
To understand how mesoscale fluxes might evolve in a changing climate, we use a 
high-resolution, idealized process model meant to qualitatively reproduce the 
Southern Ocean overturning circulation. While simplified, this model explicitly 
resolves mesoscale turbulence, providing an important guide for parameterization 
and theoretical analysis. 

Model Configuration 

• MITgcm: Primitive 
equation z-coordinate 

• 5 km horizontal 
resolution 

• 40 vertical levels 
• Linear, temperature-only 

equation of state 
• Forced by sinusoidal 

wind jet 
• Fixed surface heat flux 
• Sponge layer Norther 

boundary 
• Highly conservative 

second-order-moment 
advection scheme 

 
MOC Eddy Compensation 
 
Prior work showed how the 
residual MOC in this model has 
very weak sensitivity to wind 
strength. This behavior can be 
explained by a strong cancellation 
between increased Ekman-driven 
advection and increased eddy-
induced advection. 

↬ Requires significant dependence 
of KGM on winds.
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1 Mesoscale Fluxes

Mesoscale turbulence transports stuff (e.g. heat, salt, disolved chemicals, 
etc.) through the ocean in significant quantities. The scales of mesoscale 
eddy transport (~10 km - 200 km) are generally not resolved by climate 
models. The fluxes must therefore be parameterized through subgrid 
schemes. 

The mesoscale flux of a tracer c is parameterized through two distinct 
components: 

Fc = u0c0 = u⇤c�Kredirnc

Eddy-induced advection represents the fundamentally advective 
(variance conserving) part of the eddy flux. Related to the “skew flux” 
and the “bolus correlation.” Part of the meridional overturning 
circulation. Proper representation of this component is crucial for 
accurate simulations, and many studies have shown its importance for a 
wide range of climate problems, particularly in the Southern Ocean. 

Parameterized through the Gent-McWilliams scheme:

 ⇤ = �Kgmsstreamfunction isopycnal slope

coefficient

Isopycnal diffusion represents the irreversible mixing of tracers 
by mesoscale eddy stirring. Because of energetic constraints on the 
mesoscale, the “mixing angle” must be very close to the isopycnal slope. 
Tracers with no isopycnal gradient (e.g. buoyancy) do not feel any 
isopycnal diffusion, and consequently this flux has a limited impact on 
the physical circulation. But isopycnal mixing plays an important role in 
the ventilation of the ocean interior and the transport of biogeochemical 
tracers.

2 Isopycnal Mixing “Matters”
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Figure 2. Anthropogenic carbon as a function of lateral mixing. The highest-mixing case

(AREDI2400) is shown in black, the lowest (AREDI400) in 10light blue and the case11s with

mixing given by the field12s in Fig. 1b 13and 1c (14ABER2D 15 and ABERZONAL) in 16red

and dark blue respectively. (A) Global air-sea anthropogenic carbon flux from 1860-2000 in Gt

C/yr. (B) Southern Ocean anthropogenic carbon flux from 1860-2000 in Gt C/yr. (C) Zonally

integrated anthropogenic carbon flux in Gt/yr/degree. (D) Zonally integrated carbon inventory

averaged from 1990 to 2000 in Gt C/degree.
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Figure 5 | Idealized simulations of the ACC. Results from numerical simulations of an eddying re-entrant channel showing the wind and surface heat fluxes
driving the channel flow (overlaid above); an instantaneous three-dimensional snapshot of the model’s temperature field T (here coincident with density
⇢= ⇢ (T)), with two density surfaces picked out in white, undulating in concert with the mesoscale eddy field; and time-mean overturning cells  ,  ⇤ and
 res (computed as defined in equation (1)) with time-mean density surfaces plotted in white. Also shown is an instantaneous section of tracer released
into the flow. Antarctica is imagined to be on the left. The model is the MITgcm run at a horizontal resolution of 4 km over a 1,000 km by 3,000 km domain.
The cooling (blue), warming (red), cooling pattern of air–sea fluxes, on moving out from Antarctica, are arranged to be reminiscent of Fig. 4b, and lead to
the particular pattern of upper and lower residual overturning cells seen in  res. More details can be found from Abernathey and colleagues45.

large-scale circulation is small, a condition well satisfied in the ACC
system. The meridional mass flux, vh, equation (1), is driven by the
three terms appearing on the right-hand side of equation (2). In
mid-latitudes, winds and pressure forces dominate the budget. But
in the upper levels of the ACC where zonal flow does not intersect
with bottom topography (1P = 0), the eddy-forcing term enters at
leading order, balancing in part the wind forcing and resulting in a
meridional residual flow.

Using the momentum budget in equation (2), we can now
infer the MOC and its upwelling pattern in terms of hydrographic
measurements of the density field. Hypothesizing that eddies
mix potential vorticity49, vres is an inevitable and rather general
consequence of eddies acting on the geometry of the isopycnal layers
to smooth out thickness gradients. Beneath the direct influence of
thewind and above topographic ridgeswhere Fwind and1P are zero,
equation (2) implies that:
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where themeanQ gradient is evaluated on a density surface ofmean
thickness h, K is an eddy diffusivity acting along density surfaces,
y is a coordinate increasing northwards and � is the meridional
gradient of f . In the ACC, meridional gradients inQ are dominated
by thickness gradients50 and so to a good approximation the residual
flux is directed from regions where density layers are thick to
regions where they are thin. In Fig. 4d we present a zonal average
density section around Antarctica, with T and S superimposed. The
thickness gradient is evident by comparing the vertical extent of the
white arrows drawn at different latitudes. The thickening of layers
moving northwards implies, from equation (3), a southward and
upward volume transport—a thickness diffusion51—directed along

sloping isopycnals, as marked by the black arrow in Fig. 4d, just
as inferred from observations (Fig. 3) and evident in the eddying
model (Fig. 5). This is the primarymechanism,we believe, returning
water frommid-depth to the surface. The implied volume flux is of
magnitude LxK@h/@y where Lx ' 20,000 km, (assuming the eddies
are acting all the way around the ACC), @h/@y is the meridional
thickness gradient, typically 500m in 1,000 km, andK measures the
vigour with which the eddy field smooths out thickness gradients.
If K = 1,000m2 s�1, typical of eddy diffusivities at mid-depth,
such gradients imply a residual southward and upward water
mass transport of roughly 10 Sv (refs 26,28), much less than the
Ekman transport but comparable to the strength of the upwelling
branch observed in Fig. 3. So, what are the implications of this
upwelling branch for climate?

The SouthernOcean in climate and climate change
The North Atlantic MOC has long been considered a major
control of the climate system52. However, along with the growing
realization of the importance of the upwelling branch of the MOC,
the Southern Ocean is now taking centre stage in discussions of
processes that drivemodern and ancient climate variability53.

Proxy data show that for a period of at least the past
800,000 years, Antarctic temperatures have covaried with atmo-
spheric CO2, although the relationship may not be causal. More-
over, it seems likely thatmarine processes operating in the Southern
Ocean may have played a central role in setting atmospheric
CO2 levels on glacial–interglacial timescales54. Biogeochemical box
models indicate the strong sensitivity of atmospheric CO2 levels
to perturbations of high-latitude surface ocean processes55,56. The
precise mechanisms are an active area of research.Many hypotheses
invoke variations in the efficiency of communication between the
carbon reservoir of the deep ocean and the surface. Accumulation of
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3 Eddy Resolving Process Model 4 Mixing Dependence on Winds
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We diagnose isopycnal mixing rates by releasing a passive tracer and applying the 
method of Nakamura. Results show a strong increase of Kredi with stronger winds.

The increase in mixing is due to the linear relationship between EKE and wind work
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5 Ventilation Tracer
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Transient tracer ventilation (analogous to CO2 uptake) is 
simulated by a passive tracer whose concentration is held 
fixed at the surface. Although the MOC changes are 
minimal, substantial differences in ventilation are 
observed with different wind strength. Stronger winds 
lead to increased net uptake. Even for isopycnals on 
which upwelling increases, transient tracer ventilation 
increases with winds. 

These results clearly demonstrate that, along with the 
MOC, changes in isopycnal mixing must be considered in 
order to understand the Southern Ocean CO2 sink in a 
changing climate.

Significant uncertainty exists regarding the magnitude and spatial 
pattern of Kredi. There is convincing evidence (e.g. Smith & Marshall, 
2009; Abernathey et al. 2013) that it is not necessarily the same as 
Kgm. Gnanadesikan et al. (2015) recently performed climate model 
experiments (GFDL ESM2Mc) in which Kredi was varied while Kgm was 
held fixed. 

The results (shown at right) indicate that, even 
with minimal changes in the MOC, isopycnal 
mixing significantly impacts the rate of 
anthropogenic CO2 uptake, especially in the 
Southern Ocean.
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Figure 4. Inventory of anthropogenic carbon after instantaneous doubling. (A) Time series

in Gt C vs. year of model simulation (doubling starts at year 1860, so the year is 1860+T). (B)

Scaled inventory (inventory/inventory at T=100yr). Also shown in magenta line is sqrt(T/100yr).

The strong agreement between these lines suggest small impacts from di↵erences in the base state

of the models20 and interannual variability.
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