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ABSTRACT

A realistic representation of the Southern Ocean (SO) in climate models is critical for reliable global climate
projections. However, many models are still facing severe biases in this region. Using a fully coupled global
climate model at non-eddying (1/2°) and strongly eddying (1/10°) grid resolution in the SO, we investigate the
effect of 2 0.5 °C, 1.0 °C and 1.6 °C warmer than observed SO on i) the spin-up behaviour of the high-resolution
simulation, and ii) the representation of main dynamical features, i.e., the Antarctic circumpolar current
(ACQ), the subpolar gyres, the overturning circulation and the Agulhas regime in a quasi-equilibrium state.
The adjustment of SO dynamics and hydrography critically depends on the initial state and grid resolution.
When initialised with an observed ocean state, only the non-eddying configuration quickly builds up a strong
warm bias in the SO. The high-resolution configuration initialised with the biased non-eddying model state
results in immense spurious open ocean deep convection, as the biased ocean state is not stable at eddying
resolution, and thus causes an undesirable imprint on global circulation. The SO heat content also affects
the large-scale dynamics in both low- and high-resolution configurations. A warmer SO is associated with a
stronger Agulhas current and a temperature-driven reduction of the meridional density gradient at 45°S to 65°S
and thus a weaker ACC. The eddying simulations have stronger subpolar gyres under warmer conditions while
the response in the non-eddying simulations is inconsistent. In general, SO dynamics are more realistically

represented in a mesoscale-resolving model at the cost of requiring an own spin-up.

1. Introduction

The Southern Ocean (SO) is an important region for the global ther-
mohaline circulation due to the large-scale water mass transformation
into Antarctic intermediate water (AAIW) at mid and Antarctic bottom
water (AABW) at high latitudes (Gordon, 1986; Schmitz, 1996; Talley,
2013). AABW is only formed in four source regions around Antarctica
and the SO is one of few locations where oceanic deep convection
occurs (e.g., Silvano et al., 2023) and affects the global distribution of
water masses by feeding into the deep overturning circulation (Johnson
et al., 2008; Rae et al., 2018; Solodoch et al., 2022).

Strong westerly winds at mid to high latitudes are the dominant
driver of the strong Antarctic circumpolar current (ACC) as well as
large-scale stationary features such as the Weddell and Ross gyres and
the Malvinas confluence zone. The zonal winds further initiate large-
scale upwelling of deep water (Beadling et al., 2020) creating a strong
meridional density gradient, which all leads to the formation of an
intense mesoscale eddy field (Frenger et al., 2015; Patara et al., 2016).
Upwelling and large-scale water mass transformation make the SO criti-
cal in the global heat and carbon budgets through its immense potential
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to sequester excess heat and anthropogenic CO, (Khatiwala et al., 2009;
Frolicher et al., 2015; Zanna et al., 2019). The extent of the SO heat
reservoir also affects the strength of the meridional density gradient
which directly imprints on the large-scale horizontal circulation (Bead-
ling et al., 2020). However, common climate models, including those
of the Climate Model Intercomparison Project (CMIP, Eyring et al.
(2016)), suffer from severe biases particularly in the SO, such as shifts
in the westerly wind belt and too warm sea surface and deep ocean
temperatures, which build up over the course of the model spin-up and
shape the mean state (Heuze et al., 2013; Wang et al., 2014; Heuze,
2021; Wang et al., 2022).

Mesoscale eddies have been shown to significantly affect the hori-
zontal and vertical distribution of ocean properties such as temperature,
salinity and passive tracers in both observations and models (McCann
et al., 1994; Stammer, 1998; Treguier et al., 2012; Gnanadesikan et al.,
2015; Martin and Biastoch, 2023). Eddies play an important role in
the amount of oceanic heat uptake and meridional heat transport
including the regulation of warm water intrusions onto the continental
shelf, which determine the melt rates of Antarctic ice shelves (Griffies
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et al., 2015; Morrison et al., 2016). Another well-known example of
their effect is the Agulhas system at the southern tip of South Africa
where the warm and saline Agulhas current splits into a transient
eddy component transporting heat and salt from the Indian into the
Atlantic ocean (Agulhas leakage) and a mean return flow advecting
heat eastward (Agulhas retroflection) (Lutjeharms and Vanballegooyen,
1988; Biastoch et al., 2008a). High velocity shear occurring in the ACC
as well as near rough topography and the presence of strong baroclinic
instabilities associated with upwelling leads to the formation of a large
number of transient mesoscale eddies across the SO (Morrow et al.,
1994; Chelton et al., 2011; Frenger et al., 2015). Thus, mesoscale eddies
play a major part in setting the mean state dynamics of this region.

Explicitly resolving mesoscale dynamics in climate models instead
of applying eddy parameterisations may alleviate some of the biases
in the SO, e.g., SST and deep ocean temperature. An approach to
investigate the effect of mesoscale dynamics in coupled and forced
ocean models is the implementation of a secondary, regionally limited
grid of refined horizontal resolution into the coarser global ocean
domain, referred to as nesting (Debreu et al., 2008; Biastoch et al.,
2008b). Such nests explicitly resolve processes that are not resolved in
the coarser ocean grid and can interact with the global ocean in both
directions, i.e., taking boundary conditions from the global ocean and
feeding back information on otherwise unresolved processes. Typically,
ocean (and climate) simulations require a sufficiently long, millennial
spin-up run to minimise model drift owing to the ocean’s large thermal
and dynamical inertia. Mesoscale eddies, however, have an average
diameter of about 40 km in high-latitude regions (Frenger et al., 2015)
and shrink in size towards the Antarctic continent as the Rossby radius
decreases (Hallberg, 2013). Thus, the immense computational costs
of eddying ocean simulations, also nested and thus regionally limited
ones, often prohibit simulations extending beyond a couple of centuries.
The spin-up period in HighResMIP, for instance, was limited to only
30 years (Roberts et al., 2019). In particular, the investigation of deep
convection and the deep overturning circulation in the SO requires a
much longer spin-up period to allow for the very slow dynamics at
depth to reach an equilibrium.

To ease the computational burden, a standard procedure is to run
the non-eddying model (no nest) into an equilibrium state and then
initialise a nested simulation from the non-nested control state. This
procedure has been successfully done for nests implemented outside the
SO (Ivanciu et al., 2022; Schulzki et al., 2022; Martin and Biastoch,
2023). We show here that the same procedure can fail in a nested
Southern Ocean setting when the long coarse-resolution spin-up sim-
ulation used for initialisation has accumulated strong regional biases
in heat content. Initialising a high-resolution eddying ocean model,
which otherwise would converge to a much less biased mean state,
has the potential to distort the hydrography and associated dynamic
response resulting in long-lasting implications on the global circulation.
The present study follows two objectives: Firstly, we investigate the
impact of three initial ocean states (no, weak, and strong warm bias)
on the temperature distribution (as an indicator of heat content), deep
convection and large-scale circulation during an initial transient phase
of high-resolution simulations comparing the effect of explicitly simu-
lated versus parameterised eddies. Secondly, after the SO has reached a
quasi-equilibrium after 100 years in each simulation, we systematically
explore the impact of resolved mesoscale dynamics under different heat
content mean states of the SO on a number of key quantities in the
region, i.e. upper and deep ocean heat content, deep convection, the
meridional density gradient and various circulation features, namely,
the ACC, the subpolar gyres and the Agulhas current.

In Section 2, we describe the climate model and introduce the
experimental setup of this study. The presentation of results in Section 3
is divided into two parts: the first part is concerned with the sensitivity
of the high-resolution model spin-up to different initial conditions,
while the second part deals with the large-scale effects of resolved
mesoscale dynamics on the mean state of the SO under varyingly warm
conditions. The results are discussed and conclusions are drawn in
Section 5.
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2. Methods
2.1. Model configuration

We employ the coupled climate model FOCI (Flexible Ocean Cli-
mate Infrastructure, Matthes et al. (2020)). The atmosphere component
ECHAMS6 (Stevens et al., 2013) is run at a T63/L95 resolution and
is coupled to the land model JSBACH (e.g., Giorgetta et al., 2013).
The ocean component is based on the Nucleus for European Modelling
of the Ocean (NEMO3.6, Madec and the NEMO team (2016)) which
is run on the tripolar Arakawa-C grid ORCAO5 grid with a Mercator
horizontal resolution of 1/2° and 46 vertical z-levels. The vertical
resolution ranges from 6-17 m in the upper 100 m to 200-250 m below
a depth of 2000 m. For non-eddying grid resolutions, eddy processes
are parameterised using the GM scheme (Gent and McWilliams, 1990),
considering the temporally and horizontally varying growth of baro-
clinic instabilities but capped at 2000 m?/s (Treguier et al., 1997).
Vertical mixing is handled by a 1.5 turbulent closure scheme applying
a constant background eddy diffusivity of 10> m?/s. The ocean is
coupled to the sea ice model LIM2 (Fichefet and Morales Maqueda,
1997) computing ice dynamics and thermodynamic ice as well as
snow processes considering three static layers. No flux correction or
restoring is applied to any model component. Flux exchange between
atmosphere and ocean components is facilitated using the OASIS3-MCT
coupler (Valcke et al., 2016).

Focusing on mesoscale dynamics in the SO, we implemented re-
gional grid refinement by employing 2-way nesting in the ocean using
the Adaptive Grid Refinement in Fortran (AGRIF) library (Debreu et al.,
2008). We implement a quasi-circumpolar nest in FOCI—only a small
gap between 72°-73°E exists due to technical limitations of the model
infrastructure—spanning the entire ocean south of 28°S and call this
configuration FOCI-ORION10X (Fig. 1). The nest has a horizontally
refined resolution of 1/10°, which equals a nominal grid spacing of
11 km but actual resolution increases as the grid converges toward the
Antarctic coast to 2.5 km in longitudinal direction. A limitation of the
ocean model is not simulating ice-shelf interaction and cavity circu-
lation. AGRIF enables two-way interaction between the regional nest
and the host (or parent) global model, i.e., the global model provides
the nest with boundary conditions and is updated by the more accurate
3-D state of the nest in the refinement region. Atmospheric coupling is
based on the coarser global grid where both the host and nest grids
receive the same surface fluxes. The GM eddy parameterisation is only
applied to the coarser host model outside of the nested domain and is
omitted for the gap at 72°-73°E to improve eddy passage and re-entry
into the nest.

2.2. Model experiments

The suite of model runs used for this study originates from the
tuning phase of FOCI and FOCI-ORION10X and is an opportunity to
shed light on difficulties and sensitivities associated with the SO warm
bias, typical for coupled climate models. All simulations are performed
under pre-industrial control conditions with constant 1850 greenhouse
gas and aerosol forcing. Exploring ways to initialise FOCI-ORION10X
yielded three equivalent sets of experiments, each comprising a non-
nested control simulation and an analogous nested high-resolution
simulation (Table 1). In the first set, referred to as NOBIAS hereafter,
the experiments are started from rest and initial ocean temperature
and salinity fields are prescribed using the World Ocean Atlas 1998
(WOA98, Levitus (1998)), which includes corrections for the Arctic
Ocean by (PHC2.1, Steele et al. (2001)). The benefit here is that
both configurations, coarse-resolution (NOBIAS.) and high-resolution
nested (NOBIASy ), are allowed to find their own, independent equi-
librium state initialised from a state without any biases. On the one
hand, this takes full advantage of the finer grid resolution and enables
a clear analysis of differences due to the explicit simulation of the
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Fig. 1. Snapshot (5-day mean) of near-surface ocean current speed after 200 years of model spin-up. The map highlights the effect of the ORION10X ocean simulation fully
coupled by two-way nesting to the global climate model FOCI. The 1/10° grid resolution of the nested domain facilitates an eddy-rich ocean simulation also improving boundary
currents such as the Antarctic Slope Current. The extent of the nested domain is marked in orange.

mesoscale (e.g. Martin and Zeller, 0000). On the other hand, a millen-
nial spin-up run similar to the one for the standard FOCI (Matthes et al.,
2020) is prohibitive considering the 10-times greater computational
costs of FOCI-ORION10X; thus, the ocean, in particular the deep ocean,
is not in an equilibrium state after the spin-up period.

We conducted a second set of experiments to take advantage of
the spun-up ocean state of FOCI and initialised FOCI-ORION10X, using
the state reached after ~1500 years of pre-industrial spin-up. This
approach was successfully used by previous studies employing nested
FOCI configurations but with grid refinements outside the SO (Ivan-
ciu et al., 2022; Schulzki et al., 2022; Martin and Biastoch, 2023).
Unfortunately, this coarse FOCI simulation develops a global ocean
temperature bias being particularly strong in the SO (STRONG). While
the SO temperature deviates by 1.6 °C on average, this is not an
uncommon bias for such a model (Wang et al., 2014). Bias build-up
is particularly pronounced over the first 800 years and is stronger
with greater depth, where it rises above 1.0 °C after 300 and exceeds
1.5° after 500 years (Fig. 2a). From this run we branch off a nested
simulation (STRONG ) after 1520 model years, where we deliberately
chose to not start from a state with active open ocean deep convection
in the Weddell Sea. This still results in massive deep convection early
on in the nested run, discussed further below.

Lastly, seeking a middle ground, we branch off a third nested
simulation from an improved FOCI run featuring a significantly reduced
warm bias (WEAK_.). The latter employs improvements achieved by the
FOCI development team at GEOMAR (Kjellsson et al., 0000), namely
increasing the coupling frequency of ocean and atmosphere from once
every three hours to hourly and reducing the horizontal eddy diffusivity
coefficient rn_aht_O from 600 to 300 m?/s. In addition, we branch
off WEAK; already after 500 years, when the average temperature bias
is at only 0.5 °C in FOCI (Fig. 2b), further limiting an impact by the
warm bias on the high-resolution simulation.

All three nested experiments ran for 200 years of which the first
100 years are considered a transient period and the second 100 years
a quasi-equilibrium period. Overlapping periods from the
coarse-resolution control simulations are available for analysis as well
and serve as a comparison for the high-resolution simulations. Model
output is provided as 5-daily, monthly and yearly averages. Atmo-
sphere, land and sea ice settings are the same in all experiments.
Altogether, these six experiments create an exceptional opportunity
to (i) provide insight on techniques for initialising a high-resolution
nested simulation and (ii) study the implications of SO heat content
(or bias) on the representation of major dynamical features in both
eddy-parameterised and eddy-rich simulations.

2.3. Representation of mesoscale dynamics

We use eddy kinetic energy (EKE = % («"? + v"?)) as a measure for
eddy activity to assess the capability of the high-resolution simulations
to model mesoscale dynamics. Here, v’ and o' represent the zonal
and meridional components of the velocity anomalies. Anomalies are
computed as deviations of 5-day mean velocities with respect to the
annual average. The simulations exhibit a distinctive pattern of EKE
with largest values in the Agulhas region at the southern tip of Africa,
in the Malvinas confluence zone east of southern South America and
east of Australia near the retroflection of the East Australian current
(see Fig. 3a for representative results from NOBIASy ). A circumpolar
zonal band of enhanced EKE between 45-65°S broadly follows the
extent of the ACC. High EKE values in the Agulhas region spread in
both directions, northwestward outlining the propagation of Agulhas
rings and eastward depicting the Agulhas retroflection regime. Both
are clear indications of improvements of the nested over the non-
nested simulations towards a more realistic representation of the ocean
dynamics in this region. A narrow band of enhanced EKE is visible
around the coastline of Antarctica indicating enhanced mesoscale ac-
tivity associated with the Antarctic slope current (ASC), which is well
defined in the high-resolution simulations (cf. Fig. 1). The two areas of
particularly low EKE depict the interior of the Weddell and Ross gyres
where velocity shear is typically small. The EKE patterns are robust
across the three nested experiments (not shown) which demonstrates
that the representation of mesoscale dynamics in the regions of major
currents is independent of the initial SO mean state.

As expected, the non-nested control simulations hardly display any
mesoscale activity given that their resolution is too coarse to resolve
mesoscale features (not shown). Instead, eddy effects on tracer trans-
port are taken into account using the so-called bolus or eddy-induced
velocity (EIV) computed by the GM scheme. In Fig. 3b we provide an
impression on where these bolus velocities take effect on surface ocean
conditions by displaying half the magnitude of the EIV squared, which
yields an equation similar to that of EKE, |EIV|> = % (W2 + V%)
with up;, and vg;, the bolus-velocity zonal and meridional compo-
nents. Note, EIV has no direct effect on the momentum budget and
acts only on tracer redistribution. Hence, the two maps in Fig. 3
only facilitate a qualitative comparison of eddy active regions. For
EIV, we find the Agulhas and Malvinas regions highlighted by larger
magnitudes and a zonal band which is shifted to the northern edge of
the ACC between 40-50°S (Fig. 3b). Overall, the GM parameterisation
adopted in the non-nested simulations compensates for the lack of
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List of experiments. For nested simulations the horizontal ocean grid resolution in the refinement region is given: 1/10°. Two key parameters
differ between the simulations, the coupling time step dr,, and the horizontal eddy diffusivity 4,, (NEMO namelist parameter rn_aht_0).
The average temperature bias AT,,,, for the SO (south of 55°S) characterises the three sets of experiments. For control experiments WEAK.
and STRONGg, this is the bias in the branch off year of the corresponding nested simulations. Colour coding corresponds to the colours used

in the figures.

Simulation Grid Initialisation Length dt.y Ap, ATy Internal run ID
resolution (branching year) [years] [h] [m?/s] [°C]
spin-up 1/2° WOA98 700 1 300 n/a FOCI2.0-MZ040
spin-up 1/2° WOA98 1800 3 600 n/a FOCI1.3-SW038/-TM020
NOBIAS, 1/2° WOA98 200 3 600 0.5 FOCI1.3-SW038
NOBIAS 1/10° WOA98 200 0.5 120 0.15 FOCI2.0-TM041
WEAK, 1/2° MZ040 (500) 200 1 300 1.0 FOCI2.0-MZ040
WEAK 1/10° MZ040 (500) 200 0.5 60 0.45 FOCI2.0-MZ039
STRONG, 1/2° SWO038 (1520) 200 3 600 1.6 FOCI1.10-TM020
STRONG, 1/10° SW038 (1520) 200 0.5 60 0.8 FOCI1.25-MZ008
Southern Ocean (>55°S) temperature bias in different FOCI simulations
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Fig. 2. Southern Ocean temperature bias relative to PHC2.1 data over depth and time for different simulations with FOCI. Panel (a) shows the non-nested simulations NOBIAS,
SW038 (extended by TM020) and STRONG,, panel (b) shows the non-nested simulations MZ040 and WEAK_. with modified mixing parameters and coupling time step, and panel
(c) shows the three high-resolution simulations NOBIAS,,, WEAK, and STRONG,, each initialised from different spin-up conditions. The data was average over the Southern Ocean

area south of 55°S.

eddies in several key regions but appears to be strongly dampened in
the subpolar gyres, under sea ice, and by definition cannot introduce
the same spatial and temporal variability simulated at eddy-present
grid resolutions.

3. Results

This section is composed of two main parts. The first subsection
addresses the consequences of initialising a nested, eddying ocean
model from a control simulation with a biased mean state, the corollary
of a SO warm bias of different intensity. Besides the temperature distri-
bution, we discuss the bias as driver of open ocean deep convection and
the related evolution of large-scale dynamics. In the second part, we
compare the mean states (in quasi-equilibrium) of eddying simulations
with those of the eddy-parameterised, coarse-resolution counterparts.
The analysis covers heat content, the large-scale hydrography of the
SO and differences in circulation.

3.1. Nested model initialisation and spin-up

In this section, we investigate the impact of the initial SO mean
state on the spin-up of the three high-resolution simulations NOBIAS ,,
WEAKy, and STRONGy. For the spin-up period, we define the first
100 years of each simulation as this is characterised by obvious drifts
in all major ocean quantities. After this period, the majority of the
quantities we study here have reached a quasi-steady mean state.

Role of temperature bias

The three initial ocean states have very different temperature distri-
butions in the SO, ranging from unbiased observed conditions (WOA98)
in NOBIASy to an about 1.6 °C warmer SO originating from STRONG.
We hereby investigate the evolution of the temperature distribution
in the high-resolution simulations and, in particular, what role the
explicitly simulated mesoscale dynamics play in this.

We begin with sea surface temperature (SST). Although it does
not show the most remarkable response, it provides a reference for
comparison with other studies. SST averaged over the region south of
55°S is generally higher in the high-resolution simulations initialised
from warm biased conditions (Fig. 4a). Both WEAK, (green line) and
STRONG,, (orange) have a positive trend over the 200-years displayed.
This is largely a consequence of the warm bias persisting outside the
nested domain in these simulations (not only at the surface) and being
entrained into the nest across its boundaries. In all three experiments,
low-biased sea ice coverage (not shown), particularly in the Weddell
Sea and east of the Ross Sea, further adds to the overestimated SST.
Aside from lateral entrainment at the surface and missing sea ice,
the excessive deep convection in STRONG, contributes warm SST
anomalies. This is due to warmer ocean temperatures at mid-depth in
the range of the circumpolar deep water (500-2000 m) compared to
surface waters by several degrees.

The temperature bias in the deep ocean below 1000 m evolves
differently (Fig. 4b). In NOBIAS, the accumulation of heat at depth
is only marginal and much weaker than in the corresponding control
simulation (NOBIAS.), cf. Fig. 2a and c. After 100 years of simula-
tion, the average temperature bias in the deep ocean (below 1000 m)
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Fig. 3. Spatial distribution of (a) the surface eddy kinetic energy (EKE) in the Southern Ocean simulated with NOBIAS, and (b) the surface eddy induced velocity (EIV) magnitude
from NOBIAS.. EKE is computed from 5-daily mean velocity anomalies referenced to the annual mean. For NOBIAS,. half the squared magnitude of the eddy induced velocity is
shown to identify regions where the GM parameterisation takes effect. In both cases, the mean over the final 10 years of each simulation is displayed. Note the different colourbar

ranges. The map corresponds to the extent of the Southern Ocean nest.
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Fig. 4. Time series of major properties and circulation indices of the Southern Ocean (SO), especially the Atlantic sector, from the three high-resolution simulations NOBIAS
(blue), WEAK,, (green), and STRONG, (orange). (a) Sea surface temperature (SST) bias averaged over the entire SO south of 55°S, (b) potential temperature bias horizontally
averaged for the same region and vertically below 1000 m (see black boxes in Fig. 5), (c) mixed layer volume integrated over the Atlantic sector (55°W-20°E, south of 60°S)
of the SO where the local mixed layer is deeper than 500 m, (d) zonally and vertically averaged meridional density difference between 65°S and 45°S, (e) Antarctic circumpolar
current strength at Drake passage, and (f) AABW export into the Atlantic as diagnosed from the minimum of the AMOC streamfunction at 30°S. Note that the AMOC minimum

was determined for water denser than 36.5

amounts to only 0.15 °C and remains at this magnitude for the rest
of the simulation in NOBIAS,. In contrast, the average deep ocean
temperature bias in NOBIAS has already increased to 0.44 °C within
the same period and keeps increasing. When initialised from a SO
with a moderate temperature bias of about 1 °C as present at the
beginning of WEAK, the nested SO immediately acts to remove the
bias reducing it to 0.5 °C within only 40 years of integration (WEAKy
in Fig. 2¢). Then, the water column appears to remain relatively stable
with a comparatively small bias ranging between 0.4°-0.5 °C until
the end of the simulation. The bias reduction effect shows up even
more pronounced when the nest is initialised from an ocean that
is more than 1.6 °C warmer than observed (STRONGy in Fig. 2c).
Within 100 years of the simulation, the temperature bias diminishes
to 0.8 °C in the deep ocean. The non-nested SO (STRONG) in this
case has reached its equilibrium state after the long spin-up period
and maintains the warm SO conditions. While the temperature bias

% in o,-space. A 10-year moving average has been applied to all time series.

remains largely stable after the first 100 years until the end of each
high-resolution simulation indicating convergence to a balanced state,
the three nested SOs approach three different temperature equilibrium
states in the range of 0.15°-0.8 °C warmer than today’s SO (4b).
Meridional cross sections of the temperature bias (Fig. 5) indi-
cate underlying dynamical processes that are improved in the high-
resolution simulations—and those that are not. For the temperature
bias itself, we find the heat accumulation in the non-nested simulations
to be strongest in the Atlantic sector (70°W-20°E) and concentrated
south of 55°S and below 1000 m (Fig. 5a—c). The reduction of the bias
during the spin-up of the high-resolution simulations that can already
be inferred from Fig. 2, is most pronounced in the Atlantic sector with
a decrease averaged over the core bias region ranging between 0.46°—
0.65 °C after 100 years (Fig. 5d—f). While a similar pattern is found in
the Indian sector (Figure S1) with maxima near the ocean bottom and
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Fig. 5. Temperature bias relative to PHC2.1 data averaged over the Atlantic extent of the Southern Ocean (70°W-20°E). Shown is the mean over the final 100 years of (a)
NOBIAS,, (b) WEAK, (c) STRONG, (d) NOBIAS,, (e) WEAK,, and (f) STRONG,. The black boxes denote the region of spatial average applied in Fig. 4b.

at the continental slope at 1000-3000 m, the temperature bias in the
Pacific (Figure S2) is concentrated on the deep ocean below 3000 m.

We suggest that the strong reduction of the deep ocean temperature
bias (below 4000 m) in the nested domain is likely linked to an
improved representation of processes on the Antarctic continental shelf
(not shown). These processes involve a more realistic representation of
dense shelf water production on the Antarctic continental shelf sub-
sequently causing the production of cold and dense Antarctic bottom
water to spread into the different ocean basins and thereby reducing
the bias. Different ocean dynamics are hypothesised to reduce the
temperature bias at intermediate depth (500-4000 m) south of 55°S.
Here, the improved representation of subpolar gyre dynamics and the
Antarctic slope current in the nested domain are suggested to lead to a
decreased accumulation of heat in this region, thus, counteracting the
build-up of a bias. On the other hand, we find a tilted dipole structure
north of 55°S at approximately 500-2500 m depth in the region of
meridional upwelling in all six simulations, indicating a northward
displacement of the ocean fronts. The position of the ocean fronts is
directly related to the overlying wind field and a consequence of a bias
in the position of the westerly winds, which are shifted equatorward
in FOCI (Matthes et al., 2020). The decisive role of the atmosphere
for this bias in ocean temperature is corroborated by its presence in
both coarse-resolution control and high-resolution nested simulations.
The wind bias is not improved by introducing eddying resolution to the
ocean component.

Impact of deep convection

The accumulation of heat at mid depth in the SO may destabilise
the stratification and eventually lead to open ocean deep convection, a
process typical for coarse-resolution climate models but rarely observed
in reality (Martin et al., 2013). In our non-nested control experiments,
the build-up of the warm bias results in periodic occurrences of open
ocean deep convection at decadal to centennial time scales first occur-
ring 300-400 years into the spin-up (not shown). In particular, Atlantic
sector deep convection events are a recurring feature in STRONG
branching off the longest spin-up and having the largest heat bias;
there is only a single, decade-long event in the spin-up to WEAK.
While absent in WEAK,. itself and also NOBIAS. and NOBIAS,, we
also find open ocean deep convection in the Weddell Sea to occur in
high-resolution runs WEAK, and STRONG right from the beginning
(Fig. 4c). Obviously, the warm bias inherent to the initialisation fields
is not sustainable with only larger eddies explicitly simulated (and
eddy parameterisation, i.e. GM, turned off). Here, deep convection first

occurs in the south-western Weddell Sea along the path of the Antarctic
slope current where both velocity shear and baroclinic instability due to
the sharp density gradient between shelf and open ocean creates eddies.
However, eddy formation rate and in particular smaller mesoscale
eddies are underestimated even at 1/10° grid spacing. In contrast to the
coarse resolution simulations, there is no active compensating parame-
terisation and isopycnals tend to be sloped steeper perpendicular to the
shelf in the high-resolution runs compared to their coarse-resolution
counterparts. In the latter, the GM parameterisation effectively flattens
the isopycnal slopes rising towards the subpolar gyre interior. This is
visible in sections through all three SO sectors (Fig. 6d—f, compare black
and green contours of isopycnals) as well as in the isotherms of the
temperature bias displayed in Fig. 5 (see tilt of white shading near the
shelf break above 1000 m). Eventually, the deep convection spreads
into the centre of the Weddell Gyre where it is also typically found in
the control simulations (not shown).

Deep convection—here indicated by total mixed layer volume at
locations of mixed layer depth exceeding 500 m—ceases after two
decades in WEAK, but lasts for 50 years in STRONGy and recurs
quickly for multi-decadal oscillations (Fig. 4c). The “events” in
STRONG,, are also characterised by a much greater spatial extent
considering that the maximum winter mixed layer depth extends to
below 5000 m in both experiments.

Massive open ocean deep convection is the major factor rapidly
reducing the deep ocean warm bias in the SO in the two high-resolution
simulations that start from a biased state, in particular STRONG
(Fig. 4b). The onset of deep convection along the southern-most part of
the shelf break in the Weddell Sea suggests that sharper fronts due to
the finer grid spacing result in enhanced baroclinic instability but—due
to a lack of sufficient resolution—cannot trigger sufficient eddy forma-
tion and mixing. Instead, vertical mixing is initiated quickly growing
out of proportion since warm and salty deep waters are brought to the
surface. During periods of deep convection, the ocean below 1000 m
loses heat at a mean rate of 0.15 °C/decade while during periods
without convection the temperature bias remains largely constant or
starts to grow again (Fig. 4b). This result supports the mechanism
described in more detail by Martin et al. (2013).

In WEAK this is different. We find a cooling trend of the deep SO
as strong as in STRONG , over the first ~80 years (Fig. 4b) though the
deep mixed layer volume associated with open ocean deep convection
is much smaller (Fig. 4c) only explaining a fraction of the temperature
reduction in the circumpolar SO. Instead, WEAK), starting from an
overall weaker warm bias, its ocean state is closer to the equilibrium
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state having a more realistic mean hydrography, ACC and gyre circula-
tion than STRONG . This is similar to NOBIAS,,, in which no deep
convection occurs at all coinciding with an overall low temperature
bias of less than 0.25 °C (Fig. 4b). We can clearly associate these
adjustment processes to resolving mesoscale dynamics in the nested,
high-resolution runs. Moreover, these simulations also form bottom
water on the continental shelf around Antarctica, which takes several
decades to fully evolve and helps strengthen the large-scale meridional
density gradient (not shown, study in preparation, Martin and Zeller
(0000)). Nevertheless, a slight warming trend for the deep SO is visible
over the second century of both NOBIAS, and WEAK, as the deep
ocean evolves towards its individual equilibrium state.

Evolving large-scale circulation

The strength of the ACC strongly depends on the meridional density
gradient, typically defined as the difference in zonal mean depth-
averaged density between 45°S and 65°S (Beadling et al., 2020). This
density difference is sensitive to the presence and subsequent degra-
dation of the warm bias south of 55°S (Fig. 4d). Again, we see the
pronounced imprint of the massive deep convection in STRONG,
and smoother transitions to a 15% stronger gradient in WEAK, and
NOBIAS . The associated adjustment of the ACC in the nested model
simulations highly depends on the initial state of the SO (Fig. 4e). When
initialised from observed conditions (NOBIAS,), the ACC strength
drops from 165 Sv to 120 Sv within the first 25 years of the sim-
ulation, then recovers and increases again to almost 150 Sv at the
end of the 100-year spin-up period, which is roughly in accordance
with observed estimates (Koenig et al., 2014; Donohue et al., 2016;
Vargas-Alema et al., 2023). Though the model evidently struggles to
support the observed hydrography, proper AABW formation through
processes on the continental shelf and its export at depth is established
within a few decades (not shown). The quasi-equilibrium at the end
of NOBIAS, shows that the nested configuration supports an ACC
strength in the range of 140-160 Sv simulated by comparable climate
models (Beadling et al., 2020), which is just in the range of the very
recent observational estimate of 149 Sv (Vargas-Alema et al., 2023).
The ACC in the other two high-resolution simulations starts from very
low values of <80 Sv and 90 Sv inherited from the control runs WEAK -
and STRONGg ., respectively. Still, mitigating the SO warm bias enables
the ACC strength to rise by about 1 Sv/yr on average in the first 40—
50 years in both simulations reaching 115 Sv (STRONGy) and 135 Sv
(WEAK ).

The imprint of deep convection on the meridional density difference
is clearly visible in STRONG, (orange lines in Fig. 4c and d). The
two time series correlate with a maximum lagged coefficient of 0.64
reflecting an increase in the meridional density difference while heat is
released from the deep SO south of the ACC to the atmosphere. Since
the meridional density difference directly imprints on the ACC through
thermal wind balance, the effect of the strong deep convection is also
visible in the ACC strength time series (orange lines in Fig. 4c and e),
where the current is particularly strong during periods of enhanced
deep convection. The imprint is less obvious for WEAK y, in which ACC
strength rather declines over the second century of the experiment. This
supports our earlier statement that deep convection plays a minor role
in setting the equilibrium state of WEAK, in contrast to STRONG .
After 100 years of the simulation, we find the three nested experiments
stagger in ACC strength according to the intensity of the initial tem-
perature bias with NOBIAS,, having the strongest and STRONG the
weakest ACC. Over the next 100 years, however, WEAK,, converges
toward the weaker state and both simulations suffering from a biased
initialisation cannot reach the same strength as NOBIAS ;. We speculate
that this difference is likely related to biases that have evolved outside
the SO and cannot be mitigated by improved dynamics directly in the
nested domain.

Processes in the SO also affect the ocean circulation outside the
nested domain. Most importantly, the SO contributes to the upper
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and lower branches of the meridional overturning circulation (MOC)
as demonstrated by Toggweiler and Samuels (1998), Kamenkovich
and Sarachik (2004), and Nikurashin and Vallis (2012). Notably, the
lower MOC cell is an indicator for the export of AABW towards lower
latitudes. In most climate models, the formation of AABW is strongly
related to open ocean deep convection, where AABW export constitutes
a time-lagged integral of SO deep convection. In FOCI, deep convection
and AABW export is concentrated in the Atlantic sector and we thus
show the strength of the deep northward flow of the Atlantic meridional
overturning circulation (AMOC) at 30°S as a measure of AABW volume
export in Fig. 4f. As expected, the two large deep convection events
during the transient period of STRONG, (Fig. 4c) are accompanied
by a continuous increase in AABW export (Fig. 4f). In WEAK, AABW
formation changes from open ocean deep convection—driven to on-shelf
production, the associated export increases at a reduced rate, and the
strength of the deep AMOC cell cannot directly be related to the weak
convection events still present in this experiment. After a rapid increase
within the first 15 years, AABW export in NOBIAS y, stays at a relatively
constant level of 4-6 Sv which underestimates observed estimates of
~8 Sv (Orsi et al., 1999; Zhou et al., 2023) but is at the higher end
of the range simulated by comparable climate models (Heuze, 2021,
Atlantic SMOC in their Tab. B2).

In conclusion, both WEAK, and STRONG y; can substantially reduce
the excess heat content of the sub-surface and deep SO during the
first 100 years, which these runs were initialised with (Figs. 2 and 5).
Nonetheless, these two simulations perform less than NOBIAS, with
the least biased ocean state, featuring the most realistic SO hydrog-
raphy. STRONGy is further adversely affected by the unrealistically
strong deep convection (Fig. 4c), which to the disadvantage of this run
is reflected in the deep ocean, for instance, as a prominent signal in
AABW export and AMOC strength.

3.2. Differences in mean states

In this section we discuss the quasi-equilibrium mean states of both
the control and the eddying simulations now averaging over the second
100-year period of each of the six simulations (see Table 1). Effects
of resolution are analysed based on the differences between coarse
and high-resolution runs, while the potential imprint of the warm
bias based on differences of runs of same resolution. The focus is on
differing SO heat content, implications for hydrography and resulting
variations in large-scale dynamics. In the following, NOBIAS,. and
NOBIAS,, will serve as “ideal” cases featuring the smallest biases. Both
the “ideal” reference cases and the quasi-equilibrium are relatively
strong assumptions that allow us to stay within the framework of
the available simulations. Changes in ocean dynamics are manifold
and complex, and the analysis here can only provide an overview
of the most prominent effects connecting large-scale circulation and
hydrography. These differences also have implications outside the SO
and may help interpret other climate model results.

Heat distribution

To demonstrate the effect of resolved mesoscale activity on the state
of the SO, we first examine the differences in heat content between
the eddy-parameterised and eddying simulations. A map of vertically
integrated total heat content in Fig. 6a shows a significantly lower heat
content in the eddying runs in the Atlantic basin and in a circumpolar
band south of 60°-70°S and greater content everywhere else in the
SO with distinct maxima in the Malvinas and Agulhas regions. The
pronounced dipole just south of the African continent—warming of the
Agulhas retroflection region towards the Indian sector and cooling in
region of leakage into the South Atlantic—clearly highlights the effect
of enhanced mesoscale activity in this area in the nested experiments
(cf. Fig. 3). The cooling at the western flank in the high-resolution
simulation originates from a more realistic turbulent flow around Cape
of Good Hope with transient eddies transporting heat into the Atlantic
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Fig. 6. Long-term mean difference of NOBIAS, minus NOBIAS. of the vertically (a—c) or zonally (d-f) integrated heat content. Heat content difference for (a) the entire water
column, (b) the upper 1000 m, (c) the water column below 3000 m, (d) across the Atlantic sector, (e) across the Indic sector, and (f) across the Pacific sectors. Red (blue) indicates
regions with larger (smaller) heat content in the nested simulation. Averages over the final 100 years of the simulations are displayed. The black circle in (a—c) depicts the extent
of the SO nest, grid resolution is 1/10° within and 1/2° outside. The green dashed lines in (a—c) mark the longitudes used to define the three ocean basins shown in (d-f). Average
heat content in (d—f) has been normalised by the zonal extent of each basin. The black (green) contours show the mean isopycnals of NOBIAS. (NOBIAS,). The yellow dashed

lines mark the latitudes used for computing the meridional density difference.

Ocean. The non-eddying experiments, instead, simulate a direct near-
laminar flow around the tip of South Africa from the Indian into the
Atlantic basin. This flow causes an unrealistically large heat transport
into the Atlantic as seen by the blue shading in the difference plot
(Fig. 6a and b). The improved representation of mesoscale features
in this region also provokes an enhanced retroflection of the Agulhas
current in the eddying simulations due to a reduced, eddy-driven
leakage, while in the coarse-resolution simulations the retroflection
is weaker from the comparatively large near-laminar flow into the
Atlantic. Hence, the eastward heat transport is larger in the high-
resolution simulations (red shading east of South Africa in Fig. 6a and
b). This increased heat transport is incorporated into the ACC and the
subtropical supergyre resulting in an increased heat content throughout
the entire Indian Sector and part of the western Pacific. The reduced
heat leakage into the Atlantic decreases the upper ocean heat content
in the Atlantic and enhances it in the Indian and Pacific basins with
the integral above 1000 m explaining a large part of the difference
(Fig. 6b).

Overall, greater heat content in the nested runs is confined to above
2000 m and north of approx. 55°S in all three sectors of the SO,
practically in and above the density range of deep water (6d—f). In
contrast, the southern hemisphere deep mid- to high-latitude ocean has
less heat content in the high-resolution simulation than in the coarse
resolution run (Fig. 6¢) reflecting the build-up of the warm bias in the
latter and also demonstrates the preference of the deep ocean to warm
more strongly. We attribute this improvement to the more realistic
formation of Antarctic bottom water (AABW) on the continental shelf
and its enhanced export in the high-resolution simulation (cf. Fig. 4f).
The pattern of reduced deep ocean heat content is consistent with the
circumpolar distribution of AABW and the typical export routes guided
by bathymetry, e.g., along the Antarctic peninsula into the western
South Atlantic basin and similarly along the western shelf boundaries
of the Pacific and Indian basins (Fig. 6¢).

The meridional transects through the SO show a cooling around
Antarctica being centred between 55°-65°S and 1000-3000 m
(Fig. 6d—f). Further, the heat content reduction is strongest in the At-
lantic and Indian sectors clearly indicating changes in circumpolar deep

water import and heat accumulation in the Weddell Gyre, associated
with the explicit simulation of mesoscale dynamics.

The increased heat content in the upper ocean north of 45°S is
a consequence of the improved Agulhas retroflection in the nested
experiments, which enables greater heat advection eastward. This is
seen most prominently in the Indian sector while it can be tracked
further into the Pacific sector as well (between 150°-180°W), with the
warming shifted southward by about 10° (Fig. 6b,e and f). This large-
scale transport is likely related to the so-called southern hemisphere
supergyre which spans the entire SO in a circumpolar gyre circulation
comprising the southern branches of the three subtropical gyres of the
Atlantic, Indian and Pacific basins (Speich et al., 2007). Originating
from the stronger Agulhas retroflection, an associated greater heat
content could connect to the Pacific basin. The local warm heat content
anomaly in the western Pacific is confined by bathymetry and aligns
with the Antarctic-Pacific mid-ocean ridge.

In the simulations starting from a warmer SO, WEAK, and
STRONG,,, the patterns of heat content difference due to resolving
the mesoscale are very similar (Figures S3-S4). However, the cooling
effect on the deep ocean is markedly stronger in STRONG, than in
the other two simulations. Both runs start with a significant warm
bias. Particularly in STRONG, massive open ocean deep convection
results in basin-scale heat loss of the mid to deep ocean below 1000 m.
Introducing mesoscale dynamics also leads to a horizontal redistribu-
tion of heat and an adjustment of ocean fronts in the SO. This results
in an enhanced heat content in the high-resolution simulations with
respect to their control counterparts in the upper ocean above 1000 m,
which is also more pronounced in WEAKy and STRONG, compared
to NOBIAS 5.

In the broad scheme of total SO heat content, explicitly simulating
eddies instead of parameterising their effect has an ameliorative effect
that is to first order rather similar for all three initialisation scenarios.
The left column in Fig. 7a shows deviations from the total SO heat
content of NOBIAS,. for the two biased control runs (circles) and also
for the three nested experiments (stars). The stronger the warm bias,
the more positive the heat content deviation. This still applies to the
nested experiments inheriting no, a weak or strong bias despite the
improvements achieved by simulating mesoscale dynamics. In fact, the
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Fig. 7. (a) Quasi-equilibrium Southern Ocean (SO) and Weddell Gyre (WG) heat content vertically and zonally averaged (mean over model years 101-200) displayed as deviation
from NOBIAS,. for all experiments. Control simulations are depicted by filled circles, nested ones by stars. Different colours correspond to the different SO warm bias states. The
absolute values for NOBIAS.. are displayed in blue for reference. We define the SO as the ocean south of 55°S and limit the WG to the boundaries 55°-65°S and 50°W-50°E.
(b) Histogram of mixed layer volume integrated over the Atlantic sector (60°W-20°E, south of 55°S) of the SO where the local mixed layer is deeper than 500 m for the final

100 years of NOBIAS, (blue), WEAK,, (green), and STRONG, (orange).

heat reduction is to first order rather similar (compare distance between
circles and stars). The effect appears a bit smaller for WEAK,, which
can be explained by a warming tendency in the deep SO over the second
century of the experiment (cf. Fig. 4b).

The Atlantic sector with the Weddell Gyre plays a prominent role
in the evolution of the warm bias in the control runs and hence also
for the reduction of the bias in the nested experiments. Here, the effect
of mesoscale dynamics is even more striking (Fig. 7a, right column).
The Weddell Gyre holds considerably less heat in the high-resolution
simulations and the heat content of STRONG,, becomes comparable to
that in NOBIAS.. A closer look reveals that the cooling of the Weddell
Gyre in the high-resolution simulations grows with an increasing mean
heat content in the control simulation, ranging from 0.8 x 10* PJ in
NOBIAS y to about 1.0x 10* PJ in WEAKy to 1.2x 10* PJ in STRONG .
This is related to enhanced deep convection activity triggered by a
warming deep ocean. While there is no deep convection occurring in
NOBIAS it is present in both WEAK, and STRONG y, but with greater
probability for larger mixed layer volumes in STRONG, (Fig. 7b). This
can be attributed to a widely less stably stratified WG caused by the
accumulation of warm deep water originating from outside the nested
domain and carrying the major warm bias of STRONG,. This agrees
well with the overall impression that introducing mesoscale dynamics
does not importantly change the offset between experiments of same
grid resolution. The initial warm bias—though diminished—maintains
an impact on large-scale SO conditions (order of and distance between
stars compared to that between circles).

Hydrography

The redistribution of heat in the high-resolution simulations has
a direct effect on the density structure of the SO. The water column
below 500 m is on average 0.5 °C cooler in the nested than in the non-
nested experiments (not shown); thus, relatively dense water reaches
the upper ocean (above 200 m) and resides closer below the mixed
layer south of 65°S. As a consequence, the isopycnal slope between
45° and 65°S is considerably steeper in the nested experiments in all
SO sectors (Fig. 6d—f, black and green contours). In the following, we
describe the implication of such differences in density on the merid-
ional gradient that drives the ACC and how the density differences
are related to changes in temperature and salinity. We quantify the
differences by computing zonally and vertically averaged meridional
differences in density, temperature and salinity between 65°S and
45°S. The time-mean changes are then referenced against NOBIAS,
to quantify the effect of a warm bias (WEAK. and STRONG.) and of
explicitly simulating mesoscale eddies (nested experiments).

In Fig. 8, we present the density gradient differences in the same
framework as the heat content deviations before (cf. Fig. 7). We ex-
pect a warm bias in the SO (<55°S) to reduce the density gradient
across the ACC as the temperature discrepancy to the mid latitudes is
diminished, i.e. 4p is lower in WEAK experiments and even lower in
the STRONG ones and the effect is smaller in the nested runs since the
warm bias has been reduced. The picture drawn in Fig. 8(left panel) is
not that clear, however. While STRONG.. (orange circle) does present
a negative 4p deviation from NOBIAS. (blue circle) as expected, in
WEAK, (green circle) the density difference is slightly larger. We
attribute this unexpected behaviour to the reduced warm bias achieved
through improved parameter settings in WEAK causing this run to
have a stronger ACC after 500 years than NOBIASg after only 200
(not shown). The high-resolution simulations (stars) have significantly
enhanced Ap compared to the control runs; moreover, NOBIAS, has
the greatest density difference to NOBIAS. and STRONG,, the smallest,
which matches our expectations and also goes in line with the ACC
strength shown in Fig. 4d. Interestingly, the differences in 4p between
the nested runs are larger (or of opposite sign) than those between the
control runs. We thus take a closer look at the role of the meridional
temperature and salinity differences in setting the density gradient.

Temperature clearly plays the dominant role determining the den-
sity difference in the control runs. We find the same order for AT
as for Ap (cf. circles in Fig. 8, left and middle panel) suggesting a
direct relationship between the two variables. In contrast, salinity
(circles in right panel) shows a different order with WEAK- in between
NOBIAS. and STRONGg, i.e. the high latitude warm bias is associated
with a positive salinity bias following the accumulation of circumpolar
deep water at depth. We conclude that the warm bias dominates the
density difference and hence ACC strength in the control runs. This
demonstrates the important effect of a SO warm bias on ACC dynamics
by simple thermal wind balance, which holds beyond our simulations.

For the high-resolution simulations we find that the salinity differ-
ence across the ACC deviates little from the control state in WEAKy and
STRONG ;. The exception is NOBIAS,, which is not influenced by any
coarse-resolution model bias and features a major positive deviation
from NOBIAS. indicating that the meridional salinity gradient is vastly
underestimated in all the other simulations to the disadvantage of ACC
strength. In NOBIAS; this helps to create a stronger density difference
compared to WEAK (left panel) despite both simulations having equal
meridional temperature gradients (middle panel, green star on top of
blue star).

To illustrate the impact of the temperature bias on either side of the
ACC, polar vs. mid latitudes, we additionally present the temperature
deviations from NOBIAS. for the latitude bands of 65°S and 45°S
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(Fig. 8, middle panel). Such direct temperature comparison yields the
sequence we originally expected, orange symbols on top of green on top
of blue, i.e. conditions are warmer in WEAK than in NOBIAS and again
warmer in STRONG simulations. This holds for both control (circles)
and nested runs (stars) as well as for 65°S and 45°S latitude. If the
same symbol appears at a greater temperature deviation from NOBIAS
at 45°S than at 65°S, AT will be positive, and so will be 4p. This is the
case for all simulations except for STRONG, (orange circle), which in
consequence yields a negative AT. From this we take away that (i) all
simulations including NOBIAS, have a stronger warm bias north of
the ACC than NOBIAS with the nested versions exceeding their non-
eddying counterparts (see discussion of Fig. 6a,b), (ii) implementing
the SO nest with eddying resolution south of 28°S yields major warm
bias relief south of the ACC, and (iii) greater AT and 4p in the nested
runs are a consequence of both a reduced warm bias on the cold,
southern side of the ACC and an enhanced bias on its warm, northern
side. The effect at polar latitudes is three times stronger in NOBIAS
and STRONGy whereas of comparable magnitude in WEAK,, (offsets
between stars and circles of same colour and latitude).

Dynamics

The strong meridional density gradient and associated greater baro-
clinicity in the high-resolution simulations triggers the formation of
mesoscale eddies. Accordingly, EKE is enhanced in the latitude band
between 50°S to 65°S in the eddying simulations. The relationship
is best demonstrated for a Pacific sector cross-section of NOBIASy
(Fig. 9a). In the Atlantic sector, the enhanced EKE of the Malvinas
confluence and the Agulhas regime north of the ACC diminishes the
prominence of the EKE band associated with the steep isopycnals in the
upwelling region, even on circumpolar average (cf. Figure S5). EKE is
strongest at mid latitudes above 1000 m. We also find a bottom layer
of enhanced EKE below 5000 m along topography. At polar latitudes
surface-intensified EKE is confined to the top 200 m. In the interior,
deep ocean between 1500 and 4000 m EKE is typically low. However,
the circumpolar wind-driven upwelling between 50°S and 65°S forces
isopycnal sloping causing enhanced EKE throughout the entire water
column. In particular, the maximum EKE below the core of the ACC
at ~1500-2000 m depth is in line with the enhanced eddy mixing
related to locally enhanced baroclinicity over topography as described
by Marshall et al. (2006) and Lu and Speer (2010). In contrast, the
eddy induced velocities by the GM parameterisation in the non-eddying
control simulations exhibit a fundamentally different vertical structure.
A cross-section of |[EIV|? in NOBIAS. highlights areas of particularly
active GM (Fig. 9b). We do not find a pronounced band of enhanced
|EIV|? associated with the isopycnal slopes but enhanced magnitudes
in the upper ocean down to 300 m and topography-induced |EIV |
reaching higher up to about 2500 m, affecting the lower half of the
interior ocean. Importantly, the smaller meridional density gradient—
with respect to the high-resolution simulations—does not invoke the
presence of high GM activity at mid-depth between 500 m and 2500 m.
In particular, |[EIV|? is minimal in the centres of the subpolar gyres,
here the Ross gyre, at 500-2000 m depth between 58° and 70°S (cf.
Fig. 3).

As laid out in the previous Section 3.1, thermal wind balance links
the meridional density gradient with the large-scale circulation in the
SO. This relationship not only affects the dynamics during transient
periods but also determines the mean state of the simulations (Fig. 10).
We find a stronger ACC with reduced temperature bias and stronger
density gradient, as reported above. The very clear order of the symbols
for the control (circles) and nested runs (stars), which slightly divert
from those of 4p and AT in Fig. 8, shows that ACC transport is defined
by other processes as well. In contrast, both Weddell (WG) and Ross
gyres (RG) are weaker in the high-resolution simulations compared to
the corresponding control runs (Fig. 10). In fact, there is a distinct anti-
phase relationship between the ACC and the subpolar gyre strengths on
interannual to decadal time scales (not shown): a strong ACC coincides
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with weak subpolar gyres and vice versa. The long-term mean states in
Fig. 10 only show this for AWG of the nested runs (stars). Ross gyre
strength rather forms two clusters with a difference of about 10 Sv
allowing no clear conclusions to be drawn from.

The Agulhas current (AC), the most prominent feature at mid lati-
tudes, strengthens by ~12% in the high-resolution simulations (9-13 Sv
increase compared to a 89 Sv mean in NOBIAS, Fig. 10). We compute
the Agulhas current from the barotropic streamfunction at the Agulhas
current repeat transect ACT. Nevertheless, leakage into the Atlantic is
reduced in the nested runs by turning this exchange from direct flow
into a realistic eddy shedding process. Both, enhanced AC and reduced
eddy shedding, lead to an increased eastward heat transport. This is in
line with the increased heat content in the upper 1000 m of the Indo-
Pacific basin apparent in the high-resolution simulations (cf. Fig. 6b).
Regarding changes in AC strength due to the different warm biases,
the control simulations show close to no change (circles for 4AC in
Fig. 10). There is a tendency for a stronger AC with a warm-biased
SO in the high-resolution simulations (stars for AAC in Fig. 10), which
is potentially linked to a weaker ACC under warmer conditions.

4. Discussion

We investigated consequences of a warm biased SO in global cli-
mate model simulations of coarse, non-eddying and high, eddying grid
resolution on the initialisation of nested simulations and on the quasi-
equilibrium of SO properties. While this study discusses the behaviour
of simulations with different warm biases, some of the described pro-
cesses and mechanisms may also hold under global warming as recently
outlined by Ferster et al. (2019). In the first part, the focus is on the
implications of varying amounts of heat in the deep SO for the initiali-
sation and subsequent spin-up phase of a high-resolution SO nest. Our
experiments show that a warm bias in the initial state inherited from a
coarse-resolution model spin-up causes the high-resolution model to be
dynamically unstable. The majority of the excess heat is depleted by
deep convection causing massive heat loss to the atmosphere. In our
experiments, this happens predominantly in the Atlantic sector of the
SO where heat accumulation is strongest in all our model simulations.
The mechanism driving the open ocean deep convection was described
in detail by Martin et al. (2013) based on a previous version of the
present model. Dufour et al. (2017) showed that a stronger upper ocean
stratification in a high-resolution simulation (1/10°) can favour heat
build-up at depth and deep convection events in contrast to an eddy-
parameterised simulation (1/4°) with continuously stronger vertical
mixing. Our simulations indicate that coarse-resolution configurations
tend to accumulate heat at depth over time due to misrepresented dy-
namics. Vertical mixing parameterisation and periodic deep convection
activity ultimately do not inhibit heat accumulation in the deep ocean
though parameterisations can affect the frequency and intensity of the
deep convection (Heuze et al., 2015; Kjellsson et al., 2015). A possible
explanation for the discrepancy with Dufour et al. (2017) might be a
too strong GM parameterisation in the present coarse-resolution model
configuration causing excessive restratification and therefore allowing
heat to accumulate at depth.

The accumulation of heat at depth in turn effects an overall weak-
ening of the stratification, which is a necessary precondition of deep
convection events. Such an effect has also been observed by Zhang et al.
(2021) who analysed repeated ship-based hydrographic surveys. They
further relate the modified stratification under warmer conditions to
changes in heat flux and internal wave generation and dissipation even-
tually imprinting on the strength of the abyssal MOC. Similarly, Tan
and Thurnherr (2023) report an observed reduction in stratification
in the SO during recent decades and associate this with changes in
AABW properties. They suggest that these changes are spread across
the abyssal ocean along AABW export pathways also affecting adjacent
ocean basins.
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Changes in properties at 65°S and 45°S relative to NOBIAS.
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Fig. 8. Time-mean SO water properties zonally and vertically averaged and displayed as deviations from NOBIAS.. for all experiments. The left panel shows the meridional density
difference 4p between 65°S and 45°S, the middle panel shows the temperature difference AT between 65°S and 45°S as well as temperatures T at the respective latitudes, and
the right panel shows the salinity difference AS between 65°S and 45°S. Control (nested) simulations are indicated as filled circles (stars). Different colours correspond to the
different SO warm bias states. The absolute values for NOBIAS. are displayed in blue for reference.
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Fig. 10. Differences of mean SO circulation features relative to NOBIAS.. for all experiments. From left to right the columns depict volume transport deviations for the Antarctic
circumpolar current (4ACC), the Weddell Gyre (4WG), the Ross Gyre (4RG), and the Agulhas current (4AC). Control (nested) simulations are indicated as filled circles (stars).
Different colours correspond to the different SO warm bias states. The absolute values for NOBIAS. are displayed in blue for reference.

In our simulations with strong SO warming, i.e. a well expressed
warm bias, open ocean deep convection is the main relief mechanism.
As we show, this has direct implications for the hydrography at high
latitudes and imprints on the large scale circulation of the SO, not only
the ACC but also the subpolar gyres, the Agulhas current and ultimately
the export of AABW and thus the MOC. This is different from, for
instance, a bias in surface winds. Morrison and Hogg (2013) do not
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find wind stress changes affecting the ACC to also imprint on the MOC.
Changes in Southern hemisphere surface wind speeds may still also act
as a driver for changes in SO heat content and surface temperatures as
shown by Ferster et al. (2019).

If instead the SO nest is initialised from observed conditions, no
comparable warm bias forms and the model slowly adjusts to its
own mean state that is truly superior to that of the coarse-resolution
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simulations. Only this approach takes full advantage of the eddy-rich
dynamics of the high-resolution model configuration. We conclude that
an inherited, strong bias in an initial SO state thus may have long-
lasting implications for the climate state in coupled model simulations.
This is in line with Singh et al. (2023) who find in a large ensemble
simulation of the Canadian Earth system model (CanESM2) a persistent
anomaly in the SO surface climate and attribute this to varying ocean
initial conditions.

The second part of the present study sheds light on how the SO mean
state is affected by different amounts of SO heat in spun-up climate
simulations at eddying and non-eddying ocean resolution. At this point,
it should be noted that—in an ideal case—the two high-resolution
experiments STRONG y, and WEAK, should eventually converge to the
same equilibrium state, as they only differ in their initial condition and
in the diffusivity applied outside of the nested domain. Consequently,
the differences that are discussed with respect to their mean states (see
Section 3.2) are not due to inherently different dynamics but rather
reflect the fact that, even after 100 model years, the two simulations
have not yet reached their equilibrium state. While some mechanisms
are rather unaffected by the mean state and scale with the bias other
relationships break down. The relationship between deep convection
and SO circulation in our simulations is consistent with the results
of Behrens et al. (2016). They show a decrease of the subpolar gyre
strength and an increase of the ACC strength with increased deep
convection activity on decadal to multidecadal time scales in a multi-
model ensemble based on CMIP5. The anti-phase relationship between
the ACC and the subpolar gyre found in all simulations could be
a consequence of the varying area of the subpolar gyres. As shown
by Meijers et al. (2012), the position of the northern edge of the
Weddell and Ross gyres is critical to the net ACC transport, i.e., a larger
(smaller) subpolar gyre area is associated with a weaker (stronger)
ACC transport. The variability might result from large-scale climate
variations like the Southern annular mode, as suggested by Liau and
Chao (2017). The consistent response of the two gyres (WG and RG) to
a change in SO heat content supports the conception of a SO supergyre
connecting multiple sub-gyres spanning the Weddell and Ross seas
as proposed by Sonnewald et al. (2023) based on physics-informed
machine learning. Hence, we can conclude that the mechanism it-
self works independent of model type and initial state but we must
acknowledge that the mean state itself is dependent on the initial
conditions irrespective of the model configuration.

Yet, we also find consistent improvements with the higher spatial
resolution in the nested configurations independent of the initial state
meaning that the effect of explicitly simulating eddies is greater than
the consequences of the warm bias. This is, for instance, true for the
Agulhas leakage where in eddying simulations the dynamics shift from
a direct flow to eddy shedding which facilitates a realistic eddy-driven
transport of heat into the Atlantic and results in a much more realistic
Atlantic SST and regional heat content. Moreover, the mean strengths of
the Agulhas and Drake Passage volume transports do compare consider-
ably better with observations in eddying simulations. Another example
for a dynamical shift towards a more realistic SO is the relocation of
major deep convection sites from the open ocean, as is the case in
coarse-resolution simulations, to shelf regions in eddying simulations.
A very similar shift of deep convection sites was found by Ma et al.
(2020) who attribute the changes to the turning angle between sea ice
and ocean velocity in a coarse-resolution climate model. Our results
show that even with an identical parameterisation of the sea ice-ocean
horizontal momentum exchange a more realistic representation of SO
deep convection can be achieved by facilitating mesoscale dynamics
with an increased ocean model resolution.

The most realistic results are obtained with the eddying simulation
initialised with an observation-based ocean state. For example, the
mean ACC strength improves from 80 Sv to 149 Sv as compared to the
most recently observed values of 149 Sv (Vargas-Alema et al., 2023),
141 Sv (Koenig et al., 2014) and 173 Sv (Donohue et al., 2016). This
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is also in agreement with the 157 Sv of Xu et al. (2020) who based
their analysis on a 1/12° global ocean model. The mean Weddell gyre
strength also improves from 70 Sv to 50 Sv as compared to observed
values of 50 Sv (Klatt et al., 2005; Vernet et al., 2019). The eddying
simulations initialised with a biased ocean state do not reach a similar
quality.

5. Conclusion

We draw two main conclusions from the analysis and discussion pre-
sented here. Firstly, the stratification of the SO is highly sensitive to the
dynamics either resolved by or parameterised in the model. The ocean
heat content plays a major role both affecting the stratification as well
as being set by processes influencing buoyancy, such as surface fluxes.
SO heat content is strongly connected with the large-scale circulation
as it sets the meridional density gradient determining ACC strength and
is governed by upwelling of deep water and its import into the subpolar
gyres. We demonstrated that a SO warm bias characteristic of non-
eddying climate models may not be sustained by a similar but strongly
eddying model configuration. Thus, initialising a high-resolution nested
simulation from a mean state of a different model may lead to spurious
dynamical behaviour in the high-resolution simulations regarding strat-
ification, stability, deep convection, overturning and gyre circulation.
This is particularly unfortunate for simulations of past climate states
for which a millennial scale spin-up would be required. By affecting
the formation and export of AABW, the spurious behaviour may create
undesirable, long-lasting signals being stored for centuries in the deep
ocean of the respective simulation. The set of experiments presented
here indicate that even a significant reduction in the warm bias of the
coarse resolution model may not be sufficient to keep the nested model
from developing spurious behaviour. We therefore strongly advocate
to initialise any high-resolution, eddying simulation of the SO from an
ocean state based on observations. Our NOBIAS,, simulation suggests
that even in this case a minimum of 100 years of spin-up are required.

Secondly, in a spun-up SO the amount of heat that is stored in
the deep ocean is critical for the adjustment of the simulated climate
to global warming scenarios. In general, a warmer SO, especially in
the sub-surface, flattens the isopycnal sloping related to meridional
upwelling, resulting in a weaker ACC and stronger subpolar gyres.
Further north, the Agulhas current is stronger when the subsurface
SO heat content is larger. Mesoscale eddies play a crucial role in
determining stratification and ACC strength (e.g., Danabasoglu and
McWilliams, 1995). This suggests a need for both improved obser-
vational coverage and further research enhancing our understanding
of fundamental SO processes under climate change, aiming at an im-
proved parameterisation of eddies. In general, high-resolution eddying
simulations are much less prone to the typical warm bias found in
many coarse-resolution model simulations. Our results demonstrate the
importance to explicitly simulate mesoscale eddies for a more realistic
representation of the SO in climate simulations. While some mesoscale
processes can successfully be parameterised, such as mixing related to
baroclinicity, others cannot, for instance, bottom water formation and
Antarctic slope current dynamics.

Our study may serve as an example to guide a discussion on how
to best implement and apply state-of-the-art high-resolution models to
research questions of past and future climate change and the extent
of a necessary model spin-up. As ocean model grids enabling eddy-
rich simulations at the latitude of the ACC become more widely used,
particular attention should be paid to the high latitude SO, where
the grid resolution may only allow for large mesoscale features to
be explicitly resolved. In this case, scale-aware or careful, spatially
limited application of eddy parameterisations may lead to improved
simulations.
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