
1.  Overview and Key Findings
Evolution of the ocean stratification plays a fundamental role in climate evolution, through the associated conse-
quences for the global meridional overturning circulation. Reconstructions of past climate together with the 
use of numerical models have highlighted how shoaling and weakening of the Atlantic Meridional Overturning 
Circulation (AMOC), associated with changes in the deep/abyssal stratification, have important consequences for 
the global energy, oxygen and carbon cycles (e.g., Adkins, 2013; Bopp et al., 2017; Burke et al., 2015; Ferrari 
et al., 2014; Galbraith & de Lavergne, 2019; Jansen, 2017; Takano et al., 2018; Zhang & Vallis, 2013). In particu-
lar, Southern Ocean processes can exert a control on the global overturning circulation through the connectivity 
in the stratification (Newman et al., 2019).

It is known that the Southern Ocean stratification is primarily dependent on wind forcing (Toggweiler & Samu-
els, 1995; Toggweiler et al., 2006), buoyancy forcing (Hogg, 2010; Jansen, 2017; Morrison et al., 2011), and eddy 
dynamics (Bishop et al., 2016; Farneti et al., 2015; Munday et al., 2013). Focusing on mesoscale eddies, an extra 
complication arises since there are notable divergences in model response depending on how mesoscale eddies 
are represented, between whether they are represented explicitly or parameterized (Bishop et al., 2016; Farneti 
et al., 2015; Munday et al., 2013), and the form of the parameterization (Bishop et al., 2016; Farneti et al., 2015; 
Hofman & Morales Maqueda, 2011; Meredith et al., 2012; Munday et al., 2013; Viebahn & Eden, 2012). While 
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the details of mesoscale eddy representation can have a disproportionately large influence on ocean climate sensi-
tivity (Fox-Kemper et al., 2019), there have been advances on the eddy parameterization aspect, where the role of 
eddy energy in mesoscale eddy parameterizations is increasingly being studied (Eden & Greatbatch, 2008; Eden 
et al., 2014; Marshall & Adcroft, 2010; Marshall et al., 2012). Models with parameterized eddies employing eddy 
energy constrained eddy diffusivities or transport coefficients display improved model responses that are closer 
to the responses displayed in analogous high resolution models (Bachman, 2019; Jansen & Held, 2014; Jansen, 
Adcroft, et al., 2015; Jansen, Held, et al., 2015; Klöwer et al., 2018; Mak et al., 2017, 2018).

In particular, the GEOMETRIC parameterization (Mak et al., 2017, 2018; Marshall et al., 2012, 2017), effectively 
rescaling the standard Gent-McWilliams (Gent & McWilliams, 1990; Gent et al., 1995) eddy transport coefficient 
by the total eddy energy according to rigorous mathematical identities (Maddison & Marshall, 2013; Marshall 
et al., 2012), is supported by diagnoses of eddy resolving calculations (Bachman et al., 2017). A key impact of 
GEOMETRIC is to make the sensitivity of the Antarctic Circumpolar Current (ACC) and AMOC to changes in 
the Southern Ocean wind forcing closer to those in analogous high resolution models (Mak et al., 2018).

Since there is a link between eddy energy and the degree of feedback arising from the eddies, the mesoscale eddy 
energy dissipation timescale is expected to play an important role. Following the line of argument in Marshall 
et al. (2017), if more energy is drained from the mesoscale eddy field, the mesoscale eddy field and the associ-
ated eddy form stress weakens. The Ekman overturning cell then steepens the isopycnals until there is sufficient 
baroclinic instability for the associated eddy form stress to balance the surface wind stress. By thermal wind 
shear relation, increased ACC transport leads to steeply tilting isopycnals in the Southern Ocean that, through 
the connectivity in the stratification profiles, can have an influence on the global pycnocline depth and stratifi-
cation, certainly over long timescales. The work of Marshall and Johnson (2017) provides a prediction between 
the vertical extents of the AMOC and the ACC that, assuming thermal wind shear relation and appropriate levels 
of no motion, becomes a relation between the corresponding transports. The prediction there is that an increased 
ACC transport, with corresponding deepening of the Southern Ocean stratification, leads to a deepening of the 
AMOC extent, implying an increased AMOC transport. A deeper pycnocline and increased AMOC transport will 
additionally suggest that the ocean is more susceptible in taking up heat through the isopycnal transport pathways, 
suggesting an increase in Ocean Heat Content (OHC).

In summary, the theoretical expectation here is that decreasing the mesoscale eddy energy dissipation timescale 
(i.e., increasing eddy energy dissipation) would lead to an increase in the ACC transport, increase in the AMOC 
strength as well as the OHC—and vice-versa—all attributed to changes in the Southern Ocean stratification driv-
ing changes in the global pycnocline depth over long timescales, enabled by the connectivity of the stratification 
profiles. The primary focus of the present work is to demonstrate and quantify the extent and magnitude of the 
influence of eddy energy dissipation timescale on the aforementioned key ocean climatological metrics. A key 
finding here is that a modest variation in the eddy energy dissipation timescale has a comparable effect to signif-
icant variations in the present day Southern Ocean wind forcing on the modeled ACC transport, AMOC strength, 
and the global integrated OHC anomaly (Figure 1, Figure 3 and Table 1), attributed primarily to changes in the 
global pycnocline depth. While the Southern Ocean wind forcing is not expected to vary as dramatically to the 
degree investigated in this work, the extent of the plausible mesoscale eddy energy dissipation timescale is not 
known, due to a lack of theoretical and observation constraints currently available. The results here thus highlight 
a crucial need to combine theoretical, modeling, and observational efforts to constrain the uncertainties in eddy 
energy dissipation, not only from a theoretical point of view for understanding, but also for practical purposes 
in constraining uncertain model parameters for numerical models used in climate projections and paleoclimate 
reconstructions.

2.  Method and Model Description
The principal focus here is on quasi-equilibrium sensitivities of the global ocean overturning circulation to the 
eddy energy dissipation timescale. While one might consider employing an eddy resolving ocean model for such 
a study, the associated computational costs are prohibitive. Thus we employ a model with parameterized eddies, 
and utilize the Nucleus for European Modeling of the Ocean (NEMO, v3.7dev r8666; Madec, 2008) in the global 
configuration (ORCA) with realistic bathymetry, employing the tripolar ORCA grid (Madec & Imbard, 1996) 
and the LIM3 ice model (Rousset et al., 2015). The present ORCA1 model has a nominal horizontal resolution of 
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1°, employs 46 uneven vertical levels, and is initialized with WOA13 climatology (Locarnini et al., 2013; Zweng 
et al., 2013). The model employs the TEOS-10 equation of state (Roquet et al., 2015), with the atmospheric forc-
ing modeled by the NCAR bulk formulae with normal year forcing (Large & Yeager, 2009). Sea surface salinity 
but not temperature restoration is included to reduce model drift.

An energetically constrained mesoscale eddy parameterization scheme is required, and for our investigation 
the GEOMETRIC parameterization for mesoscale eddies (Mak et al., 2018; Marshall et al., 2012) was chosen 
and implemented in NEMO (see Supporting Information S1 for implementation details). Briefly, GEOMET-
RIC computes a horizontally and temporally varying coefficient for eddy-induced advection (Gent & McWil-
liams, 1990; Gent et al., 1995) according to (cf. Equation 4 of Mak et al., 2018)

𝜅𝜅gm = 𝛼𝛼
∫ 𝐸𝐸 d𝑧𝑧

∫ (𝑀𝑀2∕𝑁𝑁) d𝑧𝑧
,� (1)

where M and N are the horizontal and vertical buoyancy frequencies, α is a nondimensional tuning parameter 
(bounded in magnitude by 1), and E is the total (potential and kinetic) eddy energy. The depth-integrated eddy 
energy ∫ E dz is provided by a parameterized eddy energy budget given by (cf. Equation 2 of Mak et al., 2018)

d
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⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟

diffusion

.
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The depth-integrated eddy energy is advected by the depth average flow 𝐴𝐴 𝐮̃𝐮
𝑧𝑧 and propagated westward at the long 

Rossby wave phase speed |c| (Chelton et al., 1998, 2011; Gill, 1982; Klocker & Marshall, 2014), has growth aris-
ing from slumping of mean density surfaces, and diffused in the horizontal (Grooms, 2015; Ni, Zhai, Wang, & 
Hughes, 2020; Ni, Zhai, Wang, & Marshall, 2020), with ∇H denoting the horizontal gradient operator and ηE the 
associated eddy energy diffusivity. A linear dissipation of eddy energy at rate λ (but maintaining a minimum eddy 
energy level E0) is utilized, so λ −1 is the eddy energy dissipation timescale of primary interest here. For this work, 
α = 0.04 is prescribed, partially informed by the results of Poulsen et al. (2019), and ηE = 500 m 2 s −1 is chosen. 
Although the Gent-McWilliams coefficient follows the prescription given in Equation 1, the isoneutral diffusion 
coefficient (Griffies, 1998) is kept constant at 1,000 m 2 s −1; while the two quantities are related to mesoscale 
turbulence, and there are studies that suggest how the two should be related (e.g., Abernathey et al., 2013; Smith 
& Marshall,  2009), for simplicity, we make the choice to fix the isoneutral diffusion coefficient, noting that 
changing this coefficient can also affect climatological responses (e.g., Jones & Abernathey, 2019; Pradal & 
Gnanadesikan, 2014). Values of the isopycnal slopes used to compute the parameterized eddy energy, eddy-in-
duced advection and isoneutral diffusion are limited to 1/100 in the interior, and linearly decreased from the base 
of the model-mixed layer to zero at the surface to maintain no flux conditions.

Given the lack of constraints on the values and uncertainties associated with the eddy energy dissipation times-
cale λ −1, we consider a plausible variation around some control value. With the Southern Ocean in mind, for 
simplicity we take a constant control eddy energy dissipation timescale of λ −1 = 100 days (around 3 months). 
It was empirically determined that six experiments with eddy energy dissipation timescale ranging from 60 to 
160 days (around 2–5 months), in increments of 20 days (around 2/3 of a month) provided a sufficient coverage 
of the parameter space. The control experiment with λ −1 = 100 days (around 3 months) was first spun up for 
1,500 years, after which the perturbation experiments were integrated for a further 1,600 years; see Figures S1–
S4 in Supporting Information S1 for some of the resulting climatology. All metrics presented in this work were 
calculated from model outputs time-averaged over the model years 3500–3600.

3.  Results
3.1.  Sensitivity to the Eddy Energy Dissipation Timescale

The key metrics of interest here are the total ACC transport, AMOC strength, and the globally integrated OHC 
anomaly relative to the control calculation time-averaged over model years 3500–3600, respectively given as the 
transport through the model Drake passage, the transport over the top 1,000 m at the model 26°N on the Western 
side of the Atlantic, and the global integrated conservative temperature multiplied accordingly by the density 
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and heat capacity. A depth-independent ACC transport was computed through a depth-integral of the bottom 
velocity, and a thermal wind component of the ACC is the difference between the total and depth-independent 
ACC transport described above (cf. Abernathey et  al.,  2011; Munday et  al.,  2013). Figure 1 compares these 
metrics diagnosed from experiments varying the eddy energy dissipation timescale. Increasing the dissipation 
timescale (i.e., decreased damping of the eddies) leads to a substantial decrease in the ACC transport, AMOC 
strength, and total OHC anomaly—and vice-versa—which can be attributed to shifts in the global pycnocline 
depth, consistent with theoretical arguments (Marshall & Johnson, 2017; Marshall et al., 2017). To quantify the 
trends, Table 1 documents the numerical values obtained from a linear regression analysis of the data presented 
in Figure 1. The implied sensitivities to the eddy energy dissipation timescale are significant, at around 20 Sv of 
ACC transport, 2 Sv of AMOC strength and 800 ZJ of OHC anomaly change per 30 days (1 month) variation. In 
particular, we note that the changes in the OHC anomalies found in postindustrial period reconstructions (Cheng 
et al., 2017, 2019; Levitus et al., 2012; Zanna et al., 2019) are typically on the order of 10 23 J (100 ZJ), while the 
changes to total OHC associated with the uncertainties in eddy energy dissipation timescale here can be an order 
of magnitude larger (10 24 J).

The distribution of the lateral depth-integrated OHC for varying the eddy energy dissipation timescale is shown 
in Figure 2. Varying the eddy energy dissipation timescale leads to a significant global change in the OHC anom-
alies, attributed mainly to the changes in pycnocline depth (Figures S6–S9 in Supporting Information S1). Note 
also that the changes appear to be most significant over the Southern Ocean and in the Atlantic basin, attributed 
to significant changes in the AMOC as well as the overturning within the Southern Ocean (Figures S3 and S4 in 
Supporting Information S1).

Here, changing the eddy energy dissipation timescale affects the total eddy energy E, which in turn impacts the 
Gent-McWilliams coefficient κgm. While the significant changes to global OHC and circulation arising from 
changing κgm has been noted before (e.g., Zhang & Vallis, 2013), the fundamental difference here is that the sensi-
tivities are arising through uncertainties in the eddy energy dissipation that happens to impact the Gent-McWil-
liams parameter, and the eddy energy dissipation is a process that, in principle, is more amenable to be constrained 
by theoretical, numerical or observational means.

3.2.  Sensitivity to Southern Ocean Wind Forcing

For completeness, experiments varying Southern Ocean wind forcing are also performed. The zonal wind stress 
over the Southern Ocean region within the model is amplified instead of the imposed zonal wind speed, so that 
any modifications to the ocean surface evaporation and turbulent fluxes as calculated through the bulk formulae 
occur through changes to the ocean state rather than the imposed wind forcing. Two sets of perturbation experi-
ments are performed: (a) a κgm that is varying in the horizontal and in time as given by Equation 1, with no further 
retuning (denoted GEOM), and (b) a prescribed κgm diagnosed from the last 100 years of the control spin-up 
(denoted GM), still spatially varying, but is now time-independent.

Figure 1.  Diagnostics from the varying eddy energy dissipation time-scale experiments. Diagnostics are: (a) Antartic Circumpolar Current transport (total in solid 
lines, thermal wind component in dashed lines); (b) Atlantic Meridional Overturning Circulation strength as transport over the top 1,000 m depth at 26° N on the 
Western side of the Atlantic; (c) domain-integrated Ocean Heat Content anomalies as solid lines, where the anomalies are relative to the control calculation diagnosed 
at the same analysis time period, with the value of 21,300 ZJ. The larger marker denotes the control calculation.
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Figure 3 shows the sensitivities of the same global ocean climatological metrics to changes in the imposed South-
ern Ocean wind forcing, and Table 1 documents the numerical values obtained from a linear regression analysis 
of the data presented in Figure 3. While the total ACC transport increases with wind forcing, the ACC thermal 
wind transport in the GEOM calculations is relatively insensitive to changes in the wind forcing (with a diag-
nosed trend of around 2 Sv per factor of Southern Ocean wind forcing variation in GEOM, compared to a value 
of around 20 Sv displayed by the GM experiments), demonstrating the eddy saturation phenomenon (Bishop 
et al., 2016; Farneti et al., 2015; Hallberg & Gnanadesikan, 2006; Meredith & Hogg, 2006; Munday et al., 2013). 
The corresponding AMOC strength in the GEOM calculations also display a reduced sensitivity to changes in 
the Southern Ocean wind forcing relative to the GM case (with a diagnosed trend of around 4 Sv in GEOM 
compared to 5 Sv in GM per factor of Southern Ocean wind forcing increase), and is related to the phenomenon 
of eddy compensation (Bishop et al., 2016; Farneti et al., 2015; Gent & Danabasoglu, 2011; Hofman & Morales 
Maqueda, 2011; Meredith et al., 2012; Munday et al., 2013; Viebahn & Eden, 2012). The aforementioned sensi-
tivities coincide with a weaker sensitivity of the global pycnocline depth to changes in Southern Ocean wind forc-
ing (Mak et al., 2018; Marshall et al., 2017). As with the varying eddy energy dissipation experiments, the OHC 
anomalies are particularly significant over the Southern Ocean and the Atlantic basin (Figure S5 in Supporting 
Information S1). In the present case of varying wind stress, however, the notable variations in the OHC anom-
alies are attributed to significant changes in the abyssal watermass properties (Figures S6–S9 in Supporting 
Information S1). The observed changes in the watermass properties may perhaps be attributed to a modified 
sea ice extent (Figure S10 in Supporting Information S1) via changes in the sea ice export by the wind, leading 
to changes in deep water formation and abyssal watermass properties, analogous to the mechanism proposed in 
Ferrari et al. (2014) and Burke et al. (2015).

Figure 2.  Depth-integrated ocean heat content anomaly relative to the control calculation diagnosed at the same analysis period for varying dissipation experiments. (a) 
λ −1 = 160 days (around 5 months). (b) λ −1 = 60 days (around 2 months).

Metric
Varying dissipation timescale λ −1 (per 

30 days/1 month)
Varying Southern Ocean wind 

forcing τ0 (per amplification factor)

TACC (total, Sv) −20.74 λ −1 + 207.20 (GEOM) +15.44 τ0 + 119.32 (GEOM)

+32.04 τ0 + 97.22 (GM)

TACC (thermal, Sv) −22.61 λ −1 + 195.69 (GEOM) +2.07 τ0 + 114.64 (GEOM)

+19.73 τ0 + 90.57 (GM)

TAMOC (Sv) −1.99 λ −1 + 17.47 (GEOM) +3.82 τ0 + 6.41 (GEOM)

+5.07 τ0 + 5.41 (GM)

OHC anomaly (ZJ = 10 21 J) −785.17 λ −1 + 2,448.13 (GEOM) +524.82 τ0 − 940.31 (GEOM)

+1,158.80 τ0 − 1872.50 (GM)

Note. The first coefficient denotes trends with varying parameter of interest in this work.

Table 1 
Linear Regression of the Diagnosed Global Ocean Climatological Metrics for Varying Eddy Energy Dissipation Timescale 
and Varying Southern Ocean Wind Forcing Amplification Factor
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4.  Summary and Outlooks
The present work demonstrates that, within the context of a global configuration ocean model with an energetically 
constrained mesoscale eddy parameterization, modest and perhaps not implausible variations in the mesoscale 
eddy energy dissipation timescale translate to significant sensitivities of the diagnosed ACC transport, AMOC 
strength, and the global OHC over long timescales in the modeled ocean. The physical reasons for the sensitivity 
is that modifying the eddy energy dissipation leads to changes in the mesoscale eddy dynamics in the Southern 
Ocean, modifying the Southern Ocean stratification, and in turn lead to significant changes to the global ocean 
stratification over long timescales. In particular, changes to the globally integrated OHC anomalies can vary by 
up to an order of magnitude larger than for reconstructions for total OHC for the anthropogenic period (Cheng 
et al., 2017, 2019; Levitus et al., 2012; Zanna et al., 2019) and comparable to the end of 21st projections under the 
Representative Concentration Pathways scenarios (see figure in Cheng et al., 2019). The sensitivity of the afore-
mentioned key ocean climatological metrics to the eddy energy dissipation timescale is found to be significant: 
comparing the trend values documented in Table 1, the sensitivities of the total ACC transport, AMOC strength, 
and the global OHC per 30  days (1  month) of the eddy energy dissipation timescale are comparable to per 
multiplicative factor change in the Southern Ocean wind forcing. While the changes in the Southern Ocean wind 
forcing are not expected to vary to the extent considered in this work (e.g., Lin et al., 2018), there are no strong 
theoretical, numerical or observational constraints on the eddy energy dissipation timescale and its distribution 
(but see next paragraph on studies toward constraining the energy fluxes of the contributing processes). There is 
thus a need to combine and dedicate theoretical, modeling and observational efforts to constrain the uncertainties 
in the eddy energy dissipation timescale, given the impact the associated uncertainties can have.

In the present work the eddy energy dissipation is linear (cf., Klymak, 2018) with a timescale that is a prescribed 
constant in space and time. One particular consequence of a prescribed spatially constant eddy energy dissipation 
timescale may be seen in Figure 4, which shows the total (kinetic and potential) eddy energy diagnosed from a 
high-resolution global configuration model and from the control experiment here. While the eddy energy signa-
ture displays some similarities in terms of spatial patterns in the Southern Ocean and Western Boundary Current 
regions, there is clearly room for improvement for the parameterized case. For example, the eddy energy signature 
in the parameterized case is too weak in the Western Boundary Currents and in the equatorial region, attributed 
to the fact that the spatially constant eddy energy dissipation timescale was chosen with the Southern Ocean in 
mind, and is probably too short for the ocean basin regions.

The mesoscale eddy energy dissipation timescale is expected to be a more complicated function than the choice 
taken here and, fundamentally, should depend on a wide variety of dynamical processes, such as bottom drag 
(e.g., Ruan et al., 2021; Sen et al., 2008), nonpropagating form drag (Klymak, 2018, 2021), return to mean-flow 
(e.g., Bachman, 2019; Jansen et al., 2019) scattering into internal waves (e.g., MacKinnon et al., 2017; Melet 
et al., 2015; Nikurashin et al., 2013; Sutherland et al., 2019; Yang et al., 2018), loss of balance (e.g., Barkan 
et al., 2017; Molemaker et al., 2005; Rocha et al., 2018), and eddy damping by the wind (e.g., Rai et al., 2021; 

Figure 3.  Diagnostics from the varying Southern Ocean wind stress experiments (with GEOM and GM calculations in orange and blue, respectively), showing: (a) 
Antartic Circumpolar Current transport (total in solid lines, thermal wind component in dashed lines); (b) Atlantic Meridional Overturning Circulation strength as 
transport over the top 1,000 m depth at 26°N on the Western side of the Atlantic; (c) domain-integrated ocean heat content anomalies as solid lines, where the anomalies 
are relative to the control calculation diagnosed at the same analysis time period, with the value of 21,300 ZJ. The larger marker denotes the control calculation.
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Xu et al., 2016). Although the challenges in constraining the uncertainties in the eddy energy dissipation times-
cale are formidable, the observed/diagnosed eddy energy signature can perhaps act as a target toward efforts to 
constrain the aforementioned unknowns, highlighting the potential for further research relating to ocean energetic 
pathways and its consequences for climate evolution (see e.g., Ruan et al., 2021 for a recent review of research 
relating to ocean eddy energy pathways).

For completeness, we note that even with the use of the simple linear eddy energy dissipation timescale here, the 
resulting dissipation of the depth-integrated total eddy energy in the present parameterization seems to follow an 
approximately log-normal distribution when considered over the globe (cf. Perason & Fox-Kemper, 2018, but 
for horizontal eddy kinetic energy), although with deviations particularly with increasing Southern Ocean wind 
forcing and a decreased eddy energy dissipation timescale, which both lead to a skew towards larger dissipation 
rates (see Figure S11 in Supporting Information S1).

While the present results have been obtained with the GEOMETRIC parameterization for mesoscale eddies 
(Mak et al., 2018), given the fundamental link between the eddy energy dissipation timescale, eddy energy, and 
the resulting eddy-induced circulation, the sensitivities of key ocean climatological metrics to the eddy energy 
dissipation can be expected to carry over to models with other eddy energy-based parameterization of mesoscale 
eddies (e.g., Jansen, Adcroft, et al., 2015; Bachman, 2019) and to models in which eddies are resolved explicitly. 
However, we expect that the magnitudes of the sensitivities of the key metrics to the eddy energy dissipation 
timescale may differ. While the present work has focused on quasi-equilibrium calculations, similar conclusions, 
but with reduced magnitudes of the sensitivities, are obtained on centennial timescales.

Finally, we suggest that the present work has significant implications for the design of paleoclimate model simu-
lations, such as in the Paleoclimate Modeling Intercomparison Project calculations (Kageyama et  al.,  2018), 
given the long time-scales inherently required for the related simulations. The impact of GEOMETRIC, and 
the eddy energy dissipation time scale, on future climate projections and paleoclimates will be investigated and 
reported in due course.

Data Availability Statement
This work utilizes the Nucleus for European Modelling of the Ocean model (NEMO, v3.7dev r8666; https://
www.nemo-ocean.eu/). The data and scripts used for generating the plots in this article are available at https://
doi.org/10.5281/zenodo.5732755.
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