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Abstract.

Recent studies investigating future warming scenarios have shown that the ocean oxygen content will continue to decrease

over the coming century due to ocean warming and changes in oceanic circulation. However, significant uncertainties remain

regarding the magnitude and patterns of future ocean deoxygenation. Here, we simulate ocean oxygenation with the ACCESS

ESM1.5 model during two past interglacials that were warmer than the preindustrial
::::
(PI) climate, the Last Interglacial (Marine5

Isotope Stage (MIS) 5e, ∼129–115 ka) and MIS
:
9e (∼336-321 ka). While orbital parameters were similar during MIS

:
5e

and MIS
:
9e, with lower precession, higher eccentricity and higher obliquity than pre-industrial

::
PI, greenhouse gas radiative

forcing was highest during MIS
:
9e

::
and

::::::
lowest

::::::
during

::::
MIS

:::
5e. We find that the global ocean is overall less oxygenated in

the MIS 5e and MIS
:
9e simulations compared to the preindustrial

::
PI

:
control run and that oxygen concentrations are more

sensitive to changes in the distribution of incoming solar radiation than to differences in greenhouse gas concentrations. Large10

regions in the Mediterranean Sea are hypoxic in the MIS 5e simulation, and to a lesser extent in the MIS
:

9e simulation,

due to an intensification and expansion of the African Monsoon, enhanced river run-off and resulting freshening of surface

waters and stratification. Upwelling zones off the coast of North America and North Africa are weaker in both simulations

compared to the preindustrial control run, leading to less primary productivity and export production. Antarctic Bottom Water

is less oxygenated, while North Atlantic Deep Water and the North Pacific Ocean at intermediate depths are higher in oxygen15

content. All changes in oxygen concentrations are primarily caused by changes in ocean circulation and export production and

secondarily by changes in temperature and solubility.

1 Introduction

The global ocean oxygen inventory has decreased by over 2% since 1960 and the volume of anoxic waters has more than

quadrupled over the same time period (Schmidtko et al., 2017; Levin, 2018). This decrease was caused by a decline in ocean20
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::::::
oxygen solubility due to higher ocean temperatures (Bopp et al., 2013), but changes in ocean circulation and biological con-

sumption also contributed to the observed changes (Ito et al., 2017; Breitburg et al., 2018). Model simulations project that this

decline will continue into the future, although the spatial patterns and magnitude are model-dependant and strongly influenced

by the models’ ocean diffusivity parameters (Duteil and Oschlies, 2011; Gnanadesikan et al., 2012; Bopp et al., 2013; Long

et al., 2016; Bahl et al., 2019; Frölicher et al., 2020; Kwiatkowski et al., 2020; Chamberlain et al., 2024). Future ocean de-25

oxygenation could eventually pose severe problems for ocean ecosystems and human societies (Diaz and Rosenberg, 2008;

Vaquer-Sunyer and Duarte, 2008; Sampaio et al., 2021; Penn and Deutsch, 2022; Santana-Falcón et al., 2023) and there has

been a growing interest in recent years to better quantify ocean deoxygenation and understand its drivers.

Ocean oxygenation has also changed in the past. For example, Scholz et al. (2014) find sulphidic conditions in the near-

surface sediments of the Peruvian upwelling area during the Last Interglacial period (LIG) (Marine Isotope Stage (MIS) 5e,30

∼129-116 ka ago), based on sedimentary molybdenum accumulation. Records of sedimentary �15N and redox-sensitive metals

show that interglacials in the late Quaternary led to an expansion and/or intensification of near-surface and intermediate depth

suboxic zones in the eastern Pacific margins and the Arabian Sea compared to glacials (Ganeshram et al., 2000; Galbraith

et al., 2004; Nameroff et al., 2004; Glock et al., 2022). These changes in oxygenation have been generally assigned to changes

in oxygen supply to the global thermocline (Galbraith et al., 2004; Meissner et al., 2005; Muratli et al., 2010; Jaccard and35

Galbraith, 2012). For large regions of the deep ocean this trend was inverted (Hoogakker et al., 2018), and deep and bottom

waters were better ventilated during interglacials compared to glacials. Jaccard et al. (2009) report close to suboxic conditions

during glacial intervals of the past 150 ka compared to better ventilated conditions during MIS
:
5e and the Holocene (the past

11,700 years) in the deep subarctic Pacific. In the deep equatorial Pacific there is multi-proxy evidence for reduced oxygen

concentrations in all deep Pacific Ocean water masses below 1 km during glacials compared to MIS
:
5e and the Holocene40

(Anderson et al., 2019; Jacobel et al., 2020). Bottom waters in the northern Arabian Sea, on the Portuguese margin and in

the North and South Atlantic, and South Atlantic Circumpolar Deep Water (CDW), were also less oxygenated during glacial

episodes compared to MIS 5e and the Holocene (den Dulk et al., 1998; Hoogakker et al., 2015, 2016; Lu et al., 2016; Gottschalk

et al., 2020). It is noteworthy that most reconstructions of ocean oxygenation in the late Quaternary compare glacials with

interglacials; there is very little evidence on how oxygen concentrations varied between interglacials. This is an important45

caveat, as better understanding of ocean oxygen variability in the past, and in particular, ocean oxygenation during past warm

episodes, could inform on the main processes influencing current ocean deoxygenation.

There is also
:::
One

:::::
region

::::
with

:::::::
notably

::::
large

:::::::
changes

::
in

::::
past

:::::
ocean

::::::
oxygen

::::::::::::
concentrations

::
is

:::
the

::::::::::::
semi-enclosed

::::::::::::
Mediterranean

:::
Sea,

::::::
where

:::::
there

::
is evidence of intervals with severe anoxia in the Mediterranean Sea during past interglacials (Sachs and

Repeta, 1999; Rohling et al., 2015; Rush et al., 2019). These intervals are characterised by sediment layers with elevated50

organic carbon concentrations (sapropels) and coincide with astronomically timed episodes of monsoon intensification, causing

enhanced runoff from North Africa into the Mediterranean Sea and leading to stratification (Rohling et al., 2015). The resulting

anoxia was often more intensely developed in the eastern Mediterranean than in the western Mediterranean.

Here, we analyse simulations integrated with the Australian Earth System Model ACCESS-ESM1.5 for two interglacials,

MIS 5e,
:::
or

:::
the

:::
Last

::::::::::
Interglacial

:
(LIG)and MIS ,

::::
and

::::
MIS 9e. The LIG is an interesting time period because it was globally the55
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warmest interglacial of the past 800 ka (Past Interglacials Working Group, PAGES, 2016). Being the most recent interglacial,

the spatial and temporal resolution of climate proxies is also much better than for earlier interglacials. The LIG climate has been

recently simulated by a variety of climate models under the Paleoclimate Model Intercomparison Project 4 (PMIP4) lig127k

experiment (Otto-Bliesner et al., 2017, 2021).MIS

::::
MIS 9e (� 336-321 ka ago) stands out by its high greenhouse gas forcing, with the highest carbon dioxide and methane60

concentrations over the past 800 ka (Past Interglacials Working Group, PAGES, 2016). It is also one of the three interglacials

(together with MIS 11 and MIS 17) with the lowest value of seawater� 18O, which might imply high sea levels and small

continental ice volumes (Elder�eld et al., 2012; Past Interglacials Working Group, PAGES, 2016), although sea-level records

from the Red Sea �nd that MIS
:
5e had higher sea levels than MIS 9e (Rohling et al., 2009). MIS

:
9e was an exceptionally

short interglacial with the warmest temperatures in Antarctica over the past 800 ka (Past Interglacials Working Group, PAGES,65

2016). We will focus on how changes in orbital parameters and greenhouse gas concentrations in�uenced simulated ocean

oxygenation for these two interglacials.

::::
This

:::::::::
manuscript

::
is

::::::::
structured

::
as

:::::::
follows.

::::::
Section

::
2

::::::::
describes

::
the

::::::
model,

:::
the

:::::::::::
experimental

:::::
setup

:::
and

:::
the

::::
time

:::::
series

:::
for

::::
each

::
of

::
the

::::::::
analyzed

:::::::::::
experiments.

::::::
Section

::
3

:::
�rst

:::::::
analyses

:::::::
changes

::
in

:::::::::
large-scale

::::::::::
circulation

::::::
patterns

::::
and

::::::::::
oxygenation

:::
and

::::
then

:::::::
focuses

::
on

:::::::
changes

::
in

:::
the

:::::::::::::
Mediterranean

::::
Sea.

::
In

::::::
Section

::
4

:::
we

::::::
discuss

:::::::::::
uncertainties

::::
and

::::::
situate

:::
our

::::::
results

::::::
within

:
a

:::::::
broader

:::::::
context.70

::::::
Section

:
5
:::::::::::
summarizes

::
the

:::::
main

::::::
results.

:

2 Methods

We use the Australian Community Climate and Earth System Simulator Earth System Model, ACCESS-ESM1.5 (Ziehn et al.,

2020) to integrate three equilibrium simulations under preindustrial, MIS
:
5e and MIS 9e boundary conditions. The model

includes the atmosphere UK Met Of�ce Uni�ed Model (UM) version 7.3 (Martin et al., 2010; The HadGEM2 Development75

Team, 2011), the Community Atmosphere Biosphere Land Exchange model (CABLE) version 2.4 (Kowalczyk et al., 2013),

the NOAA/GFDL Modular Ocean Model (MOM) version 5 (Grif�es, 2014), and the Los Alamos National Laboratory sea

ice model (LANL CICE) version 4.1 (Hunke et al., 2010). The components communicate with each other through the Ocean

Atmosphere Sea Ice Soil - Model Coupling Toolkit (OASIS-MCT, Craig et al. (2017)). The land and atmosphere components

have a horizontal resolution of 1.875� x1.25� , with 38 vertical levels for the atmosphere model. The ocean and sea ice com-80

ponents have a resolution of 1� x1� , with 50 vertical levels for the ocean model. The horizontal resolution of the ocean model

is higher near the equator (0.33� ) and in the Southern Ocean (� 0.4� at 70� S). Ocean biogeochemistry is represented by the

Whole Ocean Model of Biogeochemistry And Trophic-dynamics (WOMBAT, Oke et al. (2013)).

WOMBAT is a nutrient-phytoplankton-zooplankton-detritus (NPZD) model (Oke et al., 2013; Law et al., 2017; Ziehn et al.,

2020). It includes one functional type of phytoplankton and zooplankton, .
:::
As

:::::::::
prognostic

:::::
tracers

::
it

::::::::
simulates dissolved inorganic85

carbon (DIC), alkalinity (ALK), phosphate (PO4), oxygen (O2), and ironasprognostictracers. The stoichiometry is �xed at a

C:N:P:O2 ratio of 106:16:1:-172.
::::::::::::::::
106 : 16 : 1 :� 172. CaCO3 export from the photic zone is set at� 8% of the organic carbon

export. Detrital decomposition is a function of temperature and is allowed to occur when oxygen is zeroto simulatetheeffect
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of denitri�cation, even.
:::::
Even

:
though nitri�cation and denitri�cation are not explicitly included in the model and the global

nitrogen budget is kept constant (Oke et al., 2013),
::::

this
::::::::::
formulation

::::::::
emulates

:::
the

:::::
effect

:::
of

::::::::::::
denitri�cation. The dissolution90

of CaCO3 occurs at a constant rate. All organic and inorganic particles reaching the bottom are remineralized, given that

ACCESS-ESM1.5 does not include burial of sediments.

The pre-industrial 1850 equilibrium simulation (PI) is integrated following the CMIP6 protocol (Eyring et al., 2016)
::::
with

:::
the

::::::::
exception

::
of

:
using the CMIP5 solar constant (1365.65 W.m� 2). The MIS

:
5e simulation (LIG) is integrated following PMIP4

protocol (Otto-Bliesner et al., 2017) with the solar constant of CMIP5-PMIP3 (1365.65 W.m� 2). Both PI and LIG simulations95

have been evaluated extensively in the recent literature (Ziehn et al., 2020; Otto-Bliesner et al., 2021; Kageyama et al., 2021;

Yeung et al., 2021; Mackallah et al., 2022; Choudhury et al., 2022; Yeung et al., 2024).TheMIS

:::
The

::::
MIS

:
9e simulation was set up with boundary conditions corresponding to 333 ka and the same solar constant as for

PI and LIG (see Table 1). The Greenland and Antarctic ice-sheets as well as vegetation distribution are the same in all three

simulations, but leaf area index is calculated prognostically. Anomalies in incoming solar radiation are shown in Figure A1.100

Dissolved oxygen is a tracer with very long equilibration times. Figure 1 shows time series of dissolved oxygen for the three

simulations analysed in this study. While oxygen concentrations have reached quasi-equilibrium for North Atlantic Deep Water

(NADW), in the intermediate waters of the North Paci�c, and in Antarctic Bottom Water
::::::::
(AABW) south of 35� S in all runs,

there is still a slight drift in global mean dissolved oxygen in our LIG and MIS 9e simulations and a more substantial drift in

the Mediterranean Sea.105

::
In

::::::
Section

:
3
:::
we

:::::::
partition

:::::::
changes

::
in

::::::::
dissolved

::::::
oxygen

::::
into

:::
two

:::::::::::
components,

:::::::
changes

::
in

::
the

::::::::
saturated

:::::::::::
concentration

::
of

:::::::
oxygen

::::
Osat

2 :::
and

:::::::
changes

::
in

::::::::
Apparent

:::::::
Oxygen

:::::::::
Utilisation

::::::
(AOU).

:::::
AOU

::::::::
estimates

:::
the

::::::
oxygen

:::::::::
consumed

::::::
during

:::::::::
respiration

:::
and

:::
can

:::
be

::::::::
calculated

::
as

:::
the

:::::::::
difference

:::::::
between

::::::::
dissolved

::::::
oxygen

::::::::::::
concentration

::::
(O2)

:::
and

:::::
Osat

2 :
:

AOU = O sat
2 (T ;S) � O2

::::::::::::::::::::
(1)

:::::
where

::
T

::
is

:::
the

:::::::
potential

::::::::::
temperature

::::
and

:
S

:::::::
salinity.

::::::::
Changes

::
in

::::
AOU

:::
are

::::::::
therefore

::
a

::::::::::
combination

::
of

:::::::
changes

:::
in

:::::::::
circulation110

::::
(with

:::::::
sluggish

:::::
water

::::::
masses

:::::::
tending

::
to

::::
have

::::::
higher

::::::
AOU),

:::
and

:::::::
changes

::
in

:::::::::::::
remineralisation

:::::
rates,

::::::
which

::::::
depend

::
on

:::
the

:::::::
vertical

:::::
export

::
of

:::::::
organic

:::::
matter

::::::
(export

::::::::::
production)

:::
and

:::::::::::
temperature.

:::::
Please

::::
note

:::
that

:::
the

::::
here

::::
used

::::::
metric

::::
AOU

:::::::
assumes

::::
that

::::::::
dissolved

::::::
oxygen

::
in

::::::
surface

::::::
waters

::
is

::
in

::::::::::
equilibrium

:::::
with

:::
the

::::::::::
atmosphere,

::::::
which

:::::
might

::::
lead

::
to

:::
an

::::::::::::
overestimation

::
of

:::
the

:::::
True

:::::::
Oxygen

::::::::
Utilisation

::::::
(TOU)

:::::::::::::::::
(Duteil et al., 2013).

:

3 Results115

3.1 Large-scale oxygenation

All results reported in this section are based on 100-year means, calculated over the last 100 years of each simulation (see

rectangles in Figure 1). The global temperature patterns simulated by ACCESS ESM1.5 under LIG boundary conditions are

described elsewhere (Otto-Bliesner et al., 2021; Yeung et al., 2021, 2024). Figure 2 shows annual mean surface air temperature
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Table 1. Experimental set-up
:
.
::::
LIG

:::::::
boundary

::::::::
conditions

:::::
follow

::::::
PMIP4

:::::::
protocol

::::::::::::::::::::
(Otto-Bliesner et al., 2017).

::::
MIS

::
9e

::::::::
boundary

::::::::
conditions

::
are

:::::
based

:::
on

::::::::::::
Berger (1978)

::
for

::::::
orbital

:::::::::
parameters,

::::
and

:::::
peak

:::::::::::
concentrations

:::
for

::::::::
methane

::::::::::::::::::
(Loulergue et al., 2008),

::::::
carbon

:::::::
dioxide

:::::::::::::::
(Bereiter et al., 2015)

:
,
:::
and

:::::
nitrous

:::::
oxide

::::::::::::::
(Schilt et al., 2010).

:::::
Please

::::
note

:::
that

:::
the

:::
�rst

:::
372

::::
years

::
of

:::
the

:::
LIG

::::::::
simulation

::::
have

:::::::
erroneous

::::::
forcing

:::
and

::::
were

:::::::
integrated

::::
with

::
PI

:::::::::
greenhouse

::
gas

::::::::::::
concentrations.

PI LIG MIS
:
9e

Orbital parameters

Eccentricity 0.016764 0.039378 0.03229469

Obliquity (degrees) 23.459 24.040 24.2397

Perihelion -180 100.33 275.41 297.994

Vertical equinox 21 March at noon 21 March at noon 21 March at noon

Greenhouse gases

Carbon dioxide (ppm) 284.3 275 298.6

Methane (ppb) 808.2 685 797

Nitrous oxide (ppb) 273 255 287.3

Paleogeography Modern Modern Modern

Ice sheets Modern Modern Modern

Vegetation PI PI PI

Aerosols CMIP Deck piControl CMIP Deck piControl CMIP Deck piControl

Integration length 1000 years 1823 years1 1750 years

Remaining drift below3000m
::::
3000

::
m per 100 years

Potential temperature (°C/ 100 years) +0.004 +0.040 +0.055

Dissolved O2 (mmol.m� 3 / 100 years) +0.38 -0.85 -1.28
1The�rst 372yearshaveerroneousforcing

(SAT) anomalies and sea surface temperature (SST) anomalies for the simulations described in this study. Due to different120

orbital parameters, and in particular a positive summer insolation anomaly at high northern latitudes and a positive spring

anomaly at high southern latitudes (Mitsui et al. (2022); Figure A1), the annual meansimulatedsurface air temperature in our

LIG simulation is 1.11� C and 1.40� C higher north and south of 40�
:::
N/S, respectively, compared to PI. While the insolation

during MIS
:

9e is similar to LIG (Mitsui et al., 2022), greenhouse gas concentrations are higher (Table 1), with anomalies

of � 24 ppm for CO2, � 112 ppb for CH4 and� 32 ppb for N2O, thus leading to globally warmer conditions in our MIS
:
9e125

simulation compared to the LIG simulation (Figure 2). The annual meansimulatedsurface air temperature is 0.49� C and

1.20� C higher in
::
the

:
LIG and MIS 9e runs, respectively, compared to PI.

The PI simulation reproduces observed patterns of dissolved oxygen (World Ocean Atlas, 1965-2020) reasonably well

(Ziehn et al. (2020); Figure 3c and d), but underestimates O2 in the eastern Paci�c Ocean and southeastern Atlantic Ocean.

It overestimates O2 in the Arabian Sea, the Southern Ocean and the Arctic. The global mean ocean O2 concentration equals130

176.3 mmol�m� 3 in our PI simulation compared to 158.0 mmol�m� 3 and 154.5 mmol�m� 3 in the LIG and MIS
:
9e simulations,
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respectively. The largest differences between the simulations are located in the deep ocean (below2500m
::::
2500

::
m depth) and

follow the pathways of Antarctic Bottom Water (AABW; Figures 3, 4). Overall, the anomalies in LIG and MIS 9e compared

to PI are quite similar, with the loss in AABW O2 being slightly less pronounced in LIG (Figures 3, 4). Signi�cant differences

can also be seen in the Mediterranean Sea (
:::::
Figure

::
3, Section 3.2).135

:::
The

::::
next

::::
two

:::::::::
subsections

:::::::
analyze

:::::::
changes

::
in

:::
the

:::::
main

:::::::::
large-scale

::::::
bottom

:::
and

:::::
deep

:::::
water

:::::::
masses,

::::::
AABW

::::
and

:::::::
NADW.

:::
We

:::
also

:::
see

::::::::::
signi�cant

:::::::
changes

::
in

:::
the

:::::::::::
oxygenation

::
of

::::::
North

::::::
Paci�c

::::::::::
Intermediate

::::::
Water,

::::::
which

:::
are

:::::::::
described

::
in

:::::::
Section

:::::
3.1.3.

:::::::
Changes

::
in

:::
low

:::::::
oxygen

:::::
zones

:::
can

::::
have

:
a
:::::
large

::::::
impact

::
on

::::::
marine

:::
life

::::
and

:::::::::::::
biogeochemical

::::::
cycles.

:::
We

:::::::
therefore

:::::::
analyze

:::::::
changes

::
in

:::
the

:::::::::
simulated

:::::::
Oxygen

::::::::
Minimum

:::::
Zones

:::
in

::::::
Section

:::::
3.1.4.

:
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Figure 1.
::::::::
Timeseries

::
of

::::::::
dissolved

::
O2:::::::::::

concentration
::
in

::::::::
mmol�m� 3

:::::::
averaged

:::
(a)

:::::::
globally,

::
(b)

::
in

:::
the

:::::::::::
Mediterranean

:::
Sea,

:::
(c)

:::::::
between

:::
500

::
m

:::
and

::::
1200

:
m

:::::
depth,

:::
and

:::::::::
40°N-60°N

:::::
(North

:::::::
Atlantic

::::
Deep

:::::
Water),

:::
(d)

::::::
between

::::
250

:
m

:::
and

::::
1200

::
m

:::::
depth,

:::
and

:::::::::
40°N-60°N

::
in

::
the

:::::
North

::::::
Paci�c,

:::
and

::
(e)

::
at

::::
3000

::
m

:::::
depth,

::::::
between

::::
60°S

:::
and

::::
35°S

::::::::
(Antarctic

::::::
Bottom

:::::
Water)

::
for

:::
PI

::::
(solid

:::::
lines),

:::
LIG

::::::
(dotted

::::
lines)

:::
and

::::
MIS

::
9e

::::::
(dashed

:::::
lines)

:::::::::
simulations.

:::
Red

::::::::
rectangles

:::::::
designate

:::
the

:::
last

:::
100

::::
years

::
of

::::
each

::::::::
simulation

::::
that

::
are

:::::::
analysed

::
in

:::
this

:::::::::
manuscript.

:::
The

::::
�rst

:::
372

::::
years

::
of

::::
LIG

:::
were

::::::::
integrated

::::
with

::
PI

:::::::::
greenhouse

:::
gas

:::::::::::
concentrations

:::
and

::::
have

::::
been

::::::
deleted

::::
from

:::
our

::
�le

:::::::
servers;

::
we

:::::
show

:::::::
therefore

::::::::::
interpolations

::::
over

:::
this

:::
time

::::
span.
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Figure 2.
::::::::::
Annual-mean

:::::::::
near-surface

:::
air

:::::::::
temperature

:::::
(SAT)

::::::::
anomalies

::::
(left)

:::
and

:::
sea

::::::
surface

:::::::::
temperature

:::::
(SST)

::::::::
anomalies

::::::
(right)

::
in

:::
� C.

:::::::::
Statistically

:::::::::
insigni�cant

::::::::
differences

:::::::
(p-value

:
>

::::
0.05)

:::
are

:::::
shaded

::
in

::::
grey.

:::
(a,

:
b)

::::
LIG

:
-
::
PI,

:::
(c,

::
d)

:::
MIS

:::
9e

:
-

::
PI,

::
(e,

::
f)

::::
MIS

::
9e

:
-

::::
LIG.
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Figure 3. Vertically averaged dissolved O2 concentration anomalies in mmol�m� 3 .
::::::::
Statistically

::::::::::
insigni�cant

::::::::
differences

:
(
::::::
p-value

:
>
:::::
0.01)

::
are

::::::
shaded

::
in

::::
grey.

:
(a) LIG - PI, (b) MIS 9e - PI, (c) vertically averaged dissolved O2 concentration for the PI simulation and (d) vertically

averaged O2 concentrationabove5500mdepthfrom World Ocean Atlas (WOA, 1965 - 2022, Reagan et al. (2025)).
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Figure 4. Zonally averaged dissolved O2 concentration in mmol�m� 3 (left), saturated O2 concentration (middle) and� 1�AOU (Apparent

Oxygen Utilisation, right).
::::::::
Statistically

::::::::::
insigni�cant

::::::::
differences

::::::
(p-value

::
>

::::
0.01)

:::
are

::::::
hatched

:::
and

::::::
shaded

::
in

::::
grey. Atlantic Ocean anomalies

LIG - PI (a-c), MIS 9e - PI (d-f); Paci�c Ocean anomalies LIG - PI (g-i), MIS 9e - PI (j-l). To facilitate the comparison between oxygen

solubility and oxygen utilization, we multiplied AOU by� 1:

3.1.1 Antarctic Bottom Water
:
-

:::::::
warmer

::::
and

:::
less

:::::::::
ventilated140

AABW is warmer and weaker in our LIG and MIS 9e simulations compared to PI (Figure A2). At 30°S, the maximum absolute

value of the streamfunction reaches 3.8 Sv in LIG and 2.9 Sv in MIS
:
9e compared to 7.9 Sv in PI (Figure 5). Bottom water

convection sites in the Weddell, Lazarev
:
, and Ross Seas are smaller in spatial extent and are also less intense (Figure A3). This

weakening of deep-ocean convection is mainly due to reduced sea-ice formation (Yeung et al., 2024; Choudhury et al., 2022)

and leads to warmer, less ventilated, and therefore less oxygenated AABW. The relative contribution of changes in Apparent145

Oxygen Utilisation (AOU) is higher than the contribution of changes in solubility (compare middle and right columns in

Figure 4). Export production is enhanced in the Southern Ocean in LIG and MIS 9e compared to PI (Choudhury et al. (2022);

Figure 6) and remineralisation rates are higher due to higher temperatures (Choudhury et al., 2022). Changes in dissolved
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Figure 5.
::::::::
Meridional

:::::::::
overturning

:::::::::::
streamfunction

::
in

:::
Sv

::
for

:::
the

::::::
Atlantic

:::::
Ocean

::::
(left)

:::
and

:::::
global

::::::
(right).

::
(a,

::
b)

::::
LIG,

::
(c,

::
d)

::::
MIS

::
9e

:
,

::
(e,

::
f)

::
PI.

oxygen concentrations in AABW are therefore primarily due to the weakening of Antarctic Bottom Water circulation, together

with the increase in export production and higher remineralisation rates, and secondarilyto thetemperature-depended
::::::
caused150

::
by

:::
the

:::::::::::::::::::
temperature-dependant solubility effect.

3.1.2 North Atlantic Deep Water -
::::::
colder

::::
and

:::::
better

:::::::::
ventilated

Figure 4a and dshows
::::
show that North Atlantic Deep Water (NADW) is more oxygenated in both MIS 9e and LIG compared

to PI, with MIS
:
9e being more oxygenated than LIG at mid-depth between 40� S and 20� N. This is due to enhanced deepwater

formation (Choudhury et al. (2022); Figure 5) and stronger advection of NADW at depth leading to a decrease in AOU155

(Figure 4c and f), and to lower temperatures of NADW in LIG and MIS
:
9e compared to PI (Figure A2; Figure 4, middle

11



Figure 6. Detrital organic carbon concentration and anomalies in� molC
:::
mol

::
C�m� 3 at 250m

::
250

:::
m depth.

::::::::
Statistically

::::::::::
insigni�cant

::::::::
differences (

:::::
p-value

::
>

::::
0.01)

:::
are

::::::
hatched

:::
and

:::::
shaded

::
in

::::
grey.

:
(a) LIG - PI, (b) MIS 9e - PI, and (c) PI.

column). The maximum value of the streamfunction in the Atlantic at 45°N reaches 23.6 Sv in our LIG simulation and 24.3 Sv

in the MIS
:
9e simulation, compared to 19.9 Sv in the PI simulation. These simulated changes in NADW transport are associated

with an advective-convective feedback mechanism involving the Subpolar Gyre (SPG), �rst described by Levermann and Born

(2007). The SPG is stronger in our MIS 9e and LIG simulations than in PI (Figure A4, left column), with an establishment160

of a third region of deep convection in the Labrador Sea in addition to the deep convection sites in the Norwegian Sea and

south of the Greenland-Scotland Ridge (Figure A3). During boreal winter (December to February), a stronger SPG results in

stronger outcropping of isopycnals and in higher sea surface salinities (Figure A4, right column) due to enhanced transport of

subtropical saline waters, both
:
.

::::
Both

:
are preconditioning the surface waters for convection. The resulting horizontal surface

density gradients maintain the strong gyre. The new convection site in the Labrador Sea contributes colder waters to the165

resulting North Atlantic Deep Water mass, leading to an overall colder NADW compared to PI (Figure A2). Export production

is enhanced over most of the North Atlantic Ocean in LIG and MIS 9e compared to PI and is therefore not one of the drivers

of the increase in dissolved oxygen (Figure 6).
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3.1.3 North Paci�c Intermediate Water
:
-

:::::::
warmer

::::
and

:::::
better

:::::::::
ventilated

The North Paci�c ocean above� 2000m
::::
2000

::
m is signi�cantly more oxygenated in our LIG and MIS

:
9e simulations than170

in our PI simulation (Figure 4g and j), with LIG being even more oxygenated than MIS 9e. The potential temperatures of

the affected water masses are higher in both simulations compared to PI (Figure A2; Figure 4h and k). The oxygenation

is therefore solely due to changes in AOU which shows strong negative anomalies (Figure 4i and l). We can see a slight

increase in ventilation during winter months in both simulations due to higher subduction rates in the western Bering Sea -

along the coast of the Kamchatka peninsula (Figure A5). This leads to younger and better ventilated waters at250m
:::
250

::
m175

depth circulating across the Paci�c and then southward following the California Current (shown in Figure A6). There is also a

signi�cant decrease in export production off the west coast of North America in LIG and MIS
:
9e compared to PI (Figure 6).

This is due to a weakening of the north-westerly winds causing a weakening of the coastal upwelling zones (Figure A7, left

column) contributingsigni�cantly to the gain in oxygen at deeper layers (Figure 3a and b).
:::::::::::
Furthermore,

:::::
better

:::::::::
ventilated

:::::::::
subsurface

:::::
waters

::::
can

::::
lead

::
to

:
a

::::::::
decrease

::
in

::::::
nutrient

:::::::::::::
concentrations

:::
and

::::::::
therefore

::
an

::::::
overall

::::::::
reduction

:::
in

:::::::
nutrients

::::::::::
transported180

::
to

:::
the

:::::::
surface

:::
via

::::::::
upwelling

:::::::::::::::::
(Donald et al., 2024)

:
.

3.1.4 Oxygen Minimum Zones
:::::::
(OMZs)

:
-

::
no

::::::::::
signi�cant

::::::
change

Figure 7 (left column) shows dissolved O2 concentrations in hypoxic zones at300m
:::
300

:::
m depth. In our PI simulation, the

model represents the large-scale patterns reasonably well in the tropical and subtropical Paci�c, but overestimates oxygen

depletion within these zones (Figure 7e and g). The simulated OMZ in the Atlantic ocean off the African coast is also overesti-185

mated in extent and intensity. Contrarily, oxygen depletion in the North Paci�c and the Arabian Sea is underestimated at300m

:::
300

::
m

:
depth, but the North Paci�c ocean becomes hypoxic at deeper levels (Figure 7, right column).
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