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ABSTRACT: The transport of Warm Deep Water (WDW) onto the Weddell Sea continental shelf
is associated with a heat flux and strongly contributes to the melting of Antarctic ice shelves.
The small radius of deformation at high latitudes makes it difficult to accurately represent the
eddy-driven component of onshore WDW transport in coarse-resolution ocean models so that a
parameterization becomes necessary. The Gent and McWilliams/Redi (GM/Redi) scheme was
designed to parameterize mesoscale eddies in the open ocean. Here, it is assessed to what extent
the GM/Redi scheme can generate a realistic transport of WDW across the Weddell Sea continental
slope. To this end, the eddy parameterization is applied to a coarse-resolution idealized model of the
Weddell Sea continental shelf and slope, and its performance is evaluated against a high-resolution
reference simulation. With the GM/Redi parameterization applied, the coarse model simulates a
shoreward WDW transport with a heat transport that matches the high-resolution reference and both
the hydrographic mean fields and the mean slopes of the isopycnals are improved. A successful
application of the GM/Redi parameterization is only possible by reducing the GM diffusivity over
the continental slope by an order of magnitude compared to the open ocean value to account
for the eddy-suppressing effect of the topographic slope. When the influence of topography
on the GM diffusivity is neglected, the coarse model with the parameterization either under or
overestimates the shoreward heat flux. These results motivate the incorporation of slope-aware

eddy parameterizations into regional and global ocean models.
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SIGNIFICANCE STATEMENT: Mesoscale eddies drive warm water across the continental slope
and onto the continental shelf of the Weddell Sea, where it melts the adjacent Antarctic ice shelves.
This process is not resolved in ocean models employing a coarse horizontal resolution akin to
state-of-the-art climate models. This work addresses this issue by modifying and applying a well-
established eddy parameterization to this specific case. The parameterization works particularly
well when it accounts for the effect of sloping topography, over which eddy transports are weaker.

We expect this modification also to be of benefit to regional and global models.

1. Introduction

Antarctic ice shelf and land ice masses are declining in response to climate change (e.g. Cook
et al. 2005; Rignot et al. 2014; Joughin et al. 2014; Rignot et al. 2019; Joughin et al. 2021) with
implications for global climate (Bronselaer et al. 2018) and sea level rise (DeConto and Pollard
2016; Pan et al. 2021). A major contributor is the transport of warm Circumpolar Deep Water
(CDW) onto the Antarctic continental shelf producing basal melting of adjacent ice shelves (Jacobs
et al. 1992; Rignot and Jacobs 2002; Pritchard et al. 2012). This results in a thinning and retreat
of ice shelves exposed to the warm water, which reduces their buttressing effect and accelerates
the mass release of marine-terminating glaciers into the ocean (DeConto and Pollard 2016; Paolo
et al. 2015).

In the Weddell Sea, the onshore transport of Warm Deep Water (WDW), a derivative of CDW
formed through mixing with colder and fresher water within the Weddell Gyre (Vernet et al.
2019), is concentrated at locations where dense water spills over the continental shelf and is
topographically steered down the continental slope (Morrison et al. 2020). Indeed, observations
within the Filchner Trough, a major pathway for the export of dense water from the Weddell Sea
continental shelf, show a coherence between down-slope transport of dense waters and onshore
WDW transport (Darelius et al. 2023).

On the Weddell Sea continental shelf, winter surface cooling and salt rejection during sea ice
formation transforms cold and fresh Antarctic Surface Water (AASW) into denser High-Salinity
Shelf Water (HSSW), some of which then circulates through the Filchner and Ronne ice shelf
cavities (Gordon et al. 2001; Nicholls et al. 2001, 2009; Hattermann et al. 2012; Janout et al. 2021).

HSSW induces basal melting at the ice shelf-ocean interface where it is transformed into Ice Shelf
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Water (ISW) (Jenkins and Doake 1991; Jacobs et al. 1992; Orsi et al. 1999; Foldvik et al. 2004).
The dense water subsequently propagates down the continental slope into the abyssal ocean while
entraining WDW (Orsi et al. 1999; Gordon et al. 2001; Nicholls et al. 2009). The resulting Weddell
Sea Bottom Water (WSBW) forms the densest and most oxygenated contribution to the Antarctic
Bottom Water (AABW), which flows northward as the lower limb of the Meridional Overturning
Circulation (MOC) (Fahrbach et al. 1995; Gordon et al. 2001; Orsi and Whitworth III 2005).

Together with Ekman convergence and downwelling in response to alongshore winds, the dense
water export sets up a characteristic V-shaped isopycnal structure of the Antarctic Slope Front
(ASF) (Jacobs 1991; Gill 1973). The ASF separates the continental shelf from Warm Deep
Water (WDW) and its offshore flank is associated with the Antarctic Slope Current (ASC) flowing
westward along the continental shelf break (Thompson et al. 2018).

The down-slope flow of dense water creates an isopycnal connection between the continental
slope and shelf so that no work against buoyancy forces is required to move a water parcel onto the
shelf (e.g. Nicholls et al. 2009, their Fig. 8). There is, however, a gradient in potential vorticity (PV)
resulting from the decreasing thickness of isopycnal layers towards the shelf break (Thompson et al.
2014), forming a dynamical barrier. The descent of dense water generates mesoscale eddies that
transfer westward momentum upwards. The resulting momentum convergence in the WDW layer
then balances the topographic vorticity gradient and allows the onshore flow of WDW (Stewart
and Thompson 2016).

Other drivers of shoreward WDW transport include residual tidal flow (Wang et al. 2013),
interactions of the ASC with submarine troughs and Rossby wave propagation therein (St-Laurent
et al. 2013), bottom boundary layer transport (Wahlin et al. 2012), and wind forcing (Hellmer et al.
2012; Darelius et al. 2016; Daae et al. 2017; Ryan et al. 2017).

Capturing eddy-driven exchanges across the ASF is challenging for numerical ocean models
because the small deformation radius at high latitudes can only be resolved at fine horizontal res-
olutions. For an ocean model to resolve the first baroclinic radius of deformation on a continental
shelf and slope at a latitude of 65°S requires a grid resolution of approximately 1 km (Hallberg
2013), much higher than currently feasible in global climate models. Idealized numerical experi-

ments representing the Antarctic continental slope and shelf confirm that a horizontal resolution on
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the order of O(1 km) is necessary to resolve eddies and capture the associated dynamical processes
(St-Laurent et al. 2013; Stewart and Thompson 2015).

When eddies are not resolved, a parameterization of their effects on the model solution is required.
For this purpose, a combination of the Gent and McWilliams (GM, Gent and McWilliams 1990)
and the Redi (Redi 1982) scheme is commonly used. The GM scheme reduces isopycnal slopes
by means of an advective tracer flux where the advective velocity, often labeled bolus velocity, is a
function of the slope of the local isentropic surface. The Redi scheme in turn imposes downgradient
diffusion of tracers along neutral surfaces, representing isopycnal diffusion of mesoscale eddies
(Redi 1982). Both schemes require setting a transfer coefficient, the thickness or GM diffusivity
kGm, and the isopycnal or Redi diffusivity «geq;.

Initially often set constant, it is clear that the GM and Redi diffusivities should vary in space and
time. Several schemes to compute a spatially varying GM coeflicient have been proposed based
on Mixing Length Theory, in which the diffusivity is related to the product of an eddy length scale
and velocity (e.g. Green 1970; Stone 1972; Visbeck et al. 1997; Cessi 2008; Eden and Greatbatch
2008; Fox-Kemper and Ferrari 2008; Jansen et al. 2015) or based on properties of the eddy stress
tensor (Marshall et al. 2012). In a subclass of schemes, the GM diffusivity is related to the sub-grid
eddy energy (e.g. Cessi 2008; Eden and Greatbatch 2008; Marshall et al. 2012; Jansen et al. 2015).

Frameworks for spatially varying estimates of kg are usually developed for the case of a flat
bottom. Sloping bathymetry, however, influences baroclinic instability depending on the ratio
between topographic and isopycnal slope 6 = $:0p0/5iso (Blumsack and Gierasch 1972; Mechoso
1980; Isachsen 2011; Brink and Cherian 2013). For ¢ < 0, the bottom slope has a stabilizing effect
so that growth rates and length scales reduce with |6|. When isopycnals moderately slope in the
same direction as the bathymetry (0 < ¢ < 1), the bottom slope acts to destabilize the flow with
maximum growth rates obtained for 6 = 0.5. Finally, in the case of topographic slopes steeper than
the slope of the isopycnals (6 > 1), the growth of instability is entirely suppressed.

The mean topographic slope adjacent to the dense shelves is approximately 0.02 in the Weddell
Sea and reaches 0.07 in the Cape Darnley Region and Adelie Coast (Mensah et al. 2021). Within
the ASF, isopycnal slopes tilt both in the same and opposite direction compared to the continental
slope, resulting in values of |§| of up to 15 (Stewart and Thompson 2013; Le Paih et al. 2020). In a
process model of the ASF and ASC, Stewart and Thompson (2013) infer reduced diffusivities over
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the continental slope where ¢ < 0. Scalings that diagnose the eddy diffusivity from the output of
process model simulations of continental slopes perform better when they incorporate information
about the topographic slope for both 6 < 0 and ¢ > 0 (Wei and Wang 2021; Wei et al. 2022).
Only recently, modifications to make the GM/Redi scheme slope-aware have been implemented
in numerical ocean models (Wei et al. 2024; Nummelin and Isachsen 2024). Nevertheless, these
implementations remain to be tested in more detail, in particular in the context of down-slope flows
of dense water and onshore flow of WDW at mid-depth.

In this work, we apply the GM/Redi parameterization to a numerical ocean model representing

the ASF and address the following questions:

1. Does the GM/Redi parameterization for mesoscale eddies reproduce eddy-driven shoreward

heat flux associated with the presence of WDW?
2. What is the effect of the GM/Redi parameterization on the simulated hydrographic fields?

3. What are suitable choices for the diffusivities within the GM/Redi scheme to represent the

exchange of heat across the continental slope?

For this purpose, we use an idealized model of the Weddell Sea continental slope and shelf and
compare high and coarse-resolution simulations with and without the GM/Redi parameterization.
The model setup and parameterization are described in section 2, the performance of the GM/Redi
scheme using different diffusivity estimates is evaluated in section 3, followed by a discussion and

conclusion in section 4.
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2. Model setup and analysis

For this work, an idealized model of the Weddell Sea continental slope and shelf is set up. The
configuration closely resembles the one described in Stewart and Thompson (2016), for which we
will only give a brief description and refer the reader to the original publication for more details. As
areference, we run the model at high-resolution resolving the first baroclinic radius of deformation,
and then compare the outcome to a coarse-resolution simulation in which the Rossby radius is not
resolved. Subsequently, we add the GM/Redi parameterization at coarse resolution and investigate

its influence on cross-slope heat fluxes and the hydrographic mean state.

a. Reference Simulations

All experiments are performed using the hydrostatic version of the Massachusetts Institute of
Technology general circulation model (MITgem, Marshall et al. 1997; MITgecm Group 2023). The
domain has a horizontal extent of 400 x 450 km, featuring periodic boundaries in the x-direction
and closed boundaries in the y-direction. The bathymetry of the Weddell Sea continental slope
is represented through an idealized, meridionally homogeneous slope connecting a 500 m deep
shelf section to the ocean bottom at 3000 m depth (Fig.1). At the surface, the model is forced
by a time-invariant zonal wind stress profile 7, with a maximum stress of 7,4, = —0.075 N m™2
representing westward wind. Over the first 50 km of the shelf, salt is injected at the surface at

2 57! to produce dense water. In order to maintain realistic surface

a rate of s,y =2.5mg m~
water conditions, a two-equation thermodynamic sea ice model employing a constant turbulent
heat exchange velocity of 6-10™ m s™! is used (Schmidt et al. 2004). Here, surface heat and salt
fluxes representing freezing and melting are determined from surface temperature and salinity.
Within a 50 km-wide sponge layer at the open ocean boundary, velocities are restored to zero
and temperature and salinity are restored to the initial profiles with time scales of 27 and 54 days
respectively. For the experiments, we select a nonlinear equation of state of McDougall et al. (2003)
and a 3rd-order direct space-time advection scheme with flux-limiting. The non-local K-Profile
parameterization (KPP, Large et al. 1994) represents vertical mixing in the surface boundary layer
and the ocean interior. At the bottom, momentum is extracted by bottom drag parameterized using

a linear bottom drag coefficient of r, = 1073 m s~!. Here, the absence of along-slope topographic

variations and the associated topographic form drag requires setting an untypically large bottom
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Fic. 1. Input profiles for surface salt flux s, y and zonal wind stress 7, (a), topographic slope and along-slope
and time-averaged potential temperature 6 at 1 km resolution (color shading) and neutral density (contours) (b),

initial and restoring profiles of potential temperature (c) and salinity S (d).

drag coefficient to simulate ASC velocities in the range of observed values. The model is run
on an f-plane with 8 = 0 since the vorticity gradient resulting from the sloping topography is
100 times larger than the change in planetary vorticity. All simulations are initialized from rest
using profiles of potential temperature 6 and salinity S representative of the western Weddell Sea
(Thompson and Heywood 2008). The model is then integrated with a horizontal grid spacing of
10 km for 40 years after which mean kinetic and potential energies have stabilized and no drift
in the domain-averaged temperature and salinity is observed. This coarse resolution ensures that
eddies are mostly unresolved over the continental slope while the slope is still represented by a
reasonable number of 15 grid points. To obtain the high-resolution reference simulation, the output
fields are interpolated to a horizontal resolution of 2 km after which the model is run to equilibrium
again. This procedure is then repeated for a horizontal resolution of 1km. Further refinements
in resolution did not produce major changes to the model solution, and therefore, the simulation
with a resolution of 1 km will serve as our reference. The numerical parameters of the reference

simulation are summarized in table 1.
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TaBLE 1. Parameter choices for the high-resolution reference simulation. Parameters for the coarse-resolution

runs are given in parentheses if different from the high-resolution case.

Value

Description

nx,ny,nz 400 (40), 450 (45), 77

dx, dy 1 (10)km, 1 (10) km
dz 13-100m
dt 180 (1200) s
Ly 400km

Ly 450km

H 3000 m
Hg 500m
Wihel s 125km

Ys 200 km
Wsiope 150km
Wi ponge 50km
Thydro 54d
Tvelocity 27d
Ssurf 2.5mg m2s7!
Wals 50km
Tmax -0.075N m~2
Yoy 225km

b 1-1073 ms™!
A 3-1074m2 57!
Ap, 12
Adgrid 0.1
Caleith 1.0
CuteithD 1.0

Kz 5.107%m? s~!
g 9.81m?s~!
0 1000 kg m™3
fo -1.31-107% 57!

Number of grid points in x,y,z direction
Horizontal grid spacing
Vertical grid spacing
Time step
Zonal domain size
Meridional domain size
Max. ocean depth
Shelf depth
Shelf width
Slope center
Slope width
Sponge layer width
Hydrographic restoring time scale
Velocity restoring time scale
Shelf salt input
Width of salt input region
Max. zonal wind stress
Position of max. wind stress
Linear drag coefficient
Vertical viscosity
Horizontal viscosity
Grid-scaled biharmonic viscosity
Leith biharmonic viscosity factor (vorticity part)
Leith biharmonic viscosity factor (divergence part)
Vertical diffusivity
Gravitational constant
Reference density

Coriolis parameter

b. Gent-McWilliams/Redi parameterization

To investigate the parameterization of mesoscale eddies, we extend the 10 km resolution runs

by another 40 years while employing the GM/Redi parameterization. In the GM scheme, the x-

component of the bolus stream ¥/, x is computed from the isopycnal slopes s;s,,y = (‘Z—‘;) /( —%—‘zr

so that

Brought you . STIFTUNG
Acce%tecf for pu%llca ionin

l/’bolus,x = KGM " Siso,y> (1)
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with boundary condition ¥p,,s.x = O at the surface and bottom. The meridional component v* of

the bolus velocity u* is then computed by taking the vertical derivative of the bolus stream function:

awbolusx
o OO 2
Y 0z @)

The corresponding components 045,y and u* are obtained analogously. Finally, the advective
flux divergence F ) for an arbitrary tracer ¢ is added to the right-hand side (RHS) of the prognostic

tracer equations in the form:

Fgy =-V-(gu"). (3)

The Redi scheme introduces a diffusion term into the RHS of the tracer equations of the form:

Fredi ==V - (—KkRediKgreai V) . 4)

The Redi scheme introduces a diffusion term into the RHS of the tracer equations of the form:

Freai = =V - (—kRrediKpreai V) . (5)

Here, kgeqi 1s the isopycnal diffusivity and Kg,.4; is a tensor rotating V¢ along isopycnal surfaces.

In the limit of small isopycnal slopes, the Redi tensor reads:

1 0 Sisox

Kgredi =| 0 1 Sisoy (6)

Siso,x siso,y |Sis0|2

To avoid numerical instability in the presence of large isopycnal slopes, we use the tapering scheme

of Gerdes et al. (1991). No major differences were observed when testing other tapering schemes.
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c. Simulation analysis

For analysis, monthly averages of the last 5 simulation years are used. Eulerian mean and eddy

across-slope heat and salt transports are diagnosed as

FO,mean = _C]),OO//V'5 dz dx,
xdz

FG,eddy = _CpPO//WdZ dx,
X JZ
Fsmean = _PO//V'EdZ dx,
XJZ
Fs.caay = —po / / V' S'dz dx,
X JZ

(7

®)

®)

(10)

where the overbar denotes a 5-year average in time and an average in along-slope direction, ¢, is the

specific heat capacity of water, and p is the reference density. For presentation purposes, minus

signs were added to the definition of the fluxes so that onshore fluxes are displayed as positive

values. The covariance term between eddy velocity v’ and an arbitrary quantity y is computed in

the form

VY =vy—-v-y.

The across-slope heat fluxes associated with the GM/Redi parameterization are

Foom = _cpPO//(V* -6) dz dx,
XJdZ

06 06
Fy Redi = —CpPo //(KRedi =+ KRedi " 5 * Siso,y) dZ dx,
xJz dy z

FoGm/Redi = Fo,cM *+ Fo,Redi-

Additionally, we compute the eddy kinetic energy (EKE) as

EKE = (ﬁw_z)

| =
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Barotropic and baroclinic ASC velocities up, and up,, respectively, are diagnosed as

Upr =U°, (16)

Upe =U—TU", (7)

where u* is the vertically averaged along-slope velocity. Further, the difference between the
coarse-resolution simulation field ¢,.,,, and the coarse-grained high-resolution field ¢ Fine,cq AT€

quantified by calculating the Root Mean Square Difference (RMSD)

RMSD = 5" (Beourse = Frinece) - (18)
X,Z

Finally, we diagnose the residual overturning by computing a stream function ¢ from the transport
in 160 layers of potential density o (as in e.g. D60s and Webb 1994; Hallberg and Gnanadesikan
2006; Abernathey et al. 2011):

Ures = /(Vh) do, (19)
where hdo with h = —dz/d0 is the thickness of the selected potential density layers. We then
map the stream function back to z-coordinates using the mean thickness of the potential density
layers. This approach has been shown to be formally equivalent to computing the transformed
Eulerian-mean (TEM) overturning circulation (MclIntosh and McDougall 1996). ¢ contains the

transport contributions of the Eulerian-mean and eddy overturning circulation. To isolate the eddy

component of the overturning, we decompose ¢ so that:

weddy =Yres = Wmeans (20)

where ¥/,,¢q, 1s the Eulerian-mean transport stream function

Umean = /(V) dz. (2D
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3. Results

a. Model solutions at high and coarse resolution

We start by discussing the differences in the model solutions at horizontal resolutions of 1 and
10 km, which a suitable parameterization has to overcome. We note here, that running the model at
a resolution of 1 km increases the computational cost by a factor of 600 compared to the resolution
of 10 km.

At the surface, a cold and fresh water layer is maintained by interactions with the simplified
thermodynamic sea ice model (Fig. 2a-b). The westward wind stress leads to shoreward Ekman
transport resulting in a depression of the isopycnals where the surface water converges over the
shelf break. The salt input over the shelf produces dense water flowing down the continental
slope in the form of a gravity current. The warm and salty water in-between is connected to the
continental shelf through sloping isopycnals resulting from both Ekman pumping and dense water
export. With the strong idealization of the model setup in mind, we will refer to these waters as
Antarctic Surface Water (AASW), Warm Deep Water (WDW), and Weddell Sea Bottom Water
(WSBW), separated by the neutral density surfaces of 28.10 and 28.45 kg m~>. For a detailed
discussion of the dynamical processes in the high-resolution setup, the reader is referred to Stewart
and Thompson (2016).

At a resolution of 10 km, the isopycnal slopes are steeper as they cannot be relaxed as effectively
in the absence of small-scale eddies (Fig. 2c-d). Consequently, the surface water is displaced
further downward and pushes the WDW further offshore. As a result, both the shelf and the gravity
current on the continental slope are colder. On the shelf, the isopycnals are now particularly
steep and the salt input cannot be distributed as effectively in the horizontal. Close to the shelf
break, interactions with the downward-displaced fresh surface water lead to an even fresher gravity
current.

At such coarse resolution, the along-slope averaged EKE is orders of magnitude smaller compared
to the high-resolution reference simulation (Fig. 3a-b). Similarly, the eddy component of the heat
flux strongly reduces over the slope and shelf (Fig. 3c-d). At both resolutions, the eddy heat flux
is balanced by a mean offshore heat flux over the shelf and slope. On the open ocean side, the net

shoreward heat flux is balanced by the thermodynamic sea ice model and the restoring layer (not
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Fic. 2. Along-slope and time-averaged potential temperature (left column) and salinity (right column) for
horizontal resolutions of 1 km (a, b) and 10 km without the GM/Redi scheme (c, d) and with the GM/Redi scheme

setting kg = Kgi;[g (e, f). The contour lines show selected levels of neutral density.

shown). The salt fluxes are dominated by the mean component over the slope and open ocean,
moving the salt injected over the shelf offshore, whereas the eddy component of the salt flux is
generally small (Fig. 3e-f). Since the model sustains no meridional mean flow over the shelf, all
meridional fluxes are counted as eddy fluxes here (Eq. 10), explaining how salt fluxes on the shelf
can still be resolved at coarse resolution. In the following, we focus our discussion on the eddy

heat fluxes.
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Fic. 3. Along-slope and time-averaged EKE (a, b, shading and contours), onshore heat (c, d) and salt (e, )

fluxes for horizontal resolutions of 1 km (left column) and 10 km (right column).

b. Estimating the GM diffusivity

In section 3a, we identified the strong underestimation of cross-slope heat transports and the
differences in the mean isopycnal slopes as the main issues of the low-resolution simulation that an
eddy parameterization needs to address. Now we test to which extent the GM/Redi parameterization
can reproduce the effect of mesoscale eddies in this context and reduce the associated differences.
For this, we need an initial estimate of the GM diffusivity. In the GM scheme, the bolus stream
function is computed as the product of the GM diffusivity and the isopycnal slope (Eq. 1). With
the “optimal” GM diffusivity, the resulting isopycnal slopes should match the isopycnal slopes in
the high-resolution reference run. Additionally, the bolus stream function should then equal the

eddy component of the overturning stream function ¢ .44y,. We can thus obtain an estimate for the

15
Accepted for publication in Jourmal of Physical Oceanography.'DOI 10:1175/5P0-B 2302151 =" " "



0_

0.2
_. —1000+

£ 0.0
N —2000-

-0.2

a) .
_3000 T T T T T T T -
100 200 300 400 100 200 300 400 100 200 300 400
y (km) y (km) y (km)

Fic. 4. Mean (a) and eddy (b) contributions to the residual overturning stream function (color shading and
contours) and estimate of the GM diffusivity according to Eq. 22 (c¢). Contour lines in (c) show neutral density

(same levels as in Fig. 2).

GM diffusivity from Eq. 1:

. Si, ,
ki = 200 (22)
Weddy

The main contribution to the transport across the slope at the depth of the WDW layer can
be attributed to the eddy component of the overturning (Fig. 4). In contrast, mean cross-slope
transports are confined to the surface and bottom. The estimated GM diffusivity Kf;’ff over the
continental slope is reduced by an order of magnitude compared to the shelf and open ocean
(Fig. 4c). Noticeably, the diffusivities are very small directly over the continental slope where
1sopycnals are roughly parallel to the bottom topography. At the AASW-WDW interface where the
isopycnal and topographic slopes oppose each other, slightly higher diffusivities of O(15m? s~!) are
observed, a value which is similar to observational estimates on the Weddell Sea continental slope
(Thompson et al. 2014). The strong influence of the bottom slope on the diagnosed diffusivity
is expected from theoretical considerations based on the modified Eady model (Blumsack and
Gierasch 1972). Moreover, the strong decrease of the diffusivity where isopycnals are roughly

parallel to the bottom slope is similar to the results of primitive equation simulations covering also

conditions not considered in the Eady model (Isachsen 2011).

diag

As Kdlag shows very little vertical structure, we proceed by taking the vertical average of «;,

as input for the GM scheme, analogous to other implementations of GM/Redi in MITgecm. We

dlag

then compare the result to two choices of a constant gy approximately matching «;,,” over the

const,low const, hzgh)

continental slope (x;,, ) and away from the slope («;,, (Fig. 5). Motivated by the strong
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damping of KdGi“g

v over the slope, we also set up a simple “slope-aware” GM diffusivity. Note

that we use the term “slope-aware” to refer to the dependency on the topographic slope since

the GM scheme is - by design - already dependent on the isopycnal slope in its traditional form.

slope

Slope-aware diffusivity estimates «;

can be constructed by introducing a scaling factor I that

contains information about the topographic slope

K9P ST kg, (23)
Here, we follow empirical scalings based on the slope Burger number B, and the topographic slope

S1opo (Brink 2012; Brink and Cherian 2013; Brink 2016; Wei and Wang 2021) of the form

1

=, 24
1+€- B 24

where B, =N - |s,0p0| / fo, N is the vertically averaged buoyancy frequency and € is a constant
tuning factor. Since fj is constant in our model setup and the variations of s;,,, are 1-2 orders of

magnitude larger than the variations in N over the domain, we simplify so that

KsGlife _ 1 . Kconst,high, (25)
L+e€cStopo

diag

and set €. = 800 in order to reach an approximate agreement with k.

On the shelf and open
ocean side, the topographic slope is small or zero so that the original diffusivity remains unchanged
whereas over the central slope, the GM diffusivity decreases by a factor of 10 very similar to the
case of KdGiZf (Fig. 5). In other works, the ratio between topographic and isopycnal slopes has
been used to construct damping factors (Stewart and Thompson 2013; Wang and Stewart 2020). In
a vertical average, these scalings produced very similar results after retuning the free parameters

(not shown). In addition to setting a constant GM diffusivity and modifying it over the topographic

slope, we use the scheme by Visbeck et al. (1997) with

Keo)| = aLz(%) : (26)
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Fic. 5. Vertically averaged diffusivity Kéiff diagnosed from the high-resolution reference simulation according
to Eq. 22 (black line), constant high and low GM diffusivities and slope-aware modification according to Eq. 25
(red lines), and high, low and slope-aware GM diffusivities following Visbeck et al. (1997) according to Eq. 26,

27 (blue lines). See main text for further details.

Here, « is a constant factor, L is a length scale, and Ri = N 2/ u% is the Richardson number.
Through vertically averaging in Eq. 26, the MITgcm implementation of the Visbeck scheme yields
a vertically constant xgys. Visbeck et al. (1997) find @ = 0.015 to be suitable for a wide range of

diag

applications for which we tune L to obtain two diffusivity profiles that approximately match «,/

over the slope or shelf and open ocean area respectively. The tuning results in values of Ly, =
40km and L;,,, = 15 km, which lie in the range of previously proposed length scales, namely the
width of the baroclinic zone (Green 1970), the model grid spacing (Kong and Jansen 2021), and
the Rossby radius of deformation (Stone 1972). Computing the first baroclinic Rossby radius of
deformation Lg = (NZH)/ | f| yields Lg = 60 km at the Northern boundary and Lr = 19 km at
the slope center. In both cases, the resulting GM diffusivity is higher over the shelf than over the
slope since the Richardson number is lower over the shelf. Nevertheless, the damping over the

diag

continental slope is still much smaller than for «,

This is why we implement a slope-aware

version of the Visbeck scheme analogous to Eq. 25 of the form

V597, sl 1 Vb97, high
P e p——— 27)
I+ €Vb97 * Stopo

18
Accepted for publication in Joumal of Physical Oceanography. DOI 101175/3P0 D 23:0215.1. =" " "'



When choosing eyp97 = 175, Eq.27 yields a GM diffusivity similar to the diagnosed KdGin over
the continental shelf and slope (Fig. 5). The strength of the topographic damping found in other
works varies with best fits for different values of € and exponents for S;,,, (Eq. 21) and different
estimates for the reference diffusivity (Eq. 20). Here, €. yields a damping strength comparable to
Brink and Cherian (2013) and Brink (2016), and the choice of ey97 is similar to Brink (2012).
We note that over the open ocean section, the slope-aware GM scheme following Visbeck et al.

di . Lo
Gl;ff because of the difference in Richardson

(1997) produces a lower GM diffusivity compared to
number between the shelf and open ocean. This behaviour is an inherent weakness of the Visbeck
scheme that cannot be addressed by the slope-aware modification, since the topographic slope is
small on the open ocean side. Potentially, more complex schemes that consider sub-grid EKE (e.g.
Eden and Greatbatch 2008; Marshall et al. 2012) yield more accurate GM coeflicients than the ones
achieved with the Visbeck scheme (Wang and Stewart 2020). Applying these schemes, however,
would require a careful parameterization of the EKE budget over the continental slope which we
do not want to attempt here. We instead choose to test how far one can get without parameterizing
sub-grid EKE and rely on simpler but widely used schemes.

Methods to diagnose kg.q; (€.2. Bachman et al. 2015) require the determination of the elements
of the eddy diffusivity tensor from model integrations with multiple passive tracers. Since our
focus is on the GM scheme, this approach is beyond the scope of the paper and we therefore do not
attempt to diagnose kg.q4;. For all simulations, we choose a spatially uniform isopycnal diffusivity
of Kgeqi = 15 m s~2 approximately matching the GM diffusivity over the slope. Spatially varying
Redi coeflicients (e.g. Ferrari and Nikurashin 2010; Wei and Wang 2021) did not yield significant
improvements over our choice of constant xg.s (not shown). We proceed by first evaluating

diag

the performance of the parameterization using KGm =K,

representing the “best estimate” of the
transfer coefficient. We then discuss the results obtained using constant values for kg, prognostic
diffusivities produced by the Visbeck et al. (1997) scheme and their respective slope-aware version

(Eq. 25, 27).

c. Using the diagnosed GM diffusivity to parameterize shoreward heat fluxes

With the GM/Redi parameterization isopycnal slopes relax, particularly at the AASW-WDW

interface (Fig. 2, e-f). The V-shaped isopycnals move upward, lifting the layer of warm and salty
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Fic. 6. Onshore heat fluxes decomposed into the contributions of the GM scheme, the Redi scheme and the

diag

resolved eddies for a horizontal resolution of 10 km using GM/Redi with the diagnosed vertically averaged «; ,,

1

and Kgeqi=15 m? s~ compared to the eddy heat flux of the high-resolution reference simulation (a). Along-slope

and time-averaged bolus stream function ,,7,s With K?;;Ig (b).

WDW by around 200 m. WDW is found further onshore where it can reach the shelf break. This
also affects the deep water exported within the gravity current, which becomes slightly warmer
with GM/Redi. Over the continental shelf, the flattened isopycnals reduce the accumulation of salt
and thus the salinity error locally. Nevertheless, the overturning cell of the bolus stream function
is shallower than the eddy overturning in the high-resolution run (Figs. 4b, 6b). Consequently, the
exchange with the fresh surface water does not extend to the bottom of the shelf so that the gravity
current is slightly too salty.

In total, the domain integrated RMSD computed between the coarse resolution and the coarse-
grained high-resolution fields reduce by 58.7% for temperature and 44.6% for salinity with the
GM/Redi scheme. We conclude that the eddy parameterization generally improves the hydro-
graphic structure in this application although some differences persist. In particular, the gravity
current on the continental slope remains too broad whereas it is strongly confined to the slope
at high resolution. This is a well-known phenomenon in z-coordinate ocean models where the
down-slope transport of dense water is subject to excessive entrainment unless Ax < Az/a (Winton
et al. 1998). Considering a vertical grid spacing of Az = 75 m at the center of the slope and a
topographic slope of s;,,, = 0.02, the “slope-resolving” horizontal resolution Az/s;,p, = 3.75km
is only reached in the high-resolution reference simulation. Therefore, we cannot expect the eddy

parameterization to resolve this issue.
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In the simulation with the GM/Redi parameterization, the shoreward heat flux, consisting of
contributions from the eddy parameterization and from resolved eddies, is considerably larger
compared to the case without GM/Redi over most of the domain (Fig. 6a). Mainly, the GM scheme
produces a strong heat flux over the central continental slope, which is very similar to the high-
resolution simulation. This is consistent with the bolus stream function ,;,5, Which generally
compares favorably to the computed eddy stream function .44, (Fig. 6b). Here, the positive
vertical gradient of ¥,;,s corresponds to a shoreward bolus velocity in the WDW layer according
to Eq. 2. Approaching the shelf break, the vertical gradient of the bolus stream function becomes
small and consequently the advection of heat produced by the GM scheme is weak. The heat flux
from the GM scheme thus becomes smaller than in the eddy-resolving simulation. We note that
even at coarse resolution, there is a contribution of resolved eddies at the lower continental slope
where the GM coefficient is low. In this part of the domain, the Rossby radius of deformation is
about 30 km so that some eddies are resolved. In the open ocean section, the GM coefficient is high
resulting in the damping of resolved eddies and the associated heat flux. The damping of resolved
eddies could have been avoided by choosing an even coarser resolution, which would however have
resulted in fewer grid points over the slope leading to an even less realistic representation of the
gravity current. Since we also expect the sponge layer to influence the open ocean side, we focus
our discussion on the continental slope. Furthermore, we discuss the implications of the interaction
of GM and resolved eddies in section 4.

On the upper slope, the Redi scheme takes over and captures some of the shoreward heat flux
across the shelf break. Moving onshore along an isopycnal, the potential temperature decreases
by more than 1°C within a short distance over the shelf break. The strong isopycnal temperature
gradient then drives an onshore heat flux in the Redi scheme (c.f. Eq. 4), whereas the bolus stream
function no longer sustains a shoreward heat flux in the GM scheme. Still, the heat flux produced by
the Redi scheme is about 50% smaller than in the high-resolution reference. Some improvements
to the heat fluxes over the shelf may be achieved by locally setting a higher xg.4;. A detailed
investigation of how to set kg.4; 1S an important task for future work, especially for the modeling
of ocean-ice shelf interactions which requires the correct amount of heat to be transported onto the

shelf.
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Fic. 7. Along-slope and time averaged onshore eddy heat flux at 1 km resolution and onshore heat flux at

Vb9

10 km resolution using the GM/Redi scheme with k¢°"5 (a) and K&

GM (b). The black curves represent the sum

of heat fluxes from the GM/Redi scheme and from resolved eddies. The GM diftusivities (high, low, slope) are
the same as in Fig. 5. The grey envelope shows the area between solutions obtained by doubling and halving the

value of the tuning parameters €. and €y 97 of the “slope-aware” modification to the GM scheme (Eq. 25, 27).

d. Parameterized slope-aware GM coefficients

With a properly designed diffusivity, an idealized model of the Weddell Sea continental slope
with the GM scheme shows improved cross-slope heat fluxes and hydrographic mean state. An
appropriate diffusivity informed by a high-resolution reference simulation, however, is usually not
available beforehand. Instead, a modeler usually chooses a constant value for the GM diffusivity or
employs a flow-dependent scheme (e.g. Visbeck et al. 1997). Neither solution takes into account
the suppressive effect of the continental slope as shown in Fig. 5.

We now contrast the results obtained with and without the slope-aware versions of the GM
scheme (Eq. 25, 27). With a high diffusivity appropriate for shelf or open ocean, the onshore
heat fluxes are strongly overestimated (Fig. 7, dash-dotted lines). Here, WDW can directly access
the continental shelf and erode the V-shaped isopycnal structure of the ASF, once the suppressive
influence of the topographic slope is neglected (Fig. 8). Choosing a diffusivity appropriate only
for the continental slope instead, the onshore heat flux is underestimated at the transition from the
slope to the open ocean (Figure 7, dotted lines). Moreover, the isopycnal slopes over the continental
shelf become too steep, which again leads to an accumulation of salt similar to the coarse resolution

simulation without the GM/Redi parameterization (not shown). Also, the low diffusivity choice is
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Fic. 8. Along-slope and time averaged potential temperature at horizontal resolution 1 km (a) and 10 km using

GM/Redi with Kgl]’;mow (b), Kgﬁ37’high (c) and Kgl]’y’smp ¢ (d). The GM diffusivities (high, low, slope) are the

same as in Fig. 5.

less realistic since a diffusivity suitable for the open ocean would most likely be given preference
in a larger model domain.

The slope-aware version of the GM scheme yields both reasonable heat fluxes across the conti-
nental slope and some improvements to the isopycnal slopes on the shelf. Further, the heat fluxes
do not depend very much on the choice of the slope parameter €. or ey97 (Fig. 7, grey envelope).
The slope-aware modification to the GM scheme thus seems to perform fairly robustly in the given
application.

At the open ocean side of the domain, the slope-aware modification to the constant diffusivity
yields a better heat flux estimate compared to the slope-aware Visbeck scheme. We note again, that
some eddies are resolved here and that the boundary restoring influences this part of the domain.
We therefore refrain from further interpreting these differences.

In summary, the GM/Redi scheme improves the coarse-resolution simulation in every aspect that

we have investigated (Fig. 9). In particular, the largest improvements are observed for the mean
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Fic. 9. Volume weighted root mean square difference (RMSD) of potential temperature (a), salinity (b),
and barotropic, baroclinic and total along-slope velocities up,, up. and u;,; between the coarse-grained high-
resolution simulation and the coarse-resolution simulation with different xgp;. Bars show relative RMSD
compared to the simulation without the GM/Redi scheme. Panel (d) shows integrated cross-slope heat fluxes
(sum of contributions from GM/Redi scheme and resolved eddies) relative to the integrated cross-slope eddy heat
flux of the high-resolution simulation (d). All integrals are computed for the complete model domain excluding

the sponge layer.

hydrographic fields and cross-slope heat fluxes where the RMSD to the high-resolution reference
simulation reduce by half compared to the simulation without GM/Redi. While the effect on the
total velocity of the ASC is small, the baroclinic component also improves considerably as the
isopycnal slopes are relaxed by the parameterization. The mean fields over the continental shelf also
improve even though the differences to the high-resolution reference simulation are larger than the
ones computed over the whole domain (Fig. 10). Potentially, further improvements can be achieved
by choosing «g.q; more carefully or by introducing along-slope topographic variations that allow
a topographically steered onshore flow of WDW at the top of the continental slope (St-Laurent
et al. 2013). Making the GM coefficient depend on the topographic slope reduces the differences

to the high-resolution reference simulation as much as using a diagnosed GM diffusivity. Over the
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Fic. 10. Same as Fig. 9, but computed over the continental shelf only (0-125 km).

shelf break, the slope-aware GM version produces higher coefficients and moves the WDW further
onshore compared to the run with the diagnosed diffusivity (Fig. 5,8). This further reduces the
difference to the high-resolution fields in an integral measure (Fig. 9a,b) but introduces a warm
and salty bias over the shelf break. We conclude that a carefully chosen, small GM diffusivity
over the continental slope is essential to simulating correct cross-slope heat fluxes. Employing a
high diffusivity value that is derived from an open ocean simulation everywhere in the domain will
lead to excessively large cross-slope heat fluxes. Only the slope-aware versions of the GM scheme
produce a diffusivity that matches the diagnosed diffusivity over the continental slope, shelf and

open ocean parts of the model domain and allows more realistic simulations.

4. Summary and discussion

In this work, we assess the effect of the GM/Redi parameterization for mesoscale eddies in an
idealized model of the Weddell Sea continental shelf and slope. We find that with the GM/Redi
scheme, WDW is generally moved towards the continental shelf, and the heat flux is better simulated
compared to the case with no GM/Redi. Here, the GM scheme transfers WDW across the central
continental slope whereas the Redi scheme generates a diffusive heat flux across the continental
shelf break. As the main result, a successful simulation with the GM/Redi parameterization
crucially depends on a choice of the GM diffusivity that reflects the suppressive effect of the
continental slope, where in this application the diffusivity is reduced by an order of magnitude.

Schemes designed for the open ocean that diagnose gy only from the resolved flow - represented
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here by the Visbeck et al. (1997) scheme - cannot capture this behavior and instead yield a fairly
constant thickness diffusivity. Neglecting the attenuation of the eddy diffusivity over the continental
slope here results in a strong overestimation of onshore WDW transport or in a misrepresentation
of shelf and open ocean hydrographic mean states.

Our experiments clearly illustrate the advantage of slope-aware eddy parameterizations, in which
the GM diffusivity depends on the topographic slope, for simulating exchanges across the ASF. In
idealized simulations, the diagnostic scaling of cross-slope eddy buoyancy fluxes improves when
a dependency on the continental slope is introduced directly through the slope parameter 6 for
retrograde fronts (Wang and Stewart 2020) or through the Slope Burger number for prograde fronts
(Wei et al. 2022). Sterl et al. (2024) find an analytical expression for the suppression of eddy
mixing across sloping topography in a barotropic framework, providing physical context for the
proposed empirical functions. The empirical and analytical suppression functions remain to be
tested in detail in numerical ocean models, where isopycnals slope both in the same and in the
opposite direction compared to the topography. First implementations of slope-aware GM schemes
in idealized channel models and a global ocean model show an improved performance compared
to the traditional GM scheme (Wei et al. 2024; Nummelin and Isachsen 2024). In this work, we
tested a topographic scaling in coarse-resolution simulations in a case with particularly complex
hydrographic conditions where ¢ switches sign in the vertical. We chose to modify the GM scheme
based on the Slope Burger number producing similar damping as previously reported (Brink 2012;
Brink and Cherian 2013; Brink 2016; Wei et al. 2022). In a vertical average, empirical scalings
constructed from the slope parameter ¢ (e.g. Stewart and Thompson 2013; Wang and Stewart 2020)
yielded similar results.

So far, we have exclusively focused on vertically averaged GM and Redi diffusivities. It is
established, however, that eddy mixing is not vertically uniform in the ocean and that vertical
variations should eventually be considered in eddy parameterizations (e.g. Ferreira et al. 2005;
Abernathey et al. 2011; Griesel et al. 2014; Bachman et al. 2015; Poulsen et al. 2019). Although
the vertical structure of eddy mixing over continental slopes has been studied (Isachsen 2011;
Wang and Stewart 2020), no scaling from which vertically varying GM and Redi coefficients can

be constructed has been proposed yet.
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Overall, our findings motivate a larger-scale testing of slope-aware parameterizations including
other sections of the ASF. A good starting point could be to modify diagnostic schemes that already
include aspects of the dynamic flow, where the computation of kg, can be easily adjusted. Testing
the scheme by Visbeck et al. (1997) revealed some weaknesses unrelated to topographic suppression
effects, motivating a detailed evaluation of the performance of the scheme over continental slopes.
More complicated schemes that integrate a prognostic sub-grid eddy energy equation (Eden and
Greatbatch 2008; Marshall et al. 2012; Mak et al. 2018) potentially produce more accurate GM
coeflicients but may require more substantial modifications when integrating the effect of sloping
topography.

As computing power increases, global ocean models will (at least partially) resolve mesoscale
eddies in the open ocean while smaller eddies on the slope remain unresolved. Various techniques
have been proposed to limit the damping effect of GM onto the resolved eddies, including scaling
kgm by the first baroclinic deformation radius and the horizontal grid spacing (Hallberg 2013) or
a splitting approach where GM only acts on the large-scale field (Mak et al. 2023).

In our configuration, the Redi scheme produces an onshore diffusive heat flux. The choice of
KRedi, however, is the result of tuning and not backed by dynamical considerations. A kg.4; that
is a function of the topographic slope may enhance the performance of the Redi scheme over
continental slopes (Wei and Wang 2021). We conclude that the behavior of the Redi scheme and
its interaction with the GM scheme in the context of the ASF raises questions to be answered in
future work.

The idealized model setup carries some limitations. First of all, we do not consider topographic
variations in the along-slope direction that can influence both the intensity and distribution of
cross-slope buoyancy fluxes. Around the Antarctic continental margin, dense water export and
associated eddy-driven shoreward heat fluxes concentrate in bathymetric depressions (e.g. Orsi
and Wiederwohl 2009; Williams et al. 2010; Stewart et al. 2018; Morrison et al. 2020; Stewart
2021). Additionally, along-slope topographic features act as drivers of buoyancy transfers across
continental slopes through the generation of standing eddies (e.g. Abernathey and Cessi 2014; St-
Laurent et al. 2013; Bai et al. 2021; Si et al. 2022). Even when along-slope topographic variations
are present, we may still expect the presented topographic scaling to lead to improvements since

transient eddy fluxes have been shown to dominate over standing eddy fluxes across slope currents
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such as the ASC (Wei et al. 2022; Si et al. 2022). So far, slope-aware diagnostic scalings of eddy
buoyancy fluxes across idealized slope fronts have been tuned over smooth topography. Still, they
outperform schemes without a slope dependency when applied to cases in which topography varies
along the slope (Wang and Stewart 2020; Wei et al. 2022). Furthermore, the idealized model
neglects the variability in the wind forcing and associated impacts on the outflow of dense water
from the ice shelf cavities in the Weddell Sea (Wang et al. 2012; Daae et al. 2018), the local
modification of sea ice growth in polynyas (Wang et al. 2021), and the inflow of warm water into
the cavities through modification of coastal currents (Hellmer et al. 2012; Darelius et al. 2016).
Moreover, we do not account for the effect of tides, which contribute to setting up the structure of
the ASF through tidal rectification (Flexas et al. 2015), shape heat fluxes across the ASF (Stewart
et al. 2018; Stewart 2021; Si et al. 2022, 2023) and drive an onshore residual flow of CDW (Wang
et al. 2013). While considering the thermodynamic effects of sea ice, we also do not account for
the influence of sea ice dynamics on the transfer of momentum between atmosphere and ocean (S1
et al. 2022).

The central role of the Weddell Sea in producing bottom water and thereby shaping the global
ocean circulation requires an accurate estimation of heat transports across the Weddell Sea conti-
nental slope. Our application and improvement of existing parameterizations represent a promising
step towards improving the simulation of these heat transports at non-eddy-resolving and eddy-
permitting resolutions. In future work, it should be extended to other Antarctic marginal seas,
where eddies mediate exchanges across the ASF (Stewart et al. 2018; Si et al. 2023). Further,
reducing the degree of idealization by adding an ice shelf cavity would allow tracking the influence
of the improved parameterization on the melting of ice shelves and the sources of dense water.
Finally, our results encourage the integration of slope-aware eddy parameterization into regional

and global ocean models.
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