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The deep eastern boundary current (DEBC) in the southeast Atlantic Ocean plays an important role in the
global meridional overturning circulation, by carrying a comparable fraction of the North Atlantic Deep Water
transport toward the Southern Ocean to that of the deep western boundary current. At the same time, the
southeast Atlantic Ocean is constantly influenced by energetic Agulhas rings that are shedded by the Agulhas
current. It has been pointed out that the eddy thickness transport by these Agulhas rings is important in
enabling the deep water mass that flows southeastward within the interior of the South Atlantic Ocean to
cross isolines of large scale potential vorticity toward the eastern boundary where it feeds the DEBC. In this
work, we focus on the dynamics of DEBC itself which carries this water mass into the Southern Ocean. We
use idealized general circulation model configurations to study the relationship between the Agulhas rings,
bathymetry and the southward DEBC in southeast Atlantic Ocean. We find that a DEBC comparable to that in
observations and state estimate products is obtained only with combined forcing by Agulhas rings and a sloping
bathymetry. The DEBC is then characterized by a mid-depth core at a 2.2 km, again similar to observations.
We analyze the momentum and vorticity budgets of the DEBC and show that it is driven by vortex stretching
that is sensitive to both eddy temperature transport and the bottom slope.

1. Introduction (DEBC) between 1 and 4 km depth, with a core magnitude of about

3 cm/s (Yang et al., 2020a).

The southward spreading of the North Atlantic Deep Water (NADW)
is an important branch of the global meridional overturning circulation
that connects the North Atlantic Ocean and the Southern Ocean (Lump-
kin and Speer, 2007). The NADW flows southward mainly as the deep
western boundary current (DWBC) in the Atlantic Ocean (Stommel and
Arons, 1959). However, the DWBC has been found to bifurcate twice,
near the equator and near 22°S in the South Atlantic Ocean, and form
eastward zonal flows (Weiss et al.,, 1985; Boning and Schott, 1993;
Speer et al., 1995; Stramma and England, 1999; Hogg and Thurnherr,
2005). Tracer distributions, such as salinity, oxygen and nutrients at
about 2 km depth, are found to form tongue-like structures near the
eastern boundary of the southeast Atlantic Ocean, implying a south-
ward flow of a water mass with characteristics of NADW (Warren and
Speer, 1991; Saunders and King, 1995; Speer et al., 1996; Arhan et al.,
2003). Non-negligible southward transports near the eastern boundary
in the NADW layer of about 6 Sv at 11°S (Speer et al., 1996), and
about 10 Sv near the southern tip of the African continent (Saunders
and King, 1995; Arhan et al., 2003) have been found. These transports
are carried mainly by a concentrated deep eastern boundary current
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The zonal pathway of the NADW across the South Atlantic Ocean
was found by Sebille et al. (2012) to be driven by eddy thickness
flux due to energetic Agulhas rings that propagate into the South
Atlantic Ocean from its southern boundary. These eddies allow the
water mass to cross isolines of large-scale potential vorticity and flow
southeastward, creating a broad flow toward the southeast boundary of
the South Atlantic. However, Sebille et al. (2012) did not consider the
dynamics of the concentrated DEBC near the eastern boundary itself
that is fed by this broad flow. In a recent regional simulation of the
southeast Atlantic flow field, the DEBC was found to be balanced by
linear vortex stretching (v ~ fod,w), mainly driven by eddy temper-
ature mixing and by the bathymetry (Yang et al., 2020a). However,
in a study using an idealized GCM configuration (Yang et al., 2021),
the DEBC forced by a time-mean inflow/outflow boundary conditions
with a slope bathymetry but no eddies, has a bottom-intensified vertical
structure, which is different from the mid-depth current core simulated
in the Southern Ocean State Estimate (SOSE, Mazloff et al., 2010) and
by the realistic regional simulation of Yang et al. (2020a). This suggests
the importance of eddies in the dynamics of the DEBC in the southeast
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Atlantic Ocean, similar to their important role in driving the interior
flows toward the eastern boundary, motivating the present work which
complements and extends the findings of Yang et al. (2021).

In this work, we use a simplified configuration of the southeast
Atlantic Ocean which includes a representation of Agulhas rings on the
southern boundary, and focus on the effect of these Agulhas rings and
bathymetry on the formation of a deep southward current near the east-
ern boundary. We find that the configuration including both the ideal-
ized Agulhas rings and a sloping bottom simulates a realistic-looking
DEBC with a mid-depth core, as opposed to a bottom-intensified struc-
ture found without explicit forcing by Agulhas rings. The structure of
the DEBC is sensitive to both the Agulhas rings and bathymetry. This
paper is organized as follows. We discuss the model configuration and
experiment designs in Section 2. Results are presented in Section 3,
which includes a comparison between different experiments (3.1), a
discussion of time variability of the DEBC (3.2), and its vorticity
dynamics (3.3). We conclude in Section 4.

2. Methods

We use idealized configurations, representing the southeast Atlantic
Ocean, of the Massachusetts Institute of Technology General Circulation
model (MITgcm, Marshall et al., 1997). The horizontal resolution is
0.1° in the zonal direction and 0.1° X cos 6 in the meridional direction
(6 is latitude), making the grid cells nearly square. There are 57 vertical
levels whose thickness ranges from 5 m near the surface to 125 m near
the bottom. The model domain is 26.3° wide in the zonal direction,
and the latitudinal range is from 38°S to 25°S. Two bathymetry pro-
files of the eastern boundary are used in the experiments. The first
is a polynomial fit to the realistic eastern boundary topography of
the southeast Atlantic Ocean at 30°S (Supplementary Fig. la, gray
shading). To isolate the effects of the bathymetric slope, a flat bottom
case is also used (Supplementary Fig. 1b, gray shading). The eastern
continental boundary in all scenarios is tilted northwestward in the
meridional direction, similar to the realistic western coastline of the
South African continent.

Open boundaries are used at the north, south and west where bou-
ndary conditions are specified. Time-mean southward outflow against
the eastern boundary between one and four kilometers depth has been
indicated by tracer observations (Warren and Speer, 1991; Arhan et al.,
2003) and found on the southern boundary of this specific domain in
SOSE (Yang et al., 2020a). As an idealization, a core of southward
flow is specified on the southern boundary that has Gaussian structures
in both the zonal and the vertical directions, with the core depth at
2.5 km and a core speed of 5 cm/s (Supplementary Fig. 1a,b), and its
core longitude is 3 degrees westward of the solid boundary at the core
depth, comparable to the averaged outflow core speed in the southeast
Atlantic Ocean in both SOSE and the regional Atlantic simulations
of Yang et al. (2020a). Similar outflow boundary conditions have been
used by Yang et al. (2021) to simulate non-eddying DEBCs. The time-
mean meridional velocity on the southern boundary away from the
eastern boundary is set to zero for simplicity. We compensate for the
total transport out of the southern boundary (both the mean flow and
time-dependent Agulhas rings described below) with a weak inflow
from the western boundary, uniform in depth and latitude, motivated
by the SOSE results that show such an eastward inflow toward the
DEBC area.

The monthly v-velocity field at 2.2 km depth, 38°S from SOSE over
a period of six years shows eddy signal with a timescale of about
four months (Supplementary Fig. 2, colored lines). Therefore, idealized
Agulhas rings (“IAR” in abbreviation) are specified on the southern
boundary at monthly intervals. The temporal and zonal structure of
the idealized Agulhas rings is simplified as a westward decaying and
propagating signal,

v(x, z,n) = vyexp(z/ D) cos [—(x — xp)/L, + (n— Dz /2] exp [(x = x)/L,] ,

Ocean Modelling 163 (2021) 101817

in which xj is the position of the eastern boundary, L, = 35 km is
the wavelength of the propagating rings, L, = 22 km is the decay
scale, and n is the month number (» € [1,2,...,12], Supplementary
Fig.1c). These simplified structures capture the magnitude and the
most important large-scale features of the SOSE flow field reasonably
well (Supplementary Fig. 2). The vertical structure of these Agulhas-
like rings is an exponential decay with a vertical scale of D = 2
km (Supplementary Fig. 1d). The magnitude of the eddy flow at the
surface is 1 m/s, the same order of magnitude of Agulhas ring velocities
in SOSE. Later we will show that these boundary conditions produce
Agulhas-like rings of surface magnitude and propagation paths in the
interior of the model domain comparable to those in SOSE. In these
experiments, we use a linear equation of state, where the density is a
function of temperature only (p = p, [l — a (T - Ty)], po = 1025 kg/m?,
T, = 10°C, a = 1.668 x 10~4 °C~1). For the boundary conditions, the
temperature field is perturbed from a reference temperature profile that
is the zonal average at the northern boundary of the corresponding
domain in SOSE, such that the density is always in thermal wind
balance with the specified flow field. Since our focus is the effect of the
rings forced at the southern boundary, we simplify the surface forcing
such that there is no wind forcing, and the SST is restored to a uniform
constant of 18°C on a timescale of 10 days.

We use horizontal harmonic viscosity A, = 10 m?/s, horizontal bi-
harmonic viscosity A, = 10'° m*/s and vertical viscosity 4, = 10~
m?/s. The Gent-McWilliams scheme (Gent and McWilliams, 1990) is
used with kg, = 20 m?/s, a bi-harmonic diffusivity is specified x, =
1010 m*/s, and the vertical diffusivity is x, = 10~ m?/s. We also use
a linear bottom drag (r = 1073 s71) and “no-slip” condition on the
horizontal boundary. We choose these parameters to be similar to those
used in SOSE integrations which are also eddy-resolving, although at
a twice coarser horizontal resolution than used here. Using “free-slip”
boundary condition was found not to make a significant difference to
the result (Supplementary Fig. 4). Finally, we use the 33 advection
scheme of MITgem (3rd order DST Flux Limiter).

To compare the roles of eddies and bathymetry in the dynamics of
the deep southward outflow near the eastern boundary, four experi-
ments are used: the “Slope+rings” case uses the slope bathymetry and
prescribes a mean flow plus idealized Agulhas rings as southern bound-
ary conditions (this is the most realistic configuration); the “Slope”
case uses the slope bathymetry but has only a mean flow forced on
the southern boundary; the “Flat bottom+rings” and the “Flat bottom”
experiments complete the set. When we do not impose IARs on the
southern boundary, the simulated interior flow is weak and does not
generate strong eddies; One might argue for making the viscosity and
diffusivity parameters larger in these experiments to account for the
missing role played by the resolved eddies. But we choose to use the
same parameters, for the direct comparison between cases to be more
meaningful.

To further verify that it is the Agulhas rings, rather than other eddy
motions, that are important for driving and determining the vertical
structures of the DEBC, we carried out additional experiments in which
we allow eddies to develop, by adding to our control “Slope+rings”
case, (1) a meridionally dependent SST forcing; (2) horizontally de-
pendent zonal and meridional wind stresses; (3) both horizontally
dependent SST and wind forcings (Supplementary Fig. 5). The forcing
terms used in these idealized experiments are based on time-mean of
the Comprehensive Ocean—-Atmosphere Data Set (Woodruff et al., 1987,
COADS,) which was also used to study the DEBCs in realistic model
configurations (Yang et al., 2020a). The SST forcing is taken to be
the zonal average of the time-mean SST in the corresponding domain
from COADS (Supplementary Fig. 5d). The zonal and meridional wind
stresses are taken from COADS for the Southeast Atlantic (Supplemen-
tary Figs. 5e,f). Furthermore, we also carried out an experiment in
which we added the surface forcing of both SST and wind stresses to the
“slope” case which does not include the IARs (“slope+surf frc” case).
To also separate the role played by the imposed weak mean flow in
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Fig. 1. Steady-state flow field of the four experiments showing that a realistic-like DEBC is obtained only when both a bottom slope and idealized Agulhas ring forcing are included.
Upper panels: horizontal maps of meridional velocity (colors, cm/s), velocity vectors (black arrows) at a depth of 2.2 km, with bathymetry shown by the black contours. Lower
panels: zonal sections of meridional velocity (colors, cm/s), and isopycnal surfaces (black contours, ¢ density values between 27.98 kg/m? and 28.45 kg/m?, with an interval of
0.07 kg/m?). The zonal sections are take at latitude of 33°S in panels e,f,h and 35.5°S for panel g. The gray patches indicate the location of land and the purple lines in the
upper panels show the latitudes of the zonal sections. (a,e) “Slope+rings” case; (b,f) “Slope” case; (c,g) “Flat bottom+rings” case; (d,h) “Flat bottom” case.

the southern boundary conditions, another version of “slope+rings”
without such a mean flow was also carried out (“no mean flow”).
Table 1 summarizes the configurations of these experiments.

Each experiment is integrated to a statistical steady state (averaged
temperatures over different depth ranges converge). For the analysis
presented in the following, all the time-mean fields are averaged over
20 years of integration past the point of statistical steady state, and
all the nonlinear terms are calculated using bi-daily data over the
same 20 years. The figures analyzing the results do not include the
20 grid points closest to the southern/northern/western boundaries,
where artifacts of the boundary conditions exist, such as concentrated
meridional flow near the western boundary where a zonal inflow is
prescribed.

3. Results

In this section, we compare the four cases 1-4 in Table 1, to demon-
strate the importance of both the idealized Agulhas rings and a sloping
bathymetry in the dynamics of the South Atlantic DEBC (Section 3.1).
In the following two subsections, we focus on the “Slope+rings” case
which is the simplest configuration that can still lead to a realistic
DEBC. First, in order to verify that our results are relevant to the
actual South Atlantic DEBC, we analyze the time-variability of the
DEBC in Section 3.2 and demonstrate that the idealized DEBC shows
similarity to the DEBC in more realistic configurations in terms of its
statistic characteristics and momentum budget. Then, in Section 3.3,
we discuss the vorticity dynamics of this DEBC and show that the
DEBC simulated in the “Slope+rings” is forced by vortex stretching

Table 1
Case name and corresponding model configurations (bathymetry and boundary forc-
ing).

Case name Model configuration

1 “Slope-+rings” Slope + mean flow + idealized Agulhas rings

2 “Slope” Slope + mean flow

3 “Flat bottom+rings” Flat bottom + mean flow + idealized Agulhas rings

4 “Flat bottom” Flat bottom + mean flow

5  “Slope+rings+surf frc”  Slope + idealized Agulhas rings + mean flow +
SST and wind forcing

6 “Slope-+surf frc” Slope + mean flow + SST and wind forcing

7  “No mean flow” Slope + idealized Agulhas rings

driven by eddy temperature transport (Section 3.3). We find that there
are two branches of the DEBC, similar to those simulated in realistic
configurations and SOSE, one near the eastern boundary at mid-depth
(1-3 km) and another that is bottom intensified (below 3 km) and
further to the west, near the western edge of the slope. We further
discuss the different vertical structures of the two branches and the
mechanisms responsible for these structures in Supplementary material.

3.1. Time-averaged flow field

Fig. 1 shows the time-mean flow field at the steady state of cases
1-4. In the “Slope+rings” case which is the most realistic-like of these
first four runs, there is a southward DEBC between one and four
kilometers depth eastward of 10°E (Fig. la,e). The core depth is at
2.2 km depth and a core speed of 2 cm/s, comparable to the speed
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of the DEBCs in SOSE and in a realistic regional simulation using
the MITgem (Yang et al., 2020a, hereafter YTS). The core width is
comparable to the width of the slope. The isopycnals tilt upward above
the current core and downward below the current core, which implies
that this flow is a local minimum of large-scale potential vorticity
(fd,0), again consistent with the results of SOSE and YTS. At its core
depth, there is northward flow west of the southward DEBC, which is
a combination of a surface-intensified signal and a bottom-intensified
signal (red in Fig. 1e), and this northward flow does not show a core
at mid-depth as does the southward DEBC. There is another branch of
southward flow below 3 km depth which is bottom-intensified (Fig. le,
at longitude 10, below 3 km depth). Such bottom intensified DEBCs
have also been observed in SOSE and YTS, where the slope connects
with the relatively flat ocean floor.

There are no concentrated flows near the eastern boundary when
idealized Agulhas rings are removed from the southern boundary condi-
tion, as seen for example in the “Slope” case. Furthermore, the interior
flows are generally weak in this case (Fig. 1b,f), even though the mean
flow boundary condition is still imposed and the slope bathymetry still
used. A weak concentrated southward flow is found only very close to
the specified outflow condition (Fig. 1b,f).

The DEBC in the “Flat bottom+rings” case is of magnitude
1.5 cm/s, almost as strong as that in the more realistic “Slope+rings”
case, but is confined to a very small latitudinal range of the domain,
southward of 34°S (Fig. 1c,g), and it is clearly fed by an eastward
interior zonal flow between 34°S and 36°S. The southward flows near
the eastern boundary are composed of two parts (Fig. 1g): Near 15°E,
there is a core of southward flow that is detached from the bottom,
while very close to the eastern boundary (eastward of 15°E), there
is a very weak mid-depth core at 2 km depth and a strong bottom-
intensified southward flow. None of these branches is similar to the
more realistic DEBC seen in the “Slope+rings” case in Fig. 1e. When
both idealized Agulhas rings and slope bathymetry are removed from
the configuration (“Flat bottom” case), there is again no concentrated
flow near the eastern boundary, except very close to the southern
boundary, due to the direct influence of the mean flow boundary
condition (Fig. 1d,h).

In summary, a combination of a sloping bathymetry and idealized
Agulhas rings is required to produce a coherent southward DEBC be-
tween one and four kilometers depth, with a vertical structure detached
from the bottom and a width comparable to the sloping bathymetry, as
seen in realistic simulations and SOSE.

These results can explain the deficiencies in the idealized DEBC
simulations in Yang et al. (2021) in which DEBCs were forced using
strong steady southward inflow/outflow near the eastern boundary.
In Yang et al. (2021), the DEBC above the same slope used here
only shows the bottom-intensified branch with no mid-depth current
core. We can now interpret this as being due to the lack of Agulhas
ring forcing from the southern boundary in that study. Interestingly,
the idealized simulations in Yang et al. (2021) of the South Pacific
and Indian Ocean DEBCs were more successful, suggesting that eddy
driving is important mostly for the South Atlantic DEBC. Below we
show that the eddy fluxes of vorticity and temperature by such rings
are important for maintaining the mid-depth branch of southward flows
observed in the “Slope+rings” case. This seems to complement the
results of Sebille et al. (2012) who found these rings to be important
for driving southeastward interior flows toward the eastern boundary.

We have so far demonstrated the importance of the Agulhas rings
in driving the DEBCs, yet we need to verify that it is indeed these
rings rather than other eddy motions that drive and determine the
vertical structure of the DEBC. The presence and importance of eddies
for the upper ocean eastern boundary currents which are driven by
the surface meridional temperature gradient and surface wind stresses
has long been studied (Peliz et al., 2003; Cessi and Wolfe, 2009; Colas
et al.,, 2011; Kurian et al., 2011; Bire and Wolfe, 2018). To allow
local eddy activity to develop, we add meridional SST gradients and
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surface wind (Section 2) to several model configurations. First, when
these are added to a configuration without the idealized Agulhas rings
(“Slope+surf frc”), the eddy kinetic energy is much smaller than that
due to the Agulhas rings (compare Fig. 3a,f,k and e,j,0). The eddy
kinetic energy of the idealized Agulhas rings within the model domain
away from the southern boundary is comparable to that observed in
SOSE in the southeast Atlantic ocean, both near the surface and at
depth (Compare Fig. 3a,f and Supplementary Fig. 9). The weaker eddy
kinetic energy forced by surface forcings alone is also comparable to
that observed in SOSE in the southeastern Indian and Pacific Oceans
which are not influenced by the energetic Agulhas rings (compare
Fig. 3e and Supplementary Figs. 10 and 11). This suggests that the local
eddy generation in our model with such surface forcings is realistic.
No DEBC is observed in the case with surface forcings and without
Agulhas rings (Fig. 2d,h), due to the weakness of the locally forced
eddies near the eastern boundary, which do not penetrate into the deep
ocean (Fig. 3e,j,0).

When we add, in experiment 5 in Table 1, the wind and SST
gradients to the control run (“slope+rings”) that also contains the
Agulhas rings, the change to the eddy activity is not large, yet shows a
secondary peak in the zonal sections very close to the eastern boundary,
in addition to the main peak along the pathway of the idealized Agulhas
rings (Fig. 3c,h,m). The addition of such surface forcings does not lead
to any significant changes to the DEBCs that we are primarily interested
in here (Fig. 2b,f).

Another experiment (case 7 in Table 1) was also carried out to
test the role played by the weak mean flow imposed on the southern
boundary in addition to the time-varying idealized rings. When such
a mean flow is removed but the bathymetric slope and idealized ring
forcing are still used, we observe that the DEBC weakens fairly dramat-
ically along its entire length. It still has the right mid-depth vertical
structure (Fig. 2c,g). This verifies the importance of both the weak
mean flow boundary forcing and eddy forcing, in setting the amplitude
and vertical structure of the DEBC.

3.2. Time-variability of the “Slope+rings” case

We found that Agulhas-like rings forced by the southern boundary
condition are a critical part of the southeast Atlantic DEBC dynamics.
We now would like to show that the variability of the DEBC, which
is induced by the ring forcing, is similar to that found in realistic
simulation. We conclude that the rings are critical not only to the time-
mean DEBC characteristics, but also to its variability. We focus for this
purpose on the “Slope+rings” case.

Fig. 4c,f compares the magnitude of the eddy velocity (V,44, =

\ w2 + v'2, shading) and the mean meridional flow (contours). The
patch of high-value of V,,,,, shows the propagation path of the Agulhas-
like rings, which coincides with the position of the northward mean
flow (see also Supplementary Fig. 6a). The northwestward propagation
speed of the Agulhas-like rings is well-explained by the advection by
this northward current (not shown). The core of the southward DEBC
exists eastward of the patch of high V,,,,. The magnitude of the eddy
velocity is larger compared to both the northward and southward mean
flows, so that the signal of these currents may not be detectable in
instantaneous observations. Supplementary Fig. 6b shows the pdf of
the v-velocity at longitude 10°E, latitude 33°S and at a 2.2 km depth,
within the core of the time-mean southward DEBC. Both northward
and southward velocities are likely to be observable at this position
instantaneously, even though the time-mean southward flow is as
strong as 2 cm/s. That the idealized current core is eastward of the
local maximum of eddy activity, and that the signal of the mean flows
is masked by passing eddies are consistent with the southeast Atlantic
DEBC in SOSE and YTS. We conclude that this transient nature of this
DEBC is forced by the Agulhas rings.
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Fig. 2. The deep flow field of the cases based on the control “Slope+rings” case. Upper panels: horizontal maps of northward velocity at 2.2 km depth (cm/s, colors); the land
mask (gray patch); the latitude of the zonal sections shown in the lower panels (black dashed line). Lower panels: zonal sections of northward velocity (colors) at the latitude
shown by the black dashed line in the upper panel; land mask (gray patch). (a,e) The control “Slope+rings” case; (b,f) the control case forced by horizontally dependent SST and
wind forcing; (c,g) The “Slope+rings” case without the mean flow on the southern boundary condition; (d,h) The “slope” case forced by horizontally dependent SST and wind

forcing.
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Fig. 3. Top panels: the eddy kinetic energy averaged over the topmost 50 m (colors); the horizontal flow field averaged over the topmost 50 m (black arrows); land mask (gray
shading); the latitude of the zonal sections shown at the bottom panels (black dashed line). Middle panels: eddy kinetic energy at 2.2 km depth (colors); horizontal flow field at
2.2 km depth (black arrows); land mask (gray shading). Bottom panels: zonal sections of eddy kinetic energy (colors); land mask (gray shading). (a,f,k) The control “Slope+rings”
case; (b,g,]) The “slope+rings” case forced by meridional SST profile; (c,h,m) the “slope+rings” case forced by 2D wind stresses; (d,i,n) the “slope+rings” case forced by surface
SST and wins stress forcing; (e,j,0) The “slope” case forced by surface SST and wind stress forcing.

We notice that the maxima of eddy activities in the “Slope+rings”
case, both near the surface and at depth (Fig. 3a,f,k), are detached
from the solid eastern boundary due to the propagation of the ener-
getic Agulhas rings, even though the maximum of the specified eddy

forcing on the southern boundary is right at the eastern boundary.
This detachment of the core of high eddy activity from the eastern
boundary is due to the northwestward propagation of the Agulhas rings
at some angle to the eastern boundary. This feature is also consistent
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Fig. 4. Momentum budget and magnitude of eddy velocity of the “Slope+rings” case. (a,d) The residual of the geostrophic balance (Coriolis minus pressure accelerations) at a
depth of 2.2 km (a), and at latitude of 33°S (d). (b,e) The divergence of eddy v-momentum fluxes at depth of 2.2 km (b), and at latitude of 33°S (e). (c,f) Magnitude of eddy

velocity (\/u’? + v, cm/s) at depth of 2.2 km (c), and at latitude of 33°S (f). In each panel, the gray patch indicates the location of land, and the purple lines in the upper
panels show the latitudes of the vertical sections. The dark gray contours show northward v-velocity (cm/s); the light gray contours show southward v-velocity (cm/s). Contours

are drawn for v-velocity between 0.25 cm/s and 1.5 cm/s, with an interval of 0.25 cm/s.

with SOSE (Supplementary Fig. 9) and the findings of YTS. The peak
eddy kinetic energy occurs over a relatively flat bottom in this case, and
that means that conceptual models for near-surface eastern boundary
currents (e.g., Csanady, 1978, 1985; Furue et al., 2013) would need to
take that into account in their solution above the flat bottom, when
applied to the southeast Atlantic Ocean.

Analysis of the v momentum equation shows that the two dominant
terms in the DEBC region are the Coriolis term and the pressure
gradient term (geostrophy), whose residual is balanced by the eddy
momentum flux divergence —V-v/v/ (Fig. 4a,b,d,e). In the DEBC region,
the eddy momentum flux divergence tendency is northward, which
means that the eddies are slowing the southward mean current down,
instead of forcing such a current. This is also consistent with the
findings of YTS.

The analysis of the time-variability of the DEBC in the “Slope+
rings” case, which is the most realistic configuration of those without
surface forcings considered here, shows three features consistent with
SOSE and YTS. First, the core of the idealized DEBC is eastward of
the local eddy activity maxima. Second, the eddy variability is still
sufficiently large to mask the presence of the time-mean current in-
stantaneously. Third, the eddy momentum transport acts as a drag on
the southward time-mean DEBC. This consistency suggests that our
explanation of the dynamics of this idealized DEBC, and in particular
the role of Agulhas rings in driving it, is also relevant for the observed
South Atlantic DEBC. That was not the case for the idealized study
of Yang et al. (2021) because it did not include Agulhas rings and
was therefore not able to simulate a DEBC with a vertical structure
consistent with SOSE.

3.3. Vorticity dynamics of the DEBC

We found so far that the both the Agulhas rings and continental
slope are critical for driving the DEBC. In order to find the driving

mechanism, we follow YTS and consider the relative vorticity equation,
derived by taking the curl of the momentum equations,

ﬂﬁ:f%—V-VE—V-vTﬂH&-VxE @

In this equation, ¢ = d,v —d,u is the vertical component of the relative
vorticity, w is vertical velocity, and g = 2Qcos /R is the meridional
gradient of the Coriolis parameter f. The last term, k - V x F, stands
for the vertical component of the curl of the parameterized horizontal
friction.

For the control “Slope-+rings” case, the dominant vorticity balance
for the DEBC is between advection of planetary vorticity (fv), vertical
stretching (f0,w) and the eddy vorticity transport (—V - v/¢’), all shown
in Fig. 5. This is a similar dominant balance to that found in the realistic
southeast Atlantic simulation of Yang et al. (2020a) which also included
Agulhas ring signals at its southern boundary. As was explained in Yang
et al. (2020a), the eddies act as a drag on the southward DEBC in the
momentum budget, and at the same time induce a southward DEBC in
the vorticity budget through the beta term.

YTS found that the stretching w, that drives the DEBC is a result
of eddy temperature fluxes, and we would like to verify that these
eddy fluxes are indeed dominated by the rings forced at the southern
boundary, as opposed to other eddy effects included in the realistic
simulation of YTS. We use the temperature equation,

I N v 5TV VT +diff, @
ot ag

where T is the temperature, N = —gd, p/p, is the buoyancy frequency,
«a is the thermal expansion coefficient and diff is the parameterized mix-
ing. Fig. 6 shows the vertical divergence of the vertical velocity, o,w,
reconstructed from the different terms in Eq. (2). We find that in the
core of the DEBC (shown by the contours), the dominant term driving
o,w, and therefore driving vortex stretching, is the eddy temperature
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Fig. 5. Dominant terms in the vorticity budget of the “Slope+rings” case. Panels (a,b,c): horizontal maps at a 2.2 km depth; (d,e,f): zonal sections at 33°S. (a,d) advection of
planetary vorticity (fv); (b,e) linear vertical stretching (fa,w); (c,f) divergence of eddy vorticity fluxes (—V -v'¢’). In each panel, the gray patch indicates the location of land, the
dark gray contours are northward v-velocity, and the light gray contours are southward v-velocity. The contours are drawn for v-velocity between 0.25 cm/s and 1.5 cm/s, with
an interval of 0.25 cm/s. The purple lines in the upper panels show the latitudes of the zonal sections.
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Fig. 6. Analyzing the source of the vortex stretching term, showing vertical derivative of w reconstructed from different terms in the temperature budget. Upper panels: horizontal
maps at 2.2 km depth. Lower panels: zonal sections at 33°S. (a,f): temperature advection by the mean flows; (b,g) temperature advection by eddies; (c,h) explicit temperature
diffusion (parameterized eddy mixing); (d,i) Sum of mean-flow advection, eddy advection and explicit diffusion; (e,j) vertical derivative of the vertical velocity from the model
output. The dark gray contours are northward v-velocity, and the light gray contours are southward v-velocity. The contours are drawn for v-velocity of magnitudes between
0.25 cm/s and 1.5 cm/s, with an interval of 0.25 cm/s. The purple lines in the upper panels show the latitudes of the zonal sections.

transport which shows a local maximum in the core of the current
(shading in panels b and g). This again is consistent with the findings
of YTS, and because the only eddy effects included here are due to
the rings, we can conclude that the vortex stretching driving the DEBC
is forced by these rings. In the “Flat bottom+rings” case, without the

slope, the propagation of the Agulhas-like rings is more zonal compared
to the “Slope+rings” case, and therefore the contribution of eddy fluxes
is concentrated southward of 34°S rather than along the entire eastern
boundary. As a result, the flow is also concentrated only near the
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southern boundary, demonstrating the importance of the slope to the
direction of propagation of the rings and thus to the DEBC.

As a side comment, we note that the combined analysis of the vor-
ticity and temperature budgets used here, is used also in the derivation
of quasi-geostrophic potential vorticity (QGPV, Q = {+fy+ f0,(o'/9,p))
equation. The dominance of the vortex stretching term in our vorticity
budget, and that of the eddy advection in the temperature budget,
are together equivalent to a dominance of eddy advection of the QG
stretching term f0,(p'/0,p) in the QGPV budget. This eddy QGPV
advection would take the form —V - v/.S’, where S = f 0,(p' /9,p). We
can now use p’/d,p = n’, where 5’ is the isopycnal height anomaly, and
0, ~ h'/h, where i’ is the deviation of an isopycnal layer thickness
from its long term mean %. The QG stretching term is therefore approxi-
mately equal to £V, -v'h’ /h, and the entire term is referred to as “eddy
thickness advection” (Sebille et al., 2012). Supplementary Fig. 8 shows
that indeed both the eddy vorticity transport and the eddy thickness
advection are important in balancing the pv term in the QGPV budget
(panels b,f,d,h), consistent with Sebille et al. (2012).

To summarize our goals and findings from the vorticity budget.
First, by selectively adding idealized Agulhas rings to the southern
boundary condition, as well as a slope topography, we are able to
show here that both are important for the vortex stretching signal
driving the time-mean DEBC. Second, previous idealized configurations
of the Atlantic DEBC found an unrealistic bottom-intensified flow struc-
ture (Yang et al., 2020b, 2021). We find here that the reason for the
wrong vertical structure is the lack of the Agulhas rings propagating
from the southern boundary. We find that the Agulhas rings lead
to a stretching signal with a mid-depth maximum which give our
“Slope-+rings” case its realistic mid-depth centered structure, similar
to the observed one. Finally, we are able to decipher the role played
by the slope topography: it sets the direction of propagation of the
rings, allowing them to induce the near boundary effects that drive
the DEBC. This new insight helps explain the results of the realistic
simulations of the southeast Atlantic DEBC by Yang et al. (2020a). This
is also different from the scenario in the idealized simulations in Yang
et al. (2021) where the topography itself is the source of stretching by
interaction with bottom flows.

4. Conclusions

Deep Eastern Boundary Currents are observed in multiple Southern
Hemisphere ocean basins, and they are important branches of the
global meridional overturning circulation (Robbins and Toole, 1997;
Sloyan and Rintoul, 2001; Wijffels et al., 2001; Arhan et al., 2003).
In particular, the southward NADW transport in the southeast Atlantic
Ocean carries significant fluxes of mass, tracers and potential vorticity
toward the Southern Ocean (Saunders and King, 1995; Speer et al.,
1996; Arhan et al., 2003; Yang et al., 2020a). This DEBC is fed by a
broad southeastward interior flow toward the eastern boundary that
was found to be driven by eddy thickness fluxes due to the energetic
Agulhas rings (Sebille et al., 2012). Our focus in this work was the
continuation of this flow, the DEBC that is found closer to the eastern
boundary of the South Atlantic Ocean. Previous work (Yang et al.,
2021, 2020a,b) used both realistic and idealized model configurations,
prescribed the inflow and outflow of the Southern Hemisphere DE-
BCs and examined the dynamical balances of these currents away
from the inflow and outflow. Our objectives here were to understand
(1) what controls the vertical structure of the South Atlantic DEBC that
was not possible to simulate correctly in the previously used idealized
configurations which did not include the Agulhas Rings; (2) what is the
role of topography in the presence of the rings.

We used an idealized-configuration general circulation model of the
South-Atlantic DEBC driven by Agulhas ring-like signal on the southern
boundary. We find that only when a sloping bathymetry and the
Agulhas-like ring signals are included, does a concentrated southward
flow develop along the entire eastern boundary between one and four
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kilometers depth, similar to that in the Southern Ocean State Estimate
solution. When we use a flat bottom bathymetry, a strong DEBC is
observed only in a small latitudinal range, southward of 34°S. When
no idealized Agulhas rings are forced, no DEBC can develop. Other
experiment with added surface forcing showed that it is indeed the
idealized Agulhas rings, rather than eddies forced at surface, that drive
the DEBC.

We find that the mid-depth South Atlantic DEBC is mainly forced
by vortex stretching that is driven by eddy temperature transport. The
vortex stretching driving of the DEBC is found to be due to eddy
thickness fluxes which are dominated by the Agulhas rings whose path
is set by the topography. This complements the conclusion of Sebille
et al. (2012) who found that eddy thickness fluxes drive the broad
flow which feeds the DEBC studied here. We also find another bottom-
intensified branch of the southward flows, similar to one that exists
in the SOSE solution and discuss its dynamics in the supplementary
material.

There are several caveats to note. First, the broad inflow from
the western boundary and the no flow condition imposed on the
northern boundary are overly simplified, although motivated by the
general structure of the SOSE solution. Second, the representation of
the Agulhas-like rings is highly idealized, and in particular ignores
higher frequency and smaller spatial scales, and any irregularities. This
idealization is intended, because we wanted to find out if a realistic
DEBC still develops without the boundary forcing of small scales. The
fact that a DEBC still develops (Fig. 1a,e) suggests that the essential
boundary forcing is captured by the idealized rings and that smaller
boundary scales may not be critical to the driving of the South Atlantic
DEBC. As a final caveat we mention that our resolution of about 10
km is insufficient for resolving submesoscale variability that is known
to dominate near-surface eastern boundary regions (Peliz et al., 2003;
Capet et al., 2008; Cessi and Wolfe, 2009; Colas et al., 2011; Kurian
et al., 2011; Bire and Wolfe, 2018), although this variability may not be
expected to play a role at a depth of 2.5 km which is the focus here. In
summary, it seems that the regional and idealized model configurations
used here make a strong case for the driving of the southeast Atlantic
DEBC by the Agulhas rings with an important role played by the slope
topography to determine the path of such rings.
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