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Eddy compensation

depth; px is the zonal pressure gradient; and tx is the zonal component of the wind
stress. Overbars now indicate zonal averages and primes represent deviations
from this average, i.e. the eddy contribution.

If we assume that there is no mixing between layers, then the transport of each
layer must disappear by mass conservation or V1ZV2Z0. In the upper layer,
westerly winds drive a northward Ekman transport that must be balanced by a
southward flow above topography. Equation (2.1) reveals that this flow arises
from zonal pressure gradients related to transient displacements of the interface
between the two layers ðKh 0p0x Þ. Mesoscale eddies are the primary mechanism
for generating these interface displacements. Furthermore, geostrophy implies
p0xzr0fv

0 such that h 0p0x zr0f !hv
#, i.e. it is the eddy induced transport in the

upper layer that balances the Ekman transport. The appearance of the interface
displacement term ðh 0p0x Þ in both the upper and lower layer equations indicates
that mesoscale eddies also enable the vertical transport of momentum to a layer
where it can be balanced by bottom form stress ðHp0x Þ. This model can be
extended to include more layers or to allow mixing between layers (Olbers et al.
2004), but the behaviour remains qualitatively similar. This example shows how
eddies alleviate some of the restriction on meridional flow imposed by the Drake
Passage effect.

A schematic of the ACC’s meridional structure illustrates how these eddies
arise (figure 2b). The curvature of the wind stress south of the wind stress
maximum produces a divergence in the Ekman transport. In order for water to
rise and replace this surface flow without undergoing large density modifications,
as is consistent with a largely adiabatic ocean interior, isopycnals or levels of
constant density, tilt upwards across the ACC towards its poleward edge.
Buoyancy forcing at the surface (heating/cooling and evaporation/precipitation)
also helps to maintain this tilt, which is related to the strength of the ACC’s
zonal flow through geostrophy. The potential energy stored in the isopycnal tilt
is then released through a process known as baroclinic instability that converts
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Figure 2. (a) Schematic of a zonal (east–west) section along the ACC (adapted from Olbers et al.
2004). Mesoscale eddies generate isopycnal displacements that transport momentum vertically
and balance the meridional (north–south) transport. (b) Schematic of a meridional section of the
ACC (adapted from Speer et al. 2000). The grey arrows indicate transport and the solid lines are
levels of constant density. The circular curves represent the sense of the Eulerian !j and eddy j0

overturning cells in residual-mean theories. Patterns of wind and buoyancy forcing at the surface
are also shown.
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Question

Does an eddy-saturated ACC imply 
a completely eddy-compensated meridional overturning circulation?

Meredith, et. al. (2012), J. Climate, 25(1), 99-110



Is ACC saturated?

2. The models and experiments

To investigate the response of eddy activity to changes
in winds, we conduct simulations using a quasigeostrophic
coupled ocean–atmosphere model with a three-layer
ocean (Q-GCM; Hogg et al. 2003), here run in uncou-
pled mode. Wind stress is zonal and constant, with a sim-
ple maximum in the center of the domain (a zonally
reentrant channel, 23 040 3 2880 km, with walls on the
meridional boundaries). The model uses topography
from Smith and Sandwell (1997), truncated at 6900 m
for consistency with the quasigeostrophic assumptions.
Numerical parameters are such that the horizontal res-
olution (10 km) is significantly smaller than the first
Rossby radius (43 km) to ensure resolution of baroclinic
eddies. A vigorous eddy field is ensured by using low
viscosity (biharmonic with a coefficient of 3 3 1010 m4 s21).
Under such conditions, this model has been shown to
generate an eddy-saturated state (Meredith and Hogg
2006).

Quasigeostrophic models are unable to generate
diapycnal flow and so are not suitable for direct inves-
tigations of Southern Ocean overturning; instead, this is
done here using the GFDL Climate Model, version 2.4
(CM2.4), of which the ocean component is the Modular
Ocean Model, version 4 (MOM4; Griffies et al. 2005).
CM2.4 uses a square isotropic grid with oceanic resolu-
tion of 1/48 (equivalent to 13.8 km at 608S and 9 km at
708S). Furthermore, the ocean model does not use a pa-
rameterization of mesoscale eddy mixing, allowing the
resolved flow to operate in the absence of parameterized
eddies. Following a control simulation, two perturbation
simulations were performed (Farneti et al. 2010; Farneti
and Delworth 2010). In the first, CO2 concentrations
were increased by 1% yr21 until doubled, and then held
fixed (experiment CC); this featured time-varying me-
chanical and buoyancy forcings. In the second, a tem-
porally invariant anomalous wind stress pattern was
added to the wind stress felt by the ocean between 208
and 758S, resulting in a doubling of wind stress felt by the
ocean (experiment WIND). Similar experiments are con-
ducted with the coarse-resolution version of the GFDL
Coupled Model, version 2.1 (CM2.1), which features an
oceanic resolution of 18 and employs a parameterization
for eddy-induced advection and along-isopycnal diffusion
of tracers (Gent and McWilliams 1990, hereafter GM).

The eddy-permitting GFDL CM2.4 model is in re-
markably good agreement with observations in terms of
eddy kinetic energy (EKE) and its ACC transport is
around 190 Sv (1 Sv [ 106 m3 s21), which is somewhat
higher than observational estimates (Farneti et al. 2010).
Since we focus here on the decadal time scale, results
are computed as time means for years 36–40 of the

perturbation runs. Eddy-induced overturning is calcu-
lated as the maximum value at the location of the
maximum change in Eulerian mean circulation (around
508S), which corresponds to the maxima below the mixed
layer. In the CM2.4 model, ACC transport is found to be
nearly independent of wind stress forcing, with a change
in transport of ,10 Sv for a near-doubling of peak wind
stress (Fig. 2a). EKE has a much stronger sensitivity, with
a quasi-linear dependency on wind stress (Fig. 2b). This
model thus reproduces a Southern Ocean that is near the
eddy-saturation limit.

The eddy-permitting resolution of CM2.4 is certainly
not adequate to resolve all eddy baroclinic modes, and
refining the horizontal resolution might modify the eddy

FIG. 2. (a) ACC transport (Sv) and (b) EKE (cm2 s22) as
a function of peak wind stress for the GFDL CM2.4 model in the
perturbation simulations. The EKE has been averaged in the 608–
458S latitude band and values are computed as time means for years
36–40 after the perturbation runs are started. In this model, the
ACC transport is nearly independent of wind stress forcing (less
than a 10-Sv increase for a near doubling of wind stress) and EKE
shows a quasi-linear dependency on wind stress.
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Is ACC saturated?

GFDL CM2.4

±5%

this is ≈doubling 
is it enough to conclude? 
e.g. how does wind r.m.s. 

variability compare?
(discuss)



response to surface forcings. Accordingly, and to sup-
port the adequacy of the CM2.4 results, we also make
use of the eddy-resolving solutions of Viebahn and Eden
(2010), who used an idealized ACC configuration of the
CPFLAME model (one of the Family of Linked Atlantic
Model Experiments) with a zonally reentrant channel
connected to an idealized Atlantic basin. This model was
run with 5-km horizontal resolution, and wind perturba-
tion experiments were conducted from which the eddy
diffusivity k was computed directly.

3. A scaling estimate of the Southern Ocean
overturning

Theory and models (Straub 1993; Hallberg and
Gnanadesikan 2006; Meredith and Hogg 2006) have
indicated that at the eddy-saturation limit, EKE increases
with changes in wind stress; this prediction is consistent
with observations on the circumpolar (Meredith and
Hogg 2006) and regional scales (Morrow et al. 2010),
albeit on interannual rather than decadal time scales.
Figure 3a shows a multidecadal simulation using Q-GCM,
in which wind stress is increased by 50% at model

year 90; the resulting increase in EKE is unequivocal,
but no change above internal variability is observable
for the ACC transport. The EKE response was deter-
mined for a wide range of wind stress changes, revealing
an approximately linear relationship (Fig. 3c), with no
trend in ACC transport (Fig. 3b). The Q-GCM results
are consistent with the behavior shown by the GFDL
CM2.4 coupled model (Fig. 2).

An understanding of the implications of such a linear
response of EKE for the overturning circulation requires
knowledge of the dependence of the eddy-induced over-
turning on the eddy field. A complete theory for this
does not exist, but progress is made here by developing
some novel and relatively simple theoretical scaling ar-
guments. First we consider the relationship between the
eddy-induced overturning streamfunction C* and the
isopycnal eddy diffusivity k, which quantifies the rate at
which mesoscale eddies homogenize potential vorticity
(q) along isopycnal surfaces (strictly isentropic surfaces,
but taken here to be equivalent):

Cz
* 5 2

kqy

f
, (1)

FIG. 3. Results from Q-GCM demonstrating the linear dependence of EKE upon wind stress in the eddy-saturated
limit. (a) Time series of ACC transport (blue) and EKE (red) over 40 yr of a simulation. The initial value of peak
wind stress is 0.1 N m22; this is increased to 0.15 N m22 at model year 90 as shown by the black line. EKE increases
with a short lag, while transport changes are indistinguishable from existing variability. (b) ACC transport and (c)
EKE as a function of peak wind stress. Averages over 60 model years of an equilibrium state are shown.
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Is it compensated?

 ⇤
z = �qy

f

they argue that qy does not change, so

eddy induced meridional streamfunction

they measure the strength of the overturning with κ



GFDL CM2.4

comparison of qy as wind increases



They find that it’s partially compensated…

bounds based 
on tracer mixing 
arguments in the 
presence of a jet

(discuss its derivation?)

full compensation
(discuss its derivation)
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u-momentum of an isopycnal layer with outcropping











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































u-momentum of an isopycnal layer with outcropping

if you put the  
SO numbers



what to take home?

while ACC seems almost completely saturated 
it is only partially compensated

some (heuristic) arguments suggest that for SO:
✓
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Morrison & Hogg (2013), J. Phys. Ocean., 43(1), 140-148

Question

What’s the relationship between 
ACC transport and residual overturning?



what are these side-bumps?

flow setting

primitive equations 
isopycnal layered ocean model



EKE depends linearly on wind stress  — ACC saturated

6-fold increase



results

increased resolution 
increases compensation

3/5 power

are these non-monotonic 
with increased resolution?

(discuss)



how does 3/5 compares with Meredith et. al. results?

3/5 power
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results

using the 3/5 scaling they 
predict ACC transport

TACC ⇠ �g�B hm

Kf2
(⌧ + res)



what to take home?

there is not a one-on-one relationship between 
eddy saturation & eddy compensation

hypothesis:

eddy compensation is sensitive to the cancelation between the 
Ekman and eddy-induced transports near the surface

eddy saturation refers to the depth integrated transport and 
depends on stratification changes throughout the whole depth

this causes compensation to be resolution dependent 
and saturation to be (relatively) independent


