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ABSTRACT: Accurate parameterizations of eddy fluxes across prograde, buoyant shelf and slope currents are crucial to
faithful predictions of the heat transfer and water mass transformations in high-latitude ocean environments in ocean cli-
mate models. In this work we evaluate several parameterization schemes of eddy buoyancy fluxes in predicting the mean
state of prograde current systems using a set of coarse-resolution noneddying simulations, the solutions of which are com-
pared against those of fine-resolution eddy-resolving simulations with nearly identical model configurations. It is found
that coarse-resolution simulations employing the energetically constrained GEOMETRIC parameterization can accurately
reconstruct the prograde mean flow state, provided that the suppression of eddy buoyancy diffusivity over the continental
slope is accounted for. The prognostic subgrid-scale eddy energy budget in the GEOMETRIC parameterization scheme
effectively captures the varying trend of the domain-wide eddy energy level in response to environmental changes, even
though the energy budget is not specifically designed for a sloping-bottomed ocean. Local errors of the predicted eddy en-
ergy are present but do not compromise the predictive skill of the GEOMETRIC parameterization for prograde current
systems. This work lays a foundation for improving the representation of prograde current systems in coarse-resolution
ocean climate models.

SIGNIFICANCE STATEMENT: The objective of this study is to evaluate different methods for predicting ocean
volume transports caused by ocean mesoscale eddies across continental margins. This is important because these trans-
ports play a critical role in exchanges between coastal seas and open oceans, but cannot be resolved or well represented
in ocean climate simulations. This study emphasizes the importance of accounting for the influence of sloping seafloors
in controlling the eddy transport across the continental slope. This study also highlights the necessity of simultaneously
predicting the eddy energy for better representation of the cross-slope eddy transport in ocean climate simulations.

KEYWORDS: Mesoscale processes; Eddies; General circulation models; Ocean models; Parameterization;
Subgrid-scale processes

1. Introduction by the local current systems steered heavily by the underlying
sloping bathymetry, including the Antarctic Slope Current
(ASC), the Norwegian Current, and the East and West Green-
land Currents (Ngst and Isachsen 2003; Isachsen et al. 2003;
Thompson and Heywood 2008; Trodahl and Isachsen 2018).
These topographically steered currents can directly drive the oce-
anic meridional heat transports along the sloping bathymetry,
forming surface branches of the global overturning circulation
(Zhao et al. 2018). Moreover, these currents are observed to be
baroclinically unstable (Isachsen 2015; Trodahl and Isachsen
2018), spawning mesoscale eddies that regulate mass and tracer
fluxes across the sloping bottom (Hatdn et al. 2007; Sgiland and
Rossby 2013). Prominent examples include eddies energized by
pressing toward higher latitudes, where the eddy size decreases the ASC, which modulate the ice shelf melting and bottom water
following the decline of the baroclinic Rossby deformation radius transformation around Antarctica (Thompson et al. 2018; Stewart
(Chelton et al. 1998; Hallberg 2013; LaCasce and Groeskamp ~ ©t al. 2018), and those produced in the northern subpolar/polar re-
2020). In high-latitude regions, the planetary potential vorticity ~ &ions, which precondition the deep open ocean convection in the
(PV) gradient diminishes and the environmental PV is increas- ~ northem North Atlantic (Chanut et al. 2008; Spall 2010b) and gov-

ingly dominated by the bottom topography. This is manifested e{nltt;(eyz l;;at content in the ice-covered Arctic (Bashmachnikov
etal. .

One essential step toward faithful representations of the
aforementioned mean current and eddy transports in predic-
Corresponding author: Yan Wang, yanwang@ust.hk tive ocean climate models is in the accurate parameterization

Mesoscale eddies characterized by spatial scales of tens to
hundreds of kilometers significantly modulate the ocean strati-
fication and circulation by transporting and mixing oceanic
properties (Danabasoglu et al. 1994; Lee et al. 2007), redistrib-
uting momentum (Greatbatch et al. 2010), and mediating en-
ergy transfer (Scott and Arbic 2007; Yankovsky et al. 2022).
Despite their importance in ocean dynamics, mesoscale eddies
cannot be fully resolved in current ocean climate models due
to the limitation in computational power (Fox-Kemper et al.
2014, 2019). Consequently, mesoscale eddy processes are still
commonly parameterized in ocean climate models.

The need for parameterizing mesoscale eddies is particularly
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of the eddy volume or buoyancy fluxes there. By incorporat-
ing the “correct” amount of eddy buoyancy fluxes, predictive
ocean models are expected to represent these mean currents
with reasonable frontal structures and thus baroclinic trans-
ports (via thermal wind balance; e.g., Mak et al. 2018; Kong
and Jansen 2021) along the sloping bathymetry. In parallel, a
“correct” parameterization of eddy buoyancy fluxes is neces-
sary for reliable predictions of the mass and heat transfer
across the sloping bathymetry, for instance, between the shal-
low shelf and deep open ocean (Si et al. 2023), thus capturing
the impacts of boundary current systems on the interior ocean
state.

In ocean climate models, mesoscale eddy buoyancy fluxes
are routinely parameterized via the Gent-McWilliams (GM;
Gent and McWilliams 1990) scheme, which formulates an
eddy buoyancy diffusivity ICgm to inform the parameterized
eddy buoyancy fluxes based on the model-resolved large-scale
buoyancy gradients. The GM-based scheme incorporates the
actions of mesoscale eddies to slump the large-scale isopyc-
nals and thus to release the background available potential
energy. One such broadly used representative GM-based
scheme was developed by Visbeck et al. (1997), which tends
to amplify the eddy buoyancy diffusivity across strong baro-
clinic ocean fronts. However, both theoretical and modeling
studies show that eddy fluxes are effectively suppressed over
sloping bathymetry (Blumsack and Gierasch 1972; Mechoso
1980; Spall 2004; Isachsen 2011; Brink 2012; Chen and
Kamenkovich 2013; Brink and Cherian 2013; Stewart and
Thompson 2013; Brink 2016; Cimoli et al. 2017; Hetland 2017;
Manucharyan and Isachsen 2019; Chen et al. 2020; Si et al.
2022), contributing to the frontal current structures observed
in high-latitude environments.

To address the above eddy parameterization issues, Wei
et al. (2022) conducted a set of eddy-resolving simulations
that account for two fundamental features of aforementioned
topographically confined current systems: (i) a sloping ocean
bottom that transitions from a shallow shelf region to the
deep open ocean and (ii) a buoyant along-slope current with
isopycnals tilted in the opposite direction to the ocean bot-
tom. Such a current system has been conventionally termed
“prograde” (e.g., Poulin et al. 2014). Wei et al. (2022) further
proposed a diagnostic scaling for the cross-slope eddy buoy-
ancy diffusivity. This scaling builds upon the GEOMETRIC
parameterization of eddy buoyancy fluxes derived from quasi-
geostrophic (QG) turbulence models by Marshall et al.
(2012); it establishes a linear relation between the total (po-
tential plus kinetic) eddy energy and the eddy buoyancy diffu-
sivity based on the mathematical bound of the geostrophic
eddy stress tensor (Maddison and Marshall 2013; Bachman
et al. 2017; Poulsen et al. 2019). To adapt the GEOMETRIC
framework to prograde frontal systems and form a “slope-
aware” scaling, Wei et al. (2022) integrated an analytical func-
tion of the slope Burger number (cf. section 3b) into the
otherwise constant GEOMETRIC scaling prefactor (e.g.,
Mak et al. 2018), which enables the GEOMETRIC scaling to
reproduce the diagnosed eddy buoyancy diffusivity across
prograde fronts in the eddy-resolving simulations.
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However, the diagnostic scaling of Wei et al. (2022) was not
tested prognostically and thus carries uncertainties for use in
coarse-resolution ocean models. In this follow-up work, we
proceed to implement the slope-aware scaling of Wei et al.
(2022) into a general circulation model and compare its skill
with those of other GM-based schemes in predicting the
mean state (e.g., baroclinic transport and stratification) of
prograde current systems in coarse-resolution simulations. To
this end, we invoke the closure of the subgrid-scale mesoscale
eddy energy developed by Mak et al. (2018, 2022b), which has
been primarily applied in open ocean environments. This
readily leads to a more general assessment on the extent to
which existing subgrid-scale eddy energy budgets (Mak et al.
2018, 2022b; Jansen et al. 2019; Kong and Jansen 2021) may
facilitate the parameterizations of eddy fluxes across steep
bottom slopes. Or, restated, we will concurrently probe the
necessity of any substantial modification of available subgrid-
scale eddy energy budgets (e.g., by refining the eddy energy
advection, diffusion, or dissipation rate) for leveraging the
prognostic efficacy of slope-aware forms of eddy buoyancy
diffusivity in coarse-grid simulations with sloping bathymetry.

We find here that the slope-aware form of the GEOMETRIC
scaling outperforms other GM-based schemes in predicting the
prograde frontal structure in coarse-grid simulations, based on
the “ground truth” solutions of the eddy-resolving runs of Wei
et al. (2022). Moreover, our results indicate that, so long as the
eddy buoyancy diffusivity is accurately formulated by taking the
topographic effects into account, the mean state of prograde cur-
rent systems in eddy-resolving runs can be adequately recon-
structed by a coarse-grid model implemented with an otherwise
unmodified, existing subgrid-scale eddy energy budget. The
eddy energy budget, though suffering from local errors, correctly
captures the bulk varying trend of parameterized eddy energy in
response to the large-scale environmental changes (e.g., varied
wind strengths).

The rest of this article is organized as follows. In section 2, we
document the numerical experiments used in this study, outlining
the similarities and distinctions between the coarse-resolution pa-
rameterized simulations and fine-resolution eddy-resolving simula-
tions. In section 3, we review the GM-based eddy parameterization
framework, introduce the selected GM-based parameterization
schemes, and define the metrics used to assess the prognostic
performance of selected schemes. In section 4, we quantify the
relative merits of selected eddy parameterization schemes,
among which the slope-aware form of the GEOMETRIC clo-
sure outperforms other GM-based schemes in predicting the
prograde frontal structures in coarse-grid simulations. In section 5,
we analyze the emergent eddy energy associated with the
GEOMETRIC parameterization schemes, and explain how
the predictive skill of the slope-aware GEOMETRIC closure
is maintained in the presence of nontrivial local errors in the
predicted eddy energy. Concluding remarks and discussions
follow in section 6.

2. Model setup

This section outlines the configurations of numerical simula-
tions used in this study. Two sets of simulations were conducted:
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TABLE 1. List of parameters used in the reference fine-resolution
simulation. The bold font denotes parameters that are independently
varied among different model experiments.

WEI ET AL.

Value Description
L, 800 km Zonal domain size
L, 500 km Meridional domain size
Hpax 4000 m Maximum ocean depth
Ax 1 km Horizontal grid spacing
Az 10.5-103.8 m Vertical grid spacing
H; 3500 m Shelf height
Zy 2250 m Slope middepth
Y 200 km Midslope offshore position
W, 50 km Slope half-width
Qg 1x 107 4°C! Thermal expansion coefficient
To 0.05 N m~? Absolute wind stress maximum
Y, 200 km Peak wind stress position
L, 400 km Meridional wind stress width
Cy 25 %1073 Quadratic drag coefficient
A 0.1 Grid-dependent biharmonic viscosity
Po 1000 kg m 3 Reference Boussinesq density
g 9.81 ms 2 Gravitational acceleration constant
fo 1x10*s7! Constant Coriolis frequency

1) fine-resolution simulations, whose solutions serve as the ground
truth, and 2) coarse-resolution simulations used to evaluate the
prognostic performance of eddy parameterizations.

a. Fine-resolution simulations

The fine-resolution simulations used in this study are inher-
ited from Wei et al. (2022) to quantify eddy-driven buoyancy
fluxes across prograde shelf/slope fronts. The values of physi-
cal parameters adopted in the reference experiment are sum-
marized in Table 1. This section briefly overviews the key
model configurations used in Wei et al. (2022), to which the
reader is referred for full model details.

All simulations are conducted via the MIT general circulation
model (MITgem hereafter; Marshall et al. 1997), which solves the

(a) Az =1 km

-400
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361

hydrostatic, Boussinesq momentum equations. A linearized equa-
tion of state that only depends on potential temperature is
adopted. The model domain is a reentrant channel on an f plane
(with the Coriolis frequency f, = 10 *s™!) that spans 800 km in
the zonal (i.e., along-slope) direction and 500 km in the meridio-
nal (i.e., cross-slope) direction. The northern and southern bound-
aries are vertical walls imposed with no-normal-flow boundary
conditions. The ocean depth increases offshore across an idealized
continental slope and reaches its maximum of 4000 m at the
northern boundary (Fig. 1a). Notice that the orientation of the
continental slope relative to the meridians is dynamically irrele-
vant for rotationally invariant f-plane simulations.

The model is forced by a steady prograde (i.e., eastward or
downwelling-favorable) wind stress peaked at the midslope
location (y = Y; = 200 km), where the seafloor is steepest. A
quadratic drag is imposed at the ocean bed to extract momen-
tum and energy. The potential temperature 6 at the sea sur-
face is restored to a profile that decays linearly northward,
which sustains the horizontal stratification across the conti-
nental shelf and slope under the prograde wind forcing. At the
northern boundary, a sponge layer of 50-km width is adopted to
restore the potential temperature toward a reference exponential
profile, which effectively fixes the first baroclinic Rossby defor-
mation radius

1 0

e Ndz 1)
at ~18 km at the northern boundary in the reference model run
(H and N denote the ocean depth and buoyancy frequency, re-
spectively). While L, defined by Eq. (1) is an approximation to
the standard deformation radius associated with the eigenvalue of
the linearized QG PV equation under the Wentzel-Kramers—
Brillouin approximation (Chelton et al. 1998), it is verified to be
quantitatively accurate in our simulations (not shown).

Perturbation experiments were conducted to cover a broad
range of prograde shelf/slope front configurations. In each of these

0 (°C)

15

400

Ty A0 g i ey 400

F1G. 1. Model bathymetry adopted in the (a) reference fine-resolution (1-km) simulation and (b) reference coarse-
resolution (25-km) simulation with no GM-based parameterization enabled, superimposed by the instantaneous sea
surface potential temperature (color shading) and the 6 = 5°C isotherm (semitransparent blue sheet). In both panels,
the midslope position y = Y, = 200 km is highlighted by the black dashed line.
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TABLE 2. List of parameters varied among the perturbation
experiments. The bold font highlights parameter values deviated
from their reference values. The reader is referred to Table 1 for
parameter definitions.

Experiment W, (km) 7o (N m™?) ap (1074°C™h
0.5W; 25 0.05 1.0
0.66W, 33 0.05 1.0
Ref. 50 0.05 1.0
1.5W; 75 0.05 1.0
1.57 50 0.075 1.0
2.07 50 0.10 1.0
0.5a4 50 0.05 0.5
2.0a 50 0.05 2.0

experiments, one physical parameter (i.e., slope half-width W,
peaking wind strength 7, or thermal expansion coefficient «y) is
independently varied relative to the reference model run. Table 2
summarizes the perturbation experiments used in this study.

A sufficiently fine resolution (1 km in the horizontal and
70 vertical levels) was adopted to explicitly resolve the mesoscale
processes over the continental shelf and slope (L, ~ 10 km at the
midslope position upon flow equilibrium in the reference experi-
ment). All simulations were integrated for at least 30 model years
to achieve a statistically steady state, as revealed by the time se-
ries of domain-integrated total kinetic energy. Results presented
in this work are calculated using model outputs time-averaged
over the final 5 model years.

Figure 1a shows a snapshot of potential temperature at the sea
surface (color shading) and the 6 = 5°C isotherm (semitranspar-
ent blue sheet) in the reference model run upon flow equilibrium.
Mesoscale eddies are visible across the entire model domain. The
selected isotherm (i.e., isopycnal) is tilted in the opposite direction
of the topographic slope (with buoyant water piled shoreward),
corresponding to a prograde current system (Isachsen et al. 2003;
Ngst and Isachsen 2003; Spall 2010a; Pennel et al. 2012; Poulin
et al. 2014; Isachsen 2015; Ghaffari et al. 2018).

b. Coarse-resolution simulations

To evaluate eddy parameterizations across prograde shelf/
slope frontal systems, we further conducted coarse-resolution
simulations incorporating various GM-based parameteriza-
tions (cf. section 3) by setting the horizontal grid spacing to
25 km. This grid spacing exceeds the first baroclinic deformation ra-
dius in the deep open ocean in all fine-resolution simulations upon
flow equilibria. To ensure that the northern sponge layer consists of
more than one grid point, both the channel width and the northern
sponge layer are expanded 100 km northward in the coarse-
resolution simulation. Other model configurations (e.g., bathyme-
try, external forcing, vertical resolution, and advection schemes) of
the coarse-resolution runs exactly follow those of the fine-resolution
simulations. Our selected GM-based schemes (cf. section 3b) are in-
corporated in these coarse-resolution simulations, and no parame-
terization of isopycnal diffusion (e.g., Redi 1982) is adopted. The
coarse-resolution simulations were run from a resting state for
120 years to reach a statistically steady state, which is judged also
from the time series of domain-integrated total kinetic energy. The
time-averaged diagnostics were collected in the final 20 model years.
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Figure 1b shows a snapshot of the sea surface potential
temperature in the 25-km reference simulation with no GM-
based parameterization enabled. Temperature deviations
from the zonal-mean nearly vanish, suggesting that the 25-km
horizontal grid spacing is not adequate to explicitly resolve
mesoscale eddies in our model domain.

3. Theoretical background and parameterizations
a. Eddy buoyancy fluxes and the GM parameterization

When incorporating the GM-based parameterizations in
coarse-resolution simulations, we opt for the skew flux formu-
lation of eddy fluxes (Griffies 1998),

F 0 0 —SK,, |[o.b
Fl=- o 0 =S, |arl @
F SKyw Ky 0 |lab

Here (Fj, F}, F3) are the parameterized zonal, meridional,
and vertical eddy buoyancy fluxes, (5%, §¥) are the zonal and
meridional isopycnal slopes resolved by coarse-resolution
simulations, and b = ga,6 indicates the buoyancy with g de-
noting the gravitational acceleration constant. We have ne-
glected the isopycnal diffusivity (e.g., Redi 1982) in Eq. (2),
which makes no contribution to the simulated flow in our simu-
lations because a linear equation of state with a single thermo-
dynamic variable is adopted. Note further that the along-slope
buoyancy flux F73 is included in Eq. (2) for completeness, but it
does not influence the zonally averaged stratification in the re-
entrant channel considered in this work [i.e., the zonal average
of 9 (F3) is identically zero].

The parameterized eddy buoyancy flux following Eq. (2) is
adiabatic' by construction because the flux direction is always
parallel to that of the local isopycnal. For positive values of
Ko the parameterized eddy fluxes reduce the horizontal
buoyancy gradients and emulate the effect of eddies flattening
the isopycnals. Notice that although Keom is commonly inter-
preted as the eddy buoyancy diffusivity, it is associated with
the “skew flux” of buoyancy, as opposed to the diffusive flux
(Griffies 1998; Abernathey et al. 2013; Kong and Jansen
2021).

According to Eq. (2), the eddy buoyancy diffusivity Keom
must be specified for parameterizing the eddy buoyancy fluxes.
Coarse-resolution ocean models differ substantially in their
specifications of Koms which result in distinct parameterized
eddy fluxes (e.g., Farneti et al. 2015). In this study, we evaluate
the skills of various parameterization schemes in predicting
the eddy buoyancy fluxes, as detailed in the next section.

! In practice, spurious diapycnal eddy flux components are pre-
sent because of the spatial truncation errors associated with the
advection operators acting on the parameterized eddy fluxes
(Gerdes et al. 1991). In this study, we adopt the second-order-
moment advection scheme of Prather (1986) to minimize this spu-
rious mixing (Hill et al. 2012).
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b. Selected GM-based parameterization schemes
We first consider a set of constant eddy buoyancy diffusivities

2.1
Keonst € [0, 50, 100, 150, 200, 250, 300] m~s™". 3)
The magnitudes of C_ ., are chosen based on the cross-slope aver-
aged eddy buoyancy diffusivity diagnosed from the fine-resolution
simulations (cf. section 2a), most of which range from
010 m?2s™! to O(10?)m?s~! (see Fig. 4d of Wei et al. 2022).
The second parameterization evaluated is the flow-dependent
diffusivity proposed by Visbeck et al. (1997), i.e.,
(4a)

— 2
,Cvisb = Kish lvisb <UE> >

o, = M?IN. (4b)
Here ayi, = 0.015 represents a nondimensional constant prefac-
tor derived by Visbeck et al. (1997) from a range of baroclinic
processes, L, denotes the width of the baroclinic zone, which
commonly serves as a tunable parameter (e.g., Kong and Jansen
2021), o is the Eady (1949) growth rate, M? = |V,,b| measures
the lateral stratification with V denoting the horizontal gradient
operator, and (e ) = (1/|H |)IEI Hi ez stands for the depth-average
operator. As mentioned in section 1, the Visbeck et al. (1997)
scheme tends to predict an enhanced eddy buoyancy diffusivity in
frontal regions, where M is large. The Visbeck et al. (1997)
scheme (or parametrically similar variants) has been routinely im-
plemented and used in predictive ocean simulations (Griffies et al.
2005; Farneti et al. 2010; Farneti and Gent 2011; Dunne et al.
2012; Todd et al. 2020; Uchida et al. 2020; Holmes et al. 2022).

A more elaborate eddy parameterization tested in this study
is the energetically constrained GEOMETRIC framework
(Marshall et al. 2012; Maddison and Marshall 2013). Under this
framework, the eddy buoyancy diffusivity is formulated as (e.g.,
Mak et al. 2018, 2022a,b)

K:GEOM = Qeom OL’ (5)
I opdz
—|H|
where ageom = o denotes a nondimensional constant prefac-
tor whose magnitude is bounded by unity in the QG limit,
and £ = ﬁl i E dz stands for the depth-integrated total eddy
energy per unit mass.

Last, we consider the modified version of the GEOMET-
RIC parameterization proposed by Wei et al. (2022) for pro-
grade shelf/slope fronts, which accounts for the suppression of
eddy diffusivity by the sloping ocean bed, i.e.,

E

1
’CSG?(e)M = ageom 0 ’ (63)
J opdz
—|H|
1
ageom = aO}—GEOM ) Mlsﬁz 1 (6b)

where u; = 7.8 and p, = 1.5 are two constants derived empir-
ically by Wei et al. (2022) from their high-resolution model
diagnostics, and
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sS=1,

] ™

represents the slope Burger number (e.g., Brink 2016;
Hetland 2017), whose variation is dominated by the seafloor
steepness |VyH| in our continental slope simulations. In this
work, |VzH| is calculated using central differencing based on
adjacent water depths in the cross-slope direction. Note that
the slope Burger number defined by Eq. (7) is more numeri-
cally compatible than that adopted in Wei et al. (2022), as it
permits the direct use of any existing code that calculates the
deformation radius in ocean general circulation models.

The scaling K%, defined by Eq. (6) is termed “slope-
aware” and differs from Ky, only by the inclusion of
the S-dependent function Fspqy in the nondimensional
GEOMETRIC prefactor, which suggests a suppressed eddy
buoyancy transport efficiency over a sloping ocean bed (i.e.,
Foeom < 1for §>0). For a flat-bottomed ocean (i.e., S = 0),
F geowm 1s identically unity, and IC%C}?SM becomes equivalent to
Koy Here we note that the magnitude of the GEOMETRIC
prefactor defined in Marshall et al. (2012) depends on several
eddy-related quantities [e.g., see 7, in their Eq. (16)] and
thus expected to be spatially variable [see also the diagnosed
GEOMETRIC prefactor by Poulsen et al. (2019) from an eddy-
permitting ocean model]. In the case of prograde slope fronts,
Wei et al. (2022) have related the functional dependence of
Qgeom ON the slope Burger number to the eddy growth rate
across sloping seafloor, consistent with previous modeling studies
(Brink 2012; Hetland 2017).

The eddy buoyancy diffusivity predicted by all tested GM
variants is capped at 10> m* s~! to ensure numerical stability
in coarse-resolution simulations. In addition, the Cox (1987)
slope clipping is adopted with a maximal effective isopycnal
slope set to 1071,

c¢. Subgrid-scale eddy energy budget

The GEOMETRIC variants Kgqy and Kchore |, depend on
the knowledge of depth-integrated total eddy energy E in
coarse-resolution simulations. Mak et al. (2018) implemented
a prognostic subgrid-scale eddy energy budget in MITgcm,
which allowed their coarse-resolution simulations adopting
Kgeom to broadly reproduce the sensitivity of the circumpolar
transport to the changing surface winds as in eddy-permitting
simulations. In this study, we directly use the prognostic sub-
grid eddy energy budget by Mak et al. (2018), formulated as

d - 9 . 0 M* . a? .
—E + —(wE) = K, ~—dz— 5 E +n,—E,
ot ay(< > ) i) gm ]VQ E nanZ
— —_— dissipation
tendency advection source diffusion
®)

in a zonally symmetric system. Here v is the resolved cross-
slope velocity, 7 denotes a linear eddy energy dissipation
time scale (alternatively, 7! represents an energy dissipation
rate), and mg indicates the eddy energy diffusivity. The prog-
nostic energy budget (8) was constructed based on the under-
standing that the mesoscale eddy energy is primarily sourced
from baroclinic instability (e.g., Eady 1949; Phillips 1954), and
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could be advected (e.g., Klocker and Marshall 2014), diffused
(e.g., Grooms 2017), and dissipated (e.g., energy flux out of
the mesoscale; Mak et al. 2022a). Our simulations reveal a rel-
ative insensitivity of the simulated flow to the chosen energy
diffusivity mz, which is thus fixed as 500 m*> s~ ! following Mak
et al. (2022a,b, 2023). Notice that the only adaption of the en-
ergy budget (8) to our simulations of prograde slope flows is
the choicle of GEOMETRIC variant (i.e., K,,, ~ Kggoy or
Ky ~ KGrom)- More analyses about the utility of the energy
budget (8) across prograde fronts in our simulations are pro-
vided in section 5.

d. Choices of tunable parameters

For prognostic calculations, the width of baroclinic zone
lyisb in the Visbeck et al. (1997) scheme [Eq. (4)] must be
specified; for the GEOMETRIC scheme, both the constant
prefactor o in Egs. (5) and (6) and the energy dissipation
time scale 7z in the GEOMETRIC eddy energy budget (8)
must be prescribed. Following previous prognostic studies of
GM-based parameterizations (Hallberg 2013; Mak et al. 2018;
Jansen et al. 2019; Kong and Jansen 2021), we determine these
parameters by matching the simulated mean flow baroclinicity
in the coarse-resolution simulations to that in the fine-resolution
simulation of the reference experiment (Table 1). Specifically,
the mean flow baroclinicity is quantified by the domain-
averaged baroclinic velocity,

Upe = () = {1 — al,__ ). ©)

where u is the along-slope velocity, the overbar indicates a time-
and zonal-mean operator, and curly braces stand for a volume-
mean operator across the coarse-resolution model domain®
outside the northern sponge layer (i.e., y € [0, 450] km). The baro-
clinic velocity i, is anticipated to be positive in prograde fronts,
but negative values may arise in our simulations where the pro-
grade wind forcing vanishes (e.g., y > 400 km). The calculated
Uy, following Eq. (9) reflects the net domain-wide alongshore
baroclinic transport, although excluding negative-valued i,
yields nearly indistinguishable results (not shown).

Following the above criterion, the length scale Ly, in K
is tuned to be 50 km, which lies in the range of values used by
previous studies (Farneti et al. 2010; Farneti and Gent 2011;
Kong and Jansen 2021). For determining the two tunable pa-
rameters in the slope-aware GEOMETRIC variant Kiaro, .
we opt to tune the energy dissipation time scale 7z while fix-
ing the prefactor a, as 0.07, a value diagnosed from our fine-
resolution simulation diagnostics [see Fig. 4c of Wei et al.
(2022); for comparison, Mak et al. (2023) set oy = 0.06 for an
idealized simulation of the Southern Ocean]. Solely tuning 7z
results in a time scale of 80 days, adhering to that used in Mak
et al. (2023) and consistent with values estimated for the
Southern Ocean based on inference calculation using hindcast
outputs from a nominally 1/12° global simulation [see Fig. 4 of

2 If the volume-mean operator is applied on quantities from the
fine-resolution simulation, these quantities have been coarse-
grained onto the coarse-resolution grid.
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Mak et al. (2022a)]. Fixing 7z while tuning « yielded a similar
skill of AP  in predicting the mean prograde current state
(not shown).

For the slope-independent GEOMETRIC variant Ko,
we first evaluate its predictive skill with the same set of «y and
7f as in its slope-aware counterpart Kiar,,. Then, aq and 7
are independently adjusted to 0.04 or 40 days, with the thus
formulated GEOMETRIC diffusivities denoted by ICgXIQOM
and KgéOM, respectively, to match the domain-averaged bar-
oclinic velocity Uy, produced by coarse- and fine-resolution
simulations. In appendix A, we document the sensitivity of
Uy to changes in oy and 7 in the reference coarse-resolution

simulations incorporating Koy O Kooy (Fig. Al).

e. Assessment metrics

The domain-averaged baroclinic velocity Uy, defined via
Eq. (9), serves as the first metric to quantify the domain-wide
restratification parameterized by different GM variants.

While Uy provides information about the parameterized
domain-wide restratification, it may conceal local errors of
simulated flow baroclinicity (i.e., positive and negative local
biases may cancel out after the domain-average). To quantify
the local prediction-truth deviation of flow resulting from dif-
ferent GM-based parameterizations, we further compute the
bulk relative error of the baroclinic velocity,

S (1 ) (10)
C

Here, the superscript CR denotes the quantity in the coarse-
resolution simulation (Ax = 25 km), and the superscript FR de-
notes the quantity in the fine-resolution simulation (Ax = 1 km)
that is coarse-grained onto the 25-km grid. Notice that é'ﬂbc is
not necessarily small even when the domain-averaged baroclinic
velocity Uy, in the parameterized simulation matches that in the
fine-resolution simulation.

Previous studies also identified the local errors of buoyancy
(or isopycnal interface height in isopycnal models) as a useful
metric in assessing the skill of GM-based parameterizations
(Jansen et al. 2019; Kong and Jansen 2021). The bulk relative
error of potential temperature (equivalent to buoyancy in this
work),

—=CR _ —FR
£ = {l6 _;RG |}7 (1)
{6}

is therefore chosen as an additional metric in this study. No-
tice that although %hc and & both evaluate the local recon-
struction of stratification in coarse-resolution simulation, they
emphasize different aspects of the simulated flow (i.e., cross-
slope buoyancy gradient/frontal structure versus the buoyancy
itself).

4. Performance of eddy parameterizations

In this section, we examine the performance of different
GM-based parameterizations in predicting the flow barocli-
nicity of prograde shelf/slope fronts in our simulations. We
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FI1G. 2. The domain-averaged baroclinic velocity Uy, defined by Eq. (9) in the fine-resolution
simulation (red line) and coarse-resolution simulations incorporating different GM-based pa-
rameterizations (bars and markers; see legend and labels on the abscissa).

first identify the “optimal” constant eddy diffusivity and verify
the efficacy of selected flow-dependent GM variants in recon-
structing the domain-wide flow baroclinicity in the reference
experiment. Next, we compare the local flow baroclinicity pro-
duced by parameterized and eddy-resolving reference model
runs. We then extend our analyses to a range of model configu-
rations realized via the perturbation experiments (Table 2).
Last, we provide insights into the distinct skills of different GM
variants by discussing the prognostic eddy buoyancy diffusivities.

a. Parameterizing eddy fluxes in the reference experiment

1) SIMULATED DOMAIN-WIDE BAROCLINICITY IN THE
REFERENCE EXPERIMENT

Figure 2 compares the domain-averaged baroclinic velocity
Uy, in the fine-resolution simulation (red line) with those
in coarse-resolution simulations that incorporate different
GM-based parameterizations (bars and markers; superscripts
of K, denote the specific values of the constant diffusivity).
When the GM scheme is turned off in the coarse-resolution
simulation (the simulation corresponding to K2 ; see also
Fig. 1b), Uy, is overestimated by a factor of ~3. The domain-
averaged baroclinic velocity U, weakens as the magnitude of
the constant diffusivity grows due to increasingly stronger re-
stratification. The domain-averaged baroclinic velocity in the
reference 1-km run (Ue = 0.061 m s~ ' red line) is most
closely replicated by the 25-km simulation incorporating the
constant eddy diffusivity of K10, (Up. = 0.059 m s ). For a
simulation incorporating K., Kilou, KiEoys or Ko
Uy, also roughly matches that in the 1-km run, which is attrib-
uted to our optimal parameter tuning in the reference experi-
ment. When the “untuned” GEOMETRIC variant K;poy
(a9 = 0.07, 7 = 80 days) is adopted, Uy, in the coarse-resolution
simulation (0.032 m s~ !) is only half of that in the fine-resolution
simulation, suggesting a domain-wide over-restratification.

2) SIMULATED LOCAL STRATIFICATION IN THE
REFERENCE EXPERIMENT

In Fig. 3, we present the baroclinic velocity bias (color shadings)
(12)

—  _ =CR _ —FR

Aubc = Upe T Upe
as a function of depth and offshore distance produced by
coarse-resolution simulations incorporating different GM-based
parameterizations in the reference experiment. In prograde
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fronts, 7, is dominantly positive, and Az, >0 (A, <0)
therefore implies underpredicted (overpredicted) eddy restrati-
fication. Selected isotherms produced by the 1-km run (black
curves) and 25-km runs (green curves) are further superposed
to evaluate the local temperature reconstruction by the selected
GM variants. Specifically, the temperature warm (cold) biases
arise if the isotherms are deeper (shallower) in 25-km runs than
those in the 1-km run.

Similar spatial patterns of Au,  are found in coarse-
resolutliTon simulations incorporating K0 K> /ngEOM,
and KGEq, (Figs. 3a,b,d,e), with the local baroclinic velocity
overestimated over the continental slope (i.e., y € [150, 250] km)
and underestimated in relatively flat-bottomed regions (i.e.,
y < 150 km or y > 250 km). Since the temperature profile is
effectively fixed by the northern sponge layer, the overestimated
baroclinic velocity (and thus offshore buoyancy gradient) in the
open ocean (red shadings) leads to warm temperature anomalies
there, as manifested by the deeper isopycnals in coarse-resolution
simulation (dashed curves) than those in fine-resolution simula-
tion (solid curves). Toward the continental slope, warm tempera-
ture anomalies diminish and cold temperature anomalies arise,
consistent with the underestimated 7, (blue shadings). It is worth
noting that although the GM variants K1, Ko KéongM, and
IClGTéOM can reasonably reconstruct the domain-wide baroclinic
transport (Fig. 2), they lead to large local errors in the flow baro-
clinicity (e.g., |A%, | can exceed 0.50 m s7h.

When the 25-km run adopts Kggqy, (Fig. 3d), isopycnals in
the open-ocean region (y > 250 km) nearly match those in
the fine-resolution simulation, but the flow is overly stratified
over the continental slope, with Az, reaching a minimum of
—0.72 m s~ L. This overestimated eddy restratification in the
slope region is expected, as Kgpq,, agrees primarily with
eddy diffusivities diagnosed in the relatively flat-bottomed
open ocean environments (Wang and Stewart 2020; Wei et al.
2022). By replacing the constant prefactor ag in Kgpqy With
oy F geom following Eq. (6b), the slope-aware GEOMETRIC
parameterization IC%‘E’SM alleviates the prediction biases
shown in other simulations (Fig. 3f), especially over the conti-
nental slope (|Az, | stays below 0.30 m s~ 1). Consistently, the
predicted isopycnals in the coarse-resolution simulation with
JCore |, most accurately match those in the fine-resolution sim-
ulation. It is worth noting that the minimized Az, and the op-
timally matched isopycnals by the slope-aware GEOMETRIC
variant Ké‘g’SM cannot be achieved by the slope-independent
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Red (blue) shading indicates overestimated (underestimated) baroclinic velocity in coarse-resolution simulations. Black solid (green
dashed) contours indicate time- and zonal-mean isopycnals starting from 1°C with an interval of 2°C in the fine-resolution simulation

(coarse-resolution simulations).

GEOMETRIC variant (i.e., &geom = o), N0 matter how the
parameters ag and Ag are adjusted (Figs. 3d,e).

To quantitatively measure the local biases of 7, and 6 ob-
served in Fig. 3, we present in Fig. 4 the bulk relative errors
5ﬁ] and & defined by Eqs (10) and (11), respectively. The
constant dlffusmty K0 which produces the best matched
Uy, also minimizes relative errors in the coarse-resolution
simulation among all constant diffusivities (Eﬁbc =61.1% and
& =5.7%). We therefore refrain from discussing constant
eddy diffusivities other than K20  in subsequent analyses.

Despite the parametric dependence of Ky, and Koy On
the mean flow, the resulting relative errors are even larger
than those corresponding to the constant diffusivity K0
(e.g., 5_ =63.8% and & = 10.2% for K5gqpy)- Tuning ageom
or 7 in "the GEOMETRIC scheme without adding the slope-
aware modification does not qualitatively improve the recon-
structed baroclinic velocity (e.g., E_ =62.6% and & =7.7%
for ICé]‘E'OM) Last, the slope- aware GEOMETRIC variant
/Cg‘g’gM exhibits the best skill in predicting the local flow strat-
ification among all tested GM variants in the reference
coarse-resolution simulations, yielding Eﬁbc =33.5% and
&5 =2.8%.

b. Parameterization performance in perturbation
experiments

The analyses in the reference calculation show that the
slope-aware GEOMETRIC parameterization Kiare [Eq. (6)]
outperforms other tested GM-based schemes in reconstructing
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the mean flow state in coarse-resolution simulations. However,
it remains unclear whether similar conclusions hold across a
wide range of physical parameters. In this section, we utilize
the perturbation experiments (Table 2) to assess the perfor-
mance of selected GM-based parameterization schemes with-
out any retuning (i.e., by setting the tunable parameters
identical to those in the reference experiment). We start again
by investigating how well the selected GM variants reconstruct
the domain-averaged baroclinic velocity Uy, in all experiments.
Then we analyze the relative errors S_ and & to assess the re-
construction of the local mean current state by different GM
variants in all perturbation experiments.

1) SIMULATED DOMAIN-WIDE BAROCLINICITY IN
PERTURBATION EXPERIMENTS

In Fig. 5, we compare the domain-averaged baroclinic ve-
locity Uy, in fine-resolution simulations (red lines) against
those produced by coarse-resolution simulations incorporat-
ing different GM variants (bars and markers) in all perturba-
tion experiments. The “untuned” GEOMETRIC variant
Kgrowm (gray bars) produces consistently underestimated U,
by overly restratifying the flow in all experiments. In experi-
ments with varied slope half-width (i.e., 0.5W,, 0.66W,, and
1.5Wy) or thermal expansion coefficient (i.e., 0.5y and 2ay),
GM variants other than K, exhibit qualitatively similar
skills in predicting the bulk flow baroclinicity. Analyses of
the parameterized eddy fluxes reveal that the analogously
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ture & produced by coarse-resolution simulations incorporating different GM-based parameter-
izations (see legend and labels on the abscissa) in the reference experiment.

predicted Uy by these GM variants in each perturbation ex-
periment is related to the nearly identical domain-wide restra-
tification (i.e., domain-averaged buoyancy fluxes {F}})
predicted by different GM variants, despite their distinct
cross-slope variations. Specifically, the standard deviation of
predicted {77} by GM variants other than Kggq), is less than
8% relative to their mean value in each perturbation experi-
ment with varied agy or W, (not shown).

Experiments with varied winds (i.e., 1.57y and 27) reveal bet-
ter skills of energetically constrained GM variants in reconstruct-
ing the bulk flow baroclinicity. When KX and K are
adopted (blue and green bars), the increment of U, with
strengthened winds is overestimated. In specific, Uy, increases
from 0.059 to 0.127 m s~ (from 0.061 to 0.070 m s~ ') in the
25-km run adopting Kiggst (1-km run) as the wind strength is dou-
bled. When the coarse-resolution simulations incorporate K, ,
the overestimated increment of Uy, with strengthened winds is
slightly alleviated (Uy increases from 0.065 to 0.106 m s~ ') com-
pared to the case of K20 . This alleviation is due to the enhanced
eddy restratification predicted by K, in the 27, experiment, as
the isopycnals are steepened by wind. However, the restratifica-
tion induced by the Visbeck et al. (1997) scheme is still too weak

under stronger winds compared to the case of fine-resolution
simulations. When the energetically constrained GEOMETRIC
schemes, Ko, KiE oy or Ki%e  serve as the GM-based
eddy closure (markers and purple bars), the 25-km simulations ef-
fectively capture the growth of Uy, in response to strengthened
winds, with the Uy, bias staying below 0.015 m s~ 1. Note also that
although the GEOMETRIC variant K, produces consis-
tently underestimated U, it still correctly captures the increasing
trend of Uy, with strengthened winds. The accurately predicted
sensitivity of Uy, to varied winds by GEOMETRIC parameteriza-
tions is primarily attributed to the response of domain-averaged
subgrid-scale eddy energy to surface winds, which will be discussed
in more detail in section 5.

2) SIMULATED LOCAL STRATIFICATION IN
PERTURBATION EXPERIMENTS

As discussed in section 4a, while Uy, provides a useful met-
ric for the domain-wide parameterized eddy restratification,
nonnegligible local errors of simulated flow baroclinicity may
exist. We therefore assess the performance of different GM
variants in reproducing the local @, and 6 in all coarse-

0.15 T
|— FRS [ K5% 0 K [ Keron O Kigon © Kigon B Kooy
— 0.1F I _
Z
é I R O g
] — 1o “ -
2005 mg B ﬁ i Ii II g I. .
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FI1G. 5. The domain-averaged baroclinic velocity Uy, in the fine-resolution simulations (red lines)
against those in the coarse-resolution simulations incorporating different GM variants (bars and
markers; see legend) in all perturbation experiments (see labels on the abscissa and Table 2). The

gray shading highlights the reference experiment.

Brought to you by NATIONAL OCEANOGRAPHY CENTRE | Unauthenticated | Downloaded 03/13/24 10:03 PM UTC



368

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 54

5 TE s10] T T
100 [ Kl B Ko £ Keeomw O Kiow ¢ Kigow B K35y ()
= 5 i
o i
§ o]
- : 5 ° : .
T T T T T T T T T
15| (b)
S0k F© o o -
= o O <
= g 0 c o o
% I o
5L B ,
0
0.5W; 0.66W Ref. 1.5W; 1.57 27 0.5ap 20y Average
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izations (bars and markers; see legend) in all perturbation experiments (see labels on the abscissa
and Table 2). The relative errors averaged across all experiments are shown via the rightmost
column in each panel. In both panels, the gray shading highlights the reference experiment.

resolution experiments (Fig. 6). When the coarse-resolution
simulations incorporate the constant diffusivity K120 (blue
bars), E_ and & averaged across all experiments (see the
rlghtmost panel) are 71.5% and 9.0%, respectively. The over-
all performance of the Visbeck et al. (1997) scheme (green

bars) is slightly worse than the constant diffusivity Kl

in local stratification reconstruction (£&; =84.3% and
& =10.7% averaged across all expenmentss though Klf)gst

ylelds the largest & in the 27, experiment. The slope-independent
GEOMETRIC Variants (gray bars and markers) show similar
skills in reconstructing the local baroclinicity as Kl and K,
(% =67.8%, 65. 7% and 76. 7% averaged across all experl—
ments for Kaeom ICGEOM, and KIGEOM, respectively). Consistent
with the results in the reference experiment (Fig. 4), the slope-
aware GEOMETRIC variant /C3P - (purple bars) most accu-
rately predicts the baroclinic velocity and buoyancy fields in all
other perturbation experiments, with Sﬁhc and & averaged across
all experiments being as low as 41.7% and 4.7%, respectively.
Given the efficacy of the slope-dependent function F 5oy,
in adapting the GEOMETRIC scheme to prograde slope
flows, one may wonder whether similar modifications can be
made to the Visbeck et al. (1997) scheme or even an other-
wise constant diffusivity such that the prediction biases associ-
ated with these GM-based closures can be mitigated. We have
conducted additional coarse-resolution simulations incorpo-
rating two modified GM-based schemes, F;poyKeons and
F seomKyisy» 0 all perturbation experiments. For these modi-
fied schemes, we set K, =300m’s ! and /g, = 80 km to
attain matched Uy, produced by coarse- and fine-resolution
simulations in the reference experiment (cf. section 3d). Add-
ing the slope-dependent function indeed alleviates the predic-
tion biases in both cases [£5 =7.3% and 8.2% averaged
across all experiments for the modified “constant” diffusivity
and Visbeck et al. (1997) scheme, respectively; not shown].
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Nevertheless, the slope-aware GEOMETRIC variant still
yields the most accurate prediction of the local stratification
among all closures considered across our coarse-resolution
simulations.

In summary, the energetically constrained GEOMETRIC
variants exhibit a better skill in capturing the sensitivity of do-
main-wide baroclinic transport to varied winds, and the slope-
aware form of the GEOMETRIC closure Khs,, outperforms
other GM-based schemes in reconstructing the local density
structure of prograde fronts in coarse-resolution simulations
across a wide range of physical parameters. The superior per-
formance of IC%‘E’BM cannot be achieved by solely tuning ageom
or 7z in Kgpoum» Which highlights the necessity to incorporate
the topographic suppression effects of eddy buoyancy fluxes
across the sloping seafloor.

c¢. Prognostic eddy buoyancy diffusivities

To further interpret the local mismatch between coarse- and
fine-resolution simulations, we plot in Fig. 7 the prognostic dif-
fusivities (colored curves) predicted by different GM-based
parameterizations upon flow equilibria in coarse-resolution
simulations as functions of offshore distance in the reference
experiment, along with the diagnosed depth-averaged eddy
buoyancy diffusivity (black dots),

Kiag = (V'0")/(0,D), (13)
in the reference fine-resolution simulation. Here, the prime
(o’ = @ — @) stands for the deviation from the time and zonal
mean.

The constant diffusivity K120, (blue line) is overall weaker
(stronger) than K diag 10 the open ocean (over the continental
slope), and therefore results in an underestimated (overesti-

mated) eddy restratification in the 25-km run compared
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FI1G. 7. Eddy buoyancy diffusivity diagnosed in the fine-resolution
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parameterizations in the coarse-resolution simulations (curves; see
legend) as functions of offshore distance in the reference experiment
upon dynamic equilibria.

against the 1-km run, consistent with positive (negative)
values of Aw,  and steeper (flatter) isopycnals as shown in
Fig. 3b.

The diffusivity predicted by the Visbeck et al. (1997)
scheme (green curve) shows a similar magnitude as K to
the south of y = 350 km, and its spatial variation exactly op-
poses the profile of the true eddy diffusivity Ky, Specifically,
while K, peaks at 205 m? s~! over the continental slope
(v = 188 km), the diagnosed diffusivity K diag reaches a global
minimum of 13 m”s™ ' at y = 197 km. The magnitude of K,
is proportional to the Eady (1949) growth rate (og) (this
growth rate is dominated by M? in our simulations) following
Eq. (4) and is therefore enhanced across the frontal zone over
the continental slope. The opposite profile of K, to that of
K ding explains the overall worse performance of the Visbeck
et al. (1997) scheme than the constant diffusivity Kloo in re-
constructing the local stratification, as indicated by the bulk
relative errors in Fig. 4. These results are consistent with the
assertion of Isachsen (2011) that a GM-based closure pro-
portional to the thermal wind velocity may effectively “wash
out” the frontal structures of topographically steered ocean
currents.

When the untuned GEOMETRIC parameterization
Kgrom is adopted (solid gray curve in Fig. 7), no obvious
eddy suppression is detected across the sloping bottom.
Consequently, Koy Significantly exceeds Kdiag over the
continental slope (e.g., Kgpoy =390m*s™" versus Ky, =
15m?s™! at y = 188 km), yielding overly flattened isopycnals
there (Fig. 3c). With reduced ageom OF 7, the predicted diffu-
sivity ’Cgt]gow[ and KgEOM (dashed and dotted curves) de-
creases in magnitude across both the continental slope and
open ocean regions compared to the prediction by K;pon-
Notably, the order-of-magnitude decrease of ’Cdiag from the
open ocean toward continental slope cannot be captured by simply
retuning the value of ageom OF 7. On the contrary, the prognostic
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FIG. 8. The domain-averaged total eddy energy {F} diagnosed in
fine-resolution simulations (red lines) against those in coarse-resolution
simulations incorporating Koy, (gray bars), KéaE”OM (squares),
ICgEOM (diamonds), and ICS(I%’SM (purple bars) in all perturbation ex-
periments (see labels on the abscissa and Table 2).

diffusivity predicted by the slope-aware GEOMETRIC
parameterization (purple curve) quantitatively captures the
variation of K, (e.g., both Kchore  and K 4iag decrease by
two orders of magnitude from y = 363 km to y = 188 km),
consistent with the minimal %, and 6 errors shown in
Figs. 3f and 4.

In appendix B, we present the prognostic eddy buoyancy
diffusivity predicted by the selected GM variants along with
the diagnosed diffusivity in all perturbation experiments
(Fig. B1). The aforementioned characteristics of the prognos-
tic and diagnosed eddy diffusivity in the reference simulation
apply to all other experiments.

5. Emergent eddy energy

It is noteworthy that the energetically constrained slope-
aware GEOMETRIC parameterization has shown a promis-
ing skill in reproducing the flow baroclinicity (both in bulk
and local senses) across prograde fronts, despite the fact that
the subgrid-scale eddy energy budget is not specifically de-
signed for a sloping-bottomed ocean. In this section, we exam-
ine the extent to which the prognostic eddy energy budget (8)
in coarse-resolution simulations can quantify the true eddy
energy in fine-resolution simulations. Investigating the prog-
nostic eddy energy also helps to elucidate the relative importance
of the specific parameter dependence and the parameterized
eddy energy to the predictive skill of the GEOMETRIC
parameterization.

a. Domain-wide eddy energy

In Fig. 8, we show the domain-averaged prognostic eddy
energy {E} in 25-km simulations incorporating GEOMETRIC
variants (bars and markers), along with the diagnosed {E}
in 1-km runs (red lines; see appendix C for the detailed for-
mulation) across all perturbation experiments. The diagnosed
total eddy energy in fine-resolution simulations is reasonably
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captured by the prognostic eddy energy budget with Kiors,
(purple bars) and ’ngﬁom (squares) in all experiments except for
the case with the gentlest sloping bottom (i.e., 1.5W;). The
consistency between the diagnosed and predicted {E} is par-
ticularly obvious in simulations with varied winds or thermal
expansion coefficients. The similar magnitudes of {E} in sim-
ulations with KC5o%¢  and KL, suggests that the effect of
introducing the bathymetry-dependent factor on the domain-
wide energy level is analogous to that of reducing the cons-
tant GEOMETIRC prefactor «y. For the experiment with
the gentlest sloping bottom (i.e., 1.5W;), the diagnosed eddy
energy increases by a factor of ~2 compared with the refer-
ence experiment, but this increment is not adequately captured
by any GEOMETRIC variant. The reason for this underestima-
tion is unclear to the authors but may relate to the simplicity of
the eddy energy budget.

When the GEOMETRIC variants Ky and ICgEOM are
adopted, the prognostic eddy energy is consistently underesti-
mated, but the variation of the bulk energy magnitude is still
qualitatively correct. For instance, {E} is clearly predicted to
increase with amplified wind or thermal expansion coefficient.
Note also that the energy levels predicted with Kgpqy and
’Cglfiom are nearly identical in each experiment, despite the
fact that the eddy energy dissipation time scale in the energy
budget differs by a factor of two between these two cases.

To explain the characteristics of domain-wide prognostic
eddy energy shown in Fig. 8, one may attempt to analyze the
leading-order balance of the eddy energy budget (8) embed-
ded in the GEOMETRIC parameterization. However, the
source and dissipation terms that dominate the energy budget
are both linearly proportional to the eddy energy. In this case,
the eddy energy itself cancels out so that the linear dissipation
governs the mean flow baroclinicity [see Eq. (6) of Marshall
et al. (2017) and appendix B of Mak et al. (2017)].

A more informative approach is to analyze the momentum bal-
ance in a zonally symmetric system, where the momentum in-
jected by surface winds must be transferred downward to the
seafloor, primarily through the eddy interfacial form stress
—f,(F4/N?) (e.g., Marshall and Speer 2012; Vallis 2017). By param-
eterizing the interfacial form stress using the GEOMETRIC closure
and assuming negligible residual flows, Marshall et al. (2017) de-
rived a scaling of the eddy energy level [see their Eq. (3)], i.e.,

|V

pred p(}f()ageom ’ (14)
which suggests that the eddy energy enhances with N/f, and
wind stress but decreases with the GEOMETRIC prefactor.

Despite the fact that diabatic effects do exist in our coarse-
resolution simulations (e.g., temperature restoring at the sur-
face), the theoretically predicted energy following Eq. (14)
builds a correlation of 0.87 with the prognostic {E} in all simu-
lations incorporating GEOMETRIC variants. The scaling Eq.
(14) explains the elevated {E} observed in experiments with
strengthened wind stress or thermal expansion coefficient (in
the latter case, the vertical stratification is strengthened rela-
tive to the reference case), and in simulations with Khors,
and KZ2oy for which the domain-wide GEOMETRIC
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FIG. 9. Depth-integrated total eddy energy diagnosed in the fine-
resolution simulation (black dots) and predicted by the energy bud-
get (8) in coarse-resolution simulations (curves) as functions of off-
shore distance in the reference experiment.

prefactor is reduced (Fig. 8). The scaling derived by Marshall
et al. (2017) also suggests that the dissipation time scale does
not directly control the equilibrated eddy energy level in
coarse-resolution simulations. Rather, the dissipation time
scale affects the eddy energy level through its impacts on the
stratification N/fy (e.g., Figs. 3c,e). However, this impact is
quantitatively trivial as {N/f} increases only by around 2%
when 1 is varied from 40 to 80 days in our simulations.

b. Local errors of prognostic eddy energy

Though it is encouraging to find the agreement between the
domain-wide prognostic and diagnosed eddy energy for simu-
lations incorporating IC%?SM and ICg;gOM in most experiments
(Fig. 8), cautions must be taken because local errors of eddy
energy might be substantial in coarse-resolution simulations.

In Fig. 9, we compare the cross-slope variations of the
depth-integrated eddy energy predicted by the energy budget
(8) in the 25-km run (colored curves) and diagnosed from the
1-km run (black dots) in the equilibrated reference experi-
ment. Local mismatches of eddy energy emerge for all
GEOMETRIC variants. For instance, eddy energy in the
25-km simulation incorporating Ko, peaks at 582 m® s 2 at
y = 238 km, which contrasts with the energy maximum of
964 m®> s7? at y = 176 km in the fine-resolution simulation.
Without including F g, but using a reduced «p in the
GEOMETRIC prefactor, ICGO{SOM produces a nearly identical
distribution of prognostic eddy energy as IE%‘E’SM The other
two GEOMETRIC variants Kgp,, and ICGTEOM lead to sub-
stantially underestimated eddy energy across the latitudinal
range of y € [120, 240 km], due to the overestimated
GEOMETRIC prefactor [see Eq. (14)].

To quantify the mismatch between the diagnosed and predicted

eddy energy, we define a bulk relative error of eddy energy as

_ {|ECR B EFR|}Mer , (15)

E =
{E FR }Mcr
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TABLE 3. The bulk relative error of eddy energy £, (%) defined
by Eq. (15) produced in coarse-resolution simulations incorporating

GEOMETRIC parameterizations Kgpons Koo Kty and

slope - . .
KGeom 1n all perturbation experiments.

Keeoum Ki}D‘EOM Kgﬁom KE?SM
0.5W; 42.6 45.6 47.8 48.2
0.66W; 61.6 83.5 60.6 84.2
Ref. 44.4 50.6 44.5 55.8
1.5W, 71.0 524 72.9 47.4
1.57 421 383 42.4 46.5
2.079 50.2 323 50.6 38.8
0.5a4 54.0 571 52.5 54.3
2.0 54.3 48.2 57.6 52.2

where {e},  indicates the meridional average operator across
the coarse-resolution model domain out of the sponge layer
(i.e., y € [0, 450] km). As listed in Table 3, nonnegligible £,
are found in all simulations despite the well-constrained do-
main-wide eddy energy {E} by ICgEOM and K¢ (Fig. 8).
The averaged values of £ across all perturbation experiments
are 52.5%, 51.0%, 53.6%, and 53.4% for 25-km simulations
incorporating K gy ’nglgOM? KgEOM, and KR respec-
tively. Therefore, incorporating the slope-aware GEOMETRIC
variant ICS(;%’SM does not improve the predicted cross-slope
eddy energy distribution.

The substantial local energy errors, however, do not signifi-
cantly compromise the skill of the slope-aware GEOMET-
RIC variant IC%‘ESM in reconstructing the stratification in
coarse-resolution simulations (Fig. 6). This is partly because
the errors can at most create a factor of 2-3 difference in eddy
energy, but there is a three-orders-of-magnitude variation in
the eddy diffusivity across the continental slope and the open
ocean (e.g., black dots in Fig. 7). Moreover, the order-of-
magnitude variation of eddy buoyancy diffusivity is primarily
governed by the variation of the Eady (1949) growth rate. In-
deed, (j: e dz) " in the reference fine-resolution simula-
tion increases from ~30 s m~ ! at the midslope position (i.e.,
y = 200 km) to ~4600 s m ! at y = 360 km (not shown),
whereas £ varies only by a factor of ~6. Therefore, the local
errors in the prognostic eddy energy play a secondary role in
shaping the spatial structure of the predicted eddy buoyancy
diffusivity.

c. Significance of the variation in domain-wide
eddy energy

The insensitivity of the reconstructed flow baroclinicity to
the eddy energy local errors in the GEOMETRIC scheme
raises the question of whether the predicted trend of eddy en-
ergy in response to external forcing is essential to maintain the
predictive skill of GEOMETRIC parameterization across pro-
grade fronts. To address this question, we conducted additional
simulations incorporating the slope-aware GEOMETRIC vari-
ant but with fixed depth-integrated eddy energy, i.e.,

slope _ 0
KGEOM'EO = Forommo > (16)
‘[ opdz
—|H]|
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FIG. 10. The domain-averaged baroclinic velocity Uy, defined by
Eq. (9) in fine-resolution simulations (red lines) against those in
coarse-resolution simulations employing GEOMETRIC parame-
terizations KRS, (purple bars) and KChrs, | £, (vellow bars)
across all perturbation experiments (see labels on the abscissa and

Table 2).

in all perturbation experiments, where Eo =45m3s7? is a

constant depth-integrated eddy energy that allows the refer-
ence experiment to achieve matched U, between the 25- and
1-km simulations. Figure 10 shows the domain-averaged baro-
clinic velocity Uy, in the 25-km runs using GEOMETRIC var-
fants KCSore. and KR | £, against those in the 1-km runs in
all experiments. With fixed eddy energy, the slope-aware
GEOMETRIC variant K3 | ¢, (vellow bars) significantly
overestimates the sensitivity of Uy, to amplified wind or ther-
mal expansion coefficient. Specifically, Kg‘g’gw £ produces
Uy = 0.171 m s~ ! in the 27, experiment, which eoxceeds Upc
in the fine-resolution simulation by a factor of 2.5. On the
contrary, with predicted eddy energy via Eq. (8), the errors in
U, are significantly reduced (purple bars). The bulk variation
of eddy energy in simulations with the GEOMETRIC param-
eterization thus plays a prominent role in predicting the
domain-wide eddy restratification.

To summarize, the eddy energy budget (8) in the
GEOMETRIC parameterization correctly captures the bulk
variation of eddy energy across our simulations (Fig. 8), al-
though local errors are present (Fig. 9). These local errors do
not compromise the performance of the GEOMETRIC var-
iants, since the order-of-magnitude cross-slope variation of the
eddy diffusivity is primarily governed by the Eady (1949)
growth rate. Despite the relatively minor role played by the
spatial distribution of eddy energy, accurately predicted bulk
variations of the eddy energy in response to the environmental
changes are crucial for accurately predicting the domain-wide
mean flow baroclinicity across the perturbation experiments
(Fig. 10).

6. Summary and discussion

In this work, we assess the predictive skill of various GM-
based eddy parameterization schemes (Gent and McWilliams
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1990; Visbeck et al. 1997; Marshall et al. 2012; Wei et al. 2022)
across prograde frontal currents using a set of coarse-resolution
simulations, the solutions of which are compared against fine-
resolution simulations with otherwise nearly identical model con-
figurations. The main conclusions of this work are as follows:

1) The energetically constrained GEOMETRIC parameteriza-
tion schemes [i.e., Egs. (5) and (6)] more accurately predict
the domain-wide mean flow baroclinicity in coarse-resolution
simulations than constant eddy diffusivities [i.e., Eq. (3)] and
the Visbeck et al. (1997) scheme [i.e., Eq. (4)]. This highlights
the benefits of coupling a subgrid-scale eddy energy budget
with a GM-based scheme in constraining the effects of eddy
buoyancy fluxes in coarse-resolution simulations (Mak et al.
2018; Jansen et al. 2019).

2) The slope-aware modification (6b) added into the
GEOMETRIC prefactor is crucial for accurately predicting
the mean state of prograde currents in coarse-resolution
simulations. It leads to a reduction in the predicted eddy
diffusivity magnitude over the sloping seafloor while mini-
mally altering the diffusivity magnitude in the relatively
flat-bottomed open ocean. The thus formulated slope-aware
GEOMETRIC parameterization for eddy buoyancy fluxes
outperforms other GM-based parameterization schemes in
our coarse-resolution simulations.

3) The eddy energy budget (8) associated with the GEOMETRIC
parameterization effectively captures the varying trend of the
domain-wide eddy energy level across our perturbation experi-
ments. Despite the local errors in the predicted eddy energy,
the prograde mean current state reconstruction in coarse-
resolution simulations appears insensitive to these errors. This
implies that existing subgrid-scale eddy energy budgets (Mak
et al. 2018, 2022b; Jansen et al. 2019; Kong and Jansen 2021)
developed for open-ocean environments can maintain their util-
ities in augmenting eddy parameterizations across steep conti-
nental slopes.

Further refinement of the subgrid-scale eddy energy budget
entails a better understanding of the eddy energy dissipation
rate. Mak et al. (2022a) showed that one could approximate a
spatially varying dissipation rate via kinematic-type inference
calculation using diagnostics in fine-resolution simulations,
and the thus approximated dissipation rate can be further uti-
lized in prognostic simulations. While a spatially varying en-
ergy dissipation rate has the potential to improve the
prognostic eddy energy budget, the approximation of the dis-
sipation rate via the inference calculation depends on the tun-
able parameters in the eddy energy budget (e.g., the energy
diffusivity and the prefactor of GEOMETRIC variants) as
well as parameters in the inference calculation.

This study specifically focuses on prograde flows, which
constitute only half of the large-scale shelf/slope flow systems
found in nature (e.g., Isachsen 2011). In contrast, retrograde
flows are characterized by isopycnals tilted in the same direc-
tion as the ocean bottom. Using idealized eddy-resolving sim-
ulations, Wang and Stewart (2020) have proposed several
energetically constrained slope-aware scalings of eddy buoy-
ancy fluxes across retrograde flows (see their Table 3), which
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differ in both the relevant parameter dependence (the ratio
between topographic slope and depth-averaged isopycnal
slope, rather than the slope Burger number, was used in their
scaling prefactors) and functional forms from the scheme
evaluated in this study. Assessment of the scalings of Wang
and Stewart (2020) in coarse-grid simulations of retrograde
flows aided by a subgrid-scale eddy energy budget (similar to
the one used here) is warranted and ongoing.

There exist other approaches to adapting existing GM-
based parameterizations toward continental shelf and slope
regions. For instance, a “depth-tapering” scheme has now
been implemented in Nucleus for European Modeling of the
Ocean model (NEMO) to suppress the GEOMETRIC-based
eddy buoyancy diffusivity across shoaling bathymetry. This
depth-tapering scheme was devised to rectify the potential
over-restratification by the slope-independent GEOMETRIC
scheme in shallow regions. It would be of interest to compare
the efficacy of the slope-aware modification (6b), which is
mainly controlled by the bottom steepness, against the depth-
tapering scheme in constraining the mean state of the ocean
circulation over the continental shelf and slope in a coarse-
resolution global simulation.

Recent works on eddy parameterization development high-
light the significance of energy backscatter in compensating
for the overly large forward energy transfer induced by vis-
cous closures (Juricke et al. 2019, 2020a,b) and in building
“resolution awareness” into eddy parameterization schemes
for eddy-permitting ocean models (Zanna et al. 2017; Bachman
2019; Jansen et al. 2019). In parallel, Mak et al. (2023) pro-
posed an alternative “splitting” approach to realizing resolu-
tion-awareness of GM-based parameterization schemes; these
modified schemes mainly shape the large-scale part, defined
via the splitting approach, of ocean stratification and allow ex-
plicitly resolved mesoscale variability to exist (see their Fig. 3).
By contrast, this study has focused solely on the “noneddying”
regime. In reality, mesoscale eddies can be partially resolved
across the continental slope regions that are close to the open
ocean. In such cases, a resolution-aware eddy parameteri-
zation scheme may be favored. It is worth investigating
whether an energy backscatter scheme or the splitting ap-
proach can augment our proposed slope-aware closure if
an eddy-permitting grid resolution is employed to resolve
part of the mesoscale.

The bathymetry used in this study is symmetric alongshore,
which contrasts with the realistic seafloor characterized by a
broad spectrum of topographic variations [e.g., see Fig. 12 of
de La Lama et al. (2016)]. To maintain the skill of the slope-
aware GEOMETRIC parameterization, caution must be
taken in calculating the bottom steepness, which dominates
the magnitude of the slope Burger number (and thus the
slope-awareness modification). Specifically, the slope Burger
number following Eq. (7) should reflect the large-scale part of
topographic variations (e.g., with spatial scale exceeding the
local internal deformation radius; Isachsen 2011), which mod-
ulates the background PV gradient (Vallis and Maltrud 1993).
Small-scale seafloor roughness, by contrast, is anticipated to
mainly modulate the geostrophic turbulence by dissipating
the mesoscale eddy energy (Nikurashin et al. 2013; Klymak



FEBRUARY 2024

et al. 2021; Yang et al. 2021; Ruan 2022), and shaping the ver-
tical structure of mesoscale turbulence (Treguier and Hua
1988). These two effects from small-scale seafloor roughness
should be incorporated into the dissipation time scale 7z or by
imposing a vertical structure of the parameterized eddy energy
in the GEOMETRIC scheme, both of which warrant in-depth
investigations. In practice, a coarse-grid (~1/4°) simulation may
smooth out most of the fine-scale seafloor structures, and calcu-
lating the slope Burger number using the gridscale bathymetric
gradient may suffice. However, rigorous quantification of the to-
pographic spectra in ocean models can be necessary. In the pres-
ence of seafloor roughness, a spatial filter with a cutoff length
scale of the local deformation radius is expected to facilitate the
formulation of a slope-aware eddy parameterization.

Several caveats arise from the idealization of our model con-
figurations. First, this study focused exclusively on flows over
along-slope symmetric continental slopes, which prevented the
formation of standing meanders capable of stratifying the re-
solved flow (Kong and Jansen 2021; Bai et al. 2021). Moreover,
this study did not account for the influence of sea ice, which can
modulate the momentum budget of a prograde slope current
(Si et al. 2022) and shape the slope frontal structure through ice
melting (Silvano et al. 2018). Tidal flows, which have been
shown to modulate the heat transport across the Antarctic
Slope Front (Stewart et al. 2018; Si et al. 2022), were also ne-
glected. Last, isopycnal eddy diffusion [associated with the Redi
(1982) parameterization scheme] can also impact the mean flow
stratification in a more realistic ocean controlled by the nonlin-
ear equation of state (e.g., Holmes et al. 2022). Future works
are warranted to understand the joint effects of isopycnal eddy
diffusion and cross-slope eddy buoyancy fluxes on the mean
state of prograde current systems.

Acknowledgments. The authors thank two anonymous re-
viewers for their detailed comments that improved this

WEI ET AL.

373

article. This work is supported by the Research Grants
Council of Hong Kong under awards General Research
Fund 16305321 (Y. W.) and Early Career Scheme 2630020
(J. ML), and the Center for Ocean Research, a joint research
center between Qingdao National Laboratory for Marine
Science and Technology and Hong Kong University of Sci-
ence and Technology.

Data availability statement. The MITgcm source code
(Version checkpoint68n) is archived at https://zenodo.org/
record/7621779. The documentation of MITgcm is available
on https://mitgem.readthedocs.io/en/latest/. The modified ver-
sion of the GEOMETRIC parameterization used in this study
has been published at https:/github.com/HuaiyuWEI/GEO
METRIC Slope. Parameter files for the reference fine-resolution
and coarse-resolution simulations are available on https:/zenodo.
org/record/8200677.

APPENDIX A

Sensitivity of Uy, to Tunable Parameters in the
GEOMETRIC Parameterization

In Fig. Al, we document the variation of U, in the
25-km simulations incorporating the GEOMETRIC variants,
Kgpom and IC%‘E’SM, with different values of ag or 7z in the
reference experiment. For both GEOMETRIC variants, Uy,
decreases as the value of agyeom Or 7 increases, consistent
with the scaling derived in Marshall et al. (2017) [see their
Eq. (7)]. Moreover, Uy, in simulations incorporating Agre,,
is always larger than that in simulations adopting Kgpom
with a fixed set of «y and 7. This is because the slope-aware
modification in IC%‘;%M following (6b) further reduces the
GEOMETRIC prefactor a,eom over the continental slope

(i.e., tgeom = ag).
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FIG. Al. The domain-averaged baroclinic velocity Uy, defined by Eq. (9) in the reference coarse-

slope

resolution simulations incorporating K, (gray line) and K5l (purple line) as functions of (a) o
and (b) 7. In both panels, the red lines indicate Uy, in the reference fine-resolution simulation.
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F1G. B1. Eddy buoyancy diffusivity diagnosed in the fine-resolution simulation (black dots) and produced by different GM-based pa-
rameterizations in the coarse-resolution simulations (curves) as functions of offshore distance in all perturbation experiments (see panel

titles; Table 2).

APPENDIX B

Prognostic Versus Diagnostic Eddy Diffusivities in
Perturbation Experiments

Figure B1 shows the diagnosed eddy buoyancy diffusivities
following Eq. (13) in 1-km runs (black dots) and the diffusiv-
ities predicted by different GM-based parameterizations in
25-km runs (colored curves) in all perturbation experiments
(Table 2). The “slope-aware” GEOMETRIC variant Ksé‘g’gM
more accurately predicts the offshore variation of & diag COM-
pared to other variants in all perturbation experiments.

APPENDIX C

Total Eddy Energy in Fine-Resolution Simulations

The calculation of the total eddy energy in fine-resolution
simulations exactly follows from Wang and Stewart (2020)
and Wei et al. (2022). Specifically, the total eddy energy is
formulated as

N, 1

1 1
E= —J EKEdz + — 2, EPE,), (Cla)
<|H| L =Tl
l—_ >
EKE = 2 (u? + v?), (C1b)
,1 i
EPE, = 58iMi+112 (Clc)

where EKE and EPE are respectively the eddy kinetic and
potential energies per unit mass, the subscript i stands for the
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number of isopycnal layers counted from surface to bottom
with its maximum indicated by Ny, g/ = g(p;,; — p;)/p, de-
notes the associated reduced gravity, and m;.1,, represents the
height of the isopycnal interface between layers i and i + 1.
To accurately calculate the EPE, we have defined a sum
of Ny, = 121 isopycnal layers and transformed the model
diagnostics from geopotential coordinates to isopycnal coor-
dinates following Young (2012). Among the selected isopyc-
nal layers, 71 layers fall into the buoyancy (i.e., potential
temperature) range of [0°, 10°C] , with their buoyancy inter-
vals chosen based on the prescribed vertical discretization
of the buoyancy field in the northern sponge layer, and the
remaining 50 layers correspond to the buoyancy range of
(10°, 15°C] , with their buoyancy interval fixed at 0.1°C ac-
cording to the prescribed linear surface temperature profile.
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