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1. Introduction

ABSTRACT

The spatial distribution of Antarctic intermediate water (AAIW) formation and
ventilation remains a matter of debate. Some studies suggest that AAIW forms nearly
homogeneously in a circumpolar pattern, whereas others favor more localized
formation particularly in the southeast Pacific Ocean. We show here that the patterns
and magnitude of AAIW formation and ventilation are substantially affected by
mesoscale eddies. To diagnose the role of eddies, we made global CFC-11 simulations in
two versions of the ocean general circulation model OPA9, a “non-eddying”, coarse-
resolution version (2° cos ¢ x 2°, ORCA2) and an “eddying” or eddy-permitting version
(3" cos ¢ x 1°, ORCAO5). In the non-eddying simulation, AAIW subducts in a near
homogeneous, circumpolar pattern; in the eddying simulation, the distribution of AAIW
ventilation is patchier. Increasing resolution causes the AAIW layer to thin by 32% on
average in the Indian sector, but only by 11% in the Pacific sector. This patchiness
appears due to the zonal wind stress, which is weak over much of the Pacific and
southwest Atlantic sectors but is strong over the Indian sector. Consequently, the effect
of eddies is largest in the Indian Ocean, moderate in the Atlantic, and smallest in the
Pacific basin. Although the Gent and McWilliams (GM) eddy parameterization improves
the overall vertical structure of density in the Southern Ocean, applying it in our non-
eddying model still results in the nearly uniform circumpolar distribution of AAIW
ventilation, in contrast to the observations.

© 2009 Elsevier Ltd. All rights reserved.

global thermohaline circulation (Schmitz, 1996), AAIW
plays a crucial role in closing the hydrological cycle by

The Antarctic intermediate water (AAIW) can be
identified as a tongue of freshwater at intermediate
depths (McCartney, 1977, 1982; Rintoul et al., 2001)
observed in all sectors of the Southern Hemisphere oceans
north of the subantarctic front (SAF), which defines the
northern boundary of the Antarctic circumpolar current
(ACC). As a key component of the upper branch of the
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providing the ocean route by which freshwater from
excess precipitation in the high latitudes is returned to the
tropics. Furthermore, the AAIW helps to sequester most of
the anthropogenic tracers taken up from the atmosphere
by the Southern Ocean (Fine, 1993; Fine et al., 2001;
Sabine et al., 2002, 2004). The southern extratropics are
also where one finds the largest uncertainties in model
estimates of ocean storage of anthropogenic CO, and
CFC-11, particularly at intermediate depths (Orr et al.,
2001; Dutay et al., 2002). Hence an improved under-
standing of the formation and ventilation of AAIW is
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needed to refine estimates of ocean uptake of anthro-
pogenic CO,, which also affects the magnitude of future
climate change (Sarmiento and Le Quéré, 1996; Sabine and
Feely, 2001; Sabine et al., 2004).

The processes that control the AAIW formation have
fueled a long debate about the location of its source
regions. Sverdrup et al. (1942) suggested that AAIW
results from isopycnal subduction of Antarctic surface
water (AASW) that occurs homogeneously along the ACC.
In contrast, McCartney (1977) argued that AAIW is
essentially formed by the deep convection in the extreme
eastern South Pacific Ocean from the densest classes of
subantarctic mode water (SAMW). Observational studies
have supported either the circumpolar view (Molinelli,
1981; Piola and Georgi, 1982) or the localized hypotheses
(Talley, 1996; Rintoul et al.,, 2001) of AAIW formation.
Similar disagreement occurs in simulations using coarse-
resolution ocean general circulation models (OGCMs).
Models by Marsh et al. (2000) and Sorensen et al. (2001)
simulate AAIW forming homogeneously along the SAF via
direct subduction from the surface towards the interior.
Conversely, simulations by England et al. (1993) and
Saenko and England (2003) support the localized view of
McCartney (1977). Why then do models differ?

Part of the answer, as we shall show here, lies in how
eddies are represented in these models. Several previous
studies have suggested that mesoscale eddies do affect the
key processes involved in the formation and subduction
of AAIW. For example, Marshall (1997) used an idealized
2-D ocean model and found that mesoscale eddies modify
the rate of watermass transfer from the surface mixed
layer into the interior thermocline in regions of intense
baroclinic instability such as the ACC. Lee et al. (1997)
showed that eddy-induced advection is a key control of
decadal-scale, meridional transfer across a zonal jet (e.g.,
for northward advection of dense AASW across the SAF).
This meridional transfer of AASW feeds the AAIW both
directly by isopycnal subduction and indirectly through
the surface SAMW layer (Ribbe, 1999).

Parameterized eddies have also been shown to sub-
stantially impact the circulation and the structure of the
flow at the latitudes of AAIW subduction. For instance,
in most coarse-resolution OGCM simulations that use
the Gent and McWilliams (GM) approach to parameterize
effects of mesoscale eddies (Gent and McWilliams, 1990;
Gent et al,, 1995), isopycnal subduction of dense surface
water dominates AAIW formation (Danabasoglu et al.,
1994; Hirst and Cai, 1994; Sorensen et al., 2001). The GM
parameterization increases vertical stratification and re-
duces the wintertime convection (Hirst and McDougall,
1996; England and Hirst, 1997). The importance of meso-
scale eddies in setting the vertical stratification was also
demonstrated in several theoretical studies (Vallis, 2000;
Marshall and Radko, 2003).

Despite these advances, there remains a poor under-
standing of how mesoscale eddies affect AAIW subduction
and ventilation. Furthermore, the most widely used GM
scheme is an adiabatic eddy parameterization. Thus it
misrepresents near-surface eddy fluxes, which have an
important diabatic component (Price, 2001; Ferrari et al.,
2008; Ferreira and Marshall, 2006). The GM scheme’s

misrepresentation of the eddy diapycnal flux in the mixed
layer could drive spurious exchange between the upper
mixed layer and ocean interior, thereby impacting simu-
lated intermediate water ventilation and formation.

Here we explore how the thickness and the patterns
of simulated AAIW change as one crosses the threshold
where a model begins to explicitly resolve mesoscale
eddies, i.e., when moving from a coarse-resolution to
an eddy-permitting OGCM allowing for a highly non-
linear and non-diffusive dynamics to develop. To isolate
the effect of eddies, we compare integrations of a coarse-
resolution and a relatively high-resolution versions of the
ORCA model, neither of which incorporate a GM para-
meterization, as detailed by Lachkar et al. (2007).
Additionally, by comparing the eddy-permitting model
to a second simulation of the coarse-resolution model, but
this time with GM, we evaluate the ability of GM to mimic
how explicitly resolved eddies affect simulated AAIW
ventilation in the southern extratropics.

To evaluate intermediate water ventilation, we in-
cluded CFC-11 as a passive tracer in all versions of the
model. Others have used CFC-11 to evaluate ocean decadal
timescale ventilation and general model performance
(England, 1995; Dixon et al., 1996; Doney et al., 1998;
Dutay et al.,, 2002; Sasai et al.,, 2004; Sen Gupta and
England, 2004). The spatial distribution and the temporal
evolution of CFC-11 concentrations within the AAIW layer
help locate where there is enhanced AAIW ventilation and
subduction.

2. Methods

Our simulations of the general ocean circulation were
made with the ORCA-LIM global ice-ocean model, or more
precisely the ocean model OPA (Océan PArallélisé, version 9)
coupled to the dynamic-thermodynamic Louvain-la-
Neuve sea-ice model (LIM) (Fichefet and Maqueda,
1997). A full description of OPA is provided in Madec
and Imbard (1996) and Madec et al. (1998). The model has
46 vertical levels with a vertical grid resolution varying
from 6 m at the surface to 250 m at the bottom. Vertical
mixing coefficients are computed from a second-order
closure scheme based on a prognostic equation for
turbulent kinetic energy (TKE) (Gaspar et al., 1990; Blanke
and Delecluse, 1997). Lateral tracer mixing occurs along
isopycnal surfaces (Cox, 1987). Further details of the model
physics are given in Lachkar et al. (2007).

The bathymetry is calculated using the 2’ bathymetry
file ETOPO2 from NGDC (National Geophysical Data
Center) (Smith and Sandwell, 1997; Jakobsson et al.,
2000), except for the zone south of 72°S where it was
computed from the BEDMAP data (Lythe and Vaughan,
2001). Initial conditions for the temperature and salinity
fields were taken from Levitus et al. (1998) for the low
and middle latitudes and from the PHC2.1 climatology
(Steele et al.,, 2001) for high latitudes. The model was
started from rest, then spun up for 8 years with a
climatological seasonal forcing with daily frequency as
computed from the 1992-2000 NCEP/NCAR 10-m wind
stress and 2-m air temperature data (Kalnay et al., 1996).
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Additionally, we used monthly climatologies of precipita-
tion (Xie and Arkin, 1996), relative humidity (Trenberth
et al., 1989), and total cloud cover (Berliand and Strokina,
1980). Surface heat fluxes and freshwater flux for ocean
and sea-ice were calculated using the empirical bulk
parametrization proposed by Goose (1997), which yields
more realistic results than traditional restoring of sea-
surface temperature and salinity (Large et al., 1997; Gent
et al., 1998).

The non-eddying version of the ORCA model has a
2°cos @ x 2° (¢ is latitude) grid, whereas the eddying
version of the same model has a " cos ¢ x 1° grid. In the
eddying simulation, the average grid size is 34 km (27 km
at 60°S). Although the eddying model leaves an important
part of the mesoscale eddy spectrum unresolved, it does
allow substantial mesoscale eddy activity to develop in
the Southern Ocean and near western boundary currents
(Fig. 1). A third simulation was conducted in the non-
eddying version of the model where the GM parameter-
ization was included. The coefficient of isopycnal diffu-
sivity in this simulation was set to 2 x 10> m2 s~1. The GM
thickness diffusivity keqq, varies with the first baro-
clinic Rossby radius Lg = NH/f and the baroclinic growth
rate o~! =f/+/Ri following the Visbeck et al. (1997)
formulation:

(1)

where H is the ocean depth, f is the Coriolis parameter,
o = 0.016 is a proportionality constant, Ri =f25‘27N2 is the
Richardson number of large-scale flow, s, is the vertically

keddy =00 ! LIZQ

9

averaged isopycnal slope, and N? is a representation of the
mean stratification (Brunt-Vdisild frequency). To ensure
that the eddy-induced transport vanishes at the bound-
aries, a linear tapering of the slope is applied from its
ocean interior value just below the mixed layer to zero at
the surface.

Results of these simulations were analyzed in an
isopycnal coordinate framework in order to facilitate
diagnosis of isopycnal subduction of water masses in the
Southern Ocean and to better evaluate CFC-11 patterns
within the AAIW layer. Thus, model output was projected
onto 71 evenly spaced o, potential density layers ranging
from 21 to 28. The g¢ = 27.2 isopycnal surface, which is
often used to track AAIW (Sorensen et al., 2001; Karsten
and Marshall, 2002; Santoso and England, 2004), lies
within the core of this intermediate water in the three
simulations. Here we use the range 27.0-27.4 to char-
acterize AAIW class of water masses.

To reduce the computational cost, we made the CFC-11
simulations using an offline approach. The offline model
was driven by 5-day snapshots of 3-D fields of advection
and vertical turbulent diffusion simulated by the dynamic
(online) model. The simulations for CFC-11 were made
using the tracer-transport version of OPA (OPA Tracer 8.5),
more details of which are provided by Lachkar et al.
(2007). To model CFC-11 ocean uptake, we followed the
OCMIP-2 protocols (Dutay et al, 2002). The CFC-11
(chlorofluorocarbon-11) is a purely anthropogenic passive
tracer that was first introduced in the atmosphere in the
1930s (Gammon et al., 1982; Wallace and Lazier, 1988;
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Fig. 1. Map of eddy kinetic energy (EKE) in the eddying model (top) and from TOPEX observations (bottom) in cm? s—2 south of 20°S. The observed EKE is
divided by a factor of 4 to better compare spatial patterns with the eddying model. The non-eddying’s EKE is close to zero and not shown here.
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Doney and Bullister, 1992). We initiated the offline
simulations in 1950 because atmospheric CFC-11 concen-
trations before this date were less than 1% of the
maximum in 1994. We evaluated simulated CFC-11
distributions by comparing them to the gridded data-
based product from Global Ocean Data Analysis Project
(GLODAP) (Key et al., 2004). The GLODAP product is based
on a compilation of data from the World Ocean Circulation
Experiment (WOCE), the Joint Global Ocean Flux Study
(JGOFS), and the Ocean-Atmosphere Carbon Exchange
Study (OACES).

3. Results
3.1. Structure of AAIW in the southern extratropics

The zonally averaged vertical density structure in the
upper 3000 m between 70°S and 40°S (Fig. 2) reveals how
explicitly accounting for eddies flattens isopycnal sur-
faces, lessening the abrupt increase in isopycnal layer
thicknesses that characterizes the ACC frontal system in
coarse-resolution models. This flattening primarily occurs
below 100 m through to intermediate depths to the south
of 40°S. This figure also shows a remarkable overall
similarity between the eddying model and the non-
eddying model with GM. Yet, it is well known that
the path of the ACC undergoes important meridional
displacements in regions of strong topography. Therefore,
zonal averaging can lead to an unrealistic view of the
overturning circulation across the meandering jet (Ivchenko
et al, 1996). That is, the permanent meanders, also
called “standing eddies”, do substantially contribute to
the meridional volume transport (Hallberg and Gnanade-
sikan, 2001; Lee and Coward, 2003). Thus, the differences
in the zonal averaged density structure may not be fully
due to the action of transient eddies. In order to clearly
identify the relative importance of the transient eddies in

1000

Depth (m)

2000

3000

Latitude

Fig. 2. Zonally averaged, annual mean, potential density south of 40°S
for the upper 3000 m as simulated by the non-eddying model (blue), the
eddying model (red) and the non-eddying model with GM (purple).
South of 60°S, isopycnals near the surface are more diffuse in the
eddying simulation, largely because of the thickening of the UCDW. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

setting the stratification and the density structure
across the ACC we used a streamwise-average approach.
By definition, the effects of standing eddies vanish when
averaging is along streamlines (Marshall et al., 1993;
Hallberg and Gnanadesikan, 2001; Karsten and Marshall,
2002). Using either barotropic or geostrophic streamfunc-
tions gave similar results. Fig. 3 shows potential density
averaged along barotropic streamlines in the three
simulations. To capture the truly circumpolar flow,
we calculated the streamwise average of density for the
region bounded by the northernmost and southernmost
lines of constant barotropic transport that pass through
the Drake Passage (Fig. 3).

Although the contrast between the eddying and
non-eddying models is reduced when averaging along
streamlines, isopycnal surfaces are still much flatter in the
higher resolution simulation. This flattening is due to the
tendency of the transient eddies to weaken the barocli-
nicity of the mean flow by reducing its available potential
energy (APE) (Gille et al., 1987; Pedlosky, 1987). Thus the
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Fig. 3. Potential density averaged along bartropic streamlines for the
upper 3000 m (top) and for only the upper 200 m (bottom), as simulated
by the non-eddying model (blue), the eddying model (red) and the non-
eddying model with GM (purple). The northernmost and southernmost
bounds of the barotropic transport that go through the Drake Passage are
0 and 140 Sv, respectively. For clarity, the mean latitudes of streamlines
are also indicated on the meridional coordinate axis. (For interpretation
of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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eddying simulation has denser water masses at inter-
mediate depths and in the lower thermocline north of the
polar front (PF) (60°S) and water masses with lower
densities in the upper thermocline further south. These
findings are consistent with previous studies showing that
models that explicitly account for eddies also exhibit
greater vertical stratification in the Southern Ocean
(Vallis, 2000; Marshall et al., 2002; Marshall and Radko,
2003). Relative to the eddying model, the non-eddying
model with GM shows a small systematic bias towards
slightly denser waters at all depths when averaging along
streamlines. These discrepancies are largest near ocean
surface (Fig. 3). Nevertheless, in the ocean interior the
density structure (defined by the slope of isopycnal
surfaces) in the non-eddying model with GM generally
agrees with that in the eddying model. Such is expected
given that GM is known to dramatically improve the
density profile in coarse-resolution models (Danabasoglu
et al., 1994; Duffy et al., 1997).

Besides the eddying model flattening of isopycnals, it
also exhibits a general thinning of the AAIW layer, defined
as the distance between the 27.0 and 27.4 isopycnals
(Fig. 4). This thinning is unevenly distributed around the
SAF. Thinning is greatest in the Indian Ocean and is also
notable in the Atlantic basin and in the eastern portion of
the Pacific Ocean (between 80°W and 130°W). Conversely,
in the central and southwest Pacific, the AAIW layer
thickness changes little although it extends a few degrees
farther south. To better understand those differences
between the eddying and the non-eddying simulations,
we used CFC-11 to help discern intermediate water
ventilation and AAIW subduction.

0° IA | | | |

3.2. CFC-11 and ventilation of AAIW

Fig. 5 shows snapshots of the CFC-11 vertical inven-
tories integrated over the AAIW layer from the eddying
and the non-eddying simulations. Because the concentra-
tion of CFC-11 in the atmosphere rose rapidly, particularly
during the 1950s, there was a rapid rate of increase in the
air-sea CFC-11 flux over the Southern Ocean during this
period. As a consequence, during the 1950s then, the
CFC-11 inventory in the AAIW layer is mainly due to new
local ventilation of water masses. From the 1960s
onwards, zonal transport of older subducted AAIW plays
an increasing role, homogenizing the circumpolar dis-
tribution. Thus, the CFC-11 vertical inventory in the AAIW
layer in 1955 offers a better indicator of the spatial
distribution of intermediate water subduction than do
inventories from later years. In the non-eddying simula-
tion, AAIW ventilation occurs in a near circumpolar band
along the ACC, with enhanced subduction in the southeast
Pacific Ocean and south of Australia. In contrast, in the
eddying simulation, AAIW ventilation is concentrated in
the Pacific and in the westernmost Atlantic sectors, but is
nearly absent from the Indian and southeast Atlantic
sectors. The spatial distribution of AAIW subduction in the
eddying simulation fits better with the localized descrip-
tion of McCartney (1977).

We further explored differences in the ventilation of
intermediate waters between the eddying and the non-
eddying simulations by comparing CFC-11 along two
meridional sections in the Indian and Pacific sectors
of the southern extratropics (Fig. 6). Both models exhibit
a sharper meridional density gradient and PF frontal
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Fig. 4. Annual average AAIW layer thickness (m) from the non-eddying model (top) and the eddying model (bottom).
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Fig. 5. Snapshots of CFC-11 inventory in the AAIW layer from the non-eddying model (left) and the eddying model (right) in 1955 (top), 1970 (middle),

and 1994 (bottom). Inventories are given in pmol m—2.

structure along the Indian section (along 125°E) relative to
the Pacific section (along 90°W). In the Indian Ocean,
there is only shallow CFC-11 penetration south of 60°S but
a sharp gradient across the PF leads to much deeper
penetration a few degrees to the north, particularly in the
non-eddying simulation. Across both sections, the density
field shows similar structure in the non-eddying model
with GM relative to the eddying model. Yet, the CFC-11
penetrates substantially deeper in the non-eddying model
with GM, indicating more rapid ventilation of the

intermediate ocean in this model. For both sections,
CFC-11 penetrates further across isopycnal surfaces in
the non-eddying simulations both with and without GM.
This suggests that the ventilation of intermediate water in
the coarse-resolution simulations is not fully dominated
by isopycnal subduction of surface water masses; addi-
tionally, diapycnal mixing and wintertime convection
must be important for AAIW ventilation in these models.
In contrast, the eddying simulation’s greater tendency for
CFC-11 contours to follow isopycnals, particularly in the
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Ocean (left) and 90°W in the Pacific Ocean (right) in 1994, as simulated by the non-eddying model (top row), the non-eddying model with GM (second

row), the eddying model (third row) and from data (bottom row).

Indian Ocean (Fig. 6), suggests that explicitly resolving
eddies allows isopycnal subduction to become the
predominant mechanism by which AAIW is ventilated.

3.3. Comparison with observations

Fig. 6 also compares simulated CFC-11 concentrations
to observations in 1994 along the same two sections. In

the non-eddying simulation, the CFC-11 vertical distribu-
tion is too diffusive; it substantially overestimates the
observed penetration, particularly in the Indian Ocean.
The non-eddying model with GM shows a small improve-
ment, illustrating that this parameterization slightly
reduces the excessive ventilation of intermediate ocean.
Still, CFC-11 vertical penetration is excessive in the non-
eddying model with GM. There is greater general
improvement due to the increase of horizontal resolution
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apparent in both sections, particularly the Indian section.
Both sections exhibit more realistic vertical penetration
of CFC-11 north of the SAF. South of 60°S, all models
substantially underestimate tracer penetration. This arti-
fact is due to a known deficiency of the ORCA model,
which underestimates the mixed layer depth in highest
southern latitudes (de Boyer Montégut et al., 2004;
Lachkar et al, 2007). It appears to stem partly from
vertical mixing in the mixed layer in this region being too
weak in the current version of the model’s TKE para-
meterization.

To further assess the extent to which including
mesoscale eddies improves simulated AAIW ventilation,

we compared the simulated AAIW inventory of CFC-11
to that observed in 1994 (Fig. 7). Overall, applying the
GM parameterization improves the agreement of the non-
eddying model with observations, particularly in the
Atlantic sector where the model’s excess CFC-11 inventory
is substantially reduced. Yet, the non-eddying model with
GM considerably overestimates the observed CFC-11
concentrations in the Indian sector and particularly south
of Australia. This results in a more circumpolar and
uniformly distributed AAIW ventilation along the ACC,
compared to more localized, Pacific-enhanced, ventilation
found with the eddying model (Fig. 7). Out of the three
simulations, the eddying model exhibits the most realistic
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ventilation of AAIW, both in terms of the pattern and the
overall magnitude of its CFC-11 inventory.

Overall, moving from the non-eddying model, with or
without GM, to the eddying model improves the simu-
lated AAIW subduction and ventilation of intermediate
waters. The simulated CFC-11 inventory in the AAIW
changes from having a nearly homogeneous circumpolar
pattern to a more localized distribution centered about
the southeast Pacific. Furthermore, by moving to the
eddying model, isopycnal subduction of surface water
masses appears to become the predominant means by
which southern intermediate waters are ventilated,
particularly in the Indian Ocean where the increase in
resolution results in the largest decrease in AAIW
formation. The mechanisms that are responsible for these
changes are elucidated in the following section.

4. Discussion
4.1. Eddies and conversion of NADW to AAIW

To better understand how eddies affect dense-water
transformation near the Antarctic divergence, we consider
the vertical density structure south of the PF. Because
of the presence of many closed contours of barotropic
streamfunction associated with the Ross and Weddell
gyres, averaging along streamlines is not easy to inter-
pret south of 60°S. Therefore, we simply compare here
the zonally averaged section of potential density in the
eddying and the non-eddying models (Fig. 2). Near the
surface and south of 60°S, the eddying model’s upper
circumpolar deep water (UCDW, gy = 27.4—27.6) layer is
thicker, which corresponds to a weakening of meridional
and vertical density gradients in the upper ocean. Because
the near-surface circulation in this region is dominated by
the vertical Ekman pumping, this weakening leads to
a decrease in the density of upwelled water. Being
lighter, the upwelled water masses undergo less diapycnal
transformation near the ocean surface. The eddy-induced
reduction of the diapycnal transformation of dense water
near the Antarctic divergence has been demonstrated in
previous theoretical studies (Hallberg and Gnanadesikan,
2001; Karsten and Marshall, 2002). In the non-eddying
simulation, the total diapycnal transport across the gg =
27.5 integrated from 64°S to 58°S is 26 Sv, whereas in the
eddying simulation it is only 13Sv. Thus, the eddy-
induced thickening of UCDW in the upper ocean near
the Antarctic divergence leads to a reduction in the
transformation of dense NADW-LCDW (o) = 27.6—28.0)
to lighter AAIW/SAMW in the eddying model.

The eddy-induced increase of UCDW thickness in the
upper thermocline south of 58°S is roughly compensated
by a decrease in thickness at intermediate depths between
45°S and 58°S (Fig. 8). Thus eddies redistribute water
within the UCDW layer, smoothing out meridional
differences in its thickness across the ACC. In the eddying
simulation, there is also a 24% decrease in volume of
AAIW at 45°S and a 17% increase of NADW volume at 50°S.
Thus, it appears that less NADW is converted into AAIW in
the Southern Ocean. Determining the actual rate of this
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Fig. 8. Zonally integrated volumes of AAIW (top), UCDW (middle) and
NADW (bottom) for the non-eddying model (solid line) and the eddying
model (dashed line) south of 30°S.

transformation is one key to improving understanding of
the thermohaline circulation and climate in general. For
example, Saenko et al. (2003) found two stable modes of
the thermohaline circulation that depend on the relative
difference between densities of NADW and AAIW, which is
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in turn connected to the rate at which NADW is
transformed into AAIW.

The formation of AAIW is thought to result essentially
from some combination of two processes: (i) the isopycnal
subduction of fresh AASW along the Antarctic polar
frontal zone (APFZ) and (ii) the convection-driven vertical
mixing during winter within the freshest and coldest
variety of SAMW north of the SAF (Tomczak, 1999). Both
mechanisms involve downward transport of freshwater.
Rapid ventilation of intermediate water is tightly linked to
the capacity of surface freshwater to sink, which depends
in turn on the vertical buoyancy profile. Thus, to gain
insight into why eddies lead to reduced and more
localized AAIW ventilation, we studied how eddies affect
the buoyancy fluxes in the Southern Ocean, which alters
vertical and meridional freshwater transport.

4.2. AAIW ventilation and eddy fluxes

As an indicator of the contribution of eddies to
meridional buoyancy transport, we computed the time-
mean meridional eddy flux of buoyancy at each grid point
using the identity

vb' =vb-vb (2)

where v is the meridional component of velocity and b is
local buoyancy. Following the Reynolds convention, the
overbar represents the annual mean and the prime is
deviation from the annual mean. Temporal deviations
were computed from 5-day snapshots. We found these
eddy fluxes to be negligible over the whole southern
extratropics in the coarse-resolution version of the model.
Thus, we show only the results from the eddying
simulation. We further split the buoyancy transport term
into two parts: one part due to eddy heat transport and
the other part due to eddy freshwater transport. Fig. 9
shows the zonal integrals of these two quantities
calculated for both the World Ocean and the individual
ocean basins south of 40°S. Eddies transport buoyancy
poleward over a large part of southern high and mid-
latitudes. Heat transport dominates the buoyancy trans-
port over most of the Southern Ocean, except north of
45°S where freshwater transport becomes important.
North of 55°S, most of the buoyancy transport due to
eddy heat transport and eddy freshwater transport occurs
in the Indian sector of the Southern Ocean. Much less but
still a substantial contribution of the eddy buoyancy
transport occurs in the Atlantic Ocean north of 45°S. In the
Pacific Ocean, eddies drive an important poleward trans-
port of heat south of 55°S. Yet, eddy fluxes of buoyancy are
negligible in the Pacific sector’s 55°S-40°S latitudinal
band where AAIW subducts and reaches intermediate
depths. This explains the Pacific sector’s small reduction
of AAIW ventilation when moving from the non-eddying
to the eddying resolution.

Further study of the vertical structure of the eddy heat
transport, which dominates the buoyancy transport in the
Southern Ocean, reveals that it is largest in the upper
1000 m, with peak transport at 500 m (Fig. 10). Thus eddy
activity tends to warm these upper-ocean waters north of
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Fig. 9. The eddying model's meridional eddy transport of buoyancy
(10°kgs—1) due to (top) heat and (bottom) freshwater over the World
Ocean and in the different individual basins.

the SAF. That warming increases the vertical stratification
particularly important at intermediate depths (around
500 m), thereby limiting the sink of freshwater further
below. This eddy-induced warming and the associated
reduction in the freshwater penetration is particularly
apparent in streamwise averages of simulated tempera-
ture and salinity over the upper 1000 m (Fig. 11). The
increased stratification also limits the deep wintertime
convection in the southern mid latitudes as shown in
Fig. 12. Relative to the non-eddying models, the simulated
mixed layer is generally shallowest in regions of deep
convection in the eddying model, particularly in the
southeastern Indian Ocean. The winter mixed layer in
both the non-eddying simulations are too deep compared
to observations (de Boyer Montégut et al., 2004), whereas
it is generally more realistic in the eddying model. Thus
explicitly resolving mesoscale eddies reduces the trans-
formation of cold and fresh SAMW into AAIW through
convective mixing.

In summary, in our simulations, explicitly resolving
eddies increases the volume of the UCDW near the
Antarctic divergence and reduces the upwelling of dense
LCDW/NADW, thereby reducing its conversion into light
AAIW at ocean surface. North of the SAF, eddies act to
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warm the upper ocean thereby amplifying vertical stratifi-
cation at intermediate depths. This increased vertical
stratification reduces the subduction of freshwater and
limits deep wintertime convection, both of which reduce
intermediate water ventilation. Fig. 13 summarizes the
fundamental differences between the eddying and the non-
eddying models.

Higher eddy activity in the Indian sector relative to the
Pacific sector has no single explanation. Regional differ-
ences in atmospheric forcing and bottom topography
probably both contribute. The Indian sector’s much
stronger wind stress injects more energy into the flow
(Fig. 14). This greater energy input may partly explain the
Indian sector’s stronger eddy energy. The complicated link

between the wind energy and the eddy activity in the
Southern Ocean has been illustrated in previous studies
(Hallberg and Gnanadesikan, 2006; Meredith and Hogg,
2006; Hogg et al., 2008). Bottom topography may also
play an important role in the Indian sector because it is
steeper and more uneven than the nearly flat-bottomed
southeast Pacific. These non-uniform eddy fluxes along
the ACC likewise imply a patchy distribution of AAIW
source regions. The patchy distribution of AAIW formation
in our eddying model contrasts with results from some
previous studies where the effects of eddies have been
parameterized in coarse-resolution models (Marsh et al.,
2000; Sorensen et al., 2001). In those studies, AAIW also
formed nearly homogeneously along the SAF. Our work
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non-eddying model with the GM parameterization, the eddying simulation, and from data (climatology of de Boyer Montégut et al., 2004).

suggests that this is a misrepresentation of the effects of
eddies on AAIW formation, which derives in part from an
inadequate eddy parameterization.

4.3. The poor performance of GM in the Indian sector

To better understand inadequacies of GM parameter-
ization, we compare the eddy transfer coefficient com-
puted from Eq. (1) between the eddying and non-eddying
resolutions. This coefficient represents the potential
of the simulated circulation to adiabatically generate eddy
advective fluxes from the mean flow. In the eastern

portion of Indian Ocean, the GM eddy transfer coefficient
is much weaker at the non-eddying resolution (Fig. 15).
This coefficient also increases during summer in the
Indian Ocean as the mixed layer shoals. The poor
performance of the GM parameterization in the Indian
Ocean at the non-eddying resolution appears to be
directly linked to its exaggerated wintertime mixed layer
depth (Fig. 12). A deep mixed layer has a reduced mean
vertical stratification, implying a GM eddy transfer
coefficient that is too low. In reality, eddy fluxes do not
vanish within the mixed layer; rather, they become
horizontal allowing transport across density surfaces.
These horizontal eddy fluxes help the mixed layer to
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Fig. 14. Annual mean zonal wind stress forcing over the Southern Ocean (Nm~2).

restratify and thus to shoal (Boccaletti et al., 2007). The
GM parameterization fails to represent the effects of
mesoscale eddies in the upper ocean because it represents
an adiabatic formulation of baroclinic eddies, whereas
near-surface ocean circulation and eddy fluxes are largely
horizontal and diabatic (Ferrari et al., 2008; Ferreira and
Marshall, 2006; Boccaletti et al., 2007). However, in order
to maintain numerical stability in the non-eddying
simulation, the slopes of isopycnal surfaces are bounded
by 145 everywhere. This introduces some diabatic fluxes in
regions with steep isopycnal surfaces and particularly
around deep convection sites (Gerdes et al., 1991;

Danabasoglu and McWilliams, 1995). Yet, these fluxes
are driven by pure numerical stability constraints and do
not rely on any satisfactory theoretical framework to
describe vertical profiles of the eddy fluxes in the mixed
layer. Our comparison reveals that the role played by
mesoscale eddies in the mixed layer is not properly
accounted for by the GM parameterization, but is crucial
and their representation should be improved. The failure
of the GM parameterization in the Indian basin introduces
erroneous exchange between the mixed layer and
interior ocean, which further affects air-sea tracer fluxes.
Consequently, one would expect that patterns of AAIW
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Fig. 16. CFC-11 inventory in the AAIW layer at end of 1994 averaged meridionally between 65°S and 40°S (pmol m~2), from the GLODAP data (thick solid
line) and as simulated in the non-eddying model (thin solid line), the non-eddying model with GM parameterization (line with small circles), and the

eddying simulation (thin dashed line).

formation would also differ between these two models.
Model-data comparison of the meridionally averaged
CFC-11 inventory between 65°S and 40°S (Fig. 16)
indicates that AAIW ventilation in the Indian Ocean of
the non-eddying model, with or without GM, is much too
strong, whereas that in the eddying model is only slightly
underestimated. Thus the non-eddying model with GM
offers less contrast between basins than does the eddying
model.

In summary, the GM parameterization is known to
improve the vertical density structure in the ocean
interior, but it should be adapted to properly account
for diabatic eddy-induced transport in the mixed layer.
Ferrari et al. (2008) have initiated a recent research effort
in this direction. Their new parameterization is meant to

offer a more realistic representation of the effect of eddies
near the surface boundary as well as in the ocean interior.
Future work should test how this new parameterization
may improve simulated AAIW ventilation and subduction.

4.4. Comparison with previous work

Two previous coarse-resolution model studies
(England et al., 1993; Saenko and England, 2003) are
somewhat consistent with the McCartney (1977) picture
of AAIW formation. However, it is not immediately
apparent why these model studies succeed more than
others in producing the non-uniform distribution of AAIW
formation. For instance, these models differ from our
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eddying simulation not only in their coarser, non-eddying
resolution, but also in their forcing and model physics.
Using a non-eddying model with an isopycnal lateral
diffusion scheme but without GM, England et al. (1993)
simulated enhanced AAIW formation in the southeast
Pacific that was dominated by vertical convection. How-
ever, that model configuration exhibited too much AAIW
formation owing to excess freshwater originating from
isopycnal mixing in the polar frontal zone of the South
Indian Ocean, particularly south of Australia as reported
by England (1993) (see his Fig. 15b).

More recently, Saenko and England (2003) used
a coupled atmosphere-ocean climate model with the
GM parameterization. With a passive age tracer, they
identified rapid ventilation of intermediate water around
the southern tip of South America, consistent with our
eddying model results. However, they also found an
additional zone of rapid ventilation in the southeast
Indian Ocean (see their Fig. 6). The contrast found
between the Indian and the Pacific sectors in their study
is much less than that found in our eddying model, which
is supported by our model-data comparison of the CFC-11
inventory. Our main contribution to this debate is to
show that one can move from simulating the nearly
uniform distribution to simulating a more realistic
heterogeneous distribution simply by increasing horizon-
tal model resolution.

5. Summary and conclusions

The formation and ventilation of AAIW is a matter of
ongoing debate opposing one view where there is nearly
uniform circumpolar formation, as proposed by Sverdrup
et al. (1942), with another view where there is a more
localized distribution, as proposed by McCartney (1977).
In an attempt to shed light on this debate, we have
investigated the role of the mesoscale eddies by making
simulations in the coupled ocean-ice model ORCA-LIM at
eddying and non-eddying resolutions (neither with GM).
Overall, the total volume of AAIW at 45°S was 24% less in
the eddying simulation, which corresponded to a thinning
of the AAIW layer by 32% in the Indian sector and 11% in
the Pacific sector. Simulated CFC-11 distributions within
the AAIW layer reveal that intermediate water ventilation
and subduction have a near-uniform, circumpolar dis-
tribution in the non-eddying simulation, but a non-
uniform distribution concentrated in the southeastern
Pacific and in the westernmost South Atlantic in the
eddying simulation. The increase in horizontal resolution
also yields better agreement with CFC-11 observations.

Eddy-induced isopycnal mixing, particularly important
in the UCDW layer, reduces the diapycnal flux that
converts dense upwelled NADW into less dense AAIW
near the Antarctic divergence. Further north to the SAF,
poleward eddy heat transport increases ocean stratifica-
tion at intermediate depths, thereby limiting the vertical
penetration of AAIW and reducing the wintertime deep
convective mixing at the base of the SAMW.

We hypothesize that the relatively high eddy activity in
the southeastern portion of the Indian basin results

primarily from the strong wind stress characterizing this
region. As a consequence, when moving from the non-
eddying to the eddying model, the sink of freshwater in
the AAIW subduction zone is reduced by an eddy-induced
warming at intermediate depths that is much larger in the
Indian sector than in the Pacific sector. This also results in
greater inhibition of the wintertime convection in the
southern mid-latitudes higher in the southeast Indian
Ocean than in the South Pacific Ocean. Therefore, the main
reason why the AAIW is not formed uniformly along the
ACC in the eddying model is due to the heterogeneity of
the eddy fluxes along the ACC and ultimately the external
factors that generate them.

We have compared results from the eddying version of
the model to those from a version of the non-eddying
model that includes the GM parameterization. Because
this parameterization is fundamentally adiabatic, it does
not properly account for the diabatic horizontal eddy
fluxes in the mixed layer. As a result, the non-eddying
model with the GM parameterization overestimates the
rate of AAIW ventilation, particularly in the Indian Ocean
where the mixed layer is much too deep during the
winter, which leads to a more uniform circumpolar
distribution of AAIW subduction around the ACC than
found in the eddying model. This finding may partly
explain why most previous studies with coarse-resolution
GCMs that include the GM parameterization support the
original Sverdrup et al. (1942) paradigm of uniform AAIW
formation. Partial exceptions include non-eddying model-
ing studies by England et al. (1993) and Saenko and
England (2003) who did find enhanced AAIW formation in
the southeast Pacific, but who also found substantial
AAIW formation in the Indian Ocean. Results from our
eddying model, which exhibits greater contrast in AAIW
formation between the Indian and the Pacific sectors,
suggest that coarse-resolution models may tend to over-
estimate the ventilation of AAIW in the Indian sector
of the southern extratropics; hence, they may also over-
estimate associated uptake of anthropogenic CO, and
heat. Further simulations at higher resolutions are
required to determine the extent to which further
increases in horizontal resolution may alter these findings.
This study suggests that there is a need for ocean models
to adopt higher resolution or incorporate improved
parameterizations that properly represent the effects of
eddies not only in the ocean interior but also in the deep
mixed layers.
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