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Abstract. A new configuration of the Australian Community Climate and Earth System Simulator coupled model, ACCESS-

CM2, with a higher resolution ocean-sea ice component at 0.25◦ is introduced. The higher resolution ACCESS-CM2-025

model was developed to better represent the ocean mesoscale and expand the scope of climate modelling research applica-

tions. The individual model components have not been changed compared with ACCESS-CM2-1, the existing lower resolution

version of the model at 1◦, which was one of Australia’s contributions to the World Climate Research Program’s Coupled5

Model Intercomparison Project Phase 6 (CMIP6). This paper assesses the simulated climate for a 500 year present-day run in

ACCESS-CM2-025 against observations, the lower resolution ACCESS-CM2-1 model, and two ocean-sea ice models using

the same model components and comparable grid resolutions but with prescribed atmospheric forcing. ACCESS-CM2-025 is

more energetic and performs better in regions of elevated ocean mesoscale variability such as at western boundary currents.

The higher resolution ACCESS-CM2-025 also features a more realistic ENSO life cycle and seasonality, with a reduced bien-10

nality, which is common in the lower resolution ACCESS-CM2-1. Both ACCESS-CM2 models share many biases, particularly

near the sea surface and also affecting sea ice coverage, reflecting insufficiency in the atmospheric model component. While

ACCESS-CM2-025 exhibits improved time-mean deep convection, sea ice, and mixed layer depth in the North Atlantic, it

also experiences multidecadal variability, which is evident in many variables, including the Atlantic Meridional Overturning

Circulation.15

1 Introduction

Coupled models are the primary tool to study the global climate system and to predict the ways in which it may change.

They simulate the inherently coupled Earth System and thereby help to understand the governing physical processes and

natural climate variability. They can also be applied to model past and future climates. For example, modelling centres around

the globe took part in the Coupled Model Intercomparison Project Phase 6 (CMIP6) to predict how the climate system will20

respond to changes in natural and anthropogenic forcing in the decades to come (Eyring et al., 2016). The accuracy of such
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projections strongly depends on the quality of the employed coupled models which are known to have major biases (e.g., Notz,

2020; Beadling et al., 2020; Heuzé, 2021).

Coupled models combine a number of individual model components (typically including the atmosphere, land surface,

ocean, and sea ice) and directly simulate the interaction between them. This interaction between the different model components25

allows the simulated climate system to freely evolve in time with only few assumptions on prescribed boundary conditionsthe

climate forcing. However, coupled models are therefore very complex and heavily constrained by computational limitations.

Computational considerations influence each model configuration, mainly the choice of parameterisations of physical processes

as well as lateral grid resolution, with consequences for the simulated climate. Fortunately, computational capabilities steadily

improve and provide the opportunity to advance specific aspects. Increasing the lateral grid resolution of the ocean model has30

a high priority as the ocean is a key component that links different parts of the climate system. A higher ocean grid resolution

is not only expected to allow for a more realistic representation of the ocean (mean state and variability) but also impact how

well sea ice and the lower atmosphere are simulated.

The ocean grid resolution affects not only geometric constraints on the representation of the coastline, passages, narrow

straits, and narrow coastal shelvesand narrow straits, but also impacts the ability of a model to simulate mesoscale dynamics.35

The explicit representation of the ocean mesoscale, such as eddies but also boundary currents and fronts, improves both the

ocean mean state and climate variability as detailed in the following paragraphsfurther below. The Rossby deformation radius

provides a length scale for the size of mesoscale features (Chelton et al., 1998). Eddies vary in size from a few kilometers

to about 100 km depending on the latitude (smaller at high latitudes), ocean depth (smaller at shallow seas) and stratification

(smaller at low stratification). A lateral grid resolution of less thanat least half the Rossby deformation radius is needed in40

order for a model to simulate mesoscale features (Hallberg, 2013; Stewart et al., 2017). Based on the ability to represent

the ocean mesoscale, models are classified as being either eddy-parameterising, eddy-present (eddy-permitting), or eddy-rich

(eddy-resolving).

The majority of the CMIP6 models are eddy-parameterising while most of the existing eddy-present and eddy-rich models

are part of the High Resolution Model Intercomparison Project (HighResMIP) (Haarsma et al., 2016). Eddy-parameterising45

models have a grid resolution of approximately 50-100 km (nominal resolution of 0.5◦ to 1◦) and require, as the name sug-

gests, an eddy parameterisation such as the commonly employed Gent and McWilliams (GM) parameterisation (Gent and

McWilliams, 1990). Eddy-present models have a grid resolution in the order of 25 km (nominal resolution of 0.25◦) and there-

fore resolve the Rossby deformation radius in lower latitudes but not at high latitudes or shallow (shelf) seas. These models lie

in an in-between state and modelling centres have different approaches to the issues of whether and how to parameterise the50

unresolved ocean mesoscale while not overdamping the resolved eddies. Eddy-rich models are in the order of 10 km (nominal

resolution of 0.1◦) or higher and are able to explicitly simulate the ocean mesoscale across most of the globe. However, even

eddy-rich models do not resolve eddies poleward of approximately 60◦ (Hallberg, 2013). Global eddy-rich configurations are

common for ocean-only models, but only very few coupled atmosphere-ocean models exist at this resolution (e.g. Roberts

et al., 2019; Small et al., 2014; Sein et al., 2018).55
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Models that parameterise eddies are generally too diffusive and exhibit poor performance in regions of high eddy activity

which affects various aspects of the climate system. For example, western boundary currents are too weak and wide in eddy-

parameterising models and their position is improved when the mesoscale is explicitly resolved (Small et al., 2014; Grif�es

et al., 2015; Sein et al., 2018). The Atlantic Meridional Overturning Circulation (AMOC), a measure of meridional volume

transport in the Atlantic, is notoriously challenging to simulate as it is impacted by multiple processes on small scales including60

boundary currents, deep convection, and over�ows (Jackson et al., 2023). The AMOC is stronger for higher resolution models,

matches better the observed AMOC strength at 26� N, and has a larger latitudinal variation (McCarthy et al., 2015; Hirschi et al.,

2020; Roberts et al., 2020). Similarly, the associated heat transport from low to high latitudes is stronger for high resolution

models with a noticeable jump from eddy-parameterising to eddy-present models. The position and strength of the currents in

the Nordic and Labrador Seas improve from eddy-parameterising to eddy-present to eddy-rich models including more realistic65

representations of the deep currents and over�ows (Talandier et al., 2014; Colombo et al., 2020). In the Southern Hemisphere,

the transport of the Antarctic Circumpolar Current (ACC), the strongest ocean current on Earth, is with its many individual

fronts also sensitive to the ocean grid resolution (Hewitt et al., 2020). The explicit representation of eddies in the Southern

Ocean is of particular relevance for the ACC strength in a changing climate as they balance increased momentum input by

the westerlies through a phenomenon known as eddy saturation that is not captured by eddy parameterisations (Meredith and70

Hogg, 2006; Munday et al., 2013). Models in the eddy-present regime poorly represent the mesoscale in this latitude range

where their ability to explicitly resolve the mesoscale is limited (Hallberg, 2013).

A �ner ocean resolution not only improves the ocean physics but also impacts the atmosphere in coupled models through

heat, freshwater, and momentum �uxes. Traditionally, air-sea �uxes have been considered from the atmosphere to the ocean

and on larger scales where the ocean suppresses atmospheric high-frequency variability and favours a low-frequency response75

(Hasselmann, 1976; Frankignoul and Hasselmann, 1977). However, observations show enhanced small-scale features in the

wind pattern over regions of the ocean with high eddy activity (Chelton et al., 2004) suggesting the ocean has the potential to

control wind speeds on such scales (Small et al., 2008). The differential heating of the atmosphere over oceanic fronts with

strong temperature gradients invokes adjustments in the atmospheric circulation (Hsu, 1984; Wallace et al., 1989). The effects

of intense sea surface temperature (SST) gradients onto the atmosphere can be seen all the way up to the tropopause (Minobe80

et al., 2008) and SST variability in western boundary currents impact climate variability (Larson et al., 2024). Oceanic fronts,

and the associated temperature gradients, are more sharply de�ned in eddying models which is why at least eddy-present

models, together with a suf�ciently high atmospheric resolution, are required to capture these mechanisms (Tsartsali et al.,

2022). Additionally, the ocean mesoscale affects large scale decadal variability of upper ocean heat content with possible

effects on the atmosphere on a surprisingly long time scale (Constantinou and Hogg, 2021).85

As detailed above, there are many reasons why an enhanced ocean lateral grid resolution will improve a model's ability to

simulate climate variability and change. However, enhancing the ocean grid resolution does not always improve the simulation

and some aspects even worsen with limited agreement between models (Haarsma et al., 2016; Chassignet et al., 2020; Chang

et al., 2020; Jackson et al., 2023). The impact of ocean grid resolution on the simulated climate differs for each model and

it is bene�cial to test the resolution-dependency individually. Recent improvements in the con�guration of the Australian90
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Table 1.Overview of ACCESS model con�gurations used in this study and their submodel components, resolutions, number of processors

used for each con�guration (T: total, O: ocean, SI: sea ice, A: atmosphere), and computational ef�ciencies on the Australian National Com-

putational Infrastructure supercomputergadi. The core count in CM2-025 allows for similar runtimes across model components and minimal

waiting for coupler communication, resulting in similar performance compared with CM2-1, which is slowed down by the atmosphere.

Model Ocean component Atmosphere component Cores T (O, SI, A) Performance Study

CM2-025 MOM5, 0.25� UM10.6 GA7.1, N96 (1.25� � 1.875� ) 1152 (618, 96, 432) 4.3 yr d� 1 This study

CM2-1 MOM5, 1� UM10.6 GA7.1, N96 (1.25� � 1.875� ) 672 (80, 16, 576) 5.5 yr d� 1 Bi et al. (2020)

OM2-025 MOM5, 0.25� JRA55-do v1.3 reanalysis 1824 (1456, 361, 1) 12.2 yr d� 1 Kiss et al. (2020)

OM2-1 MOM5, 1� JRA55-do v1.3 reanalysis 288 (216, 24, 1) 95 yr d� 1 Kiss et al. (2020)

Community Climate and Earth-System Simulator (ACCESS) climate model (ACCESS-CM2) suite allow for long climate

simulations to be undertaken with an ocean at a higher lateral resolution of 0.25� that permit ocean eddies to be present across

much of the globe. This paper investigates the extent to which ocean grid resolution improves intrinsic ocean variability, i.e. the

variability induced by ocean eddies, and thereby modi�es the simulated mean state and large-scale decadal climate variability

in the ACCESS-CM2 model. We do this by comparing coupled (atmosphere-land-ocean-sea ice) and uncoupled (ocean-sea95

ice) models of the ACCESS family at 1� and 0.25� lateral resolutions of the ocean-sea ice component (with the standard N96

atmosphere resolution). The comparison with the uncoupled counterparts allow for insights whether the differences between

the simulated climates predominantly emerge from the lateral grid resolution or the forced versus coupled atmosphere. The

analysis focuses on known biases in ACCESS-CM2 (e.g., surface temperature and salinity, sea ice) and aspects of the climate

system that we expect to respond to enhanced ocean grid resolution (e.g., ocean horizontal and overturning circulation, ocean-100

atmosphere interaction).

2 The ACCESS model

2.1 Model suite

ACCESS is the Australian climate modelling framework that includes atmosphere, ocean-sea ice, coupled and Earth system

model con�gurations. This paper introduces a newly developed version of the existing ACCESS-CM2 (Bi et al., 2020) with105

a higher resolution ocean-sea ice component of 0.25� (CM2-025). We evaluate CM2-025 against observations, against the

previous 1� coarse-resolution version of the model (CM2-1), and against two forced ACCESS ocean-sea ice con�gurations

(ACCESS-OM2, Kiss et al., 2020) on the same horizontal grids (OM2-025 and OM2-1). An overview of the simulations

analysed in this study is given in Table 1.

ACCESS-CM2 (CM2-1) constitutes one of two ACCESS model contributions to CMIP6 with the other model being the full110

Earth System Model ACCESS-ESM1.5 (Ziehn et al., 2020) which includes an interactive carbon cycle. A detailed description

of CM2-1 is given in Bi et al. (2020), here we only report on the main features as well as the differences of CM2-025 compared
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with CM2-1. The atmospheric submodel is the Met Of�ce Uni�ed Model (UM) version 10.6 GA7.1 (Walters et al., 2019) on

a N96 grid of 1.25� latitude by 1.875� longitude with 85 vertical levels. The land surface submodel is CABLE version 2.5

(Kowalczyk et al., 2006) which is a module of the atmospheric model and not independently coupled. CABLE has up to 13115

surface tile types whose distribution in a grid cell is given by a prescribed time-invariant tile fraction. The ocean submodel

is based on MOM version 5.1 (Grif�es, 2012) and the sea ice submodel is CICE version 5.1.2 (Hunke et al., 2015), with the

same horizontal resolution as the ocean model: 1� for CM2-1 and 0.25� for CM2-025. Both con�gurations have 50 layers in

the ocean using a z� vertical coordinate system and �ve ice thickness categories (plus open water).

The model components are coupled three hourly using the OASIS-MCT coupler (Valcke et al., 2015; Craig et al., 2017)120

with an ice-ocean time step of 30 min in CM2-1 and 20 min in CM2-025. The remapping between the atmosphere and ocean-

sea ice components uses �rst-order conservative interpolation for the �ux �elds and bilinear interpolation for the wind stress

in CM2-1. CM2-025 uses patch interpolation for the wind stress to reduce the imprint of the the coarser atmospheric when

regridded on the �ner grid. The bathymetry for CM2-1 uses a legacy dataset (Bi et al., 2013) while OM2-1 and OM2-025

useCM2-025is basedon a modi�ed version of the GFDL-CM2.5 bathymetry (Grif�es et al., 2015; Kiss et al., 2020)initially125

developedfor OM2-025. CM2-025 uses a new topography created from GEBCO2014 v20150318 30 arc-second topography

(GEBCO, 2014) which is revised in speci�c locations (key straits) by copying depth values from the OM2-025 bathymetry.

Additional key locations also required revision including a change of the land mask aroundDifferencesbetweentheCM2-025

andOM2-025bathymetryproductincludethe deepeningof individual grid cells on the Antarctic continental shelf to avoid

model crashes during local storm events. Storms can occasionally grow stronger in the coupled system compared with the130

prescribed atmosphere in the OM2 models (see Section 2.2), hence it is not an issue in OM2-025. Other revisions involve the

aswell as deepening of the gateways of the Mediterranean and Baltic Seas which otherwise salinify or freshen in the coupled

model due to limited exchange between the respective marginal sea and the open ocean. The grid cell depth was chosen

primarily to improve representation of water mass exchange, rather than to enhance overall realism. Surface salinity restoring

masks the issue in the ACCESS-OM2 con�gurations. The sea surface salinity in ACCESS-OM2 is globally relaxed toward the135

World Ocean Atlas 2013 v2 (WOA13, Zweng et al., 2013, same as used for initial conditions, see Section 2.2) through a salt

�ux, with the strength determined by a piston velocity of 33 m per 300 d (Kiss et al., 2020). The restoring salt �ux is derived

from the difference between surface salinity in the model and in WOA13 and kept below� 0.5 psu to prevent excessively large

�uxes.

The primary sub-gridscale parameterisations in ACCESS-CM2 and ACCESS-OM2 are similar at each resolution, including140

the submesoscale parameterisation (Fox-Kemper and Ferrari, 2008), biharmonic isotropic Smagorinsky horizontal friction

(Grif�es and Hallberg, 2000) and KPP vertical diffusivity (Large et al., 1994). The background diffusivity is set to zero at

0.25°, due to excessive numerical mixing, while the Jochum (2009) latitudinally-dependent, depth-independent background

vertical tracer diffusivity scheme is used at 1°. (Details of the implementation of these parameterisations are provided by Kiss

et al. (2020).) The parameterisation of mesoscale eddies is applied more judiciously, to account for the partial resolution of145

mesoscale features at 0.25°. The Redi diffusivity for lateral isopycnal mixing is set to a constant 600 m2s� 1 at 1° resolution, but

is scaled by the grid resolution relative to either the �rst baroclinic Rossby radius, or the equatorial Rossby radius for latitudes
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between� 5°N, with a maximum diffusivity of 200 m2s� 1. The GM diffusivity is depth-independent but varies laterally, scaled

by a combination of an inverse Eady growth rate timescale and a length scale squared (50 km at 1° and 20 km at 0.25°), as

well as the same grid scaling used in the calculation of Redi diffusivity. There is a maximum diffusivity of 600 m2s� 1 at 1°150

resolution and 200 m2s� 1 at 0.25° resolution. The reduced eddy parameterisation at 0.25° has been tuned in ocean-sea ice

simulations with a biogeochemical model to optimise transport of tracers by the ocean's overturning circulation.Sub-gridscale

mesoscaleeddiesareparameterisedusingthe GM frameworkfor all modelresolutions(Kiss et al., 2020)andareconsistent

betweenthecoupledanduncoupledmodelversions.

2.2 Model drift155

All simulations are integrated over 500 years. Both CM2-1 and CM2-025 use present-day forcing representing an average

of the 1985-2014 (nominally year 2000) atmospheric conditions.CM2-1 andCM2-025areinitialised from the950year-long

pre-industrialCM2-1 simulationdocumentedin Bi et al. (2020)andintegratedover500years,eachusingpresent-dayforcing

representinganaverageof the1985-2014(nominallyyear2000)atmosphericconditions. Using present-day forcing allows for

comparison of the model output to observations which are lacking the required spatial coverage for the pre-industrial climate160

which is often applied for climate model control simulations. CM2-1 is initialised from the 950 year-long pre-industrial CM2-1

simulation documented in Bi et al. (2020). CM2-025's atmospheric component is also initialised from the 950 year-long pre-

industrial CM2-1 simulation while the ocean component in CM2-025 is initialised from observations. The initial conditions

for the ocean-sea ice component are the same as for the forced OM2 con�gurations: The OM2 (and CM2-025)The OM2-1

andOM2-025 con�gurations are initialised from rest with zero sea level and 1955-2012 average temperature and salinity from165

the WOA13World OceanAtlas 2013 (Locarnini et al., 2013; Zweng et al., 2013). The initial sea ice �eld is 2.5 m poleward of

70� N and60� S with the added condition that the SST is less than1� C above freezing point. OM2 is forced three hourly with

a repeat year forcing (May 1990 to April 1991) representative for a time period when the major climate modes of variability

are neutralthat is representativeof themeanstate (Stewart et al., 2020) and that is based on the JRA55-do v1.3 atmospheric

reanalysis product (Tsujino et al., 2018).170

The analysis focuses on the last 100 years (model years 400-499, blue shading in Fig. 1), a period long enough to largely

average out imprints of climate modes of variability present in the CM2 models but not in OM2. After the 400 year spin-up

period, the simulated climate systems have largely equilibrated. The time series of globally averaged surface and interior ocean

temperatures in both CM2 simulations (Fig. 1a and c), however, indicate continuous warming. The surface and interior ocean

warming (through ocean heat uptake) is re�ected inoriginatesfrom energy imbalances at the top of the atmosphere (Bi et al.,175

2020) which is notably reduced in CM2-025 compared with CM2-1 (compare slopes in Fig. 1c). The interior ocean temperature

trend in a 90-year test simulation of CM2-025 under pre-industrial conditions is reduced to 30% compared with the present-

day CM2-025 simulation presented here, suggesting a substantial contribution of the present-day forcing to the total drift.

Additionally, there is a slow adjustment of the deep ocean as the formation and spreading of deep and bottom waters act on

time scales of hundreds of years (Lumpkin and Speer, 2007). The OM2 con�gurations also indicate a slow adjustment of the180

interior ocean temperature, a cooling in these cases, while the surface temperatures adjust immediately to the applied repeat-
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Figure 1. Time series of annually and globally averaged quantities for CM2-025 (dark blue), CM2-1 (light blue), OM2-025 (dark red), and

OM2-1 (light red). (a) Sea surface temperature, (b) sea surface salinity, (c) ocean temperature, and (d) ocean kinetic energy. Blue shading

indicates the time period used for time-mean analyses in the remainder of the manuscript.

year-forcing. The higher resolution models (CM2-025 and OM2-025) improve the model drift of the deep ocean, indicative

that these models better resolve ocean dynamics, which we will discuss in more detail later. A 1000 year simulation with

CM2-1 reveals that the temperature trend both at the surface and in the interior ocean continues (not shown) and while this is

an important issue, we stop the CM2-025 simulation after 500 years due to computational limitations and because other key185

quantities like sea surface salinity and ocean kinetic energy have stabilised (Fig. 1b and d).

3 Mean state

This section examines the climatological mean of key climate parameters with a focus on the ocean and near-surface atmo-

sphere. The analysis is guided by known CM2-1 biases, and aims to identify whether ocean model resolution or a forced versus

coupled atmosphere has a bigger impact on the simulated climate. The coupled system evolves more freely and converges to190

a different state than the forced ocean-sea ice model. We expect the biases, when compared to observations, therefore to be

larger in the coupled system, in particular near the surface. Table 2 provides globally averaged values which summarise the

main features. Additionally, we present spatial patterns in the following subsections which are insightful as they reveal dynam-

ical or systematic problems of the individual models. We �rst present the effect of the lateral grid resolution on the surface and

interior ocean, on the sea ice, we then show the imprint of the changed ocean on evaporation as an example of the effect on the195

lower atmosphere, and �nally look at modes of variability of the coupled system.
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Table 2.Overview of different integrated variables for observations (where available) and the four ACCESS models considered in this study.

RMSE is the root mean squared error between the models and observations, SST stands for sea surface temperature, SSS stands for sea

surface salinity, ACC stands for Antarctic Circumpolar Current, and AMOC stands for Atlantic Meridional Overturning Circulation.

Diagnostic Observations CM2-025 CM2-1 OM2-025 OM2-1

Global mean, RMSE

- SST (� C) 18.2a 18.9, 1.2 18.41, 1.03 18.11, 0.62 18.14, 0.64

- SSS (psu) 34.33 34.23, 0.87 34.35, 1.22 34.64, 0.5 34.76, 0.38

Transport through straits (Sv):

- Drake Passage 173.3� 10:7b 210.65 182.71 146.68 152.38

- Indonesian Through�ow, Total -15c -8.63 -6.72 -7.75 -6.54

Lombok -2.6b -3.49 -1.19 -3.47 -0.96

Ombai -4.9b -0.04 0.29 -0.21 0.75

Timor -7.5b -5.1 -5.81 -4.08 -6.33

Total kinetic energy, ocean (PJ) - 2617 1034 1899 690

Mixed layer depth, max (m):

- Nordic Sea, Irminger Sea 1107, 663d 1815, 1174 1752, 1906 1541, 2019 1523, 2057

- Labrador Sea 1229 1197 326643 36933593 2957

- Kuroshio, Gulf Stream 176, 272 352, 510 359, 593 1306, 559 589, 634

- ACC 569 810 676 959 989

- Weddell Sea, Ross Sea 561, 395 3727, 4243 3074, 3891 4862, 4371 4923, 4429

Overturning circulation (Sv):

- Abyssal overturning at 40� S - 13.51 5.04 8.7 11.49

- AMOC at 26� N 17.2� 0:9e 16.63 16.28 15.1 10.67

Sea ice extent (max, min in 106 km3):

- Antarctic 19.45, 3.66f 16.41, 0.4 18.13, 1.19 18.9, 1.64 18.46, 1.22

- Arctic 14.43, 7.02f 17.28, 6.62 18.04, 7.62 15.65, 6.52 15.95, 6.42
a WOA13,bNOAA (20th century+ in year2022),bDonohue et al. (2016),cSprintall et al. (2009),
dDe Boyer Montégut (2023),eMcCarthy et al. (2015) years 2004-2012 ,f NSIDC.
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3.1 Surface and interior ocean

3.1.1 Surface temperature and salinity biases

Both CM2 con�gurations have a warm global mean SST bias (Table 2, 0.7� C for CM2-025 and 0.21� C for CM2-1) with a

similar spatial pattern (Fig. 2a and c, also re�ected in the similar root mean squared error (RMSE) between the models and200

observations, see Table 2). The positive bias is dominated by a too warm Southern Ocean, warm patches in the upwelling

regions of the tropical eastern Paci�c and Atlantic, and a too warm Indonesian Sea. Regions of cold biased SST exist in the

mid-latitudes of the Northern Hemisphere Paci�c and Atlantic as well as the high latitude Atlantic. The imbalanced geograph-

ical distribution of the warm and cold biases can largely be ascribed to the parameterisation of clouds and aerosols in the

atmospheric model (Bi et al., 2020), explaining the similarity of the spatial patterns in CM2-025 and CM2-1. In particular, the205

warm bias in the Southern Ocean is predominantly due to too little cloud coverage and therefore too much incoming shortwave

radiation, a common issue amongst climate models (Hyder et al., 2018). The ocean-only OM2-025 con�guration displays a

number of Southern Ocean SST bias features that are also present in the CM2-025 run, albeit with smaller magnitude, sug-

gesting that ocean physics errors are also a contributor to these biases (see end of paragraph). TInterestingly,the response is

ampli�ed in CM2-025 in the Southern Ocean (mostly in the Paci�c sector) while it is reduced in the Northern Hemisphere210

Paci�c leading to the globally averaged larger bias in CM2-025 compared with CM2-1. The magnitude of the warm biases

off the west coasts of South America and Africa are similar for both model resolutions. These regions are characterised by

wind-driven upwelling where surface waters are transported westward and replaced by cold waters from below, a processes

that is not well represented in either of the model con�gurations. It is likely that the simulated winds are the main cause of

the problem as the atmospheric model is the same between CM2-1 and CM2-025 and therefore explains why the higher ocean215

resolution does not considerably aid to reduce the bias. The biases of the forced simulations have a similar pattern but are

noticeably muted (Table 2, -0.09� C for OM2-025 and -0.06� C for OM2-1, with an almost halved RMSE) as the ocean surface

is directly exposed to the �uxes based on the reanalysis product and is therefore close to observations. Dynamically important

regions such as the western boundary currents and to a lesser extent the tropical Paci�c, the upwelling regions off the coast of

Africa as well as the Southern Ocean also emerge in the SST anomalies (Fig. 2b), highlighting the inability of the ocean model220

to adequately represent these dynamical features even at 0.25� nominal grid resolution.

The simulated global mean sea surface salinity (SSS) in CM2-1 matches well the observed estimates (0.02, Table 2), while

CM2-025 is biased fresh (-0.1). Similar to SST, however, the global mean hides large spatial patterns of sizeable magnitude

revealing problems of both models to adequately simulate various dynamical features (Fig. 3, RMSE in Table 2). Most pro-

nounced is the fresh anomaly in the western tropical Paci�c. The bias occurs because the South Paci�c Convergence Zone is225

not well represented with a too zonal cross-basin slope originating from the warm SST bias in the eastern upwelling region and

which results in too much precipitation in the west (Folland et al., 2002; Bi et al., 2020). The Bay of Bengal shows a positive

bias which is related to a negative rainfall bias in the atmospheric model component (Bi et al., 2020). Large biases also occur

in the Arctic ocean where sea ice has a large imprint on the SSS and river runoff from the land model is known to have errors

(Bi et al., 2020). Similar positive salinity biases in the Canadian Basin are ubiquitous across CMIP6 models (Khosravi et al.,230
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Figure 2. Time-mean sea surface temperature (SST) biases in (a) CM2-025, (b) OM2-025, and (c) CM2-1 relative to (d) observations.

Observations are a 1955-2012 average based on World Ocean Atlas 2013. Missing data is shown in dark grey, land in light grey.

2022). The models poorly represent this part of the globe, however, note that observations of the often ice-covered ocean that

we use in this comparison might be �awed (Zweng et al., 2013).Anotherchallengingregionto simulatearethemarginalseas

wherethereis limited exchangewith theopenoceanresultingin adelicatebalancebetweenprecipitationandriver runoff. The

SSSin CM2-025is improvedin theBaltic andMediterraneanSeaswherethebathymetryproducthasbeenupdatedcompared

with theOM2-025bathymetryproductto ensuresuf�cient exchangebetweentheopenoceanandthe themarginalsea. The235

forced ocean-only models have a modest sea surface salinity restoring to the World Ocean Atlas 2013 v2 (the restoring �ux is

kept below� 0.5 psu). While they have a larger global mean SSS bias compared to the fully coupled models, this number is

dominated by the Arctic Ocean and the RMSE is therefore much reduced (Table 2, Fig. 3b). The SSS anomaly in OM2-025 has

elsewhere a much smaller magnitude. The large values in the Arctic, where the ocean is covered by sea ice over much of the

year, indicates the prescribed surface salinity restoring in OM2 struggles to rectify issues emerging from ocean-sea ice interac-240

tion. Other challenging regions to simulate are the marginal seas where there is limited exchange with the open ocean resulting

in a delicate balance between exchange, precipitation, evaporation and river runoff. In particular, the salinity in CM2-025 in

the Baltic and Mediterranean Seas did not stabilise when developing CM2-025. The CM2-025 topography has therefore been

deepened to ensure suf�cient exchange between the open ocean and the marginal sea. While this approach avoids a drift in

salinity, the salinity biases remain large (Figure 3a). Other regions such as the Black Sea or the Persian Gulf could potentially245
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Figure 3. Time-mean sea surface salinity (SSS) biases in (a) CM2-025, (b) OM2-025, and (c) CM2-1 relative to (d) observations. Observa-

tions are a 1955-2012 average based on World Ocean Atlas 2013. Missing data is shown in dark grey, land in light grey.

bene�t from similar changes to the bathymetry product but these were not considered necessary. The issue does not emerge in

the forced models due to large surface salinity restoring in these regions (not shown).

3.1.2 Horizontal circulation

The ACC is the strongest ocean current that connects all main ocean basins. Its transport through Drake Passage is an informa-

tive integrated metric for the representation of the ocean circulation mean state. The strength of the ACC is set by the meridional250

density gradient which in turn depends on multiple factors including wind stress forcing at the ocean surface, temperature and

salinity properties of the surface and interior ocean, eddy activity, and sea ice formation and melt. The representation of all

these aspects impact the simulated ACC and vice versa.

Both ACCESS-CM2 models have a stronger ACC transport than the observational estimate of 173 Sv (Donohue et al.,

2016), although CM2-1's 183 Sv is within the error range of the observations (Table 2). The larger transport of 211 Sv in CM2-255

025alonggoesin hand with a larger SST bias in the Southern Ocean which increases the vertical strati�cation, is consistent

with a stronger thermal wind contribution to zonal velocity (Sect. 3.1.1, Fig. 2). These biases offset any bene�ts of partially

resolving eddies in CM2-025 which act to �atten the slope of the isopycnals (surfaces of constant density) and reduce the ACC

strength (Munday et al., 2013). The forced ACCESS-OM2 models both have a weaker transport through Drake Passage which

is common for this type of models (Tsujino et al., 2020) and most CMIP6 models (Beadling et al., 2020). The higher resolution260
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