (", u),p,¢? dz, with n =0—1) [Wm™']. (¢f. Figure 1 for a detailed
caption).

The unapproximated EPW (Table 1) is spatially smoothed to emphasise the large-
scale patterns driving its cumulative contribution in the WB region (Figure B1). The
unsmoothed EPW is characterized by small-scales patterns that are the most intense at to-
pographic features — shelf slope (1000 m isobath), seamounts, canyons, roughness, among
others — locally peaking at O(2.5 - 10) W m~? (Figure Bla). In the WB region, the in-
tense small-scales patterns of the unapproximated FPW are larger by one or two order of
magnitude than the unsmoothed EPW(; ;; ;i) (0(0.01) W m~2; Figure 2a). However, the
magnitude of the cumulative contribution of EPW (1.31 GW; Figure Bla) is close to the
one of EPW(; ;i iii) (-1.32 GW; Figure 1b) in this region, regardless of the intense small-scale
patterns. It indicates that the intense small-scale patterns locally compensate and do not
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significantly contribute to the cumulative EPW in the WB region.

The sensitivity of the unapproximated EPW to the smoothing is shown using a Gaus-
sian kernel of progressively increasing length scale: from 35 km (the spatially-averaged
Rossby deformation radius in region the modeled region) to 50 km and 75 km (two typical
mesoscale eddies radii at mid-latitudes; Chelton et al., 2011). The patterns of EPW change
with the different smoothing length scales, but the order of magnitude of the cumulative
contribution in the WB region is reasonably unchanged (< 30%; Figure B1). A similar
sensitivity to the smoothing is found for the unapproximated AEKE (< 20%; not shown).

In the study, the label ’smoothed’ in Figures refers to the Gaussian kernel using a
75 km-radius. The smoothings using 50 km- and 75 km-radius result in fairly close cu-
mulative EPW in the WB region (Figures Blc,d). However, the 75 km-radius smoothing
provides smoother patterns, emphasizing the most the large-scale patterns driving the EPW
cumulative in the WB region, and facilitating the most its comparison with EPW(; j; i)
(Table 1; Figures 1b).
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Appendix C Partitioning of sea surface height () variance into the barotropic

and 9 first baroclinic vertical modes

In order to assess the validity of approximations (ii) and (iii) to infer EPW, we pro-
gressively relax the use of the approximations when inferring the n-based EPW term (cf.
section 4). Relaxing the use of approximation (ii) of 5 primarily reflecting the 1% baroclinic
mode, rgguires to evaluate the partitioning of the n variance into the different vertical modes
(a2 = :77"2; Eq. 8 in section 2.3.1). 7 is a 2-dimensional field and cannot be straightforwardly

projected onto the vertical mode base. However, the modal coefficient for 7 (7,) can be
Py (2=0)

inferred such as: 7], = e

relationship.

, using the modal pressure at z =0 m and the hydrostatic
The modal expression of the 7 variance (%) and o are defined as follows:
(oo} (oo}
77/2 = Z 77% Z nin
n=0 m=0
oo o0 o0
DA S) S
n=0

n=0m#n

Intermodal coupling (Cpm)

n? = Z My + Cnm (C1)
n=0
12 C
ai = 77—72 and oy, 7]7:;1 (C2)

The modal expression of the variance of n (Eq. C1) involves an intermodal coupling
term(Chy). It corresponds to a phase-locked combination of vertical modes at the sur-
face due to the modal correlation in time (V\gunscgl, 1997; Scott & Furnival, 2012). The
degree of the surface modal correlation (92;73%
simulation, which is consistent with the 278" Factor determined at global-scale from in situ
data (Wunsch, 1997). However, it must be noted that the unapproximated EPW (Table
1) only accounts for the contribution of individual modes (n = 0 and n = 1). The coupling
term C',,, is of importance for accurately decomposing 7 into vertical modes, but it does not
contribute to the vertically-integrated form of the mesoscale FK E flux divergence consid-
ered in this study. Indeed, EPW involves the orthogonality condition resulting in canceling
out the contribution of C,,,, to EPW.

) is 1.8 in average in our numerical

Using our numerical simulation of the Agulhas Current, we inferred o the partitioning
of the n variance into the barotropic and 9 first baroclinic modes (Figure C1). The barotropic
and 10 first baroclinic modes account for 85-100% of the modeled 7 variance in the region
(not shown).
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Figure C1: Partitioning of the sea surface height variance into categories of vertical modes

(a2 = Z;’z) [%], including (a) the barotropic mode (n = 0), (b) the 15! baroclinic mode
(n = 1), (c) higher baroclinic modes (n = 2 —9) and (d) the intermodal coupling at the
surface (Chm). (cf. Figure 1 for a detailed caption).

In the WB region, The 7 variance mainly partitions into the 15! baroclinic mode (38
+ 2%; Figure Clb) and C,,, the intermodal coupling term (36 + 2%; Figure C1d). It
partitions more weakly, but still significantly into the barotropic mode (16 + 4%) (Figure
Cla). This is partially consistent with the usual interpretation of n primarily reflecting the
1%t baroclinic mode (Wunsch, 1997; Smith & Vallis, 2001). However, it also 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. This
enables us to relax approximation (ii) and compute the unapproximated n-based EPW;
(defined as the sum of the barotropic and 1% baroclinic contributions) from the modeled 7
field (cf. section 4).
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Appendix D Alternative definition of the cross-over scale based on the
Rhines scale
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Figure D1: Alternative cross-over scale (Lgq = Rh = 4 [", dz, with ||u’||

the magnitude of mesoscale eddies velocity) in the Agulhas Current region. (a) Ratio be-
tween the alternative cross-over scale and the characterisitc length scale of mesoscale eddies
(Rossby deformation radius; Rd). In the barplot, counts of (a) in the WB region are in
[%] and shaded area shows the 70 % percentile. In the map, purple contours show 70 %
percentile of (a) in the physical space. (¢f. Figure 1 for a detailed caption)

Our scale analysis allows us to define a cross-over scale, marking the transition between
regimes of large ageostrophic effects and large -effect acting on the unapproximated EPW
(¢f. section 5.2.2). Using quasi-geostrophic scalings for horizontal velocity and pressure,
the cross-over scale is determined by the magnitude of the mesoscale eddies Rossby number
(Ro) with respect to the S-parameter (Eq. 15). The definition of the cross-over scale is
not unique and changes with the scaling of Ro. Using Ro = J?—L' (instead of Ro = (e f
in section 5.2.2), we define an alternative cross-over scale, which corresponds to the Rhines

scale (Rh = 4 [", %) dz, with ||u’|| the magnitude of mesoscale eddies velocity).
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In the quasi-geostrophic theory, the Rhines scale marks the transition from an advectively-
dominated (nonlinear) dynamical regime (Rh >> L; with L the characteristic length scale
of eddies) to a Rossby waves-dominated (linear) dynamical regime (Rh << L) (Rhines,
1975). This definition of the cross-over scale shows that evaluating the dominant regime
of the mesoscale EPW is therefore similar to evaluating the mesoscale eddies dynamical
regime.

In the Agulhas Current region, the typical values of the Rhines scale support the con-
clusions arising from the version of the cross-over scale presented in the study (Eq. 15
and Figure 3b). The Rhines scale indicates that mesoscale eddies fall in the range of large
coupled geostrophic-ageostrophic EPW with respect to the linear S-contribution (RA in
O(1.5-3)Rd in 70% of the WB region and larger values at the inner front; Figure D1). This
results shows that in the WB region of the Agulhas Current, mesoscale eddies fall in the
range of large coupled geostrophic-ageostrophic flux — with respect to linear S-effect — as a
result of mesoscale eddies being characterized by a nonlinear dynamical regime (Rh >> Rd)
— and not a linear wave dynamical regime (Rh << L) —. Nonlinear dynamics of mesoscale
eddies has been characterized from satellite altimetry data, as documented by Chelton et
al. (2011).
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Open Research Section

WOES36 model outputs are available online at http://dap.saeon.ac.za/thredds/
catalog/SAEON.EGAGASINI/2019.Penven/DAILY MEANS/1_36_degree/catalog.html The AVISO
data are available at www.aviso.altimetry.fr, the WOA18 and WOCE climatologies are
available at www.nodc.noaa.gov/0C5/woal8/ and https://icdc.cen.uni-hamburg.de/
thredds/catalog/ftpthredds/woce/catalog.htm.
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