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Abstract. The Agulhas Current, the western boundary cur-
rent of the South Indian Ocean, has been shown to play
an important role in the connectivity between the Indian
and Atlantic oceans. The greater Agulhas Current system
is highly dominated by mesoscale dynamics. To investigate
their influence on the regional and global circulations, a fam-
ily of high-resolution ocean general circulation model con-
figurations based on the NEMO code has been developed.
Horizontal resolution refinement is achieved by embedding
“nests” covering the South Atlantic and the western Indian
oceans at 1/10° (INALT10) and 1/20° (INALT20) within
global hosts with coarser resolutions. Nests and hosts are
connected through two-way interaction, allowing the nests
not only to receive boundary conditions from their respec-
tive host but also to feed back the impact of regional dy-
namics onto the global ocean. A double-nested configura-
tion at 1/60° resolution (INALT60) has been developed to
gain insights into submesoscale processes within the Agul-
has Current system. Large-scale measures such as the Drake
Passage transport and the strength of the Atlantic meridional
overturning circulation are rather robust among the different
configurations, indicating the important role of the hosts in
providing a consistent embedment of the regionally refined
grids into the global circulation. The dynamics of the Ag-
ulhas Current system strongly depend on the representation
of mesoscale processes. Both the southward-flowing Agulhas
Current and the northward-flowing Agulhas Undercurrent in-
crease in strength with increasing resolution towards more
realistic values, which suggests the importance of improving
mesoscale dynamics as well as bathymetric slopes along this

narrow western boundary current regime. The exploration of
numerical choices such as lateral boundary conditions and
details of the implementation of surface wind stress forcing
demonstrates the range of solutions within any given config-
uration.

1 Introduction

The waters around southern Africa are an important player in
the world-wide system of ocean currents. The Agulhas Cur-
rent (AC), one of the strongest currents in the world ocean,
is the western boundary current in the South Indian Ocean
and has a far-reaching influence into the Atlantic (Gordon,
2003; Lutjeharms, 2006). Forced by trade winds, it trans-
ports warm and saline water from the tropical Indian Ocean
along the African coast towards the southern tip of Africa,
where it performs an abrupt turn back into the Indian Ocean.
Due to the termination of the African continent at around
35°S and a range of non-linear processes, a part of the AC
finds its way into the South Atlantic. It thus provides an im-
portant link for the surface limb of the global overturning
circulation from the Pacific and Indian oceans into the At-
lantic Ocean (Durgadoo et al., 2017; Le Bars et al., 2013;
Beal et al., 2011). Modelling the AC system and its embed-
ment within the global circulation demands for global ocean
general circulation models with mesoscale resolution in the
region around southern Africa (e.g. Biastoch et al., 2008a;
Holton et al., 2017)
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The northern part of the AC (27 to 34° S) flows relatively
stably and close to the continental slope (Lutjeharms, 2006).
Further south at around 34-35° S the shelf begins to widen
and allows the AC to meander. Due to inertia, the current
overshoots the African continental edge at 20° E before it
abruptly retroflects back into the Indian Ocean. There it con-
tinues as the Agulhas Return Current and closes the subtrop-
ical gyre (Lutjeharms and Ansorge, 1997). The dynamics of
the retroflection are an interplay between the wind forcing,
inertia, bathymetry and non-linear dynamics (see box 1 in
Beal et al., 2011). At the retroflection itself, mesoscale ed-
dies are shed (Pichevin et al., 1999; van Leeuwen et al., 2000)
that interact, merge and split in the Cape Basin (Boebel et al.,
2003; Laxenaire et al., 2018). With diameters of up to 500 km
(Arhan et al., 1999) and average depth extensions of 2000 m,
eventually reaching down to the bottom (van Aken et al.,
2003), Agulhas rings are among the largest mesoscale fea-
tures in the world ocean, transporting large amounts of warm
and saline Indian Ocean water into the relatively colder and
fresher South Atlantic (Gordon, 1986).

Upstream the AC, in the Mozambique Channel and south-
east of Madagascar, mesoscale eddies are also formed
through local instabilities (Swart et al., 2010). These prop-
agate into the western boundary current system, causing
the AC to sometimes meander off-shore (de Ruijter et al.,
1999b). These so-called Natal Pulses exhibit timescales of
70 to 90d and rapidly propagate downstream. They imprint
a range of spatiotemporal scales on the AC that may impact
the generation and fate of Agulhas rings (Rouault and Pen-
ven, 2011; Schouten et al., 2002).

Due to the open setting in the Atlantic, Indian and South-
ern oceans, the AC system forms a bridge between the wind-
driven circulation in the individual basins. It effectively is a
key link in the Southern Hemisphere supergyre, combining
both subtropical gyres of the Indian and the Atlantic oceans
(Speich et al., 2007). The amount of Indian Ocean water that
flows through the AC system and becomes part of the At-
lantic circulation is termed Agulhas leakage (Gordon, 2003).
A portion of this finds its way into the upper limb of the
Atlantic meridional overturning circulation (AMOC) (Riihs
et al., 2013). The continuous inflow of Agulhas leakage in-
fluences the hydrography and water-mass distribution in the
Atlantic Ocean (Lee et al., 2011; Liibbecke et al., 2015; Bias-
toch et al., 2015). The amount of Agulhas leakage (and hence
the influence on the Atlantic Ocean) is linked to atmospheric
processes, more specifically the Southern Hemisphere west-
erlies on decadal timescales (Durgadoo et al., 2013). As part
of a decadal upward swing, the Agulhas leakage was sub-
ject to a 30 % increase from the 1960s to the 2000s (Biastoch
et al., 2009b; Biastoch et al., 2015).

The role of the AC system in the surface limb of the over-
turning circulation is mirrored at depth by a flow of deep
water masses through the AC system. Arhan et al. (2003)
showed that around 11 Sv of North Atlantic Deep Water finds
its way around the southern tip of Africa from west to east.
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While most of it is subject to a sluggish flow into the deep
basins east and west of the Madagascar Ridge, it is also found
in a northward-flowing core beneath and in-shore of the AC
(Casal et al., 2006). This Agulhas Undercurrent (AUC) is
also subject to strong variability as a consequence of the in-
terplay between Natal Pulses and the western boundary cur-
rent regime (Beal, 2009; Biastoch et al., 2009a).

Model simulations have been increasingly successful in
capturing the AC system over the past decades. In models
with relatively coarse resolution below the first baroclinic
Rossby radius (Chelton et al., 1998), the AC follows Sver-
drupian dynamics and is able to perform its retroflection back
into the Indian Ocean (de Ruijter et al., 1999a). Agulhas rings
begin to appear at resolutions of 1/3 to 1/4°; however, they
are too regular in size and pathways. Resolutions of about
1/10°, representing the Rossby radius of deformation in this
region, are required to simulate the instability processes in
the source regions of the AC as well as along the AC path
(Natal Pulses) and to provide the correct current structure of
the western boundary current, including the AUC (Biastoch
et al., 2009a). It still remains to be explored whether a hori-
zontal resolution of 1/10° is already sufficient to simulate the
full range of mesoscale processes and whether integral num-
bers like Agulhas leakage depend on the previously unrep-
resented dynamics. This is in particular the case once sub-
mesoscale dynamics are included in the simulation, as has
been shown for the Gulf Stream and the successional North
Atlantic Current by Chassignet et al. (2017).

Despite locally resolving mesoscale dynamics, as can be
achieved by regional models (e.g. Penven et al., 2006; Her-
mes et al., 2007), capturing Southern Ocean dynamics, that
have an impact on the Agulhas leakage (Durgadoo et al.,
2013), might also be necessary to realistically simulate the
dynamics of the AC system. To study the impact of the large-
scale circulation on the AC or the impact of the AC system on
the global overturning, global models are required. However,
the numerical costs of global mesoscale resolving models are
still too high to perform several multi-decadal experiments.
To overcome this conflict, nesting has been shown to pro-
vide a good compromise, allowing for regional high resolu-
tion and keeping the global context (Biastoch et al., 2018).

To address the abovementioned questions, a systematic hi-
erarchy of model configurations based on the Nucleus for
European Modelling of the Ocean (NEMO) code, ranging
from eddy-poor to eddy-rich configurations has been devel-
oped and is described here. Therein, the flagship configu-
ration INALT20 (Fig. 1) covers the South Atlantic and the
western Indian oceans, including the AC system and a South-
ern Ocean sector at mesoscale resolution (1/20°). Configura-
tions at coarser (1/10°) resolution, INALT10 and INALT10x,
serve three purposes: they provide the comparison with pre-
vious configurations and the possibility to couple to an active
atmosphere, and enable the systematic evaluation to explore
the influence of Southern Ocean dynamics. Un-nested ver-
sions of the host configurations at 1/2° (ORCAOS5) and 1/4°

www.geosci-model-dev.net/12/3329/2019/



F. U. Schwarzkopf et al.: The INALT family

3331

Figure 1. Snapshot of surface speed (in m s~1) as simulated in the nested area of INALT20.

(ORCAO025) provide a comparison of the high-resolution
configurations to coarser global ocean models, e.g. being per-
formed for longer timescales or in coupled simulations. Ad-
ditionally, on the other end of the range in resolution, a sec-
ondary nest at 1/60°, INALT60, allows to explore the role
of submesoscale dynamics in the AC system. With this set
of model configurations, resolution convergence within the
Agulhas system is investigated.

2 The INALT family

The INALT! family is a set of global ocean model configura-
tions covering the greater AC system at high resolution. The
predecessor of these configurations is INALT01 (Durgadoo
et al., 2013), a well-established 1/10° model configuration.
INALTO1 has been widely used to understand AC dynam-
ics (Riihs et al., 2017; Malan et al., 2018), the effect of the
Southern Hemisphere wind systems on the AC (Durgadoo
et al., 2013; Loveday et al., 2014), the impact of Agulhas

IThe name INALT was introduced by Durgadoo et al. (2013)
as an acronym for “inaliti”, meaning needle in isiXhosa. “Agul-
has” is Portuguese for needles. INALT can also be read as “INdian-
AtLanTic”.

www.geosci-model-dev.net/12/3329/2019/

leakage on the Atlantic circulation and hydrography (Bias-
toch et al., 2015; Liibbecke et al., 2015), as well as local phe-
nomena in the (greater) Agulhas region (Cronin et al., 2013;
Malan et al., 2019), and has been utilized for a range of inter-
disciplinary applications (Scussolini et al., 2013; Steinhardt
et al., 2014; van Sebille et al., 2015). The set of configura-
tions described here updates INALTO1 with respect to the
code version. Additionally, the nested region is extended into
the Southern Ocean and a range of resolutions is covered.

2.1 Configurations

The configurations introduced in this study are based on the
ocean general circulation model NEMO (version 3.6; Madec
and the NEMO team, 2014) coupled to the Louvain-La-
Neuve sea-ice model version 2 using a viscous—plastic rhe-
ology (LIM2-VP; Fichefet and Maqueda, 1997). Global con-
figurations with tri-polar Arakawa-C grids, named ORCA,
are used as a basis to build regionally finer resolved configu-
rations realized by the AGRIF (Adaptive Grid Refinement in
Fortran) library (Debreu et al., 2008). Hereby, a global, rel-
atively coarsely resolved grid (hereafter “host”) is combined
with a regionally confined, high-resolution grid (hereafter
“nest”) allowing for two-way interactions: the host not only
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provides boundary conditions for the nest but also receives
information from the nest. AGRIF is a very cost-effective
technology to regionally refine the horizontal grid, with typ-
ically just 10 %—20 % computational overhead through the
global host (Biastoch et al., 2018), depending on the size of
the nested region: the bigger, the less overhead.

The model solutions on the host and nest grids are inte-
grated sequentially. Once the model is advanced by one time
step on the host grid, the solutions of two consecutive time
steps are temporally and spatially interpolated to the nest grid
and the corresponding finer time steps. Given these bound-
ary conditions, the model is advanced by several time steps
on the nest grid until the same time as on the host grid is
reached. Afterwards, the barotropic solution (i.e. sea level
and barotropic fluxes) on the host grid is updated with the
solution from the nest grid along its boundaries. This is re-
peated for a certain number of time steps after which the so-
lution on the host grid is updated with the solution on the
nest grid everywhere inside the refined domain (baroclinic
update; Debreu et al., 2008).

The flagship configuration INALT20 consists of a host at
1/4° horizontal resolution and an embedded nest at 1/20° res-
olution (Fig. 1), covering the South Atlantic and the western
Indian oceans between 70° W and 70° E and from the north-
ern tip of the Antarctic Peninsula at 63° S to 10° N (Fig. 2).
Analogously, INALT10x covers the same nested region but
at 1/10° and embedded within a host at 1/2°. With the south-
ern boundary located further north, at 50° S, INALT10 cov-
ers the same nest area as the predecessor (INALTO1; Dur-
gadoo et al., 2013). INALT10, on the one hand, allows to
directly compare the old and the new versions of this con-
figuration, and on the other hand allows to elucidate the in-
fluence of mesoscale dynamics in the Atlantic portion of the
Antarctic Circumpolar Current (ACC) by direct comparison
with INALT10x, in which this region is represented at ed-
dying resolution. To shed light on submesoscale processes
around the southern tip of the African continent, INALT60
is introduced with a secondary 1/60° nest (0 to 40°E and
45 to 25° S), embedded within a spatially reduced 1/20° nest
version INALT20r (20° W to 70°E and 50 to 6.5°S). The
sizes of the different configurations and computational costs
required to simulate one model year are given in Table 1.
In INALT10 and INALT60, the sea-ice model is only per-
formed on the host grids, as ice does not enter the nested
domain, while in INALT10x and INALT20 sea ice is also
represented on the refined grid. Additionally, the global grids
ORCAQ25 (1/4° horizontal resolution; Barnier et al., 2006)
and ORCAO5 (1/2° horizontal resolution; Biastoch et al.,
2008b) also exist as un-nested versions and are used to de-
cipher the influence of the mesoscale processes onto large-
scale ocean dynamics by isolating the nest effect outside the
nest regions (e.g. Biastoch et al., 2008a).

The horizontal resolutions of these configurations for the
greater AC system translate into grid sizes of 40 and 20 km
within ORCAO5 and ORCAOQ25, respectively, via 8 and 4 km
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within INALT10(x) and INALT20(r), respectively, to less
than 2 km within INALT60 (Fig. 2). In the eddy-poor config-
uration (ORCAOQ5), mesoscale effects are parameterized fol-
lowing Gent and McWilliams (1990). ORCAOQ25 is eddy ac-
tive since it resolves the first baroclinic Rossby radius at mid-
latitudes (Chelton et al., 1998). The grid sizes of the nested
configurations are below this radius of 10km at ~ 55°S
south of Africa and can therefore be referred to as “eddy
rich”, representing the mesoscale.

All configurations share the same vertical grid, with 46
z levels varying in layer thickness from 6 m at the surface
to 250 m in the deepest layers, resolving the first baroclinic
mode (Stewart et al., 2017) which is needed for the represen-
tation of the major baroclinic currents. The same vertical grid
has proven to be an appropriate choice for simulations with
model configurations up to 1/20° horizontal resolution (e.g.
Boning et al., 2016; Behrens et al., 2017). The bottom topog-
raphy is represented by partial steps (Barnier et al., 2006)
with a minimum layer thickness of 25 m. The bathymetry
datasets in ORCAQO5 and ORCAO025 have been developed
within the DRAKKAR community and are described in Mo-
lines et al. (2006) and Barnier et al. (2006), respectively. For
the nest grids at 1/20 and 1/60° resolution, bathymetries are
interpolated from ETOPO1 and from ETOPO2 for the grids
at 1/10° using the nesting tools (Lemarié, 2006).

2.2 Numerical settings and parameterizations

All configurations share a range of settings described in
the following. A “filtered” free surface formulation is used
(Roullet and Madec, 2000) which damps fast external grav-
ity waves. Assuming that sea surface height (SSH) anoma-
lies are small compared to the resting depth, free surface
is linearized, which translates into a fixed ocean volume in
time. The vertical mixing is parameterized according to a
1.5 turbulent kinetic energy closure (Blanke and Delecluse,
1993). Static instabilities are handled by enhancing diffusivi-
ties and viscosities by a factor of 10. Spatially varying Lapla-
cian, iso-neutral mixing is applied to tracers, while momen-
tum is subject to bi-Laplacian horizontal mixing. A diffu-
sive bottom boundary layer formulation for tracers (Beck-
mann and Dscher, 1997), allowing a communication of two
adjacent bottom grid cells at different depths levels, is ac-
tive. Quadratic bottom friction is applied globally with an
enhancement of a factor up to 50 to reduce the flow down-
stream of the Torres Strait in ORCAOQ5 and on the host grids
of INALT10(x) and additionally downstream of the Denmark
Strait, and the Bab-el-Mandeb Strait in ORCAO025 and on the
host grids of INALT20(r) and INALT60. In the un-nested
configurations, as well as on the host grids of the nested
configurations, the lateral boundary condition allows for free
slip, while no slip is allowed along the lateral boundaries of
the oceans on the nest grids in all reference simulations. In
all reference experiments, the wind stress formulation takes
into account the underlying ocean surface velocities (“rel-
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Figure 2. Grid sizes in the INALT family: shown is the zonal grid length (in km) for the global ORCAO025 grid with the embedded INALT20
(outer black box), INALT20r (inner black box) and INALT60 (blue box) grids (upper scale), as well as for ORCAO5 with the embedded
INALT10x (white dashed box, same as INALT20) and INALT10 with its southern boundary shifted north (lower scale).

Table 1. Grid sizes, time steps for hosts (h) and nests (n1) as well as the secondary nest in INALT60 (n2), and grid point integrations per model
day (GPIPD) are given for the individual configurations. The computational requirements in nodes consisting of 24 CPUs each, for the model
code itself (NEMO) and the input—output server (XIOS), and CPU hours (per model year) are estimated on a Cray XC40, equipped with Intel
Xeon Haswell processors, at the North-German Supercomputing Alliance (“Norddeutscher Verbund fiir Hoch- und Hochstleistungsrechnen”;

HLRN).
Configuration  Horizontal dimension Time step (h/n1/n2) GPIPD Nodes (NEMO/XIOS) CPU hours
ORCAO05 722 x 511 2160 6.8 x 108 26 (25/1) 300
ORCAO025 1442 x 1021 1440 41 x 108 33 (32/1) 2200
INALT10 ORCAOS5 + 1404 x 674 2160/720 59 x 108 39 (37/2) 4100
INALT10x ORCAOS5 + 1404 x 924 2160/720 78 x 108 44 (42/2) 5300
INALT20 ORCA025 + 2799 x 1839 1200/400 560 x 108 104 (96/8) 30500
INALT20r ORCAO025 + 1804 x 1024 1200/400 230 x 108 104 (96/8) 15000
INALT60 INALT20r + 2404 x 1483 900/300/100 1700 x 108 146 (134/12) 121800

ative winds”). For these two boundary conditions, sensitiv-
ity experiments are performed in INALT20 (see below). A
second-order centred tracer advection scheme (total variance
dissipation — TVD; Zalesak, 1979) is used. Momentum ad-
vection is in vector form with applied Hollingsworth correc-
tion (Hollingsworth et al., 1983). The vorticity term is formu-
lated conserving both the potential enstrophy of horizontally
non-divergent flow and the horizontal kinetic energy (EEN;
Arakawa and Hsu, 1990).

The nested configurations at 1/10 and 1/20° horizontal
resolution share a spatial horizontal refinement factor of 5
with respect to their host grids, which would have implied an
identical temporal refinement based on Courant—Friedrichs—
Lewy (CFL) stability considerations. A temporal refinement
of 3 has however proven to be stable. For the secondary nest
in INALT60, both horizontal and temporal refinement fac-
tors are 3 against the first nest. A sponge layer is applied

www.geosci-model-dev.net/12/3329/2019/

along the boundaries of the nests that damps (according to a
second-order Laplacian operator) nest and host differences. It
maintains consistency between the grid solutions and filters
out noise that would develop along open boundaries. As ex-
plained by Debreu et al. (2008), this is a key ingredient in the
overall nesting robustness. The host grids are updated with
the three-dimensional nest solution at every third host grid
time step. The different model resolutions demand different
parameters for the above-mentioned schemes as summarized
in Table 2.

Climatological river runoff is applied, distributing fresh
water input from land along the coasts and at the estuaries
of the 99 major rivers (Bourdallé-Badie and Treguier, 2006).
At the river mouths and at the locations where runoff enters
the ocean, enhanced vertical mixing over the upper 10m is
applied and the sea surface salinity restoring is suppressed.
Elsewhere, extremely weak sea surface salinity restoring is

Geosci. Model Dev., 12, 3329-3355, 2019
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Table 2. Resolution-dependent parameters for the different config-
urations: eddy-induced velocity coefficient (aeiv0; in m? s~ 1); hor-
izontal eddy diffusivity coefficients for tracer (aht0; in m?s~ 1) and
momentum (ahmO; in m*s~1) are nominally set for the maximum
grid size (which is at the Equator except for the nest grids in IN-
ALT20r and INALT60 that do not include the Equator at high res-
olution) and scaled with the poleward decrease of the grids sizes;
lateral mixing coefficient in the bottom boundary layer (ahtbbl; in
m2s1); sponge coefficients for tracer and dynamics (sponge; in
m? s~1). Note that ORCA05 also represents the values for the host
grid in INALT10 and INALT10x; ORCAOQ25 represents those for
the host grid in INALT20, INALT20r and INALT60. The settings
for the first nest in INALT60 are identical to those given for IN-
ALT20(r).

aeiv0  aht0 ahmO ahtbbl  sponge
ORCA05 1000 600 —6.0x 101 1000 -
ORCA025 - 300 -—15x10! 1000 -
INALT10(x) 0 120 —24x10!0 100 2700
INALT20(r) - 60 —6.0x10° 40 600
INALT60 ~ 20 —6.7x108 4444 200

applied via damping in the surface freshwater flux at a pis-
ton velocity of 50m4 yr~! (Griffies et al., 2009). Addition-
ally, Newtonian tracer damping at the outflow of the Mediter-
ranean Sea into the Atlantic is applied to correct the unre-
alistically shallow spreading of the Mediterranean outflow.
Damping is applied in a spherical area centred at 7° W, 36° N,
and 500 m depth with a horizontal radius of 1.5° and a ver-
tical extent of 1000 m. Damping strength declines exponen-
tially with increasing distance from the centre.

2.3 Hindcast and sensitivity experiments

The atmospheric forcing for all experiments described here is
based on the COREV2 products and bulk formulae provided
by Large and Yeager (2009). It builds on NCEP/NCAR re-
analysis data merged with satellite-based radiation and pre-
cipitation, employing a set of parameter corrections to min-
imize global flux imbalances. The 30-year long spin-up in-
tegrations, initialized with temperature and salinity from the
World Ocean Atlas (Levitus et al., 1998 with modifications
in the polar regions from PHC; Steele et al., 2001) and an
ocean at rest, forced by interannually varying atmospheric
boundary conditions from 1980 to 2009, were performed in
all configurations except for INALT60, where only 10 years
from 1980 to 1989 were integrated. The ocean states at the
end of the spin-up integrations are used to initialize hindcast
simulations for the period 1958 to 2009. All experiments are
thus performed over the same integration length, utilizing the
same atmospheric forcing. The comparisons between the dif-
ferent configurations therefore allow to isolate the impact of
different resolutions. Despite COREv2 having a spatial reso-
lution of 2° x 2°, being relatively coarse, it was chosen as the
most coherent and robust dataset available at the time of the
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Table 3. To uniquely define the different model experiments, inter-
nal experiment identifiers are provided here.

Sensitivity

Configuration Spin-up Hindcast experiments

ORCAO05.L46 KJH0003 KJH0004

ORCA025.L46 KJR36201h  KJR36216h

INALT10.L46 KJHO0016 KJHO0017

INALT10x.L46  KJH0006 KJHO0007

INALT20.L46 KFS039 KFS044 KFS057 (FS_RW)
KFS058 (FS_AW)
KFS059 (FS_PW)

INALT60.L46 KFS004 —

KFS006

model integrations to provide long (multi-decadal) hindcast
simulations.

In INALT?20, sensitivity experiments starting from the
oceanic state at 31 December 1994 in the hindcast experi-
ment and covering the period 1995 to 2009 are performed to
test the influence of lateral and surface boundary conditions
on the dynamics in the AC system, the South Atlantic and
the overturning circulation. Building on the reference con-
figuration with “no slip” on the nest grid (NS) and “free slip”
on the host grid in all cases, sensitivity experiments are per-
formed with “free slip” also in the nest (FS). Another set was
performed to explore the role of ocean currents in the wind
stress calculation. Compared to the original formulation as
“relative wind” (RW), cases for “absolute wind” (not consid-
ering the ocean current; AW) and “partial wind” (PW) are
tested. In the latter, the influence of the ocean velocity in the
wind stress formulation is reduced compared to the relative
wind formulation by a factor of 0.7, consequently only tak-
ing into account 70 % of the ocean currents (simplified after
Renault et al., 2017). While Renault et al. (2017) use a spa-
tially varying coefficient for the influence of ocean currents
in the wind stress formulation, a constant value, representa-
tive for the AC system, is used here. Table 3 provides internal
identifiers for the experiments used.

3 Results

The simulations described above are evaluated with re-
spect to their general representation of mesoscale variability
(Sect. 3.1). The impact of mesoscale processes on the large-
scale circulation is presented by the evaluation of the repre-
sentation of key measures of the horizontal circulation in the
South Atlantic, the western Indian and the Southern oceans
(Sect. 3.2), as well as of the meridional overturning circu-
lation in the Atlantic Ocean (Sect. 3.3). The dependence on
the resolution of mesoscale processes in the Agulhas Current
system itself is analysed in terms of simulating the Agulhas
Current and Undercurrent (Sect. 3.4), as well as the Agulhas
leakage (Sect. 3.5).

www.geosci-model-dev.net/12/3329/2019/
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Figure 3. SSH variance (in cmz) for the period 2000-2009 based on 5 d averages from (f) satellite altimetry data (AVISO) compared to the
hindcast experiments in the different configurations: (a) ORCAOS, (b) ORCAO025 (based on monthly averages), (¢) INALT10x, (d) INALT20
and (e) INALT10. The horizontal line in panel (e) at 50° S indicates the southern boundary of the nested region in INALT10; the boxes in
panel (f) mark the areas used for time series analyses (see Fig. 5). Note: the discrepancy in the temporal resolution for ORCA025 does not

alter the findings (not shown).

3.1 Mesoscale variability

The mesoscale is the dominating scale in the Agulhas region
(Backeberg et al., 2008); its proper simulation is crucial for
a reasonable representation of the dynamics in a numerical
model. As a measure for mesoscale activity, SSH variance
from satellite observations is compared to the modelled solu-
tions (Fig. 3). Satellite altimetry data are provided by AVISO,
interpolated to a 1/4° Mercator grid with daily resolution.
The daily data have been averaged into 5d means prior to
variance calculations over the 10-year long period (2000 to
2009) to allow for a direct comparison with the modelled
SSH that is available at 5d resolution except for the exper-
iment in ORCAO025 where only monthly averages are avail-
able.

From observations (Fig. 3f), several highly active regions
can be identified: the Mozambique Channel and the eddy
path from the southern branch of the East Madagascar Cur-
rent towards the African coast, the meandering AC itself and,
with the highest activity, the retroflection area and the Ag-
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ulhas Return Current. The path of Agulhas rings from the
Indian into the Atlantic Ocean can be identified as elevated,
although comparably weak, mesoscale activity. Aside from
these regions, directly related to the AC, three further areas of
enhanced activity stand out: the Andrew Bain Fracture Zone
(ABFZ) (Ansorge and Lutjeharms, 2005) south of Africa at
approximately 50° S/30° E, the Malvinas Confluence Zone
(MCZ) (Goni et al., 2011) on the other side of the Atlantic
Ocean and a path of eddies entering the basin with the ACC.

In ORCAOQS, where the effect of eddies is parameter-
ized, virtually no mesoscale activity is present (Fig. 3a). The
eddy-permitting configuration ORCAO025 (Fig. 3b; based on
monthly averages) shows elevated levels of SSH variance
in the most prominent regions of mesoscale activity, the
retroflection area and along the Agulhas Return Current as
well as in the MCZ but generally too weak. The AC and its
upstream sources show no increased sign of mesoscale vari-
ability. However, in agreement with findings by Quartly et al.
(2013), an accompanying experiment (not shown) with no
slip along the lateral boundaries exhibits elevated mesoscale

Geosci. Model Dev., 12, 3329-3355, 2019
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Figure 4. SSH variance (in cmz) for the period 1987 to 1989 from the spin-up experiments in (a) INALT20 and (b) INALT60 based on
5d averages. The black box in panel (b) marks the region of the secondary 1/60° nest in INALT60. Panels (c) to (f) give the SSH variance
(in cm?) for the period 2000-2009 based on 5 d averages from the different sensitivity experiments in INALT20: (¢) no slip, relative winds,
(d) free slip, relative winds, (e) free slip, absolute winds, (f) free slip, partial winds.

variability here, due to the evolution of eddies in and propa-
gation out of the Mozambique Channel. With increasing res-
olution, the representation of these large-scale features im-
proves in strength and structure. INALT10(x) (Fig. 3c, e)
and INALT20 (Fig. 3d) explicitly simulate variability in the
source regions and in consequence a meandering and more
variable AC.

The inflow of ACC eddies is adumbrated in ORCA025
but evolves to a distinct path only in INALT20 (Fig. 3d),
where additionally the mesoscale activity in the MCZ be-
comes stronger and improved with respect to its spatial struc-
ture. The ABFZ as well as the Mozambique Channel and
the area southwest of Madagascar begin to emerge as highly
active regions, although still weaker compared to observa-
tions. INALT10x (Fig. 3c) also resolves mesoscale features,
although weaker than in INALT20, in the specified areas, ex-
cept for the ACC inflow that obviously evolves in a region lo-
cated outside the nest in the non-eddying host grid. INALT10
(Fig. 3e), with its nested area limited to north of 50° S, cov-
ers the variability around southern Africa and hence com-
pares to INALT10x but lacks all mesoscale activity south of
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it. In consequence, it shows a different and weaker activity
in the MCZ. All eddying simulations show a northwestward
propagation of Agulhas rings into the Atlantic Ocean, while
in the satellite observations, a rather zonal band between 30
and 40° S of elevated SSH variance marks their path.

In the greater AC system, mesoscale activity is comparable
in INALT20 and INALT60 (Fig. 4a and b), with INALT20
showing a stronger variability in the Mozambique Channel
and weaker levels in the retroflection area. INALT60 shows
a slightly wider ring path into the Atlantic Ocean, although
this can also be due to the short time span (3 years) used for
the analysis.

Not only the resolution but also different parameteriza-
tions have an impact on the representation of the mesoscale
variability as exhibited by sensitivity experiments in IN-
ALT?20. Both the lateral boundary condition and the wind
stress formulation have been modified. While changing the
lateral boundary condition from no slip (Fig. 4c) to free slip
(Fig. 4d) only slightly increases SSH variance southwest of
Madagascar and in the ABFZ and reshapes the patch in the
MCZ, changing the wind formulation from relative to abso-
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Figure 5. Time series of SSH variance anomalies to the 1995-2005 mean (in cm?) computed in a 5-year running window based on 5d
averages for the three different regions indicated in Fig. 3f from the nested configurations — INALT20 (blue) INALT10 (red) and INALT10x
(green) —and from AVISO satellite altimetry (light blue). The curves are interannually filtered. For mean values and correlations, see Tables 4

and 5, respectively.

Table 4. Mean (2000-2009) SSH variance (in cm2) in the three dif-
ferent regions indicated in Fig. 3f: southwest of Madagascar (SOM),
Agulhas retroflection (AR) and Cape Basin (CB). See Fig. 5 for cor-
responding anomaly time series.

SOM AR CB
Observations 331 794 160
INALT10 150 637 127
INALT10x 160 662 107
INALT20 NS_RW 183 654 127
INALT20 FS_RW 180 765 131
INALT20 FS_AW 374 1197 248
INALT20 FS_PW 207 835 176

lute winds (Fig. 4e) has a significant impact on the distri-
bution of mesoscale variability. Although SSH variance is
better represented in the Mozambique Channel and south-
west of Madagascar as well as in the ABFZ and the MCZ in
the simulation under absolute winds, the observed patterns
south of Africa and along the Agulhas Return Current are
overestimated in strength and extent resulting in unrealisti-
cally high variability. This also leads to a too-regular and
too-pronounced path of Agulhas rings being shed into the
Atlantic Ocean, a well-known behaviour (e.g. Biastoch et al.,
2008c; Barnier et al., 2006) that is unacceptable for simula-
tions being used to analyse AC and leakage influences on the
Atlantic Ocean. An attempt to overcome the deficits of the
two simulations under relative and absolute winds, respec-
tively, is given by the partial wind experiment. It shows no
significant improvement compared to the relative wind ex-
periment (Fig. 4f), despite a slight elevation of variability in
and south of the Mozambique Channel and in the MCZ. In
consequence, we continue with the no-slip lateral boundary
condition on the nest grid and relative winds for the reference
experiment.

Time series of SSH variance, computed as the variance
of 5d data within a 5-year running window, provide a mea-
sure for the temporal variability in mesoscale activity. It is
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depicted for observations and the hindcast simulations in
the nested configurations in Fig. 5 for three areas around
South Africa: southwest of Madagascar (SOM), the Agulhas
retroflection area (AR) south of Africa and the Cape Basin
(CB) west of South Africa (boxes marked in Fig. 3f). It ex-
hibits different types of variability. SSH variance southwest
of Madagascar (Fig. 5a), dominated by variations originating
in the Mozambique Channel, is marked by interannual vari-
ability with a period of approximately 7 years in all nested
solutions. In this region, the SSH variance in INALT?20 is on
a slightly higher mean level than in the simulations at 1/10°
horizontal resolution but still strongly underestimates the ob-
servations (Table 4). The corresponding time series of SSH
variance anomalies (Fig. 5) exhibit that the variability in the
early period of the simulations is comparable among the dif-
ferent configurations, while in the subsequent decades, IN-
ALT10x stands out with reduced variations leading into a
very strong increase towards the end of the simulation, in
agreement with the observed anomalies, even exceeding the
solution of INALT?20. In this region, only INALT?20 is signif-
icantly correlated with observations (r = 0.95; see Table 5)
in the overlapping period (1995 to 2005), while the modelled
solutions are all significantly correlated among themselves
for the short period, mainly due to the decrease in the late
1990s followed by an increase in the 2000s.

In the Agulhas retroflection area (Fig. 5b), influenced by
the AC and its meandering, the dominant period of variabil-
ity is on decadal timescales in INALT10 and INALT10x and
even longer in INALT20. The absolute values are comparable
to, but still underestimating, the observations by 15 %—20 %.
Here, only INALT1O is significantly correlated with obser-
vations (r = 0.90; see Table 5). As southwest of Madagas-
car, all model simulations are significantly correlated in the
observational period.

In the Cape Basin (Fig. 5c), the dominant variability is
on decadal timescales in all simulations at comparable lev-
els. In this region for the observational period, the variabil-
ity on interannual timescales is uncorrelated, both between
observations and the modelled solutions as well as between
the different configurations. However, on longer timescales,

Geosci. Model Dev., 12, 3329-3355, 2019
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Table 5. Correlations in SSH variance time series (yearly) (see Fig. 5) between AVISO and the nested configurations as well as among
the nested configurations for the period 1995-2005 for the three regions indicated in Fig. 3f: southwest of Madagascar (SOM) | Agulhas
retroflection (AR) | Cape Basin (CB). Significant correlations (at 95 % confidence level) are given in bold.

INALT10 INALT10x INALT20
AVISO 0.86]0.90| —0.73 0.84]0.87|—0.24  0.95]0.87|0.32
INALT10 0.99]0.97|—0.30  0.88]0.93| —0.21
INALT10x 0.8810.930.24

the correlations among the modelled solutions increase with
INALT10x and INALT20 being significantly correlated at
95 % confidence level (not shown). In contrast to the regions
south of Madagascar and in the Agulhas retroflection area,
the Cape Basin is located outside the most eddy-active re-
gion of the AC system within the path of the Agulhas rings
that are shed into the Atlantic Ocean.

All configurations have a similar pattern of SSH variance
for the three regions and all underestimate the mean, with
INALT20 being closest to observations. The remarkable co-
variability on decadal timescales most probable stems from
the common surface forcing. A detailed understanding of this
is part of an individual research topic in itself and will be re-
considered elsewhere. In the greater Agulhas region, a hor-
izontal resolution of 1/10° locally appears to be enough to
simulate mesoscale variability at a reasonable level, whereas
the lack of mesoscale activity outside the nested region in
INALT10 and INALT10x leads to an underestimation of
mesoscale variability entering the South Atlantic through the
Drake Passage and therefore in the MCZ and ABFZ. Among
the configurations presented here, INALT20 simulates all the
prominent mesoscale features within the region of interest
most reasonably.

3.1.1 Towards resolving the submesoscale — an outlook

INALT60 with horizontal grid spacing below 2 km provides
the necessary horizontal resolution to resolve scales down to
10km. In addition to the horizontal resolution, the vertical
grid, the spatial and temporal resolution of the atmospheric
forcing and the diffusion setup strongly control the simula-
tion of the smaller-scale flows in the model. Developments to
improve the configuration in the future are ongoing and are
presented by Schubert et al. (2019). Here, a short outlook is
given.

To adequately simulate the ocean currents potentially re-
solvable with the given horizontal grid, the vertical resolu-
tion needs at least to resolve the vertical structure of the cor-
responding horizontal flow which can be approximated by
the baroclinic modes (Stewart et al., 2017). Based on hydro-
graphic measurements, Stewart et al. (2017) provide a refer-
ence for the required vertical resolution to resolve the first,
second and third baroclinic modes. A new vertical grid, that
shall resolve the third baroclinic mode, with 120 vertical lev-
els and a grid spacing of 1 m near the surface, 10 m at about
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350 m depth and 100 m in the deep ocean is under develop-
ment. A very high vertical resolution is required in the mixed
layer, as submesoscale currents mainly occur in boundary
layers and are surface intensified (McWilliams, 2016). The
mixed layer depth in the midlatitude regions of the storm
tracks, such as the Agulhas region, is associated with a strong
seasonal cycle. Weaker wind stress in summer leads to a thin
mixed layer of down to less than 20 m, while stronger wind
stress in winter leads to a thick mixed layer exceeding 150 m
(de Boyer Montégut et al., 2004). To resolve smaller-scale
flows within the mixed layer also during summertime, at least
10 vertical levels in the uppermost 20 m are required.
Near-surface submesoscale features, resolvable with a
1/60° configuration, evolve at timescales of less than a day
(McWilliams, 2016). Due to the subdaily timescales, a re-
alistic representation of the daily cycle in the forcing fields
is necessary for simulating the submesoscales properly. The
CORE atmospheric forcing is given at relatively coarse res-
olution in space (2° x 2°) and time (6-hourly for the highest
resolved fields). For simulations with INALT60, the higher
resolved JRAS55-do forcing (Tsujino et al., 2018), which is
associated with relatively higher horizontal (0.5° x 0.5°) and
temporal (3-hourly) resolutions, will be used in the future.
Both the numerical diffusion associated with advection
schemes for tracer and momentum and the explicit diffu-
sion in the primitive equations contribute to the model dif-
fusion. So far, the same model diffusion setup is used for IN-
ALT60 and INALT20: TVD scheme and Laplacian explicit
diffusion with constant diffusion coefficient for tracers and
vector-invariant advection scheme with EEN vorticity for-
mulation supported by bi-Laplacian explicit viscosity with
a constant viscosity coefficient for momentum. The diffusion
coefficient has been linearly (quadratically) scaled down with
the grid spacing for tracers (momentum). The coefficient
thereby has to be large enough to prevent the strongest sim-
ulated shears from numerical instability. A disadvantage of
this method is that moderate shears that would not have led to
numerical instability are also damped. In the future, a third-
order upstream-biased scheme (UBS; Webb et al., 1998; Far-
row and Stevens, 1995; Madec and the NEMO team, 2014)
for tracer and momentum will be used. This scheme is nu-
merically diffusive enough to inhibit numerical instabilities
at the grid scale. Explicit diffusion with UBS is only needed
if the numerical diffusion is not large enough to be realis-
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Figure 6. Mean (2000-2009) barotropic stream function as simulated within INALT20 (nested region demarcated by the black box). Grey
shading indicates anti-cyclonic circulation; contours are in 10 Sv intervals. The band for ACC transport calculations south of Africa is marked
by the green lines; the Drake Passage is indicated in blue; the location of the LOCO array is given in red, the section crossing the Malvinas
Current in yellow and the section crossing the North Brazil Current in orange. The purple line indicates the location of the ACT array that is

referred to in Sect. 3.4.

tic. The evaluation of the model performance with UBS and
a respective validation against observations is presented by
Schubert et al. (2019).

3.2 Horizontal gyre circulation and transport

An important consequence of the open setting of the AC sys-
tem is the connection between the subtropical gyres in the
Indian and Atlantic oceans. This connection south of Africa
represented by the Agulhas leakage (see Sect. 3.5) is part of
the Southern Hemisphere “supergyre” (Speich et al., 2007).
Only a certain portion of the water arriving in the South At-
lantic through the AC system becomes part of the AMOC.
According to models, about 40 %—50 % recirculate in the
horizontal gyre circulation in the South Atlantic at least once
(Riihs et al., 2013, 2019).

All model configurations share the same structure and ex-
tent of the supergyre (Fig. 6, only INALT20 is shown exem-
plarily), which is, to first order, a consequence of the surface
forcing fields. The horizontal streamfunction conveniently
provides measures of transport across individual sections.
Below, we evaluate transport of the ACC and through the
Mozambique Channel.

Furthermore, the Malvinas Current (MC) and the North
Brazil Current (NBC), two important western boundary cur-
rents in the South Atlantic, provide a measure for transport
in the subtropical gyre in the South Atlantic and the inter-
hemispheric transport from the south towards the North At-
lantic (Riihs et al., 2015). The MC has been suggested to play
a significant role for the upper limb of the Atlantic merid-
ional overturning (Fricourt et al., 2005): north of the pre-
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sented section, the MC collides with the southward Brazil
Current forming the Brazil-Malvinas Confluence Zone, one
of the regions in the world’s oceans with highest eddy activ-
ity (see analyses of SSH variance in Sect. 3.1). The current is
suggested to then transport water across the Atlantic Ocean
towards the east, entering the South Atlantic Current and, fur-
ther downstream, the NBC which transports the water across
the Equator (Hummels et al., 2015).

3.2.1 Transport of the ACC

The mean ACC transport south of Africa, estimated by the
maximum in the barotropic stream function between 20
and 30°E, following Durgadoo et al. (2013), is 175 and
178 Sv in the non-eddying configurations (ORCAO5 and IN-
ALT10), respectively, and 20 Sv stronger if eddies are (at
least partially) resolved in ORCAO025, INALT10x and IN-
ALT?20 (Fig. 7a). Evans et al. (2017) review a series of obser-
vational estimates of the ACC transport across 30° E result-
ing in a range between 131.7 and 160 Sv. However, the dif-
ference in the transport from the simulations here is mainly
due to a recirculation gyre in the Weddell Sea, rather than
to the different strength of the ACC (Fig. 6). The trans-
port through the Drake Passage shows a different picture
(Fig. 7b). In INALT10x and INALT20, the Drake Passage
is located directly at the margin of the nested area, whereas
in INALT10, whose southern boundary is located at 50° S,
it is outside of the nest. The simulated mean transport is
weaker (~ 117 Sv) within the configurations with an eddy-
ing representation of the Drake Passage (ORCAO025 and IN-
ALT20) than with a non-eddying representation (ORCAO05

Geosci. Model Dev., 12, 3329-3355, 2019
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Figure 7. Time series of ACC transport (in Sv) as given by the maximum in the barotropic stream function south of Africa between 20 and
30° E (a) and the barotropic transport through the Drake Passage (b) for ORCAO025 (black), INALT20 (blue), ORCAOS (orange), INALT10

(red) and INALT10x (green).
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Figure 8. Time series of the southward barotropic transport through the Mozambique Channel (in Sv) as absolute values (a) and anomalies
(b) compared to observations. The seasonal cycle of the anomalies for the period 2004 to 2009 is given in panel (c).

and INALT10; ~ 122 Sv). The latter two configurations how-
ever separate over time, with INALT10 being subject to a
stronger decline of the ACC. In contrast to INALT10, IN-
ALT10x shows a higher transport (~ 133 Sv), due to a larger
geostrophic component across the ACC. Given the current
uncertainty in observational values for the Drake Passage
transport ranging from 124.7 +9.9 Sv (Whitworth and Pe-
terson, 1985) via 136.7 £ 7.8 Sv (Cunningham et al., 2003)
to 173.3£10.7 Sv (Donohue et al., 2016), it is difficult to
identify the more realistic configurations; however, the esti-
mates from all configurations are at the lower end. On inter-
annual timescales, the simulated transport time series are sig-
nificantly correlated among all the configurations with high-
est values > 0.97 between ORCAOQ5 and INALT10(x), 0.91
between ORCAO025 and INALT20, and 0.89 between IN-
ALT10x and INALT20. The reduction in correlation values
is due to non-linearities, decoupling the individual transport
from the common wind forcing.

3.2.2 Transport through the Mozambique Channel

All simulations exhibit the same interannual variability
and declining trend of the barotropic transport through the
Mozambique Channel but with different long-term mean
states. Although all runs experience a similar long-term de-
cline of 1.5 Sv per decade, it is to note that an accompany-
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ing ORCAO025 experiment with repeated-year forcing is not
subject to a significant trend (not shown). Consequently, this
trend is rather not an effect of model drift but likely to be
related to trends in wind stress and wind stress curl over the
Indian Ocean (DiMarco et al., 2002).

At ~ 17° S, a mooring array of the Long-term Ocean Cli-
mate Observations (LOCO) Indian Ocean programme has
been established in 2003 (Ridderinkhof et al., 2010), provid-
ing an observational time series of the net transport through
the Mozambique Channel. The comparison between these
observed and the simulated transport anomaly time series
of the different configurations exhibits a strong correspon-
dence on seasonal to interannual timescales (Fig. 8b). Be-
fore mid-2006, when a transition from a phase that is marked
by high variability to a phase with less fluctuations in the
Mozambique Channel transport (van der Werf et al., 2010;
Ullgren et al., 2012), the higher-frequency fluctuations are
underestimated by all model configurations. After this tran-
sition in 2006, all simulations capture the variability quite
well, except for some observed extrema like in July 2008 or
June 2009. The mean values, however, are underestimated
in the high-resolution configurations with only 10.0 Sv (IN-
ALT10) and 11.6 Sv (INALT10x and INALT20) compared
to the observed 16.4 Sv (Table 6). The un-nested models do
better in representing this mean transport with 16.1 Sv in
ORCAQ025 and an overestimating 17.4 Svin ORCAO0S. While
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Table 6. Mean (2004-2009) transport (in Sv) through the
Mozambique Channel (MOZ) and correlations between observed
and modelled transport time series based on monthly averages
including|subtracting the seasonal cycle. Correlations, significant at
95 % confidence level, are given in bold.

MOZ Correlations

Observations 16.5

ORCAO05 17.4 0.62]0.53
ORCAO025 16.1 0.53|0.36
INALT10 10.0 0.610.47
INALT10x 11.6 0.6210.50
INALT20 NS_RW  11.6 0.62]0.51
INALT20 FS_RW 144 0.49]0.23
INALT20 FS_AW  15.5 0.61]0.45
INALT20 FS_PW 153 0.63]0.52

in the non-eddying configurations this is an effect of the free-
slip solution and the unrealistic current in the Mozambique
Channel, the underestimation in the eddying configurations
points to a still under-represented transport in the Mozam-
bique eddies (van der Werf et al., 2010).

In the sensitivity experiments with INALT?20, free-slip lat-
eral boundary conditions cause an increase in mean transport
by about 50 % (Table 6), while the variability remains com-
parable.

The seasonal cycle of the Mozambique Channel transport
(Fig. 8c) is very robust among the different simulations and
is in agreement with observations. van der Werf et al. (2010)
ascribe the seasonal cycle to yearly variations in the wind
forcing west of 75° E. It is interesting to note that a major part
of the good correlation between the simulated and observed
values is due to the realistic representation of this seasonal
cycle (Table 6).

3.2.3 Malvinas Current

The MC originates in the Drake Passage as the northern
branch of the ACC, turning northward along the South Amer-
ican continental slope into the Atlantic Ocean. It consists of
multiple jets (Piola et al., 2013) that align towards the north
into a coherent current at 41° S whose mean structure and
temporal variability have been assessed based on mooring
data and satellite altimetry (Artana et al., 2018). Here, a com-
parison with the mean structure of the Malvinas Current as
simulated in the different configurations is given (Fig. 9).
ORCAO5 and INALT10 both lack a MC at 41° S, due to a
recirculation towards the east located further south that can
be attributed to the missing resolution in the ACC and a con-
sequently weaker MC. The configurations covering the en-
trance of the ACC into the Atlantic basin at eddying resolu-
tion (ORCAO025, INALT10x and INALT20) all show a wide
band of northward surface-intensified velocities with a core
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Table 7. Mean (2000-2009) transport (in Sv) of the Malvinas Cur-
rent (MC) at 41° S and the North Brazil Current (NBC) at 11° S.
Observational values are from Artana et al. (2018) and Hummels
et al. (2015), respectively.

MC NBC
Observations 37.1£26 23+3
ORCAO05 10.3 13.7
ORCAO025 25.1 17.7
INALT10 16.7 19.3
INALT10x 32.5 18.8
INALT20 NS_RW 37.2 20.5
INALT20 FS_RW 48.5 18.8
INALT20 FS_AW 47.8 19.4
INALT20 FS_PW 47.4 18.3

located between 70 and 80 km off-coast. The mean transport
increases with increasing resolution from 25 Sv in ORCA025
to 37 Sv in INALT?20 (see Table 7 for all mean transport val-
ues). The latter well fits the observed transport, although it
features weaker velocities over a wider current core than in
observations (Artana et al., 2018, their Fig. 5a).

The sensitivity experiments in INALT20 show, due to the
free-slip condition, a current core that is located closer to
the coast, with a structure that better resembles the observed
(Fig. 9f) but with overestimated velocities leading to a mean
transport value of roughly 48 Sv independent from the ap-
plied wind stress formulation (Table 7).

3.2.4 North Brazil Current

The NBC forms a bottleneck for water from the South At-
lantic on its way into the North Atlantic and is therefore cru-
cial for the interhemispheric exchange and the AMOC (Riihs
et al., 2015; Hummels et al., 2015). The representation of the
NBC in the different model configurations is evaluated by
comparing the current structure and mean transport with ob-
servations at 11° S (Fig. 10). The observed NBC shows a sub-
surface core, wherefore it is also referred to as North Brazil
Undercurrent, located at 35.7° W off the coast of Brazil. The
current reaches off-coast to approximately 35.2° W and down
to 1200 m with core velocities of roughly 0.5ms~! (Hum-
mels et al., 2015, their Fig. 1b). The mean NBC transport
is evaluated to 23 &3 Sv. The NBC in ORCAOQS is located
further off-shore, with underestimated velocities leading to a
mean transport of only 13.7 Sv. With increasing resolution,
the mean transport also increases up to 20.5 Sv in INALT20
(see Table 7 for all transport values). The current structure
also improves with increasing resolution, with the current
core moving towards the coast and the observed tilted shape
becoming more pronounced.

The NBC in the sensitivity experiments in INALT20 is of
slightly weaker strength when compared to the reference ex-
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Figure 9. Mean (2000-2009) MC structure at 41° S from ORCAOS (a), ORCAO02S5 (b), INALT10x (c), INALT20 NS_RW (d), INALT10 (e)
and INALT20 FS_RW (f). Note that southwestward/negative velocities are shaded in white and northeastward/positive in grey; contoured are

intervals of Scms™1.

periment (Table 7) with a more coastally confined current
structure due to the free-slip condition (Fig. 10f). As for the
MC, the wind stress formulation is of minor importance for
the representation of the NBC.

The strengths of the western boundary currents in the
South Atlantic are represented reasonably well in INALT?20,
while the configurations that have a coarser resolution at
these locations underestimate the mean current transport.
The sensitivity experiments in INALT20 exhibit a strong de-
pendency of the MC structure and strength on the lateral
boundary condition, while the NBC is comparably robust.

3.3 Atlantic meridional overturning circulation

Due to the interoceanic exchange south of Africa, the AC
system plays a role in the global overturning circulation
(Gordon, 1986). Here, surface and intermediate waters are
transported from the Indian Ocean into the Atlantic (Bi-
astoch and Boning, 2013) and eventually become part of
the AMOC (Riihs et al., 2013; Biastoch et al., 2009b). On
decadal timescales, AMOC anomalies with origin in the AC

Geosci. Model Dev., 12, 3329-3355, 2019

system are reflected in the AMOC in the South and North At-
lantic (Biastoch et al., 2008a). On multi-decadal timescales,
Agulhas leakage impacts the Atlantic hydrography and heat
content (Biastoch et al., 2015; Liibbecke et al., 2015). A
proper representation of the AMOC is therefore crucial to
study not only the embedment of the AC system within the
global circulation but also the feedback on the North At-
lantic.

The simulated mean structure of the zonally integrated
meridional velocities is similar among all simulations
(Fig. 11), representing the expected structure: an upper cell
with northward transport above ~ 1000m depth, sinking
north of ~40° N, and southward flow from ~ 1000 m depth
down to ~ 3500 m depth, transporting North Atlantic Deep
Water — the North Atlantic Deep Water cell. Underneath,
Antarctic Bottom Water (AABW) invades the Atlantic basin
from the south, forming the deep AABW cell with north-
ward transport below ~ 4000 m depth. Both cells increase in
strength with increasing horizontal resolution of the model
configurations.

www.geosci-model-dev.net/12/3329/2019/
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Figure 10. Mean (2000-2009) NBC structure at 11° S from ORCAO5 (a), ORCA025 (b), INALT10x (c), INALT20 NS_RW (d), INALT10 (e)
and INALT20 FS_RW (f). Note that southwestward/negative velocities are shaded in white and northeastward/positive in grey; contoured are

intervals of 10cms™!.

With increased horizontal grid resolution on the global
scale, from ORCAOQ5 to ORCA025, and also from the host to
the respective nests, from ORCAOS5 to INALT10x and from
ORCAQ025 to INALT?20, the strength of the upper and lower
overturning cells increases. For INALT10, this relationship
holds only for the upper overturning cell, while the AABW
cell is slightly weaker represented than within ORCAOQS. Due
to the reduced southward extend of the high-resolution nest
in INALT1O this can be attributed to the missing effect of re-
solved transport of AABW across the subtropical front. The
same argument accounts for the strengthening of the lower
overturning cell comparing INALT10x and INALT?20, imply-
ing the need for resolutions beyond 1/10° to represent the im-
pact of the mesoscale on deep water formation in the South-
ern Ocean. Changing the lateral boundary condition in IN-
ALT20 from no slip to free slip shows a strengthening of
the deep AABW cell. Consequently, the stronger AABW
cell slightly lifts and, more importantly, dampens the up-
per overturning cell as suggested by Frajka-Williams et al.
(2011) from hydrographic observations at 24.5° N as well as
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from modelling studies (e.g. Swingedouw et al., 2009; Mar-
tin et al., 2015).

The model simulations all underestimate the observed
AMOC transport. In the South Atlantic, located at 34.5° S
(Ansorge et al., 2014), the South Atlantic MOC basin-
wide array (SAMBA, embedded in the South Atlantic MOC
(SAMOCQ) initiative; Garzoli et al., 2013) started to continu-
ously monitor the meridional overturning circulation in 2002.
Meinen et al. (2018) evaluate their measurements to a trans-
port of 14.7 Sv, highly energetic and with strong variations on
various timescales. The modelled transport ranges between
11.1 and 13.8 Sv, showing a strengthening with increasing
model resolution (Table 8). At 26.5° N, where observational
measurements derived from RAPID (Rayner et al., 2011;
Smeed et al., 2017) provide a reference value for the max-
imum overturning transport of 17.7 Sv for the period 2005 to
2009; the simulated transport is 3 to 4.5 Sv weaker, which is
a typical behaviour of models with limited horizontal resolu-
tion in the North Atlantic not being able to correctly resolve
the mesoscale and consequently the correct characteristic and
spreading of lower North Atlantic Deep Water from its for-
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Figure 11. Mean AMOC (in Sv) for the period 2005-2009 from the hindcast experiments within the different configurations: (a) ORCAOS,
(b) ORCAO025, (¢) INALT10x, INALT20 with no-slip (d) and free-slip (f) lateral boundary condition and (e) INALT10. The dashed lines
in panels (c) to (f) indicate the northern boundary of the nested regions. Contour intervals are 1 Sv for negative (grey shaded) and 2 Sv for

positive (white) transport.
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Figure 12. Time series of AMOC transport (in Sv) at 34.5°S (a) and 26.5° N (b) from ORCAO025 (black), INALT20 (blue), ORCAO05

(orange), INALT10 (red) and INALT10x (green)

mation region in the Nordic Seas through the Denmark Strait
into the subpolar North Atlantic (Behrens et al., 2013, 2017;
Boning et al., 2016).

The temporal evolution of the AMOC strength (Fig. 12)
shows an admittedly weak but stable AMOC with long-term
trends all well below +1Sv per decade. In the North At-
lantic, at 26.5° N, interannual correlations are above 0.86

Geosci. Model Dev., 12, 3329-3355, 2019

among the simulations in the different configurations, while
in the south, at 34.5°S, the correlations are between 0.4
and 0.7 except for ORCAO5 and INALT10 with a correla-
tion of 0.8 (see Table 9 for all correlation coefficients). The
high correlations in the north are an expression for the deter-
mination of the interannual variability by the applied forc-
ing, which is the same for all simulations. Here, none of
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Table 8. MOC transport at 34.5° S |26.5° N (in Sv) averaged over
the full integration period (1958 to 2009) and the respective stan-
dard deviations (SDs) on interannual timescales and for the period
2005-2009 compared to observations from Meinen et al. (2018) for
34.5°S and RAPID at 26.5° N (http://www.rapid.ac.uk/rapidmoc,
last access: 24 January 2018), respectively.

1958-2009 (mean + SD)  2005-2009
Observations 14.7117.7
ORCAO05 11.24+0.56|12.4£0.79 11.1]13.2
ORCAO025 129+£0.79|14.6 +0.56  12.8]13.9
INALT10 12.6 +0.63|14.0+£0.76  12.4|14.7
INALT10x 12.7£0.57|14.1£0.73 12.4|14.5
INALT20 NS_RW  13.84+0.61]14.9£0.70 13.8|14.2
INALT20 FS_RW 12.2]113.3
INALT20 FS_AW 12.1113.5
INALT20 FS_PW 12.2113.3

the nested configurations are represented at eddying resolu-
tion. Consequently, the particular nested configurations show
a good correlation with the corresponding un-nested config-
urations with the same horizontal resolution (INALT10(x)
and ORCAOQS5 as well as INALT20 and ORCAQ25). In the
south, the correlations among the model solutions are re-
duced due to the partly resolved mesoscale and the associated
non-linearities. This is highlighted by the difference in com-
paring INALT10 to ORCAOS5 and INALT20 to ORCAO025.
The nearly fully resolved mesoscale in INALT20 effectively
reduces the correlation (although still significant) to the so-
lution from the ORCAQ025 simulation, while INALT10 does
not resolve the mesoscale south of 50°S and thus is corre-
lated to the ORCAOS solution with a correlation coefficient
of 0.92.

3.4 The Agulhas Current and the Agulhas
Undercurrent

The AC has been observed in the early 2010s during the
Agulhas Current Time-Series Experiment (ACT) utilizing a
mooring array, starting between Port Alfred and East London
and oriented perpendicular to the coast (Beal et al., 2015) at
around 34° S. The resulting mean velocity structure across
the section (Fig. 13f) shows the southwestward-flowing AC
being marked by a surface-intensified, near-coastal current
with mean velocities up to roughly 1.5ms~!. The current’s
width is about 220 km. Below the AC, the AUC transports
waters northeastward along the continental slope (Beal and
Elipot, 2016; Beal et al., 2015).

All configurations simulate a surface-intensified AC with
a typical v-shaped pattern. The higher the resolution, the
more asymmetric the structure, leading to maximum veloc-
ities closer to the coast. The width of the current, as seen
in Fig. 13 or calculated according to Beal and Elipot (2016)
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Table 9. Correlations of AMOC time series at 34.5° | 26.5° N based
on annual averages. Significant correlations at 99 % confidence
level are given in bold.

ORCA025 INALT10 INALTI10x INALT20
ORCAO05 0.7510.61 092098 0.88]0.97 0.68]0.56
ORCAO025 0.7110.67 0.78(0.71  0.71|0.79
INALT10 0.8510.99 0.66]0.65
INALT10x 0.69 | 0.69

(see Table 10 for all values) is (except for ORCAQS) about
20-30km wider than in observations. Despite the broader
current structure, transport is slightly smaller due to weaker
surface velocities and the current shows a slightly shallower
depth expression. However, if calculated over a 5-year time-
frame and fixed reference frame (7}0x according to Beal and
Elipot, 2016), the eddy-rich configurations (INALT10(x) and
INALT20) simulate the transport within 5 %—10 % of the ob-
served value. The same is true for the representation of the
short-term variability provided by the 5d standard devia-
tions. Given this prominent short-term variability and inter-
annual fluctuations (see below), the small discrepancy be-
tween the eddy-rich configurations and observations is ex-
pected. This is also demonstrated by the fact that INALT10
and INALT10x, although simulated at same resolution and
parameters, show different transport values. There is no clear
resolution dependence of the transport. INALT60, however,
simulates a higher transport that is certainly not a represen-
tative value because of the limited averaging period and the
fact that the model is in a different regime compared to the
reference experiments (results are from years 8 to 10 in the
spin-up experiments; see also Fig. 14). This is supported by
the higher transport in INALT20 for the short period in the
spin-up experiment.

Natal Pulses, that episodically deflect the AC from the
coast, are simulated in all eddying configurations, which
leads to the strong variations of the AC. With respect to the
observational reference, one has to note that in the observed
years at the ACT array the occurrence of Natal Pulses has
been very irregular (four in 2010 and none in 2011 to 2013).
Based on SST imagery, for the period 2004 to 2011, 1.6 Natal
Pulses per year are found (Rouault and Penven, 2011), while
a longer time series covering the satellite period from 1993 to
2012 shows an increase of Natal Pulses per year from 1.3 be-
fore 2001 to 2.2 afterwards (Krug and Tournadre, 2012). The
eddy-rich reference configurations range between 1.2 and 1.6
Natal Pulses per year in the period 2005 to 2009, which were
defined as a deflection of the maximum velocity in the AC
by more than 2 standard deviations off-shore (following Bi-
astoch et al., 2018).

The representation of the AUC is clearly dependent on
the horizontal grid resolution. Compared to the observed
structure (Fig. 13f), the non-eddying simulation in ORCAOQ5
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Figure 13. Velocity section perpendicular to the ACT section at ~ 34° S for the simulations (a—e) averaged from 2005 to 2009 and for the
observations (f) averaged between 17 April 2010 and 19 February 2013. Southwestward/negative velocities (AC) are shaded in white and

northeastward/positive (AUC) in grey; contoured are intervals of 1 cms

(Fig. 13a) completely lacks an AUC, while the core of the
AC is further off-shore and weaker than the observed. It
also features the strongest off-shore recirculation. ORCA025
(Fig. 13b) is already able to simulate an, admittedly weak,
AUC and still shows this relatively weak and off-shore core
of the AC, although it is more surface confined. Increasing
the resolution leads to an increase in the strength of the un-
dercurrent along with a broadening of the AC. All calculated
transport values for the eddy-rich configurations are gener-
ally too low (by 40 %—50 %) compared to the observations
(Beal and Elipot, 2016). This is dependent on potential depth
restrictions of the calculation (full depth vs. below 1000 m),
e.g. to separate the undercurrent structure from the counter-
current appearing during the passing of Natal Pulses (Bias-
toch et al., 2009a). It has to be noted that simulated (full
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-1

inred, 5cm s~ !in black and 10cms™! in blue.

depth) transport values agree better with the 4.5 +5.2 Sv re-
ported by Beal (2009), although the latitude at which the
transport is calculated and the period taken into account dif-
fers between the modelled solutions and observations.

For both the AC and AUC structures, the lateral boundary
conditions have only limited impact (Fig. 14d). Although the
undercurrent in the free-slip experiment appears closer to the
continental slope, the transport does not show a significant
difference compared to the reference configuration. How-
ever, the influence of the ocean currents on the wind stress
calculation has a large impact (Fig. 14e and f). The southeast
trade winds in this region typically contribute an additional
Ekman component in the direction of the southward-flowing
surface current. The increase in AUC transport can be seen
as a direct consequence of the enhanced AC.

www.geosci-model-dev.net/12/3329/2019/
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Figure 14. As Fig. 13 but (a) INALT20 and (b) INALT60, averaged over years 8 to 10 (1987-1989) of the spin-up experiments and for the
sensitivity experiments in INALT20 averaged over the period 2000-2009 (c—f)

Except for ORCAQS, all configurations simulate a sub-
stantial interannual variability of the AC and AUC transport
(Fig. 15). Rather than a direct relation to the atmospheric
forcing, this is a result of the mesoscale variability and Na-
tal Pulses (non-linearity). Earlier simulations with 1/10° con-
figurations under climatological (repeated-year) surface forc-
ing also exhibit a similar degree of interannual variability in
comparison to their interannual-varying forced counterparts
(Biastoch et al., 2009b; Loveday et al., 2014). It is there-
fore expected that the individual configurations do not cor-
relate with each other nor are they correlated with the obser-
vations. However, all configurations experience a long-term
decline of the AC transport that was already reported by Bi-
astoch et al. (2009b). In contrast to sensitivity experiments
presented by Loveday et al. (2014), who show an increase in
the Agulhas Current transport in response to increasing trade

www.geosci-model-dev.net/12/3329/2019/

winds in the Indian Ocean and a symmetrical response, for
the tropical gyre circulation, no significant trend in the trade
winds in the Indian Ocean can be found in the used CORE
forcing. An evaluation of the declining AC trend will be per-
formed elsewhere.

The common wind forcing is also responsible for the sea-
sonal cycle (Fig. 15b), robustly exhibiting low values in aus-
tral winter and high values in austral summer in all configu-
rations and consistent with the observations (Krug and Tour-
nadre, 2012; Beal et al., 2015). For the AUC, both ampli-
tudes of short-term and interannual variability are larger than
the mean value, which is a result of Natal Pulses (Biastoch
et al., 2009a). In agreement with observations, none of the
configurations simulate a seasonal cycle of the AUC trans-
port (not shown).

Geosci. Model Dev., 12, 3329-3355, 2019
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Table 10. Mean (2005-2009) transport (in Sv) and standard deviations based on 5d averages at the ACT section, current widths (in km)
and number of Natal Pulses (NPs) per year in the corresponding period. Observational numbers are based on Beal and Elipot (2016). The
Agulhas Undercurrent transport is given as the full depth-integrated northeastward transport from the coast to 200 km off-shore and for the

water column below 1000 m.

AC (in Sv)  AC width (inkm)  AUC (in Sv) (full depth | below 1000m) NPs (year_l)
Observations 77 £31 219 10.74+9.8|8.6 6.7 1.3
ORCAO05 63.3+3.6 203 0.1£0.110 0
ORCAO025 61.3+22.1 246 42457132+43 0.4
INALT10 70.0£28.9 236 6.0+64|4.8+5.1 1.6
INALT10x 76.3+32.4 247 6.1£8.1|53+6.3 1.2
INALT20 NS_RW 76.3+£30.7 239 6.9+83|57+6.4 1.4
INALT20 FS_RW 73.6£23.8 237 6.6+6.2|57£5.0 14
INALT20 FS_AW 105.3 +89.1 205 17.4+£30.6|149+£23.5 2.2
INALT20 FS_PW 86.5£29.5 250 734+82]63+£6.5 1.4
INALT20 (1987-1989)* 86.3+32.6 234 6.2+8.1|52+6.5 2.0
INALT60 (1987-1989)* 80.8 +28.4 203 7.1+£10.3|5.6£7.7 0.3

* Years of the lower two rows refer to the spin-up periods.
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Figure 15. Agulhas Current transport time series (a) and annual cycle of transport anomalies (b) (in Sv). Agulhas Undercurrent transport (in
Sv) defined as the full depth-integrated (c) and below 1000 m depth (d) northeastward velocity across the ACT section between the coast and

200 km off-shore.

3.5 Agulhas leakage

The flow from the Indian Ocean to the Atlantic Ocean
through the Agulhas system is given by the Agulhas leak-
age. Due to high spatiotemporal variability, it is typically
calculated in a Lagrangian way (e.g. Biastoch et al., 2009b).
Virtual particles are released at a section across the AC at
32° S, continuously over 1 year and advected forward using
the 5d time-varying three-dimensional flow field over a to-
tal of 5 years. Each particle is tagged with an initial trans-
port that is kept constant during the integration. The trans-
port of the particles that cross the Good Hope line (yellow in

Geosci. Model Dev., 12, 3329-3355, 2019

Fig. 16) is summed up and referred to as Agulhas leakage;
those crossing the 35° E meridian are defined as the Agulhas
Return Current. This is done for every single year of each
model experiment, leading to annual time series of the AC,
the Agulhas Return Current and Agulhas leakage transport.
This method is a well-established methodology for ocean
models (Durgadoo et al., 2013; Biastoch et al., 2009b; Bi-
astoch et al., 2015), mimicking the sparse observations from
surface and intermediate depth floats (Richardson, 2007).

In contrast to the ACT section described above, the AC
here exhibits much more similarities across all experiments,
with only INALT10 being generally weaker. The reason for

www.geosci-model-dev.net/12/3329/2019/
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Figure 16. Lagrangian design (a) and transport time series (in Sv) of the Agulhas Current (b; transport across the magenta line in panel a),
Agulhas Return Current (¢, transport across the purple line in panel a) and leakage (d, transport across the yellow line in panel a) from the
Lagrangian experiments. The shading and contours in panel (a) are a snapshot of SSH as simulated in INALT20. The yellow and purple
trajectories indicate exemplary paths from the release to the sampling sections.

this behaviour is that at this latitude (32° S) the AC is more
stable and linear (Bryden et al., 2005). Further south at ACT,
a meandering of the current takes place, together with local
recirculations.

ORCAO025, INALT10x and INALT20 are subject to a com-
parable decline of the AC transport of around 1.8 Sv per
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decade, while the trend in ORCAOS is lower and in INALT10
it is slightly higher (Table 11).

Excluding ORCAO05, 60 % (ORCA025) to 70 % (INALT
configurations) of the initial AC transport retroflects and
flows back into the Indian Ocean, along the Agulhas Return
Current. ORCAOQS5 (and to a certain degree also ORCA025)
features a too-strong Agulhas leakage compared to the
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Table 11. Mean (1995-2005) transport (in Sv) and linear trends
from 1965 to 2000 (in Sv per decade) for the Agulhas Current (AC),
Agulhas Return Current (AR) and Agulhas leakage (AL) as simu-
lated in the Lagrangian experiments.

AC AR AL
ORCAO05 61.3|—-13 23.6/-23 355]1.1
ORCA025 60.8|—-1.7 37.0]-26 22.0] 1.1
INALT10 56.8| 2.1 39.0|-3.1 13912
INALT10x 57.0/-1.8 41.0]-3.1 12213
INALT20 60.3]—-1.9 42.0]-2.8 129]| 1.1

canonical number of 15 Sv in the upper 1000 m estimated by
Richardson (2007). This resolution dependence of Agulhas
leakage is well documented and a result of adequately rep-
resented mesoscale processes (e.g. Durgadoo et al., 2013).
The INALT configurations simulate an Agulhas leakage in
the range of 12 to 14 Sv and are thus slightly lower com-
pared to the observational estimate. Quite robust among all
model configurations is the upward trend of Agulhas leakage
between 1960s and 2000s, mainly a result of the strengthen-
ing of the Southern Hemisphere westerlies in the common
wind forcing (Durgadoo et al., 2013). The simulated trend
of 1.1-1.3 Sv per decade is in the range of the observation-
ally based index provided through east—west gradients of sea
surface temperature (Biastoch et al., 2015).

4 Conclusions

A series of nested global ocean model configurations, called
the INALT family, has been established with horizontal res-
olutions of 1/10, 1/20 and 1/60° in the South Atlantic and
western Indian oceans. It has been shown that already at
1/10° horizontal resolution it is possible to simulate the eddy-
generating instability processes in the source regions of the
Agulhas Current and in the greater Agulhas Current system.
An open question remains whether 1/10° is already sufficient
to represent the full range of mesoscale processes. Given the
decrease of the baroclinic Rossby radius towards higher lat-
itudes, it follows that at least 1/20°, probably even higher,
resolution is required to represent mesoscale processes in the
Southern Ocean.

The use of well-established global configurations as hosts
for the nested configurations provides an important pre-
requisite. The corresponding configurations, ORCAOS5 and
ORCAQ25, determine the embedment of the large-scale
transport such as the Atlantic meridional overturning circu-
lation, the supergyre and the Antarctic Circumpolar Current.
It is demonstrated that the temporal variability of these mea-
sures in the hosts of the nested configurations is correlated
with the respective un-nested configurations on interannual
to decadal timescales. Nevertheless, the mesoscale dynamics
in the nests also feed back to the global scale.
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The representation of mesoscale variability in the region
covered by the high-resolution nests improves with increas-
ing horizontal resolution. In midlatitudes, the configurations
at 1/10°, INALT10 and INALT10x, already capture most of
the observed variability, while at higher latitudes, INALT20
at 1/20° resolution shows a more realistically simulated vari-
ability, not only due to the high resolution in the nested re-
gion but also due to the eddying resolution on the host grid.

Resolving mesoscale processes leads to a more realistic
representation of the highly variable Agulhas Current sys-
tem. Upstream the Agulhas Current, the mean barotropic
transport through the Mozambique Channel is comparable to
observations in the un-nested configurations (ORCAOQ5 and
ORCAQ25) at the expense of non-existent mesoscale eddies.
The high-resolution nests properly simulate the mesoscale
variability, while the simulated transport is significantly
weaker. This points to an under-representation of the eddy
transport in the Mozambique Channel. Despite the offset in
the mean, all model configurations reproduce the observed
seasonal cycle in the transport through the Mozambique
Channel and are significantly correlated with observations at
monthly timescales.

The Agulhas Current transport itself increases with in-
creasing resolution up to 1/10°, while beyond it slightly de-
creases. The transport of Agulhas Undercurrent, located on
the continental slope below the Agulhas Current, further in-
creases through all model resolutions. Both currents become
more realistic in their mean transport and spatial structure
in the eddy-rich configurations. Due to the bathymetric im-
pact on the undercurrent, INALT60 shows an additional level
of improvement against INALT20. It was shown that trans-
port estimates and current structure realism not only depend
on resolution but obviously also on details of the numeri-
cal settings in terms of boundary conditions. Altering lat-
eral boundary conditions and the use of ocean currents in the
wind stress calculation leads to a large range in the simulated
transport. In addition, strong intrinsic variations lead to inter-
annual variations, preventing a proper comparison with the
limited observational estimates of the currents. However, on
longer timescales, the AC transport shows comparable trends
among the different configurations.

Downstream the Agulhas Current, where it separates into
the Agulhas Return Current flowing back into the Indian
Ocean and the Agulhas leakage that transports Indian Ocean
waters into the Atlantic Ocean, all eddy-active configurations
show a comparable behaviour. The majority of the transport
(60 % to 70 %) retroflects into the Indian Ocean, and only
a minor portion finds its way into the Atlantic at compara-
ble levels. The amount of Agulhas leakage simulated within
the eddying configurations resembles the estimate from the
sparse observations. Although the annual transport of the Ag-
ulhas Current, the Agulhas Return Current and the Agulhas
leakage is naturally decorrelated among the different con-
figurations because of the non-linearity involved, on longer
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timescales and as a result of the common forcing, they show
comparable trends.

In addition to the greater Agulhas Current system, the rep-
resentation of the western boundary currents in the South At-
lantic, the Malvinas and North Brazil currents shows a gen-
eral improvement with increasing model resolutions in struc-
ture and mean transport. The experiments also emphasize the
importance of mesoscale processes in the Atlantic sector of
the Southern Ocean on the representation of the Malvinas
Current.

The resulting Atlantic meridional overturning circulation
is robust concerning its structure among the different config-
urations with only the Antarctic Bottom Water cell showing a
pronounced dependency on the resolution in the Atlantic and
western Indian Ocean sectors of the Southern Ocean. The
Antarctic Bottom Water cell is stronger and vertically more
extended in INALT10x and INALT20 when compared to the
other configurations. The mean transport at the meridional
locations of the observational measurement sites SAMBA in
the South Atlantic and RAPID in the North Atlantic only
shows a slight increase with increasing resolution among the
eddying configurations, whereas ORCAOQS5 stands out with
significantly weaker transport. Nevertheless, the observed
mean transport at both locations is still underestimated. The
mean transport of the Atlantic meridional overturning cir-
culation consequently appears to be primarily dependent on
driving factors in the North Atlantic, while its interannual
variability is strongly forcing dependent.

Most of the mesoscale variability in the greater Agulhas
Current region and the South Atlantic is simulated compa-
rably at 1/10 and 1/20° resolution. The comparison between
INALT10 and INALT10x can be used to isolate and study the
Southern Ocean influence on the Agulhas dynamics. How-
ever, a weakness of ORCAOQS providing the host for the two
configurations at 1/10° remains: even in INALT10x, the vari-
ability entering the South Atlantic through the Drake Passage
is absent, in contrast to INALT20, where the host configu-
ration already simulates an eddying Antarctic Circumpolar
Current. Comparing the eddy-poor ORCAOS5 and eddy-rich
1/10° configurations enables to specifically investigate the
impact of resolving the mesoscale on a variety of physical
processes.

The INALT family provides a consistent set of ocean
model configurations. It allows to study a number of regional
aspects, such as the cold vs. warm water route on the upper
limb of the Atlantic meridional overturning circulation (Riihs
etal., 2019) or the spreading of water masses in the South At-
lantic (Tim et al., 2018). The range of resolution allows to ad-
dress the impact of the mesoscale on the mean flow as well as
mesoscale dynamics itself. INALT60 will be used to explore
the way towards submesoscale processes. The inclusion of
the Southern Ocean sector, by comparing INALT10x and IN-
ALT10, allows to isolate the impact of Southern Ocean dy-
namics on the greater Agulhas Current system. INALT10 and
INALT10x provide the oceanic basis for the coupling with an
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active atmosphere in the new Flexible Ocean Climate Infras-
tructure (FOCI; Matthes et al., 2019).

Code and data availability. Data  are  available at  https:
//data.geomar.de/thredds/catalog/open_access/schwarzkopf_et_al_
2019_gmd/catalog.html (last access: 10 July 2019; Schwarzkopf,
2019). The model simulations are based on NEMO version 3.6
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