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Abstract. The speed and magnitude of anthropogenic climate change is unprecedented in the last 66 million years. To under-
stand the potential impacts of these changes we must look to past abrupt warming events in the Earth’s history. Proxy evidence
suggests that some rapid warming events in the Earth’s past have resulted in highly stratified ocean states and Oceanic Anoxic
Events (OAEs), when large parts of the ocean became oxygen depleted and resulted in elevated extinction rates. Earth System
Models (ESMs) typically struggle to represent highly stratified equilibrium states. Here we present three simulations under
Miocene Climatic Optimum boundary conditions (MCO, ~16.9-14.7 million years ago; Ma) with three different pCO, (1x,
2x or 3x preindustrial (PI)) using the Australian Earth System model (ACCESS-ESM1.5). When pCO9 was raised to 2x or
3x PI pCOsq, circulation became dramatically altered due to cold initial conditions, resulting in a temperature-driven strat-
ification which was stable for over 2000 years of integration. We then used a novel spin-up technique known as Anderson
Acceleration (AA) to efficiently equilibrate the ocean biogeochemical fields, allowing us to investigate the equilibrium biogeo-
chemical response to a stratified ocean state. While our high-CO2 MCO simulations are still in a transient state of deep ocean
warming, which although not representative of MCO equilibrium, can give us some insight into equilibrium biogeochemistry,
including dissolved oxygen, in a mostly stagnant abyssal ocean. Surprisingly, we do not find large scale deep anoxia or hypoxia

due to a shoaling of the remineralisation depth.

1 Introduction

Sea surface temperature (SST) and ocean stratification are increasing and are projected to continue increasing due to anthro-
pogenic climate change (Arias et al., 2021). Increased SST leads to less oxygen uptake at the surface of the ocean (Oschlies
et al., 2017) and increased stratification leads to reduced transport of oxygenated waters to the deep ocean (Shepherd et al.,
2017). These physical changes reduce oxygen supply, and as a consequence, the ocean has become less oxygenated overall
(Arias et al., 2021) while oxygen deficient zones in the tropical Pacific have expanded (Stramma et al., 2008). Declining oxygen
concentrations can change marine community structure, function, animal behaviour and cause mass mortality events (Breitburg

et al., 2018). Continued deoxygenation of the ocean is therefore economically and ecologically important.
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The Earth’s ocean has undergone multiple Oceanic Anoxic Events (OAEs) in the past (Rampino et al., 2023; Gérard et al.,
2025). These events are characterised by a high global fraction of benthic anoxia often associated with rapid changes in climate
due to tectonic or volcanic activity (Rampino et al., 2023; Mancini et al., 2024), however their drivers are not fully understood
(Gérard et al., 2025). There are two hypotheses for persistent anoxia at depth. One is the preservation hypothesis, where
increased stratification prevents circulation of oxygenated waters and allows the formation of large areas of anoxic bottom
waters, particularly where circulation is restricted by topographic barriers (Sooraj et al., 2024). The second is the productivity
hypothesis, where increased biological activity and export production elevates oxygen demand and results in the formation
of oxygen deficient zones (ODZs) and allows for the accumulation of organic matter that has not been consumed underneath
them. OAEs are associated with ecological disruptions and elevated extinction rates in the fossil record (Rampino et al., 2023).
A modern OAE would likely have irreversible consequences for marine ecosystems and the economic activity they support.
Since OAEs are the result of a shifting balance between the supply and demand of oxygen, understanding the conditions for
their formation requires tandem investigation of the ocean’s physical and biogeochemical processes.

Many modern Earth System Models (ESMs) represent oceanic biogeochemical processes (e.g. Yool et al., 2020; Ziehn et al.,
2020), enabling them to simulate oceanic oxygen concentrations. The representation of oceanic oxygen by ESMs has improved
recently (Takano et al., 2023). Some ESMs from the Coupled Model Intercomparison Project phase 6 (CMIP6) have shown
an improved ability to model de-oxygenation than their ocean-only component models (Takano et al., 2023), highlighting the
importance of air-sea interactions in determining ocean oxygenation. One challenge in representing oceanic oxygen concen-
trations is the computational cost of integrating ESMs with biogeochemical (BGC) models to equilibrium, which may still
have drifting oxygen concentrations after more than 1500 years of direct integration (e.g Duboc et al., 2024). Accelerating
equilibration for the BGC sub-model can therefore reduce the computational cost of simulating and equilibrating biogeochem-
ical processes. Here we use Anderson Acceleration (Anderson, 1965) to reduce the computational cost of integrating the BGC
component of the Australian Earth System model (ACCESS-ESM1.5), allowing us to examine the equilibrium solution of
ocean oxygen concentrations within a hypothetically stratified ocean under Miocene boundary conditions.

Anderson Acceleration (AA) is a form of sequence acceleration. It is a “black box” method, meaning it can be adapted to
a model with relative ease (Khatiwala, 2023). AA treats the model simply as a function g(a) which takes a state , to a new
state 1. It defines a residual function f(x) = g(x) — x that represents the change between one state and the next, saves a
set number of previous iterations and creates a new state by taking a weighted average of previous iterations. The weights are
defined by a constrained least squares problem that minimises the residual function f () and for which the sum of all weights
is normalised to 1 to ensure tracer conservation. In order to effectively accelerate biogeochemistry AA requires a repeating
physical cycle. This means that the physical simulation is halted while AA is being used. A more complete mathematical
description can be found in Appendix Al.

There are a range of different proxy estimates of atmospheric CO» concentration during the Miocene Climatic Optimum
(MCO), depending on the type of proxy used (Rae et al., 2021; Steinthorsdottir et al., 2021b; Herbert et al., 2022). For example,
terrestrial plant-based reconstructions using stomatal densities of leaf fossils have suggested around 450 ppm (Steinthorsdottir

et al., 2021b), while some marine-based boron proxies suggest above 800 ppm (Rae et al., 2021). Thus, the MCO may have
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an atmosphere corresponding to future climate change scenarios spanning from a mid-range emissions scenario such as the
Shared Socio-Economic Pathway (SSP) 2-4.5 to a high range emissions scenario such as SSP3-7.0.

Simulations of the MCO with earth system models struggle to recreate the temperature patterns evidenced by proxies, with
significant cold-biases in the high-latitudes (Burls et al., 2021), (Figure A1). Although simulations using higher concentrations
(~800 ppm) are typically closer to reconstructed temperatures, they fail to capture the weakened meridional temperature
gradient reconstructed during the MCO: underestimating warming at the poles and overestimating warming in the tropics
(Burls et al., 2021; Hossain et al., 2023). An inability to capture the meridional temperature gradient has major implications for
ocean modelling. Deep water formation is strongly influenced by surface temperature and salinity in the high-latitudes, which
are closely tied with large-scale temperature gradients.

The Miocene model intercomparison project (MioMIP1) simulations have found a wide range of possible meridional over-
turning circulation (MOC) modes between model (Naik et al., 2025). Of the 14 simulations studied in MioMIP1, 11 had
Southern Ocean sinking (SMOC), of which six had North Atlantic sinking (AMOC), and three had North Pacific sinking
(PMOC). Three simulations had no deep convection. Those simulations were set up with differing palaeographic boundary
conditions (since the "MIP" was created after the experiments were run), hence some of the differences may be driven by
different topography and ocean gateways.

Modelling studies comparing MCO circulation patterns under different paleo-bathymetry reconstructions have found that
relatively small changes to seaways connecting the Arctic into the North Atlantic ocean can have a crucial influence on North
Atlantic salinity balance, and hence the presence of an AMOC (Hutchinson et al., 2025; Liu et al., 2024) for which the
difference in the amount of fresh water supplied to the Pacific vs the Atlantic appears to be a key control on the relative
strength of the PMOC and AMOC (Naik et al., 2025). Furthermore, advection feedbacks between the Atlantic and Pacific can
lead to a switching between PMOC and AMOC as a result of Arctic gateway changes (Hutchinson et al., 2025, 2019). Further,
increased pCO4 favours a reduced AMOC and strengthened PMOC (Hutchinson et al., 2025). This result partially aligns with
a different MCO model study which found warmer initial conditions can weaken the AMOC while colder initial conditions
can enhance the AMOC (Lee et al., 2025). Long-term Cenozoic proxy reconstructions of deep water formation in the middle
Miocene have found some evidence of both PMOC and AMOC during this period, albeit both modes being somewhat uncertain
(Ferreira et al., 2018).

Work directly comparing representations of temperature and circulation between models has found large differences in the
representation of overturning and temperature gradients between models integrated under the same boundary conditions (Tan
et al., 2026), and that ocean overturning modes simulated for the Miocene can be dependent on the initial conditions (Lee et al.,
2025; Hutchinson et al., 2025). This implies that published results only represent one of multiple possible solutions for a given
model. The dependency on initial conditions and the rate of change in boundary conditions is important to consider when using
past changes to ocean circulation to understand modern changes to circulation under anthropogenic climate change. In the past
circulation would have changed on geologic time scales whereas in the future changes may happen much faster (Drijfhout
et al., 2025).
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Here we present three simulations of the Miocene, using three different pCOs levels and constant paleo-bathymetry. Our
two elevated pCO4 simulations displayed almost no bottom water formation or ventilation of the ocean below 3000 m, most
likely due to a “cold start” in their initialisation (i.e. deep ocean colder than equilibrium). This is in conflict with the proxy
record that suggest sustained Southern Ocean deep water formation (Ferreira et al., 2018) and other simulations using similar
boundary conditions, emphasising the impact of individual models and initialisation strategy on simulated MOC. Our stratified
simulations do however provide an opportunity to test the preservation hypothesis of OAE formation in a highly stratified

simulation using a relatively high resolution ESM.

2 Methods

We use the Australian Earth System Model, ACCESS-ESM1.5 (Ziehn et al., 2020). ACCESS-ESM 1.5 uses the Modular Ocean
Model 5.1 (MOMS) as its ocean sub-model. The World Ocean Model of Biogeochemistry And Trophic-dynamics (WOMBAT)
is used for ocean biogeochemistry (BGC). ACCESS-ESM1.5’s ocean has a horizontal grid of 300 by 360 cells with a 1°
nominal resolution on a tripolar grid. Latitudinal resolution is not fixed and increases to 0.33° near the equator and ~ 0.4° in
the Southern Ocean. The ocean has 50 levels and a maximum depth of 6000 m. Vertical resolution is highest near the surface,
the first 20 levels having a resolution of 10 m, while deeper levels gradually increase up to ~ 300 m thickness. WOMBAT is
a nutrient—phytoplankton-zooplankton—detritus model with 10 biogeochemical tracers, including oxygen and single functional
types of phytoplankton, zooplankton and organic detritus (Oke et al., 2013).

All simulations were run with a fixed, prescribed atmospheric pCOs. This allows us to specifically target a given level of
CO., as indicated from paleo-proxy reconstructions, but allows the atmosphere to act as an inexhaustible reservoir of carbon.

‘We ran three MCO simulations: MC1, MC2 and MC3. These simulations use 1x, 2x or 3x PI CO5 concentration (284.3
ppm) respectively to account for the uncertainty and range of atmospheric reconstructions (Steinthorsdottir et al., 2021a; Rae
et al., 2021; Herbert et al., 2022) and to explore a wide range of plausible climates. The MCO was long enough (~1.8 million
years; Steinthorsdottir et al., 2021a), that Earth’s orbit cycled through a range of eccentricity, precession and obliquity levels.
Orbital parameters are set to PI levels, in order to focus on the CO- and topography-driven changes in the MCO rather than
orbital variability. Paleogeography for the MCO simulations was adapted from Burls et al. (2021). Notable differences between
the paleogeography used and modern geography include a closed Bering Strait, an open Central American Seaway (CAS), land
in place of the Barents Sea, and the Tethys Seaway (Figure 1). The initial physical conditions for the MCO simulations were
taken from previous work simulating the MCO using a modified version of the coupled climate model Geophysical Fluid
Dynamics Laboratory CM2.1 (referred to here as GFDL) described in Hutchinson et al. (2018), which was also simulated with
1x, 2x and 3x PI pCO, and the Burls et al. (2021) paleogeography (Hutchinson et al., 2025). The code and input files used
to create the boundary conditions for the MCO simulation can be found at Hutchinson (2023). This resulted in a “cold start”
initialisation, where the surface of the ocean heats faster than the deep ocean.

The spin-up procedure is shown in Figure 2. After initialisation from conditions taken from GFDL simulations of Hutchinson

et al. (2025), the simulations were integrated for 1000 years without biogeochemistry. After 1000 years, initial BGC conditions
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(b) MCO
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Figure 1. Bathymetry and topography of the (a) PI simulation and (b) MCO simulations. Key differences circled in red are: (i) closed Bering
Strait, (ii) open Central American Seaway (CAS), (iii) land in place of the Barents Sea and (iv) the Tethys Sea and its connection to the

Indian Ocean.

ACCESS-ESM1.5
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Figure 2. Experimental procedure for spinning up the Miocene Climatic Optimum simulations.
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for WOMBAT were taken from the PI control run (PI-02 Mackallah et al., 2022) and interpolated to MCO paleo-bathymetry.
Here we refer to conventional or online simulation of WOMBAT as “Direct Integration” (DI), to distinguish this from the AA-
spinup phase. We first perform a 100 year spinup of WOMBAT using DI, followed by 600 years using AA. We used a cycle
length of 10 years during the acceleration as a compromise between accounting for interannual variability and leveraging the
acceleration algorithm. The fully coupled model was then integrated for a further 1100 years using DI, with the last 50 years
being taken as the analysis period. The choices of simulation length were largely determined by computational constraints. We
aimed to achieve a quasi-equilibrium because a full-equilibrium with zero drift was not feasible. The AA spinup enables the
BGC model to reach an advanced state of equilibration, which is then allowed to evolve conventionally for long enough to

identify any residual drifts. A more detailed description of our implementation of AA can be found in appendix A2.

3 Results

3.1 Spin-up

Table 1. Drift in average O concentrations below 3000 m depth in mmol/m® per century averaged over the 100 years before AA, the 100

years after AA and the last 1000 years of direct integration.

Simulation MCl1 MC2 MC3
Before AA —1.67 —-3.11 —1.70
After AA —0.131 —-0.354 —0.509

Last 1000 years 40.830 +0.260 —0.141

The combined spinup strategy of AA and DI produced an oxygen profile that is well equilibrated to the physical state of the
simulation, even in water masses below 3000 m . There is much less drift in oxygen concentrations after the AA integration
than before below 3000 m (Figure 3, Table 1). Changes to the oxygen profile after the AA integration are primarily driven
by the subsequent changes in the physical simulation (which does not evolve during AA integration). The trend in oxygen
concentrations below 3000 m in MC2 reverses towards the end of the DI integration (Figure 3b). MC2 shows increasing oxygen
concentrations in waters associated with Antarctic Bottom Water (AABW) formation (Figure 3f), indicating a small increase
in ventilation towards the end of the integration period. The increase in oxygen concentrations in North Pacific Intermediate
Water (NPIW) (Figure 3d) for MC3 is due to strengthening NPIW formation over the course of the DI integration.

The ocean in all three simulations gains heat throughout their integrations (Figure 4), for MC2 and MC3, this trend shows
no sign of equilibrating. As the deep ocean heats, the water column will eventually become unstable resulting in either: a
slow restart of circulation, a fast restart (flush) due to instability, or a circulation that oscillates between off and on states on

millennial scale frequency (Meissner et al., 2008).
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Figure 3. Time series of dissolved oxygen in MC1 (black), MC2 (blue) and MC3 (red) averaged for water masses: globally (a); below 3000 m
(b); North Atlantic Deep Water (NADW), defined as Atlantic waters between 500 m and 1200 m depths, and 40°N to 60°N (c); North Pacific

Intermediate Water (NPIW), defined as Pacific waters between 250 m and 1200 m depth, and 40°N to 60°N (d); Antarctic Intermediate Water

(AAIW), defined as waters between 500 m and 1200 m depth, and 60°S to 10°N (e); and Antarctic Bottom Water (AABW), defined as waters

below 4000 m depth and latitudes 60°S to 35°S (f). Year O is set as the year AA was engaged. Direct integration is shown with solid lines

and Anderson acceleration integration with dashed lines.

Given the trending physical simulation, AA could have been engaged later to integrate biogeochemistry under better equi-

librated physics, but with limitations in computational resources and time, engaging AA sooner saves time and allows for a

longer post-AA integration to test the stability of the biogeochemical state produced. Uncertainty in how the physical simula-

tion will evolve makes it difficult to optimise the spin up strategy a priori.
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Figure 4. Average potential temperature in °C below 3000 m for the PI control simulation (a) and the three MCO simulations (b-d). Biogeo-
chemistry switched on at year 1000 (blue line) in the MCO experiments. Anderson Acceleration physical cycle was from year 1100 to 1110

(red lines). Average potential temperature drifts over the last 1000 years of simulation are shown in the top left corner.

3.2 Ocean dynamics in MC1

Table 2. MOC, AMOC , PMOC, and SMOC for the simulations analysed in this study. To exclude wind driven circulation only values below
500 m for MOC, AMOC and PMOC and below 1000 m for SMOC were included.

Simulation PI MC1 MC2 MC3

MOC 229 196 141 229
AMOC 229 147 690 1215
PMOC 43 685 386 839
SMOC 112 102 275 345

The MC1 simulation has globally increased near-surface air temperatures (SATs)and sea surface temperatures (SSTs) com-
pared to PI (Figures A2, A3). The MC2 and MC3 simulations have increased SSTs and SATs compared with MC1, with the
change being greater for the MC3 simulation (Figures A2, A3).
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(a) Pl: MLD (b) MC1 - PI

-100

-200

Figure 5. Mean mixed layer depth (MLD) averaged over the analysis period in m (a) for PI; MLD anomalies for (b) MC1 compared with PI,
(c) MC2 compared with MC1 and (d) MC3 compared with MC1. Anomalies indicate a poleward shift of NADW and AABW formation sites
in MC1, while in MC2 and MC3, there is a loss of AABW formation, weaker NADW formation and an enhancement of Tethys intermediate

water formation.

MCI1 retains recognisable ventilation sites and circulation patterns but with altered strength and locations. In ACCESS-
ESM1.5, AABW is formed through open ocean convection (Yeung et al., 2024). AABW formation in the MC1 simulations
is shifted towards the coast in both the Pacific and Atlantic sectors (Figure 5b) resulting in deep and bottom waters being
better ventilated in the Ross and Weddell seas (Figure A4f). Northward advection of AABW is weaker in the MC1 simulation
compared with the PI simulation, resulting in weaker ventilation north of formation sites (Figure A4f). North Atlantic Deep
Water (NADW) formation sites also shift poleward in MC1 compared with PI (Figure 5a, 5b).

In the MC1 simulation, the upper overturning cell of the MOC is weaker than in the PI (Figure 6a, 6b, Table 2). The MC1
simulation features a concentrated maximum at ~ 38° N that is not present in the PI simulation (Figure 6a) and corresponds
to circulation in the Tethys sea. The southern overturning cell extends further north (Figure 6a, 6b) but is slightly weaker at its
maximum (Table 2).

In the Atlantic, the positive overturning cell of the AMOC is weaker and shallower in MC1 than in PI (Table 2, Figure 7).
The streamfunction is not defined where there are open boundaries to the Atlantic (CAS and Tethys seaway). The upper cell of
the AMOC becomes much weaker south of the CAS (thin grey bar at ~ 12 °N, Figure 7b), indicating significant throughflow
between the Pacific and Atlantic through the CAS. Water ages between 400 and 1400 m also suggest significant transport of
younger waters from the Atlantic into the central Pacific via the CAS (Figure A4b). There is a slight increase in strength in the

overturning circulation south of the boundary corresponding to the Strait of Gibraltar, implying that there is communication
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Figure 6. Streamfunction () of zonally integrated meridional transport in Sverdrups (Sv, 10° m3s~1) to show Global Meridional Overturn-

ing (MOC) for (a) the PI control, (b) MC1, (c) MC2 and (d) MC3. The MOC is not shown in ACCESS-ESM1.5’s tripolar grid region (north
of 65° N).

between the Tethys and the Atlantic ocean (Figure 7b). The negative AMOC cell extends to shallower depths and is slightly
stronger in MC1 compared to PI (Figure 7a, 7b).

In summary, MC1 shows deep water formation and circulation patterns with recognisable features of the PI simulation.
There are key differences in strength and location of deep water formation, likely due to the increased temperatures in the MC1
simulation compared with PI (Figures A2, A3). MC1 retains an AMOC but with reduced strength and significant changes as a

result of open seaways. MC1 has NADW and AABW formation, however the formation sites are moved poleward.
3.3 Ocean dynamics in MC2 and MC3

Deep water formation in the MC2 and MC3 simulations is substantially reorganised compared with the MC1 simulation.
NADW formation in the MC2 and MC3 simulations is weaker than in MC1 (Figure 5) and is shifted southward, indicated
by the maximum of the AMOC upper cell shifting southward (Figure 7). MC2 and MC3 do not feature AABW formation.
There is still formation of dense waters and convection, but the water masses fail to reach the bottom of the ocean, resulting
in the deep ocean being largely unventilated compared with the MC1 simulation (Figure 8h, 81, 9h, 91). The deepest monthly
averaged mixed layer depth in the Ross and Weddell seas does not exceed 2000 m in the MC2 simulation and 1500 m in the

10
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Figure 7. Streamfunction (¥) of zonally integrated meridional transport in Sverdrups (Sv, 106 m®s™') to show the Atlantic Meridional
Overturning (AMOC) for (a) the PI control, (b) MC1, (¢) MC2 and (d) MC3. The latitudinal extent and depth of open boundaries for the

Atlantic in the MCO (CAS and Tethys) are blocked out in grey, and the latitude range is restricted to exclude the open Southern Ocean and
ACCESS-ESM1.5°s tripolar grid region (north of 65° N).

MC3 simulation, compared with the MC1 simulations which has water mixing down to the ocean floor for every year in the
analysis period (Figure AS).

The MC3 simulation exhibits salinity-driven bottom water formation in the Gulf of Mexico at 25°N (Figure A6), with
increased mixed layer depths compared with the MC1 simulation (Figure 5). This mode of ventilation is intermittent: We use
maximum monthly averaged MLD within the Gulf of Mexico to assess the temporal variability of this mode of ventilation and
find it does not occur every year and is strongest in February (Figure A7). There is a similar but weaker mode of convection in
the MC2 simulation (Figure A7). This bottom water remains mostly contained in the Gulf of Mexico (Figure A6).

The MCO simulations also feature deep water formation in the Tethys sea, especially the MC2 and MC3 simulations (Figure
5). This deep water formation is more consistent than that in the Gulf of Mexico, especially in the MC3 simulation (Figure A7
and AR).

MC2 and, to a greater extent, MC3 feature increased intermediate water formation off the west coast of Africa (Figure Sc,

5d), resulting in better ventilation in the tropical Atlantic above ~ 1500 m (Figure 9h, 91). The MC2 and to a greater extent

11
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MC3 simulation have deeper mixed layers in the North Pacific compared with the MC1 simulation (Figure 5c, 5d) enhancing
North Pacific ventilation above 2000 m in MC3 and 1400 m in MC2 (Figure 8h, 8I).

AABW formation ceases in the MC2 and MC3 simulations (Figures 5,6). The negative cell south of 60°S found in the PI
and MC1 simulations is not present in either of the elevated pCO, simulations (Figure 6). High emissions experiments using
ACCESS-ESM1.5 display a near identical loss of deep mixed layers in the Ross and Weddell seas and loss of the negative
overturning cell south of 60°S. This shutdown in ventilation leads to the deep ocean becoming largely unventilated.

In the Atlantic, circulation is weaker in the MC3 and MC2 simulations than MC1. The positive maximum associated with
Tethys overturning is still present in the MC2 and MC3 simulations, being strongest in the MC3 simulation (Figure 6). The
lower negative overturning cell that is present in the MC1 simulation is much weaker in MC2 and does not extend as far south
(Figure 7c¢). In the MC3 simulation, the lower negative cell extends further south and connects to the surface and is stronger
than in MC2 but weaker than in MC1 (Figure 7d). MC3 features a strong negative minimum at 25 °N that is associated with
salinity driven circulation in the Gulf of Mexico. The upper positive cell of the AMOC is weakest in MC2, slightly stronger in
MC3, but both are weaker than MC1 and the PI (Table 2, Figure 7). Like in MC1 the upper positive cell is discontinuous at the
latitudes of the CAS and the Tethys gateway, due to significant lateral flow through the gateways.

Increased NPIW formation in MC3 and intermediate water formation in the Atlantic and Tethys result in better ventilation
above 1400 m in some sectors of the ocean for MC2 and most of the ocean for MC3 (Figure A4). In the MC2 and MC3
simulations, the deep ocean (below 2000 m) is exceptionally stagnant (Figures 8h, 81, 9h, 91, A4 bottom row). In the last year
of the simulations, there is a significant number of grid boxes at the bottom of the ocean with water ages comparable to the
length of the simulation (Figure A6), implying limited circulation in these water masses. Since the deep ocean continues to
gain heat in the MC2 and MC3 simulations (Figure 4), it is possible that if physical integration continued, the ocean might at
some point slowly regain deep and bottom water ventilation, or may “flush”: where the water column becomes unstable and
there is a rapid onset of circulation. Simulations representing OAEs using less complex models sometimes display oscillations
in circulation, driving oscillations in oxygen concentrations with periods >1kyr (e.g Gérard et al., 2025) and flushes and
oscillations on multi millennial time scales have been observed in other earth system models of intermediate complexity (e.g
Meissner et al., 2008; Pohl et al., 2022; Zhu and Rose, 2025), however they are difficult to produce in a CMIP6 ESM such as
ACCESS-ESM1.5 due to the multi-millennial timescales required to simulate them.

3.4 Oxygen
3.4.1 Oceanic Oxygen in the MC1 experiment

To isolate the impact of modified topography, the MC1 simulation is compared with the PI simulation. We use in situ Oq
concentration and saturated oxygen concentration (O5*"), which is the oxygen concentration that a parcel of water would be
expected to have at the surface given the solubility of oxygen for its potential temperature and salinity. Comparing the O$*
concentration with O$** gives apparent oxygen utilisation (AOU = O3 — O52"), an estimate of the amount of oxygen that

appears to have been removed due to respiration. AOU is influenced by circulation (indicated here by water age), detritus
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Figure 8. Anomalies of zonally averaged oxygen concentration (first column), Oz, (second column), Apparent Oxygen Utilisation (AOU)
x-1 (third column) in mmol/m 2, and water age Xx-1 (last column) in years for the Pacific basin. Anomalies between MC1 and PI are shown
in the first row, between MC2 and MC1 in the second row, and between MC3 and MC1 in the third row. Negative AOU and age anomalies
have been plotted to show the direction of action on oxygen concentrations. The area enclosed by the black line in subplot d) was affected

by an artificial age limiter in the PI control run, equilibrium age values are likely higher in this area.

concentrations and seawater temperature. Higher water age indicates more time for respiration to occur and respiration is
proportional to detritus concentration and temperature in WOMBAT. As a result of the warmer surface in the MC1 simulation,
zonally averaged O$* decreases across the Pacific and Atlantic (Figure 8b, 9b). Despite this reduction in oxygen solubility, the
MC1 simulation has higher globally averaged oxygen concentrations than the PI conditions it was initialised from (Figure 3a).

Oxygen concentrations increase over most of the Pacific compared to PI (Figure 8a). At depths above 1500 m and south of
25°N this change is partially attributable to increased circulation as a result of CAS through flow (indicated by reduced water
age, Figure 8d) but in the North Pacific and at depth this is largely a result of reduced biological activity (indicated by reduced
AOU, Figure 8c, and by reduced surface nutrients, Figure A9).

In the Atlantic, MC1 has generally lower oxygen concentrations that the PI simulation, with the exception of Antarctic
Intermediate Water (AAIW) (Figure 9a) that is associated with reductions in age (Figure 9d) and AOU (Figure 9c). The
reductions in oxygen can be primarily attributed to reductions in oxygen solubility (Figure 9). In the shallow tropical and
subtropical North Atlantic there is an increase in AOU (Figure 9c) that is not associated with increased water age (Figure
9d). This increase in AOU is due to a significant increase in nutrients in shallow waters (Figure A9), leading to an increase in

biological activity at the surface and an increase in export production (Figure A10d).
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Figure 9. Anomalies of zonally averaged O2 concentration (first column), Oz (second column), Apparent Oxygen Utilisation (AOU) x-1
(third column) in mmol/m %, and water age X-1 (last column) in years for the Atlantic basin. Anomalies between MC1 and PI are shown
in the first row, between MC2 and MC1 in the second row, and between MC3 and MC1 in the third row. Negative AOU and age anomalies

have been plotted to show the direction of action on oxygen concentrations.

To assess the impact of increased stratification and changed biogeochemistry on the deep ocean we examine bottom Oq
245 concentrations between simulations. The MC1 simulation has small negative anomalies in bottom oxygen concentration over
almost all of the Atlantic, Indian and Southern Ocean (Figure 10b). Oxygen concentrations at the bottom of most of the Pacific

north of 20°S are increased in the MC1 simulation compared with the PI simulation.
To summarise, changing from PI to MCO topography results in a warmer sea surface, causing a global reduction in oxygen
solubility. Oxygen concentrations increase in the Pacific ocean north of 25 °S and below 1000 m depth, as a result of CAS
250 through-flow at central latitudes and a reduction in biological activity in northern latitudes. Most of the Atlantic (with the

exception of a small region bathed in AAIW, Figure 9a) is less oxygenated as a result of poorer ventilation in the deep ocean

and increased biological activity in the upper ocean.
3.4.2 Oceanic Oxygen in the MC2 and MC3 experiments

We compare the MC2 and MC3 BGC simulations to that of MCI1 to assess the impact of re-organised ocean circulation on

255 Dbiogeochemistry in much warmer simulations.
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Ammol/m?

Figure 10. Oxygen concentration in mmol/m® for (a) PI and anomalies for (b) MC1 - P, (c) MC2 - MC1 and (d) MC3 - MC1 at the bottom

of the ocean (lowest wet grid cell in each column).

In both MC2 and MC3, O5*" decreases basin-wide in the Pacific and the Atlantic. The patterns of change are similar for
MC2 and MC3 but the magnitude of change is larger in the MC3 simulation (Figures 8f, 8j, 9f, 9j) due to higher sea surface
temperatures (Figure A1, A3).

In the MC3 simulation there is a reduction in AOU from ~ 400 m to ~ 2000 m in the tropical and subtropical Pacific and
from ~ 400 m to ~ 3000 m in the north Pacific (Figure 8k). This anomaly is strongest at a depth of ~ 1000 m in the north
Pacific. Changes to AOU coincide with changes in water ventilation almost everywhere, however the negative (red) AOU
anomaly extends deeper than the age anomaly (Figure 8k, 8I). This implies that depths greater than ~ 1500 m reductions in
AOU are attributable to reductions in export production rather than increased circulation. In the MC2 simulation the reductions
in North Pacific age and AOU are weaker and have a smaller extent than in MC3 (Figure 8g, 8h).

Compared with MC1, MC2 and MC3 feature greater horizontally averaged detritus concentrations in the upper ocean (above
~ 150 m depth) in both the Atlantic and Pacific basins (Figure 11a, 12a) and have increased detritus concentrations averaged
above 60 m across almost the entire ocean. This includes areas with reduced export production between 200 and 300 m (com-
pare first and second row of Figure A10). Averaged between 2000 and 3000 m, MC2 and MC3 have reduced detritus concen-
trations across the entire ocean, with strongest anomalies in the Southern Ocean and the tropical Pacific (Figure A10 bottom
row). Below 3000 m detrital nitrogen concentrations in the Atlantic and the Pacific of MC2 and MC3 are near zero (Figure 11a,
12a). This shift occurs as the MC2 and MC3 simulations are globally hotter than MC1 throughout the water column causing

more rapid remineralisation of detritus in the upper ocean, and allowing very little detritus to reach the deep ocean.
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In the Atlantic both MC2 and MC3 are well ventilated above ~ 1500 m as a result of vigorous intermediate water formation
(Section 3.3, Figure 9). In addition to better ventilation there is a reduction in export production over most of the tropical and
subtropical Atlantic for both MC3 and MC2 (Figure A10e,f). The combination of reduced export production and increased
ventilation results in greater oxygenation above 1500 m in the tropical Atlantic in the elevated pCO5 simulations compared to
MCI1.

Weaker NADW and a lack of AABW formation result in increased AOU below 2000 m with a maximum at ~ 4000 m depth
in the Atlantic ocean (Figure 11c). Owing to better NPIW formation in the elevated CO5 simulations, in MC2 and MC3 AOU
averaged across the Pacific decreases with depth between ~ 300 m and ~ 1000 m and increases with depth below ~ 1000 m
owing to the lack of AABW formation in these simulations (Section 3.3) which results in a poorly ventilated Pacific seafloor
(Figure A6).

The MC2 and MC3 simulations have reduced bottom oxygen concentrations across almost the entire seafloor (Figure 10).
However, there are positive anomalies at deep water formation sites in the Gulf of Mexico in MC2 and MC3 and the North

West Pacific in MC3 (Figure 10).

3.4.3 Extent of hypoxia and anoxia

Simulation PI MCl1 MC2 MC3
Oxygen-rich | 0.33 0.19 0.005 | 0.0012
Hypoxic 0.15 0.034 0.13 0.050

Anoxic 0.031 | 0.0047 | 0.0042 | 0.0037
Table 3. Fraction of whole ocean volume that is oxygen-rich (> 240 mmol/m?), hypoxic (< 62 mmol)/m®) and anoxic (< 10 mmol)/m?)

for the PI control simulation, MC1, MC2 and MC3.

Of the four simulations analysed in this study, the PI simulation has the highest volume of anoxic, hypoxic and oxygen-rich
waters (Table 3) having stronger ventilation of oxygen saturated waters in polar regions (Figures 13, 14) and much larger
and more intense oxygen deficient zones (ODZs) in the Pacific than the MC1 simulation (Figure 13). Compared with MC1,
the MC2 simulation shows a large increase in the volume of hypoxic waters, a large decrease in the volume of oxygen-rich
water and a small decrease in anoxic water volume. The decrease in oxygen-rich water fraction is a result of the decrease in
bottom and deep water formation in both the Pacific and the Atlantic (Figures 13, 14). The increase in hypoxic waters is mostly
attributable to the North Pacific (Figure 13), where poorer ventilation in some areas and the basin-wide reduction in solubility
results in broadly decreasing oxygen concentrations (Figure 8). The MC3 simulation has the lowest fraction of oxygen-rich
and anoxic waters of any of the simulations analysed in this study; only the MC1 simulation has slightly less hypoxic waters
(Table 3). The reduction in saturated water fraction, similar to the MC2 simulation, is the result of reduced oxygen solubility
and sluggish circulation. The slight increase in hypoxia compared with the MC1 simulation can mostly be attributed to the

expansion of the ODZ in the tropical Pacific, while other regions that are hypoxic in MC1 and MC2 are better oxygenated
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in MC3. Despite being poorly ventilated, the MC3 simulation has very little anoxic waters, and despite lacking bottom water

formation MC3 does not display benthic anoxia.
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Figure 13. Zonally averaged oxygen concentrations in the Pacific basin in mmol/m? for a) the PI control run, b) MC1, ¢) MC2 and d) MC3.
Areas with average concentrations between 62 and 10 mmol/m® are coloured red and areas with concentrations below 10 mmol/m> are

coloured purple to indicate hypoxia and anoxia. Regions with oxygen concentrations above 240 mmol/m® are shown in yellow.

Other than for the North Pacific ocean in MC2, MC2 and MC3 feature basin wide low, but not hypoxic oxygen concentrations
below 2000 m (Figure 13c, 13d, 14c, 14d). MC2 and MC3 lack well-oxygenated bottom and deep waters, which are present
in MCI and the PI simulation (Figure 14). On the ocean floor, the elevated pCO, simulations do not feature large areas of

hypoxia or anoxia but do display negative oxygen anomalies compared with MC1 (Figure 10 bottom row).

4 Discussion

There are few examples of CMIP6-class ESMs that have run long (> 1 kyr) simulations that lack bottom water formation (Zhu
et al., 2019). Running such a scenario has enabled us to investigate ocean biogeochemistry with a relatively high resolution
model. Our stratified simulations and use of an acceleration method enable us to investigate equilibrated biogeochemistry in a
stratified state under boundary conditions similar to the Earth’s warm future. Overall, our results suggest that while stagnant
circulation patterns do create global reductions in dissolved oxygen, they are not sufficient to generate a large-scale OAE within

the framework of our model, because of the temperature-driven shoaling of remineralisation depth.
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Figure 14. Zonally averaged oxygen concentrations in the Atlantic basin in mmol/m® for a) the PI control run, b) MC1, ¢) MC2 and d)
MC3. Areas with average concentrations between 62 and 10 mmol/m® are coloured red and areas with concentrations below 10 mmol/m?®

are coloured purple to indicate hypoxia and anoxia. Regions with oxygen concentrations above 240 mmol/m?® are shown in yellow.

4.1 Representation of the MCO

Our elevated pCO; simulations do not capture the flattening of the meridional temperature gradient as indicated by proxies for
the MCO, a problem shared with other Miocene modelling efforts (e.g. Burls et al., 2021). Our work adds to a body of evidence
that ESMs struggle to represent climates outside what they have been tuned for (Burls and Sagoo, 2022). The unventilated ocean
state, caused by a cold start initialisation in our spin-up, is also most likely not representative of an MCO equilibrium climate,
for which we had initially intended to simulate biogeochemistry. This possibly transient state is caused by rapid warming of the
upper ocean, whereas a fully-equilibrated Miocene deep ocean may have better ventilation. Our simulations might, however,
be representative of a transient behaviour of the ocean when forced with rapidly increasing greenhouse gas concentrations.
Work investigating the effect of rapid ice sheet meltwater forcing has projected an analogous shutdown in AABW formation
in future high emissions scenarios (Lago and England, 2019). Furthermore, there are some similarities between the circulation

in our elevated pCO- experiments and in future high emissions scenario experiments using ACCESS-ESM1.5 (Figure A11).
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4.2 Shift in remineralisation depth

In WOMBAT, remineralisation rate R is dependent on detritus concentrations and an exponential of temperature and is repre-

sented as:
R= UdD
where:
g = 0.0480°T day " above 180 m
and

pa =0.0246T day™! below 180m

where D is detritus concentration in mmol/m® and, ¢ = 1.0°C~1, b=1.066 and T is Temperature in °C (Oke et al., 2013;
Ziehn et al., 2020). This parametrisation was optimised for the Southern Ocean under modern conditions (Law et al., 2017).
All of our MCO experiments, particularly the elevated CO5 simulations, are warmer then the conditions for which WOMBAT
was optimised.

Biological activity at the surface is generally enhanced in the MC2 and MC3 simulations, resulting in higher detritus con-
centrations in the upper 100 m of the ocean. Increased temperatures in these simulations cause detritus to rapidly remineralise
near the surface, reducing export production and transport of nutrients out of the photic zone (Kvale et al., 2015).

Being a component of a computationally efficient ESM, WOMBAT is necessarily a lightweight marine BGC model that
does not feature ecological details which may be impact the representation of anoxia at depth. For example, WOMBAT only
has 1 phytoplankton and detritus type to model primary productivity and nutrient transport (Oke et al., 2013), but the eco-
logical balance between different species of phytoplankton in primary production may be critical to benthic detritus transport
and deoxygenation in stratified oceans (Kemp and Villareal, 2013; Mancini et al., 2024). Further, WOMBAT’s detritus sinking
and remineralisation dynamics are simplistic. Detritus sinks at a constant rate of 24 m per day. The parametrisation of rem-
ineralisation (which is solely dependent on temperature) was optimised for modern ocean temperatures and is almost certainly
inadequate for our elevated pCO- simulations. Use of a BGC model with more detailed sinking dynamics (e.g Buchanan et al.,
2025) and with a more complex representation of primary production and bacterial respiration (e.g. Buchanan et al., 2026)
would result in significantly different transport of detritus to the ocean floor. Our MC2 and MC3 simulations maintain a deli-
cate balance between near zero detritus transport and near zero oxygen transport for over 1000 years in the deep ocean. Any

transport of detritus, even if it is weak and intermittent, would alter the oxygen profile of the deep ocean.
4.3 Representation of OAE formation

Our MC2 and MC3 simulations are investigations of the preservation hypothesis of OAE formation with npCO- and topography
that are more similar to modern or futures conditions than periods associated with OAEs in the proxy record. The physical
stability of MC2 and MC3 ocean states is difficult to assess without long, expensive and computationally unfeasible integration

times. Given that the deep ocean continues to gain heat in both simulations, and that MC2 begins to show increasing circulation
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towards the end of its integration, the stratified states represented in our simulations are likely unstable. Below 3000 m detritus
concentrations are near zero in the MC2 and MC3 simulations, demonstrating a limitation in the preservation hypothesis of
OAE formation, especially in the deep ocean, within the framework of our BGC model.

Given that our simulations are essentially as unventilated as possible in the deep ocean, to achieve ocean anoxia under
the preservation hypothesis alone would either require similar stratification at lower temperatures, as this would allow more
detritus to reach the deep ocean before being remineralised, or a different temperature-related behaviour of remineralising
bacteria. However, in proxy records, OAEs are always associated with elevated pCO- and temperature (Rampino et al., 2023).
Simulations of OAEs using models of lower resolution than ACCESS-ESM1.5 have suggested that increased nutrient runoff
into the ocean is essential to triggering an OAE with bathymetry boundary conditions very different to ours, such as the
Devonian (420-370 Ma, Gérard et al. (2025)) and Mid Cretaceous, (~ 94 Ma, Cui et al. (2025)), and this could be a significant
factor under our boundary conditions as well. Increased nutrient runoff may still fail to overcome the rapid remineralisation of
detritus in the upper ocean and fail to yield widespread benthic anoxia; possibly only producing anoxia in shallower parts of the
ocean, associated with nutrient run off or upwelling. Our simulations failure to produce anoxia despite near-zero benthic oxygen
transport highlights the need for a better understanding and a better representation of detritus sinking and remineralisation in
BGC models.

4.4 Limits of Anderson acceleration

A limitation of AA in its current form (Khatiwala, 2023) is that it must be applied to dynamically passive tracers, since it
requires an identically repeating physical circulation to achieve the acceleration. This complicates spin up strategy and neces-
sitates a trade off between equilibrating biogeochemistry for a "frozen" circulation regime or allowing it to evolve in tandem
with the physical simulation. It has been suggested that AA could also be extended to dynamic tracers such as temperature
and salinity, by using iterative passive tracers (Khatiwala, 2024), creating a "passive temperature" and "passive salinity" tracer,
that can be accelerated towards equilibrium using a given (repeating) physical circulation. After a suitable interval (e.g. 50
years), the accelerated passive tracers could then be used to re-initialise the dynamic temperature and salinity, with alternation
between active (online) and passive (AA) spinup stages. Preliminary investigation of this method with ACCESS-ESM1.5 found
that this was not feasible with the current code base, since a different surface flux regime would be needed than is currently
available. But if a scheme of alternating passive and active spin-up could be implemented, this could provide major benefits in

accelerating the dynamic spinup of temperature and salinity in a fully-coupled earth system model.

5 Conclusions

We used a novel method to generate well equilibrated marine biogeochemistry for 3 paleoclimate simulations. The BGC simu-
lations produced by our Anderson-accelerated spinup have very low remaining drift in oxygen concentrations. This work thus
demonstrates how acceleration methods such as Anderson Acceleration enable efficient equilibration of oceanic biogeochem-

istry for an ESM. Our testing of AA in ACCESS-ESM1.5 prior to this work produced an acceleration factor of 5-8 for ocean
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oxygen. Although AA affects individual water masses differently, making defining an overall acceleration factor difficult, our
biogeochemical spin up is likely equivalent to ~ 5000 years including the long post AA integration.

The dual requirement for complex biogeochemical models and long integrations called for by our results motivates continued
work on acceleration techniques for biogeochemical models of greater complexity than WOMBAT in future ESMs. The use of
AA here is one of the first practical applications of acceleration methods in Earth system modelling. More effective ways to
harness these methods are almost certainly possible.

Our simulations are not in physical equilibrium and therefore may be different to an MCO scenario with steady-state deep
ocean temperatures. Instead, our work provides insight into potential ocean anoxia onset and changes to ocean circulation under
rapid changes in climate, which is arguably more relevant to Earth’s near future than an equilibrated MCO simulation. Our
simulations were initialised from experiments using the same boundary conditions with the GFDL CM2.1 model, however they
produce a different physical state. Recent work examining circulation in Miocene modelling efforts has found great variability
in representations of circulation (Naik et al., 2025), and our results further suggest that models are able to produce many
different representations of dynamics for boundary conditions different to those the models have been developed and tuned for.

The highly stratified ocean states in our simulations provided an opportunity to test ocean anoxia onset under the preservation
hypothesis with a relatively high resolution ESM. We find that the combination of a hot ocean with high remineralisation rates
and high levels of stratification produces a delicate equilibrium between near zero export production and near zero oxygen
supply to the deep ocean. Our stratified simulations showed low benthic oxygen concentrations but no benthic anoxia. It is
plausible that oxygen could be pushed towards anoxia with a more complex representation of biogeochemistry, particularly
the representation of detritus sinking and remineralisation. Even so, our results suggest that when deep ocean ventilation shuts
down, anoxia onset might not occur, or would at the very least be delayed. Although not tested explicitly by our work, our
simulations support the findings of other simulations, which have suggested that increased nutrient content in the ocean is
essential to triggering an OAE (Gérard et al., 2025; Cui et al., 2025), as we are unable to produce anoxia without enhanced
nutrient runoff. Our work further suggests that the existence of large shallow seas would make widespread benthic anoxia more
likely as they would be less affected by the shoaling of remineralisation depth.

The dramatic changes in circulation seen in our elevated pCO» simulations bear some resemblance to changes that occur
in high emissions experiments using the same ESM. As evidenced by our work and the work of other modelling groups,
there is great variability in the representation of ocean circulation under changed boundary conditions, and therefore still great

uncertainty in the long term future of ocean circulation and impacts to ocean ecosystems, in a mid-high emissions future.

Code and data availability. The PI data is taken from simulation “PI-02” (Mackallah et al., 2022), and used as a baseline comparison to the
MCO simulations. SSP5-85 data was taken from CMIP6 run r8ilp1fl. Both were used in their non CMORised format. Averages and time
series used to produce the plots presented here are available at https://doi.org/10.5281/zenodo.20618892 and the code used is available at
https://github.com/benjWA/MCOo A E,aper
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Appendix A
Al Anderson Acceleration

Once model physics are restricted to a repeating cycle, direct integration of biogeochemistry can be represented by taking a
vector x; which represents the current state of the simulation (the values for all tracers in all grid cells) and applying a time
evolution function to that vector to produce a new vector, until the new vector and the previous vector are the same, representing
convergence (Khatiwala, 2023). Given an initial condition ¢ and a time evolution function g (i.e. the model and it’s boundary

conditions) this can be represented as:

Tit1 = g(Tk)
where k£ = 0,1, ... until convergence:
g(xy) = ok

This can be equivalently defined using a residual function f:

flxr) = g(Tr) —xp

so the problem becomes solving for:

flxr)=0
In practice, models do not achieve strict mathematical convergence. Instead models are spun up until they achieve a state of
quasi equilibrium, meaning there is little year on year change (Yool et al. (2020)). Instead of continuously reapplying the same
function over and over, AA uses a number (1my,) of previous states (x—m,,» Tk—my+1 --- Tt—1 ) in addition to the most recent

state () and takes a weighted average of them (Khatiwala, 2023):

mp
k
Th+1 = ZO‘; )g(wk—mk-i-j)
§=0

where my, is the maximum number of previous iterations included. Iteration weights « are chosen by solving the least squares

problem:

2

mp
minimize Z a;k) F(Tr—mets)
Jj=0 9
Weights « are subject to the normalisation:

mi

k) _
Yoo =1
=0

If the number of previous iterates is less than my then all previous iterates are used. For this reason the algorithm does not take
full advantage of past states until step my1. Setting m = 0 (that is, to only use the current iteration) reproduces DI with a

fixed physical system. The g function only depends on the biogeochemistry vector since AA uses a repeating physical cycle.
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Compared with the climate model used in this project, the AA algorithm has very little computational demand (Khatiwala,
2023). AA treats the g function as a “black box”, meaning it does not need to interact with the model other than receiving an
input from the model g(xy ), without any knowledge to how the model functions. This makes AA a versatile method that can

be applied to any biogeochemical model that uses iterative time steps.
A2 Implementation of Anderson Acceleration in ACCESS-ESM1.5

Our AA implementation is based on that of Khatiwala (2023). A Matlab version of the AA algorithm is provided from that
implementation. This implementation requires a model specific g function and a driver script supplied by the user. These take
the form of two Matlab scripts which may be found at this project’s GitHub repository (Anthonisz, 2025).

In this implementation the minimum time for a cycle k is one year. Although in principle k could be as short as one time
step within the model it must be at least one year to capture a seasonal cycle. The number of years per cycle k can be changed
by modifying the g function and associated driver script. If the cycle length is only 1 year then temporary modes such as El
Nifio events, or intermittent circulation variability (e.g Figure A7) have the potential to bias simulation evolution over long
term trends. Increasing the cycle length beyond 1 year can therefore prevent biasing as a result of interannual variability within
the physical circulation, but reduces the computational savings of the algorithm. Increasing iteration length also increases the
“warm up” period, since acceleration relies on accumulating many steps of the algorithm. The ideal cycle length depends
on which behaviours are of greatest interest and may vary between simulations. We used a cycle length of 10 years as a
compromise between accounting for interannual variability and leveraging the acceleration algorithm.

The number of previous iterations stored (my) can be modified. We set m; = 10 for the MCO simulations. In its default
configuration, once one cycle k is completed, the g function deletes the saved intermediate states produced during the cycle
and the simulation is restarted from the same physical initial conditions but with a new biogeochemical profile provided by
AA. This means that only the oceanic biogeochemistry is evolving. This method was chosen as work using a similar method
showed that no acceleration would occur unless the physical circulation was kept in an identically repeating pattern for each
iteration (Pasquier et al., 2025). Since biogeochemical evolution is strongly dependent on the physical simulation, it is ideal if

the physics of the simulation are well equilibrated before spinning up with AA.
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Figure Al. Zonal mean sea surface temperature (°C) for the ACCESS-ESM1.5 MCO simulations (red line) compared with the GFDL

simulations from which they were initialised (black line). Proxy estimates (blue dots) are from Burls et al. (2021).
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Figure A2. Near Surface (1.5 m) Air Temperature (SAT, °C) for the PI control (a), anomaly between MC1 and PI (b), anomaly between
MC2 and MC1 (c) and anomaly between MC3 and MC1 (d).
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Figure A3. Sea Surface Temperature (SST, °C) for the PI control (a), anomaly between MC1 and PI (b), anomaly between MC2 and MC1
(c) and anomaly between MC3 and MC1 (d).
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Figure A4. Water age averaged between 400 and 1400 m for PI (a), and anomalies for the same depth range for MC1 - PI (b), MC2 - MC1
(c), and MC3 - MC1 (d). Water age averaged between 2000 and 4000 m for PI (e), and anomalies for the same depth range for MC1 - PI (f),
MC2 - MC1 (g), and MC3 - MCI1 (h). Note that colour scale is changed between subplots a-d and e-h for clarity.
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Figure AS. Timeseries of the maximum monthly average mixed layer depth in the Ross and Weddell Seas for the 50 year analysis period in
July (left column), August (middle column) and September (right column) for MC1 (top row), MC2 (middle row) and MC3 (bottom row)

simulations.
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Figure A6. Water age at the bottom of the ocean (lowest wet grid cell) for PI (a) and anomalies between MC1 and PI (b), MC2 and MC1 (c)
and MC3 and MC1 (d)
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Figure A7. Timeseries of the maximum monthly average mixed layer depth in the Gulf of Mexico for the 50 year analysis period in
January (left column), February (middle column) and March (right column) for MC1 (top row), MC2 (middle row) and MC3 (bottom row)

simulations.
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Figure A8. Timeseries of the maximum monthly average mixed layer depth in the Tethys Sea for the 50 year analysis period in January (left

column), February (middle column) and March (right column) for MC1 (top row), MC2 (middle row) and MC3 (bottom row) simulations.
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Figure A9. NOj3 averaged between 0 and 100 m for PI (a), and NO3 anomalies for MC1 - PI (b), MC2 - MCI1 (c) and MC3 - MC1 (d).
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Figure A10. Detrital nitrogen concentration anomalies between MC1 and PI simulations (first column), anomalies between MC2 and MC1

(second column) and anomalies between MC3 and MC1 (third column), averaged between 0 and 60 m (first row), between 200 and 300 m

(second row) and between 2000 and 3000 m (third row). Note that the colour scale is changed between rows for clarity.
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Figure A11. Meridional overturning Streamfunction for the (a) PI control experiment and (c) a high emissions scenario experiment following
SSP5-8.5 forcing over years 2090-2100. Annually averaged mixed layer depth in in the Ross and Weddell seas for the PI simulation (b) and
SSP5-85 (d).
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