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Energy Cycle & Mesoscale Eddies
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• 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

 Zanna, Bachman, Jansen et al. 2020  
adapted from Salmon, 1998 & Vallis, 2006

• 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)



Symptoms of missing mesoscale eddy energy in GCMs
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APE as EA = 0.5(b0)2/N2 [40], we find more APE in ORCA0083 than ORCA025 and ORCA1 in
the Kuroshio as well as the other regions marked in Figure 2. Hence, even though the surface
buoyancy forcing is the same in the three simulations, there is more APE that may be converted to KE
in ORCA0083.

Figure 2. Time-averaged (1979–2009) kinetic energy at the surface in ORCA1, ORCA025,
and ORCA0083. Overall, the currents are more diffuse at lower resolution. Note that the colour
scale is nonlinear.

(a) (b)
Figure 3. Area-averaged profiles of mean kinetic energy (a) and stratification (b), measured by the
Brunt–Väisälä frequency, N2, in the Kuroshio region for ORCA1 (blue), ORCA025 (red), and ORCA0083
(green). Dashed lines show values in November and solid lines show March. Separation, zsep, between
the “upper” and “bottom” ocean is indicated by the dashed line. Note that the horizontal axis in the
right plot is broken to show two different scales.
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Figure 6. Spectral flux for nonlinear interactions, PN , and pressure gradient, PP, (Equation (1)) for
ORCA1 (blue), ORCA025 (red), and ORCA0083 (green). In the left figure, advection, PN, is solid, and
pressure gradient, PP, is dashed. In the right figure, wind forcing, PW, is solid, viscosity, PV, is dotted,
and bottom friction. Note the different vertical scale for the East Pacific region. Note also that spectral
fluxes have units [m · s�3] since they are the integrals of spectral transfers, which have units of kinetic
energy (KE) tendency, [m2 · s�3].

~8km
~30km
~100km

‣ Lack of kinetic energy at all scales

Kjellsson & Zanna, 2017
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Figure 3. Area-averaged profiles of mean kinetic energy (a) and stratification (b), measured by the
Brunt–Väisälä frequency, N2, in the Kuroshio region for ORCA1 (blue), ORCA025 (red), and ORCA0083
(green). Dashed lines show values in November and solid lines show March. Separation, zsep, between
the “upper” and “bottom” ocean is indicated by the dashed line. Note that the horizontal axis in the
right plot is broken to show two different scales.
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= biases in horizontal & vertical transport in lower resolution GCMs

Kuroshio

1o 1/4o 1/12o



Aims of the Eddy Energy CPT
Increase the fidelity of the large-scale transport representation in IPCC-class models 
by unifying energetics & mesoscale eddy closures of buoyancy & momentum for a 

robust resolution-, scale- & flow-aware implementation



Aims of the Eddy Energy CPT
Increase the fidelity of the large-scale transport representation in IPCC-class models 
by unifying energetics & mesoscale eddy closures of buoyancy & momentum for a 

robust resolution-, scale- & flow-aware implementation

! How:  

! Evaluate existing & future parameterizations of ocean mesoscale

Unified CPT-eddy energy parametrization (202?)



Aims of the Eddy Energy CPT
Increase the fidelity of the large-scale transport representation in IPCC-class models 
by unifying energetics & mesoscale eddy closures of buoyancy & momentum for a 

robust resolution-, scale- & flow-aware implementation

! How:  

! Evaluate existing & future parameterizations of ocean mesoscale in a new 
idealized configuration — NeverWorld 2 — & global models 

Neeraja 
Bhamidipati
NeverWorld2



Aims of the Eddy Energy CPT
Increase the fidelity of the large-scale transport representation in IPCC-class models 
by unifying energetics & mesoscale eddy closures of buoyancy & momentum for a 

robust resolution-, scale- & flow-aware implementation

! How:  

! Evaluate existing & future parameterizations of ocean mesoscale in a new 
idealized configuration — NeverWorld 2 — & global models 

Eddy kinetic energy

Eddy Kinetic Energy (EKE): EKE = h|u|2
A

2 � hA|uA|2
2

(vertically integrated)
NeverWorld2 (1/16� ! 1/2�), 1 time slice

4 / 7

Motivation & Goals

Energy cycle:

MPE EPE

MKE EKE

Energy cycle

I Diagnose conversions between energy reservoirs
I How to parameterize them?

1 / 7

Eddy kinetic energy

Eddy Kinetic Energy (EKE): EKE = h|u|2
A

2 � hA|uA|2
2

(vertically integrated)
NeverWorld2 (1/16� ! 1/2�), 1 time slice

4 / 7

Motivation & Goals

Energy cycle:

MPE EPE

MKE EKE

Energy cycle

I Diagnose conversions between energy reservoirs
I How to parameterize them?

1 / 7

Nora 
LooseNeeraja 

Bhamidipati



Aims of the Eddy Energy CPT
Increase the fidelity of the large-scale transport representation in IPCC-class models 
by unifying energetics & mesoscale eddy closures of buoyancy & momentum for a 

robust resolution-, scale- & flow-aware implementation

! How:  

! Evaluate existing & future parameterizations of ocean mesoscale in a new 
idealized configuration — NeverWorld 2 — & global models 

Eddy kinetic energy

Eddy Kinetic Energy (EKE): EKE = h|u|2
A

2 � hA|uA|2
2

(vertically integrated)
NeverWorld2 (1/16� ! 1/2�), 1 time slice

4 / 7

Motivation & Goals

Energy cycle:

MPE EPE

MKE EKE

Energy cycle

I Diagnose conversions between energy reservoirs
I How to parameterize them?

1 / 7

Eddy kinetic energy

Eddy Kinetic Energy (EKE): EKE = h|u|2
A

2 � hA|uA|2
2

(vertically integrated)
NeverWorld2 (1/16� ! 1/2�), 1 time slice

4 / 7

Motivation & Goals

Energy cycle:

MPE EPE

MKE EKE

Energy cycle

I Diagnose conversions between energy reservoirs
I How to parameterize them?

1 / 7

Surface EKE prediction via machine learning

“Truth” Machine learning  MEKE
2/3 o

1/4 o

Nora 
Loose Gustavo 

Marques 
Neeraja 

Bhamidipati



Aims of the Eddy Energy CPT
Increase the fidelity of the large-scale transport representation in IPCC-class models 
by unifying energetics & mesoscale eddy closures of buoyancy & momentum for a 

robust resolution-, scale- & flow-aware implementation

! How:  

! Evaluate existing & future parameterizations of ocean mesoscale in a new 
idealized configuration — NeverWorld 2 — & global models 

! Unify closures of momentum & buoyancy through energy pathways

Elizabeth 
Yankovsky 



Aims of the Eddy Energy CPT
Increase the fidelity of the large-scale transport representation in IPCC-class models 
by unifying energetics & mesoscale eddy closures of buoyancy & momentum for a 

robust resolution-, scale- & flow-aware implementation

! How:  

! Evaluate existing & future parameterizations of ocean mesoscale in a new 
idealized configuration — NeverWorld 2 — & global models 

! Unify closures of momentum & buoyancy through energy pathways

! Curate observational diagnostics for model evaluations and constraining 
parameterizations 

Jake 
Steinberg



Ocean Transport & Eddy Energy  
Climate Process Team (CPT) 

https://ocean-eddy-cpt.github.io/

The future - finite times  

Climate Process Team: “Ocean Transport & Eddy Energy” to implement, 
assess, improve, & unify recent work on energetically-consistent ocean 
eddy momentum & tracer parametrizations in ocean-only and coupled 
climate models to improve model fidelity. 

https://ocean-eddy-cpt.github.io/ 
 

Postdoctoral positions available: 
ClimaWe PUoceVV Team on Ocean TUanVSoUW and Edd\ EneUg\ 

Funded b\ the National Oceanographic and Atmospheric Administration and the National Science Foundation 
 

  
 
Multiple postdoctoral research positions are available as part of a multi-institution Climate Process             
Team (CPT) on Ocean Transport and Edd\ Energ\. The CPT aims to surve\, improve, and unif\ new                 
advances in energ\-, flow-, and scale-aware parameteri]ations of mesoscale eddies, in process studies             
and global ocean models; constrain parameters and parameteri]ed fluxes through a s\nthesis of             
up-to-date observations of ocean energetics and transport; and implement and assess schemes within             
IPCC-class climate models at NCAR, NOAA-GFDL, and DOE-LANL. The expectation is that            
moderni]ed, energeticall\-consistent mesoscale edd\ parameteri]ations will significantl\ reduce        
climate model biases in ocean currents, stratification, and transport. 
 

Ɣ New York Universit\ (Supervised b\ Laure Zanna): Unification of buo\anc\ and tracer closures; 
Assessment and parameteri]ation of vertical energ\ structure; Parameteri]ation of the gre\ 
]one. More information and application at ​https://appl\.interfolio.com/68119 ​. 

Ɣ Universit\ of Colorado, Boulder (Supervised b\ Ian Grooms): Assessment of 2D edd\ energ\ 
equation; parameteri]ation of edd\ energ\ transport; parameteri]ing dissipation in the edd\ 
energ\ equation. More information and application are at 
hjjps���jobs�colorado�edk�jobs�JobDejail��jobIdÞÃÁÈÊÊ ​. 

Ɣ Woods Hole Oceanographic Institution (Supervised  b\ S\lvia Cole): Characteri]ing 
scale-dependent EKE from observations; quasi-3D edd\ buo\anc\ and momentum statistics 
from observations; anal\sis of vertical edd\ structure in observations; s\nthesis of observations. 
More information and application are at 
https://careers.whoi.edu/opportunities/view-all-openings/science-research/​ (position 19-08-09). 

Ɣ Princeton Universit\ (Supervised b\ Alistair Adcroft): Implementation and assessment of extant 
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interests, and contact information of 3 references. Applicants wishing to be considered for positions in               
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Postdoctoral positions available: 
ClimaWe PUoceVV Team on Ocean TUanVSoUW and Edd\ EneUg\ 

Funded b\ the National Oceanographic and Atmospheric Administration and the National Science Foundation 
 

  
 
Multiple postdoctoral research positions are available as part of a multi-institution Climate Process             
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up-to-date observations of ocean energetics and transport; and implement and assess schemes within             
IPCC-class climate models at NCAR, NOAA-GFDL, and DOE-LANL. The expectation is that            
moderni]ed, energeticall\-consistent mesoscale edd\ parameteri]ations will significantl\ reduce        
climate model biases in ocean currents, stratification, and transport. 
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Ɣ Universit\ of Colorado, Boulder (Supervised b\ Ian Grooms): Assessment of 2D edd\ energ\ 
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unifying energetics & mesoscale eddy closures of buoyancy & momentum for a robust 

resolution-, scale- & flow-aware implementation

This is possible thanks a great collaboration between observationalists and 
theoreticians at 8 institutions, and ocean modelers at GFDL, NCAR, LANL

The future - finite times  

Climate Process Team: “Ocean Transport & Eddy Energy” to implement, 
assess, improve, & unify recent work on energetically-consistent ocean 
eddy momentum & tracer parametrizations in ocean-only and coupled 
climate models to improve model fidelity. 

https://ocean-eddy-cpt.github.io/ 
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