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! Focus on linking (new) momentum, 
buoyancy, and eddy energy closures, 
constrained by observations

Main goals:

! Targeting resolution-, scale- and flow-
aware implementations in ocean 
models (MOM6 at GFDL and NCAR, and 
MPAS)

! Today: I will focus on the motivation and a subset of work being carried out as part of 

the ocean eddy CPT

! Improve parameterizations of mesoscale 
eddies in ocean models though energetics 



Energy Cycle

adapted from Salmon, 1998 & Vallis, 2006; Zanna et al 2020 
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• Sources, sinks and transfer of energy across scales:  
➡  are key to maintain the circulation & transport in the ocean 

(e.g., Wunsch & Ferrari 2004; Ferrari & Wunsch 2009) 



Energy Cycle
• Sources, sinks and transfer of energy across scales:  
➡  are key to maintain the circulation & transport in the ocean (e.g., 

Wunsch & Ferrari 2004; Ferrari & Wunsch 2009)  
➡ impact the lateral and vertical transport in global models  (e.g., Kjellsson & 

Zanna, 2017)



Energy Cycle & Mesoscale Eddies

Wind + Buoyancy 
Work

Deformation Radius 
Available Potential Energy

Kinetic Energy

Inverse cascade/Backscatter

Baroclinic Instability

Large Scale (1000’s kms)Small Scale Mesoscales (10-100 km)

• Mesoscale eddies are a major player in the energy cycle:  
➡extract energy from the mean flow 
➡ form the bulk of the kinetic energy in the ocean  
➡ transfer of kinetic energy across scales

adapted from Salmon, 1998 & Vallis, 2006; Zanna et al 2020 



Energy Cycle & Eddy Parameterizations

Wind + Buoyancy 
Work

Deformation Radius 
Available Potential Energy

Kinetic Energy

Baroclinic Instability

Large Scale (1000’s kms)Small Scale Mesoscales (10-100 km)

Resolved Scales in coarse 
resolution models (e.g. CMIP5)

• Gent-McWilliams (1990): mimics baroclinic instability  
➡extremely successful in reducing spurious convection & mixing  
➡net sink of available potential energy  
➡no accounting of eddy energy

Inverse cascade/Backscatter

adapted from Salmon, 1998 & Vallis, 2006; Zanna et al 2020 



Keeping track of eddy energy 
! Using a prognostic equation for eddy energy 

Sources + Sinks + Transport 

kinetic equation, which is vertically integrated, such that:51
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The equation uses all sources and sinks of mesoscale eddy kinetic energy from the parametriza-52

tions, and a redistribution term to keep the budget closed. The parameter �non�newt is53

non-dimensional and Ėnon�newt is given above. MEKE will scale the amplitude of , such54

that55

 = ↵nonnewtET 2
non�newt

, (10)

where  is the non Newtonian coe�cient set as cnon�newt�x2 [m2], ↵nonnewt is a non-dimensional56

tuning parameter (between 0 and 1) currently not used, E is MEKE in m2/s2. For dimen-57

sional purposes we need to pick a timescale Tnon�newt. Based on the ”philosophy” of PMZ14,58

the eddy variability locally gets deformed by the flow on a timescale of days. This decorre-59

lation timescale, which reprensent the timescale at which the eddy autocorrelation tapers,60

is a measure of the variability of the system. We will pick this measure for Tnon� newt61

which is the QG model was diagnosed to be around 10 days.62
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• 3D or 2D (depth-averaged) mesoscale eddy kinetic energy equation (e.g., 

Cessi 2008; Eden & Greatbatch, 2009; Marshall & Adcroft 2010; Jansen et al 2019) 

‣ For example, the eddy energy can be used to inform the Gent-McWilliams 
coefficient (e.g., Adcroft et al., 2019; and more advanced energy framework of Marshall et al. 

GEOMETRIC)

➡ But   

1) we are still missing some energy pathways  

2) we must consider the increase in horizontal resolution of global models 
(at the deformation scale) - resolution-aware 

3) we need to rethink momentum closures - scale- & flow-aware
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Coarse resolution 
models (e.g. CMIP5)

Eddy 
Permitting 

Models  

(e.g., CMIP6) 

• Transfer of available potential energy into resolved kinetic energy  
• Backscatter/Inverse kinetic energy cascade

Energy Cycle & Eddy Parameterizations

Inverse cascade/Backscatter

adapted from Salmon, 1998 & Vallis, 2006; Zanna et al 2020 



Potential Energy into resolved kinetic energy

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001750

Figure 1. Sketch of the model's energy cycle, indicating transfers between PE, resolved KE, and unresolved
(subgrid-scale) KE. Explicitly resolved energy transfers are denoted by solid arrows, while parameterized transfers are
denoted by dashed arrows. Notice that diapycnal mixing provides an additional source of PE in the ocean (e.g., Wunsch
& Ferrari, 2004) but is not included here, as we will focus on adiabatic dynamics. Similarly, a decomposition of
potential energy into available and background PE is not attempted. Such a decomposition is generally nontrivial in
primitive equations and not necessary for the present purpose, as total and available PE tendencies are interchangeable
for adiabatic dynamics. KE = kinetic energy; GM = Gent and McWilliams; PE = potential energy.

and tested successfully in an Eady channel model. Similarities and differences between our parameterization
and the formulation of Bachman (2019) will be discussed in section 5.

The parameterization has been implemented in the latest version of the Modular Ocean Model Ver-
sion 6 (MOM6) and is tested in the idealized “Neverworld” ocean configuration, which includes an
analytically defined topography with two basins and a circumpolar channel. The specifics of the new
parameterization will be discussed in section 2. The model setup and fine-resolution reference simula-
tions will be presented in section 3, and results will be discussed in section 4. Conclusions are provided in
section 5.

2. A Scale-Aware Energy Budget-Based Eddy Parameterization
This study introduces an energy budget-based subgrid-scale eddy parameterization framework for ocean
general circulation models that is suitable over a wide range of resolutions from non-eddying to eddy resolv-
ing. The parameterization is motivated by our physical understanding of the ocean's turbulent energy cycle
and makes use of an explicit subgrid EKE equation:

!te = ėGM + ė#4
− ė#2

− ėdiss −
1
H∇ · (HFb) , (1)

where e is the vertically averaged subgrid KE. A GM parameterization extracts potential energy from the
resolved flow, which appears as a source of subgrid KE (ėGM). Another source of subgrid KE is given by a
biharmonic viscosity (ė#4), which extracts KE and enstrophy from the resolved flow. Sinks of subgrid KE
include a subgrid-scale dissipation (ėdiss), as well as a backscatter of KE to the resolved flow (ė#2), imple-
mented via a negative Laplacian viscosity. The last term in equation (1) represents horizontal transport
of subgrid KE. The major energy pathways, represented by the different components of the parameteriza-
tion, and the major (potentially) resolved pathways are sketched in Figure 1. Notice that the computational
overhead associated with the vertically averaged subgrid energy budget is small as it amounts to a single
two-dimensional tracer.

The GM parameterization is formulated to address three distinct resolution regimes. One where none of the
mesoscale eddies are resolvable, one where the largest eddies can be resolved explicitly, but the deformation
radius remains unresolved, and one where the deformation radius is resolved. In the real ocean, the scale of
the largest eddies is only modestly larger than the deformation radius (perhaps by about a factor of 2—see
e.g., Tulloch et al., 2011), such that the second regime may be hard to separate from the others. Nevertheless,
both theory and observations suggest that the scale of the largest eddies is controlled by an arrest scale
that generally differs from the deformation radius (e.g., Larichev & Held, 1995; Tulloch et al., 2011), which
encourages us to treat the two scales as independent. With that in mind, we propose a formulation for the
GM “diffusivity” as follows:

KGM = c
√

2eLmix R(Δkd) . (2)
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Figure 3. Mean flow and eddies in the fine-resolution ((1/16)◦) reference simulation. (a) Time-mean sea surface
height, with black contours indicating positive values and white contours indicating negative values, and magnitude of
the vertically integrated transport (shading; with logarithmic color bar). Averages are taken over the last 20 years of the
100-year-long simulation. (b) As in (a) but showing a snapshot of deviations from the time mean. The sea surface
height contour interval is 0.2 m in (a) and 0.4 m in (b).

version of potential to KE near the deformation radius is expected to be adequately resolved. Figure 3 shows
the time-mean horizontal flow and a snapshot of the eddy field in the fine-resolution reference simulation.
The flow shows many of the familiar features observed in the real ocean. A circumpolar current devel-
ops, which is associated with a strong transient eddy field as well as standing meanders—most notably
a sharp recirculation downstream of “Drake Passage.” Both basins exhibit gyres, which are partially con-
nected through the Southern Ocean. Energetic transient eddies exist throughout the domain and are most
pronounced downstream of Drake Passage, as well as near the tip of the central continent, where coherent
vortices, crudely resembling Aghulas rings, are formed. The KE spectrum indicates that the most energetic
eddies have a wavelength of around 3–4◦ longitude, corresponding to around 200–400 km (see Figure 4).

The new parameterization discussed in section 2 (hereafter: MEKE GM+BS—Mesoscale Eddy Kinetic
Energy budget-based GM with BackScatter) will be tested in the Neverworld configuration and compared
to other parameterizations available in the MOM6 ocean model. Our primary point of comparison will be
the parameterization currently used in GFDL's OM4p5 ocean-ice model. The OM4p5 global ocean model
makes use of an explicit subgrid eddy energy budget similar to equation (1). However, the parameteriza-
tion employed in OM4p5 differs from the approach presented in section 2 in two main aspects: (1) It does
not include energy backscatter to the resolved flow and (2) the resolution dependence of the GM diffusivity
is implemented via a step function, following Hallberg (2013). Specifically, the GM coefficient is formu-
lated as in equation (2) but with Lmix independent of resolution and R(Δkd) implemented as a step function,

Figure 4. Surface geostrophic kinetic energy spectra for the (1/16)◦ reference simulation (thick black line) and for
(1/2)◦ resolution experiments using different formulations for the parameterization of unresolved mesoscale eddy
fluxes (see legend and text for explanation). The spectra show geostrophic kinetic energy (computed from sea surface
height) of the meridional (transverse) flow as a function of zonal wavenumber. Zonal spectra are taken in both basins
between 3.6◦ and 41.4◦ and between 48.6◦ and 86.4◦ longitude, with tapering applied via a Hann window. Spectra are
averaged between both regions, meridionally between −62◦ and −18◦ latitude, and temporally over the last 20 years of
the simulations, and normalized such that a sum over all wavenumbers yields the total energy.
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Fig. 7. Plan view of surface kinetic energy from the �x = 2.5L
d
, �x = L

d
and �x = 0.5L

d
simulations. The extra energy added by GM+E is visually noticeable in the �x = 2.5L

d

simulation (panel d), but not so in the higher-resolution simulations. There is a hint of additional small-scale structures in the GM+E simulations, but no obvious evidence of
gridscale noise.

A complete analysis of the effects of GM+E on flow structures
would be incomplete without discussion of its effects on eddy-mean
flow interaction. It is well-established that eddy dynamics strongly
affect the strength, structure, and stability of larger-scale features such
as jets, gyres, and boundary currents (e.g. Thompson, 1978; Hogg,
1985; Howden, 2000; Watts et al., 2001; Waterman et al., 2011) on
both sub-annual (e.g. Bishop, 2013) and inter-annual (e.g. Spall, 1996)
timescales. These interactions are known to be especially prevalent in
western boundary currents (e.g. Waterman and Jayne, 2011; Waterman
and Hoskins, 2013), which is where the energy exchanges from GM+E
are likely to be strongest. The effects of injecting energy into boundary
currents is very likely to imprint on the ocean heat transport, atmo-
spheric storm tracks, and other climatologically relevant dynamics. It
is difficult to speculate about the effects of GM+E on these dynamics
partly due to their intrinsic complexity, and partly due to the present
simplicity of the framework; for example, there are likely aspects

of the geometry of eddy-mean feedbacks (e.g. Waterman and Lilly,
2015; Tamarin et al., 2016) which cannot be captured by an isotropic
injection of energy. The simple channel geometry of the simulations
used here does not permit these types of flow structures to develop,
and therefore precludes a proper analysis. This is left to future work
testing GM+E in global ocean configurations.

4.4. Effects on frontal slumping

More unstable baroclinic modes are resolved as grid resolution
is increased, meaning that the slumping and restratification process
associated with baroclinic eddies occurs more quickly at higher reso-
lution. GM assists this process by increasing the slumping rate beyond
that which the resolved modes can manage alone. The inverse energy
cascade should also increase the slumping rate as well by adding
energy to the largest, most powerful eddies, thereby making them more
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➡New schemes which re-injects available potential energy removed by 
Gent-McWilliams into resolved scales (Bachman 2019; Jansen et al 2019) 

➡Mimicking both baroclinic instability & energy backscatter

➡both use anti-viscosity in the momentum equation, is it the most appropriate 
form? 



Kinetic Energy Backscatter/ Momentum Closures
➡ Stochastic closures (e.g., Berloff 2005; Brankart 2013; Porta Mana & Zanna, 2014)

Mana & Zanna, 2014; Anstey & Zanna, 2017; Zanna et al 2017

Figure 2: (a) Schematic of horizontal structure in x, y-plane of streamfunction for a
banana-shaped eddy, i.e. an eddy that tilts with the shear. The meridional (y-direction)
structure of the zonal-mean (indicated, in this figure only, by an overbar) tendencies as-
sociated with this eddy due to a stress tensor T = 2(SW�WS) are shown for (b) zonal
velocity, (c) meridional velocity and (d) vorticity. Units are arbitrary. In (b-d), the red
line corresponds to the actual Reynolds stress and the black line to the parameterisation
forcing, and positive (negative) tendencies lie to the right (left) of the thin vertical line.

Figure 3: Time-mean streamfunction (Sv, filled contours) with superimposed time-mean
zonal velocity (m s�1, line contours) for the idealised primitive equations model with 7.5
km horizontal resolution. Time mean of [what days] days of the model run and vertical
average over the [range of depths] layer are shown.
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➡ Non-Newtonian closures:  
➡ Jet rectification & sharpening via 
upgradient momentum fluxes (Starr 1963, 
Shutts 1986) 

➡ Flow- & Scale-Aware 

Kjellsson & Zanna, 
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Concluding Remarks 

• Lack of a physically-consistent energy cycle impacts simulated ocean 
circulation 

• Recent eddy turbulence closures targeting energy transfers have shown a 
reduction in biases in ocean transport in idealized simulations 

• Challenges ahead, in addition to implementation in global models:  

➡ Can observations global high-resolution simulations help constrain the 
partitioning of energy and its pathways?  

➡ Which momentum closure increases the fidelity of the energy cycle? 

➡ What is the impact of the vertical structure of eddy energy on transport?  



Model Resolution & Closures

  

Some typical horizontal resolutions of current 
(CMIP5) climate models

Deformation  radius in the atmosphere:

Deformation  radius in the ocean:

1000 Atmospheric Deformation Radius

Ocean Deformation Radius 

  

Some typical horizontal resolutions of current 
(CMIP5) climate models

Deformation  radius in the atmosphere:

Deformation  radius in the ocean:

Ocean Model Resolution [km]
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Concluding Remarks 

• Lack of a physically-consistent energy cycle impacts simulated ocean 
circulation 

• Recent eddy turbulence closures targeting energy transfers have shown a 
reduction in biases in ocean transport in idealized simulations 

• Challenges ahead, in addition to implementation in global models (which is 
underway as many of the parameterizations are implemented in MOM6):  

➡ Can observations & global high-resolution simulations help constrain the 
partitioning of energy and its pathways?  

➡ Which momentum closure increases the fidelity of the energy cycle? 

➡ What is the impact of the vertical structure of eddy energy on transport?  

 There is a need for observationally-constrained & unified buoyancy and 
momentum closures, via energetics, for a robust scale- and flow-aware 
implementation in IPCC-class models


