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Understanding the global oceans and their effect on climate and weather is a key 
challenge for this century. Although simulations permitting eddies or using idealized 
models or reduced dynamics such as quasi-geostrophy were available at the end of 
the last century, it is only over the last two decades that realistic, global applications of 
mesoscale-resolving models and observations have blossomed. These developments 
have been facilitated by the ever increasing power of high performance computing and 
data, which has advanced to petascale and is rapidly evolving towards exascale.
 
Among the conserved properties of fluids, energy is one of the most important for 
the study of the mesoscale. Satellite altimeters clearly revealed that mesoscale eddies 
tend to dominate the kinetic energy of the oceans (e.g., Stammer and Wunsch 1995). 
Energy, being a scalar, is considerably simpler to analyze than momentum. Enstrophy 
and potential enstrophy are only conserved in reduced dynamical approximation, 
while forms of energy are conserved by all known fluid and geophysical fluid dynamics 
systems.  Mesoscale phenomena – including eddies, fronts, jets, boundary currents, 
equatorial currents, and upwelling zones – have high kinetic energy density, are 
geostrophically balanced and so also have strong signatures in mesoscale potential 
energy. Through baroclinic and barotropic instability the formation of mesoscale eddies 
are a major conversion mechanism for mean kinetic and potential energy into eddy 
kinetic and potential energy, and strongly affect the thermal energy budget (i.e., both 
ocean heat uptake and content). 

The Workshop on Sources and Sinks of Mesoscale Eddy Energy held March 12-14, 
2019 in Tallahassee, Florida, USA, was jointly convened by the CLIVAR Ocean Model 
Development Panel and the US CLIVAR Process Studies and Model Improvement Panel, 
and hosted by the Center for Ocean-Atmosphere Prediction Studies at Florida State 

http://www.usclivar.org
http://www.usclivar.org
http://www.usclivar.org
http://www.clivar.org
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University. Financial support came from US CLIVAR, CLIVAR, 
NSF, DOE, NOAA, and NASA. It was well-attended with over 60 
participants and an international group of scientists from eight 
countries outside the USA. The articles included in this collection 
represent highlights of work presented at the workshop, as well 
as other related work whose importance became clear through 
discussions there.

This collection records recent advances in the study of ocean 
mesoscale eddy energy across modeling, observational, and 
theoretical perspectives, including key insights into energy 
content and transfer in various regions of the world (Scott et al. 
2010; Kjellson and Zanna 2017; Pearson and Fox-Kemper 2019; 
see the articles by Chassignet et al. this issue; Grooms et al. 
this issue). Observations and models can be used to inform our 
understanding of the energy cycle (see the articles by Bishop et 
al. this issue; Cole et al. this issue), and the connection between 
mesoscale and submesoscale energy (Rocha et al. 2016; Rocha 
et al. 2018; Chereskin et al. 2019; see the article by Zanna et 
al. this issue). The connection between mesoscales and larger 
scales (see the articles by Chassignet et al. this issue; Kang et 

al. this issue) remains a significant challenge to our science 
community. The use of ocean mesoscale energy content, or 
other conserved invariants such as potential enstrophy, as 
parameters to understand the small-scale effects of mesoscales 
(Pearson et al. 2017; Bachman 2019; Jansen et al. 2019, see the 
article by Zanna et al. this issue), and their important role in 
local to regional air-sea interactions and feedbacks (see the 
articles by Bishop et al. this issue; Chassignet et al. this issue) 
offers a novel pathway to advance our  understanding of the 
ocean climate via the role of energy.

During the meeting, the announcement of the new Ocean 
Transport and Eddy Energy Climate Process Team (CPT) 
(https://github.com/ocean-eddy-cpt) begins a new chapter in 
the deepening understanding of mesoscale eddy science. The 
papers in this collection reflect the important science presented 
at the workshop as well as this CPT and its intended research 
direction. The group will be convening open meetings, special 
issues, community papers, and other collaborations in the 
coming years in collaboration with US CLIVAR. 

Figure 1. Group photo of Sources and Sinks of Mesoscale Eddy Energy Workshop participants taken at Florida State University.

https://github.com/ocean-eddy-cpt
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Energy enters the ocean system at large scales 
through atmospheric, solar, and tidal forcing. A 

significant fraction of that energy is dissipated at small 
scales (Wunsch and Ferrari 2004; Ferrari and Wunsch 
2009). Mesoscale eddies, with lateral scales from tens 
to hundreds of kilometers, are a key agent in the ocean 
energy cycle, as they i) extract both potential and kinetic 
energy from the mean flow, ii) participate in the transfer 
of kinetic energy (KE) across scales, and iii) form the bulk 
of the kinetic energy in the ocean (Salmon 1980; Larichev 
and Held 1995; Wunsch 2007). In addition to their role in 
modulating energy transfer, mesoscale eddies participate 

in maintaining large-scale ocean circulation and transport 
of tracers such as heat, carbon, and oxygen (Bishop et al. 
2016; Newsom et al. 2016).

Mesoscale eddies are at best marginally resolved in 
coarse- (~1o) and eddy-permitting (~ ¼o ) ocean models, 
thus their associated momentum and tracer transports 
must be parameterized. If these parameterizations are 
poorly realized it can potentially short-circuit the energy 
exchange between reservoirs and scales (Figure 1). For 
example, current eddy buoyancy parameterizations, 
based on the Gent-McWilliams (GM; Gent and McWilliams 
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1990) parameterization mimic baroclinic instability. GM 
acts as a sink of available potential energy (APE), thus 
removing energy from the resolved flow. The energy 
removed by the GM parameterization is implicitly 
assumed to be dissipated at the sub-grid scale, which 
is inconsistent, which is inconsistent with extant theory 
regarding its fate (Salmon 1980; Larichev and Held 
1995). Similarly, existing eddy momentum closures (e.g., 
Smagorinsky 1963; Leith 1996) tend to only dissipate 
kinetic energy, without allowing for an inverse cascade 
of kinetic energy as predicted by theory and observations 
(e.g., Scott and Arbic 2007); therefore the current 
generation of mesoscale eddy parameterizations is only 
part of the story when it relates to the ocean energy cycle.

As a consequence of the missing energy pathways, 
both coarse and eddy-permitting models tend to show 
(Kjellsson and Zanna 2017): 
• A lack of energy at all scales, compared to higher 

resolution simulations or observations; 
• Weaker (for eddy-permitting) or inexistent (for coarse 

models) inverse energy cascade (i.e., attenuated 
backscatter of kinetic energy to the resolved scales); 

• Reduced energy conversion between APE and KE 
reservoirs.

Those symptoms of an inaccurate energy cycle in coarser-
resolution simulations may affect other aspects of the 
solution, for example leading to biases in ocean currents, 
stratification, and transport. This issue is not unique to 
the ocean: the need for a consistent representation of 
the global energy cycle is widely recognized, and efforts 
are underway to improve its representation across all 
branches of the earth system (Eden and Iske 2019).

The grand challenge of the next generation of ocean eddy 
closures lies in resolving these issues associated with the 
ocean energy cycle and its impact on ocean transport, 
which is the focus of a new Climate Process Team (CPT) 
on Ocean Transport and Eddy Energy (Zanna et al. 
2019). Climate model resolution continues to increase. 
With this improvement comes an ever-tighter coupling 

Forcing
Deformation Radius 

Available Potential Energy

Kinetic Energy
Inverse cascade/Backscatter

GM/ 
Baroclinic 
Instability

Horizontal Scalesubgrid eddy resolved

Figure 1. Schematic of energy transfer between reservoirs — potential (blue) and kinetic (red) energy — and horizontal scales (green).
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between momentum and buoyancy dynamics of the 
resolved flow, synchronous with a demand for tighter 
coupling of the subgrid-scale eddy closures. The thread 
binding it all together is eddy energy (Figure 2). Below 
we review recent work on eddy energy transport and 
multi-scale interaction, which provides the foundation 
for forthcoming research within the Eddy Energy CPT.

Keeping track of eddy energy
The GM parameterization is one of the most successful 
and widely used ocean turbulence closures ever 
developed. In early climate models, GM was credited with 
significant improvements to the general ocean circulation 
and for eliminating the need for heat and freshwater flux 
corrections (Boville and Gent 1998; Gordon et al. 2000). 
The APE-sink property of the scheme has been well-
documented (Danabasoglu et al. 1994; Gent et al. 1995; 
Griffies 1998), but much less attention has been paid to 
its role within the broader oceanic energy cycle.

A number of studies have suggested to explicitly keep 
track of the unresolved eddy energy (e.g., Cessi 2008; 
Eden and Greatbatch 2008; Marshall and Adcroft 2010; 
Jansen et al. 2015a; Mak et al. 2018) to potentially avoid 
the spurious loss of energy in coarse- and eddy-permitting 
models. Specifically, the APE removed from the resolved 
scale by the GM parameterization is converted to eddy 
(subgrid) kinetic energy (EKE) and hence appears as a 
source term of subgrid EKE. Together with a suitable 
formulation of the EKE dissipation, explicit accounting 
for the energy transfer from the resolved flow to the 
sub-grid-scales allows for the formulation of a predictive 
subgrid EKE equation, which can then be used to inform 
the formulation of the GM parameterization itself or 
other subgrid parameterizations.

Energy budget-based GM parameterizations have been 
successfully implemented in idealized models (e.g., Mak 
et al. 2017), as well as in global ocean and climate models 
(Adcroft et al. 2019). Nevertheless, the properties (and 
hence the skill) of energy-budget-based closures remains 
fundamentally dependent on adequate formulations 
of the EKE-dependent GM and any other sub-grid 

parameterization coefficients (e.g., dissipation), all of 
which remain relatively poorly constrained by theory and 
observations.

Conversion of available potential energy to kinetic 
energy
As described above, the ocean energy equations predict 
that the APE released through turbulent buoyancy fluxes 
(i.e., those parameterized by GM), is converted into eddy 
kinetic energy near the deformation scale and should 
appear as a source of eddy (subgrid scale) kinetic energy. 
This eddy kinetic energy can then be either dissipated, 
transported, or transferred upscale to become mean 
(resolved) kinetic energy. Recently, Bachman (2019) 
developed a new scheme that takes care of converting 
APE removed by GM into resolved barotropic kinetic 
energy. This new scheme shows great potential for 
re-injecting GM APE energy into the resolved scale, 
mimicking then both baroclinic instability and energy 
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Figure 2. Nominal horizontal resolution of the atmospheric component 
versus that of the oceanic component of CMIP5 models. Traditionally 
attention has been paid to either the momentum or buoyancy closures, 
depending on whether the ocean model grid resolved or not the 
deformation radius. However, the closures interact, in particular when 
the model resolution is near the deformation radius. This interaction 
between momentum and buoyancy closure is tight to ocean energetics.
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backscatter. Jansen et al. (2019) developed a similar 
scheme using a prognostic eddy energy budget. 

Both schemes use an energy budget approach to 
constrain momentum flux closures (e.g., Jansen et al. 
2015b; Bachman 2019; Jansen et al. 2019), which play an 
increasingly important role as models enter the eddy-
permitting resolution regime. However as for the GM 
parameterization, the energy-budget can only partially 
constrain the momentum flux closure. The specific 
formulation of eddy momentum flux closures hence 
remains an important problem, which has recently 
received increasing attention.

Backscatter or inverse cascade parameterizations
Parameterizations of eddy momentum fluxes have 
traditionally been represented using dissipative Laplacian 
and/or bi-harmonic viscosities (e.g., Smagorinsky 
1963; Leith 1996), mainly to stabilize the numerical 
simulations. However, this approach tends to spuriously 
dissipate energy, inhibiting the expected upscale kinetic 
energy cascade (transfer from small to large space-time 
scales) in eddy-permitting simulations, as shown in both 
idealized and realistic models (Jansen and Held 2014; 
Kjellson and Zanna 2017). Evidence from theory and 
observations show that convergence of horizontal eddy 
momentum tends to accelerate rather than dissipate jets 
with important consequences for tracer transport and 
uptake (Starr 1968; Waterman et al. 2011; Klocker 2018). 
In recent years, several studies have emerged which 
attempt to mimic kinetic energy backscatter in ocean. 
The new schemes are a class of momentum closures that 
allow for upgradient fluxes and go beyond the existing 
viscous closures. One promising avenue is stochastic 
momentum closures, borrowing on ideas of stochastic 
backscatter from weather forecasting (Berner et al. 
2009). Stochastic closures have been developed for both 
coarse- and eddy-permitting simulations (e.g., Brankart 
2013; Grooms and Majda 2013; Porta Mana and Zanna 
2014; Zanna et al. 2018). The success of the closures is 
promising but depends on details of the implementation 
and the statistics of the stochastic process. Observations 
and high-resolution simulations can help guide the latter.

Several deterministic eddy momentum closures have 
also shown promising results. A class of parameterization 
based on a non-Newtonian stress-strain relation leads 
to improvements in both the energy transfer between 
scales and in the large-scale transport in idealized eddy-
permitting simulations (Porta Mana and Zanna 2014; 
Anstey and Zanna 2017; Zanna et al. 2017; Bachman et 
al. 2018). This class of parameterization possesses scale-
aware parameters. Anti-viscous parameterizations have 
also shown improvements at both coarse- and eddy-
permitting resolution (Jansen and Held 2014; Jansen 
et al. 2015ab; Zanna et al. 2017; Bachman 2019), when 
energetically-constrained.

Different schemes have different properties but increase 
the fidelity of ocean models in terms of their energy 
cycle. However, the form of the momentum closure and 
associated parameters remains an open question.

Promise and challenges
Energy is a fundamental property of the climate system. 
In ocean models, energy (unlike momentum and 
buoyancy) is not being tracked. The lack of a physically 
consistent energy cycle in models, including the missing 
conversion of available potential energy into kinetic 
energy and upscale kinetic energy transfer, which are 
governed primarily by mesoscale eddies, has an impact 
on the general circulation of the ocean. Recent eddy 
turbulence closures targeting energy transfer between 
scales and reservoirs have shown a reduction in biases in 
key quantities such as lateral and vertical ocean transport 
in idealized studies. 

Several of these new parameterizations are being tested 
in realistic setups but many challenges remain:
• Energy transfer between scales and reservoirs are 

based on early theoretical studies; can observations 
and global high-resolution simulations help constrain 
the partitioning of energy and its pathways? 

• As resolution increases, the role of momentum 
fluxes on the large-scale flow and in the energy cycle 
increases as well; which momentum closure choices 
increase the fidelity of the energy cycle? 
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• Stratification is a determining factor of ocean 
transport; however, the impact of the vertical 
structure of eddy energy and fluxes in setting the 
lateral and vertical ocean transport remains relatively 
unknown and must be tested. 

• Parameterizations should ideally be scale- and flow-
aware; a theory unifying buoyancy and momentum 
closures, leading to a robust implementation in 
IPCC-class models from coarse- to eddy-permitting 
resolutions is necessary.

These key challenges, amongst others, will be tackled 
within the newly formed “Ocean Transport and Eddy 
Energy Climate Process Team.” As part of this Eddy 

Energy CPT, we aim to improve and unify subgrid 
eddy parameterizations of both momentum and 
tracer transport in climate models via an energetically-
consistent framework. We will exploit a range of 
observations and recent modelling and theoretical 
advances to target the development and implementation 
of eddy parameterizations from coarse- to mesoscale-
permitting resolution. 
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The kinetic energy and Lagrangian correlation time 
of a turbulent flow control the rate of turbulent 

diffusion in homogeneous turbulence (Taylor 1921; 
Monin and Yaglom 1971). This fact has influenced the 
parameterization of sub grid scale (SGS) tracer transport in 
a variety of applications. Many parameterizations account 
for the importance of SGS kinetic energy by including 
a prognostic model thereof, which comprises sources, 
sinks, and transport (Pope 2000). Such parameterizations 
are not new to climate-scale applications (e.g., Mellor and 
Yamada 1982), but interest in the development and use 
of such parameterizations in global ocean models has 
flourished in the past decade. 

Eden and Greatbatch (2008) started the trend by 
constructing a prognostic model for mesoscale kinetic 
energy in global ocean models with resolutions on the 
order of one degree, where the mesoscale is completely 
unresolved. Their model, unlike many that followed, 
evolved the SGS kinetic energy in three dimensions of 
space and time, which necessitated a model for vertical 
transport of kinetic energy. A similar idea, albeit in a 
much simpler barotropic gyre, was presented by Marshall 
and Adcroft (2010) and was soon followed up by a more 
generally applicable theory (Marshall et al. 2012), which 
they named the GEOMETRIC model. Unlike the model of 
Eden and Greatbatch (2008), the GEOMETRIC model tracks 

a total, depth-averaged SGS energy consisting of kinetic 
plus available potential energy. A parallel development 
based on depth-averaged SGS kinetic energy was 
suggested by Jansen et al. (2015a), hereafter called the 
MEKE model. The GEOMETRIC and MEKE approaches 
were then tested in baroclinic channel models (Jansen 
et al. 2015a, b;  Bachman et al. 2017; Mak et al. 2017), 
and their development continued through more realistic 
models (Jansen et al. 2019) on a trajectory towards the 
use in IPCC-class global climate models (Adcroft et al. 
2019). 

Both the GEOMETRIC and MEKE parameterizations 
focus on the use of SGS energy to constrain tracer 
transport within the context of the Gent-McWilliams 
(GM) parameterization framework (Gent and McWilliams 
1990). Very similar ideas were and continue to be pursued 
in parallel in the context of parameterizations of eddy 
kinetic energy backscatter (Jansen and Held 2014; Jansen 
et al. 2015b; Juricke et al. 2019). Initially, the difference 
between the GM and backscatter perspectives was 
segregated based on model resolution: the GM approach 
was developed for non-eddying models while the 
backscatter approach was developed for eddy-permitting 
models. Recent attempts to unify these approaches have 
been made by Bachman (2019) and Jansen et al. (2019).
Another parallel development by Olbers and Eden (2013) 
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used a model of SGS internal gravity wave energy to 
inform parameterizations of diapycnal mixing (IDEMIX 
model). The essential ideas of the IDEMIX model were then 
translated to the context of mesoscale parameterization 
by applying them to Rossby wave dynamics rather than 
internal gravity wave dynamics (Eden and Olbers 2017). 

Implementation, comparison, and further development 
of these parameterizations are key foci of the new 
Climate Process Team on Ocean Transport and Eddy 
Energy (Zanna et al. 2019).

SSG Energy Transport
The SGS energy budgets in the models cited above all 
naturally include sources, sinks, and transport. The 
source of SGS energy in these models is the extraction 
of energy from the resolved flow by parameterizations 
of SGS momentum or buoyancy transport. SGS energy 
can be lost by being returned to the resolved flow or by 
direct dissipation through frictional or viscous processes. 
In principle the SGS energy budget could also include 
sources and sinks due to atmospheric interaction, but 
these are not usually included as there remains much 
work to be done in modeling these source and sink terms 
in the SGS energy budget. The focus here will be on the 
SGS energy transport. 

A multi-scale asymptotic analysis (Grooms et al. 2012) 
and subsequent simulation in a quasi-geostrophic model 
(Grooms et al. 2013) showed that mesoscale energy 
transport constitutes a non-negligible component of 
the mesoscale energy budget. Simulations have also 
shown the importance of eddy energy transport in the 
Gulf Stream (Kang and Curchitser 2015) and Kuroshio 
Extension (Yang et al. 2017). Accurate predictions of the 
SGS energy distribution in a global ocean model thus 
require accurate estimates of the SGS energy transport.

SGS energy transport in one- and two-equation models 
of engineering-scale turbulence is usually represented 
by a combination of advection by the resolved flow 
and isotropic diffusion at a rate equal to the turbulent 
diffusion of momentum (Pope 2000). The MEKE model 

follows this approach, albeit with a rate of diffusion that 
is left as a tunable parameter. Since the SGS energy in 
the MEKE model is depth-averaged and the resolved 
flow is fully three dimensional, some choices need to be 
made regarding the nature of the mean flow advection. 
The MEKE model opts to use the depth-averaged (i.e., 
barotropic) component of the resolved flow to advect 
the SGS energy. If the distribution of energy across 
depth were known, this information could be used to 
better represent mean flow advection. The GEOMETRIC 
model adds one extra component to the transport: an 
advective SGS energy flux at the long Rossby wave group 
velocity. The ROSSMIX model of Eden and Olbers (2017) 
uses a three-dimensional SGS Rossby wave energy that it 
transports using the Rossby wave group velocity; there is 
no SGS energy diffusion.

Except in the case of Rossby wave energetics, there 
is very little research to guide the model of SGS eddy 
energy transport in the context of global ocean models. 
A model based purely on linear Rossby wave dynamics is 
of dubious validity in those large regions of the oceans 
where SGS energy is high, the dynamics are not well 
described by linear Rossby waves, and the transport 
that SGS eddies effect is significant. Existing models valid 
at engineering scales are also of dubious relevance to 
geophysical dynamics, because the SGS dynamics at those 
scales are completely different from ocean mesoscales. 
The well-documented westward propagation of coherent 
mesoscale eddies (Chelton et al. 2011; Tarshish et al. 
2018) may provide insight into SGS energy propagation 
in regions with high SGS energy (Zhai et al. 2010). 
But it bears remembering that in the context of SGS 
parameterization, the quantity of interest is SGS energy, 
which is conceptually distinct from the energy associated 
with coherent mesoscale eddies. Indeed, propagating 
coherent eddies tend to radiate Rossby waves (Early et 
al. 2011), and the net transfer of energy need not be in 
the direction of propagation of the coherent eddy.

Grooms (2015; 2017) has investigated energy transport 
by nonlinear mesoscale eddy dynamics. These papers 
report simulations of a biperiodic barotropic model forced 
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by a spatially-localized stochastic 
forcing. The resulting turbulence 
tends to a statistically stationary 
inhomogeneous state with energy 
flowing from the forced region 
to the unforced region where it is 
dissipated. It was first verified that, 
on an f-plane and in the absence of 
topography, the mean transport of 
SGS energy is well approximated 
by isotropic diffusion, and that 
the rate of energy diffusion is, for 
unknown reasons, almost exactly 
75% of the rate of turbulent 
diffusion of a passive tracer. The 
planetary vorticity gradient (β) 
was then added to the biperiodic 
barotropic model. In this context 
energy transport was still modeled 
reasonably well by a combination of 
mean flow advection and diffusive 
transport, though not nearly as 
well as on the f -plane. Naturally 
diffusion was no longer isotropic; diffusivity was reduced 
in the meridional direction. 

A striking feature of the simulations is that the 
instantaneous behavior was markedly different from 
the mean behavior, to the extent that the time average 
required over ten thousand eddy turnover times to 
converge. On the f-plane eddy energy transport occurs 
when dipole pairs form and propagate ballistically; at 
any instant in time the energy transport is thus far from 
diffusive, and a very long average up to a few hundred 
years is required to obtain diffusive behavior. On the 
β-plane, energy transport can be achieved by dipole 
propagation, monopole propagation, and by Rossby wave 
transport. None of these processes is diffusive, and a 
long-time average is again required. Rossby wave energy 
transport in particular is not diffusive even when averaged 
over a long time period, and this mode of transport may 
be partly responsible for the reduced degree of accuracy 
of an anisotropic diffusion model on the β-plane. The 

barotropic model thus seems to demand a stochastic 
model of energy transport considering transport by both 
vortices and waves. 

The need for a stochastic energy transport model can be 
intuitively grasped by noting the disparity between the 
average distribution of SGS energy and any instantaneous 
snapshot of SGS energy. The top panel of Figure 1 shows 
the time-averaged SGS Root Mean Square (RMS) velocity 
amplitude (i.e., the square root of twice the time-averaged 
SGS eddy kinetic energy) obtained from a 0.1o ocean-
ice simulation of the POP model (Johnson et al. 2016), 
while the lower panel shows an instantaneous snapshot 
of the same quantity. The time average distribution is 
much smoother, and could plausibly be produced by a 
balance between sources, sinks, and diffusive transport. 
The instantaneous distribution is much more variable, 
and clearly shows the distinct location of mesoscale 
eddies. Spatially averaging the instantaneous snapshot 
to a coarser (e.g., 1o) grid is insufficient to smooth out 

Figure 1. Upper panel: Square root of a three-year time average of two times the SGS eddy 
kinetic energy, averaged across depth, from a 0.1o simulation. Lower panel: Square root of 
two times the instantaneous SGS eddy kinetic energy, averaged across depth, at a particular 
instant of time from the same simulation.
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the instantaneous pattern, as the eddies themselves are 
larger than 1o. A significantly larger spatial average on the 
order of 5o is sufficient to generate a smooth, diffusive 
field, but the vast majority of operational global ocean 
models use grid scales on the order of 1o or finer.

A great deal of work remains to connect these highly 
idealized studies to parameterizations of SGS energy 
transport in global ocean models. Nevertheless, such 
studies are valuable because of their ability to clarify the 

characteristics of and processes responsible for ocean 
eddy energy transport at a greatly reduced computational 
cost compared to ocean general circulation models.
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The ocean plays a critical role in regulating Earth’s 
climate system, acting as a massive reservoir of heat 

and energy. It is estimated that most of the excess heat 
caused by anthropogenic climate change is taken up in 
the global ocean. To make accurate projections for future 
climates, a systematic understanding of the sources 
and sinks of energy in the global ocean is of the utmost 
priority. This article discusses the implications and future 
research directions on air-sea interaction associated with 
mesoscale eddies, which is found to be a diabatic sink of 
global available potential energy (APE).     

Mesoscale eddies are ubiquitous throughout the world’s 
oceans, with transient features that vary on order 100 km 
spatial scales and monthly and longer time scales (Chelton 
et al. 2011). They are commonly observed as cyclonic 
and anticyclonic vortices, but also appear as waves and 
meanders propagating in major ocean currents such as 

the Western Boundary Currents (WBCs). Multiple decades 
of remotely sensed sea surface temperature (SST), height 
(SSH), and wind have revealed that mesoscale eddies 
appear as transient features in each of these fields and 
vary on multiple time scales from monthly to decadal. 
The air-sea impacts of these transient features in SST 
have been observed to drive local convergences and 
divergences in the surface wind field (Chelton et al. 2004). 
In terms of energetics the transient low-level winds drive 
wind work as a source of eddy kinetic energy (EKE; Ferrari 
and Wunsch 2010). 

Early studies with sparse SST and heat flux observations 
(Frankignoul and Reynolds 1983) and modeling studies 
that did not resolve mesoscale eddies, but instead 
parameterized their impacts on the ocean circulation 
(Gent and McWilliams 1990, hereafter referred to as GM), 
indicated that the ocean’s SST variability is primarily a 
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response to variations in atmospheric forcing (Frankignoul 
and Kestenare 2002). More recently, coupled climate 
model simulations with ocean components that explicitly 
resolve mesoscale eddies and concurrent advances 
in observations of the global turbulent heat flux field 
have both shown that the ocean SST does not passively 
respond to atmospheric forcing (Kirtman et al. 2012; 
Bishop et al. 2017; Small et al. 2019; Small et al. 2020). 
Rather, in regions of the ocean with strong currents, SST 
variability is governed more by internal ocean processes 
and is associated with advection (Roberts et al. 2017; 
Small et al. 2020). 

APE generation is proportional to the product of SST and 
net-air-sea heat flux (NHF), and the covariance of SST 
and NHF anomalies is responsible for generating eddy 
APE (referred to as EPE). There are conflicting studies 
in the literature on the nature of these mesoscale air-

sea feedbacks. In a global eddy-resolving model, the 
covariance is found to be a source of EPE (von Storch et al. 
2012); however, in a regional coupled model of the North 
Pacific the covariance is a sink of EPE and found to remove 
up to 70% of the EPE available for conversion to EKE (Ma et 
al. 2016). In the work presented at the workshop in March 
2019 (now a manuscript in preparation for submission to 
JAMES) the J-OFURO3 observational product was used to 
partition the product of SST and NHF into mean, seasonal, 
and transient contributions. By doing so, the mesoscale 
eddy signal associated with internal ocean processes 
is isolated from the forced seasonal cycle. The air-sea 
feedback by transient mesoscale eddies acts as a sink of 
global EPE of order -0.1 TW. This three-way partitioning of 
the EPE generation shows that the traditional definition 
of an “eddy” as a deviation from the long-term time 
mean does not accurately reflect their true role in the 
generation of EPE. Figure 1 shows a comparison of the 
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Figure 1. Reynolds’s decomposition of SST-NHF product in the Kuroshio Extension from J-OFURO3. (a) Mean term with 
no seasonal climatology, (b) mean term with seasonal climatology, (c) transient eddy term with seasonal climatology, 
and (d) transient eddy term with no seasonal climatology. Black contours are the mean SST and gray contours are 
the mean SSH.
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traditional decomposition as in von 
Storch et al. 2012 (Figure 1 a, c) and 
that of the three-way partition (Figure 
1 b, d) in Kuroshio Extension region 
using J-OFURO3 observations. The 
EPE generation, which includes the 
mean seasonal forcing, is a source of 
EPE (Figure 1c), while EPE generation 
is a sink when the mean seasonal 
cycle is removed (Figure 1d).  

Current work (Bishop et al. 2019) 
now includes analysis of the 
global EPE generation in a coupled 
mesoscale-eddy-resolving version 
of the Community Earth System 
Model (referred to as CESM-H). 
The results of the analysis of 
EPE dissipation through air-sea 
interaction are consistent between 
CESM-H and J-OFURO3, but CESM-H 
exhibits slightly higher values associated with more 
SST variance in the model compared with observations 
(Small et al. 2014). The EPE sink is largely confined to the 
midlatitude WBCs and the Southern Ocean as well as 
the tropical Pacific. The tropical Pacific SST variability is 
tied to the El Niño Southern Oscillation (ENSO), but no 
ocean teleconnections are observed in the midlatitudes 
in conjunction with ENSO. By smoothing the data sets 
spatially and temporally it is found that half of the EPE 
sink is confined to time scales less than a year and 
length scales less than 2 degrees, within the mesoscale 
eddy band. This sink of EPE is missing in standard low-
resolution climate simulations that do not explicitly 
resolve mesoscale eddies. 

Future research is needed as an inter-comparison study 
to assess the sink of EPE in other global coupled climate 
models that resolve mesoscale eddies. Thus far the sink 
of EPE has been identified, but additional work is needed 
to link the global sink of EPE to modulation of EKE as in 
Ma et al. (2016). New work presented at the March 2019 
workshop showed that the remotely sensed SSH and 

SST field can be used to estimate surface divergent eddy 
heat fluxes (EHFs) through a Helmholtz decomposition 
(Guo and Bishop 2019). The spatial structure of the 
surface divergent EHFs has a remarkable similarity to 
the vertically-integrated divergent EHF from the OFES 
model (Aoki et al. 2013). It is pivotal for a local energetics 
analysis to remove the large nondivergent (rotational) 
component of the EHF field (Marshall and Shutts 1981). 
This is mainly important for a local energetics analysis 
because globally the rotational part of the EHF integrates 
to zero. The local surface baroclinic conversion rate (BC), 
which is dependent on the divergent EHF field, is shown 
in Figure 2 for the Kuroshio Extension region. The units 
are reported in cm2 s-3 for comparison with past studies 
(Cronin and Watts 1996; Bishop et al. 2013). Connecting 
the EPE sink (Figure 1d) to BC (Figure 2) and determining 
the time- and space-scale dependence of BC is a logical 
next step. The spatial patterns are very similar between 
the EPE sink and surface BC, with a positive conversion of 
mean APE to EPE. What percentage of the EPE is dissipated 
that would be otherwise available for conversion to EKE 
is still an open question globally.     

Figure 2. Surface baroclinic conversion rate in the Kuroshio Extension region derived from 
remotely-sensed SST and SSH. Gray contours are the mean SSH.
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Another future area of research is the parameterization 
of this mesoscale air-sea interaction feedback in 
coarse-resolution coupled climate models. The GM 
parameterization does not include impacts of mesoscale 
eddies on air-sea interaction. It is evident that it will still 
be decades until the computational power is available to 
routinely run climate model simulations for projections 
of future climate that explicitly resolve mesoscale and 

smaller submesoscale eddies. One potential pathway 
forward in parameterizing mesoscale air-sea feedbacks 
may be through stochastic parameterization (Grooms 
et al. 2015) and coupling backscatter with the GM 
parameterization (Bachman 2019). The newly funded 
Climate Process Team (CPT) on Ocean Transport and 
Eddy Energy is opportune and will help to address this 
current shortfall.

References

Aoki, K., S. Minobe, Y. Tanimoto, and Y. Sasai, 2013: Southward eddy 
heat transport occurring along southern flanks of the Kuroshio 
Extension and the Gulf Stream in a 1/10 global ocean general 
circulation model. J. Phys. Oceanogr., 43, 1899-1910, doi:10.1175/
JPO-D-12-0223.1.

Bachman, S. D., 2019: The GM+E closure: A framework for coupling 
backscatter with the Gent and McWilliams parameterization. 
Ocean Modell., 136, 85-106, doi:10.1016/j.ocemod.2019.02.006.

Bishop, S. P., D. R. Watts, and K. A. Donohue, 2013: Divergent eddy 
heat fluxes in the Kuroshio Extension at 144-148E. Part 1: 
Mean structure. J. Phys. Oceanogr., 43, 1533-1550, doi:10.1175/
JPO-D-12-0221.1. 

Bishop, S. P., R. J. Small, and F. O. Bryan, 2019: The global sink of 
available potential energy by mesoscale air-sea interaction. J. Adv. 
Model. Earth Syst., in prep.

Bishop, S. P., R. J. Small, F. O. Bryan, and R. Tomas, 2017: Scale 
dependence of midlatitude air-sea interaction. J. Climate, 30, 8207-
8221, doi:10.1175/JCLI-D-17-0159.1.

Chelton, D. B., M. G. Schlax, and R. M. Samelson, 2011: Global 
observations of nonlinear mesoscale eddies. Prog. Oceanogr., 91, 
167-216, doi:10.1016/j.pocean.2011.01.002.

Cronin, M., and D. R. Watts, 1996: Eddy-mean flow interaction in the 
Gulf Stream at 68oW. Part 1: Eddy energetics. J.Phys. Oceanogr., 
26, 2107-2131, doi:10.1175/1520-0485(1996)026<2107:EFIITG>2.
0.CO;2.

Ferrari, R., and C. Wunsch, 2010: The distribution of eddy kinetic 
and potential energies in the global ocean. Tellus, 62A, 92-108, 
doi:10.1111/j.1600-0870.2009.00432.x.

Frankignoul, C., and E. Kestenare, 2002: The surface heat flux 
feedback: I. estimates from observations in the Atlantic and North 
Pacific. Climate Dyn., 19, 633-647, doi:10.1007/s00382-002-0252-x.

Frankignoul, C., and R. W. Reynolds, 1983: Testing a dynamical 
model for mid-latitude sea surface temperature anomalies. 
J. Phys. Oceanogr., 13, 1131-1145, doi:10.1175/1520-
0485(1983)013<1131:TADMFM>2.0.CO;2.

Gent, P. R., and J. C. McWilliams, 1990: Isopycnal mixing in 
ocean circulating models. J. Phys. Oceanogr., 20, 150-155, 
doi:10.1175/1520-0485(1990)020<0150:IMIOCM>2.0.CO;2.

Grooms, I., A. J. Majda, and K. S. Smith, 2015: Stochastic super 
parameterization in a quasi-geostrophic model of the Antarctic 
Circumpolar Current. Ocean Modell., 85, 1-15, doi:10.1016/j.
ocemod.2014.10.001.

Guo, Y., and S. P. Bishop, 2019: Global estimate of surface ocean 
divergent eddy heat fluxes. J. Adv. Model. Earth Syst., in prep.

Kirtman, B., and Coauthors, 2012: Impact of ocean model resolution 
on CCSM climate simulations. Climate Dyn., 39, 1303-1328, 
doi:10.1007/s00382-012-1500-3.

Ma, X., and Coauthors, 2016: Western Boundary Currents regulated by 
interaction between ocean eddies and the atmosphere. Nature, 
535, 533-537, doi:10.1038/nature18640. 

Marshall, J., and G. Shutts, 1981: A note on rotational and divergent 
eddy fluxes. J. Phys. Oceanogr., 11, 1677-1680, doi:10.1175/1520-
0485(1981)011<1677:ANORAD>2.0.CO;2.

Chelton, D. B., M. G. Schlax, M. Freilich, and R. Milliff, 2004: Satellite 
measurements reveal persistent small-scale features in ocean 
winds. Science, 303, 978-983, doi:10.1126/science.1091901.

Roberts, C., M. Palmer, R. Allan, D. Desbruyeres, P. Hyder, C. Liu, 
and D. Smith, 2017: Surface flux and ocean heat transport 
convergence contributions to seasonal and interannual 
variations of ocean heat content. J. Geophys. Res., 122, 726-744, 
doi:10.1002/2016JC012278.

Small, R. J., F. O. Bryan, S. P. Bishop, and R. Tomas, 2019: Air-sea 
turbulent heat fluxes in climate models and observational 
analyses: What drives their variability? J. Climate, 32, 2397-2421, 
doi:10.1175/JCLI-D-18-0576.1.

Small, R. J., F. O. Bryan, S. P. Bishop, S. Larson, and R. Tomas, 2020: 
What drives upper ocean temperature variability in coupled 
climate models and observations? J. Climate, 33, 577-596, 
doi:10.1175/JCLI-D-19-0295.1.

Von Storch, J. -S., and Coauthors, 2012: An estimate of the Lorenz-
energy cycle for the world ocean based on the 1/10o STORM/
NCEP simulation. J.  Phys. Oceanogr., 42, 2185-2205, doi:10.1175/
JPO-D-12-079.1. 

https://ocean-eddy-cpt.github.io/
https://ocean-eddy-cpt.github.io/
https://doi.org/10.1175/JPO-D-12-0223.1
https://doi.org/10.1175/JPO-D-12-0223.1
https://doi.org/10.1016/j.ocemod.2019.02.006
https://doi.org/10.1175/JPO-D-12-0221.1
https://doi.org/10.1175/JPO-D-12-0221.1
https://doi.org/10.1175/JCLI-D-17-0159.1
https://doi.org/10.1016/j.pocean.2011.01.002
https://doi.org/10.1175/1520-0485(1996)026%3c2107:EFIITG%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(1996)026%3c2107:EFIITG%3e2.0.CO;2
https://doi-org.cuucar.idm.oclc.org/10.1111/j.1600-0870.2009.00432.x
https://doi.org/10.1007/s00382-002-0252-x
https://doi.org/10.1175/1520-0485(1983)013%3c1131:TADMFM%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(1983)013%3c1131:TADMFM%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(1990)020%3c0150:IMIOCM%3e2.0.CO;2
https://doi.org/10.1016/j.ocemod.2014.10.001
https://doi.org/10.1016/j.ocemod.2014.10.001
https://doi.org/10.1007/s00382-012-1500-3
https://doi.org/10.1038/nature18640
https://doi.org/10.1175/1520-0485(1981)011%3c1677:ANORAD%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(1981)011%3c1677:ANORAD%3e2.0.CO;2
https://doi.org/10.1126/science.1091901
https://doi.org/10.1002/2016JC012278
https://doi.org/10.1175/JCLI-D-18-0576.1
https://doi.org/10.1175/JCLI-D-19-0295.1
https://doi.org/10.1175/JPO-D-12-079.1
https://doi.org/10.1175/JPO-D-12-079.1


17 VARIATIONS/EXCHANGES   •   Winter 2020   •   Vol. 18, No. 1 17

GEOMETRIC: Geometry and energetics 
of ocean mesoscale eddies and their 

representation in climate models

David P. Marshall1, James R. Maddison2, Julian Mak3, Scott Bachman4, and David Munday5

1University of Oxford, UK
2University of Edinburgh, UK

3Hong Kong University of Science and Technology, China
4National Center for Atmospheric Research, US

5British Antarctic Survey, UK

The need for an improved ocean mesoscale eddy 
parameterization
The ocean circulation is dominated by an energetic 
mesoscale eddy field on scales of 10-100 km. Recent work 
has shown that mesoscale eddies in the Southern Ocean 
exert a major influence on global ocean stratification 
(Gnanadesikan 1999; Gnanadesikan and Hallberg 2000; 
Karsten et al. 2003; Nikurashin and Vallis 2011), ocean 
heat and carbon reservoirs, and hence equilibrium 
atmospheric carbon dioxide (Ferrari et al. 2014; Munday 
et al. 2014; Watson et al. 2015; Lauderdale et al. 2016). 
Moreover, mesoscale eddies in the Southern Ocean 
impact the rates of ocean heat (Huang et al. 2003; Marshall 
and Zanna, 2014), and carbon uptake (Lovenduski et al. 
2013) on multi-decadal to centennial time scales, global 
sea level change (Griffies and Greatbatch 2012), and the 
time scale over which the ocean adjusts to changes in 
forcing (Allison et al. 2011; Jones et al. 2011). Since many 

ocean models used for long-range climate predictions 
still fail to adequately resolve mesoscale eddies (IPCC 
2014), it is essential to parameterize the impacts of the 
missing physics on the large-scale circulation. While it 
may be possible to tune the mean ocean circulation in 
such models so that the uptake of heat and carbon is 
modelled accurately on time scales up to a few decades, 
we would have less confidence in the predictions of 
these models on longer time scales over which the 
ocean circulation responds dynamically to the changes in 
surface conditions.

A known deficiency of eddy parameterizations is the very 
different response of the circulation of the Southern 
Ocean to changes in surface wind stress in models with 
parameterized and explicit eddies. When eddies are 
parameterized following Gent and McWilliams (1990), 
variants of which are used in most contemporary ocean 
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climate models, the circumpolar transport increases with 
the strength of the surface wind forcing, whereas little 
sensitivity is observed in the same models with explicit 
eddies (Munday et al. 2013, and references therein), a 
result first predicted on theoretical grounds by Straub 
(1993). This phenomenon is known as “eddy saturation”
While some variants of Gent and McWilliams can result in 
eddy saturation-like behavior due to nonlinearities in the 
specification of the eddy diffusivity (e.g., Farneti and Gent 
2011; Gent and Danabasoglu 2011; Hofmann and Morales-
Maqueda 2011), the GEOMETRIC eddy parameterization, 
that is the topic of this article, predicts eddy saturation 
from first principles, even in a purely zonal channel. 
Capturing eddy saturation with parameterized eddies is 
important to have confidence in the climate projections 
produced using non-eddy resolving models.

GEOMETRIC
The conventional approach to eddy parameterization is to 
represent the flux of some property as a down-gradient 
diffusion, associated with which is an eddy diffusivity. 
The seminal advance of Gent and McWilliams (1990) 
was to apply the down-gradient closure to the height of 
neutral density surfaces, ensuring that all moments of 
neutral density are conserved. When applied to a tracer, 
this leads to an advective eddy tracer flux by the eddy 
bolus velocity (Gent et al. 1995). 

The GEOMETRIC approach is inspired by, but differs from, 
the original Gent and McWilliams parameterization. It 
is based on the idea that the averaged equations with 
parameterized eddies should preserve the symmetries 
and conservation laws inherent in the unaveraged 
equations to the greatest extent possible, including 
conservation of momentum and energy. The fundamental 
object in GEOMETRIC is the eddy stress tensor (Marshall 
et al. 2012; Maddison and Marshall 2013; also see 
Young 2012). This eddy stress tensor can be described 
geometrically by a single dimensional quantity, the eddy 
energy, which sets an upper bound for its magnitude and 
dimensionless parameters that represent the orientation 
and efficiency of the eddy fluxes (Marshall et al. 2012; 

Maddison and Marshall 2013). Here we consider the 
simplest form of GEOMETRIC and focus purely on the 
vertical momentum fluxes, or “eddy form stresses”, 
associated with baroclinic instability; we neglect lateral 
eddy momentum fluxes or “Reynolds stresses”, although 
the GEOMETRIC framework allows for their inclusion in 
the future. 

GEOMETRIC predicts that the magnitude of the eddy 
form stress is given by,

                       |eddy form stress| = α·N· E,                    (1)

from which an equivalent expression for the Gent and 
McWilliams eddy diffusivity can be inferred (Marshall et al. 
2012; Bachman et al. 2017; Mak et al. 2018). Here E is the 
eddy energy, N is the buoyancy frequency and α ≤ 1 is an 
unknown non-dimensional parameter. This expression 
for the eddy form stress is an exact mathematical result 
in the quasigeostrophic limit, aside from the unknown 
value of α. If the eddy energy and stratification are known, 
then there is no freedom to specify any dimensional 
parameters such as an eddy velocity scale or eddy length 
scale.

In practice, the eddy energy is not known and therefore 
must itself be parameterized. Building on the approach 
of Eden and Greatbatch (2008), who solved a three-
dimensional prognostic equation for a parameterized 
eddy kinetic energy (similar approaches have been 
employed more recently by Marshall and Adcroft 2010; 
Jansen et al. 2015; Jansen et al. 2019; Juricke et al. 2019), 
in GEOMETRIC we solve for the two-dimensional, depth-
integrated eddy energy, including both potential and 
kinetic components. While non-trivial, there are strong 
grounds to suspect that the parameterization of the 
depth-integrated eddy energy budget is a tractable 
proposition. Firstly, most of the eddy energy is created 
by baroclinic instability, at a rate that is predicted by the 
eddy parameterization (there are additional contributions 
from surface wind forcing and barotropic instability/
topographic interactions that we currently neglect). 
Secondly, eddy energy is known to propagate westward 
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at roughly the long Rossby wave speed over much of the 
ocean (Chelton et al. 2007; Chelton et al. 2011); inclusion 
of advection by the depth-mean flow reduces much of 
the discrepancy between observed eddy propagation 
speeds and the theoretical long Rossby wave speeds, 
notably in the Southern Ocean (Klocker and Marshall 
2014). Most of the uncertainty in the eddy energy 
budget arises from dissipation of eddy energy, through 
a variety of processes including bottom drag (Sen et al. 
2008), lee wave generation (Naveira Garabato et al. 2004; 
Nikurashin and Ferrari 2011; Melet et al. 2015; Klymak 
2018), dissipation at western boundaries (Zhai et al. 
2010), and loss of balance (e.g., Molemaker et al. 2005).

Proofs of concept
i. Linear growth rate for baroclinic instability
The Eady (1949) model of baroclinic instability provides 
an analytical test case for GEOMETRIC. Assuming uniform 

buoyancy frequency (N), Coriolis parameter (f), and 
uniform horizontal shear (∂u/∂z), at short times we find 
that the parameterized eddy energy grows linearly at the 
rate:

                (energy growth rate) = α·f/N·∂u/∂z,               (2)

where α ≤ 1. This result is consistent with the analytical 
solution for linear eddy energy growth in Eady’s model 
if α = 0.61 (Marshall et al. 2012). We emphasize here 
that the Eady growth rate is an emergent property of 
GEOMETRIC, in contrast to previous eddy closures that 
have used the Eady growth rate to prescribe the eddy 
diffusivity (Visbeck et al. 1997).

ii. Eddy diffusivity in the nonlinear Eady problem
In the nonlinear, fully turbulent limit, the Eady problem 
is not amenable to analytical solution. However, we can 
diagnose the domain-averaged eddy diffusivities from 
very high resolution numerical calculations and compare 
them with a theoretical prediction of GEOMETRIC, 
assuming perfect knowledge of the eddy energy which 
we diagnose (Bachman et al. 2017). We obtain extremely 
good agreement with the diagnosed eddy diffusivities 
across four orders of magnitude (Figure 1), and 
substantially better agreement than that obtained with 
any other eddy closure we have tested (see Bachman et 
al. 2017 for further details).

iii. Emergent eddy saturation
Not only does GEOMETRIC reproduce the diagnosed 
eddy diffusivities, but inclusion of a prognostic eddy 
energy equation leads to eddy saturation as an 
emergent property (Mak et al. 2017; 2018). In Figure 2 
we show the variation of mean circumpolar transport in 
an idealized numerical model of an inter-hemispheric 
basin with a Southern Ocean channel. With a constant 
Gent and McWilliams eddy diffusivity, the circumpolar 
volume transport increases with the Southern Ocean 
wind stress. This is in marked contrast to calculations 
with explicit eddies in which there is little sensitivity of 
the circumpolar volume transport to Southern Ocean 
wind stress, i.e., eddy saturation. When GEOMETRIC is 
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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. Comparison of diagnosed eddy diffusivities with 
the theoretical prediction from GEOMETRIC in a numerical 
simulation of nonlinear baroclinic instability. The diagnosed 
eddy diffusivities are estimated through the spreading of passive 
tracers. The theoretical prediction assumes prefect knowledge of 
the eddy energy, which is diagnosed from the model. Adapted 
from Bachman et al. (2017) to which the reader is referred for 
further details.
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employed to parameterize the eddies, with the eddy 
diffusivity scaled by the parameterized eddy energy, 
we reproduce the eddy saturation obtained in the 
calculations with explicit eddies (see Mak et al. 2018 
for full details). 

The eddy saturation in GEOMETRIC can be 
understood in terms of relatively simple physics 
(Marshall et al. 2017). The momentum budget sets 
the eddy energy through a leading order balance 
between the wind stress and eddy form stress, 
the latter being proportional to the eddy energy in 
GEOMETRIC. In contrast, the eddy energy budget 
sets the strength of the circumpolar current through 
maintaining the current in a state of neutral stability, 
balancing the source of eddy energy from baroclinic 
instability with the sink of eddy energy through 
bottom drag. 

An unexpected prediction of GEOMETRIC is that the 
strength of the circumpolar current should increase 
with the increased bottom drag. This is because the 
effect of increased bottom drag is not to dissipate 
mean momentum (where the bottom form stress is 
a far greater factor), but to dissipate eddy energy. 
Therefore, an increase in the bottom drag requires 
the circumpolar current to speed up such that the 
source of eddy energy through baroclinic instability 
increases in order to offset the increased dissipation 
of eddy energy through the increased bottom 
drag. This prediction has been confirmed in numerical 
calculations (Marshall et al. 2017; also see Nadeau and 
Ferrari 2015 for a similar result).

Implementation in ocean circulation models
In its simplest form, GEOMETRIC can be implemented in 
an ocean circulation model as a simple modification of 
the existing Gent and McWilliams eddy parameterization. 
The additional ingredients required are: (i) a subroutine 
to step forward the parameterized depth-integrated 
eddy energy and (ii) a rescaling of the vertical profile of 
the eddy diffusivity for consistency with the energetic 
constraint in GEOMETRIC. By implementing the energetic 

constraint form through a vertical integral, we are able 
to combine the most desirable elements of Gent and 
McWilliams, in particular, the positive definitive removal 
of mean potential energy, with the most important new 
ingredient of GEOMETRIC, i.e., the consistent eddy ener-
gy budget that leads to eddy saturation. Further details 
are given in Mak et al. (2018).

Outlook
GEOMETRIC has been implemented and tested in the 
MIT General Circulation Model in idealized configurations 
(Mak et al. 2018) and is currently being implemented and 
tested in the NEMO ocean model in a global configuration. 
Results to date suggest that GEOMETRIC is both robust 

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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Figure 2. Volume transport of an idealized circumpolar current (1 
Sv = 106 m3s-1) for different values of Southern Ocean wind stress 
in an idealized numerical model. The green curve corresponds to 
calculations with explicit eddies, the blue curve to calculations with a 
constant Gent and McWilliams eddy diffusivity, and the purple curve to 
calculations with GEOMETRIC (the red curve is from a simplified form 
of GEOMETRIC with a spatially uniform eddy diffusivity). Adapted from 
Mak et al. (2018) to which the reader is referred for further details.
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and leads to significant improvements in model behavior 
compared with eddy-permitting calculations (e.g., Mak 
et al. 2018). Moreover, GEOMETRIC is providing new 
perspectives understanding the physics of the large-
scale ocean circulation, such as eddy saturation. Several 
new extensions and applications of GEOMETRIC are 

currently being developed and/or explored, such as 
the parameterization of sub-mesoscale eddies, and its 
implications for variability of the Antarctic Circumpolar 
Current and separated midlatitude jets.
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In order to investigate the origins and consequences of 
systematic ocean-sea-ice model biases in climate models, 

an international group of ocean modelers proposed an 
Ocean Model Intercomparison Project (OMIP; Griffies 
et al. 2016). The essential element behind the OMIP is a 
common set of atmospheric and river runoff datasets for 
computing surface boundary fluxes to drive the ocean-
sea-ice models, many of which are used as components 
of coupled climate system models. The OMIP protocol 
is an outcome of the Coordinated Ocean-ice Reference 
Experiments (CORE), which assessed the performance of 
ocean-sea-ice models (Griffies et al. 2009; Danabasoglu 
et al. 2014; Griffies et al. 2014; Downes et al. 2015; Farneti 
et al. 2015; Danabasoglu et al. 2016; Wang et al. 2016a, 
2016b; Ilicak et al. 2016; Tseng et al. 2016; Rahaman et 
al. 2020) using the atmospheric and river runoff dataset 
of Large and Yeager (2009).  However, this dataset has 
not been updated since 2009 and a new dataset (JRA55-

do; Tsujino et al. 2018) has been developed for the OMIP 
based on the Japanese Reanalysis (JRA-55) product from 
Kobayashi et al. (2015) to ensure that it is regularly 
updated. Tsujino et al. (2020) compares CORE-forced (i.e., 
OMIP-1) and JRA55-do-forced (i.e., OMIP-2) simulations 
considering metrics commonly used in the evaluation 
of global ocean-sea-ice models to assess model biases. 
Many features are very similar between OMIP-1 and 
OMIP-2 simulations, but Tsujino et al. (2020) identify many 
improvements in the simulated fields in transitioning 
from OMIP-1 to OMIP-2. They attribute many of the 
remaining model biases either to errors in representing 
important processes in ocean-sea-ice models (some 
of which are expected to be mitigated by taking finer 
horizontal and/or vertical resolutions) or to shared biases 
in the atmospheric forcing. A first attempt at quantifying 
the impacts of the models’ horizontal resolution on 
biases was made by Chassignet et al. (2020). They assess 
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the robustness of climate-relevant improvements in 
ocean simulations (mean and variability) associated 
with moving from coarse (~1º) to eddy-resolving (~0.1º) 
horizontal resolutions using the same atmospheric 
forcing dataset (JRA55-do) for both low- and high-
resolution configurations. Within the ocean modeling 
community, it is usually assumed that high-resolution 
simulations should in general produce better results 
than low-resolution ones (Fox-Kemper et al. 2019). While 
this is clearly the case for surface currents and internal 
variability, greatly enhanced horizontal resolution does 
not necessarily deliver unambiguous bias improvement 
in temperature and salinity in all regions (Chassignet et 
al. 2020). Here, we emphasize some of the salient points 
of Chassignet et al. (2020) most relevant to the main 
topic of this special joint issue of US CLIVAR Variations 
and CLIVAR Exchanges., i.e., “Sources and Sinks of Ocean 
Mesoscale Eddy Energy.”

Because the goal is to identify the robust differences 
and improvements associated with increased horizontal 
resolution given the same forcing datasets, the 
participating modeling groups configured their high-
resolution configuration with similar parameters to that 
of the coarse-resolution configuration (see Chassignet et 
al. 2020 for details). The four models that participated 
in the comparison are the HYbrid Coordinate Ocean 
Model (HYCOM, Bleck 2002; Chassignet et al. 2003), the 
ocean (POP) and sea-ice components of the Community 
Earth System Model version 2 (CESM2, Danabasoglu et 
al. 2020), the ocean-sea ice component (FESOM) of the 

coupled Alfred Wegener Institute Climate Model (AWI-
CM, Sidorenko et al. 2015, 2018; Rackow et al. 2018, 
2019; Sein et al. 2018), and the LASG/IAP Climate system 
Ocean Model (LICOM, Zhang et al. 1989; Liu et al. 2004; 
Liu et al. 2012; Yu et al. 2018; Lin et al. 2020). Because 
of the large computational cost associated with the 
high-resolution runs (factor of 1000 more expensive), 
only one JRA55-do cycle (1958-2018) is analyzed (versus 
six cycles for the coarse-resolution runs of Tsujino et al. 
2020). It is important to note that not all models use the 
same climatology for the initial conditions, nor do they 
use the same wind stress formulation (absolute versus 
relative winds). When evaluating the bias of a numerical 
simulation, it is performed with respect to the climatology 
used to initialize the run.

Table 1 shows the domain-averaged mean kinetic energy 
for all experiments averaged over the last 20 years of the 
1958 -2018 integrations. Not surprisingly, the total kinetic 
energy is significantly higher for the high-resolution 
experiments over the low-resolution experiments. For 
the high-resolution configurations, HYCOM has the 
highest kinetic energy, with a globally averaged value of 
~35 10-4 m2/s2 and LICOM has the lowest kinetic energy, 
with a globally averaged value of ~15 10-4 m2/s2 (Table 
1). The higher kinetic energy in HYCOM can be partially 
explained by the wind stress formulation, which does not 
take into account the ocean current velocities (absolute 
winds) while the other three models do (relative winds). 
The latter has an eddy killing effect that can reduce the 
total kinetic energy by as much as 30% (see Renault et al. 

Low-resolution High-resolution

HYCOM 11 36

NCAR 6 24

FESOM 9 19

LICOM 4 14

Table 1. Global mean kinetic energy per surface area (units are in 10-4 m2/s2).
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2019 for a review). This is roughly the difference that is 
seen here between HYCOM and POP (POP with absolute 
winds in the wind stress has a level of kinetic energy that 
is close to HYCOM in Maltrud and McClean 2005, see 
their Figure 1). But even with the highest resolution used 
here (~0.1°), the total kinetic energy remains significantly 
lower than what can be inferred from observations and 
higher resolution models (closer to 50 10-4 m2/s2, i.e., 
Chassignet and Xu 2017). The increase in total kinetic 
energy from the low- to the high-resolution configuration 
is approximately a factor of three to four for all models, 
except for FESOM (factor two only). This is probably 
because the high-resolution FESOM has a highly variable 
grid spacing (Chassignet et al. 2020) and does not resolve 
the Rossby radius of deformation everywhere.

The impact on the circulation of increasing the horizontal 
resolution is two-fold. First, the solution becomes more 
nonlinear and allows for a better representation of 
western boundary currents. Second, the first Rossby 
radius of deformation is resolved throughout most 
of the domain (Hallberg 2013) and eddies are formed 
through barotropic and baroclinic instabilities, although 
higher vertical modes including submesoscale eddies 
are not often resolved (nor are they resolved by 
altimetry, i.e. AVISO). Overall, the large-scale patterns 
are well represented globally, and there is a significant 
improvement in the representation of the western 
boundary currents as resolution is increased (Gulf 
Stream and Kuroshio). In the North Atlantic, most coarse 
resolution models to date have the tendency to exhibit 

Figure 1. Mean sea surface height fields for observations (Rio et al. 2014) (top panel), high-resolution experiments (middle panel), and 
low-resolution experiments (lower panel).
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an overshooting Gulf Stream and a poor representation 
of the North Atlantic Current (NAC) at the Northwest 
Corner (Figure 1). This was the case for three out of the 
four models. Instead of turning north-northeastward 
along the continental rise of the Grand Banks and past 
the Flemish Cap to a latitude of ~51ºN before turning 
eastward (see review paper by Rossby 1996), the modeled 
NAC is strongly zonal in POP, FESOM, and LICOM, and 
does not turn northward near the Grand Banks (Figure 
1). This has been a long-standing issue for many ocean 
components of the CMIP climate models, and it does 
not necessarily improve as the computational mesh 
is refined. Increasing the horizontal resolution does 
improve the Gulf Stream separation (see Chassignet and 
Marshall 2008 and Chassignet and Xu 2017 for a review) in 
all models, but not necessarily the representation of the 
Northwest Corner circulation. HYCOM is the only model 
that had a good representation of the Northwest Corner 
in both the low- and high-resolution experiments (Figure 
1). Since all the models use the same atmospheric forcing 
dataset, the difference is solely due to the numerical and 
physical choices made by each modeling group.

As expected, there is a significant increase in the sea 
surface height (SSH) variance as resolution increased 
and the eddying solution SSH variance maps are much 
closer to the observations than their low-resolution 
counterpart (Chassignet et al. 2020). The surface eddy 
kinetic energy (EKE) maps for two of the high-resolution 
simulations (HYCOM and POP) and from observations 
(AVISO) are displayed in Figure 2. The AVISO EKE map 
has some inherent smoothing since the along-track 
measurements were optimally interpolated on a 0.25° 
grid which filters scales less than 150 km (due to track 
separation and measurement noise and errors) and time 
scales less than 10 days (repeat cycle of the altimeters). 
To match the observations, the modeled EKE maps are 
computed using 10-day average outputs and this time 
averaging removed much of the small-scale variability 
associated with inertial motions and ageostrophic effects 
(Chassignet and Xu 2017). Overall, the EKE is larger in 
HYCOM because absolute winds are used to force the 
models, but in all high-resolution experiments (~0.1°), the 

variability is still lower than observed, especially in the 
gyre interiors and in the experiments that used relative 
winds (POP, FESOM, and LICOM). This underestimation 
is thus partly a consequence of the eddy-killing effect 
which results from considering the shear between 
atmospheric wind and ocean current when computing 
the wind stress, which can reduce the kinetic energy by 
as much as 30% (see above discussion). However, the use 
of absolute wind in HYCOM is not sufficient to raise the 
level of surface variability to that of the observations, and 
Chassignet and Xu (2017) argue that one actually needs 
to significantly increase the resolution (~0.01°) in order to 
resolve the submesoscale instabilities that can energize 
the mesoscale (Callies et al. 2016) and therefore enhance 
EKE comparable to the mesoscale AVISO observations. It 
is more physical to take into account the vertical shear 
between atmospheric winds and ocean currents when 
computing the wind stress (see Renault et al. 2019, for a 
review), as it allows for a better representation of western 
boundary current systems (Ma et al. 2016), especially 
the Agulhas Current retroflection and associated eddies 
(Renault et al. 2017). In HYCOM, the Agulhas eddies are 
too regular and follow the same pathway (Figure 2). The 
use of relative winds does improve the pathway for the 
Agulhas current eddies (NCAR vs. HYCOM), but it also 
reduces the level of EKE in the Antarctic Circumpolar 
Current (ACC) and suppresses variability in many areas. 
This is especially true for the Indian Ocean, in the 
tropics, and west of the Hawaiian Islands. Most model-
observations comparisons usually focus on the surface 
fields because of the scarcity of long time series at depth 
covering a large spatial area. While the EKE at depth in the 
high-resolution experiments is a significant improvement 
over the quasi non-existent EKE of the coarse-resolution 
simulations, it is still significantly less than very limited 
observations (Richardson, 1993; Ollitrault and Colin de 
Verdière 2014). There is however much less EKE at depth 
in the experiments using relative winds (POP, FESOM, 
or LICOM) than in the experiment using absolute winds 
(HYCOM, not shown). Significantly higher resolution may 
be necessary in order to obtain a level of EKE at depth 
close to the observations (see Chassignet and Xu 2017 
for a discussion).
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Figure 2. Mean surface eddy kinetic energy for observations (top panel), high-resolution experiments (middle panel), and low-resolution 
experiments (lower panel).
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Overall, the gross features of the bias patterns in low 
resolution models – position, strength, and variability 
of western boundary currents, equatorial currents, and 
ACC – are significantly improved in the high-resolution 
models. However, despite the fact that the high-resolution 
models “resolve” these features, the improvements in 
temperature or salinity are inconsistent among different 
model families and some regions show increased bias 
over their low-resolution counterparts (see Chassignet 
et al. 2020 for a discussion). SSH variability and near-
surface EKE are significantly – even qualitatively – 
improved in all high-resolution models over their low-
resolution counterparts, although all of these models 
still underpredict the observed SSH variability and EKE, 
particularly in the ocean interior, which indicates a need 
for further refinements in resolution (Chassignet and 
Xu 2017) and improvements in less dissipative subgrid 
schemes for high-resolution models (Pearson et al. 2017). 
The results in coupled models in the HighResMIP ensemble 
(Haarsma et al. 2016) show similar improvements in SSH 
and SST variability and EKE. Considerable differences 
in the high-resolution models used here are associated 
with the use of relative winds versus absolute winds. 

Another interesting aspect of the high-resolution models 
versus the low-resolution models is that the interannual 
variability in the ACC, Indonesian Throughflow, and 
Atlantic Meridional Overturning Circulation (AMOC) 
transports (not shown) is more consistent among the 
high-resolution models than among the low-resolution 
models (Chassignet et al. 2020). Consistency in all of these 
transports potentially indicates that higher-resolution 
models are needed to represent process variability, which 
may explain some of the past difficulties in comparing 
the magnitude of these phenomena across coarse-
resolution models. However, the mean ACC transport 
and AMOC strength are not in greater agreement among 
the high-resolution than the low-resolution models, 
which means that more work remains in evaluating 
sensitivity to numerics and subgrid-scale schemes for 
high-resolution models. Furthermore, Danabasoglu et al. 
(2016) note that low-resolution models come into greater 
agreement in AMOC variability after more cycles of the 

CORE forcing. This comparison is limited by the cost of 
the high-resolution models to only a single cycling of 
the forcing. The short duration of a single forcing cycle 
limits the comparison of the decadal changes that are 
emphasized in Danabasoglu et al. (2016), so the improved 
agreement among the high-resolution models is year-
by-year rather than decade-by-decade. Nonetheless, 
the high-resolution models have systematically stronger 
and more variable AMOC, in better agreement with 
observations, both in maximum overturning and profile, 
than the low-resolution models.
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Mesoscale eddies are ubiquitous in the global oceans, 
and they are most energetic in western boundary 

current (WBC) regions and the Southern Ocean. The Gulf 
Stream (GS) in the Northwest Atlantic and the Kuroshio 
Current (KC) in the Northwest Pacific are two of the most 
important WBCs with prominent eddy activities. Mesoscale 
eddies can exchange energy and momentum with the 
mean currents through eddy-mean flow interactions and 
therefore influence the ocean general circulation (e.g., 
Dewar and Bane 1989; Cronin and Watts 1996; Ducet and 
Traon 2001). They also have a significant impact on the 
biogeochemical dynamics, local atmospheric conditions, 
and regional to basin-scale climate (e.g., Backus et al. 
1981; Ryan et al. 2001; Young and Sikora 2003; Minobe 
et al. 2008; Kwon et al. 2010; Ma et al. 2016; Zhang et 
al. 2018). Therefore, a better understanding of the eddy-
mean flow interaction and variability is essential to 
improving the prediction of weather, climate, and marine 
ecosystem behaviors in WBC regions.

Energetics analysis framework
Energetics analysis provides a quantitative description 
of the energy sources, sinks, and exchanges among 
different energy reservoirs. It can be used to provide 
insight into dynamical processes and the variability of a 
current system. We followed the time-mean formulation 
(e.g., Webster 1961; Holland 1978; Von Storch et al. 
2012) to derive the kinetic energy (KE) and available 
potential energy (APE) equations for the mean flow and 
eddy field (Kang and Curchitser 2015). Figure 1 (upper 
panel) illustrates the energy exchanges among different 
energy components based on the equations. The active 
mechanical energy within a fixed ocean domain can be 
stored as the mean kinetic energy (MKE), eddy kinetic 
energy (EKE), mean available potential energy (MPE), 
and eddy available potential energy (EPE). These energy 
components convert to each other through barotropic–
baroclinic instability and the work of Reynolds stresses 
(orange solid arrows). They also exchange power with the 
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external ocean environment via the divergence of energy 
fluxes that result from energy advection and pressure 
work (green dashed arrows). They further exchange 
energy with the external atmosphere via wind stress and 
air–sea heat fluxes (blue dashed arrows). Finally, they can 
be converted into internal energy through mixing and 
bottom drag (gray solid arrows). In our energy equations, 

there are two terms measuring the conversion between 
MKE (MPE) and EKE (EPE). In addition to the widely used 
mean-to-eddy conversion terms, we include the eddy-to-
mean terms, which plays a significant role in evaluating 
the inverse energy conversion and energy budget. 
More details about the energy terms and equations are 
presented in Kang and Curchitser (2015). 

Figure 1. Upper: energy exchange diagram for local ocean domain. Lower left: the Gulf Stream simulation domain and four study subdomains. 
Lower right: schematics of the eddy-mean flow energy budget (volume integration) over the four GS subdomains. Energy reservoirs are in units 
of petajoules (PJ = 1015 J) and energy conversions are in units of gigawatts (GW = 109 W). Dark orange and blue shades highlight the energy source 
and sink, respectively. Figure based on Kang and Curchitser (2015).
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We have used this energetics analysis 
to investigate the eddy-mean 
flow interactions, spatio-temporal 
variability, and air-sea interactions 
in the GS and KC regions (e.g., Kang 
and Curchitser 2015, 2017; Kang 
et al. 2016; Yan et al. 2019). Here, 
we present the eddy-mean flow 
interactions in these two critical 
WBCs; in particular, we focused 
on four subdomains (indicated in 
Figure 1) in the GS region and five 
subdomains (indicated in Figure 3) 
in the KC region.

Spatial distributions
The eddy-mean flow energy 
interactions exhibit complex spatial 
variability in both WBCs. Figure 
2(a) and 2(b) depict the horizontal 
distributions of the depth-integrated 
energy conversion rates in the GS 
and KC regions, respectively. 

In the GS along-coast region, the 
horizontal structure of MKEèEKE 
conversion demonstrates a cross-
stream variation in most of the region, with the mean-to-
eddy conversion on the GS offshore side and the eddy-
to-mean conversion on the inshore shallower side. This 
pattern has been observed at a number of locations in 
this region (Webster 1961, 1965; Schmitz and Niiler 1969; 
Brooks and Niiler 1977; Bane et al. 1981; Brooks and 
Bane 1981, 1983; Hood and Bane 1983; Lee and Waddell 
1983). Beyond the cross-stream variation, an along-
stream variation related to the Charleston Bump is noted 
in the eddy–mean flow conversions for both KE and APE. 
The eddies act to energize the mean flow immediately 
upstream and farther downstream of the bump, whereas 
they act to release the energy of the mean flow close 
to the bump. This feature is in agreement with the in 
situ observations in this region by Dewar and Bane 

(1985). These local variation patterns in the eddy–mean 
flow energy conversions have been attributed to the 
topographic influence of the continental margin in this 
along-coast region (Orlanski 1969; Dewar and Bane 1985; 
Luther and Bane 1985; Xue and Mellor 1993; Xie et al. 
2007). 

Downstream from Cape Hatteras, we observe a mixed 
horizontal distribution of mean-to-eddy and eddy-
to-mean energy conversions. In the upon-separation 
region, significant positive values are seen in MKEèEKE 
and EPEèEKE conversions, implying a strong eddy 
generation in this region due to barotropic and baroclinic 
instabilities, respectively. Immediately downstream of 
this eddy production region, there is an area of eddy 

Figure 2. Horizontal distribution of the depth-integrated energy conversion rates (10-2 
Wm-2) in the (a) Gulf Stream and (b) Kuroshio Current regions. Figure based on Kang and 
Curchitser (2015) and Yan et al. (2019).
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decay near 70oW, where EKE is transferred back to 
both MKE and EPE. These features are consistent with 
previous observations of the dramatic increase of EKE in 
the upon-separation region and a local minimum in the 
EKE envelope near 70oW (Watts and Johns 1982; Tracey 
and Watts 1986; Cornillon 1986; Kontoyiannis and Watts 
1994; Lee and Cornillon 1996). 

In the GS off-coast extension region, a more complex 
energy conversion pattern can be seen over the varying 
bottom bathymetry and the New England Seamount 
Chain. The mixed horizontal pattern of the eddy–mean 
flow interaction is also noted in the satellite observations 
(Ducet and Traon 2001; Greatbatch et al. 2010) and the 
large-scale ocean simulations (Von Storch et al. 2012; 
Zhai and Marshall 2013; Chen et al. 2014). Such spatial 
variation has been linked to the influence of variable 
bottom topography in this region (Ducet and Traon 2001; 
Greatbatch et al. 2010). In the vertical, the area-mean 
EKEèMKE conversion has large positive values in this 
region, and the EPEèEKE conversion changes signs at 
around 200 m depth with positive values in the upper 
water column and negative values throughout the deeper 
depth (please refer to Figure 7d in Kang and Curchitser 
2015). 

In the KC domain (Figure 2b), we also observe the cross-
stream variation of MKEèEKE in most areas along the KC 
and Ryukyu Current (RC). As in the GS along-coast region, 
the mean-to-eddy conversion is on the east side and eddy-
to-mean conversion is on the west side. This horizontal 
structure has also been found in the Brazil Current (Brum 
et al. 2017). In addition to the cross-stream variation, an 
along-stream variation related to the Suao Ridge is seen 
off northeast of Taiwan. The mean flow releases KE to 
eddies immediately downstream of the ridge, whereas 
KE is transferred from eddies to the mean flow over and 
farther downstream of the ridge. This feature is similar to 
that near the Charleston Bump in the GS. The EPEèEKE 
conversion has a strong positive envelope in the East 
China Sea-Kuroshio region, suggesting the dominant 
EKE production through baroclinic instability there. It 
also shows an interesting meridional dipole structure 

east of Taiwan with positive values in the south and 
negative values in the north. This can be attributed to the 
topographic constraint on the eddy-induced density flux.

Energy budget
The eddy-mean flow interactions can be quantitatively 
evaluated by integrating the energy conversion terms 
over each study domain. Figure 1 (lower panel) and 
Figure 3 summarize the energy budget in the GS and KC, 
respectively.   

Considering the energy exchange cycle for the GS domain, 
the power is transferred from the mean flow to the eddy 
field with roughly equal contributions from barotropic 
(MKEèEKE) and baroclinic (MPEèEPE) instabilities. The 
EKE is generated by two mechanisms: the barotropic 
instability draws 28.26 GW from MKE to EKE, and the 
baroclinic instability converts 9.15 GW to EKE through 
the MPEèEPEèEKE pathway. Beyond directly supplying 
the barotropic pathway, MKE also provides power to MPE 
and subsequently facilitates the baroclinic conversion 
pathway. The energy cycles of the along-coast (GS1) and 
upon-separation (GS2) domains are similar to the cycle 
of the GS domain, except for the relative strengths of 
the barotropic and baroclinic conversions. However, 
the energy cycle of the off-coast (GS3) domain is distinct 
from the others. The EKE changes from an energy sink 
to an energy source, transferring power to MKE and EPE 
through barotropic and baroclinic inverse pathways. The 
barotropic inverse conversion is about three times larger 
than the baroclinic one. This indicates that the eddies, on 
average, act to accelerate the mean flow in the off-coast 
region, although the mixed positive–negative pattern 
of the eddy–mean flow conversion is seen due to the 
topographic influence.

Conclusion and outlook
We have examined the climatological features of the 
eddy-mean flow energetics in the GS and KC regions. The 
eddy-mean flow interactions are profound in both WBCs, 
and they exhibit complex three-dimensional structures. 
The results provide a model-based benchmark for future 
observational and numerical studies in these critical 
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regions. Our recent research shows that the wind work 
and air-sea heat fluxes can affect the eddy variability 
by changing the eddy-mean flow interactions (Kang et 
al. 2016). We also find that the spatial distribution and 
temporal variability of the GS biogeochemical properties 
are influenced by mesoscale eddies (Zhang et al. 2018), 
which are closely connected to the GS mean current. 
Our energetics analysis framework provides a systematic 
approach to help understand the eddies’ role in shaping 
ocean general circulations and influencing the weather, 
climate, and marine ecosystem.
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Figure 3. Left: the Kuroshio Current domain and five study subdomains. Right: schematics of the eddy-mean flow energy budget (volume 
integration) over the five subdomains. Energy reservoirs are in units 1015 J and energy conversions are in units of 108 W. Figure based on Yan 
et al. (2019).
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within the mesoscale eddy field and transferred to and 
from larger and smaller scales. Yet eddy energy estimates, 
especially at depth, have not been synthesized from 
global observations and are not routinely used to validate 
climate models. Such a synthesis is in the beginning stages 
as part of the new Climate Process Team (CPT) on Ocean 
Transport and Eddy Energy (Eddy Energy CPT; Zanna 
2019). The Eddy Energy CPT encourages participation 
and collaboration from the wider community to produce 
and investigate a comprehensive global eddy energy 
synthesis. 

An observational synthesis of eddy energy will enable the 
research community to further elucidate the role that 
eddy variability plays in the ocean and climate system. 
Eddying motions occupy broad spatial and temporal 
scales, and various processes create and destroy eddy 
energy in the ocean. As a result, eddy energy varies with 
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2014). However, the subtleties of these variations are not 
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Argo floats) sample the spatial and temporal scales of the 
mesoscale eddy field in different ways. This results in eddy 
energy estimates that are sensitive to details of sampling 
and analysis methods. These factors have served as a 
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barrier to direct comparisons between different eddy 
energy estimates. We believe that sufficient observations 
exist, even from disparate locations and platforms, to 
enable a global synthesis of eddy energy estimates that 
will yield valuable insights into ocean dynamics. 

An observational synthesis of eddy energy is also 
motivated by the need to better validate ocean and 
climate models, and in particular to improve the 
representation of eddy processes – the focus of the Eddy 
Energy CPT. The newest generation of ocean climate 
models is now able to either directly resolve part of the 
mesoscale field, thanks to increased resolution, or else 
explicitly model the sub-grid scale eddy energy (Marshall 
and Adcroft 2010; Jansen et al. 2015). Validating eddy 
energy in numerical models, as opposed to validating the 
resulting tracer field, is a more direct approach to testing 
different parameterizations. Improvements are expected 
for parameterizations related to eddy diffusivity or to the 
dissipation of energy at the ocean boundaries (surface, 
bottom, and lateral). Such improved parameterizations 
can ultimately reduce biases in modern climate models, 
as eddy parameterizations directly affect the exchange of 
heat and carbon with the atmosphere, the position and 
strength of the ocean’s strongest current systems, and 
ocean stratification (e.g., Ward et al. 2004; Chassignet 
and Marshall, 2008; Fox-Kemper et al. 2011; Bates et al. 
2012; Lovenduski et al. 2013; Griffies et al. 2015).

Eddy energy
Several reservoirs of energy and the energy transfers 
between them must be collectively considered. The 
primary reservoirs are eddy kinetic energy (EKE), and 
eddy potential energy (EPE), which sum to total eddy 
energy, in addition to mean kinetic energy (MKE). Kinetic 
energy estimates are derived from velocity observations 
(u, v) as:

where angled brackets are an appropriate average, and 
primed quantities are the deviation from that average 

Figure 1. Surface eddy kinetic energy per unit mass estimated from 
three different sources. The top panel uses surface geostrophic 
velocities on a 0.25° grid derived from multimission altimeter 
satellite gridded sea surface heights (formerly known as AVISO), 
provided by E.U. Copernicus Marine Service Information. The 
middle panel uses velocities from the NOAA Global Drifter Program 
on a 1° grid (Lumpkin and Centurioni 2019). The bottom panel is 
an analysis of an ocean model on a 0.1° grid that is part of a global 
coupled climate simulation (Small et al. 2014).
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  . Eddy potential energy can be estimated 
from density observations, for example:

where ρ is density, g is Earth’s gravity, and ζ is isopycnal 
depth. Many aspects of energy transfer between 
these reservoirs are well known from both theory and 
observations and are included in climate models, such as 
baroclinic instability that transfers energy from the mean 
field to the eddy field. Yet other pathways of energy 
transfer are poorly understood or misrepresented in 
models, such as the forward cascade of energy from 
balanced mesoscale eddies to unbalanced motions and 
dissipation. On the global scale, ratios of MKE, EKE, and 
EPE are expected to have their own unique geographic 
pattern related to the generation and destruction of 
mesoscale eddy energy and the transfer of energy 
between scales and reservoirs. 

Surface estimates of EKE illustrate the need for an 
eddy synthesis. Surface EKE is most often derived from 
satellite altimetry and/or surface drifters, with many 
estimates available over the past several decades 
regionally (e.g., Richardson 1983a; Daniault and Ménard 
1985; Rypina et al. 2012) and globally (e.g., Wyrtki et al. 
1976; Stammer, 1997; Zhurbas et al. 2014; Yu et al. 2019). 
Each individual estimate exhibits geographic variability 
of often several orders of magnitude (Figure 1). When 
compared, EKE estimates can exhibit qualitative and 
quantitative differences, with certain geographic features 
more prominent in certain estimates. The surface-only 
view of global eddy energy is informative but incomplete: 
eddy energy in the ocean interior varies significantly with 
depth (e.g., Richardson 1983b; Owens 1991; Roullet et al. 
2014). There is a need for a three-dimensional global view 
of eddy energy reservoirs that employs a “scale aware” 
approach taking into account the disparate spatial and 
temporal scales represented in observations and models.

Call for community involvement
The Eddy Energy CPT encourages participation and 
collaboration from the wider oceanographic community. 

First and foremost, the observational community is 
encouraged to treat energy as a valuable metric and 
estimate it routinely from collected observations. Of 
particular interest to the Eddy Energy CPT are estimates 
of MKE, EKE, and EPE at horizontal scales from 10 km to 
300 km. These estimates may derive from the same or 
disparate datasets when density (needed to estimate 
EPE) and velocity (needed to estimate MKE and EKE) 
are not simultaneously observed. The Eddy Energy CPT 
is also primarily targeting those observations that are 
long-term (e.g., one year or more) either in the past or 
currently ongoing, and at depth (subsurface) where 
global coverage is lacking. 

We believe that there is useful information in all 
observing approaches and methods of defining an eddy. 
It is the goal of this CPT to collect existing eddy energy 
estimates into a unified data product, which will be 
published and available to all. We recognize that some 
derived eddy energy products have already been made 
publicly available through repositories, whereas only the 
data used to derive other products are publicly available. 
We urge the oceanographic community to provide 
access to both derived eddy energy estimates and the 
observations used to derive them, and to publish these 
estimates where possible and practical.

These two main points serve as a call to short-term action. 
Specifically, we call on the oceanographic community to: 
• Routinely consider all observations in the currency of 

energy by estimating MKE, EKE and/or EPE. 
• Provide access to any and all derived energy estimates 

via data publication or to the Eddy Energy CPT if 
publication of those data products is not currently 
possible or practical.

One barrier to synthesizing eddy energy is the need to 
continuously update existing data products as relevant 
observations continue to be collected. The Eddy Energy 
CPT will work towards making synthesis products 
available and updatable where possible and practical, 
and we encourage the wider oceanographic community 
to do the same with existing and future data products. 
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Ideally, three key pieces of information should be 
publicly available: 1) the quality-controlled observations 
from which eddy energy estimates are derived, 2) the 
eddy energy estimates themselves, and 3) the code used 
to derive such eddy energy estimates. We recognize that 
publication of derived products and the code utilized 
is not yet routine and involves additional effort, but 
the publication of code in particular is rapidly being 
considered as a best practice in science. It is the goal 
of the CPT to provide analysis code for many synthesis 
products so that they can be readily updated in the future 
by anyone within the scientific community. 

In the long-term, we encourage the following best 
practices for data and code sharing to be adopted: 
• Publish derived data products (e.g., existing estimates 

of MKE, EKE, and/or EPE). 
• Update derived data products for which additional 

observations have been collected.
• Publish code used to derive data products, especially 

for those observations that are currently being and 
will continue to be collected in the future.

In addition to these observational efforts, the Eddy Energy 
CPT welcomes participation and collaboration from those 
working to improve model parameterizations of ocean 
eddies. The broader goal of this CPT is to accelerate 
the improvement of climate models by synthesizing 
observations with theory and the model development 
process. A coordinated effort allows model developers 
to objectively evaluate, compare, and improve eddy 
closures, with eddy energy as the touchstone around 
which closures will be designed. The Eddy Energy CPT 
welcomes broad involvement as this effort promises to 
be a unique and powerful opportunity to bring together 
often disparate communities to deliver transformative 
improvements to ocean climate models.

Outlook
We have described the beginning steps towards a global 
synthesis of eddy energy and anticipate further efforts 
in addition to those presented here (e.g., reanalysis of 

datasets in a consistent manner). Further diagnostic 
metrics, such as tracer variance of temperature or salinity 
(Cole et al. 2015; Drushka et al. 2019) are expected to 
provide additional useful benchmarks for the eddy 
field, and should also be routinely estimated from 
observational data. Guidance to the wider oceanographic 
community regarding best practices for estimating eddy 
energy and/or a formal database of eddy energy may 
also be needed.  Diagnostics beyond energy storage 
are also desirable, such as those related to energy 
dissipation or transfer across scales (e.g., Scott and Arbic 
2007; Kjellson and Zanna 2017; Pearson and Fox-Kemper 
2018). Additional information on the Ocean Transport 
and Eddy Energy CPT can be found at https://ocean-
eddy-cpt.github.io. 

The increasing number of long-term global and 
regional datasets (e.g., Argo, drifters, mooring arrays, 
repeat observing lines) is overdue for a comprehensive 
analysis and synthesis of eddy energetics. We reiterate 
our encouragement for the observational community 
to routinely examine eddy energy and to share any 
and all energy estimates for past, current, and future 
observations. While we are focused on the mesoscale 
field, the call to routinely estimate and distribute eddy 
energy products is applicable to all spatial scales (e.g., 
submesoscales). Creating a global ocean synthesis of 
eddy energy from observations will enable improved 
scale-aware parameterizations of eddy energetics and 
improved understanding of energy pathways in the 
ocean and climate system.
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