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Abstract

The circulation of the subtropical gyres can be decomposed into a horizontal recircula-
tion along contours of constant Bernoulli potential and an overturning circulation across
these contours. While the geometry and topology of Bernoulli contours is more com-
plicated in the subtropical gyres than in the Southern Ocean, these subtropical over-5

turning circulations are very much analogous to the Deacon cell found in the Southern
Ocean. This analogy is formalised through an exact integral constraint, including the
rectified effects of transient eddies. The constraint can be interpreted either in terms of
vertical fluxes of potential vorticity, or equivalently as an integral buoyancy budget for
an imaginary fluid parcel recirculating around a closed Bernoulli contour. Under condi-10

tions of vanishing buoyancy and mechanical forcing, the constraint reduces to a gen-
eralised non-acceleration condition, under which the Eulerian-mean and eddy-induced
overturning circulations exactly compensate. The terms in the integral constraint are
diagnosed in an eddy-permitting ocean model in both the North Pacific subtropical gyre
and the Southern Ocean. The extent to which the Eulerian-mean and eddy-induced15

overturning circulations compensate is discussed in each case.

1 Introduction

The circulation in the Southern Ocean can be decomposed, at a conceptual level, into
the quasi-zonal recirculation of the Antarctic Circumpolar Current (ACC), and overturn-
ing circulation across the ACC. While an idealisation, this decomposition allows one20

to consider the three-dimensional circulation as the superposition of two quasi two-
dimensional cells.

Much progress has been made in recent years in understanding the dynamics of
the overturning circulation across the ACC. The Eulerian-mean overturning circula-
tion is dominated by the wind-driven Deacon cell, with northward flow in the sur-25

face Ekman layer, and compensating geostrophic southward flow at depth. How-
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ever, the Lagrangian-mean overturning circulation, taking into account the rectified ef-
fects of transient geostrophic eddies, can look rather different. To leading order the
Eulerian-mean and eddy-induced overturning circulations can cancel (Danabasoglu
et al., 1994), corresponding to non-acceleration conditions (Eliassen and Palm, 1961;
Plumb, 1990). More generally, the equilibrium residual circulation is controlled by buoy-5

ancy forcing (Marshall, 1997; Speer et al., 2000; Karsten et al., 2002; Gallego et al.,
2004), with quasi-adiabatic upwelling of North Atlantic Deep Water and subduction of
Antarctic Intermediate and Bottom waters. This residual overturning circulation has
been termed the “diabatic Deacon cell” by Speer et al. (2000).

An equivalent decomposition can be effected for the closed gyres found in the sub-10

tropical (and subpolar) basins. While the topology of the geostrophic streamlines
is more complex than in the Southern Ocean, using precisely the same principles,
the flow can be rigourously decomposed into a recirculating gyre flow along closed
Bernoulli contours, and an overturning circulation across the Bernoulli contours. By
analogy with the Deacon cell in the Southern Ocean, we term these subtropical over-15

turning circulations the “subtropical Deacon cells”.
In both the Southern Ocean and the subtropical gyres, it is worth cautioning that

the overturning cells and the recirculating geostrophic flow cannot be considered truly
independent of each other. Consider, for example, the spin-up of the ACC in response
to an eastward wind stress at the sea surface. The wind stress generates an equator-20

ward Ekman transport which, in order to maintain continuity, is quickly balanced by a
poleward geostrophic flow at depths beneath the Drake Passage and upwelling over
the Southern Ocean. This upwelling and compensating downwelling to the north of
the ACC steepens the isopycnals, leading to a zonal transport through thermal-wind
balance. This process is ultimately arrested either when slumping of the isopycnals by25

baroclinic instability and/or surface buoyancy forcing (or friction) is able to compensate
for the steepening of the isopycnals by the Deacon cell (Johnson and Bryden, 1989;
Karsten et al., 2002; Speer et al., 2000). Thus there is strong coupling between the
strength of the overturning cell and the recirculating geostrophic flow.
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The subtropical Deacon cells can be expected to behave in an analogous manner.
The surface wind stress generates convergent Ekman flow at the surface and hence
Ekman downwelling. This downwelling will pump the isopycnals downwards (Luyten
et al., 1983), leading to geostrophic recirculation at depth through thermal-wind bal-
ance. This process can only be arrested once diapycnal mixing and/or baroclinic ed-5

dies are able to compensate for this downward pumping of the isopycnals (Marshall
et al., 2002). Thus a key issue is whether the Eulerian-mean and eddy-induced compo-
nents of the subtropical Deacon cells largely compensate, leading to non-acceleration
conditions.

These physical arguments can be formalised through an integral constraint applied10

along a closed Bernoulli contour at a fixed depth (Marshall, 2000). This constraint can
either be interpreted as a buoyancy budget following a fluid parcel recirculating around
the Bernoulli contour, or equivalently as an integral budget on the vertical flux of poten-
tial vorticity within that contour. Such budgets have been investigated in a planetary-
geostrophic ocean model of a subtropical gyre by Polton and Marshall (2003). In this15

paper we extend the theory to include the effects of transient eddies and we illustrate
the relation between the meridional overturning cells in the Southern Ocean and the
overturning cells across the mean Bernoulli streamlines in the subtropical gyres by
evaluating these budgets within an eddy-permitting ocean model.

The paper is structured as follows. In Sect. 2, the theoretical background is reviewed20

and extended to incorporate the rectified effects of transient eddy fluxes of potential
vorticity, and we also discuss the relation of these potential vorticity fluxes to the over-
turning circulation across the mean geostrophic streamlines. In Sect. 3 we briefly sum-
marise the numerical ocean model and the methods used to evaluate the terms in the
integral budgets. In Sect. 4 these diagnostics are evaluated over the ACC and inter-25

preted in terms of the classical Deacon Cell. In Sect. 5, these diagnostics are then
evaluated over the subtropical gyre of the North Pacific, and interpreted in terms of the
overturning circulation across the closed geostrophic streamlines. Finally in Sect. 6 we
present a brief concluding discussion.
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2 Theoretical background

2.1 Potential vorticity flux

The momentum equation for a rotating, Boussinesq fluid can be written in vector invari-
ant form as

∂u
∂t

+ q × u + ∇Π + g
∆ρ
ρ0

k = F . (1)
5

Here u is the fluid velocity,

q = 2Ω + ∇ × u

is the absolute vorticity, Ω is the rotation vector, g is the gravitational acceleration,
ρ=ρ0+∆ρ is the density where ρ0 is a reference density, k is a vertical unit vector,

Π =
p
ρ0

+
u · u

2
+ gz

10

is the Bernoulli potential, p is the pressure, z is height, and F represents all mechanical
body forces.

Decomposing the variables into time-mean (X ) and time-varying components (X ′)
using a suitable time-filtering operator, the time-mean momentum equation can be
written:15

∂u
∂t

+ q × u + ∇Π̃ + g
∆ρ
ρ0

k = F + F R , (2)

where

F R = −q′ × u′ − ∇ · u
′ · u′

2
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is the force associated with the Reynolds stresses, i.e., the rectified effects of transient
eddies in Eq. (2), and

Π̃ =
p
ρ0

+
u · u

2
+ gz

is the Bernoulli potential calculated using the mean pressure and mean velocity.1

Similarly, a time-mean buoyancy equation can be written5

∂σ
∂t

+ u · ∇σ = B − ∇ · u′σ′, (3)

where σ is potential density (relative to a suitable reference level; more generally one
could interpret σ as a neutral density), B represents buoyancy forcing, and u′σ′ is the
eddy potential density flux.

Now taking the cross product of Eq. (2) with ∇σ and eliminating u·∇σ using Eq. (3),10

we obtain:

J = ρQ̃u + qB − q∇ · u′σ′ + (F + F R) × ∇σ

= ∇Π̃ × ∇σ + g
∆ρ
ρ0

k × ∇σ + q
∂σ
∂t

+
∂u
∂t

× ∇σ, (4)

where J is the potential vorticity flux vector (Truesdell, 1951; Obukhov, 1962; Haynes
and McIntyre, 1987, 1990), generalised to include the buoyancy and mechanical “forc-15

ing” associated with the rectified effects of transient eddies, and

Q̃ = −q · ∇σ
ρ

(5)

is the potential vorticity defined using the mean vorticity and mean potential density.
Note the minus sign in Eq. (5) such that the potential vorticity is positive in the Northern
Hemisphere.20

1 Alternatively, u′·u′ can be included in Π̃ rather than F R .
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2.2 Application to vertical potential vorticity flux

Following (Marshall, 2000), we integrate the vertical component of the potential vorticity
flux in Eq. (4) through the area enclosed by contours of constant Bernoulli potential at
constant depth. Thus:∫
Π̃

∫ {
Jadv + Jbuoy + J fric + Jeddy + Jdrift

}
dA = 0, (6)

5

where

Jadv = ρQ̃w, (7)

Jbuoy = q
(z)B, (8)

J fric = k × F · ∇σ, (9)

Jeddy = k × F R · ∇σ − q
(z)∇ · (u′σ′), (10)10

Jdrift = −k × ∂u
∂t

· ∇σ − q
(z)∂σ

∂t
. (11)

Thus, in a statistically-steady state, the vertical component of the advective flux of
potential vorticity must be compensated by either a buoyancy-forced, frictional potential
vorticity flux (that includes the effects of wind forcing), or by an eddy-induced potential
vorticity flux.15

2.3 Interpretation as a Lagrangian buoyancy budget

We now show how the potential vorticity flux constraint (6) can be related to a La-
grangian buoyancy budget following a fluid parcel circulating around a closed Bernoulli
potential contour. In reality, the fluid parcel will not return to precisely its original posi-
tion, but it will be displaced both vertically and laterally due to the overturning circulation20

across the closed Bernoulli contour, as sketched schematically in Fig. 1. In order to
873
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maintain a statistically-steady buoyancy field, this displacement must be balanced by
buoyancy forcing and/or an eddy contribution to the buoyancy budget. To make this
connection explicit, we consider the potential vorticity flux through an area bounded by
two adjacent Bernoulli potential contours, Π̃ and Π̃+∆Π̃ , as sketched in Fig. 2. We
adopt natural coordinates whereby s and n are the unit vectors parallel and normal5

to the Bernoulli contours, and we assume that the dominant contribution to the fluid
velocity comes from the horizontal recirculating component along Bernoulli contours,
the magnitude of which we define as v recirc.

To leading order, the horizontal component of the momentum Eq. (1) gives:

v recirc ≈ 1

q
(z)

dΠ̃
dn

.
10

We also have the kinematic relation

v recirc =
ds
dt

.

Thus the area element for the integration in natural coordinates can be written as

dA = ds dn ≈ ∆Π̃

q
(z)

dt.

Now, substituting for dA in Eq. (6) we can rewrite the integral constraint as an integral15

buoyancy budget around a closed Bernoulli contour:∮
Π̃

{
∂σ
∂t

+ (v − v recirc + v ∗).∇hσ + (w + w∗)
∂σ
∂z

− B
}

dt ≈ 0, (12)

where v represents the horizontal velocity components and w the vertical velocity com-
ponents. In deriving Eq. (12), we have assumed:

(i) the eddy-induced potential vorticity can be represented as the advection of mean20

buoyancy by an eddy-induced velocity, u∗ (Gent et al., 1995), where this velocity
includes the contribution from the Reynolds stresses (Marshall et al., 1999);
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(ii) the potential vorticity can approximated as

Q̃ ≈ −1

ρ
q

(z)∂σ
∂z

.

Thus, the integral constraint on the vertical flux of potential vorticity can be reinterpreted
as a buoyancy budget following a fluid parcel recirculating around a closed Bernoulli
potential contour. Since the recirculating component of the fluid velocity makes no5

contribution to this budget, the constraint therefore informs us about the mean residual
overturning circulation, including the contribution from eddies.

2.4 Limiting regimes

What are the dominant balances in the integrated potential vorticity flux budgets that
one can expect in the limits of purely wind-driven and buoyancy-driven flows? Note10

that the sign of the potential vorticity flux is dependent on the hemisphere under con-
sideration. Both of the limiting regimes discussed below are assumed to lie in the
northern hemipshere; the signs of the potential vorticity fluxes should be reversed in
the southern hemisphere.

2.4.1 Purely wind-driven flow15

First consider a flow subjected only to surface wind forcing, as sketched schematically
in Fig. 3a. The wind stress and associated Ekman transport leads to an overturning cell
across the mean Bernoulli contours that acts to steepen the isopycnals. As is evident
from the figure, the upwelling arm of this overturning cell fluxes stratification, and hence
potential vorticity, upwards, whereas the downwelling arm of the overturning cell fluxes20

stratification and potential vorticity downwards.
In a statistically-steady state, the steepening of the isopycnals is arrested by baro-

clinic instability, with an eddy-induced overturning cell acting to slump the isopycnals.
875
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Thus the eddy potential vorticity fluxes are in the opposite sense to the advective po-
tential vorticity fluxes.

This is consistent with the integral constraint (Eq. 12) which, in the limit of vanishing
buoyancy forcing and a statistically-steady state, tells us that the net residual circulation
across isopycnals must vanish. This limit corresponds to non-acceleration conditions5

(Eliassen and Palm, 1961; Plumb, 1990), and indeed the integral constraint (Eq. 6)
might be interpreted as a non-acceleration theorem for non-zonal flows.

2.4.2 Purely buoyancy-driven flow

Conversely, consider the limit of a flow subjected only to surface buoyancy forcing,
as sketched schematically in Fig. 3b. Cooling in the mixed layer destroys the surface10

stratification and is therefore equivalent to an upward potential vorticity flux.
In a statistically-steady state, and neglecting all mechanical forcing (including fric-

tion), the growth of the mixed layer is again arrested by baroclinic instability, with an
eddy-induced overturning cell acting to slump the isopycnals as sketched in the figure.
Within the mixed layer, where the eddies act to increase the temperature/buoyancy,15

the eddy potential vorticity flux is directed downward and opposes the buoyancy-forced
potential vorticity flux.

3 Ocean model – overview and methodology

In the following sections, we present diagnostics from the OCCAM eddy-permitting
ocean model (Webb et al., 1998). In Sect. 4 these diagnostics are evaluated over the20

Southern Ocean and in Sect. 5 they are evaluated over the North Pacific subtropical
gyre. First, we briefly summarise the salient features of the ocean model and the
methodology used to evaluate the integral potential vorticity flux budget terms.
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3.1 Model data

OCCAM is an eddy-permitting global ocean general circulation model, integrated at
1/4◦ lateral resolution for 14 model years, with a 7 year spin-up phase followed by a 7
year analysis phase. The diagnostics are calculated from 3 year running means, during
the analysis phase, of u, v , σ, (uσ), (vσ), potential temperature, salinity and sea surface5

height, and from 5 day averages at the start and finish of the 3 year averaging period
of u, v and σ in order to calculate the mean tendencies. The term σ is a dimensionless
potential density referenced to 2000m.

In order to evaluate the Bernoulli potential, the in-situ density ρ is first calculated from
the mean potential temperature and salinity fields using the equation of state. The10

pressure is then obtained from the density and sea surface height using hydrostatic
balance.

3.2 Evaluation of potential vorticity fluxes

There are two classes of error that can arise in diagnosing the terms in potential vortic-
ity flux constraint: (i) contributions that are erroneously assigned to the wrong potential15

vorticity flux component; and (ii) contributions to potential vorticity flux components
that are not evaluated and lead to a failure in closure of the integral constraint. Each of
these is now discussed.

The body force, F , is calculated as the residual of the momentum Eq. (2) and in-
cludes the contribution from the Reynolds stresses, for which the model data is not20

available. However, beneath the surface Ekman layer, the frictional potential vorticity
flux, J fric , makes a small contribution to the integral flux budget and is therefore not
shown in the diagnostics.

The divergence of the eddy σ flux in Jeddy (10), is approximated as the horizontal
divergence,25

∇ · u′σ′ ≈ ∇h · u′σ′, (13)
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mainly since the vertical eddy potential density fluxes were not available. However, we
note that the contribution from the vertical convergence of the vertical eddy potential
density flux has been found to be small in previous studies (Roberts and Marshall,
2000), and this result can be expected on theoretical grounds if the eddies are quasi-
geostrophic (Treguier et al., 1997). Any errors in this approximation are then absorbed5

into the mean buoyancy forcing, B, evaluated as a residual of the diagnosed terms in
the time-mean potential density equation.

Moreover, at each depth the transient potential vorticity flux, Jdrift , is also found to
be small. This means that the model is sufficiently spun up for the variables to be
considered statistically-steady for the purpose of the diagnostics. Again these data are10

not shown.
Scale analysis allows us to discard the vertical velocity term in Bernoulli potential.

Consistent with the analysis in Sect. 2.3, the potential vorticity is also approximated to
include only the mean vertical component of relative vorticity, ξ, such that

Q̃ = −
(f + ξ)

ρ

∂σ
∂z

. (14)
15

3.3 Integration of potential vorticity fluxes

All of the variables are interpolated onto a 1/16◦ resolution grid for the purpose of eval-
uating the terms in the integral potential vorticity flux constraint (6) through an area
bounded by adjacent Bernoulli contours. To facilitate comparison between potential
vorticity fluxes between different Bernoulli contours, the results are presented as nor-20

malised fluxes defined, for a general component, ζ , as

J
Π̃
ξ = lim

∆Π̃→0

∫∫
Π̃ Jξ dA∫∫
Π̃ dA

. (15)
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In practise 20 closed contours are chosen, evenly spaced in Π̃ . The sum of the terms in
the integral constraint is found to be small and is therefore not shown in the presented
diagnostics.

4 Southern Ocean

The dynamics of the Southern Ocean Deacon cell has been widely documented else-5

where (Döös and Webb, 1994; Marshall, 1997; Speer et al., 2000; Rintoul et al., 2001;
Karsten and Marshall, 2002; Olbers et al., 2004; Drijfhout, 2005). In this section,
we present diagnostics of the potential vorticity fluxes at just two depths, 201m and
1150m, in order to demonstrate that integrating the fluxes leads to a great conceptual
simplification and to demonstrate how these fluxes can be used to quantify the can-10

cellation between the Eulerian-mean and eddy-induced overturning cells that results
in the “subtropical Deacon cells”. For reference the two depths are shown in Fig. 4,
superimposed on a section of σ across the Drake Passage.

The terms in the potential vorticity flux contraint tells us about the components of
the overturning circulation directed across isopycnals, as evident from Eq. (12). In a15

statistically-steady state and in the absence of buoyancy forcing, one would expect
the residual overturning circulation, including both the effects of the mean and eddy-
driven flows, to vanish, consistent with the discussion in Sect. 2.4.1. However, surface
buoyancy forcing leads to transformation of water masses within the surface mixed
layer and their subduction/entrainment into/out of the ocean interior (Marshall, 1997;20

Speer et al., 2000). Beneath the mixed layer, these water masses can be expected
to slide adiabatically along isopycnals, as sketched schematically in Fig. 5. At the two
analysis depths, we can find evidence of each of the two idealised regimes sketched
schematically in Fig. 3.
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4.1 201m depth

To illustrate the capacity of the integral constraint to simplify the vertical potential vortic-
ity fluxes we first present their components (7–10) and summation before horizontally
integrating over closed contours. Figure 6 reveals a rich structure in all the steady
fields (only the sign of the drift term (11) can be resolved using the same log scale, so5

is not shown). In particular the friction and total fluxes are locally non zero. However,
when the integral is taken the utility of the integral constraint becomes apparent as the
friction contribution self cancels and the total flux, by mathematical construction, also
cancels.

The upper analysis depth of 201m lies within the lower part of the winter mixed layer10

and is therefore under the direct influence of surface buoyancy forcing, though beneath
the surface Ekman layer and the direct influence of the wind forcing. We find a three-
way balance between the vertical potential vorticity fluxes due to advection, buoyancy
forcing and eddies. Figure 7 shows the fluxes integrated over the the area between
the adjacent Bernoulli contours and normalized according to Eq. (15). The frictional,15

transient and total potential vorticity flux contributions to the integral balance are all
sufficiently small such that only their signs would be resolved in the figure’s colour
scale, and are therefore not shown.

Over the northern part of the ACC, we find an upward advective potential vorticity
flux associated with the downwelling limb of the Eulerian-mean Deacon cell (note the20

sign change from the Northern Hemisphere case). This is opposed by an downward
buoyancy-forced potential vorticity flux associated with surface cooling. Eddies also
play a significant role, providing a net upward potential vorticity flux. Thus, far from
cancelling the effect of the Eulerian-mean downwelling as sketched schematically in
Fig. 3a, the eddies actually enhance the warm to cold water mass transformation at25

this depth. On the other hand, the eddies offset the effect of the surface cooling on the
surface mixed layer, consistent with the limit sketched schematically in Fig. 3b.

Over the southern part of the ACC, the advective and eddy potential vorticity fluxes
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oppose each other. The advective potential vorticity flux is directed downward, consis-
tent with the upwelling of the Eulerian-mean Deacon cell, whereas the eddy potential
vorticity flux is directed upward, consistent with baroclinic slumping of the isopycnals
as sketched schematically in Fig. 3a. However, the cancellation between the Eulerian-
mean and eddy-induced circulations is not complete, as evident from the significant5

upward potential vorticity flux associated with buoyancy forcing. This is consistent with
the net cold to warm water mass transformation of upwelled NADW into AAIW. Note
that we see no evidence of a southward transformation of NADW into AABW over the
southernmost part of the ACC. This is probably due to the known lack of significant
ABBW formation in the OCCAM model (Drijfhout, 2005).10

This pattern of the buoyancy forcing, with warming over the southern part of the
ACC and cooling over the northern part of the ACC is consistent with the discussion
of Speer et al. (2000). They point out that eddies shed from the atmospheric polar
jet will either transport warm air poleward or cold air equatorward; both scenarios will
create a warming tendency poleward and a cooling equatorward of the jet, for an ocean15

and atmosphere that, in the absence of continental barriers, are in roughly in thermal
equilibrium.

It is also worth commenting on the complementary analysis by Drijfhout (2005) us-
ing the same OCCAM model. He observes a large, uniformly poleward, eddy-induced
transport over the surface layers of the ACC, dominated by the seasonal cycle of the20

mixed layer which acts to redistribute the Ekman transport over the seasonal thermo-
cline. However, this process only arises when the eddy-induced transport is evalu-
ated as the difference between the thickness-weighted mean isopycnal velocity and
the Eulerian-mean velocity, and hence does not appear in the present analysis. When
Drijfout evaluates the eddy-induced velocities at fixed depths using residual-mean the-25

ory, he finds a uniform warm-to-cold eddy-induced transformation that only partially
compensates for the Eulerian-mean Deacon cell.
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4.2 1150m depth

At this deeper level (Fig. 8), there is near compensation between the advective potential
vorticity flux, which is directed downward over the closed Bernoulli contours which
lie within the upwelling limb of the Deacon cell, and the eddy potential vorticity flux
which is directed upward. The buoyancy-forced potential vorticity flux makes a small5

(and spurious) contribution, arising from the lateral diffusion of temperature and salinity
employed in this version of OCCAM.

One might be tempted to argue that this compensation is consistent with a can-
cellation between the Eulerian-mean and eddy-induced overturning cells, as sketched
schematically in Fig. 3a. However, this compensation can only be inferred for the com-10

ponents of the Eulerian-mean and eddy-induced cells directed across the mean isopy-
cnals. Thus the present results are consistent with those obtained by Drijfhout (2005)
who found only partial compensation between the Eulerian-mean and eddy-induced
overturning cells, with a substantial residual directed along the isopycnals.

5 Subtropical gyre15

We now turn to the “subtropical Deacon cells” which we argue behave in an analo-
gous manner to the Deacon cell in the Southern Ocean. In order to illustrate the key
concepts, we diagnose the various components of the vertical potential vorticity flux
between adjacent Bernoulli potential contours in the subtropical gyre of the North Pa-
cific. However, there is one important difference between the subtropical Deacon cells20

and the Deacon cell of the Southern Ocean. Whereas the latter may be adiabatic be-
neath the mixed layer, the subtropical Deacon cells must cross the downward-bowled
isopycnals and therefore inherently have a diabatic component (Fig. 9), unless the
eddy-induced circulation completely cancels the Eulerian-mean contribution. Whether
the physical processes that lead to this diabatic mass flux are diffusive or eddy driven25

has been the subject of some discussion (Salmon, 1990; Marshall et al., 2002; Cessi
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and Fantini, 2004; Henning and Vallis, 2004; Radko and Marshall, 2004).
The potential vorticity flux integral constraint addresses this question in a gyre-

averaged sense (that is along time-averaged closed Bernoulli contours). These di-
agnostics are presented at three depths, 52m, 295m and 1516m, highlighting the
three main regimes obtained for these fluxes. For reference, these depths are shown5

in Fig. 10, superimposed on a meridional section of σ. Again, note that the sign of the
potential vorticity fluxes is reversed from the Southern Ocean due to the change in sign
of the potential vorticity.

5.1 52m depth

First we consider a shallow depth lying within the winter mixed layer and hence sub-10

jected to surface buoyancy forcing (Fig. 11). There are two distinct regimes: (i) the
inertial recirculation subgyre that is adjacent to the western boundary current, and (ii)
the remainder of the gyre.

Within the inertial recirculation, the dominant balance is between the upward
buoyancy-forced potential vorticity flux and the downward eddy-induced potential vor-15

ticity flux. This corresponds to the idealised limit sketched schematically in Fig. 3b in
which the eddies are acting to restratify the mixed layer created through surface buoy-
ancy loss. The advective potential vorticity flux is directed downward but is weak in
magnitude compared with the other two terms. It is not surprising that the eddies play
such a substantial role within the inertial recirculation since this is the centre of eddy20

activity in the gyre. Thus the overturning circulation within the inertial recirculation is
dominated by the eddy-induced flux contribution, which is driven by surface buoyancy
loss.

Over the remainder of the gyre, the dominant balance is between the advective po-
tential vorticity flux and the buoyancy-forced potential vorticity flux. The advective flux25

is directed downward, due to the Eulerian-mean Ekman downwelling, whereas the
buoyancy-forced potential vorticity flux is directed upward, consistent with net cooling.
This cooling is required to compensate for the warm water being pumped downwards
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into the gyre. The eddy-induced potential vorticity flux is much weaker, and changes
sign from downward in the centre of the gyre where it opposes the buoyancy forcing,
to upward in the outer edges of the gyre where is starts to oppose Eulerian-mean
downwelling.

5.2 295m depth5

We now consider an intermediate level lying within the main thermocline (Fig. 12).
Here the dominant balance is between the advective potential vorticity flux and the
buoyancy-forced potential vorticity flux. The downward advective potential vorticity flux
represents the downward pumping of potential vorticity within the ventilated thermo-
cline as described by Luyten et al. (1983). However, integrated over the gyre, this10

downward potential vorticity flux must be balanced by another process, which turns
out to be neither eddy nor diffusive processes but to be buoyancy loss when the fluid
parcels outcrop in the mixed layer within the northward flowing western boundary cur-
rent.

The eddy-induced potential flux is generally (but not unversally) directed upward, but15

is much weaker in magnitude than the advective potential vorticity flux. Thus com-
pensation between the Eulerian-mean and eddy-induced overturning cells across the
mean Bernoulli streamlines is only partial, and this compensation is far weaker than
in the Southern Ocean. The one exception is within the inertial recirculation where
the eddy-induced potential vorticity flux becomes comparable to the buoyancy-forced20

potential vorticity flux.

5.3 1516m depth

Finally we consider a deep level lying well beneath the main thermocline, in the upper
part of the abyss (Fig. 13). The flow is cyclonic at this depth, and the potential vortic-
ity fluxes are much weaker due both to the reduced vertical motion and the reduced25

stratification.
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The dominant balance is again between the advective potential vorticity flux and
the buoyancy-forced potential vorticity flux (though the signs of these fluxes reverse
between the centre and outer edge of the gyre) with upwelling over the edge of the
gyre and downwelling in the centre. The eddy-induced potential vorticity flux is small
and of no consistent sign. The balance between the advective and buoyancy-forced5

potential vorticity fluxes actually holds locally (not shown).
The buoyancy-forced potential vorticity flux is dominated by the lateral diffusion of

temperature, which acts to cool the centre of the gyre where the isopycnals are slightly
depressed and to warm the outer edge of the gyre. The extent to which this process
is an artifact of the numerical model and probably not representative of a real ocean10

process is unclear. One naturally wonders whether it is eddies and/or explicit diapycnal
mixing that play the greater role in balancing the advective potential vorticity flux at such
depths in the ocean.

6 Discussion

We have developed a framework, based on an exact integral constraint on the vertical15

potential vorticity fluxes, by which the circulation of a circumpolar current or an ocean
gyre can be rigorously decomposed into a recirculating flow along closed Bernoulli
potential contours and an overturning circulation across these contours. While the
topology of the closed Bernoulli contours is more complex than in the Southern Ocean,
by analogy with the Deacon overturning cell in the Southern Ocean, we term these20

subtropical overturning circulations the “subtropical Deacon cells”.
We have presented diagnostics of the terms in the integral potential flux budget for

both the ACC and North Pacific subtropical gyre in an eddy-permitting ocean circulation
model, OCCAM. In summary, there are both similarities and differences between the
Deacon cell in the Southern Ocean and the subtropical Deacon cell in the North Pacific25

as represented in the OCCAM model. Both show a large compensation between the
buoyancy-forced and eddy-induced potential vorticity fluxes within the surface mixed
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layer, and both show a distinct tendency for the eddy-induced potential vorticity flux to
compensate to some extent the advective potential vorticity flux. However, this com-
pensation is far greater in the Southern Ocean than in the subtropical gyre, except
possibly within the inertial recirculation region where the eddies are stronger. This
is undoubtedly due to the larger regions of intense eddy activity encountered by the5

Bernoulli contours in the Southern Ocean, whereas in the subtropical gyre the eddies
are largely confined to the boundary current spearation region. Additionally, in the sub-
tropical gyre thermocline, we find that in a gyre-averaged sense the diapycnal mass
flux is dominated by convective buoyancy forcing within the western boundary current
region, rather than by diffusive or eddy processes. Whether all these findings carry10

over to ocean models with a better-resolved eddy field (and ultimately to the ocean)
remains to be determined, but will be an interesting area for future study.

The diagnostic framework developed here can be applied to any flow in which there
is a closed contour of Bernoulli potential, and so may find useful applications in other
scenarios such as subpolar gyres or convective chimneys.15
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Fig. 1. A statistically steady Lagrangian trajectory does not exactly close due to diabatic pro-
cesses. In a circuit it is displaced both vertically and laterally from its initial position.
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Fig. 2. Potental vorticity fluxes are integrated through a horizontal area bound by two adjacent
closed Bernoulli potential contours, Π̃ and Π̃+∆Π̃ .
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Fig. 3. Two limiting regimes corresponding to (a) purely wind-driven flow and (b) purely
buoyancy-driven flow. Note that the potential vorticity flux vectors would have the opposite
signs in the southern hemisphere.
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Fig. 4. A cross section of 3 year mean σ across the Drake passage at 69◦ W. A discussion is
given for the analysis at depths of 201 m and 1150 m.
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Fig. 5. Schematic of the residual overturning circulation across Bernoulli contours in the South-
ern Ocean. Water mass properties are set in the surface mixed later; beneath the mixed layer,
water masses slide adiabatically over each other.
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Fig. 6. Vertical components of potential vorticity flux (kg m−3 s
−2

) at 201 m depth in the South-
ern Ocean. Contours are Bernoulli potential. The drift term is unresolvable on this scale so is
not shown. Though there is complex spatial structure in all the components, integrating around
closed Bernoulli contours necessarily results in a zero total flux and also reduces the balance
to a three way expression between advection, buoyancy and eddy processes.
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Fig. 7. Vertical fluxes of potential vorticity (×10−13 kg m−3 s
−2

) integrated over, and normalised
by, the area between adjacent Bernoulli potential contours at 201 m depth in the Southern
Ocean.
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Fig. 8. Vertical fluxes of potential vorticity (×10−13 kg m−3 s
−2

) integrated over, and normalised
by, the area between adjacent Bernoulli potential contours at 1150 m depth in the Southern
Ocean.
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Fig. 9. Schematic of the residual overturning circulation across Bernoulli contours in a subtrop-
ical gyre. Unlike in the Southern Ocean Bernoulli contours do not approximately coincide with
isopyncnic contours at constant depth. Hence water masses, with properties set in the mixed
layer, must cross isopycnals in order to close the ageostrophic buoyancy budget.
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Fig. 10. A cross section of the mean σ through the North Pacific subtropical gyre at 160◦ E and
the analysis levels at depths of 52 m, 295 m and 1516 m.
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Fig. 11. Vertical fluxes of potential vorticity (×10−13 kg m−3 s
−2

) integrated over, and normalised
by, the area between close closed Bernoulli potentials. Calculated at 52 m in the North Pacific
subtropical gyre.
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Fig. 12. Vertical fluxes of potential vorticity (×10−13 kg m−3 s
−2

) integrated over, and normalised
by, the area between close closed Bernoulli potentials. Calculated at 295 m in the North Pacific
subtropical gyre.
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Fig. 13. Vertical fluxes of potential vorticity (×10−13 kg m−3 s
−2

) integrated over, and normalised
by, the area between close closed Bernoulli potentials. Calculated at 1516 m in the North
Pacific subtropical gyre.
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