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ABSTRACT

The characteristics of the mesoscale turbulence smulated at a resolution

of Ve 3° by a sigma-coordinate model (SPEM) and a geopotential-
coordinate model (OPA) of the South Atlantic differ significantly. These
two types of models differ with respect to not only their numerical
formulation, but also their topography (smoothed in SPEM, asin every
sigma-coordinate application). In this paper, the authors examine how
these topographic differences result in eddy flows that are different in the
two models. When the topography of the Agulhas region is smoothed
locally in OPA, asis done routinely in SPEM, the production mechanism
of the Agulhas rings, their characteristics, and their subsequent drift in
the subtropical gyre, are found to converge toward those in SPEM.
Furthermore, the vertical distribution of eddy kinetic energy (EKE)
everywhere in the basin interior becomes similar in SPEM and OPA and,
according to some current meter data, becomes more realistic when
mesoscal e topographic roughness is removed from the OPA bathymetry
(asin SPEM). As expected from previous process studies, this treatment
also makes the sensitivity of the Agulhas rings to the Walvis Ridge
become similar in SPEM and OPA. These findings demonstrate that
many properties of the eddies produced by sigma- and geopotential-
coordinate models are, to a significant extent, due to the use of different
topographies, and are not intrinsic to the use of different vertical
coordinates. Other dynamical differences, such as the separation of
western boundary currents from the shelf or the interaction of the flow
with the Zapiola Ridge, are attributed to intrinsic differences between
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correct parameterization of current—topography interactions, a certain + Jacques Verron
amount of topographic smoothing may have a beneficial impact on
geopotential coordinate model solutions.

1. Introduction

Different ocean numerica models implemented at the same resolution in the same basin and forced in the same way
produce significantly different results. This was clearly demonstrated by the DY NAMO Experiment (Willebrand et al. 2001;
Barnier et al. 2001; New et al. 2001), which made a detailed comparison of the solutions from asgma—coordl nate model, a

geopotential-coordinate model, and an isopycnic model of the North Atlantic at a resolution of ; /3. Additional evidence
comes from the work of Penduff et al. (2001), who compared the near-surface mean currents and eddy kinetic energy
(EKE) fields produced by a sigma-coordinate model and a geopotential-coordinate model of the South Atlantic at the same
resolution. Both studies revea that these two types of models are able to simulate the broad features of the genera
circulation but that the details of their mean solutions can strongly differ, in particular in regions where the interactions
between currents and topography are crucial. In the above studies, most differences appear aong the Gulf Stream, the Brazil
and Agulhas Currents (with regard to their separation from the coast), within alongshore flows such as the Malvinas Current
(transport and northward overshoot), and along the branches of the Antarctic Circumpolar Current (ACC) and the North and
South Atlantic Currents (path and deflection by bottom topography). Since the mean and eddy flows are closely
interconnected and interact with topography, important differences are also found in the EKE fields simulated by the
different models.

According to the authors cited above, some of these differences are due to the numerical formulation of the models,
especially the representation of topography within each vertical coordinate system. Geopotential -coordinate models rely on a
piecewise constant approximation of the topography: isobaths appear as horizontal staircases, and slopes as vertical
staircases. At every location and at any depth in these models, alongslope horizontal currents are subjected to a spurious
sidewall friction, in particular where the topographic gradient is not oriented zonally or meridionally (Adcroft and Marshall
1998), and downslope currents are represented as a succession of advective and convective events. Sigma-coordinate
models rely on a piecewise linear approximation of the topography: the deepest computational level follows a smoothed
version of the sloping ocean floor. At distance from the land—sea mask their topography is made of sloping flat surfaces
locally tangent to the smoothed topography, aong which along- and downslope currents are only subjected to bottom
friction. Since topographic effects propagate upward, the barotropic and surface circulations produced by both types of
models can differ significantly in the vicinity of coastal shelves and above topographic structures (thus over most of the
Atlantic).

Unlike in geopotential -coordinate models, the bathymetry is smoothed in sigma-coordinate models so as to reduce
truncation errors in the computation of the pressure gradient terms (Barnier et al. 1998). This operation also removes the
smallest scales from sigma-coordinate model topographies. At a resolution of 1/3°, this corresponds to a removal of
mesoscal e topographic roughness (hereafter MTR), a feature that was shown by Boning (1989) and Barnier and Le Provost
(1989) to strongly affect the vertical distribution of kinetic energy and, presumably, the interactions between currents and
topography. The smoothed bathymetries used in sigma-coordinate models are often considered as less redistic (Iess rough
and steep) than their geopotential-coordinate counterparts. However, Penduff et al. (2001) showed that, in many regions of
the South Atlantic, the current—topography interactions simulated by a smooth-bottomed sigma-coordinate model were more
realistic than those simulated by a rough-bottomed geopotentia-coordinate model. One may thus wonder if geopotential-
coordinate models are able to take full advantage of their rougher, steeper, and thus apparently more redlistic topography. In
any case, differences in the solutions produced by sigma- and geopotential -coordinate models may not only be intrinsic to
the choice of the vertical coordinate system, but may also be, in a simpler way, the consequence of the different topographic
smoothing applied in their usual configurations. Previous studies comparing these types of models, such as those cited
above, were not able to discriminate clearly between these two causes.

It is the purpose of this paper to examine the contribution of topographic smoothing in shaping the model solutions at a

given resolution, corresponding to the “eddy permitting” regime. Of course, #3° models are too coarse to represent
accurately the oceanic mesoscale turbulence, but they are still (and will certainly remain) widely used for their ability to
produce mesoscale features at reasonable computer cost. We shall investigate whether the differences in the topographies
used in sigma- and geopotential-coordinate models can explain their different dynamical behaviors with respect to eddy flow
and the distribution of eddy kinetic energy. To achieve this, some topographic sensitivity studies are performed with a
geopotential-coordinate model of the South Atlantic, and the solutions compared to that of a sigma-coordinate model
implemented on the same basin. More precisely, we investigate whether and how the EKE field produced by the
geopotential-coordinate model changes (and eventually converges toward that produced by the sigma-coordinate model)
according to the smoothing applied to its topography.



Section 2 presents the models and numerical configurations used in this study. The EKE fields produced by the sigma-
and the geopotential-coordinate models with their “original” bathymetries are then compared in section 3. Various sensitivity
experiments performed with the geopotential-coordinate model are then presented, focusing on the eddy flow: the bottom
topography is smoothed globally (section 4) and locally (section 5), and is roughened again to highlight the impact of MTR
(section 6). Insights are gained into which dynamical features differ in the two models because of topographic differences,
the remaining dynamical differences then being attributed to the choice of the coordinate system. Our main findings are
summarized in section 7.

2. Numerical configurations and topographies

The geopotential-coordinate and the sigma-coordinate regional models used in this study will be referred to as LEVEL and
SIGMA, respectively. The reader is referred to Penduff et al. (2001) for a complete description of the models and the initial

configurations. Both models are implemented on the South Atlantic at a resolution of (i’r:-°) cos in Iatitude  and driven by
the same surface forcing. Four simulations were performed with LEVEL for the present study, the runs differing only with
respect to their topographies away from the open boundaries. Three open boundaries radiate outgoing perturbations outside
the domain and relax the model variables toward climatological states. The location (68°W, 30°E, and 16°S) and formulation
of these open boundaries are the same in all the experiments (SIGMA and LEVEL) presented in the present study. The fields
to which model variables are relaxed aong the boundaries are the same in the various LEVEL configurations presented
below. Time-averaged fields simulated by LEVEL aong the open boundaries are also similar in LEVEL configurations:
dynamical differences between LEVEL solutions (and with respect to the solution in SIGMA) are thus not due to differences
in the lateral forcing. Since all LEVEL parameters were kept the same in the various experiments, LEVEL solutions
essentially differ by virtue of their different topographies.

It is worth noting here that only SIGMA includes the Weddel Sea, and that SSIGMA and LEVEL respectively use 25 and 43
levelsin the vertical. These vertical resolutions were chosen independantly because SIGMA and LEVEL were developed for
different purposes. Previous tests performed during the Clipper experiment (Tréguier et al. 1999) showed only few
differences in the LEVEL solution when using 72 levels instead of 43. The previous vertical resolution in SIGMA (20 levels)
was increased to 25 to improve the representation of deep water masses. The ratio of the numbers of levels used in SIGMA
and LEVEL is of the same order as that chosen during DY NAMO for the sigma and geopotential coordinate models.
Additional comment about the vertical discretization in the two models are given in Penduff et al. (2001).

Topographic smoothing is routinely performed in sigma coordinate models to remove steep topographic slopes, which
may generate spurious velocities through pressure gradient errors, and to remove small-scale topographic features that
would induce fluctuations on sigma levels throughout the water column. The topographic smoothing performed in SIGMA is

presented in detail in Béranger (2000). To summarize, the 112° ETOPO5 bathymetric dataset from the National Geophysical

Data Center was interpolated onto the i’ff horizontal grid. Isolated points were removed by simple averaging of the
neighboring depths; a circular Hanning filter was then applied with a relaxation toward the original topography in some key
areas (sills, deep channels). Finaly, a Shapiro filter was applied locally until the criterion proposed by Beckmann and
Haldvogel (1993) to ensure hydrostatic consistency in sigma-coordinate models was satisfied. This treatment removed the
smallest scales from the SIGMA topography but preserved important topographic features (Fig. 1a ©=).

The four LEVEL topographies used in the present study derive from that used in the model of the Atlantic Ocean
implemented in the Clipper experiment (Tréguier et al. 1999). For this experiment, the 112° topographic dataset of Smith and

Sandwell (1997) was interpolated onto the i’r_w" horizontal grid without any additional smoothing. The interpolation of local
depths onto the 43 model vertical levels induces a certain distortion but, unlike in SIGMA, this overall treatment does not
eliminate MTR nor reduce steep slopes. With respect to these two criteria, the Clipper topography is apparently more
realistic than that used in SIGMA. Our first experiment (hereafter referred to as the “pivot” experiment) simply uses the
southern part of this Clipper topography (Fig. 1b &=), which will thus be qualified as the “raw” topography.

The second LEVEL experiment uses a topography that was derived from the raw bathymetry following a global
smoothing; this will be referred to as the “globally smoothed” bathymetry (abbreviated as GS). This global smoothing
operator ssimply replaces each depth point by the average of the neighboring depth points within a centered 9 x 9 point box,
and reinterpolates the result on the model vertical levels. This produces a smooth field (Fig. 1c ©=), designed to determine
whether LEVEL results tend toward SIGMA results after a topographic smoothing. However, the formulation and position
of the open boundaries, the climatological forcing along them, the topography within 4-point-wide bands along them, and the
land—sea mask are strictly the samein al LEVEL experiments.

We shall aso present the results obtained in a third LEVEL experiment after local smoothing of the raw bathymetry. This
so-called locally-smoothed bathymetry (LS) is the same as the raw topography everywhere, except in the areas A and B
shown in Fig. 1d ©= where it progressively becomes identical to GS (smoothed). This topography was designed to



investigate the impact of topographic smoothing on the Agulhas rings production processes, and on the Subantarctic Front
and Malvinas Current.

Finally, the specific impact of MTR is evaluated in a fourth experiment in which some random mesoscal e topographic
structures, synthetized from a predefined spectrum, are added onto the GS bathymetry at distance from the shelves. This
artificially roughed topography, referred to as GSR (for “globally smoothed + roughness’) hereafter, is shown in Fig. 1e ©=,
The artificial MTR is isotropic, defined by a wavenumber spectrum similar to that used by Boning (1989) with an Rms
height of 400 m. Since the wavenumbers of the synthetized MTR are defined in terms of grid points, their horizontal scales
progressively decrease southward in proportion to the grid size. This synthetized MTR is added to the GS topography and
the result is interpolated on the model vertical levels. The wavenumber spectrum of the GSR topography is shown by the
black triangles in Fig. 1f ©=, along with those of the raw, GS, and SIGMA topographies. The smoothing method employed
to build GS from the raw topography eliminated most of the topographic scales smaller than about 1000 km (at 30°S), and
these are more or less reintroduced in GSR as artificid MTR. The GSR simulation, whose topography appears rougher than
the raw topography at mesoscale (wavelengths between 140 and 400 km), will be compared to the GS simulation to evauate
the impact of MTR. Figure 1f ©@= (blue and green curves) also shows that the topographic spectrum of SIGMA is similar to
that of the LEVEL raw topography at scales larger than about 500 km at 30°N, but contains less mesoscal e roughness
(smaller wavelengths).

Figure 2 ©= shows in detail the different model topographies along 32.9°S across the Cape Basin. This figure highlights
the presence of staircases in LEVEL bathymetries, gives an image of the smoothing performed in the SIGMA topography, of
the transition between the smooth and unsmoothed regions in the LS topography, and of the features and eastward extension
of the artificial MTR in the GSR bathymetry. The GS topography appears much smoother (less rough and steep) than that in
SIGMA in the upper-right panel of Fig. 2 @=. We will come back to this important feature in section 4c.

The intrinsic differences between both models could be identified by comparing their solutions over the same topography
(that of SIGMA). We did not perform a LEVEL integration with SIGMA topography for the following reasons. First, this
would have required the complete redefinition of the LEVEL configuration and associated surface forcing fields because
both models use different grids and land—sea masks. Second, the interpolation onto LEVEL vertica levels would have
distorted the SIGMA topography and perturbed the comparison. Finaly, it is likely that the dynamical differences between
SIGMA and LEVEL with SIGMA topography would have been similar to those observed between SIGMA and the LEVEL
pivot experiment, because SIGMA and pivot topographies are not very different in terms of smoothing (Fig. 2 ©=). It will be
shown in the following that several intrinsic differences between both models may, though, be identified without running
LEVEL with SIGMA topography. Thisissue is discussed again in the conclusion.

The distinctive features of the five numerical simulations presented above are summarized in Table 1 ©=. SIGMA was
integrated over 24 y and the final EKE fields computed over the last 6 y. LEVEL was integrated over 15 y with the raw
topography, but, in this simulation, the mean EKE field computed over the years 10-15 does not differ significantly from
that computed between the years 3.5-6.5. The same remark also holds for the GS and GSR simulations, which were both
integrated over 13 y. We will thus compare the EKE fields computed over the years 3.5-6.5 in the four LEVEL simulations.

3. Eddy flow in the LEVEL pivot experiment and in SIGMA

In both models, mesoscal e turbulence is essentialy produced by baroclinic instability in the main thermocline, located
around 350 m in every simulation. During this process, some available mean potential energy (MPE) is transferred to the
EKE baroclinic modes. The mean circulation and the EKE produced at this depth (350 m) in SIGMA and in the LEVEL pivot
experiment (raw topography) have been compared by Penduff et al. (2001); Figures 3a and 3b ©= present the EKE fields at
the surface (6 m). Since the eddy flow is well correlated on the vertical, the horizontal distribution of EKE is qualitatively the
same at depth (not shown) as near the surface: the vertical structure of the EKE field can thus be analyzed through vertical
profiles. The vertica EKE distribution is the result of complex mechanisms that involve the strength of baroclinic instability
(the transfer rate from MPE to EKE), the density stratification that controls the vertical distribution of geostrophic velocities
(through the hydrostatic pressure field), and the MTR (which affects the intermodal exchanges, the inverse cascade of
energy, and consequently the EKE vertical profile). The blue and green curves in Fig. 4a ©= represent the vertical profiles of
EKE in SIGMA and in the LEVEL pivot experiment, horizontally averaged within the four subdomains shown in Fig. 1a ©=.
To quantify the downward penetration of EKE from the thermocline, the EKE profiles presented in Fig. 4a ©= have been
normalized by their value at 350 m (Fig. 4b ©=): this penetration will be simply quantified as the percentage of thermocline
EKE that reaches 3000 m. Figure 5 ©= presents snapshots of the eddy flow in the Agulhas region for the different
simulations, and Fig. 6 ©= presents vertical profiles of EKE estimated from WOCE current meter clusters located within our
two subtropical subdomains (see Table 2 O=).

a. Surface eddy flow

Penduff et al. (2001) showed that SIGMA is able to reproduce the separation of the Brazil Current from the coast in the



Confluence region and the observed C-shape structure of the surface EKE field wrapped around a minimum above the
Zapiola Ridge (cf. Figs. 3a and 3f ©=). In contrast, the Brazil Current produced by LEVEL remains attached to the American
shelf, no EKE minimum is found above the Zapiola Ridge, and the EKE maxima associated with the Subtropical and
Subantarctic Fronts are closer to each other (Fig. 3b ©=). In the LEVEL pivot experiment, the Agulhas Current remains
close to the shelf and very regularly produces rings through the occlusion of the retroflection loop (Fig. 5b ©=). All these
rings are anticyclonic, rather small with diameter of about 180-250 km instead of about 300 km in the real ocean (Peterson
and Stramma 1991), take the same northwestward path into the South Atlantic as shown by the straight-line EKE extension
in Fig. 3b ©=, and persist beyond the Walvis Ridge. In SIGMA, the Agulhas Current is less attached to the shelf and
produces both anticyclonic and cyclonic eddies [confirmed by float trajectories, Boebel et al. (2000)] of various sizes
through the instability of its strong pulsating retroflecting cell, centered around 20°E (Fig. 5a ©=). The deformations of this
cell suggest that, unlike in the LEVEL pivot experiment, baroclinic instability isinvolved in ring production. This hypothesis
is supported by the experiments presented in sections 4a and 5c. The rings that drift into the Atlantic in SIGMA are larger
and realistically spread out meridionally (Fig. 3a ©=) but, unrealistically, do not persist beyond the Walvis Ridge. Above the
southern part of the Mid-Atlantic Ridge, the America—Antarctic and Southwest Indian Ridges (60°-50°S, 25°W-0°), the

surface EKE level ranges between 100 and 250 cm? s 2 in the LEVEL pivot experiment, that is, about twice that produced
by SIGMA and that deduced from atimetric measurements (see Figs. 3b, 3a, and 3f ©=). Thislocal maximum is correlated
with bathymetry, showing once again the strong dynamical impact of different current—topography interactions in the two
models.

b. Vertical distribution of EKE

Compared to the LEVEL pivot experiment, eddy motions are more energetic in SIGMA at al depths (green and blue
curves in Fig. 4a ©=): EKE levelsin SIGMA are 1.5 to 2.5 times greater near the surface (except in the southwestern
subdomain), and are 2 to 10 times greater below 1000 m. Since the resolutions of the two models are similar, these
differences are likely to come from a stronger EKE production rate (transfer from MPE to EKE) in SIGMA, and/or from a
stronger EKE dissipation in the LEVEL pivot experiment. It is unexpected that the EKE production rate would be globally
stronger in SIGMA, since the vertical and horizontal density gradients are rather similar in the two models. In SIGMA,
however, the mean flow in the main regions of EKE production, that is, the Confluence and Agulhas regions, appears more
realistic and the eddy production more efficient (Penduff et al. 2001). The turbulent activity may then be enhanced at
distance from the production region through mean and self-advection, in particular within the subtropical gyre along the path
of the Agulhas rings. As demonstrated by Boning (1989) and verified in section 6, the use of a rough topography in LEVEL
contributes to this low level of EKE at depth.

c. Downward penetration of thermocline EKE

The green and blue curves in Fig. 4b ©= highlight the more baroclinic character of the EKE in the LEVEL pivot
experiment compared to SIGMA: in most subdomains, only 12% of the EKE found at the depth of the thermocline in the
pivot experiment penetrates as deep as 3000 m (as opposed to more than 20% in SIGMA). According to previous studies
(Bdning 1989; Barnier and Le Provost 1989, 1993), this EKE confinement near the surface may be caused by the presence
of MTR in the pivot experiment. This feature may, in turn, reduce the sensitivity of Agulhas rings to bottom topography and
affect their trgjectories. Indeed, Beismann et al. (1999), using an idealized quasigeostrophic model, showed that relatively
baroclinic Agulhas rings are less deviated and dispersed by ridgelike topographic structures than more barotropic rings. This
effect seems to be confirmed by our simulations since only the relatively baroclinic Agulhas rings found in the rough-
bottomed LEVEL pivot experiment are able to drift beyond the Walvis Ridge.

Current meter measurements are only available at a few locations in the South Atlantic. We show in Figs. 6a and 6b ©=
the EKE computed in the two clusters shown in Fig. 6¢c ©&=; the EKE has been computed for each current meter, and
estimated at 350 and 3000 m for each cluster. Globally, it turns out that about 30% of the EKE measured at 350 m reaches
3000 m. Comparing these EKE estimates with our subdomain-averaged EKE vertical profiles (Fig. 4 ©@=) must be done with
caution since these in situ measurements are local. However, it seems that the relatively strong downward penetration of
EKE in SIGMA is more consistent with data than that in the LEVEL pivot experiment. Thisis likely to be due to the
discretization of topography in LEVEL, which enhances bottom topography roughness.

d. Subsequent strategy

Dynamical differences between different models are usually attributed to different numerical formulations. We shall not
focus on these intrinsic differences (whose dynamical impact is evident, but difficult to identify directly) but on the
dynamical impact of the different topographies used in the two models. This feature is expected to affect the dynamicsin
two ways: (i) the bathymetries of the two models and subsequent representations of current—topography interactions in the
main areas of EKE production (Confluence and Agulhas) are expected to affect the instability processes, the characteristics
of eddies, and therefore the EKE distribution; (ii) according to previous studies, the removal of MTR in SIGMA is likely to
affect the vertical distribution of EKE throughout the basin and, in the subtropical gyre, the trajectory and the lifetime of



eddies. The impact of these topographic differences on the EKE field, and more particularly on the characteristics and fate
of the Agulhas rings, is investigated in the next sections.

4. Impact of global topographic smoothing on the eddy flow in LEVEL

We examine here the way bottom topography contributes to some of the differences mentioned above by testing whether
the mesoscal e turbulence characteristics produced by LEVEL with a smoothed topography (GS, Fig. 1c ©=) tend toward
those simulated by SIGMA. Figure 3c ©= and the red curves in Figs. 4a and 4b ©=, respectively, represent the surface EKE
distribution, the subdomain-averaged vertical distribution of the EKE, and the downward penetration of thermocline EKE in
the GS LEVEL experiment. The GS solution is compared with the LEVEL pivot and SIGMA solutions.

a. Qurface eddy flow in the Agulhas region

Smoothing the topography in LEVEL leads to a complete change in the Agulhas rings production process, which becomes
closer to that observed in SIGMA (Figs. 5a and 5¢ ©=): the Agulhas Current is more baroclinic, flows above the smoothed
Agulhas Bank, and feeds an anticyclonic, permanent, zonally elongated retroflection cell. In GS asin SIGMA, this cell
fluctuates in shape and produces rings of both signs (cyclonic and anticyclonic), which are larger, stronger, and more
realistic than in the pivot experiment. In the LEVEL pivot experiment, the characteristic length scale of the eddies appears to
be smaller than that deducted from the baroclinic instability theory in the region of Agulhas rings production. In the GS
experiment, those two length scales are similar. This strongly suggests that in the present context, topographies that are
smoothed in the Agulhas region (SIGMA, GS, GSR, and LS as shown below) promote the contribution of baroclinic
instability in the ring generation process. In comparison with the LEVEL pivot experiment, the surface EKE level in GSiis not
increased significantly in the production area, but the EKE plume that penetrates into the South Atlantic is broader (Figs. 3b
and 3c ©*), in response to a change in the trajectories of the Agulhas rings (similar to those observed in SIGMA).

b. Surface eddy flow in other regions

Compared with the surface EKE levd in the pivot experiment, that observed in the GS experiment globally doubles in the
basin interior and becomes more comparable to satellite estimates in quiet regions, but only a dight increase in the EKE level
is found within the Brazil and Malvinas Currents (Figs. 3a, 3b, 3¢ ©=). Within the Scotia Sea (south of 50°S and west of
40°W), the global topographic smoothing induces a clearer separation of the EKE maxima associated with the Subantarctic
and Polar Fronts (Figs. 3b and 3c @=). In this area, the horizontal distribution of EKE in the GS experiment becomes similar
to that in the SIGMA experiment (Fig. 3a'@=). Unlike in the Agulhas region, the discrepancies observed in the Confluence
region in the pivot experiment (no EKE minimum above the Zapiola Ridge, Subtropical Front too wide and located too far
south) are unchanged despite the significantly different topography. This suggests that the inability of LEVEL to represent
these processes is not linked with the definition of its topography, but with intrinsic limitations such as its staircaselike
topography. This was the hypothesis proposed by de Miranda et al. (1999) and Penduff et al. (2001); our experiments
support it.

c. Vertical distribution of EKE

Figure 4a ©= (red and green curves) shows that the global topographic smoothing a so induces a strong enhancement of
the EKE in the deep ocean, becoming greater than that of SIGMA (blue curve) in most subdomains (note that topography is
smoother in GS than in SIGMA). More interesting is the fact that the downward penetration of EKE in the GS experiment
becomes very similar to that in SIGMA (Fig. 4b ©=, red and blue curves) and, as suggested by Fig. 6 €=, more consistent
with data: more than 20% of the thermocline EKE penetrates as deep as 3000 m over most subdomains in the GS
experiment. The increase and barotropization of the EKE in GS are probably linked with the removal of MTR (see section 6).
We mentioned in section 2 that topography is apparently much smoother in GS than in SIGMA (Fig. 2b ‘©=), but it turns out
that the EKE downward penetration in those two simulations is quite similar. This interesting feature strongly suggests that
LEVEL staircaselike topography is dynamically rougher: the piecewise constant approximation of bathymetry (LEVEL) is
likely to intrinsically produce more topographic roughness than the piecewise linear approximation (SIGMA), and to confine
the EKE closer to the surface. Figures 4b and 6 ©= suggest that the downward penetration of EKE is more redlistic in
SIGMA (and GS) than in LEVEL with the origina topography. It is very likely that this intrinsic roughness differentiates all
geopotential- and sigma-coordinate models, whatever their resolution and their configuration.

5. Impact of localized topographic smoothing on the eddy flow in LEVEL

We evaluate here the extent to which the smoothing of the Agulhas region (from where a lot of mesoscale turbulence is
exported westward) performed on the SIGMA topography contributes to the differences mentioned between this experiment
and the LEVEL pivot experiment. This is done by comparing the eddy flow obtained in the LS simulation (Fig. 3d ©=, black
curves in Figs. 4a and 4b ©=) with that obtained in the previous experiments. Since the LS topography also differs from the
“raw” topoaraphy in the Scotia Sea (Figs. 1b and 1d @=). the effects of the topoagraphic smoothing in region B are



summarized first. The response of LEVEL in the rest of the basin is described afterward.
a. West of 50°W

In the topographicaly smoothed area B of the LS experiment, the EKE maximum associated with the Subantarctic Front
and the Malvinas Current extends continuously around the Falkland Plateau toward the Confluence region and is clearly
separated from that associated with the Polar Front (Fig. 3d ©=): the EKE field in area B is qualitatively close to its
counterpart in the GS and SIGMA simulations. Therefore, as suggested by Penduff et al. (2001), the circulation simulated
by LEVEL with the raw topography and by SIGMA in the Scotia Sea mainly differ because of the topographic smoothing
performed there in the latter model. However, the EKE fields in the LS and pivot experiments do not differ significantly
downstream of region B, either in the Confluence region or east of the smoothing area. This shows that the topographic
smoothing performed in area B has no influence other than local. The other differences mentioned hereafter between the
LEVEL pivot and LS experiments are thus due to the topographic smoothing performed in area A.

b. Within the ACC

South of 40°S and east of 45°W, the EKE fields computed from the pivot and LS experiments do not differ significantly.
In other words, the horizontal distribution of EKE (cf. Figs. 3b and 3d ©=), the EKE levels throughout the water column,
and the downward penetration of the EKE from the thermocline within the ACC (green and black curvesin Figs. 4a and 4b
=, lower panels) appear virtually insensitive to the topographic smoothings performed in areas A and B. The differences
mentioned in section 4c between the GS and pivot experiments concerning the EKE distribution within the ACC are therefore
independent of the treatment of topography in the remote areas A and B. It seems likely that local MTR is a better candidate
for explaining the different downward penetration of EKE within the ACC in these latter two simulations and, consequently,
in the SSIGMA and LEVEL pivot experiments. This hypothesisis tested in section 6.

c. In the Agulhas region and the subtropical gyre

Computer animations show that in the LS experiment, the instabilities of the Agulhas Current and the shape, size,
diversity, and trajectories of the Agulhas rings are very similar to those found in the GS experiment (section 4a). Comparing
the LS solution with the pivot solution clearly shows that the topographic smoothing in region A increases the strength and
meridional spreading of the Agulhas rings (Figs. 5b and 5d ©=), and, consequently, both the westward extension of the EKE
maximum from the Agulhas region (Figs. 3b and 3d ©=) and the order of magnitude of the EKE throughout the water
column (green and black curvesin Fig. 4a@=). All these features become similar to those found in the GS solution (red
curves) throughout most of the subtropical gyre, confirming the large-scale impact of the Agulhas rings throughout the
South Atlantic and the importance of area A in defining a model topography.

Furthermore, the LEVEL GS solution and the SIGMA solution were shown in section 4a to be similar with regard to these
latter features (ring generation process, initial characteristics, traectories, and ability to spread meridionally in the subtropical
gyre). In other words, a topographic smoothing performed only in area A is sufficient to make the eddy flow produced by a
geopotential-coordinate model similar to that of a sigma-coordinate model (and thus, more realistic) with respect to the
Agulhas rings production process and initial characteristics, and, in turn, to some major features of the eddy field throughout
the subtropical gyre.

In the subtropical gyre, the downward penetration of EKE from the thermocline is not significantly modified by the
topographic smoothing performed in area A (upper panels of Fig. 4b ©=, black and green curves). On the other hand, this
important feature of the EKE field was shown to get very close to that of SIGMA when the LEVEL topography was globally
smoothed (section 4c). It islikely that MTR, unaffected by the local smoothing in the LS experiment, confines the EKE near
the surface in the subtropical gyre. This hypothesisis verified in section 6.

d. Summary— mpact of topographic smoothing in areas A and B

The topographic smoothing of the northern Scotia Sea, which is routinely performed in sigma-coordinate models, explains
the separation of the local EKE maxima associated with the two fronts of the ACC, but does not alter the model dynamicsin
other regions.

In contrast, smoothing the LEVEL “raw” topography in the Agulhas region affects the whole subtropical gyre. This
treatment improves the LEVEL solution by completely modifying the Agulhas rings production mechanism: the Agulhas
Current becomes more baroclinic and retroflects farther west, forming there an anticyclonic cell whose deformations
strongly suggest the presence of baroclinic instability. This process forms cyclonic and anticyclonic eddies, which have a
more redlistic (greater) diameter and disperse meridionally, as suggested by satellite data. Interestingly, these features
become similar to those observed in the SIGMA experiment. Therefore, the use of araw topography in the Agulhas region in



LEVEL adversdly affects the dynamics of the Agulhas Current and the Agulhas rings. More generally, the topographic
smoothing applied routingly in sigma-coordinate models, and especially that performed in the Agulhas region, seems to have
major local and remote (beneficial) effects on the EKE field in the subtropical gyre.

6. Impact of mesoscale topographic roughness (MTR)

The role of MTR is now investigated with the GS and GSR simulations. In the GSR LEVEL experiment, the topography in
areas A and B isthe same asin LS and GS. The Agulhas rings produced in GSR are thus expected to be very similar to
those produced in LS and GS; this is confirmed by computer animations as shown in Figs. 5¢c and 5e ©=. At distance from
area A, the distribution of EKE in GSR is modified by introducing random MTR to the GS topography. Figure 3e @@= and the
black triangles of Figs. 4a and 4b ©= respectively show the surface EKE distribution, the subdomain-averaged vertical
profile, and the downward penetration of EKE in the GSR experiment.

a. In the subtropical gyre

Compared to that observed in GS, the EKE in GSR decreases below 1000 m and increases above 1000 m in the
subtropical gyre (upper panels of Fig. 4a &=, red curves, black triangles). MTR thus moderates the downward penetration
of EKE from the thermocline (upper panels of Fig. 4b ©=, same colors). These midlatitude effects have been explained in
idealized, process-oriented numerical studies (Boning 1989; Barnier and Le Provost 1989, 1993). According to these authors,
MTR concentrates the deep flow at the scales of topographic mesoscale structures where it tends to be dissipated by latera
friction. The inverse energy cascade, which feeds the barotropic component of the EKE efficiently over a smooth seafloor,
was shown to be inhibited by MTR. This enhances the EKE baroclinicity.

As shown by Beismann et al. (1999) with a quasigeostrophic model, relatively baroclinic Agulhas rings are less blocked by
the Walvis Ridge than more barotropic ones. Indeed, the Agulhas rings found in the rough-bottomed experiments (GSR and
pivot experiments) are more baroclinic, and are able to drift a greater distance across the subtropical gyre than in the
smooth-bottomed (SIGMA, GS, and LS) experiments. Thisis illustrated in computer animations (see Figs. 5c. 5e ©=) by the
increased penetration of the EKE maximum westward from the southern tip of Africa (cf. Figs. 3c and 3e ©=).

These two important effects of MTR (EKE baroclinization, partial decorrelation of surface-intensified eddy flows from
topography), observed and studied in earlier idealized models, thus till persist in more realistic configurations.

b. Within the ACC

Unlike in the subtropical gyre, the introduction of MTR induces a decrease of EKE at al depths within the ACC (lower
panels of Fig. 4a ©=, red curve and black triangles). This subtropical/subpolar contrast was not investigated in earlier
process-oriented studies that were focused on midlatitudes, but may be qualitatively explained by the Prandtl vertica scale:

L
H, = f“?

Hp guantifies the depth over which topographic effects are expected to affect the water column upward from the ocean

(1)

floor. Respectively, f, L,, and N, denote the Coriolis parameter, the horizontal wavelength of topography, and the Brint—
Véaisdla frequency. A simple scaling indicates that fo, N, and the L scales of the random MTR are respectively 1.5 times

greater, 1.7 times smaller, and 1.3 times smaller at 50°S than at 30°S (the average latitudes of the southern and northern
averaging subdomains defined in Fig. 1a ©=). Topographic effects are thus expected to affect a depth two times greater in
subpolar regions than in the subtropical gyre. This explains why MTR, either redlistically (pivot, LS) or randomly (GSR)
distributed, generally decreases the EKE up to the surface in the southern subdomains.

¢. Summary— mpact of MTR

The differences found between GSR and GS are qualitatively the same as those found between LS and GS because both
GSR and LS mainly differ from GS with respect to MTR. In fact, the EKE surface intensification induced by the artificial
roughness (in GSR) is more intense than that induced by the “rea” roughness (in LS), probably because the former is more
pronounced than the latter (Fig. 1f ©=), and is distributed more uniformly in the deep ocean.

Our five experiments can be easily classified into two categories according to the smooth or rough character of their
topography, regardless of the model used and the shape of the topography in area A. First, Figs. 4b and 6 ©= show that in
most subdomains, the proportion of thermocline EKE reaching 3000 m seems more redlistic (greater than 20%) over the



smooth bathymetries used in SIGMA and GS, but less than 12% over rough ones (pivot, LS, GSR). Second, the Agulhas
rings found in the five configurations are clearly more able to persist over long distances across the subtropical gyre above
rough topographies than above smooth ones. These two major properties of the eddy flow are therefore considerably
affected by MTR.

It is worth noting that in the absence of MTR, both models (GS and SIGMA experiments) produce eddy flows that are
similar with respect to the downward penetration of the EKE everywhere in the basin, and to the dr|ft of the Agulhas ringsin

the subtropical gyre. This shows that the removal of MTR, performed routinely when preparing /. 3° sigma-coordinate model
bathymetries, modifies several aspects of the eddy-topography interactions in SIGMA, and contributes to differentiate them
from those found in the LEVEL pivot experiment.

7. Conclusions

The present study was inspired by the numerous and significant differences found in the eddy field produced by a sigma-

coordinate model and a geopotential-coordinate model implemented on similar South Atlantic V. 3° configurations. These two
types of model differ not only intrinsically in terms of their numerical formulations, but also with regard to their
topographies. Indeed, a smoothing is performed on sigma-coordinate model topographies to reduce truncation errors in the
computation of pressure gradient terms, whereas geopotential -coordinate model topographies are usually built by a simple
interpolation of the topographic dataset onto the model grid, without any particular smoothing. Our goa was to test whether
some of the differences observed in the model solutions, usually attributed to different numerics, may be due to the
treatment performed on the model bathymetries. The smooth-bottomed sigma-coordinate model (SIGMA) configuration was
taken as areference, and four simulations were performed with the geopotential-coordinate model (LEVEL) with different
bathymetries.

Local smoothing of the LEVEL topography in the Agulhas region results in the eddy flow converging toward that of
SIGMA throughout the subtropical gyre: the production mechanism, characteristics, and tragjectories of the Agulhas rings,
and the globa EKE level between 40° and 20°S at al depths, become similar to those observed in SIGMA. This
demonstrates that the topographic smoothing performed in SIGMA in that particular areais a cause of several major
differences in the eddy dynamics simulated by the two models in the subtropical gyre.

Previous process-oriented studies also suggest that mesoscal e topographic roughness (MTR), which is usually retained in

i’ff geopotential-coordinate models, but routinely (and necessarily) smoothed out in sigma-coordinate models, tends to
reduce the downward penetration of EKE, and may limit the sensitivity of the Agulhas rings to the Walvis Ridge. It is
interesting to note that these two dynamical features are distinguishing aspects of the smoothed-bottomed SIGMA solution
with regard to the rough-bottomed LEVEL solution: in SIGMA, the EKE penetrates further downward (which seems more
realistic) and the Agulhas rings are more blocked by the Walvis Ridge. We have shown that the presence of MTR in LEVEL
(or, aternatively, its absence in SIGMA) largely explains those differences.

Some major circulation features, mostly located in the western basin, were not affected by topographic modifications in
LEVEL. In particular, the separation of the Brazil Current from the coast, the northward overshoot of the Malvinas Current
just west of it, and the mean and eddy flows around the Zapiola Drift were more redlistic in SSIGMA thanin al LEVEL
solutions. Even at a resolution of 1/:°, the same geopotential-coordinate model does not represent those regional features as
well as SIGMA does (B. Barnier 2001, personnal communication). This strongly suggests that present LEV EL-type models
(without an explicit parameterization of current—topography interactions) require a significantly higher horizontal resolution
than sigma-coordinate models to represent correctly topographic effects at a given wavelength. Our experiments highlight
another intrinsic difference between the models. with a topography appearing much smoother than in SIGMA, LEVEL
simulates the same downward penetration of EKE. This shows that the piecewise constant topography used in the
geopotential-coordinate model intrinsically induces more topographic roughness than the piecewise linear topography used in
sigma-coordinate model. It turns out that those intrinsic differences between the two maodels could be identified without
building a LEVEL configuration with the SIGMA topography and comparing its solution with that in SIGMA (such an
experiment had been evoked in section 2). This identification could be done instead by interpreting the striking similarities
found between the eddy flow in GS and in SIGMA, produced by different models over different topographies. A LEVEL
simulation with SIGMA topography may be useful to confirm our conclusions, but was not necessary in the present study.

It will be important to understand and quantify how geopotential- and sigma-coordinate systems affect the form drag and
bottom friction effects, and, in turn, the vertical distribution of EKE. Thisis particularly necessary for geopotential-
coordinate models since they are implemented with high-wavenumber topographies. Dedicated studies are also needed to
gain insights into the dynamical balances that control the path and unstable character of the Agulhas Current in the two
coordinate systems, and finally to explain why this current produces rings that are more redlistic in LEVEL with local
smoothing and in SIGMA. Finally, the present results were obtained in the “eddy-permitting” regime on a particular basin:
additional simulations on various domains at various resolutions would be helpful to generalize our findings. These
investigations lie beyond the scope of this paper; they will require some analytical work and highly idealized numerical



experiments. Because the impact of MTR on the vertical distribution of EKE and on the eddy—ridge interactions was proven
robust with different types of models at various resolutions in previous studies, one may anticipate, though, that the
gualitative impact of topographic smoothing on these features in geopotential coordinate models would remain similar in
other domains and at higher resolution.

To conclude, it seems that present geopotential-coordinate models are not able to take full advantage of their a priori more
realistic (rougher and steeper) topographies. In the absence of an adequate parameterization of current—topography
interactions, aiming at the most detailed and steep topography for a given grid resolution is not necessarily the best way to
define a high-resolution model configuration. Further research needs to be conducted to better understand the impact of
topography on currents in the real ocean, and to represent it in numerical models.
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Tables

TABLE 1. Numerical experiments and associated topographies

Color in
Expt Muodel Topography Figs. 1f and 4
SIGMA  SPEM  Smoothed to reduce trunca- Blue
tion errors
PIVOT OPA Same as in the CLIPPER ex- Green
periment
GS OPA Globally smoothed from Red
PIVOT
LS OPA Same as PIVOT, smoothed in Black
areas A and B of Fig. la
GSR OPA S with artificial Black triangles
mesoscale roughness in
deep areas

Click on thumbnail for full-sized image.

TABLE 2. Definition of the two WOCE current meter clusters: columns 2-5 define the longitude and | atitude bands that locate
each cluster and 67 give the dates of the first and last measurement for each cluster, column 8 gives the minimum duration of the
times series taken into account to computein situ EKEs (see Fig. 6)
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FIG. 1. Bottom topography (in meters) used in the five numerical simulations () to (€) (see Table 1'@=for characteristics). The
color scaleisthe samein these five panels. The subdomains over which the vertical profiles of EKE have been averaged in Fig. 4
©= are shown in (a) (clockwise from upper left: western subtropical gyre, eastern subtropical gyre, eastern ACC, western ACC).
The dashed—dotted black linein (a) at 32.9°S locates the section along which topographies are shown in Fig. 2 ©=, (f) Power
spectrum estimates of the SIGMA, pivot, GS, and GSR topographies (in m2). Wavenumbers (lower horizontal axis) are expressed
in number of cyclesin the zonal direction; corresponding wavelengths at 30° and 50° S [average latitudes of the subdomains
drawnin (8)] areindicated in kilometers along the vertical dotted lines
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FIG. 2. SIGMA and LEVEL topographies along 32.9°S between 20°W and 20°E (section shown in Fig. 1 @=): (a) Pivot, (b) GS,
(c) LS, and (d) GSR. This section intersects the Mid-Atlantic Ridge, the Walvis Ridge, and the South African shelf from west to
east
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FIG. 3. Mean surface EKE (cm2 s_z) computed from the five simulations, and from the combination of TOPEX/Poseidon and
ERS1/2 altimetric data (Ducet et al. 2000). The color scaleisthe sameinthe six panels

Click on thumbnail for full-sized image.

FIG. 4. (8) Vertical distribution of the EKE (cm2 3_2) in the five simulations, horizontally averaged over the four subdomains
displayed in Fig. 1a@=. (b) Same asin (a) but the profiles are scaled by the EKE at the depth of the thermacline (350 m), and
multiplied by 100; the result is therefore expressed as a percentage of EKE relative to the 350-m level

Click on thumbnail for full-sized image.

FIG. 5. lllustration of the dynamical regime in the Agulhas region: snapshots of the temperature field (in °C) at 350 min thefive
experiments, taken at asimilar day of the year (second of July) in the SIGMA (panel @) and the four LEVEL experiments (panels b—
e)




-

Click on thumbnail for full-sized image.

FIG. 6. Vertical distribution of the EKE (cm2 sfz) from the WOCE current meter data. (c) Bottom topography (one contour every
1000 m) and location of selected moorings, organized herein two clusters (see Table 2 @=): five moorings east of the Rio Grande
Rise, two in the Cape Basin. Those clusters are |ocated in the western and eastern subtropical subdomains of Fig. 1a@=. (a) and
(b) Circles show local EKE values computed within each cluster from low-passed (cutoff at 5 days) horizontal velocity time series
to make them comparable with model estimates. At each cluster, immersion z= 350 misindicated by a dashed line, EK E350m and

EKE;gom @€ marked by large “ X", EKE% means 100% x EKE,,,, /EKE,-, . The X marks are deduced from the second-order

polynomial that fits best with the logarithm of data (plain line); STD isthe standard deviation of the data from the plain line
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