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Abstract This study evaluates the capability of eddy-permitting regional ocean models to reproduce the
interocean exchange south of Africa. In this highly turbulent region, we show that the vertical structure of
the horizontal flows need to be appropriately resolved to realistically advect thermocline water masses into
the South Atlantic. Our results point out that a grid-spacing of 1/248 on the horizontal and 50 m on the
vertical homogeneously distributed are required to account for a correct transport of surface and subsurface
water masses properties and their in-route transformation by mixing. Preliminary Lagrangian analyses high-
light the primary role of the upper-ocean mesoscale eddies on water masses transport and fate, with a par-
ticular emphasis on Antarctic Intermediate Waters (AAIWs) dynamics and characteristics. We evaluate the
numerical results against observations (AVISO data and Argo floats profiles). Modeled and observed eddies
were examined in number, polarity, size, trajectory, and for their contribution to AAIW properties. A clear
asymmetry, in number and radius, emerges between cyclones and anticyclones. The high-resolution simula-
tion was the most energetic, with more abundant and smaller structures than those detected in AVISO.
However, eddy statistics compare reasonably well in terms of mean pathways when restricted to Agulhas
Rings, which are on average quasi-Gaussian in shape. Regionally, the Ertel potential vorticity anomaly is
marked at the surface by a temporal variability with winter intensification, directly reflected in the seasonal
cycle of the eddies number. Noting the growth of the baroclinic Rossby radius in winter, this suggests baro-
clinic processes as essential for these eddies generation.

1. Introduction

South of Africa is the open gateway for the global Meridional Overturning Circulation (MOC) that provides
the export channel for the North Atlantic Deep Water (NADW) to the global ocean and the counterbalanc-
ing water transport to the North Atlantic importing heat and salt from the Indian and Pacific Oceans (Gor-
don et al., 1992; Speich et al., 2007). This region is influenced by the largest levels of turbulence observed in
the world ocean, being the confluence area of intense large-scale currents: the eastward flowing Antarctic
Circumpolar Current (ACC), the South-Atlantic Current (SAC), and the Agulhas Current (AC), all later converg-
ing through the Cape Basin into the Benguela Current (Gordon et al., 1992, 2001).

The AC flows south and then westward around the southern-east rim of Africa, with an annual mean volume
flux to the sea bottom at 308E of 75 Sv (Bryden & Beal, 2001). South of Africa (158E–208E) the Agulhas waters
curl back to the Indian Ocean, forming the Agulhas Retroflection, whose significant role does not end with its
momentary loop into the southeast corner of the South Atlantic: there is considerable transfer of Indian Ocean
water into the upper kilometer of the Atlantic, often referred to as the Agulhas leakage (Lutjeharms, 2006).

Pioneering modeling studies have revealed the potential impact of this leakage on the strength and stabil-
ity of the Atlantic MOC (AMOC) (Biastoch et al., 2008; Weijer et al., 1999) and the global-scale oceanic circula-
tion associated to it. This impact is strongly dependent on how the characteristics (temperature, salinity,
and potential vorticity) of the various waters, leaking from the Indian Ocean to the Atlantic, mix and blend
in the Cape Basin through jets, meanders, eddies and filaments, determining the contribution of the leakage
in the broader scale MOC. There is mounting, scientific evidence that these local, mesoscale, and submeso-
scale interactions could actually constitute the major link between the South-Atlantic Ocean and the global
MOC (Biastoch et al., 2008). In particular, a highly energetic field of coexisting anticyclonic and cyclonic
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eddies has been documented: Agulhas Rings of typically 70–200 km diameter have been observed to
merge, split, deform, and to reconnect to the Agulhas Retroflection (Boebel et al., 2003). Concomitant,
slightly smaller cyclones seem to drift across the northwestward migration path of the Agulhas Rings (Boe-
bel et al., 2003; Chelton et al., 2011; Morrow et al., 2004). These cyclones, with typical diameters of 60–
120 km, are formed within the Cape Basin along the African shelf, inshore of the AC, and in the subantarctic
region south of Africa (Boebel et al., 2003). Oceanographers have for long time looked at this region as an
area where ‘‘. . .isolated Agulhas Rings embedded in a sluggish Benguela Drift. . ..’’ This concept has been
recently revisited by Boebel et al. (2003), who proposed to rename the Cape Basin as Cape Cauldron to indi-
cate the highly energetic field of coexisting anticyclonic and cyclonic eddies, which continuously interact
with each other, in a general environment of vigorous stirring and mixing. In addition, Matano and Beier
(2003) have suggested a subsurface intensification of both cyclones and anticyclones in this region, mean-
ing that their dynamical signature would be able to fluence also the thermohaline properties of water
masses at depth (Schmid et al., 2003).

The Cape Basin is actually so efficient in terms of mixing that Antarctic Intermediate Water (AAIW), inflowing
from the Indian and South-Atlantic oceans, gets locally modified in three regional varieties: Atlantic AAIW
(A-AAIW, characterized by S � 34.2), Indian AAIW (I-AAIW, S � 34.3), and Indo-Atlantic intermediate water
(IA-AAIW, 34.2< S< 34.3) (Rusciano et al., 2012). Modeling results associated to Lagrangian diagnostics con-
firmed that local dynamics generate an important mixing of remote AAIW varieties within the Cape Basin
(Rimaud et al., 2012). However, this numerical study, as well as any other focusing on this region, was per-
formed at a maximum horizontal grid-spacing of 1/128, that is at about 7.3 km, an insufficient resolution to
correctly reproduce the mesoscale dynamics (Levy et al., 2010). Indeed, the recent work of Soufflet et al.
(2016) showed that, in the case of the Regional Ocean Model System (ROMS) used here, the effective resolu-
tion is approximately equal to 7Dx (being Dx the horizontal grid point spacing of the model), since dynam-
ics of smaller lengthscales appear to be unsupported by the model simulations. This means that for
numerical simulations at 1/128, the effective horizontal resolution is closed to 50 km rather than 8. Given
that the local internal radius of deformation is about 30 km (Chelton et al., 1998), a model resolution 2 or 3
times higher than 1/128 is required to improve the reliability of the simulated mesoscale field, even if the
simulation of a realistic energy cascade and processes spectrum would require a much higher resolution to
resolve the submesoscale dynamics (Capet et al., 2008).

In this article, we focus on how the Indo-Atlantic interocean exchange and the Cape Basin dynamics
improve in a regional simulation by including smaller spatial scales, in order to better resolve the strongly
nonlinear processes and qualify their impact on the thermohaline structure of AAIW. Given that the Cape
Basin mesoscale eddies represent the principal means of transport of thermocline and intermediate waters
between the Indian and Atlantic ocean, our main scientific objectives will be: (1) to quantitatively assess
how much the representation of the local thermohaline distribution and energetics improves, at the surface
and in the subsurface, when increasing the model resolution, both vertically and horizontally; (2) to statisti-
cally characterize the modeled mesoscale field in comparison to altimetric gridded product; (3) to investi-
gate if a specific temporal variability distinguishes the regional mesoscale field; and (4) evaluate their
contribution to the advection of the AAIW T-S properties in our study region. Each of these questions will
be discussed in a dedicated subsection of this article.

In the following, we will first introduce, in section 2, the methods we have implemented for addressing our
study objectives, as well as the data set of in situ and satellite observations used in conjunction with our
model output. In section 3, we will first present an extensive comparison of the numerical simulations, in
terms of their skill in reproducing both the observed thermohaline properties and dynamics. We will then
describe the analyses of the mesoscale eddies sensitivity to changes in the model resolution, providing evi-
dence of a temporal-dependent behavior and assessing their impact on the water mass properties, mixing,
and transport. In the last section, we will summarize the results and draw the major conclusions of this study.

2. Data and Methods

2.1. The Ocean Model
The methodology chosen in this work was to run realistic numerical simulations of the ocean circulation
around Southern Africa, using the UCLA-IRD version of ROMS (http://www.romsagrif.org/), which is a free
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surface, primitive-equation ocean model. We refer to Shchepetkin and McWilliams (2005), for a detailed
description of the numerical model, even though it is worth mentioning here a few technical characteristics
that have important effects on the model capability of properly reproducing coastal dynamics. ROMS uses a
terrain-following vertical coordinate system that allows a more realistic representation of the local bathyme-
try, compared to z-levels models. This is a key factor when studying an oceanic region like the Cape Basin,
where the ocean topography has been shown to be very influential on the interocean exchanges (Speich
et al., 2006). The bathymetry (h) used in this model has been filtered in order to keep a slope parameter ‘‘r’’
(5 Dh/2h, ratio of the difference in depth to twice the depth) smaller than a given value (0.25 in our case).
This topographic filtering ensures the avoidance of eventual inconsistencies which could occur in the
approximation of the horizontal pressure gradient terms, when these are transformed in sigma-coordinates
(Shchepetkin & McWilliams, 2003). In addition, the ROMS grid is isotropic and does not introduce any asym-
metry in the horizontal dissipation of turbulence, allowing a fair representation of mesoscale dynamics
(Speich et al., 2006).

Our simulated domain extends from 108W to 348E and from 228S to 458S (Figure 1). The five simulations
under examination in this paper are listed in Table 1 and were designed using different horizontal and verti-
cal resolutions: from 1/128 to 1/248, against 32, 64, and 100 vertical levels, in order to increasingly better
resolve the baroclinic modes of the study region, not only in the horizontal but also along the water column
(Stewart et al., 2017). To better depict the characteristics of the local water masses at depth, we performed
changes in the model vertical stretching parameters, that control the distribution of sigma levels, in our last
three simulations (namely AGU_12_64_H, AGU_24_64_H, and AGU_24_100_H, dubbed with ‘‘H’’ for homo-
geneous). This allows the vertical levels to be more uniformly spaced, instead of being concentrated in the

Figure 1. The map shows geographical domain we used to implement the ROMS regional simulations. The color shading
displays the bottom topography (m) from the Etopo2 data set (Smith & Sandwell, 1997). The square represents the box in
the Cape Basin where several analysis were carried out.

Table 1
Table Summarizing the Technical Features of the Five Simulations Here Presented

Name of the
simulation

Horizontal
resolution

Sigma
levels Sigma levels distribution S RMSE r difference Q RMSE

1/12_32 1/128, �7.3 km 32 Surface-stretched 0.065 0.046 0.074
1/12_64 1/128, �7.3 km 64 Surface-stretched 0.064 0.038 0.062
1/12_64_H 1/248, �7.3 km 64 Homogeneously stretched 0.053 0.026 0.055
1/24_64_H 1/248, �3.6 km 64 Homogeneously stretched 0.037 0.021 0.048
1/24_100_H 1/248, �3.6 km 100 Homogeneously stretched 0.032 0.016 0.041

Note. The fifth and seventh columns show the RMSE values of the difference between each simulation and Argo data
in terms of the salinity distribution of Figure 3 and the Q estimate of Figure 4. The values of the sixth column represent
the difference in potential density (r) between its mean value at a given level and the following one for each run.
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upper layers (the default model configuration). Moreover, in the highest resolution simulation
(AGU24_100_H) we also made use of a recently introduced function optimizing the sigma levels, designed
to impose a more homogeneous distribution of these levels, in respect to its original definition (Lemarie
et al., 2012). This new function acts to smooth the tracer fields (T and S) and to filter out the slight, spurious
numerical noise that we experimented in our first four runs, due to the use of the advection scheme rotated
along the isopycnals (RSUP3) (Marchesiello et al., 2009). The choice of these numerical options in the vertical
distribution of the sigma levels, enabled us to gain a significant improvement in the representation of the
isopycnal interfaces within the water masses, as we will further discuss in section 3.

To easily compare the different configurations of Table 1, we used the following data sets and conditions to
create the mesh grid, the forcings at the open boundaries and the initial state:

Bathymetry (h) is derived from the ETOPO2 data set (Smith & Sandwell, 1997) and smoothed under the con-
straint that ‘‘r’’< 0.25 with the minimum depth represented at 10 m. At the surface, wind forcing, heat, and
freshwaters sources were extracted from the COADS climatology (Da Silva et al., 1994), in accordance with
our focus on the investigation of intrinsic, oceanic variability. At the lateral open boundaries, an active,
implicit, upstream biased radiation condition connected the model solution to the surrounding ocean (Mar-
chesiello et al., 2001). The ocean was set initially at rest, with temperature and salinity fields taken from the
World Ocean Atlas 2009 data set (WOA09) (Locarnini et al., 2010) at 18 of resolution.

All the simulations were run for 5 years and the steady state was statistically achieved after a spin-up period
of roughly 1 year, after which the surface-averaged kinetic energy approached a stable level and started to
exhibit fluctuations. At the end of this short spin-up, the volume integrated temperature and salinity did
not present any significant temporal drift.

In order to evaluate the effect of other background values, like the horizontal diffusion or the bottom drag
coefficient, as well as the topographically influent slope parameter ‘‘r,’’ several simulations were run at very
low resolution (1/48). This allowed us to test the sensitivity of the model to slight alterations in its initial
parameters and to subsequently address the choice of the best configuration to use for running higher res-
olution simulations. It will be on these latter runs that our presentation of results and discussion will focus
hereafter. The rest of this section will describe the observations data sets used to validate our numerical
configurations, the eddy detection and tracking algorithm used to assess the simulated mesoscale eddies
and the potential vorticity budget applied to investigate the mesoscale dynamics.

2.2. Observational Data Sets for Model Comparison
Twelve years of in situ observations (from the beginning of December 2000 to the end of December 2012)
from the Argo program—a global array of free-drifting profiling floats that measure temperature and salin-
ity within the upper 2,000 m of the ocean—were retrieved from the Coriolis Data Center (http://www.corio-
lis.eu.org: http://doi.org/10.17882/42182). For the comparison with the model reproduction of AAIW, we
used the gridded version of this data set as created by Rusciano et al. (2012), where data were grouped and
averaged in 18 longitude by 18 latitude boxes within the simulated domain. While, for the comparison of
the modeled h–S and available potential energy distributions at depth, the raw data of the profilers were
employed, using exclusively those in the delayed mode as their salinity has been adjusted by comparison
with other measurements. Only data with control quality flags 1 and 2, that refer to ‘‘good observation’’ and
‘‘probably good observation,’’ were kept.

We also took advantage of the daily gridded, altimetry data, produced by Ssalto/Duacs and distributed by
AVISO, with support from CNES, after being interpolated over a homogeneous 1/48 grid. These data were
used to validate the energy content of our simulations at the surface and compare the results of the eddy
detection of our model output with the same results from the AVISO product. The latter consists of 16 years
(from January 2000 to December 2015) of altimetric retrieved observations and represents a multimission
product, deriving from the combination of all satellite data available at one time (Jason-1, Envisat, GFO,
ERS-1, ERS-2, and Topex/Poseidon). We made use of the latest version of the AVISO Ssalto-Duacs altimetric
product (Duacs/AVISO, 2014).

2.3. Algorithm of Eddy Detection and Tracking
For localizing eddies at the surface and exploring the differences in shape, number, and size between the
five simulations, along with those in the characteristics of the intermediate waters trapped within these
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structures, we applied to our model outputs the detection and tracking methodology of Chaigneau et al.
(2008, 2011), further developed by Pegliasco et al. (2015). Their approach is similar to the one of Chelton
et al. (2011) for identifying and extracting eddies from the geophysical turbulent flow, since they are both
based on geometric criteria, in opposition to other methods based on physical properties. The original
method of Chaigneau et al. (2008) hinges on the search of the outermost closed contour of Sea Level
Anomaly (SLA) around extremes of AVISO Ssalto-Duacs Mapped SLA (Ducet et al., 2000; Pascual et al., 2006).
In the case of our simulations, we used a set of Sea Surface Height (SSH) maps, taken as daily snapshots
from the last 3 years of each of our simulations, in order to allow them to reach a full statistical adjustment.

The first step of the analysis consists in the detection of possible centers of cyclones (anticyclones) that are
associated with local minima (maxima) of SSH. The detection of the extrema is done separately for the min-
ima and maxima, with a moving window set to 18 3 18 width in this study. In a second step, extrema cen-
tered in 68 3 68 squares, where closed contours of SSH have been identified, are individually studied. The
outermost contours around minima (maxima), containing only one local extremum, are classified as the
outer limit of each eddy. This limit is used to define the eddy amplitude, which corresponds to the modulus
of the SSH difference between the center and the outermost contours. Identified extrema associated with
amplitude lower than 1 cm are rejected. This allows to prevent the separation of one large eddy into two or
more smaller features at one given time step.

Another particularity of this technique worth mentioning is that the detected contours of all the eddies are
stored and can be used later to define their trajectories. Some basic properties for each eddy are computed
such as their amplitude, area and equivalent radius for a circle. Beside the restriction applied on the eddies
amplitude, a temporal filter is used after the completion of the eddies tracking. The latter is based on the
superimposition of contours between 2 successive days and enables us to define trajectories of both cyclo-
nes and anticyclones. Here a minimum lifetime of 7 days is set for all trajectories, thus all the eddies which
last less than 7 days before a merging or after a splitting event are also removed. By these two criteria, we
avoid spurious detections and the remaining structures are classified as either cyclonic or anticyclonic. For
the latter, we have estimated some of their statistical properties (e.g., number, radius, shape, and trajectory)
and looked at the AAIW’s characteristics within the eddies crossing the Cape Basin.

2.4. Potential Vorticity
The Ertel Potential Vorticity (Ertel, 1942) has the following mathematical form:

EPV52
1
q
ðf 1xÞ @q

@z
2

@v
@z
@q
@x

� �
1

@u
@z
@q
@y
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where q is the potential density, f is the Coriolis parameter (f 5 2Xsin/), x is the vertical component of the
relative vorticity (@v/@x 2 @u/@y), @q=@z represents the stratification, which combined all together consti-
tute the vertical components of the Ertel PV, namely the sum of the relative vorticity (x) and the vortex
stretching (f * @q=@z) terms. The last two terms of the RHS are the sum of the horizontal components of the
Ertel PV in the x and y directions, where the terms of the zonal and meridional shear (@u/@z and @v/@z) are
multiplied by the lateral gradients of density (@q=@x and @q=@y).

Potential vorticity (PV) analyses provide essential information on mesoscale flows. Marchesiello et al. (2003)
showed that significant departures from the Sverdrup balance occur in the California Current System and
are mainly due to the effect of the PV vertical terms. In our area of interest, given the regional high level of
turbulence characterizing the Agulhas System, we expect the PV vertical terms to be important. Moreover,
PV analyses can help distinguish the origin of water masses within the Agulhas System (e.g., AAIW is charac-
terized by a relative PV maximum, Talley, 1996).

The Ertel PV (EPV hereafter) is adiabatically conserved along isopycnals in a Lagrangian sense, meaning that
it can only be changed by diabatic or frictional processes. The EPV is thus a useful tracer for the identifica-
tion of filaments, meanders, smaller vortices, and fronts and looking separately at each of its components
allows to better apprehend their scales and intensity. At large scale, these terms are quite negligible, if
taken separately, but at mesoscale or smaller scales, their magnitude becomes relevant, above all in pres-
ence of fronts. Since they are also related to the development of instabilities, quantifying their respective
intensity and spatiotemporal distribution could help shedding some light on these nonlinear processes.
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In the following section, we will describe the horizontal distributions of the vortex stretching (Q hereafter) and
the relative vorticity (x) terms, as means of further validating and discriminating our simulations; time series of
the EPV anomaly and its vertical components will be discussed in relation to eddies temporal trends.

3. Results

To evaluate the realism of our ROMS simulations and to qualify the impact of the mesoscale processes on the
regional dynamics, we have undertaken various comparisons with different data sets. Even though the focus of
our study is on the dynamics of intermediate waters, we have first validated our numerical simulations against
surface observations (satellite and in situ data); indeed, subsurface observations are still very sparse.

3.1. Surface Dynamics and Thermohaline Structure
As expected from previous high-resolution numerical studies (Capet et al., 2008; Molemaker et al., 2015;
Rosso et al., 2014), we observe a gradual improvement in the way our model reproduces the main features
and characteristics of the surface circulation, in terms of the T-S variables and modeled dynamics, as we
increase the vertical and horizontal resolutions (supporting information Figures S1 and S2). All the simula-
tions are able to capture the large-scale features of the greater Agulhas System. However, the two higher
resolution runs (at 1/248) exhibit surface temperature and height fields with closer agreement to the obser-
vations, capturing in particular the higher values shown in the observations over the Agulhas Plateau. Con-
cerning the alongshore Agulhas Current temperature, salinity, and energy inflow from the Indian Ocean
into the Southeast Atlantic, the lowest horizontal resolution simulations (AGU12_32, AGU12_64, and
AGU12_64_H) tend to overestimate the averages of the analyzed surface variables, especially in areas close
to the South-African west coast and around the Agulhas Retroflection.

Noteworthy are also the differences discernible between the numerical experiments having a homoge-
neous distribution of the vertical levels (AGU12_64_H, AGU24_64_H, and AGU24_100_H) with those charac-
terized by a higher vertical resolution in the upper layers (AGU12_32 and AGU12_64). The homogeneous
distribution of vertical levels increases the vertical resolution at depth. This induces a reduction in the dis-
crepancies between the model surface fields and the observational products, attenuating those warm
biases event at the lowest horizontal resolution. While this improvement is not major if only the number of
vertical levels is increased (e.g., AGU12_32 versus AGU12_64), as this increase concerns only the upper
200 m of the ocean, it indicates that the vertical resolution of the model is as important as the horizontal
one to reproduce more realistic surface dynamics and thermohaline distributions.

3.2. Water Masses Properties at Depth
Figure 2 shows the Potential Temperature-Salinity (h–S) diagrams for the whole domain and for waters at inter-
mediate and deep levels (i.e., h< 108C), where every dot represents the h–S values extracted at each grid point
of the model. The values are scattered in red color for the lowest resolution simulation (AGU12_32, Figure 2a)
and in cyan for the highest resolution one (AGU24_100_H, Figure 2b). The overlaid blue curves represent the
mean (continuous line) and standard deviation (dotted lines) values from Argo data.

These diagrams show the main water masses circulating, at depth, within the greater Agulhas Current System
and Cape Basin. The highest values of h and S correspond to the warmer and more saline waters inflowing from
the Indian Ocean; the center of the diagram is occupied by intermediate waters (AAIW of both Indian and Atlan-
tic origins, see Rusciano et al., 2012), while the lowest part of the plot indicates the presence of deep and bottom
waters (NADW, CDW, and modified AABW; these waters appear only in the model data as Argo profiles do not
exceed 2,000 dbar), characterized by higher values of S and lower h than AAIW.

The simulations with the lowest horizontal and vertical resolutions (AGU12_32, in Figures 2a, and
AGU12_64) show, for all the water masses, a wider h–S range than the higher resolution solutions and
observations. The simulation with increased vertical resolution in the subsurface and deep layers
(AGU12_64_H, not shown here) presents a behavior closer to observations than the two previous experi-
ments. In fact, the differences between AGU12_64 and AGU12_64_H are larger compared to that between
AGU12_32 and AGU12_64, which almost completely overlap (not shown). The latter are more diffusive,
leading to values of h and S very different from those measured by Argo or found in the higher vertical reso-
lution simulations. In particular, their salinity minimum, intersecting the 27.05 isopycnal, is of �33.7 psu.
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These values differ from the regional observed AAIW minimum of salinity (around 34.3 psu) and from the
typical range of potential density anomaly (27.2–27.6 kg/m3) of Argo data. The water masses properties in
the whole set of simulations with homogeneous vertical levels distribution are better preserved, even
though a discrepancy persists between the thermohaline distributions of these numerical experiments and
the one from Argo, especially at the level of the central waters (Figure 2b). This shift in h–S is probably to
ascribe to the lack of more realistic, synoptic forcings at the lateral and surface boundaries of our simula-
tions. However, since the focus of our study is on the full range of water masses accomplishing the Indo-
Atlantic exchange, and particularly on AAIW, we can affirm that a reasonable agreement between water
masses properties in AGU24_100_H and in observations has been achieved for these layers. Such a model-
ing improvement is confirmed by the estimation of the root-mean-squared error (RMSE) of the difference in
mean salinity between each simulation output and Argo, whose value slowly reduces from AGU12_32 to
AGU24_100_H (see fifth column of Table 1).

By augmenting the number of sigma levels and by homogenizing their vertical distribution, also the difference
in potential density between its mean value at a given level and the following one substantially decreases from
the lowest to the highest resolution simulation (see sixth column of Table 1). Thus, a higher vertical resolution
at the subsurface and in the deep ocean better reproduces the vertical thermohaline structure of the water col-
umn. This is true for the simulation at the lowest horizontal resolution (AGU12_64_H) and it is even more
remarkable at higher, horizontal and vertical resolutions (AGU24_64_H and AGU24_100_H). Both aspects are
therefore essential for a correct representation of thermocline water masses, and, in particular of AAIW.

3.3. Agulhas Leakage and Related AAIW Characteristics
To acquire a more quantitative insight on the model capability of capturing the AAIW characteristics and
dynamics, we carried out various analyses along the 27.2 isopycnal. The latter constitutes the typical poten-
tial density surface for this water mass in the Southwest Indian and Southeast Atlantic oceans (Piola & Gor-
don, 1989; Reid, 1989; Talley, 1996).

Figure 4 displays the linear vortex stretching term (Q) in the EPV (first term on the RHS of equation (1)), com-
puted from Argo data (Figure 3a) and estimated averaging daily means over the last 3 years of each simula-
tion (Figures 3b–3f). The Argo climatology shows the already documented regional pattern for the AAIW Q:
a maximum characterizing the Agulhas Current system and a high-Q tongue originating from the Agulhas
Retroflection and progressing northwestward across the Cape Basin, after undergoing a sharp transition
due to the local intense mixing of I-AAIW with A-AAIW (Rusciano et al., 2012; Talley, 1996). Only the

Figure 2. The h–S distribution for (a) the lowest resolution simulation (AGU12_32) and for (b) the highest resolution simulation
(AGU24_100_H) for the whole domain. In both diagrams, are also presented the h–S mean and standard deviation (in blue,
continuous and dotted lines) from Argo data for subsurface and deep waters (defined as those having a value of h< 108C).
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simulations at 1/248 (Figures 3e and 3f) correctly represent such a behavior, while the lower resolution simu-
lations (AGU12_32 and AGU_12_64, Figures 3b and 3c) do not show a contrast in Q between the two
oceans nor a maximum for the Agulhas Current system AAIW. The transition in Q starts to appear in
AGU12_64_H (Figure 3d) and it gains in realism in AGU24_64_H and AGU24_100_H. This improvement with
resolution has been quantified through the RMSE of the difference in Q between the model estimates and
Argo for each run (see seventh column of Table 1).

These results emphasize the model capability at the highest resolutions to correctly reproduce the regional
stratification of AAIW, as well as their advection and mixing. In this regard, a sufficient vertical resolution at
depth is mandatory to resolve the nonlinear dynamics of the Agulhas Retroflection and leakage. The more
viscous dynamical behavior of the lowest resolution simulations and their vertical inadequacy to realistically
depict the water masses characteristics lead to the incorrect representation, transport and mixing of T-S
properties between the Indian and the Atlantic water masses. In fact, an appropriate increase of the vertical
resolution complements the resolution capabilities of the horizontal grid (Stewart et al., 2017). Barnier et al.
(1991) have indeed demonstrated that models at coarse vertical resolutions fail to reproduce baroclinic
modes higher than the first two; albeit these high modes have low kinetic energy content, they play a cata-
lytic role in the eddy-driven circulation. In the next, we will thus analyze the effects of our model resolutions
on the simulated mesoscale dynamics.

3.4. Energy Content of the Mesoscale Eddy Field
Here we focus on eddy energy budgets to quantitatively assess the way in which our simulations picture
the regional mesoscale processes, as they play a leading role in regulating the Indo-Atlantic exchange. The
eddy kinetic energy (EKE) filed has been widely observed with the global coverage of satellite altimetry
measurements and we use the root-mean-square (RMS) of the AVISO SSH as a proxy of its surface distribu-
tion. Figure 4 displays the time-mean value of EKE from satellite data (Figure 4a) and from our five simula-
tions (Figures 4b–4f), computed by subtracting to its value at each grid point the spatiotemporal average

Figure 3. The average of the linear vortex stretching term (Q, [m21 s21 3 10211]) extracted along the 27.2 isopycnal for (a) the Argo climatology and (b–f) the dif-
ferent model configurations. Black contours represent the 25,000, 24,000, 23,000, 22,000, 21,000, 2500, 2200, 2100 m isobaths from the Etopo2 data set
(Smith & Sandwell, 1997).
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over the whole domain. Both, AVISO and the modeled distributions of SSH RMS show low values
(about 0.05–0.1 m) offshore and along the northwestern coast of southern Africa, and high values (0.15–
0.3 m) at the Agulhas Retroflection and in the southern Cape Basin (roughly west of 108E). This corresponds
to the intense mesoscale activity driven by Agulhas eddies shed by the Agulhas Current system and found
along the South-African continental slope and in the Cape Basin. While the spatial pattern of the modeled
EKE agrees well with AVISO, its magnitude is generally higher than the one observed. This bias is greatest
near the Agulhas Retroflection and along the shelf downstream; it could be ascribed, on one hand, to the
satellites inability to capture nearshore dynamics and to its coarse resolution, preventing the observation of
the smallest mesoscale structures. On the other hand, the model bias in EKE could be due to its tendency to
overestimate the Agulhas leakage, causing an enhanced horizontal gradient of density structure between
the shelf and offshore, and increasing local instabilities near the shelf-edge (Rubio et al., 2009).

The high degree of turbulence in all the simulations extends from the surface down to intermediate layers.
Indeed, most eddies have a deep, dynamical influence in the ocean interior. Therefore, changes in their surface
structure have been observed to regionally affect also the energetics and thermohaline properties of waters at
intermediate depths (Schmid et al., 2003). The snapshots of the vertical component of relative vorticity (x), com-
puted along the 27.2 isopycnal, reveal the scales that spontaneously develop at the AAIW level (supporting infor-
mation Figure S3). Every simulation shows the main features of the regional turbulence and its characteristic
scales: mesoscale eddies of both signs, meanders and filaments form in all runs, spatially concentrating around
the Agulhas Retroflection area, in the Cape Basin and along the main topographic features of the central and
south-western parts of the domain. Even though all the simulations show similar patterns of x, their spatial
scales decrease, they become more localized and finer structures are more recurrent, as the model resolution
increases both horizontally and vertically. This clearly appears also in Figure 4.

To gain understanding on the level of simulated eddy energy in comparison with observations, we have quanti-
fied the Eddy Available Potential Energy (EAPE52

g
2q0

f0q0 , where f0 is the isopycnal displacement and q0 is the
associated density anomaly) (Roullet et al., 2014) along the 27.2 isopycnal. Here we have slightly modified the
EAPE formulation from the original version of Roullet et al. (2014) by replacing the virtual density with potential

Figure 4. The root-mean-square of the mean Sea Surface Height (m) for (a) the AVISO satellite altimetry gridded product and (b-f) for the model simulations. The
bottom topography is shown by the black lines tracing the 25,000, 24,000, 23,000, 22,000, 21,000, 2500, 2200, 2100 m isobaths from the Etopo2 data set
(Smith & Sandwell, 1997).
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density and including more recent Argo vertical profiles (up to July 2015). EAPE can be considered a proxy of
the turbulent state of the ocean interior since its variations are due to the vertical displacement and tilting of
the isopycnals (Roullet et al., 2014). The EAPE distribution and magnitude are comparable to those of EKE as, in
the quasi-geostrophic framework, an equivalence between EAPE and EKE stems from the hypothesis of 3-D isot-
ropy of developed turbulence (comparable magnitudes of x and Q) (Roullet et al., 2014). Hence, EAPE can be
usefully computed in models and compared to observations in order to validate the energy content of the
ocean also at depth, complementing the surface information provided by EKE estimates.

In Figure 5 are presented the 27.2 isopycnal EAPE distributions for (a) the highest resolution simulation
(AGU24_100_H), and (b) for Argo data. The modeled EAPE distribution compares relatively well with Argo
estimate at the AAIW level, particularly within the region of the Cape Basin (box 1 of Figure 5) and less so
east of the Retroflection (box 2 of Figure 5). This difference could be partly due to the absence of synoptic
variability in the model boundary conditions (at the surface and lateral boundaries). It could also be
explained by the position of the easternmost boundary of the domain, likely positioned too close to the Ret-
roflection area to correctly reproduce the energetics and dynamics of the AC System that depend on the
Agulhas upstream mesoscale dynamics (Biastoch et al., 2008). Instead, west of the Retroflection, within the
Agulhas rings corridor, the modeled EAPE values and shape better agree with observations, allowing us to
validate the energy content of this simulation also at depth and to gather a more quantitative knowledge
on the turbulence level characterizing the Cape Basin intermediate layers.

3.5. Mesoscale Eddies Statistics
This subsection aims to statistically describe the geometrical and dynamical characteristics of the simulated
eddies. In order to do so, we implemented in our different simulations the eddy-detection algorithm of
Pegliasco et al. (2015). This enabled us to estimate the number, sign, size, amplitude, and mean trajectory of
all the simulated mesoscale eddies and to compare them to the equivalent estimates from altimetry. It is
nowadays known that due to the limited resolution and coarse interpolation processing of the satellite
products, these observations are only able to capture the largest mesoscale structures. In fact, as recently
shown by Keating and Smith (2015), existing satellite altimetry products struggle to resolve scales within
the 10–50 km range and below. Therefore, in order to make our eddy-detection results as comparable as
possible to the ones derived from AVISO, we have filtered out all the modeled mesoscale structures whose
radius was equal or smaller than 30 km.

Figures 6a–6d show the mean number and radius of the detected anticyclones and cyclones in our simula-
tions after the filtering process (see supporting information Figure S4 for the nonfiltered results), along with
the ones from AVISO. Here the normal probability density functions (PDFs) have been fitted to their distribu-
tions, which do not substantially differ from the nonfiltered version of these results in terms of simulations
intercomparison. The number of detected cyclones is always slightly higher than that of anticyclones (in a

Figure 5. (a) Distributions of the mean Eddy Available Potential Energy (in cm2 s22) along the 27.2 isopycnal from (a) the
highest resolutions simulation and (b) from Argo data. The black boxes (1 and 2) represent particular areas discussed in
the text.
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ratio of 3/2, Figures 6a and 6b) for all the simulations, as originally proposed by Boebel et al. (2003) from
quasi-Lagrangian observations achieved with deep floats south of Africa. This asymmetry in the eddies
number is also suggested from numerical studies of geophysical turbulence in idealized frameworks (Roul-
let & Klein, 2010). The mean radius is usually larger for the anticyclones than for the cyclones (�75 versus
65 km, Figures 6c and 6d), as observed in geophysical stratified flows (Lapeyre & Klein, 2006) and for the
region of study (Boebel et al., 2003; Richardson & Garzoli, 2003).

Looking at the differences between the unfiltered distributions of the various simulations (supporting infor-
mation Figure S4), those at the highest resolutions (AGU24_64_H and AGU24_100_H) show the most boun-
tiful presence of eddies, reaching a mean value of 110 for cyclones and 90 for anticyclones, versus mean
values of, respectively, 90 and 70 identified in the 1/128 runs. The situation is reversed in terms of their
mean radius: smaller values are found for the highest resolution simulations (�50 km) than for the lowest
resolution counterparts (�60 km).

Once filtered, the results of our highest resolution simulations (AGU24_64_H and AGU24_100_H) agree par-
ticularly well with those from altimetry, in terms of the number of both anticyclones and cyclones (Figures 6a
and 6b). It is less so for their mean radius (Figures 6c and 6d), as the mesoscale eddies captured in AVISO are
slightly larger than those of our 1/248 simulations and are closer to the ones at lower resolution. We believe
that this is due to the fact that at finer resolutions eddy baroclinic modes higher than the first two (baro-
tropic and first baroclinic), when properly resolved (as in our 1/248 simulations), enrich the scales and ener-
getics of the first two modes, increasing the presence of smaller structures (Barnier et al., 1991). Another
possible explanation would be that when fine horizontal scales are resolved, they can interact among each
other and lead to the formation of additional mesoscale structures (Barbosa Aguiar et al., 2013). This phe-
nomenon is obviously missing if these scales are not captured by a limited resolution of the model.

The discrepancy between the number of eddies detected in the nonfiltered distribution of our highest reso-
lution simulation (AGU24_100_H, supporting information Figure S4) and AVISO is evident also in Figure 7,

Figure 6. Probability density functions fitted to the time series of the number of (a) anticyclones and (b) cyclones and the
mean radius of (c) anticyclones and (d) cyclones detected in each of the five numerical simulations (colored lines) and
from AVISO data (black line). Here the modeled eddies whose radius was equal or smaller than 30 km have been filtered
out, in order to make them more comparable to the AVISO resolution.
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showing the estimates of the mean pathways followed by Agulhas Rings in the Cape Basin from
AGU24_100_H and AVISO. Rings are defined in this analysis as anticyclones initially detected in the South-
west Indian sector within a trapezoidal area extending between 128E–348E and 348S–448S. Here the number
of anticyclonic trajectories that are formed or disappear in each grid cell of the model are computed taking
into account that a new trajectory starts when a new eddy appears or when an eddy splits into two or more
smaller eddies and similarly a trejectory ends when an eddy disappear from the SSH field or when two
eddies merge. The colored cloud of AGU24_100_H in Figure 7, representing the mean percentage of rings
per grid-box along their trajectories, is slightly shifted north-westward compared to the AVISO envelope
represented with a black contour.

This difference in the directions of Agulhas Rings mean path could be explained by: (1) smaller or more
intense simulated rings than those detected in AVISO, and thus anticyclones less sensitive to the b-effect;
(2) a (westward) shift in the position of the simulated Agulhas Retroflection, where the process of rings
shedding is known to take place; (3) an enhancement in the intensity or a more northward location of the
simulated subtropical gyre than in observations, leading to an advection of more rings northward; (4) a dis-
crepancy either in the vertical size of the rings or in their intensity at depth, resulting in a different bathy-
metric deflection. In this study, the first condition was verified: the anticyclones surface signature in EKE
was shown to be higher than what observed in the altimetric product (Figure 5) and their radius is aver-
agely smaller than the rings detected in AVISO (Figure 7c). The second condition was also partially verified
by running some sensitivity tests (not shown), where the eastern boundary of our simulated domain was
placed slightly more westward than presently (308E instead of 348E), inducing a substantial reduction in the
mean EKE content of the test runs. We expect that placing this boundary even further east then 348E,
although highly augmenting the computational costs of the run, would allow us to reproduce a more realis-
tic Agulhas Retroflection. An even larger domain and a longer simulation would be required to test the third
condition on the subtropical gyre position and intensity, whereas a three-dimensional reconstruction of the
eddies from AVISO would be necessary to investigate the fourth condition.

In general, the displacement of coherent mesoscale structures in the ocean is attributed, in addition to the
influence of the b-effect and of topography, also to the influences of neighboring currents and to the inter-
actions with other eddies, which account for the loops and cusps in their trajectories (Carton, 2001). Since

Figure 7. The mean presence of Agulhas Rings, as detected in AGU24_100_H, in color shading and expressed with a logarith-
mic decimal scale. The thick, black line delimit the same estimate from AVISO. The underneath black contours are for the
25,000, 24,000, 23,000, 22,000, 21,000, 2500, 2200, 2100 m isobaths from the Etopo2 data set (Smith & Sandwell, 1997).
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the Cape Basin is characterized by the coexistence of cyclonic and anticyclonic vortices, generated in prox-
imity of the continental slope and at the Agulhas Retroflection, eddy merging and splitting events, as well
as absorption and detachment from the main current, are expected to highly impact the Agulhas rings tra-
jectories and also their geometry. Therefore, we statistically examined their two-dimensional structure, by
tracing their mean amplitude, normalized by their mean number, against their normalized radius. Figure
8 shows that the anticyclones mean profile (given by the mean SSH eddy amplitude versus the eddy radius)
in AGU24_100_H has a quasi-Gaussian shape, in line with previous results on global scale (Chelton et al.,
2011). Since investigating the relation between the eddy horizontal geometry and the different mechanisms
of eddy deformation goes beyond the scopes of this paper, in the following we will only examine the tem-
poral variability of the simulated eddies and its driving factors.

3.6. Temporal Variability of the Mesoscale Dynamics
The monthly time series of the number of eddies detected in each numerical experiment (not shown here),
from which we computed the eddy-PDF distributions of Figure 6, disclose a temporal-dependent behavior.
In particular, these time series are characterized by a strong seasonal cycle, more pronounced for the higher
resolutions simulations (AGU24_64_H and AGU24_100_H).

This seasonality could be further investigated through the analysis of a longer simulation in order to test its
statistical significance over a more extended time series. However, in order to ascertain this seasonal vari-
ability with observations, we plotted the mean monthly time series of the number of eddies detected from
AVISO and for our highest resolution simulation (Figure 9) and we undertook preliminary analyses to investi-
gate possible processes responsible of such variations. We observe that in both time series the seasonal
cycle is distinguishable (Figures 9a and 9b); it is particularly marked in the model distribution, where the
winter maximum (July–September) clearly appears for eddies of both polarities. This temporal variability
was further explored, performing a discrete Fourier transform on these two time series (Figures 9c and 9d);
it suggests that an annual cycle is dominant for both observed and modeled eddies.

Multiple factors could be responsible of this time-dependence of the mesoscale field. Among these are the
variability of the atmospheric forcing, the seasonality of the regional upwelling or the local influence of
intermittent Natal Pulses (de Ruijter et al., 1999; Schouten et al., 2003; van Leeuwen & de Ruijter, 2000).
Given that the surface forcings and boundary conditions of our simulations are based on interannual,
smoothed climatologies, our simulations do not allow us to explore these factors. But, we can analyze three
oceanic metrics that relate mesoscale eddies to their generation processes: the EPV (Marchesiello et al.,
2003; Peliz et al., 2014); the first baroclinic Rossby radius of deformation (computed along the pycnocline,
as in Chelton et al., 1998), relating the eddies size and temporal distribution to their formation mechanism

Figure 8. Mean profile of the anticyclones detected in AGU24_100_H, plotted as their mean amplitude, normalized by
their mean number, against their normalized radius.
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(Chelton et al., 2011; Smith, 2007); and the mixed-layer depth (MLD, calculated as the depth where the den-
sity difference with respect to the surface is equivalent to a 0.03 density change), whose seasonality, in rela-
tion to that of eddy dynamics, has been recently explained as linked to meso-submesoscale interactions
(Brannigan, 2016; Callies et al., 2015).

In this framework, we will consider the EPV anomaly (EPVA), quantifying the EPV difference with the back-
ground ocean, and its vertical components (i.e., the first RHS term of equation (1)). These terms, as well as
the Rossby radius and the MLD, are averaged over the geographical domain during the last year of each
simulation (year 5). The results are presented for AGU12_64 and AGU24_100_H. Figure 10a shows the time
series of the EPVA, obtained by subtracting from each instantaneous value of EPV the interannual mean
over the last 3 years of integration (this was the period we used for the eddy detection in our simulations).
Figure 10b displays the EPV vertical components (i.e., the relative vorticity and the vortex stretching terms).
The EPVA for the highest resolution simulation (AGU24_100_H, black continuous line in Figure 10a) is char-
acterized by a marked seasonality, in which negative and positive values alternate, reaching a maximum
during the austral winter. This maximum corresponds to those of the vortex stretching and relative vorticity
terms (respectively, blue and red continuous lines in Figure 10b). The vortex stretching is directly linked to
the stratification, which is indeed higher in summer as a consequence of the seasonal warming, and
declines in winter by cooling and under the action of stronger winds. These conditions favor higher values
in the temporal distribution of relative vorticity (red, continuous line in Figure 10b) in winter, when more
ageostrophic, turbulent dynamics are at play, increasing the seasonal values of the EPV anomaly.

A clear seasonality is also distinguishable in the time series of the first baroclinic Rossby radius of deforma-
tion and in that of the MLD (Figure 10c) for both model resolutions (AGU12_64 and AGU24_100_H, respec-
tively, dashed and continuous lines in Figure 10c). Because the first Rossby radius is associated to the
fastest growing mode for the baroclinic instability (Rhines, 1975), its winter maximum corresponds to a sea-
sonal peak in the time series of the mean eddy radius. We can retrieve these winter peaks in the 3 years
time series of the mean radius of both cyclones and anticyclones (not shown here). These peaks are well

Figure 9. Seasonal time series of the mean number of anticyclones (red) and cyclones (blue) for (a) AVISO and (b) AGU24_100_H. Single-Sided Amplitude Spec-
trum from the discrete Fourier transform of these distributions for (c) AVISO and (d) AGU24_100_H.
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marked in the higher resolution simulations (AGU24_64_H and AGU24_100_H); this confirms the relation-
ship existing between the eddy size and the local Rossby radius of deformation, suggested by several stud-
ies (Aubert et al., 2012; Carton, 2001; McWilliams, 1991). Indeed, upper-ocean eddies often form from the
development of baroclinic instability, essentially projecting on the barotropic and on the first baroclinic
modes. Consequently, their size is close to the first baroclinic Rossby radius of deformation. A winter
increase of the eddies mean radius also occurs in the lower resolution simulations (not shown), correspond-
ing to the winter peak of the Rossby radius of deformation (dashed line in Figure 10c, displaying these val-
ues for AGU12_64).

On the other hand, the time series of the EPV anomaly for AGU12_64 (black, dashed line in Figure 10a),
does not show a well-defined seasonal cycle, in relation with limited seasonal variation of the vortex

Figure 10. Time series of the surface spatially averaged (a) Ertel PV anomaly, (b) its vertical components, (c) Rossby radius and mixed-layer depth, for AGU12_64
(dashed lines) and AGU24_100_H (continuous lines).
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stretching term (blue, dashed line in Figure 10b). This suggests that the lower resolution simulations (at 1/
128) are not able to correctly reproduce the seasonal cycle of baroclinic instabilities. Indeed, while they cap-
ture the seasonal evolution of relative vorticity (red, dashed line in Figure 10b), driven by the largest meso-
scale structures, they cannot recover the variability in the vortex stretching, highly affected by finer scales
dynamics (Brannigan, 2016; Callies et al., 2015; Capuano et al., 2018).

To conclude this subsection on eddy seasonality, we estimate its impact on thermohaline fluxes, computing
the diffusion coefficients of temperature and salinity, Kv_T and Kv_S, defined as in Joyce (1977):

<w0T0> 5 Kv T
@�T
@z
;

<w0S0> 5 Kv S
@�S
@z
;

where w is the vertical velocity; brackets and prime, respectively, denote a time average and fluctuations
relative to it, and the bar represents a spatiotemporal mean.

The strongest heat and salt fluxes coincide with the presence of eddies of both polarities, with a clear sea-
sonality. Their summer distribution (not shown here) is characterized by enhanced values of these fluxes in
correspondence of the largest mesoscale structures, while in winter we observe an abundance of finer
scales, locally leading to higher values for both diffusion coefficients. To better quantify this seasonality we
computed the horizontal spectra of the diffusivities (Figure 11) at the surface and along the 27.2 isopycnal
in the Cape Basin box of Figure 1, during summer and winter. At the surface, the seasonal contrast is very
pronounced at small scales, which present similar values of diffusivity as the larger scales. Instead, at depth,
the seasonal difference does not seem to depend on the horizontal scales; also here we observe a winter
increase in the values of diffusivities. These processes have been investigated in more detail in Capuano
et al. (2018) where it has been suggested that submesoscale instabilities of the mesoscale field play a role
on the vertical thermohaline structure of the local water masses. Such processes are partially represented
by AGU24_100_H.

Figure 11. Horizontal spectra of the diffusion coefficients of temperature and salinity, computed for AGU24_100_H at the
surface (continuous lines) and at intermediate depth (dashed lines) in summer and winter.
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3.7. Eddies Signature on AAIW Advection
Since this work is centered on the impact of the mesoscale dynamics on the Indo-Atlantic exchange and
regional mixing of AAIW, we focus here on the properties of water masses advected in the Cape Basin by
the simulated mesoscale features. To assess subsurface water mass properties within the eddies, we have
estimated the h–S diagram corresponding to the center of every eddy detected in each simulation within
the Cape Basin box lying on the principal route of the Agulhas leakage (box drawn in Figure 1). All these h–
S profiles are shown for every simulation for anticyclones in Figure 12a, and for cyclones in Figure 12b.

These diagrams illustrate how the vertical thermohaline properties in the AAIW layer of the eddies change
with the model resolutions. At lower vertical and horizontal resolutions, the eddy-core AAIW h-S properties
diverge from those of Argo profiles (light green dots in Figures 12c and 12d). AAIW as measured by Argo
floats is fresher than that advected within the simulated eddies, with the exception of the highest resolution
simulation (AGU24_100_H) that well compares with the observations (light blue dots in Figures 11a and
11b, and red and blue dots in Figures 12c and 12d). Thus, advection and mixing of water masses in the
Cape Basin, and in particular within the AAIW layer, are represented in models with a horizontal resolution
of 1/248 and a vertical resolution of about 50 m or higher.

However, despite the differences in AAIW properties within the core of eddies among the various simulations
and in comparison to Argo data, it appears that these properties are, in the Cape Basin, relatively homogeneous.
Both cyclones and anticyclones show indeed salinities values in the AAIW layer ranging from 34.25 and 34.4 psu
(in the AGU24_100_H simulation) in accordance with the Argo sampled properties and with historical hydro-
graphic cruises (Arhan et al., 2012; Giulivi & Gordon, 2006; Richardson & Garzoli, 2003). This implies that both
types of eddies are involved in the advection of the same AAIW varieties, namely the Indian (I-AAIW: S � 34.3)
and the Indo-Atlantic (IA-AAIW: 34.2< S< 34.3) ones (Rusciano et al., 2012). This is also in agreement with the
findings of Arhan et al. (2011) from in situ observations of an Agulhas Ring and an Agulhas Bank cyclone in the
southern Cape Basin, along the GoodHope line. Thus, in line with the results of Rimaud et al. (2012), cyclones are
as fundamental as anticyclones for the transport, mixing, and transformation of I-AAIW with AAIW of Atlantic ori-
gin (S� 34.2) within the Cape Basin, before entering the South Atlantic (Figure 12).

The significant improvement that we gained, with the highest resolutions simulation, in the reproduction of the
modeled thermohaline structure is reflected also in the interocean exchange of upper and lower thermocline
waters. Here we used the offline mass-preserving algorithm ARIANE (Blanke et al., 1999; Blanke & Raynaud,
1997) to perform in each simulation a Lagrangian integration, backward in time, of particles selected as those
having density values (25–27.6r) typical of thermocline waters in the Cape Basin. These particles were initialized
at the east section (in red) and intercepted at the north and western sections (in black) of the control domain
shown in the map of Figure 13b, where the colored curves represent the transport stream function (PSI). The lat-
ter is estimated in the model simulations by algebrically summing every particle transport at each velocity point
of the three-dimensional grid, before vertical integration and derivation of the Lagrangian stream function,
showing a max value of 8 Sv (1 Sv 5 106 m3 s21) in AGU24_100_H. This value is comparable with previous esti-
mates of the Indo-Atlantic transfer (9 Sv of Boebel et al., 2003), 12 SV of Biastoch et al. (2008).

We then plotted the histogram bars of the difference between the final and the initial transports, computed
as the number of particles normalized by their total transport and binned by potential density classes (Fig-
ure 13a) for AGU12_32 (red), AGU12_64_H (magenta), and AGU24_100_H (cyan). For this calculation, the
potential density changes are estimated between successive positions (archived everyday) and by algebrai-
cally summing the individual and local density changes weighted by the transports allotted to the corre-
sponding particles. The spatial integration of this field is roughly equal to the magnitude of the transfer
multiplied by the mean difference in density between the final and initial sections. This diagnostic allowed
us to verify that the highest resolutions simulation is the only one able to correctly capture the transport,
from the Indian to the Atlantic oceans, of thermocline waters, consisting of the lighter variety of mode and
intermediate waters (highlighted, respectively, in green and blue in Figure 13a). The model inability, at
lower resolution, to capture a part of the local mesoscale processes implies a prominent reduction in the
quantity of transport of thermocline waters from the Indian to the Atlantic oceans. These preliminary results
indicate that the Cape Basin turbulent dynamics have a direct effect on the characteristics and transfer of
the water masses participating in the AMOC, and confirm that this region is essential in connecting the
ocean basins and making possible a global circulation (Garzoli & Matano, 2011).
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Figure 13. (a) Histograms of the differences between the final and initial Lagrangian transports [Sv], binned by density classes, for AGU12_32 (red), AGU12_64_H
(magenta), and AGU24_100_H (cyan), computed within the domain control shown in the transport stream function map (b). In Figure 13a, highlighted in green
are the lighter varieties of mode waters and in blue the Atlantic and Indo-Atlantic varieties of AAIWs.

Figure 12. h–S diagrams plotted at the center of all the anticyclones (a) and of all the cyclones (b) detected in each of our five simulations for the AAIW thermoha-
line range (8–28C of h and 34.2–34.6 psu of S). (c and d) Identical to a and b, except the comparison is between the h–S distribution of AGU24_100_H and Argo.
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4. Summary and Conclusions

The Indo-Atlantic exchange of thermocline waters south of Africa strongly depends on highly energetic
mechanisms, affecting subsurface water masses advection and mixing. By improving the simulation of the
nonlinear dynamics that drives this exchange, we were able to capture a realistic part of the ocean meso-
scale processes that transport and stir the local water masses. In particular, we demonstrate how a satisfac-
tory representation of the surface dynamics is not sufficient to ensure a realistic upper and intermediate
water masses advection and transformation. We obtained the most prominent improvements in simulating
these processes by augmenting and homogenizing the vertical resolution of the model to reach a 50 m
spacing between the levels. This increase in the vertical resolution of the water column positively impacts
also the surface ocean dynamics. A doubling of the horizontal grid-spacing (from 8 km in the 1/128 to 4 km
for the 1/248) improves even further the realism of the simulations.

By increasing the model resolution both vertically and horizontally, we show that:

1. The contrast between the southwest Indian and the southeast Atlantic waters becomes sharper, with dis-
tinct structures of the thermocline as it is observed in the real ocean. Water masses in the subsurface
layers compare particularly well to observations from classical hydrography and Argo profiles.

2. In finer resolutions simulations mesoscale dynamics and energetics are generally in better agreement
with the available observations. The highest resolutions configuration clearly shows a dynamical behav-
ior change, with a richer spectrum of spatiotemporal scales and more nonlinear processes than classical
eddy-permitting (at 1/128) simulations. This appear clearly in the diffusivities spectra, where smaller
length scales are reached, both at the surface and at depth.

3. A precise estimate of the distribution, size, and properties of the simulated upper-ocean eddies of both
signs can be achieved by applying the detection algorithm of Pegliasco et al. (2015) to the output of
each of our simulations. Remarkably all the runs are characterized by an asymmetry among cyclones and
anticyclones, the former being always more abundant (in a ratio of 3/2) and smaller in radius (about 65
versus 75 km), as already suggested in previous, observational and theoretical, studies.

4. The structure and mean pathways of the modeled Agulhas rings compare well with their counterparts esti-
mated from altimetry, once the simulated eddies having radius equal or higher than 30 km are filtered out.
Considering the limitations in the resolution of the satellite products, results of the 1/248 simulations better
agree with these data after the filtering process, even though a slight discrepancy persists in terms of the mean
radius. However, in AGU24_100_H, Indian-water anticyclones can be clearly retrieved within the migration drift
path of the observed Agulhas Rings into the South Atlantic (Boebel et al., 2003; Dencausse et al., 2010).

5. Both types of eddies, cyclones and anticyclones, contain the Indian variety of AAIW (I-AAIW) as suggested by
Richardson and Garzoli (2003), Giulivi and Gordon (2006), and Arhan et al. (2011) from sparse hydrographic
observations. We also corroborate the finding that in the Cape Basin, the eddies advecting I-AAIW experien-
ces mixing with the Atlantic variety of AAIW (A-AAIW) producing a new variety, the Indo-Atlantic AAIW (IA-
AAIW), whose properties are intermediate between the two AAIWs, as discussed by Rusciano et al. (2012) and
Rimaud et al. (2012).

6. The number and radius of eddies (of both signs) show a seasonal cycle. The latter is largest for the high-
est resolutions simulations displaying a maximum in the eddies number and radius during winter, when
the first baroclinic Rossby radius of deformation is also maximum. This supports baroclinic processes as
key mechanisms for the generation of these eddies, while undoubtedly linked with the seasonality of the
EPV anomaly, of its vertical components and with the one of the MLD.

7. The diagnostic tool ARIANE provided a Lagrangian interpretation of the modeled Indo-Atlantic exchange.
This allowed us to quantify the intensity of thermocline waters transfers and mixing, and to illustrate that
at least a fully mesoscale-resolving resolution of the model is required to depict the Cape Basin dynamics
and transformations inherent to these transfers.

8. The last two points underline the need for numerical experiments at higher horizontal resolution than 1/
248, which would allow the representation of an even broader range of scales (including submesocale fil-
aments, fronts, meanders), whose spatiotemporal variability could explain the seasonal correlation
between the eddy statistics and the dynamical metrics obtained here. Also, we expect the use of synop-
tic surface forcing and more realistic boundary conditions, in a fully submesoscale-resolving configura-
tion, to further improve the reproduction of the flow instabilities seasonality and their effect on the
thermohaline properties and spreading of the Indo-Atlantic waters into the AMOC.
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The challenges presented by high-resolution requirements to solve the realism of the ocean circulation will
accompany global ocean modeling efforts. In this respect, ocean models must have consistently high reso-
lution, both horizontally and vertically, and particular attention must be paid to correctly simulate the baro-
clinic structure of the subsurface and deep water masses.
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