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ABSTRACT

The effects of eddies in a primitive equation ocean model configured in a single hemisphere domain with
circumpolar channels at their poleward ends are investigated; in particular, two regimes for the mass
balance in the channel are investigated. With small overlying winds, the channel stratification is largely set
by diffusion operating in the gyre portion of the domain: the depth scale varies with a fractional power of
the diffusivity but has little dependence on the wind stress. As the winds are increased, the depth becomes
increasingly controlled by a tendency toward small residual circulation. In this limit, a scaling theory is
derived for the stratification in the channel that predicts the overall depth of the thermocline as a power of
the wind stress and that allows the eddy length scale to differ from the channel length scale. The predicted
depth depends on the details of the closure chosen for the eddy buoyancy flux, but in general it varies as
some fractional power of the wind stress, and a channel-only numerical simulation agrees well with this
prediction. When a gyre region is added to the channel, vertical diffusion in the gyre exerts some control
on the channel stratification even at higher winds, forcing the mass balance into a mixed regime in which
both eddy and diffusive effects are important. The depth scale varies less with the wind stress than in a
channel-only configuration, and the residual mean circulation in the channel is maintained by the conver-

gence of cross-isopycnal eddy buoyancy fluxes.

1. Introduction

Understanding the stratification of the ocean is a
classical problem in physical oceanography. Much at-
tention has focused, naturally enough, on the subtropi-
cal gyre and an ocean devoid of baroclinic eddies, and
a reasonable understanding of that problem has
emerged (Welander 1959; Stommel and Webster 1962;
Samelson and Vallis 1997; and others). If, and realisti-
cally, baroclinic eddies are allowed to form, the prob-
lem becomes more difficult because it becomes depen-
dent on understanding the transport properties of the
baroclinic eddies, itself at least in part a problem in
geostrophic turbulence. Nevertheless, although meso-
scale eddies undoubtedly do affect the structure of the
western boundary current and the subtropical ther-
mocline (Radko and Marshall 2004), the basic structure
suggested by Samelson and Vallis (1997)—that is, an
upper-ventilated thermocline with a diffusive base—is
still recognizable. The main difference, found by Hen-
ning and Vallis (2004), is that the dynamical balance in
the base of the thermocline involves mesoscale eddies,
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as well as diffusion and mean advection, and its mean
thickness does not appear to collapse to zero in the zero
diapycnal diffusion limit. Even though the eddy kinetic
energy is an order of magnitude larger than the mean
kinetic energy, the eddies do not wholly dominate the
thermocline structure.

However, this picture does not necessarily hold over
the rest of the ocean, and in particular, in the Antarctic
Circumpolar Channel (ACC), which remains un-
blocked by topography down to a depth of about 2500
m. Such a channel can have no net mean geostrophic
meridional flow, since the longitudinal integral of the
longitudinal pressure gradient is zero. In an ocean with-
out eddies this leads to the formation of near vertical
isopycnals in the channel (Vallis 2000), which are highly
baroclinically unstable. It therefore is possible that the
eddies would play a leading-order role in setting the
channel stratification and hence (via thermal wind) the
zonal transport in the channel.

Making various assumptions about the behavior of
eddies, a number of investigators have suggested ways
in which the transport of the ACC might then depend
on wind stress (e.g., Johnson and Bryden 1989; Straub
1993; Marshall et al. 1993). These particular studies are
all based at least partially on quasigeostrophic dynam-
ics, which do not allow the stratification to change with
the wind stress and which may not be valid for the ACC



MAy 2005

(Killworth and Nanneh 1994). In the Fine Resolution
Antarctic Model (FRAM) of the ACC, Doos and
Webb (1994) showed that the diabatic circulation
largely disappears when eddies are included, owing to a
partial cancellation between the mean and eddy circu-
lation. More recently, several studies have emerged
that derive solutions for the channel thermocline depth
under the assumption that this residual circulation
should be close to zero. Karsten et al. (2002) find a
scaling dependence on the wind stress to the first power
and Marshall and Radko (2003) derive a solution for
the stratification using the method of characteristics un-
der this assumption. These studies both prescribe the
surface buoyancy flux, while Gallego et al. (2004) un-
derscores the importance of allowing the surface fluxes
to adjust to the flow patterns (e.g., by using a restoring
scheme), and they show that when the interior diabatic
fluxes are small, the residual flow and surface buoyancy
fluxes are necessarily weak. These studies have found
success in idealized model simulations based on weak
residual mean flow, but analysis of notoriously sparse
data in the ACC is less conclusive. Karsten and Mar-
shall (2002) found that while the eddy and mean circu-
lations do tend to oppose each other in the observa-
tions, the residual mean flow can remain a third to a
half the magnitude of the mean circulation, suggesting
the zero-residual-mean condition may not be wholly
appropriate in the real ocean.

The above evidently give conflicting evidence about
the exact dependence of the transport and stratification
on the wind stress, although their results underscore the
importance of considering a realistic surface thermody-
namic forcing and on resolving (or at least permitting)
eddies if any progress on the question is to be made. In
addition, all of these studies focus on a channel-only
domain; because the channel isopycnals must connect
smoothly with those of the subtropical gyre, it is pos-
sible that the channel stratification may be affected by
the presence of the gyre and vice versa (as in Vallis
2000), and these considerations have motivated the
present study. In particular, we explore the stratifica-
tion and transport properties of a simply configured
primitive equation model with a re-entrant, circumpo-
lar channel adjacent to a subtropical gyre, as a simple
model of the Southern Ocean. The simple geometry
allows reasonably high horizontal resolution and ex-
tended integration periods to be achieved with a rea-
sonable (but not comprehensive) range of parameters.
Both thermodynamic and wind forcing are included.
The numerical simulations are complemented by vari-
ous theoretical arguments involving simply eddy clo-
sures and transformed Eulerian mean and residual
mean diagnostics.

In section 2, we describe the model configuration. In
section 3, we examine the qualitative structure of the
eddy-permitting base case. We look at the stratification
structure, the overturning circulation, and the buoyancy
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FiG. 1. A schematic drawing showing the domain used in this
modeling study. The domain is a box with a channel at the pole-
ward end. The channel is subject to a periodic boundary condition
and represents the Antarctic Circumpolar Current in this simple
geometry.

equation balance, and we see that the diapycnal circu-
lation is balanced by explicit vertical diffusion in the
gyre but by a small diapycnal eddy flux convergence in
the channel. In section 4, we investigate two regimes
that control how the stratification depth and transport
vary with the wind stress and diffusion, one in which the
residual mean transport tends toward zero and holds
for higher winds, and one in which the depth scale is
largely set by diffusion in the gyre and holds for lower
winds. In section 5, we analyze the model results and
find that gyre processes affect the channel stratification
for all wind values. In section 6 we present a summary
and discussion of the results.

2. Model configuration

We use the Modular Ocean Model, version 3,
(MOM3; Pacanowski and Griffies 1999) primitive
equation model in an idealized configuration, shown
schematically in Fig. 1. The domain is from 52° to 8°S
and is 24° in longitude. At the surface, the vertical reso-
lution is 35 m, stretching to 75 m at 600-m depth and
260 m at 4300-m depth (the domain bottom), giving a
total of 31 vertical layers. A channel with a periodic
boundary condition is present at the poleward end from
latitudes 40° to 52°S. In one base case, this channel is
left unblocked to any topography; in a second case, the
channel is blocked at the first and last grid point in the
logitudinal direction for all latitudes in the channel by a
ridge that rises 2000 m high, leaving 2300 m unblocked.
In the remainder of the paper, we will refer to the
channel region and also to the remainder of the do-
main, which we will call the “gyre region.”
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FIG. 2. Standard wind stress used in the base case. The wind
stress curl has a maximum near 23°S.

The wind stress pattern is given in Fig. 2 so that the
wind stress curl changes sign near 35°S. This leaves a
rather small subpolar gyre between 35°S and the chan-
nel boundary. Temperature is the only active tracer and
the surface temperature is restored to a linear profile
that varies only in the latitudinal direction with a re-
storing time scale of 35 days, so that the net heat input
is 50 Wm ?°C ..

Integrations were first performed with a relatively
low-resolution grid with a latitudinal grid spacing of 2°
and a variable longitudinal resolution such that the grid
cells were everywhere almost square (we refer to this as
a 2° grid). These cases were integrated with the smallest
Laplacian horizontal diffusivity that maintained stabil-
ity (50 m? s™!). This is about an order of magnitude
smaller than the diffusivity typically used to mimic eddy
mixing and no Gent-McWilliams eddy parameteriza-
tion scheme (Gent et al. 1995) was used so that these
runs can be considered “noneddying.” In general, the
resulting horizontal diffusion term is much smaller than
the vertical diffusion term in the tracer equation, so that
there is little horizontal diapycnal diffusion associated
with the sloping isopycnals away from the western
boundary current. This low-resolution run was inte-
grated for approximately 10 000 yr to reach equilibrium
and was then interpolated onto a ¥4° grid and the inte-
gration continued. In this case, vigorous eddies form in
the channel and in the western boundary region. The
subgrid-scale closure for momentum is a biharmonic
scheme with coefficient A, = 1 X 10" m*s~'. For tem-
perature, we use the Gent—-McWilliams scheme, but
with a very small coefficient kgy = 8 X 107! m?s ™.
This parameterization removes power at the grid scale
without the large diapycnal mixing associated with a
conventional horizontal mixing scheme. However, the
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coefficient is small and does not significantly affect the
buoyancy budget.

The two eddying base cases were run for over 1700 yr
(see Table 1). In general, the upper-ocean equilibrated
first, with the deeper ocean equilibrating more slowly.
We found that equilibration was largely accomplished
after this period, although there is still a very small
tendency in the abyssal ocean in the case without to-
pography. We also ran several different wind strengths
and diffusivities for the base case that included the to-
pographic ridge. These were started either after 600 yr
of the base case or from their own low-resolution
spinup case. In general, the cases started from the
equilibrated runs took around 100-200 yr to re-
equilibrate the upper 1500 m.

3. Eddying base case—A qualitative overview

Estimating the first baroclinic radius of deformation
as NH/f and using H = 1500 m gives a radius of defor-
mation of 35 km at 45°S in the center of the channel. At
this latitude, the model resolution is 20 km, suggesting
that the first radius of deformation is just resolved in
the channel. Typically, baroclinic eddies have a scale of
a few times the deformation radius, both because the
fastest growing eddy typically has a length scale of a few
times the deformation radius (4 times in the Eady prob-
lem) and because of the nonlinear cascade to larger
scales, so our resolution should be sufficient to permit
eddy formation.

Figure 3 shows the eddy kinetic energy at the surface
averaged around the channel. Using Geosat altimeter
data the average eddy kinetic energy in the ACC be-
tween 30° and 60°S is 0.0159 m?s ™2, with locally large
values of 0.1 m* s~ % in Drake Passage and 0.3 m? s~ 2 in
the Agulhas Current region (Wilkin and Morrow 1994).
In our model, the eddy kinetic energy is largest near the
channel boundary, is still significant at 45°S, but then
diminishes south of this latitude. The average value in
the channel is 0.0224 m? s™2, suggesting a root-mean-
squared velocity of 0.150 m s~ '. Evidently, the eddy ki-

TABLE 1. A summary of the experiments run with varying
winds. The eddying case is started from a low-resolution spinup
run for 10 000 yr or from the final state of another eddying run as
noted.

With Length of eddy

ridge Initial condition simulation (yr)
No wind Yes  Winds X 0.2 case 80
Wind X 0.2 Yes  Winds X 0.75 case 100
Wind X 0.75  Yes  Low-resolution spinup 390
Base case No Low-resolution spinup 1745
Base case Yes  Low-resolution spinup 1835
Wind X 1.5 Yes  Low-resolution spinup 425
Wind X 2 Yes  Winds X 3 case 70
Wind X 3 Yes  Winds X 1.5 case 160
Wind X 5 Yes  Winds X 3 case 105
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Fi1G. 3. The surface eddy kinetic energy averaged around the
longitudes of the channel (m? s~2).

netic energy is sufficiently large to be of the same order
as the real ocean in the circumpolar current.

a. Density structure

Figure 4 shows the potential temperature (here,
equivalent to density) sections for the low-resolution
and eddying cases both with and without the topo-
graphic ridge. In the low-resolution case without topog-
raphy, the coldest water is largely trapped in the chan-
nel similar to Vallis (2000). When the ridge is added,
deep stratification forms beneath the level of the ridge.
In the eddying cases, the two cases are less easily dis-
tinguished. In the case with topography, eddies have
formed as a result of baroclinic instability and have
eroded away the available potential energy (APE) as-
sociated with steeply sloping isotherms until the iso-
therms are nearly parallel within the channel. The
stratification is above the topography so that none of
the outcropping layers are blocked by topography. The
case without topography looks similar to the topogra-
phy case; the main differences are the deep 4°C water
(which we find continues to rise slowly as the model is
integrated further) and the slope of the isotherms in the
channel. The latter tends to be somewhat steeper than
the corresponding topography case slope. Thus, rather
unlike the non-eddying model in Vallis (2000), the pres-
ence of topography in our eddying model does not im-
mediately lead to deep stratification and the abyss fills
with the coldest water available at the surface.

b. Overturning circulation

To understand how the eddies help to maintain the
thermal structure shown in Fig. 4, we examine the re-
sidual overturning stream function for the eddy-
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permitting case. To do so, we calculate the streamfunc-
tion along density surfaces,

z[b. A p(db.A0)]
Vo = J f ¢, A, z', )R cos(A) dz' dd,
channel J z=—H(¢)

1)

where A is the longitude, ¢ is the latitude, z = —H()
is the ocean floor, and z(¢, 6, p) is the depth of an
isopycnal (e.g., Doos and Webb 1994). Here, the
streamfunction is the integral of the instantaneous ve-
locity in longitude and from the bottom to the depth of
a given instantaneous density surface. (This represen-
tation is to be compared with the usual mean overturn-
ing streamfunction in which the time-mean velocity is
integrated up to constant depths rather than constant
density surfaces.) The residual mean is then obtained
by time averaging many such snapshots and mapping
back to depth coordinates using the time-averaged
depth of each isopycnal. McIntosh and McDougall
(1996) have shown that the above representation is
equivalent, to leading order in the perturbation ampli-
tude, to the residual circulation calculated in depth co-
ordinates, using the “transformed Eulerian mean” for-
mulation of Andrews and MclIntyre (1978). Figure 5
shows the mean streamfunction (upper), the eddy
streamfunction (middle), and the residual mean
streamfunction (lower) for the case with topography,
where the mean (velocity integrated to depth surfaces)
and residual mean (velocity integrated to density sur-
faces) are calculated as explained above and the eddy
streamfunction has been deduced as the difference be-
tween the two. The solid lines represent clockwise ro-
tation and the dashed lines represent counterclockwise
rotation. The time and longitudinally averaged isopyc-
nals are also shown in the figure.

1) CHANNEL REGION

In the channel region, the mean equatorward Ekman
flow out of the upper layer is returned near the level of
the topography and then lifted at the poleward domain
boundary. The eddy circulation is in the opposite direc-
tion, and the counterclockwise rotation releases the
available potential energy stored in the stratification,
consistent with baroclinic eddy formation. The residual
mean streamfunction, as the sum of two opposing cir-
culations, is smaller in magnitude than either the eddy
or mean streamfunctions, with the average ratio of re-
sidual to mean equal to 0.5 in the core of the circulation
(near 500-m depth and 42°S). The residual is poleward
at the surface, in accordance with a surface buoyancy
flux from the ocean to the atmosphere in the channel
(not shown), and equatorward at depth. This residual
mean circulation must be balanced locally by a diabatic
process, either background diffusion or an explicitly di-
apycnal eddy term. To determine which, Fig. 6 shows
the buoyancy equation terms near the channel bound-










































