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GEOMETRIC 

Goal: Develop a framework for parameterising and interpreting ocean eddy-mean flow interaction  
             in which the relevant symmetries and conservation laws are preserved as far as possible 

• all remaining unknowns are dimensionless and ≤ 1 in magnitude, 
measure anisotropy and direction of eddy fluxes

• eddy stress tensor E includes eddy Reynolds stresses and form stresses

• dimensional size of E set by eddy energy E

(Waterman et al. 2011)

(Marshall et al., 2012)

@E

@t
= r · (. . .) + u ·r ·E+ forcing� dissipation
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1. residual-mean momentum equation
@u

@t
= . . .�r ·E+ forcing� dissipation
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2. consistent eddy energy equation

eddy forcing

(cf. Young, 2012; Maddison and Marshall, 2013)



Initial implementation: only vertical  momentum flux - “eddy form stress” 

if eddy energy known, only freedom is to specify the non-dimensional parameter   )  = ↵
N

M2
E (|↵|  1)

vertical momentum transfer is equivalent to Gent and McWilliams (Greatbatch and Lamb, 1990; Greatbatch, 1998)

eddy form stress:
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,

Gent and McWilliams eddy diffusivity:

 = ↵
N

@b/@y
E
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(Marshall et al., 2012; also see Jansen et al., 2015)
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6.6 The Eady Problem 283
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Fig. 6.12 Left column: Vertical structure of the most unstable Eady mode. Top: con-
tours of streamfunction. Middle: temperature, proportional to @ =@z . Bottom: merid-
ional velocity, proportional to @ =@y . Negative contours are dashed, and two complete
wavelengths are present in the horizontal. Poleward flowing (positive v) air is generally
warmer than equatorward flowing air. Right column: Same, but now for a wave just be-
yond the short-wave cut-o�. There is no phase-tilt in the vertical, and the temperature
perturbations at the upper and lower boundaries are no longer able to interact.

Scale of maximum instability: Lmax ⇤ 3:9Ld ⇤ 4000 km; (6.96)

Growth Rate: � ⇤ 0:3
U

Ld
⇤ 0:3 � 10

106
s�1 ⇤ 0:26 day�1:

(6.97)

For the ocean

For the main thermocline in the ocean let us choose

H ⇥ 1 km U ⇤ 0:1 m s�1 N ⇥ 10�2 s�1: (6.98)
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Proof of concept 1: Eady growth rate

Eady growth rate 
if α = 0.61

Eddy energy budget:

=

Z Z Z
@u

@z
S dx dy dz. integrate by parts

(Marshall et al., 2012)

= ↵
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N0
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@z

Z Z Z
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f

N
apply energy bound, use Cauchy-Schwarz

)  = ↵
N

M2
E (|↵|  1)

(figure: adapted from Vallis 2006)

@

@t

Z Z Z
E dxdy dz = �

Z Z Z
u q0v0 dx dy dz= �

Z Z Z
u
@S

@z
=

Z Z Z
@u

@z
S dx dy dz. substitute eddy stress tensor

eddy form stress



nonlinear (fully turbulent) Eady spin-down
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Figure 1: Schematic of Eady model configuration and diagnostic procedure. The shear and stratification
at time t = 0 are constant, and the initial tracer profiles vary sinusoidally in y and z as in Bachman and
Fox-Kemper (2013). At later times after the front goes baroclinically unstable, the tracer concentrations are
zonally averaged, their meridional gradients and eddy fluxes are calculated, and a solution for  is obtained
by pseudoinverting (23) at each point on the yz-plane. The overall value for  at each output interval is taken
as the domain average of these solutions. In the inset panels the tracer gradients and fluxes may vary beyond
the given color scale, but the color limits are chosen to be suitable for all tracers shown. In the buoyancy
plots the aspect ratio of the domain has been stretch to illustrate both the along-channel and vertical aspects
of the turbulence; the actual density surfaces in the simulations are nearly flat.
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Proof of concept 2: implied eddy diffusivity                                                                           (Bachman et al., 2017)
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Figure 2: Scatter plots of domain-averaged scalings at each output interval, plotted for all sixteen simu-
lations. The di↵usivity diagnosed by the pseudoinversion is plotted along the x-axis, and the scalings are
plotted along the y-axis in each panel. Shown here are the scalings from (a) Marshall et al. (2012) with
↵ = 0.2, (b) Visbeck et al. (1997), (c) Bachman and Fox-Kemper (2013), (d) Eden and Greatbatch (2008),
and (e) Fox-Kemper et al. (2008). The diagonal, dashed black line represents perfect agreement between the
diagnosed di↵usivity and the scaling.

13

nonlinear (fully turbulent) Eady spin-down

Time% b
�
m s�2

�
Buoyancy% Zonally/averaged%tracer%concentration%

!

1.0!

0.5!

0!

3!

!2!

!1!

�̄i
i = 1 i = 2 i = 3 i = 4 . . .

Zonally/averaged%tracer%gradient%
!

��̄i

�y

� = �v�� �
i

�
��̄i

�y

�†

�10�2

5!

0!

(5!
3!

!2!

!1!

�10�2

Zonally/averaged%tracer%5luxes%
!

v�� �
i

t = 0

1!

0!

(1!

�10�5

�10�3

z

y

z
y

x

Figure 1: Schematic of Eady model configuration and diagnostic procedure. The shear and stratification
at time t = 0 are constant, and the initial tracer profiles vary sinusoidally in y and z as in Bachman and
Fox-Kemper (2013). At later times after the front goes baroclinically unstable, the tracer concentrations are
zonally averaged, their meridional gradients and eddy fluxes are calculated, and a solution for  is obtained
by pseudoinverting (23) at each point on the yz-plane. The overall value for  at each output interval is taken
as the domain average of these solutions. In the inset panels the tracer gradients and fluxes may vary beyond
the given color scale, but the color limits are chosen to be suitable for all tracers shown. In the buoyancy
plots the aspect ratio of the domain has been stretch to illustrate both the along-channel and vertical aspects
of the turbulence; the actual density surfaces in the simulations are nearly flat.
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Figure 2: Scatter plots of domain-averaged scalings at each output interval, plotted for all sixteen simu-
lations. The di↵usivity diagnosed by the pseudoinversion is plotted along the x-axis, and the scalings are
plotted along the y-axis in each panel. Shown here are the scalings from (a) Marshall et al. (2012) with
↵ = 0.2, (b) Visbeck et al. (1997), (c) Bachman and Fox-Kemper (2013), (d) Eden and Greatbatch (2008),
and (e) Fox-Kemper et al. (2008). The diagonal, dashed black line represents perfect agreement between the
diagnosed di↵usivity and the scaling.
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Figure 1: Schematic of Eady model configuration and diagnostic procedure. The shear and stratification
at time t = 0 are constant, and the initial tracer profiles vary sinusoidally in y and z as in Bachman and
Fox-Kemper (2013). At later times after the front goes baroclinically unstable, the tracer concentrations are
zonally averaged, their meridional gradients and eddy fluxes are calculated, and a solution for  is obtained
by pseudoinverting (23) at each point on the yz-plane. The overall value for  at each output interval is taken
as the domain average of these solutions. In the inset panels the tracer gradients and fluxes may vary beyond
the given color scale, but the color limits are chosen to be suitable for all tracers shown. In the buoyancy
plots the aspect ratio of the domain has been stretch to illustrate both the along-channel and vertical aspects
of the turbulence; the actual density surfaces in the simulations are nearly flat.
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Figure 2: Scatter plots of domain-averaged scalings at each output interval, plotted for all sixteen simu-
lations. The di↵usivity diagnosed by the pseudoinversion is plotted along the x-axis, and the scalings are
plotted along the y-axis in each panel. Shown here are the scalings from (a) Marshall et al. (2012) with
↵ = 0.2, (b) Visbeck et al. (1997), (c) Bachman and Fox-Kemper (2013), (d) Eden and Greatbatch (2008),
and (e) Fox-Kemper et al. (2008). The diagonal, dashed black line represents perfect agreement between the
diagnosed di↵usivity and the scaling.
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Figure 1: Schematic of Eady model configuration and diagnostic procedure. The shear and stratification
at time t = 0 are constant, and the initial tracer profiles vary sinusoidally in y and z as in Bachman and
Fox-Kemper (2013). At later times after the front goes baroclinically unstable, the tracer concentrations are
zonally averaged, their meridional gradients and eddy fluxes are calculated, and a solution for  is obtained
by pseudoinverting (23) at each point on the yz-plane. The overall value for  at each output interval is taken
as the domain average of these solutions. In the inset panels the tracer gradients and fluxes may vary beyond
the given color scale, but the color limits are chosen to be suitable for all tracers shown. In the buoyancy
plots the aspect ratio of the domain has been stretch to illustrate both the along-channel and vertical aspects
of the turbulence; the actual density surfaces in the simulations are nearly flat.
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experiments interpolated to the new grid spacing. The 28
were initialized from a set of very coarse 48 experiments
and the ½8 experiments were then initialized from the
result of the 28 experiments. After 1000 years, the ½8
results were then interpolated to 1/68, and these experi-
ments begun.2 Where time-average results are discussed,
the 28 experiments have been averaged over 1000 years,
the ½8 over 100 years, and the 1/68 over 10 years.

3. Key results

The key results of our numerical experiments are
summarized in Fig. 3, where the relationship between the
time-mean ‘‘circumpolar’’ transport (the zonal transport
through the re-entrant channel) and the strength of the
wind forcing (Fig. 3a) and diapycnal diffusivity (Fig. 3b)
are shown.Different averaging periods are used for each
grid spacing; 1000 years for 28, 100 years for ½8, and
10 years for 1/68. The bars represent two standard de-
viations of the instantaneous monthly transport about
the mean. They indicate the instantaneous variability of
the circumpolar current, rather than the standard error
in the mean, which is extremely small due to the large
number of sample values in the averaging period.

Examination of Fig. 3a demonstrates that the noneddy-
resolving model (28, blue line) behaves like other global
climate models employing a constant GM coefficient,
that is, the circumpolar transport changes strongly with
the wind stress (Fyfe and Saenko 2006). Even with no
wind at all (t0 5 0 N m22) a significant TACC of ; 50 Sv
occurs. This transport occurs for the reasons elucidated
by Munday et al. (2011), that is, that the pycnocline to
the north of the ACC is deepened by diapycnal mixing,
even in the absence of wind. This then leads to a con-
siderable circumpolar transport via thermal wind shear.
The increase in TACC with wind forcing continues across
the extreme range considered here, which reaches a
peak wind stress of 1.0 N m22, compared to the basic
state value of 0.2 N m22. The increase in transport does
not remain linear with wind stress, although it is close to
this limit across many of the experiments. The reader
should note that no error bars are shown on the D 5 28
line of Fig. 3a as the variability is so low that they would
be smaller than the plotted symbol in most cases.
When the grid spacing is refined to ½8 (red line), and

again to 1/68 (green line), the model behaves like the
high-resolution numerical models discussed in section 1.
In other words, TACC ‘‘saturates’’ at some finite value of
wind stress and ceases to increase with further increases
in wind stress. Indeed, for the first time our 1/68 exper-
iments demonstrate that such saturation may take
place with no wind at all, since the increase in vari-
ability effectively makes the green line on Fig. 3a in-
distinguishable from flat. The extreme range of wind
forcing considered in the experiments presented here

FIG. 3. Sensitivity of the circumpolar transport to (a) the wind stress and (b) the diapycnal diffusivity. The ‘‘error
bars’’ are two standard deviations around the long-term mean, calculated from instantaneous monthly values
throughout the averaging period. The 28 (blue) experiments are averaged over 1000 years, the ½8 (red) experiments
over 100 years, and the 1/68 (green) experiments over 10 years.

2 For reasons of numerical stability it was found to be easier to
initialize the 1/68 diapycnal diffusivity experiments from the 48 ex-
periments used to initialize the 28 experiments. In some cases, this
leads to a noticeable lag between the 1/68 basic state and the 12
experiments that make up the rest of the 1/68 diapycnal diffusivity
suite.
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ments begun.2 Where time-average results are discussed,
the 28 experiments have been averaged over 1000 years,
the ½8 over 100 years, and the 1/68 over 10 years.

3. Key results

The key results of our numerical experiments are
summarized in Fig. 3, where the relationship between the
time-mean ‘‘circumpolar’’ transport (the zonal transport
through the re-entrant channel) and the strength of the
wind forcing (Fig. 3a) and diapycnal diffusivity (Fig. 3b)
are shown.Different averaging periods are used for each
grid spacing; 1000 years for 28, 100 years for ½8, and
10 years for 1/68. The bars represent two standard de-
viations of the instantaneous monthly transport about
the mean. They indicate the instantaneous variability of
the circumpolar current, rather than the standard error
in the mean, which is extremely small due to the large
number of sample values in the averaging period.

Examination of Fig. 3a demonstrates that the noneddy-
resolving model (28, blue line) behaves like other global
climate models employing a constant GM coefficient,
that is, the circumpolar transport changes strongly with
the wind stress (Fyfe and Saenko 2006). Even with no
wind at all (t0 5 0 N m22) a significant TACC of ; 50 Sv
occurs. This transport occurs for the reasons elucidated
by Munday et al. (2011), that is, that the pycnocline to
the north of the ACC is deepened by diapycnal mixing,
even in the absence of wind. This then leads to a con-
siderable circumpolar transport via thermal wind shear.
The increase in TACC with wind forcing continues across
the extreme range considered here, which reaches a
peak wind stress of 1.0 N m22, compared to the basic
state value of 0.2 N m22. The increase in transport does
not remain linear with wind stress, although it is close to
this limit across many of the experiments. The reader
should note that no error bars are shown on the D 5 28
line of Fig. 3a as the variability is so low that they would
be smaller than the plotted symbol in most cases.
When the grid spacing is refined to ½8 (red line), and

again to 1/68 (green line), the model behaves like the
high-resolution numerical models discussed in section 1.
In other words, TACC ‘‘saturates’’ at some finite value of
wind stress and ceases to increase with further increases
in wind stress. Indeed, for the first time our 1/68 exper-
iments demonstrate that such saturation may take
place with no wind at all, since the increase in vari-
ability effectively makes the green line on Fig. 3a in-
distinguishable from flat. The extreme range of wind
forcing considered in the experiments presented here

FIG. 3. Sensitivity of the circumpolar transport to (a) the wind stress and (b) the diapycnal diffusivity. The ‘‘error
bars’’ are two standard deviations around the long-term mean, calculated from instantaneous monthly values
throughout the averaging period. The 28 (blue) experiments are averaged over 1000 years, the ½8 (red) experiments
over 100 years, and the 1/68 (green) experiments over 10 years.

2 For reasons of numerical stability it was found to be easier to
initialize the 1/68 diapycnal diffusivity experiments from the 48 ex-
periments used to initialize the 28 experiments. In some cases, this
leads to a noticeable lag between the 1/68 basic state and the 12
experiments that make up the rest of the 1/68 diapycnal diffusivity
suite.
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transport is determined through the zonal momentum budget under

so called “non-acceleration conditions”. Due to the absence of con-

tinental barriers at the latitude of Drake Passage, the surface wind

stress is mostly balanced by a bottom form stress (Munk and Palmén,

1951). Thus, momentum must be fluxed vertically from the surface to

the abyss, which Johnson and Bryden assume is achieved by the eddy

form stress. An alternative, but equivalent, physical interpretation is

that the equilibrium ACC arises through the competition between the

wind-driven Ekman cell (the “Deacon cell”) acting to steepen, and the

eddy-induced cell generated through baroclinic instability acting to

flatten, the isopcynals (e.g., see Danabasoglu et al., 1994). Finally a

prediction of the ACC volume transport follows on adopting a clo-

sure for the eddy buoyancy fluxes following Green (1970) and Stone

(1972), and assuming thermal wind balance and vanishing flow at

depth.

However, the ACC is not zonal, but undergoes significant merid-

ional excursions, which are of dynamical importance because the ma-

jority of the wind work on the Southern Ocean occurs north of Drake

Passage (e.g., see Fig. 14 of Mazloff et al., 2010). Understanding the

cause of these meridional excursions is important as several stud-

ies have suggested that the integral of the wind stress over the cir-

cumpolar streamlines of the ACC may serve as a useful predictor of

its volume transport (e.g., Ishida, 1994; Allison et al., 2010; LaCasce

and Isachsen, 2010). The traditional explanation for these north-

ward excursions is Sverdrup balance (Sverdrup, 1947; Stommel, 1957;

LaCasce and Isachsen, 2010). However, if the Ekman driven upwelling

is compensated by eddy-induced downwelling, then, at least for that

part of the fluid column with circumpolar connection, Sverdrup bal-

ance should be modified to include the effect of the eddy-induced

downwelling. Intricate interplays between the Sverdrup-like excur-

sions and eddy dynamics are documented in the series of papers by

Nadeau and Straub (2009; 2012) and Nadeau and Ferrari (2015).

Recent developments have included the recognition that the ACC

cannot be considered independent of the depth of the global pyc-

nocline and the meridional overturning circulation (Gnanadesikan,

1999; Gnanadesikan and Hallberg, 2000). The implication is that the

ACC volume transport is influenced not only by Southern Ocean wind

forcing and eddies, but also the rate of North Atlantic Deep Water for-

mation (Fuflckar and Vallis, 2007), buoyancy forcing (Hogg, 2010) and

global diapycnal mixing (Munday et al., 2011).

Finally, it is important to emphasize that the ACC volume trans-

port exhibits far less sensitivity to the surface wind stress in mod-

els with explicit, rather than parameterized, eddies, both in equi-

librium (Hallberg and Gnanadesikan, 2001; Tansley and Marshall,

2001b; Munday et al., 2013) and during its adjustment (Hallberg and

Gnanadesikan, 2006; Hogg and Blundell, 2006; Meredith and Hogg,

2006; Farneti et al., 2010; Farneti and Delworth, 2010). This behav-

ior was first predicted by Straub (1993) on theoretical grounds and

has become known as “eddy saturation”. Notwithstanding the impor-

tance of explicitly resolving eddies, it is important to understand the

dynamics of the ACC in models with parameterized eddies, not least

because such parameterizations will continue to be used in many

climate models for the foreseeable future. Moreover, we have little

chance of understanding the dynamics of the ACC with explicit, tur-

bulent eddies if we cannot first understand the dynamics of a quasi-

laminar ACC in a model with parameterized eddies.

The goal of this contribution is to develop a simple reduced-

gravity model of the ACC that can be used to address three comple-

mentary questions:

• How does the volume transport of the ACC vary as the latitude of

wind stress forcing is varied?

• Which dynamical processes control the equatorward and pole-

ward excursions of the ACC?

• Can the volume transport of the ACC be predicted from the surface

wind stress and model parameters?

wind stress

h

1000 km20000 km

4000 km

Fig. 1. Schematic diagram illustrating the model formulation and domain. Flow is con-

fined to a reduced-gravity layer (shaded) overlaying a motionless abyss. The two layers

are separated by a “pycnocline” of depth h, across which the density increases abruptly.

The upper layer is forced by a prescribed surface wind stress. A re-entrant channel oc-

cupies the most southerly quarter of the domain. The model dimensions are indicated

on the figure.

The advantage of using a reduced-gravity model is that it is the

simplest model that can represent each of the most important ele-

ments one might wish to include in a simple theory of the ACC: (i)

wind forcing; (ii) basin geometry with partial circumpolar connec-

tion; (iii) stratification; (iv) (parameterized) geostrophic eddy fluxes;

(v) surface cooling (through imposed layer outcropping). Inevitably,

a simple model cannot capture every important process and perhaps

the most important processes missing from the present model are

explicit geostrophic eddies, variable bottom topography and a realis-

tic representation of buoyancy forcing; some likely impacts of these

neglected processes are outlined in the concluding discussion.

The model developed here turns out to bear many similarities to

the linear barotropic model derived by Gill (1968), with differences

arising through nonlinearity in our equations, boundary conditions,

and physical interpretations of model parameters. Thus, a parallel

goal of this contribution is to cast Gill (1968) in the language of con-

temporary descriptions of the ACC dynamics and thereby restore it to

the center-stage of theoretical understanding of the ACC.

The manuscript is structured as follows. In Section 2 we de-

scribe the formulation of our model and its relation to Gill (1968).

In Section 3, the suites of model calculations are summarized. In

Section 4, we describe the lateral structure of a typical model solution

and its physical interpretation. In Section 5 we investigate how the

structure of the solution varies as the wind jet is moved northward.

In Section 6 we investigate the extent to which the volume transport

through the model Drake Passage can be predicted by integrating the

wind stress over the circumpolar streamlines following the sugges-

tion of Allison et al. (2010). Finally, a concluding discussion is given in

Section 7.

2. Model formulation

2.1. Equations of motion

We consider a reduced-gravity model of the Antarctic Circumpo-

lar Current, forced by surface wind stress. For analytical convenience,

we work with a Cartesian coordinate system (x, y) on the β plane

where x and y are the zonal and meridional coordinates. The domain

extends from (0, 0) to (x0, y0), with a re-entrant “Drake Passage” be-

tween y = 0 and y = y0/4. We set x0 = 20 000 km and y0 = 4 000 km,

giving a model Drake Passage of width 1 000 km, as sketched in Fig. 1.

The lower, abyssal layer is considered at rest, but plays an important

wind
stress

(Munday et al., 2013)

the associated sensitivity in the RMOC remains to be
investigated. The diagnosed RMOCs for varying wind
stress are shown in Fig. 6. Focusing first on the control
case for REF (Fig. 6b; cf. Fig. 8c ofMunday et al. 2013), it
may be seen that theRMOCconsists of twomain cells: (i)
an upper positive cell that represents the model analog of
NorthAtlanticDeepWater (NADW)downwelling in the
Northern Hemisphere, upwelling in the Southern Ocean
and returning northward in surface layers; (ii) a lower
negative cell that represents the model analog of
Antarctic Bottom Water (AABW), established by the
convective activity occurring in the southern edges of the
domain, spreading northward at depth, upwelling, and
returning southward. Additionally, there is an Antarctic
Intermediate Water (AAIW) negative cell, located
slightly north of the NADW upwelling region, charac-
terized by shallow convection.
For the control wind forcing, the global morphology of

the RMOC appears to be well captured in all the coarse-
resolution calculations, as seen in Figs. 6e, 6h, and 6k for
GEOMint,GEOMloc, andCONST, respectively. Themain
differences arise in the lack of an excursion of the RMOC
above the time- and zonal-mean surface density in the
north and in the details of the AABW negative cell. The
former is because there are no explicit mesoscale eddies in
the coarse-resolution calculations. The latter, on the other
hand, likely depend on both the eddy induced circulation

and convective processes; a discussion of the latter dif-
ference is deferred to the discussion section.
When varying wind stress, the changes in the RMOC

displayed by REF are largely matched by GEOMint and
GEOMloc.With nowind forcing, theNADWpositive cell
is approximately of the same magnitude and with similar
extents into the Southern Hemisphere. With large wind
stress forcing, increases in magnitude and extent of both
the NADW positive cell and AABW negative cell are
seen.BothGEOMint andGEOMloc struggle to reproduce
the latitudinal extent and the strength of the AABW
negative cell. However, both GEOMint and GEOMloc

certainly appear to provide improvements over CONST;
where the latitudinal extent of theNADWwith zerowind
forcing differs significantly from REF, there is increased
noise in theAABWcell, and theNADWcell spans over a
smaller set of water mass classes with large wind stress
forcing. The enhanced level of noise in and just north of
the channel region inCONST coincides, and is consistent,
with increased convective activity in the same regions,
where the prescribed kgm5 k0 is overwhelmed by the
strong Eulerian overturning cell, leading to steep iso-
pycnals and increased convective activity that is absent in
REF. Of course, if the initial k0 is higher in CONST, then
the noise in theRMOCmay be reduced, although control
calculations will become detuned.

d. Impact on the diagnosed eddy energy and kgm

Figure 7 shows the domain-averaged eddy energy
hEi and domain-averagedGM eddy transfer coefficient
hkgmi for varying input parameters, diagnosed as in the
channel configuration (now with potential density in-
stead of temperature as the gridding field when using
the layers package). In this particular instance, the di-
agnosed domain-averaged values of EKE and EPE for
REF are comparable in magnitude at control peak
wind stress, but EKE dominates especially in the cir-
cumpolar region at large wind stress. For GEOMint and
GEOMloc, hEi increases approximately linearly with
increasing wind stress, consistent with the prediction
given in Mak et al. (2017). The increase in hkgmi for
GEOMint and GEOMloc is consistent with the increase
in eddy energy. The resulting hkgmi for GEOMloc is
smaller since kgm is small over the basin but can be
locally large in the channel; for the large wind stress,
kgm can locally reach kmax in the model’s circumpolar
current (see Fig. 8d).
With increasing eddy energy dissipation, increasing

l results in decreased hEi in GEOMint and GEOMloc,
consistent with the findings of the channel configuration
and the results in Mak et al. (2017). The equivalent ex-
periments have not been performed for REF owing to
computational constraints.

FIG. 5. Diagnosed transport (Sv) and pycnocline depth (m), for
varying wind stress and eddy energy dissipation, showing (a),(b)
total circumpolar transport and (c),(d) pycnocline depth of
the basin.
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the associated sensitivity in the RMOC remains to be
investigated. The diagnosed RMOCs for varying wind
stress are shown in Fig. 6. Focusing first on the control
case for REF (Fig. 6b; cf. Fig. 8c ofMunday et al. 2013), it
may be seen that theRMOCconsists of twomain cells: (i)
an upper positive cell that represents the model analog of
NorthAtlanticDeepWater (NADW)downwelling in the
Northern Hemisphere, upwelling in the Southern Ocean
and returning northward in surface layers; (ii) a lower
negative cell that represents the model analog of
Antarctic Bottom Water (AABW), established by the
convective activity occurring in the southern edges of the
domain, spreading northward at depth, upwelling, and
returning southward. Additionally, there is an Antarctic
Intermediate Water (AAIW) negative cell, located
slightly north of the NADW upwelling region, charac-
terized by shallow convection.
For the control wind forcing, the global morphology of

the RMOC appears to be well captured in all the coarse-
resolution calculations, as seen in Figs. 6e, 6h, and 6k for
GEOMint,GEOMloc, andCONST, respectively. Themain
differences arise in the lack of an excursion of the RMOC
above the time- and zonal-mean surface density in the
north and in the details of the AABW negative cell. The
former is because there are no explicit mesoscale eddies in
the coarse-resolution calculations. The latter, on the other
hand, likely depend on both the eddy induced circulation

and convective processes; a discussion of the latter dif-
ference is deferred to the discussion section.
When varying wind stress, the changes in the RMOC

displayed by REF are largely matched by GEOMint and
GEOMloc.With nowind forcing, theNADWpositive cell
is approximately of the same magnitude and with similar
extents into the Southern Hemisphere. With large wind
stress forcing, increases in magnitude and extent of both
the NADW positive cell and AABW negative cell are
seen.BothGEOMint andGEOMloc struggle to reproduce
the latitudinal extent and the strength of the AABW
negative cell. However, both GEOMint and GEOMloc

certainly appear to provide improvements over CONST;
where the latitudinal extent of theNADWwith zerowind
forcing differs significantly from REF, there is increased
noise in theAABWcell, and theNADWcell spans over a
smaller set of water mass classes with large wind stress
forcing. The enhanced level of noise in and just north of
the channel region inCONST coincides, and is consistent,
with increased convective activity in the same regions,
where the prescribed kgm5 k0 is overwhelmed by the
strong Eulerian overturning cell, leading to steep iso-
pycnals and increased convective activity that is absent in
REF. Of course, if the initial k0 is higher in CONST, then
the noise in theRMOCmay be reduced, although control
calculations will become detuned.

d. Impact on the diagnosed eddy energy and kgm

Figure 7 shows the domain-averaged eddy energy
hEi and domain-averagedGM eddy transfer coefficient
hkgmi for varying input parameters, diagnosed as in the
channel configuration (now with potential density in-
stead of temperature as the gridding field when using
the layers package). In this particular instance, the di-
agnosed domain-averaged values of EKE and EPE for
REF are comparable in magnitude at control peak
wind stress, but EKE dominates especially in the cir-
cumpolar region at large wind stress. For GEOMint and
GEOMloc, hEi increases approximately linearly with
increasing wind stress, consistent with the prediction
given in Mak et al. (2017). The increase in hkgmi for
GEOMint and GEOMloc is consistent with the increase
in eddy energy. The resulting hkgmi for GEOMloc is
smaller since kgm is small over the basin but can be
locally large in the channel; for the large wind stress,
kgm can locally reach kmax in the model’s circumpolar
current (see Fig. 8d).
With increasing eddy energy dissipation, increasing

l results in decreased hEi in GEOMint and GEOMloc,
consistent with the findings of the channel configuration
and the results in Mak et al. (2017). The equivalent ex-
periments have not been performed for REF owing to
computational constraints.

FIG. 5. Diagnosed transport (Sv) and pycnocline depth (m), for
varying wind stress and eddy energy dissipation, showing (a),(b)
total circumpolar transport and (c),(d) pycnocline depth of
the basin.
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eddy energy  ~  wind stress

eddy energy source   ≈   eddy energy sink

eddy energy budget

momentum budget (Johnson and Bryden, 1989)

 volume transport  ~  damping rate

 wind stress   ≈   eddy form stress
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NERC-funded GEOMETRIC project:    implementation in NEMO



Recipe for implementation of GEOMETRIC in an ocean model

2. Solve a prognostic equation for the depth-integrated eddy energy

3. Rescale eddy diffusivity profile at each latitude/longitude to match energetic constraint
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1. Employ existing Gent and McWilliams code with prescribed eddy diffusivity profile
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Prognostic equation for the depth-integrated eddy energy                                           (Mak et al., 2019, in prep.)
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Figure 1. Zonal propagation speeds estimated from (a) observations, and linear Rossby wave theory (b) in the absence
of Doppler-shifting and (c) Doppler shifted by the depth mean velocity. Blue colors denote westward propagation, and
red colors indicate eastward propagation.

this region nor can horizontal variations in the depth mean flow be neglected in deriving the Doppler shift
velocity (see Cushman-Roisin [1993] for a dynamical treatment of this problem).

To provide a more quantitative comparison, in Figure 2 we plot the variation of the observed and theoretical
zonal propagation speeds, zonally averaged over a region in the Pacific Ocean (180◦E–230◦E). These are
plotted both as a function of latitude (Figure 2a) and as scatterplot (Figure 2b). These results suggest that

Figure 2. (a) Mean zonal mean propagation speeds from a region in the Pacific Ocean (180◦E–230◦E), inferred from
observations (black line) and linear Rossby wave theory in the absence of Doppler shifting (green line) and Doppler
shifted by the depth mean velocity (red line). (b) Scatterplot of observed propagation speeds versus theoretical phase
speeds in the absence of Doppler shifting (green dots) and Doppler shifted by the depth mean velocity (red dots) over
the same region. The lines show the mean of this distribution, obtained by binning, in the absence of Doppler shifting
(thick dash) and Doppler shifted by the depth mean velocity (thin dash).
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westward propagation 
(Chelton et al., 2007) 

+ 
advection by  depth-mean flow
(Klocker and Marshall, 2014)

eddy energy source: 
baroclinic instability
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Figure 1: Schematic of Eady model configuration and diagnostic procedure. The shear and stratification
at time t = 0 are constant, and the initial tracer profiles vary sinusoidally in y and z as in Bachman and
Fox-Kemper (2013). At later times after the front goes baroclinically unstable, the tracer concentrations are
zonally averaged, their meridional gradients and eddy fluxes are calculated, and a solution for  is obtained
by pseudoinverting (23) at each point on the yz-plane. The overall value for  at each output interval is taken
as the domain average of these solutions. In the inset panels the tracer gradients and fluxes may vary beyond
the given color scale, but the color limits are chosen to be suitable for all tracers shown. In the buoyancy
plots the aspect ratio of the domain has been stretch to illustrate both the along-channel and vertical aspects
of the turbulence; the actual density surfaces in the simulations are nearly flat.
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eddy energy sink: bottom drag (Sen et al., 2008);  
lee wave radiation (Naveira Garabato et al., 2004); 
….

diffusion of eddy energy 
(Eden and Greatbatch, 2008)

(NEMO results removed from public copy) 
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Summary of key points

•  GEOMETRIC eddy parameterisation framework: 
         - based on conservation of energy and momentum
         - preserves dimensional Eady growth rate
         - reproduces realistic eddy diffusivities
         - reproduces and explains “eddy saturation” 
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Figure 1: Schematic of Eady model configuration and diagnostic procedure. The shear and stratification
at time t = 0 are constant, and the initial tracer profiles vary sinusoidally in y and z as in Bachman and
Fox-Kemper (2013). At later times after the front goes baroclinically unstable, the tracer concentrations are
zonally averaged, their meridional gradients and eddy fluxes are calculated, and a solution for  is obtained
by pseudoinverting (23) at each point on the yz-plane. The overall value for  at each output interval is taken
as the domain average of these solutions. In the inset panels the tracer gradients and fluxes may vary beyond
the given color scale, but the color limits are chosen to be suitable for all tracers shown. In the buoyancy
plots the aspect ratio of the domain has been stretch to illustrate both the along-channel and vertical aspects
of the turbulence; the actual density surfaces in the simulations are nearly flat.
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