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For the end of the the lectures you should be able to…

• Describe the AMOC

• Describe the two paradigms of the AMOC

• For the traditional paradigm, derive the main balance of the
AMOC

• For the alternative paradigm, derive the SO dynamics relative
to the AMOC



The Role of small scale turbulence for Ocean Circulation

• Turbulence
§ What is small scale turbulence: Mixing and Stirring

• Why does mixing matter for the large-scale ocean circulation?
§ The two ocean circulation paradigms
§ Theory of the AMOC



Turbulence in the Ocean
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Here the “bar” can denote a spatial or a time average.

Why does “turbulence” matter?
Exercise

1. Decompose the equation in mean and anomalous terms.
2. Find the equation for the mean.
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Turbulence in the Ocean

Turbulent terms:

• How the large/long scale is affected by the smaller scale process?

• How could we represent the smaller/shorter scale effect?
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“Subgrid” process need to be parameterized, i.e. the right handside operator 
has to be represented as a function of large/long scale.

In general one can split an operator in two terms, through:
1.its rotation effect and 
2.its deformation effect.



Turbulence in the Ocean
“Subgrid” process need to be parameterized, i.e. the right handside operator 
has to be represented as a function of large/long scale.

In general one can split an operator in two terms, through:
1.its rotation effect and 
2.its deformation effect.

Exercise:
ØDetermine the effect of 1. and 2. on a dual-density profile flow 
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Turbulence in the Ocean
Hence:
1. Rotation conserved the properties -> Stirring/Transport process
2. Deformation destroy gradient -> Mixing

Effect of Rotation Effect of Deformation
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Turbulence in the Ocean
Hence:
1. Rotation conserved the properties -> Stirring/Transport process
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Turbulence in the Ocean
Side comment on stirring: 

It technically can also increase small scale features, hence leading to 
instability, through the creation of smaller scale but sharper gradients.
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Turbulence in the Ocean
Hence:
1. Rotation conserved the properties -> Stirring/Transport process
2. Deformation destroy gradient -> Mixing
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Effect of Rotation Effect of Deformation
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Following Fick’s law:Following Gent McWilliams:

Where ũ is proportional to 
the large/long scale slope (to 
mimic Baroclinic instability). 

The flow is proportional to the 
large/long gradient (to induce a 
downgradient flow).

Possible parameterization:



Why does turbulence matter for the large-scale ocean circulation?

Southern Ocean North Atlantic / Pacific

Neutral Density

DEEP WATER FORMATION

(1) The ocean has a nearly ubiquitous stable stratification. How is it maintained?
Simple conceptual model: stratification arises from the competition between the
removal of buoyancy from the deep ocean by dense water formation and the addition
of buoyancy to the deep ocean by downward fluxes of light upper ocean waters,
presumed to be warmed directly by the sun.



Why does turbulence matter for the large-scale ocean circulation?
(2) Simple energetic arguments suggest that maintaining the ocean stratification
equates to driving the ocean’s meridional overturning circulation (MOC), and that
surface buoyancy forcing is not a significant driver…
Sandström’s theorem: ‘In the limit of no diffusion, heating must be at a higher
pressure than cooling, in order that a steady circulation can be maintained against the
dissipative effects of friction’.

2 configurations of convective
systems (from Defant 1961)
illustrating the arguments of
Sandström's theorem.
1.Top fluids are stably stratified,
with the cold source fluid filling
the abyss of the container, with
almost no-circulation.
2.Bottom, convection gives rise to
fluid instabilities analogous to
those in the Rayleigh-Bénard case,
with circulation.



Why does turbulence matter for the large-scale ocean circulation?

(2) Sandström’s theorem: ‘In the limit of no diffusion, heating must be at a higher
pressure than cooling, in order that a steady circulation can be maintained against the
dissipative effects of friction’.

Since there is a steady circulation in the ocean, i.e. the AMOC exists, for consistency
with Sandström’s theorem either:

1.The Sandström theorem does not apply.

2.There is a heat source below the heat sink… Or a way to put warm water below
cold one!



Why does turbulence matter for the large-scale ocean circulation?

(2) Sandström’s theorem: ‘In the limit of no diffusion, heating must be at a higher
pressure than cooling, in order that a steady circulation can be maintained against the
dissipative effects of friction’.

Since there is a steady circulation in the ocean, i.e. the AMOC exists, for consistency
with Sandström’s theorem either:

1.The Sandström theorem does not apply.
-> There is vertical mixing in the ocean.

Small scale mixing! 
2.There is a heat source below the heat sink… Or a way to put warm water below
cold one!

-> Mechanical downward fluxes of warm water through eddies process.
Small scale stirring!

This summarizes the two main paradigms of the AMOC, both evolving small 
scale turbulent processes.



The traditional paradigm of ocean circulation: the abyssal ocean

Southern Ocean North Atlantic / Pacific

Neutral DensityTURBULENT MIXING

DEEP WATER FORMATION

Munk (1966) and Munk and Wunsch (1998) consider the density budget of the
abyssal ocean (below ~1000 m). For a deep water formation rate of ~25 Sv and the
observed stratification, they show that a global-mean turbulent diapycnal (i.e.
directed across density surfaces) diffusivity of Kr ~ 10-4 m2 s-1 is required to sustain
the stratification.



How is the conclusion that Kr ~ 10-4 m2 s-1 reached?

The calculation of the global-mean turbulent diapycnal diffusivity by Munk and
Wunsch is based on an advection - diffusion balance (of density):

or VERTICAL ADVECTION = TURBULENT VERTICAL DIFFUSION
(where w = vertical velocity, r = density, z = height relative to the sea surface).

Solving for Kr we obtain:

If we further assume that Kr varies slowly relative to the vertical gradient of
density, we have:
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How is the conclusion that Kr ~ 10-4 m2 s-1 reached?

In order to understand where the Kr ~ 10-4 m2 s-1 result comes from, let us try some
vertical velocity and stratification values characteristic of the ocean in

Munk and Wunsch assumed an input of dense water to the deep ocean (nominally)
deeper than 1000 m of Tdeep ~ 25 Sv at high latitudes. With a global ocean area of A
~ 2.5 ´ 1014 m2, this translates into a global-mean vertical velocity w = Tdeep / A ~
10-7 m s-1 (or ~4 m yr-1).

Returning to the meridional section of density across the ocean, we can quantify
∂r/∂z and ∂2r/∂z2 in the abyssal ocean volume of interest…

Kr = (w ∂r/∂z) / (∂2r/∂z2) 



Southern Ocean North Atlantic / Pacific

How is the conclusion that Kr ~ 10-4 m2 s-1 reached?
Density typically increases by ~0.3 kg m-3 between 1000 and 4000 m, yielding 
∂r/∂z ~ -10-4 kg m-4. 
Density typically increases by ~0.1 kg m-3 between 1000 and 2000 m, and by ~0.04 
kg m-3 between 3000 and 4000 m. This implies that ∂2r/∂z2 ~ -3 ´ 10-8 kg m-5. 
Plugging these values into the advection - diffusion balance…
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How is the conclusion that Kr ~ 10-4 m2 s-1 reached?

Plugging in the values that we have just obtained for w, ∂r/∂z and ∂2r/∂z2 into the
advection - diffusion balance equation

we obtain

Kr ~ (10-7 m s-1) ´ (-10-4 kg m-4) / (-3 ´ 10-8 kg m-5) ~ 3 ´ 10-4 m2 s-1

which agrees approximately with Munk and Wunsch’s estimate.

Kr = (w ∂r/∂z) / (∂2r/∂z2) 



What does this imply for the ocean’s energy budget?

Southern Ocean North Atlantic / Pacific

Neutral DensityTURBULENT MIXING

DEEP WATER FORMATION

Using Kr = g e / N2, where g is the mixing efficiency (0.2) and e is the turbulent kinetic
energy dissipation rate, and integrating over the global abyssal ocean, Munk and
Wunsch show that to sustain the ocean stratification and drive the MOC via turbulent
mixing, winds and tides must supply kinetic and potential energy to the deep ocean at
a rate of 2 - 3 TW (with 1.5 - 2.5 TW being dissipated by turbulence and ~0.5 TW
being expended in raising the ocean’s centre of mass).



What powers the ocean circulation?
(Where does all the energy come from?)

The energy from winds and tides is imagined to reach the ocean interior via the
propagation of internal waves generated as the mixed layer is deformed by the wind
or as tide- or wind-generated flows impinge on rough topography. Internal waves
would then lead to turbulent mixing upon breaking.

Gregg (2003)



The plausibility of the traditional ocean mixing paradigm is suggested by the broad
correspondence between the power required to support it (2 - 3 TW) and estimates of
the rate at which energy is input to the deep ocean by tides and winds, which
contribute ~1 TW each.

The wind work (= rate of energy input) can be split into two components: wind work
on the ocean’s background geostrophic flow; and wind work on upper-ocean near-
inertial motions (remember that internal waves must have frequencies between f, the
inertial frequency, and N, the buoyancy frequency). The former likely dominates the
total wind work. Next, we examine some state-of-the-art estimates of these two
components.

What powers the ocean circulation?
(Where does all the energy come from?)



Wind work on the geostrophic circulation of the ocean

Global wind work ~ 0.8 TW (~ 80% in the ACC) cf. ≤ 2 - 3 TW required to
drive MOC.

<tx><ug> [10-3 W m-2]

Wunsch (1998)



Fate of the wind work on the geostrophic circulation of the ocean

The bulk of this energy is transferred to the ocean’s mesoscale eddy field via
baroclinic instability. The subsequent pathway toward dissipation is uncertain.
The traditional paradigm of ocean mixing assumes that the energy eventually
finds its way to the internal wave field via several poorly understood
processes.

Eddy Kinetic Energy [cm2 s-2]



Wind work on upper-ocean inertial motions

Global wind work on mixed layer ~ 0.5 TW
(focused on wintertime, mid-latitude storm
tracks), but only a minor fraction (20 - 30%) may
enter deep ocean, with the rest being expended
in the upper-ocean mixed layer.

This energy is put directly into frequencies that
can propagate as internal waves. Near-inertial
internal waves are present widely across the top
0.5-2 km of the ocean, although they carry
relatively little energy and so the associated
turbulent dissipation and mixing are likely small.

Alford (2003)
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Tidal work on the ocean

The rate at which the sun and the moon work on the ocean has been estimated
as ~3.5 TW, but much (~2.6 TW) of this energy is dissipated in shallow shelf
seas and does not access the deep ocean. The remaining ~0.9 TW enters the
deep ocean as a barotropic tide that forces flow over rough and steep
topography. In doing so, it generates internal tides and boundary layer
turbulence. Internal tide generation is focused over mid-ocean ridges,
continental slopes and island arcs.

Egbert and Ray (2003)

Maps of dissipation
of the four major
tidal constituents,
estimated from
altimetry: (a) M2; (b)
N2; (c) K1; (d) O1.



Motivation for observing vertical ocean Mixing

• The traditional paradigm of ocean mixing proposes that turbulent
mixing by breaking internal waves (at a rate of Kr ~ 10-4 m2 s-1)
sustains oceanic stratification and overturning circulation. The
energy for turbulent mixing is thought to be supplied by winds
and tides at a total rate of 2 - 3 TW.



Observations of vertical turbulent mixing in the deep ocean
While the traditional paradigm of ocean mixing is plausible in terms of the available
energy sources, observations of turbulent mixing in the ocean appear to challenge its
validity above the deepest layers of the ocean…

Diapycnal spreading of a man-made tracer
released in the NE Atlantic thermocline



Observations of vertical turbulent mixing in the deep ocean
While the traditional paradigm of ocean mixing is plausible in terms of the available
energy sources, observations of turbulent mixing in the ocean appear to challenge its
validity above the deepest layers of the ocean…

Turbulent diapycnal diffusivity across the
Brazil Basin of the South Atlantic
measured with a microstructure profiler



Summary - The Role of vertical mixing in Ocean Circulation

• The oceanic stratification and overturning circulation owe their
existence to mechanical (rather than buoyancy) forcing.

• The essential energetics consists of the conversion of 2 - 3 TW of
wind and tidal work into oceanic potential and kinetic energy
through the generation of the large-scale ocean circulation.

• The traditional paradigm of ocean mixing proposes that small-
scale turbulence (primarily due to internal wave breaking /
mixing at sills?) is the critical process that links energy input
with energy dissipation, thereby sustaining the large-scale ocean
circulation.

• Direct observations of turbulent mixing in the ocean challenge
the validity of the traditional paradigm above the ocean’s deepest
layers, and thus motivate an alternative paradigm.



Southern Ocean North Atlantic / Pacific

Neutral DensityTURBULENT MIXING

WINDS + EDDIES

AIR-SEA-ICE 
INTERACTION

DEEP WATER FORMATION

An alternative paradigm of ocean circulation: the permanent pycnocline
An alternative paradigm, consistent with observations of weak turbulent diapycnal
mixing across the permanent pycnocline, suggests that the requirement that Kr ~ 10-4
m2 s-1 is relaxed if much of the deep water upwells along isopycnals, primarily in the
Southern Ocean. The energy input required to sustain the ocean stratification and
drive the MOC in this way is ~0.6 TW << 2 - 3 TW.



An alternative paradigm of ocean circulation: the permanent pycnocline
These ideas stem from a family of theoretical models describing the renewal of water
masses in the permanent pycnocline, and showing that a realistic circulation may be
obtained in the uppermost ~1 km of the ocean without any need for diapycnal mixing.

These models invoke a three-way interaction between wind-forced (Ekman) vertical
motion, isopycnal transport of water masses by mesoscale eddies, and air-sea
buoyancy fluxes, to explain how the subduction of relatively unmodified upper ocean
waters into the ocean interior comes about.



How much deep water upwells in the Southern Ocean?
The extent to which the upwelling of deep water in the Southern Ocean may relax the
requirement that Kr ~ 10-4 m2 s-1 depends on how much water upwells as a function of
density. We know from water mass properties that at least some deep water does upwell in
the Southern Ocean…

Salinity section across the Southern Ocean south of Africa



How much deep water upwells in the Southern Ocean?
The extent to which the upwelling of deep water in the Southern Ocean may relax the
requirement that Kr ~ 10-4 m2 s-1 depends on how much water upwells as a function of
density. Our current understanding of this subject owes much to a family of residual mean
analyses (e.g., Johnson & Bryden, 1989; Karsten & Marshall, 2002; Marshall & Radko,
2003…), which describe the meridional overturning circulation of the Southern Ocean as
resulting from two largely opposing contributions:

y† = y + y*

Residual overturning
streamfunction

Wind-driven
Ekman streamfunction

Eddy-induced streamfunction

Note: overbars indicate a temporal
and zonal average, and primes
indicate ‘eddy’ departures from that
average.

v† = -∂y†/∂z
w† = ∂y†/∂y

Northward vel.

Vertical vel.

(WIND STRESS)

(BUOYANCY)

(AIR-SEA
BUOYANCY
FLUX)



How much deep water upwells in the Southern Ocean?
The Ekman overturning consists of a thin (~100 m) northward Ekman flow at the surface,
and a much thicker southward geostrophic flow below the crests of topographic features,
where time-mean zonal pressure gradients can be sustained. It can be quantified from the
wind stress. The eddy-induced overturning results from eddies flattening isopycnals, over a
wide range of depths.

y = -t / f 

Wind stress

y* = v’b’ / (∂b/∂z)

Meridional eddy buoyancy flux

Coriolis
parameter

(WIND STRESS)

(BUOYANCY)

(AIR-SEA
BUOYANCY
FLUX)

y† = y + y*

Residual overturning
streamfunction

Wind-driven
Ekman streamfunction

Eddy-induced streamfunction



How much deep water upwells in the Southern Ocean?

To estimate the rate of overturning, consider the buoyancy (b = -g r / r0) budget of the
residual overturning circulation….

At the sea surface, the meridional advection of buoyancy by the residual circulation has to
match the air-sea buoyancy flux for a steady state to be maintained. In the limit of no
diapycnal mixing in the ocean interior, the residual overturning streamfunction value set at
the surface outcrop of an isopycnal will stay constant as that isopycnal extends down into
the ocean interior.

y† (∂b/dy) = B

Thus, at each isopycnal, we can estimate the
residual overturning streamfunction y† (i.e.
the rate of upwelling and downwelling) from
the air-sea buoyancy flux at the surface
outcrop of that isopycnal:



How much deep water upwells in the Southern Ocean?
We can now infer the residual overturning circulation of the Southern Ocean from observations
of the air-sea buoyancy flux, and show that (because of the eddy contribution to the overturning)
it is very different from the wind-driven Ekman contribution (as estimated from wind data).

Karsten &
Marshall (2002)



How much deep water upwells in the Southern Ocean?
The residual overturning is significantly weaker than the Ekman overturning, and there is an
important question as to whether eddies are able to explain the difference. Large uncertainties
exist, but the suggestion is that ~20 Sv of deep water is upwelled along isopycnals in the
Southern Ocean  Implications for the traditional paradigm of ocean mixing.

Karsten &
Marshall (2002)

(Up- or downwelling)

y†

y†

y† Residual
overturning



Issues with the alternative ocean circulation paradigm

While isopycnal upwelling in the Southern Ocean relieves the need to find some ‘missing
turbulent mixing’ (as would appear from the traditional ocean mixing paradigm),
significant open questions remain. Specifically, the energy budget of the circulation is far
from closed, and Southern Ocean eddies seem to have rather central (and possibly
conflicting) roles in both ocean mixing paradigms…

• In the traditional paradigm, Southern Ocean eddies channel a large fraction (~0.6 TW or
~30% of the total) of the net energy input by wind and tides to the ocean toward dissipation
scales, presumably leading to eventual turbulent mixing.



Fate of the wind work on the geostrophic circulation of the ocean

The bulk of the wind work
is transferred to the
ocean’s mesoscale eddy
field via baroclinic
instability. The subsequent
pathway toward dissipation
is uncertain. The traditional
paradigm of ocean mixing
assumes that the energy
eventually finds its way to
the internal wave field via
several poorly understood
processes.

Eddy Kinetic Energy [cm2 s-2]
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Issues with the alternative ocean mixing paradigm

While isopycnal upwelling in the Southern Ocean relieves the need to find some ‘missing
turbulent mixing’ (as would appear from the traditional ocean mixing paradigm),
significant open questions remain. Specifically, the energy budget of the circulation is far
from closed, and Southern Ocean eddies seem to have rather central (and possibly
conflicting) roles in both ocean mixing paradigms…

• In the traditional paradigm, Southern Ocean eddies channel a large fraction (~0.6 TW or
~30% of the total) of the net energy input by wind and tides to the ocean toward dissipation
scales, presumably leading to eventual turbulent mixing.

• In the alternative paradigm, Southern Ocean eddies are also responsible for much of the
isopycnal upwelling of deep water. Eddies are implicitly assumed to be dissipated in a
viscous fashion, without leading to any turbulent mixing. But how do eddies actually
dissipate in the ocean?



Intense turbulent mixing in the Southern Ocean associated with eddy 
flow - topography interaction

log10 (Kr [m2 s-1])
in the SW Atlantic

But the very same Southern Ocean wind work
and eddy field at the core of the alternative
paradigm of ocean mixing leads to intense
turbulent mixing…

Naveira Garabato et al. (2004)



Kr, stratification, e and wr in the SE Pacific / SW Atlantic 
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Naveira Garabato et al. (2004)

cf. wind work ~ 10 mW m-2



Coupling of the traditional and alternative paradigms
Taken together, evidence to date suggests that the two paradigms of the impact of
small scale ocean turbulence on large scale ocean circulation may be coupled. The
emerging picture of ocean mixing is best described as the combination of two
spatially and physically intertwined ‘pycnocline isopycnal’ and ‘abyssal diapycnal’
regimes.



Coupling of the traditional and alternative paradigms
Recent theoretical studies (e.g. Nikurashin and Vallis, 2012) try to describe the ocean
circulation in conjunction with the two paradigms.
Observational arguments:

3 regions = 3 dynamics

a. Observations

The ocean is stratified throughout. The stratification is
largest in the upper ocean (i.e., in the thermocline) and is
small but not negligible below it (Fig. 1). In the Atlantic
Ocean, isopycnals at middepth outcrop both in the North
Atlantic and in the Southern Ocean, whereas isopycnals
in the abyssal ocean outcrop only in the Southern Ocean.
Isopycnals are nearly flat in most of the ocean basin away
from the regions of isopycnal outcrop and below the re-
gion of themain thermocline where circulation is strongly
affected by the low-latitude and midlatitude winds. Ob-
servations show a thermostad (a weakly stratified water
mass) at middepth associated with the inflow and south-
ward propagation of the NADW in the Atlantic Ocean.

The global zonally averaged MOC, estimated using
inverse techniques incorporating various observations
(Lumpkin and Speer 2007), is shown in Fig. 2. The leading-
order structure of the MOC consists of wind-driven cells
in the upper few hundred meters of the ocean (associ-
ated with themain gyres) and two overturning cell in the
deep ocean: a middepth cell, with sinking in the North
Atlantic and upwelling across isopycnals at low and
middle latitudes and along isopycnals in the Southern
Ocean, and an abyssal cell, with sinking around Ant-
arctic continent and the cross-isopycnal upwelling in the
abyssal ocean. The middepth and abyssal cells of the
overturning circulation correspond to the formation and
propagation of the NADW and AABW, respectively.
Although theAtlantic Ocean has both themiddepth and

FIG. 1. Meridional section of neutral density (kg m23) in the Atlantic Ocean at 258W from the World Ocean Cir-
culation Experiment (WOCE). A weakly stratified water mass at middepth, roughly between the 28 and 28.1 kg m23

isopycnals, corresponds to a thermostad associated with the inflow of the NADW in the Atlantic Ocean. Note that the
contour intervals are 0.1 and 0.05 kg m23 for isopycnals greater and lower than 27.5 kg m23, respectively.

FIG. 2. Global zonally averagedMOC (Sv) fromLumpkin and Speer (2007): blue, positive (red, negative) streamlines
correspond to clockwise (counterclockwise) circulation in the meridional plane.
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Coupling of the traditional and alternative paradigms
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Recent theoretical studies (e.g. Nikurashin and Vallis, 2012) try to describe the ocean
circulation in conjunction with the two paradigms.
Dynamical arguments: 3 regions = 3 dynamics
1. The first region is the Southern Ocean where zonal Pressure gradient vanishes 

after zonal averaging (i.e. zonally periodic region).

2. South of 35oN vertical dynamics
(Rossby waves propagation)

3. North of 35oN horizontal dynamics
(Baroclinic instability)



Coupling of the traditional and alternative paradigms
Recent theoretical studies (e.g. Nikurashin and Vallis, 2012) try to describe the ocean
circulation in conjunction with the two paradigms.
The equations:

3 regions = 3 dynamics

1. The Southern Ocean zonally periodic

2. The subpolar region is conducive to Rossby waves propagation: 
-> Vertical dynamics

3. Northern North Atlantic is conducive to baroclinic instability: 
-> Horizontal dynamics

Here, each terms are zonally averaged

v ≈ u∝∂P
∂y

w∂ρ
∂z

=
∂
∂z
(Kz

∂ρ
∂z
)

J(ψ,ρ) ≈ 0,ψ =ψ +ψ*



Coupling of the traditional and alternative paradigms
Recent theoretical studies (e.g. Nikurashin and Vallis, 2012) try to describe the ocean
circulation in conjunction with the two paradigms.
The model:

3 regions = 3 dynamics

theory presented here can in principle be extended to
other forms of eddy parameterization.
Equations (3.1)–(3.4) describe the distribution of

buoyancy b1 and the residual overturning circulation c1

within the channel. For the typical circulation in the
Southern Ocean driven by the westerly winds, the sur-
face buoyancy distribution across the channel is con-
tinuously mapped through interior of the channel to its
northern edge. To complete the problem, boundary
conditions at the surface and at the northern edge of the
channel need to be specified. At the surface, at z5 0, we
use the restoring flux boundary condition,

ky›zb1jz505 l(bs 2 b1) , (3.5)

where bs(y) is the prescribed surface restoring buoyancy
and l is the restoring rate. At the northern edge of the
channel, at y 5 0, the buoyancy distribution in the
channel is required to match to that in the ocean basin
north of the channel: that is,

b1jy505 b2 , (3.6)

where b2(z) is the vertical buoyancy distribution in the
interior of the ocean basin. Trivial boundary conditions
of no flux and no normal flow are imposed at the bottom,
z52H, and the southern boundary of the channel, y5
2ls, where H is the depth of the domain and ls is the
width of the circumpolar channel.
Equations (3.1)–(3.4) and the boundary condition

(3.5) and (3.6) fully constrain the buoyancy distribution
and hence the residual overturning circulation in the
circumpolar channel. If stratification in the ocean basin
were prescribed, then the theory would become similar
to a model of the upper branch of the meridional

FIG. 7. Mixed layer depth (m) diagnosed from idealized GCM
simulation.

FIG. 8. Schematic of the MOC. Thin solid black lines are the isopycnals, thicker dashed black
lines with arrows are the overturning streamlines of the residual circulation, dashed vertical lines
are the boundaries between adjacent regions, shaded gray areas are the convective regions at high
latitudes and the surface mixed layer, and the red arrow represents downward diffusive flux due
to mixing uniform throughout the ocean. Labels 1, 2, and 3 (in circles) correspond to the cir-
cumpolar channel, ocean basin, and isopycnal outcrop regions considered in the theory.
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J(ψ1,ρ) ≈ 0,ψ1 =ψ +ψ
*

ψ =W τ
f ρ0

z+H
H

ψ* =Wκs = −Wκ (∂ρ
∂y
/ ∂ρ
∂z
)

ψ = −ψ*⇔ s = − τ
ρ0κ f

z+H
H

1. 2.

v∝u,− f ∂v
∂z

=
g
ρ0

∂ρ
∂x

v = − τ
fHρ0

+
1
f ρ0

∂(P− < P >)
∂y

ψ3(y, z) =W
τ
f ρ0

z+H
H

−
W
f ρ0

∂(P− < P >)
∂y−H

z
∫ dz

3.

w ∂ρ
∂z

=
∂
∂z
(K ∂ρ

∂z
),w =W ∂ψ2

∂z

ψ2 (y, z) =ψ2 (y2/3, z)−W
∂
∂z
(K ∂ρ

∂z
) / ∂ρ
∂z

⎡

⎣⎢
⎤

⎦⎥
dy

y

y2/3∫

ψ2 (y, z) =ψ2 (y2/3, z)+ (y− y2/3)W
∂
∂z
(K ∂ρ

∂z
) / ∂ρ
∂z

⎡

⎣⎢
⎤

⎦⎥

1. The Southern Ocean sets the stratification, 3. The northern North Atlantic 
produces North Atlantic Deep Water accordingly to this stratification, 2. The 
subtropical links the two regions, Solutions:



Coupling of the traditional and alternative paradigms
Summary:

1. The Southern Ocean sets the stratification:
Through the competition of surface wind stress and eddies (small scale 

turbulence) the warm water is pushed at depth (i.e. virtually corresponding 
source of warm water at depth).

2.     The subtropical linked the two regions:
A global upwelling “consume” water bringing dense deep water upward through 

vertical small scale mixing.
3.     The northern North Atlantic produces North Atlantic Deep Water accordingly 
to this stratification:
The North Atlantic set the intensity of the AMOC in response to the stratification, 

i.e. in absence of stratification set in the SO (no SO winds) the AMOC 
vanishes.

1. SO 2. subtropics 3. NA

Strat. Upwelling
AMOC
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Application: GCM in idealized Configuration Theoretical Solution

Nikurashin and Vallis, JPO, 2012

theory are shown in Fig. 9. We show solutions from the
control simulation, using kv 52 3 1025 m2 s21 and
t 5 0.2 N m22, as well as from the two perturbation ex-
periments corresponding to enhanced diapycnal mixing,
kv 5 5 3 1025 m2 s21, and reduced Southern Ocean
wind, t 5 0.1 N m22. Although theoretical solutions are
highly simplified, the theory seem to agree well both
qualitatively and, as we show below, quantitatively with
the GCM simulations.
In all experiments, there are two overturning cells in

the deep ocean, away from the surface wind-driven cir-
culation: the middepth and the abyssal cells. In the en-
hanced mixing experiment, isopycnals extend deeper
into the ocean and the overturning rate of both cells is

stronger than in the control experiment. We note that
enhanced diapycnal mixing affects not only the density
structure in the ocean basin away from the channel but
also the density structure in the channel, with the slope
of isopycnals in the circumpolar channel steeper in the
enhanced mixing experiment. Hence, the enhanced
mixing in the ocean basin not only increases the mixing-
driven upwelling at low and middle latitudes but also
decreases the wind-driven upwelling in the circumpolar
channel by increasing isopycnal slope and therefore the
rate of the eddy-induced circulation, which opposes the
wind-driven upwelling.
In the reduced wind experiment, isopycnals are shal-

lower than in the control experiment. The middepth

FIG. 9. Zonally averaged sections of residual circulation (Sv; blue/red) and temperature (8C, black lines) from (left)
the GCM simulations and (right) theory for (top) the control experiment with kv 5 2 3 1025 m2 s21 and t 5
0.2 N m22, (middle) an enhanced mixing experiment with kv 5 5 3 1025 m2 s21, and (bottom) a reduced Southern
Ocean wind experiment with t 5 0.1 N m22.
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Kz=2x10-5 m s-2

τ=0.2 N m-2

Kz=1x10-5 m s-2

τ=5 N m-2

Kz=2x10-5 m s-2

τ=0.1 N m-2



Conclusions

• The ocean’s stratification and MOC owe their existence to
mechanical (rather than buoyancy) forcing

• Essential energetics: 2 - 3 TW are input by winds and tides and
dissipated by internal wave breaking and near-boundary
turbulence

• There are two physically and spatially coupled (through wind
work / Southern Ocean eddies) ocean mixing regimes: an
‘abyssal diapycnal’ regime, and a ‘pycnocline isopycnal’
regime

• Significant open questions remain regarding most aspects of
how turbulence drives the global ocean circulation


