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Abstract Ocean deoxygenation is an important consequence of climate change that poses an imminent
threat to marine life and global food security. However, our understanding of the complex interactions between
changes in circulation, solubility, and respiration that drive global-scale deoxygenation is incomplete. Here, we
consider idealized biogeochemical steady states in equilibrium with perpetually slower and warmer oceans
constructed from climate-model simulations of the 2090s that we hold constant in time. In contrast to
simulations of the end-of-century transient state, our idealized states are intensely deoxygenated in the abyss,
consistent with perpetually reduced ventilation and throttled Antarctic Bottom Water formation. We disentangle
the effects of the deoxygenation drivers on preformed oxygen and true oxygen utilization (TOU) using the novel
concept of upstream exposure time, which precisely connects TOU to oxygen utilization rates and preformed
oxygen to ventilation. For our idealized steady states, deoxygenation below 2,000 m depth is due to increased
TOU, driven dominantly by slower circulations that allow respiration to act roughly 2-3 times longer thereby
overwhelming the effects of reduced respiration rates. Above 500 m depth, decreased respiration and slower
circulation closely compensate, resulting in little expansion of upper-ocean hypoxia. The bulk of preformed
oxygen loss is driven by ventilation shifting equatorward to where warmer surface waters hold less oxygen.
Warming-driven declines in solubility account for less than 10% of the total oxygen loss. Although idealized,
our analysis suggests that long-term changes in the marine oxygen cycle could be driven dominantly by changes
in circulation rather than by thermodynamics or biology.

Plain Language Summary Climate change is driving oxygen out of the ocean, threatening marine
life and global food security. However, the precise contributions of the chemical, physical, and biological
processes that control oxygen levels are not well known because of their complex interactions. To better
understand these interactions, we consider idealized simulations of a global oxygen cycle that is fully
equilibrated with a perpetually warmer and slower ocean constructed from climate-model simulations of the
2090s but held constant in time for our analyses. Compared to typical predictions, these idealized states exhibit
intense deep-ocean deoxygenation, for which we precisely quantify the contributions from changes in solubility,
respiration, and ocean circulation. We find that deep-ocean deoxygenation is driven by the slower circulation
allowing respiration to act for 2-3 times longer thereby overcoming lower respiration rates. The surface origin
of oxygen shifts away from cold high-latitude waters toward warmer waters, in which atmospheric oxygen is
less soluble, further reducing oxygen levels. Warming-driven decreases in solubility alone only account for a
mere 10% of the total oxygen loss. The upper ocean remains well oxygenated because changes in respiration and
circulation compensate almost perfectly. Our results highlight the central importance of circulation in
controlling oxygen in the ocean.

1. Introduction

The ocean has lost an estimated ~1-3% of its oxygen content over the last 50 years (e.g., Bindoff et al., 2022;
Breitburg et al., 2018; Helm et al., 2011; Ito, 2022; Ito et al., 2017, 2024; Keeling & Garcia, 2002; Roach &
Bindoft, 2023; Schmidtko et al., 2017; Whitney et al., 2007). Open-ocean deoxygenation is expected to continue
in the future because of global warming, which reduces oxygen solubility and deep-ocean ventilation (e.g., Bopp
et al., 2013; Keeling et al., 2010; Long et al., 2019; Matear & Hirst, 2003; Matear et al., 2000; Oschlies, 2021).
There is broad consensus among models of the sixth Coupled Model Intercomparison Project (CMIP6) that
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hypoxic zones will expand over the next century (e.g., in the Pacific; Busecke et al., 2022) to varying degrees
depending on the future emissions' scenario (e.g., Kwiatkowski et al., 2020).

Ocean deoxygenation is increasingly recognized as posing an imminent threat to global marine ecosystems and
food security (e.g., Earle et al., 2018; Laffoley & Baxter, 2019). Oxygen is essential for life (e.g., Falkowski &
Godfrey, 2008). Long-term exposure to sufficiently low oxygen (severe hypoxia) can be lethal to marine or-
ganisms (e.g., Diaz & Rosenberg, 2008; Vaquer-Sunyer & Duarte, 2008). Mild to intermediate hypoxia has
important physiological, behavioral, and ecological effects on marine ecosystems (e.g., Beman & Carolan, 2013;
Ekau et al., 2010; McCormick & Levin, 2017; Morée et al., 2023; Pascal et al., 2023). Hence, the distribution of
oxygen in the ocean is a key control on shaping marine habitats (e.g., Deutsch et al., 2015, 2024; Franco
et al., 2022; Mongwe et al., 2024; Rogers, 2000; Sato et al., 2017; Seibel, 2011; Stramma et al., 2012). Even small
O, declines and limited expansion of oxygen minimum zones (OMZs) are a major concern for global-ocean
health (e.g., Deutsch et al., 2024; Gallo & Levin, 2016; Wishner et al., 2018).

Deoxygenation is driven by complex interactions among physical and biogeochemical processes that interact
non-linearly on global scales. Oxygen in the ocean is controlled by air—sea exchange through surface winds and
O, solubility, by photosynthetic production in the surface ocean, by bacterial respiration, and by the circulation
which ventilates the ocean and connects these processes through the transport of dissolved oxygen to the deep
ocean (e.g., Levin, 2018; Oschlies et al., 2018). To attribute O, changes quantitatively to specific driving
mechanisms, a typical approach is to partition dissolved O, concentrations into a saturation concentration and
apparent oxygen utilization (AOU; e.g., Bopp et al., 2002; Busecke et al., 2022; Couespel et al., 2019; Long
et al., 2019; Schmidtko et al., 2017; Takano et al., 2023). To correct for AOU biases propagated by incomplete
surface O, saturation (Ito et al., 2004), another common approach (using models) is to compute preformed oxygen
and “true” oxygen utilization (TOU; e.g., Buchanan & Tagliabue, 2021; Cliff et al., 2021; Ito et al., 2022; Oschlies
et al., 2019; Palter & Trossman, 2018). Studies based on these approaches agree qualitatively that increased
oxygen utilization drives most of the deoxygenation, with reduced solubility accounting for less than 50% of
upper-ocean deoxygenation, and less than ~25% of the deoxygenation of the entire water column. However, how
much of the AOU (or TOU) increase can be attributed to changes in ventilation (i.e., circulation) versus respi-
ration remains unclear (e.g., Breitburg et al., 2018; Oschlies et al., 2018).

While the importance of circulation for open-ocean hypoxia was recognized long ago (e.g., Sarmiento et al., 1988;
Wyrtki, 1962), its precise contribution to changes in preformed O, and oxygen utilization has yet to be quantified
(Oschlies et al., 2018). This is a challenging task because disentangling the effects of circulation changes from the
effects of changes in solubility and upstream respiration requires a careful accounting of all possible oxygen
pathways and losses. To avoid these difficulties, some studies resort to perturbation experiments, under the tacit
assumption that the system is sufficiently linear to infer the thermal and physical contributions to deoxygenation
from the difference between perturbed and unperturbed simulations. These perturbed simulations may consist, for
example, in keeping surface solubility fixed in time (e.g., Couespel et al., 2019; Matear & Hirst, 2003; Matear
et al., 2000), in keeping oxygen utilization rates (OUR) fixed in time (e.g., Deutsch et al., 2006), in removing
biogeochemical processes (e.g., Cliff et al., 2021), or in a combination of the above (e.g., Bopp et al., 2002;
Plattner et al., 2001). To assess circulation control on oxygen loss, other perturbations consist in keeping the
circulation fixed in its preindustrial state (e.g., Palter & Trossman, 2018). Such residual-based perturbation ap-
proaches can be strongly biased by spatial correlations between changes in solubility and changes in circulation
that are typically ignored. However, as we show here, such correlations can be of first order for large perturbations
or over long timescales. Also commonly used for assessing the effects of circulation changes on deoxygenation is
the ideal mean age, often invoked as an empirical timescale linking TOU and OUR (e.g., Bopp et al., 2017;
Busecke et al., 2022; Palter & Trossman, 2018). However, all the studies mentioned above ultimately fall short of
accurately attributing deoxygenation to its drivers because they lack a quantitative framework, based on the
underlying fundamental equations, that connects TOU to OUR with the correct circulation timescale.

Here, we address the following question: What would happen to oxygen if ocean biogeochemistry were allowed
to equilibrate with a 2090s circulation that was frozen in time? To this end, we consider idealized steady oxygen
cycles obtained by embedding the intermediate-complexity PCO2 biogeochemistry model (Pasquier et al., 2023)
into warmer and slower ocean states. These states are taken from climate-model simulations for the 2090s and
then held fixed (or “frozen”) in time for perpetuity. The equilibrated steady-state oxygen cycle is obtained using a
Newton solver and compared to preindustrial conditions. Equilibrated steady states allow us to probe the oxygen
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cycle on all the fundamental timescales of the associated ocean transport (e.g., fast thermocline vs. slow abyssal
ventilation). In particular, our approach captures the very longest timescales that cannot be probed with typical
centennial-scale transient simulations. In addition, steady states afford many computational advantages that we
exploit extensively. Note, however, that this framework does not capture natural variability on any timescale (e.g.,
seasonal, interannual).

We rigorously partition O, changes into contributions from circulation changes, solubility changes, and their
spatial correlations by employing the exact timescale that connects TOU to upstream OUR. Specifically, in steady
state, the local OUR contribution at location r to the TOU content of an interior volume € has recently been
shown to be OUR(r) X l"g(r), where F}l(r) is the “upstream exposure time,” that is, the time that the water in Q
spent sweeping past upstream location r, and hence the time over which OUR(r) acts (Holzer, 2022). Importantly,
FZZ is a fundamental timescale of the circulation only. Furthermore, we show here that FST2 also connects the
preformed O, content of Q to its surface origin.

Our idealized biogeochemical steady states exhibit intense abyssal deoxygenation because of perpetually reduced
ventilation and throttled Antarctic Bottom Water (AABW) formation (Holzer et al., 2020), which stands in stark
contrast to typical transient simulations of the late 21st century. While our idealized states cannot capture realistic
transient evolution, they nevertheless inform us on the long-timescale mechanisms that drive deoxygenation. We
find that the intense abyssal deoxygenation in our idealized steady states is characterized by widespread
expansion of mild to severe hypoxia. Above 500 m depth, hypoxic regions do not expand appreciably because
decreases in preformed oxygen are compensated by colocated TOU reductions, driven primarily by reduced
respiration rates. Below 2,000 m depth, by contrast, strong increases in TOU are predominantly driven by the
slower perpetual 2090s circulation allowing respiration to act 2 to 3 times longer. Preformed oxygen declines
almost everywhere, driven primarily by equatorward shifts in ventilation caused by reduced AABW and North
Atlantic Deep Water NADW) formation, with reduced solubility only playing a secondary role (order 10% of the
total oxygen loss). Our analyses highlight the overarching importance of the circulation in determining the ocean's
oxygen content through its control on ventilation patterns and the path-integrated oxygen utilization.

2. Methods
2.1. Frozen-In-Time Preindustrial and 2090s Ocean Circulations

We consider three idealized ocean states that are frozen in time: a preindustrial state that is used as the reference
and two perpetually warmer and slower ocean states. Specifically, we use decadal averages of simulations from
the Australian Community Climate and Earth System Simulator (ACCESS1.3; Bi et al., 2013; Marsland
et al., 2013). Decadal mean circulation and thermodynamic state variables (including temperature and salinity)
are then held constant in time for perpetuity. The 1990s decadal average is used as an approximation for the
preindustrial state, and 2090s decadal averages corresponding to an intermediate and a worst-case climate-change
scenario (Representative Concentration Pathways RCP4.5 and RCP8.5; Meinshausen et al., 2011, 2020) are used
to represent the perpetually warmer and slower ocean states. For further details, see the work of Pasquier
et al. (2024), who used the same framework of steady-state biogeochemistry embedded in frozen-in-time cir-
culations to quantify carbon-cycle changes.

We emphasize that we do not assume that our perpetual-2090s circulations corresponds to a steady state of the
ocean dynamics. Instead, we simply freeze the mean 2090s ocean state in time and analyze the idealized steady-
state oxygen cycle that is in equilibrium with this perpetually slower and warmer ocean. Our results thus cannot be
interpreted as predictions of the future. However, despite our idealized framework requiring a number of caveats
(Section 4.1), our results inform us on the key mechanisms that drive deoxygenation in the real ocean. Working
with steady states has several advantages, the most important of which is that it allows us to capture the
biogeochemical response on the longest timescales of the circulation. In addition, steadiness has the practical
advantages of obviating the need for time stepping and avoiding the complications of transience. In particular,
steadiness made it possible to precisely decompose and separate the drivers of deoxygenation.

The advective—diffusive flux-divergence operator of each state is organized into a sparse transport matrix following
Chamberlain et al. (2019). The horizontal advective fluxes were directly averaged from the ACCESS1.3 output
while the vertical advective fluxes were inferred from mass conservation by integrating the horizontal divergence
upward from the seafloor. Horizontal and vertical diffusion is included in the transport matrix with background
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diffusivities of 500 m* s~ (horizontal) and 10~ m? s™' (vertical), and a mixed-layer vertical diffusivity of
0.1 m® s™!. To construct the transport matrix, we used the decadal mean of the yearly maximum mixed-layer
depth as simulated by ACCESS1.3. The model grid employed (coarse-grained from the original ACCESS1.3
grid) has a nominal horizontal resolution of 2° X 2° (finer in the tropics) and 50 vertical levels with thicknesses
increasing from 10 m at the surface to 335 m at depth. We used the same horizontal and vertical diffusivities for
the preindustrial and 2090s states, and all our calculations account for both advection and diffusion.

When interpreting our results it is important to note that like most state-of-the-art climate models, the ACCESS1.3
circulation features an unrealistically deep mixed layer in the Southern Ocean compared to observations (Bi
et al., 2013; de Boyer Montégut et al., 2004; de Lavergne et al., 2014). For the ACCESS1.3 simulations we used,
the mixed layers reach below 5,000 m near the Weddell and Ross Seas in the 1990s and strongly shoal in the
2090s, which imprints on our results. Although abyssal ventilation and bottom-water formation through con-
vection are unrealistic (e.g., Heuzé et al., 2013), the key realistic model behavior for our purposes here is a decline
in Southern Ocean deep ventilation driven by climate change: Antarctic Bottom Water formation has been
observed to decline in recent decades and is predicted to decline strongly over the next few decades (e.g., Chen
etal., 2023; de Lavergne et al., 2014; Gunn et al., 2023; Li et al., 2023) (Detailed caveats of the circulation model
are discussed in Section 4.1).

2.2. Oxygen Model

We use the PCO2 biogeochemistry model of Pasquier et al. (2023). PCO2 is embedded in the frozen-in-time
ocean circulations using our transport matrices, and we solve directly for the biogeochemical steady state us-
ing a Newton solver. Our steady-state oxygen cycles thus correspond to the equilibrium that would ultimately be
reached if the 2090s thermodynamic and physical state of the ocean were held fixed in time for perpetuity.

A key feature of PCO2 for capturing the response of dissolved oxygen to a change in ocean state is that PCO2
explicitly models the nonlinear interactions and feedbacks between oxygen, carbon, and nutrients. This includes
the effects of oxygen and particulate organic matter on respiration, and the effects of temperature on biological
production and respiration. The biogeochemical parameters of PCO2 were objectively optimized for preindustrial
conditions against observations of phosphate, dissolved inorganic carbon, total alkalinity, and oxygen (The same
parameter values were then used for all our states). The optimized O, field has a global volume-weighted root-
mean-square model-observations mismatch of ~30 pM (Pasquier et al., 2023). Systematic biases, in part
inherited from the parent ACCESS-model circulation, remain despite parameter optimization, with under-
estimated O, in the upper tropical Pacific and Atlantic above ~1,000 m and overestimated O, in the Southern
Ocean and in the tropical Indian Ocean (see Figure A1l for a comparison between modeled and observed zonal
mean pO,). We deem these biases acceptable as they are smaller than for most CMIP5 models (Bao & Li, 2016)
and because they are generally dwarfed by the much larger changes analyzed here.

In the PCO2 model, oxygen enters and exits the ocean through air—sea gas exchange, is photosynthetically
produced in the euphotic layer, and utilized through aerobic bacterial respiration. In steady state, the three-
dimensional O, concentrations obeys

70, =P—OUR + Jyp, (1)

where the frozen-in-time transport operator 7 acts on O, concentrations such that 70, = V - (u0,) — V- K VO,
is the divergence of the advective—diffusive flux of O, due to velocity u and eddy diffusion (diffusivity tensor K).
P = r1g,.c Uc is the photosynthetic production of oxygen keyed to biological carbon uptake Uc through the
optimized ro,.c = 1.31 molO, molC™", and OUR = ry,.c (Rpoc + Rpoc) ©(0, — O,™) is the oxygen utilization
rate keyed to respiration of dissolved and particulate organic carbon (Rpoc and Rpoc) (The ® term switches off
aerobic respiration when O, drops below 02lim =5 pM, implicitly representing the effect of anaerobic denitri-
fication). Air—sea gas exchange is modeled using the parameterization J,, = k (KO pos™ — 02)/ h at the surface
(Wanninkhof, 2014), where k is the wind- and temperature-dependent gas-transfer velocity, K, is the tempera-
ture- and salinity-dependent oxygen solubility, pO3™ is the oxygen atmospheric partial pressure (based on an
atmospheric oxygen mixing ratio of 0.210 for both preindustrial and perpetual-2090s states), and 2 = 10 m is the
thickness of the top model layer (see Section 4.1 for discussion on the caveats of the biogeochemistry model).
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We organize the grid values of concentrations into column vectors and discretized linear operators into corre-
sponding sparse matrices. The nonlinear system of biogeochemical tracer equations is solved for steady state
using a Newton solver. In matrix form, the vector of oxygen concentrations, O,, is the solution to
TO, =P —OUR + J,,, where T is the discretized advective—diffusive flux-divergence operator (“transport
matrix” for short) such that T O, is the vector of the divergence of the advective—diffusive flux of oxygen, and P,
OUR, and J,,, are the vectors of photosynthetic oxygen production, oxygen utilization, and air—sea oxygen
exchange, respectively.

2.3. Preformed Oxygen, O}

Preformed oxygen is defined here as the oxygen that would be propagated by the ocean circulation out of the
euphotic-layer and into the ocean's interior in the absence of any aphotic sources and sinks. We use the base of the
euphotic zone rather than the base of the mixed layer to define preformed oxygen for convenience and consistency
with the definitions of preformed and regenerated phosphate and carbon in the related work of Pasquier
et al. (2023, 2024). Hence, O} depends only on euphotic O, concentrations and on ventilation patterns.

In matrix form, the vector of preformed oxygen concentrations, 05, is conveniently computed by solving

(T +L)05° = LO,, where L is a diagonal matrix with diagonal values of 1 s~! in the euphotic zone and
0 otherwise, enforcing Ogre = O, in the euphotic zone (only the euphotic-zone values of O, are used in L O,) (For
such short relaxation time, there is no sensitivity to its precise value; 10 s gives indistinguishable results).

To separate the effects of solubility from the effects of circulation on O, within the euphotic zone, we further
decompose O3 into a saturated component O and a disequilibrium component Ofs = 05 — O™, This
decomposition is useful because the air—sea O, disequilibrium varies with location and can be important in deep-
water formation regions (see, e.g., Duteil et al., 2013; Eggleston & Galbraith, 2018; Ito et al., 2004; Russell &
Dickson, 2003).

2.4. True Oxygen Utilization, TOU

To quantify the oxygen deficit caused by respiration, we use “true oxygen utilization” TOU = 0Y° — O, (e.g.,

Broecker & Peng, 1982; Holzer, 2022; Ito et al., 2004; Koeve & Kihler, 2016). TOU is thus the cumulated amount
of oxygen that has been removed by respiration along its interior transit since leaving the euphotic zone. The
vector of TOU grid values is computed similarly to O5° by solving (T + L) TOU = OUR (Holzer, 2022). Note
that —TOU may also be thought of as regenerated oxygen, O, — 05 (e.g., DeVries & Deutsch, 2014).

2.5. Deoxygenation Drivers

To summarize the contributions to deoxygenation from changes in circulation, solubility, or respiration, it is
useful to integrate the oxygen change over a specific volume Q of interest. We will first consider TOU and
then O5.

2.5.1. Change in TOU

The Q inventory of TOU is controlled at every location r upstream of Q by OUR(r) and by the time that the water
currently in Q spent flowing past r, which is the time for which OUR(r) acts on the oxygen heading toward Q.
This timescale, which we call “upstream exposure time” here, was only recently derived and computed by
Holzer (2022), who showed that for steady flow it is equal to F}Z(r), the mean time that water currently at r will
spend in Q on its way to the surface (Figure 1). In steady state, F}z(r) equals the time that oxygen at r was exposed
to respiration upstream of Q and connects the TOU inventory to OUR(r) through the relationship (Holzer, 2022):

/ TOU(r) &*r = f OUR(r) F}z(r) d&’r. 2)
Q

We emphasize that the upstream exposure time (FST2 in steady state) is fundamentally different from the ideal mean
age (e.g., Primeau, 2005), which is commonly used to approximately relate TOU or AOU to OUR (e.g., Bopp
et al., 2017; Doney & Bullister, 1992; Feely et al., 2004; Palter & Trossman, 2018; Warner et al., 1996; Zheng

PASQUIER ET AL.

5 of 31

85UB0 17 SUOLLLOD BA1BID) 3|ed!|dde 3y Aq pauienob a.e sapplie O esn JOSa|n1 104 Areig1 8ulUO AB|IAM UO (SUORIPUOD-PUe-SULBY/WI0D" 43| 1M Re1d 1 BUIIUO//SANY) SUOTIPUOD Pue SLLB | 8U3 885 *[7202/60/90] U0 AiqI78uljuo A8|IM ‘ SBIM UINoS MBN JO AISBAIN - JeInbsed J10ueg AQ E70TZ00CY202/620T OT/10p/wod" &3] imAteiq utjuo'sgndnbe//sduy wo.y pepeojumoq ‘6 ‘¥20e ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2024JC021043

et al., 1997, to cite a few), despite known systematic biases (e.g., Brandt

euphotic-zone emergence

etal., 2015; Duteil et al., 2013; Koeve & Kihler, 2016; Sonnerup et al., 2013,
2015; Thomas et al., 2020).

The integrals in Equation 2 are easily computed in matrix form. That is,
Equation 2 can be written as Q" VTOU = OUR" VT ! where V is a diag-
onal matrix with the grid-box volumes along the diagonal, Q is a mask vector
with entries of 1 for grid cells in Q and entries of 0 otherwise, and the T

superscript denotes the matrix transpose. The upstream exposure time obeys
(T+L)I'),=Q (Holzer, 2022), where T=V~'T'V is the volume-
weighted adjoint of T, which governs the time-reversed adjoint flow.

Figure 1. The upstream exposure time at any interior location r (blue dot) is The connection of TOU with OUR trough rgTz in Equation 2 allows us to

the time that water currently in interior volume Q (red region) spent at r in partition TOU changes into contributions from changes in respiration, cir-
the past (integrated over all paths and past times; blue lines). It is thus the total culation, and their interaction. Specifically, we algebraically decompose, at

time for which the water in Q was exposed to oxygen utilization at upstream
location r in the past. This allows us to connect the oxygen “missing” in Q (the

every point r of the ocean, the change in the integrand (OUR X F}z) on the

Q-integrated TOU) to the oxygen utilization rate (OUR) at r. In steady state, this ~ right-hand-side of Equation 2 as
upstream exposure time equals T’ ;(r), the mean time that water currently at
location r will spend in € on its way to the euphotic zone (see also Equation 2 A(OUR X F};) = FQ AOUR + OUR AF& + AOUR AI'! , (3)

and Holzer, 2022).

—_——— —

respiration circulation cross term

where a quantity X not preceded by A denotes its preindustrial value and AX denotes the change in X for the state
embedded in the perpetual-2090s circulations. The driving process represented by each term is indicated beneath
the braces of Equation 3, and these terms are globally integrated to give the corresponding contributions to the

changes in the Q inventory of TOU in accord with Equation 2. The F}Z AQOUR term corresponds to the contri-
bution from respiration-only changes, with the circulation fixed at its preindustrial state, while OUR Al"z} cor-
responds to the contribution from circulation-only changes, with OUR fixed at its preindustrial value, and the
“cross term” AOUR A" 22 corresponds to the colocated changes in OUR and Fz}. To the best of our knowledge,
this is the first decomposition to cleanly separate respiration-only and circulation-only effects, and to explicitly
account for the effect of concurrent changes in both respiration and circulation.

2.5.2. Change in O}

In steady state, the Q inventory of preformed oxygen is determined by euphotic oxygen concentrations modulated

by the amount of Q-volume ventilated per unit area at the base of the euphotic zone, Vsll. Mathematically,
f oY (r)d’r = f 0, (r,) Vi (ry) d°r, @)
Q

where location r; ranges over the base of the euphotic layer. The matrix form of Equation 4 is
Qv o = O; A V}l where A is a diagonal matrix with the horizontal area of each grid cell along the diagonal
and where Vsl2 =A"'LVrI }z One can derive these relationships by noting that just like OUR is the source term

for TOU, the equation for preformed oxygen shows that L O, is the effective source term for O5°. By replacing

OUR with L O, and TOU with 05 in the matrix form of Equation 2, we obtain Q" V 0} = 0] LV IY,. This

relationship provides a direct connection between the O5 inventory of Q and the flux of ng into the euphotic

zone, because I' g traces the 05 in € back to its euphotic origin (We note in passing that this link stems from the
equivalence between concentration propagated forward in time from a boundary condition and the flux into that

boundary from a unit-injected mass propagated in the time-reversed adjoint flow (e.g., Holzer & Hall, 2000)).

The Q volume ventilated per unit area Vsl} is a generalization of the ocean volume ventilated per unit area (e.g.,
Holzer et al., 2020; Primeau, 2005). Vil provides a quantitative connection between the Q inventory of 05 and

euphotic O, concentrations. We note in passing that V}z is proportional to the volume fractions f; derived by Fu
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et al. (2018) for quantifying OMZ ventilation, through f; = A; V}Z/ v, Where Aj; is the surface grid cell area and
vg is the Q volume.

Similar to our analysis of TOU changes, we partition changes in the Q inventory of O} into contributions from

changes in solubility and circulation. To this end, we algebraically decompose, at every point r, at the base of the

euphotic layer, the change in the integrand O, Vslz on the right-hand-side of Equation 4 as

A(0, V) = Vi AOS™ + O AV, + A(OS8 VL), +AOS™ AV, )
solubility circulation cross term

where we have further separated euphotic O, into its saturated and disequilibrium components, and the corre-
sponding driving processes are indicated with braces. The term V}l AOS" accounts for the contribution to AOS™ in
Q from solubility-only changes, keeping the circulation (and thus ventilation volumes Vsll) fixed in its prein-
dustrial state. The contribution from circulation-only changes includes O5* AV&, where solubility in the euphotic

zone is fixed at its preindustrial values, and A(OgiS V}z) , which we consider to be a circulation-only effect by

assuming that Ogis is entirely driven by circulation changes. The decomposition of Equation 5 is, to the best of our

knowledge, also new.

2.6. Hypoxia Severity Categories

To quantify the extent of low-oxygen conditions, we follow Hofmann et al. (2011) and define hypoxia categories
A, B, and C, ranging from mild to severe in terms of the in situ effective partial pressure of oxygen, pO,.
Specifically for our model, category-A mild hypoxia is deemed to occur where pO, <100 matm, category-B
intermediate hypoxia where pO, < 50 matm, and category-C severe hypoxia where pO, < 15 matm. Note that we
have adjusted the pO, = 106, 60, and 22 matm thresholds of Hofmann et al. (2011) such that the modeled global
hypoxia volume for each category matches the values based on GLODAPvV2 observations (Lauvset et al., 2016).
Despite matching the global hypoxic volumes, the horizontal extent of hypoxic regions remain overestimated in
the Pacific and Atlantic and underestimated in the Indian Ocean (see Figures A2 and A3 for more details).

3. Results
3.1. Global Deoxygenation and Expansion of Hypoxic Regions

We find intense deoxygenation for our steady-state oxygen cycles embedded in the perpetual-2090s ocean states,
with the global oxygen inventory decreasing by 30% and 60% for the RCP4.5- and RCP8.5-based states,
respectively. Figure 2 shows the basin zonal-mean pO, for each scenario and the corresponding change from
preindustrial to perpetual-2090s states (We show the effective partial pressure, pO,, because it is the most relevant
thermodynamic oxygen quantity for critical physiological processes in living organisms (Hofmann et al., 2011)).
The oxygen loss is largest in the Pacific because of the dramatically reduced ventilation from AABW. Oxygen
loss is also intense in the Atlantic sector of the Southern Ocean, but deoxygenation in the Atlantic is overall less
pronounced as the mid-depth North Atlantic remains ventilated by North Atlantic Deep Water (NADW) in the
perpetual-2090s circulations. Deoxygenation does not occur everywhere however, with slight increases in the
zonal mean pO, occurring close to the surface in each basin, particularly at northern mid-latitudes in the Atlantic
and Indian Ocean (Figures 2j—20), likely due to reduced local respiration and shoaling NADW.

The expansion of hypoxic zones depends strongly on the severity (i.e., pO, threshold) of hypoxia considered, on
the local ventilation, and on the climate-change scenario. Figure 3 shows the profiles of the spatial extent of each
hypoxia category (Section 2.6), over each basin, and for each scenario. The expansion of hypoxic regions is larger
for RCP8.5 than for the less extreme RCP4.5 scenario. We find that low-oxygen conditions generally expand
toward the seafloor in the deep ocean rather than toward the surface. In the Pacific, expansion is maximal with all
abyssal waters becoming moderately hypoxic (cat. B; pO, <50 matm) for RCP4.5 and severely hypoxic (cat. C;
pO, <15 matm) for RCP8.5. Similarly, all Indian Ocean waters below roughly 800 m become mildly hypoxic for
RCP4.5 and moderately hypoxic for RCP8.5. In the Atlantic, the volume of severe hypoxia changes little, while
mild and intermediate hypoxia only strongly expand for RCPS8.5 at intermediate and abyssal depths. In the
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Figure 2. (a) Atlantic, (b) Pacific, and (c) Indian Ocean zonal-mean pO, for the preindustrial state. The dotted, dashed, and solid contour lines indicate the pO, = 100,
50, and 15 matm thresholds of hypoxia categories A, B, and C, respectively. (d—f) As (a—c) for the state with perpetual-2090s circulation of the RCP4.5 scenario. (g—i) As
(d—f) for RCP8.5. (j—0) As (d—i) for the change from the preindustrial state to the perpetual-2090s states. The Atlantic basin excludes the Gulf of Mexico and the
Caribbean, and the Pacific basin excludes the Sea of Japan so that the zonal means are more cleanly interpretable.
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Figure 3. (a) Pacific depth profiles of the spatial extent of mild (A, orange; pO, < 100 matm), intermediate (B, red;
pO, < 50 matm), and severe hypoxia (C, black; pO, < 15 matm) for the preindustrial state (PI; solid lines), the perpetual

RCP4.5 2090s state (dashed lines), and the perpetual RCP8.5 2090s state (dotted lines). The spatial extent for a given hypoxia
category and depth is quantified by the ratio of the horizontal hypoxic area to the surface area of the corresponding ocean basin
(The gray area represents the seafloor). (b) As (a) for the Atlantic. (c) As (a) for the Indian Ocean. Note the nonlinear depth
scale.

Atlantic and Indian Ocean above 500 m, the areal extent of hypoxia actually contracts slightly as pO, has slight
increases there (cf. Figures 2j—20 discussed above).

To visualize the horizontal distribution of expanding hypoxic conditions, we consider the vertical water-column
minimum pO, shown in Figure 4. In the preindustrial state, oxygen minimum zones are located in the eastern
tropical sectors of the major basins and in the North Pacific. In the perpetual-2090s states, global-scale expansion
of low-oxygen conditions is visible for RCP4.5, except in the North Atlantic and in the Atlantic sector of the
Southern Ocean, which remain ventilated (pO, > 100 matm) by NADW and AABW. Intermediate hypoxia
expands southward beyond southern mid-latitudes, while severe hypoxia expands into the tropics. For the
RCP8.5-based state, mild hypoxia occurs across the entire global ocean (although predominantly at depth as
shown in Figure 3), while intermediate hypoxia occurs across the entire Pacific, South Atlantic, and Indian Ocean,
and severe hypoxia extends across the entire Pacific only, reaching as far as the Southern Ocean.

3.2. Drivers of Deoxygenation
3.2.1. Changes in TOU and Preformed Oxygen

Deoxygenation occurs through declines in preformed oxygen and through increases in true oxygen utilization
(TOU; see Section 2), which may also be thought of as negative regenerated oxygen (i.e., 05 = —TOU; see, e.g.,
DeVries & Deutsch, 2014). Qualitatively, reduced respiration drives TOU decreases while a slower circulation
drives TOU increases by allowing more time for respiration to act. Thus, TOU can either increase or decrease
(Figure B1) depending on which effect dominates. We find that in the upper ocean TOU decreases because of
reduced OUR and in the deep ocean TOU increases because of longer circulation timescales (upstream exposure
times; Figure B2). Preformed oxygen, by contrast, declines over most of the ocean (Figure B1), in part because of
warming-driven solubility decreases and importantly, as we will show below, because of an equatorward shift in
ventilation. With warmer future sea surface temperature (SST), surface O, concentrations decrease almost
everywhere, except in the North Atlantic “cold blob” (e.g., Cheng et al., 2022) where temperatures decrease, and
near the Weddell and Ross Seas where the mixed layer shoals (Figure B3). Shoaling of the ACCESS model's
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Figure 4. (a—c) Maps of the water-column minimum pO, for (a) the preindustrial state, (b) the perpetual-2090s RCP4.5 state,
and (c) the perpetual-2090s RCP8.5 state. The dotted, dashed, and solid contour lines indicate the pO, = 100, 50, and

15 matm thresholds of hypoxia categories A, B, and C, respectively. Also indicated are the eastern tropical Pacific and Atlantic
Q regions over which our diagnostics are applied.

PASQUIER ET AL.

10 of 31

85U8017 SUOWILIOD @A 181D 8|qedtjdde ay} Aq peusenob ase ssoiie YO ‘8N 40 Sa|ni oy Akeiqi8uluO A8|IAM UO (SUOTHPUOD-PUR-SLLBY/WI0D A8 1M A RIq 1 U1IUO//SANY) SUOHIPUOD PUe SWiB | 8y} &8s *[7202/60/90] Uo AriqI1aul|uo AB|IM * SBM LINOS MBN JO AsAIN - BInbsed 1oueg Aq £70TZ00rY202/620T OT/I0p/wod* A3 1mAtelq1jeut|uo'sgndnBe//sdny wouy papeojumod ‘6 ‘¥20Z ‘16266912



Aru g .
M\I Journal of Geophysical Research: Oceans 10.1029/2024JC021043
Eastern tropical Pacific (ETP) Oy (uM) Eastern tropical Atlantic (ETA) O, (uM)
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
0 1 1 1 1 1 ] 1 1 1 1 1 ]
20] @ 1®
] -TOU ]
50 1
100 3 3
200 1 1

depth (m)
()]
o
o
1

1000 3
|
1}
2000 Ry _
i ;
4 E ‘ 4 :.
: i ! ] :
HIR4 H
5000 7 CP4.5 ] :

Figure 5. (a) Eastern tropical Pacific profiles of oxygen (O,, black), preformed oxygen (O3, orange), and true oxygen
utilization (TOU, teal) for the preindustrial state (PI; solid line), the perpetual-2090s RCP4.5 state (dashed line), and the
perpetual-2090s RCP8.5 state (dotted line). We show regenerated oxygen, —TOU, to show the effect of utilization on O, as
additive. Note the nonlinear depth scale. (b) As (a) for the eastern tropical Atlantic (The eastern tropical Pacific and Atlantic
regions are defined in Figure 4).

preindustrially deep mixed layer in these regions (see Figure C2 in Pasquier et al. (2023)) considerably increases
surface residence times, allowing preindustrially undersaturated O, to become more saturated despite the
decreased solubility (see Section 4.1 for caveats on the circulation model).

To analyze the drivers of deoxygenation in detail, we focus for definiteness on the eastern tropical Pacific (ETP,
23°S-23°N, east of 160°W) and eastern tropical Atlantic (ETA, 23°S-23°N, east of 27°W), as indicated in
Figure 4. Figure 5 shows the average O, depth profiles in these regions and their decomposition into O} and
TOU. In the preindustrial state, both the ETP and ETA are severely hypoxic in the depth range of 150-800 m and
150-400 m, respectively. In the perpetual-2090s steady states, we find small upper-ocean O, decreases of about
10 pM above 70 m, caused by a decrease in O5'. Decreases in O5 are approximately constant with depth below
~100 m, while ATOU changes sign at ~1,500 m in the ETP and at ~800 m in the ETA. Above ~500 m, the TOU
decreases compensate almost perfectly for the 03“ decreases. Conversely, below ~2,000 m, TOU increases and
Ogre decreases compound, resulting in strong deoxygenation, with deep ETP O, reduced to ~25% of its prein-
dustrial levels for RCP4.5 and to a mere ~5% for RCP8.5. Deep ETA O, decreases are of similar magnitude, but
O, levels are roughly 100 pM higher in all states owing to North Atlantic ventilation.

We now partition the changes ATOU and AO5™ into contributions from the key drivers, that is, into contributions
from changes in circulation, respiration, and solubility (Section 2.5). For this purpose, we narrow our focus to the
ETP only—similar mechanisms are at play in the ETA, but will not be discussed here for brevity. Guided by the
shape of their profiles in Figure 5, we furthermore integrate over the upper ETP (above 500 m) and separately over
the deep ETP (below 2,000 m) to summarize how different drivers dominate at different depths (For simplicity,
we use the surface rather than the mixed- or euphotic-layer base as the top boundary of the upper ETP so that it
occupies the same volume for all states). The resulting attribution of ATOU and AO5™ to their drivers is shown in
Figure 6; we first discuss ATOU and then AOS™.

3.2.2. Upper and Deep ETP Budgets of ATOU

The average TOU over a given region Q is given by the global volume integral of the product of OUR with the

upstream exposure time, l"g2 in steady state (see Section 2, Equation 2, and Figure 1). This allows us to decompose
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Figure 6. (a) AO, contributions for the upper ETP (0-500 m) for RCP4.5 plotted as a waterfall chart with the O, change from
the preindustrial state (leftmost gray bar) to the perpetual-2090s state (rightmost gray bar) decomposed into contributions
(colored bars) that start where the previous one ends. ATOU is decomposed according to Equation 3 into contributions from
changes in respiration (green), circulation (blue), and their spatial covariance (orange). AOS™ is decomposed into contributions
from solubility (red), circulation (purple), and their spatial covariance (pink). Percentage contributions to changes in TOU and
o‘;’e are indicated at the top. (b) As (a) for the deep ETP (below 2,000 m). (¢ and d) As (a and b) for RCP8.5.

ATOU into contributions from changes in respiration, from changes in circulation, and from their spatial cor-
relations, which we refer to as the “cross term” in Equation 3. These contributions are shown as the first three
colored bars in each panel of Figure 6.

In general terms, Figure 6 shows that the global decline in respiration acts toward decreasing TOU (green bars;
note that Figure 6 shows AOy*® = —ATOU), and hence increasing O, everywhere, as expected. Conversely, the
slower 2090s circulation increases TOU (blue bars) by increasing the upstream exposure time, allowing respi-
ration, albeit at a reduced rate, to act over longer times. The magnitude of the cross-term contributions to ATOU
(orange bars) are generally on the same order as the circulation-only and respiration-only contributions, partly
because of the large changes considered here. Note that the ATOU cross term acts toward increasing O, because
AOUR and Al"g2 have opposite signs (negative contribution to ATOU). We now examine the drivers of TOU
changes in detail for the upper and deep ETP.
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For the upper ETP (Figures 6a and 6c), respiration-driven TOU reduction (green bar) is closely compensated by
circulation-driven TOU increases (blue bar). This shows that in the upper ocean respiration is slower (driving
TOU reductions of 23% and 36% for RCP4.5 and RCP8.5), but the slower circulation allows this respiration to act
for longer (driving TOU increases of 23% and 43%). As the effects of respiration-only changes (green bars) and
circulation-only changes (blue bars) nearly cancel, the overall TOU decrease is driven by the spatial correlation
between respiration changes and circulation changes (orange bars). The concurrent increase of the circulation-
only driven TOU and decrease of the respiration-only driven TOU must result in a negative cross term and
hence in a TOU reduction, the precise magnitude of which depends on details of the underlying spatial patterns.
The magnitude of the overall TOU decrease is about 8% for RCP4.5 and 21% for RCP8.5.

For the deep ETP, the circulation-only-driven ATOU (blue bars) dominates the other drivers with a magnitude
that is roughly 5 times larger than for the upper ETP. In comparison, the magnitude of the respiration-only-driven
ATOU (green bars) is only 30% and 50% larger for RCP4.5 and RCP8.5 than in the upper ETP. The respiration-
driven decreases and circulation-driven increases in TOU again point to slower respiration acting for longer time.
To quantify this, we calculated the upstream-exposure-time-weighted change in OUR and the OUR-weighted
change in upstream exposure time to find that respiration slows by 25% for RCP4.5 and 50% for RCP8.5 but
acts 2 times longer for RCP4.5 and 3 times longer for RCP8.5. For the deep ETP the cross terms (orange bars) are
of the same order of magnitude as the respiration-only contribution (green bars), but the cross terms no longer
dominate the overall TOU change as in the upper ETP. With all terms combined, the TOU of the deep ETP
increases by 42% for RCP4.5 and by 59% for RCP8.5. A striking feature of these results is that, were respiration to
be held constant at its preindustrial level, the ATOU contribution from the circulation slowdown alone (blue bars)
is so strong that it would have the potential to remove the entire O, content of the deep ETP (filled gray bars) in the
RCP4.5 scenario, and to do so more than two times over in the RCP8.5 scenario.

3.2.3. Upper and Deep ETP Budgets of AO}™

The preformed oxygen content of volume € is controlled by euphotic O, concentrations and by the amount of the
Q volume that is ventilated per unit area at the base of the euphotic layer, V}z (see Section 2, Equation 4). While
Viz depends only on the circulation, euphotic O, concentration is determined by both solubility and circulation
through the subtle balance between air—sea gas exchange and euphotic-zone residence time. However, decom-
posing euphotic O, into saturation and disequilibrium components, O3 and og“, allows us to separate solubility
from circulation effects (including their spatial correlation “cross term” in Equation 5) because euphotic O3 is
determined by in situ solubility only, while euphotic ogis is predominantly determined by circulation. These
contributions, volume integrated over either the upper or deep ETP, are also plotted as colored bars in Figure 6.

Reduced surface solubility reduces the preformed oxygen inventory of the ETP by just a few percent (red bars)
even for the extreme RCP8.5 case, accounting for less than ~30% of the overall O} decrease in the upper and
deep ETP. The bulk (~70% or more) of the overall order-10% decline in preformed oxygen is instead driven by
changes in circulation (purple bars). The cross terms (pink bars) between already relatively small solubility-only
and circulation-only contributions are essentially negligible. The circulation-only driven reductions in 05 due to
AV}Z represent re-arrangements in euphotic origin because the area integral of V}l, which equals the volume of €2,
is constant across all states. The decreases in the circulation-only contributions to AO5® (computed with the
preindustrial surface oxygen concentration) thus indicate a shift in ventilation pattern toward surface locations
with lower oxygen concentration, that is, toward warmer latitudes with lower solubility (see also Figure B4). This
equatorward shift in ventilation reduces the efficiency of the oxygen solubility pump and is the dominant driver of
the decline in the preformed O, in both the upper and deep ETP.

It is interesting to note that regions with weaker ventilation have longer surface residence time and thus higher
surface saturation, which can compensate for reduced solubility. In our perpetual-2090s states this occurs near the
Weddell and Ross seas where the deep preindustrial mixed layer shoals dramatically thereby increasing surface
residence and saturation, which overwhelm the effect of reduced solubility leading to increased surface oxygen
concentrations.
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Figure 7. Preindustrial upstream contribution to the TOU in the upper ETP (0-500 m; indicated by the solid black line; subvolume Q in our equations) as quantified by
basin zonal integrals of T st X OUR normalized by the ETP volume for the Atlantic (a), Pacific (b), and Indian Ocean (c). (d—f) As (a—c) for the change from the
preindustrial state to the perpetual-2090s state for the RCP4.5 scenario. (g—i) As (d—f) for RCP8.5. Note the nonlinear color scale and that the normalized zonal integrals
plotted give the contribution per unit latitude—depth area.

3.2.4. TOU Changes in the ETP: Three-Dimensional Distribution of TOU Origin

Having quantified the globally integrated drivers of ETP deoxygenation, we now investigate their spatial dis-
tribution, beginning with the local contributions to TOU. The local contribution at point 7 to the TOU inventory of
region Q is given by the product I'},(*) OUR(r), which quantifies the origin of the TOU inventory, that is, the
oxygen loss that occurred at r upstream of Q. Figures 7 and 8 show the TOU origin for the upper and deep ETP,
respectively. The zonally integrated TOU origin is plotted for the preindustrial state together with the corre-
sponding changes for the perpetual-2090s states.

For the upper ETP (Figure 7), TOU originates almost exclusively in the Pacific, predominantly in thermocline
waters across all non-polar latitudes, with peak contributions at a depth of ~200 m. Thus, there is significant
oxygen loss within the upper-ocean circulation as it transports oxygen to the upper ETP. TOU in the upper ETP

PASQUIER ET AL.

14 of 31

85U8017 SUOWILIOD @A 181D 8|qedtjdde ay} Aq peusenob ase ssoiie YO ‘8N 40 Sa|ni oy Akeiqi8uluO A8|IAM UO (SUOTHPUOD-PUR-SLLBY/WI0D A8 1M A RIq 1 U1IUO//SANY) SUOHIPUOD PUe SWiB | 8y} &8s *[7202/60/90] Uo AriqI1aul|uo AB|IM * SBM LINOS MBN JO AsAIN - BInbsed 1oueg Aq £70TZ00rY202/620T OT/I0p/wod* A3 1mAtelq1jeut|uo'sgndnBe//sdny wouy papeojumod ‘6 ‘¥20Z ‘16266912



I .¥Yedl .
N\\I Journal of Geophysical Research: Oceans 10.1029/2024JC021043

ADVANCING EARTH
AND SPACE SCIENCES

Upstream contribution to the TOU content in the deep ETP

Atlantic Pacific Indian
O -
—
DD: r_ -
e) 1000 . .
X
<a g2000- . K .
© < 3000 1 E E
E &
@ 4000 . .
2
© 5000 . .
aQ (a) (b) (c)
6000 T T T T T T T T T T T T T
60°S  30°S 0 30°N  60°N 60°S  30°S 0° 30°N  60°N 60°S  30°S 0
[ [ ] I g
0 10 30 100 300 1000
UM / (1000km)?
0
—
= — —
) 1000 . .
(@]
X 2000 . .
—C g
= <= 3000 . .
< g
O 4000 - i i
N
G 5000 . .
ad (d) ) ®
6000 T T T T T T T T T T T T T
0 —
Z o  — -
5 1000 . .
(@]
X 2000 . .
= < 3000 g g
g g
™ 4000 . .
[e0]
o
G 5000 . .
x ( i
9) (h) (i)
6000 T T T T T T T T T T T T T
60°S  30°S 0 30°N  60°N 60°S  30°S 0° 30°N  60°N 60°S  30°S 0°

«—— o

T T T T
-300 -100 -30 -10 +10 +30 +100 +300
M / (1000km)?

Figure 8. As Figure 7 for the deep ETP (below 2,000 m; indicated by the solid black line).

also originates at depths between 1,000 and 2,000 m at low and high latitudes, where upwelling old oxygen is
intercepted by the bacterial respiration of abundant sinking organic matter beneath high productivity. For both
RCP4.5 and RCPS.5, the change in TOU origin reveals a shoaling (upward shift) of the average location where
oxygen bound for the upper ETP is lost. This shift presumably occurs because the slower 2090s circulation allows
respiration to act for longer so that oxygen bound for the upper ETP is stripped out higher in the water column.
The TOU origin below the thermocline at low and high latitudes decreases, presumably because of reduced
biological productivity and subjacent respiration, as well as a lower O, content of the water that upwells there.
The upward shift in TOU origin and reduced deep origin are thus both consequences of respiration removing
oxygen sooner, that is, further upstream, during its transit from the euphotic zone.

For the deep ETP (Figure 8), TOU originates in every ocean basin. The Atlantic makes a 20% contribution and the
Indian Ocean a 15% contribution, mostly at high latitudes known to ventilate the deep Pacific (e.g., Holzer
etal., 2021). For all basins, the largest TOU origin lies in upper thermocline waters where most respiration occurs.
Deeper TOU origin at high latitudes, and in the Pacific throughout the water column at low latitudes, occurs below
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regions of vigorous biological production where respiration is high. The fact that the low-latitude tongue of
oxygen loss in the Pacific lies partly above, and hence down-stream of the deep ETP, implies that either some O,
is utilized as it mixes diffusively downward, or, more likely, that water destined to be carried by meridional
overturning back to the deep ETP at depth has its oxygen stripped out in the upwelling branch of the overturning.
Consistent with such an overturning pathway, local maxima of TOU origin occur in the mid-depth North Pacific
and in the abyssal Pacific sector of the Southern Ocean.

The changes in the TOU origin of the deep ETP plotted in Figure 8 show a global increase and upstream
intensification of the removal of oxygen destined for the deep ETP. For the RCP4.5-based perpetual-2090s state,
the TOU origin increases mostly near the surface of the Pacific, South Atlantic, and southern Indian Ocean where
it was already large in the preindustrial state. For RCP8.5, the TOU contributions are generally stronger and,
unlike for RCP4.5, they also increase near the North Atlantic surface. However, in the old waters of the mid-depth
North Pacific the TOU origin of the deep ETP actually decreases for RCP8.5, likely because of shifts in pro-
duction, and hence respiration, away from the surface origin of these old waters so that less oxygen is stripped out
of them.

3.2.5. Preformed Oxygen Changes in the ETP: Shifting Ventilation Patterns

Here we take a closer look at the geographic shifts in ventilation patterns that drive the decreased preformed
oxygen content of the ETP. The amount of 05 supplied to Q from euphotic location r is quantified by the product

0,(r) Vsll(r), maps and zonal integrals of which are plotted in Figure 9 for the preindustrial state together with the
changes for the perpetual-2090s states (Corresponding plots of Vsl2 by itself, shown in Figure B4, share strong
similarities with Figure 9, underscoring that changes in ventilation patterns are the dominant driver of AO5®).

For the upper ETP, the origin of preformed oxygen in the preindustrial state (Figure 9a) shows that while much
oxygen comes from the overlying surface, a considerable fraction is supplied from Mode and Intermediate water-
formation regions in the Pacific, and from deep-water formation regions in the Southern Ocean (Weddell and
Ross Seas) and North Atlantic. For the deep ETP in the preindustrial state, the tropical and subtropical contri-
butions are much weaker while contributions from the deep-water formation regions of the Southern Ocean and
the North Atlantic are more important.

For the perpetual-2090s states, the largest decreases in preformed oxygen origin occur in the deep-water for-
mation regions, particularly near the Weddell and Ross Seas. The supply of 05 from south of 60°S declines by
about 70% and 50% for the upper and deep ETP, respectively, for the RCP4.5 scenario, and almost completely
shuts down for both the upper and deep ETP for RCPS8.5. As discussed for Figure 6 and underscored by the
similarity between Figures 9 and B4, this is dominantly due to circulation-driven changes in ventilation. Large-
scale increases of the O} supply are most prominent in the subtropical gyres, which are more important oxygen
sources for the ETP in our perpetual-2090s states.

4. Discussion

We investigated the deoxygenation of the ocean for idealized steady-state biogeochemistry in equilibrium with
frozen-in-time physical ocean states. We used two ocean states averaged over the 2090s for the RCP4.5 and
RCP8.5 scenarios and held constant in time for perpetuity, plus a corresponding 1990s steady state (“prein-
dustrial” for short) for our analysis. To attribute the deoxygenation to its drivers, we focused on the eastern
tropical basins (primarily in the Pacific) as these contain OMZs in the current ocean, and because their deoxy-
genation is typical of the large-scale steady-state response in our model. The key driving mechanisms were
quantified by decomposing the oxygen changes into contributions from changes in surface solubility, ocean
circulation, and oxygen utilization rates. Here we discuss important caveats of our approach and contrast our
results with other work on ocean deoxygenation.

4.1. Caveats

A number of caveats must be kept in mind when interpreting our findings. Some caveats also apply to the nutrient
and carbon cycles and have been previously discussed by Pasquier et al. (2023, 2024). Below we discuss the
caveats specific to our analysis of deoxygenation.
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Figure 9. (a) Map and (b) zonal integral of the euphotic contribution to the mean O3 in the upper ETP (subvolume Q indicated by a solid black contour), as quantified by
0, X Vsl) normalized by the volume of Q, in the preindustrial state. (c and d) As (a and b) for Q the deep ETP. (e-h) As (a—d) for A(Ogre X V}Z) for the RCP4.5 perpetual
2090s. (i-1) As (e-h) for RCP8.5. Note the nonlinear color scale and that the contributions plotted are per unit horizontal area.

(1) The biogeochemical states analyzed here are steady and embedded in circulations that are frozen in time. By

contrast, the real ocean circulation is currently slowing down and will continue to evolve for millennia even
for fixed external forcing (e.g., Srokosz & Bryden, 2015). Given the ocean's wide range of transit times (e.g.,
Primeau, 2005), the circulation will keep changing well beyond the 21st century until deep convection,
ventilation, and overturning eventually recover after a few millennia (e.g., Schmittner et al., 2008), which
results in a different state from those considered here. Thus, neither the oxygen distribution nor the circu-
lation and thermodynamic ocean state are expected to be anywhere near steady by the end of the 21st century
(e.g., Shaffer et al., 2009). Our biogeochemical states therefore cannot be interpreted as predictions of the
future. In particular, by allowing oxygen to fully equilibrate with frozen circulations that feature strongly
weakened Southern Ocean ventilation and bottom-water formation, our idealized steady states exhibit
intense abyssal deoxygenation that will certainly not be manifest by 2100. However, our analysis does
provide a glimpse into the possible mechanisms that could shape the oxygen response on its very longest
timescales. Furthermore, our steady-state framework accounts for neither natural variability nor seasonality.
In particular, we cannot capture the effects from seasonally covarying changes in biology, physics, and
thermodynamics, which play a significant role in the seasonality of oxygen in the upper few hundred meters
as seen in both observations and models (see, e.g., Espinoza-Morriberdn et al., 2021; Graco et al., 2017; Jin
et al., 2007; Pitcher et al., 2021, to cite a few).
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(i) In terms of precise quantitative values, our results are specific to the circulation of the parent climate model.
The unrealistically deep Southern Ocean mixed layer of the preindustrial state inherited from the parent
ACCESS1.3 model (Bi et al., 2013), and its shoaling in the future, leave a pronounced imprint on our results.
However, unrealistically deep mixed layers in the polar Southern Ocean are a feature common to virtually all
CMIPS5 models (e.g., de Lavergne et al., 2014), in which AABW is formed by deep convection compensating
for unresolved sinking of Antarctic shelf waters. Importantly, the qualitative deoxygenation mechanisms
identified here for idealized steady-state oxygen in frozen-in-time 2090s circulation are unlikely to depend
on which particular CMIP5 model is used to generate the idealized state. Most CMIP5 models share the
qualitative feature of declining Southern Ocean ventilation and shoaled mixed layers at the end of the 21st
century (e.g., de Lavergne et al., 2014; Heuzé et al., 2015; Kwiatkowski et al., 2020). These are both critical
circulation changes for producing intense equilibrated deoxygenation when the circulation is frozen in time.
Another relevant feature of the ACCESS1.3 parent model is that it does not include melting land-fast ice
sheets, which impact Southern Ocean ventilation (Chen et al., 2023; Li et al., 2023). If meltwater from ice
sheets were included, we would expect a stronger reduction in Southern Ocean ventilation (Purich & En-
gland, 2023; Purich et al., 2018), which we would expect to strengthen the circulation-change contribution to
deoxygenation. We emphasize, however, that the realism of the mechanism that produces reduced Southern
Ocean ventilation and throttled bottom-water formation is not important for our idealized deoxygenation
scenarios. Any circulation with these features that is frozen in time would likely produce intense abyssal
deoxygenation similar to what we document here.

(iii) Interms of quantitative detail, our results are also specific to the PCO2 biogeochemistry model that was used
(Pasquier et al., 2023). PCO2 was designed to be relatively simple and does not explicitly represent every
mechanism at play in the real ocean. Potentially important missing mechanisms include feedbacks from the
nitrogen cycle, which are linked to oxygen through denitrification and nitrification. Denitrification, which is
only modeled implicitly in PCO2 (see Equation 1), is important because anaerobic respiration in low oxygen
environments acts as an effective oxygen source. Conversely, nitrogen fixation and nitrification, which
produce nitrite and nitrate by consuming oxygen, are not represented at all in PCO2. Effects from the
nitrification—denitrification imbalance on the oxygen cycle, expected to contribute about two thirds of a
~ 6% increase in the global O, inventory by the year 8000 (Oschlies et al., 2019), are therefore not captured
in our model. However, we note that this imbalance is expected to be dominated by denitrification (which is
parameterized in PCO2) and remains secondary for the first few centuries of sluggish circulation until about
the year 5000 when the overturning circulation recovers.

4.2. Relation to Previous Work

Because our analysis is framed for idealized steady-state biogeochemistry in equilibrium with frozen-in-time
circulations, we do not expect a detailed match with previous studies based on transient simulations. We do,
however, expect similarities with simulations that last long enough for the effect from slow processes to manifest.
In particular, this includes processes mediated by the slowdown of the deep ocean circulation, which is the
dominant driver of deoxygenation in our analyses and operates on multi-centennial timescales (e.g., Pri-
meau, 2005), with effects that will not have asserted themselves by the end of the 21st century in transient
simulations of oxygen (e.g., Moore et al., 2018). However, the relatively more sluggish ocean state predicted for
the next few centuries will likely only be temporary. A more vigorous circulation is expected to return after
several millennia as deep ocean temperatures equilibrate (e.g., Frolicher et al., 2020; Schmittner et al., 2008). The
more vigorous circulation and stronger Southern Ocean ventilation predicted for a future steady state of the ocean
could thus result in the opposite response found here for our perpetually warmer and slower ocean states. In
particular, in the very long term, deep preformed O, could actually increase despite a globally warmer ocean
because of a poleward shift in the origin of deep oxygen. We therefore expect our results to be most relevant to
predictions for a few centuries into the future before a more vigorous circulation re-establishes. We also note that
differences in biogeochemistry, in ocean circulation, in scenarios and forcings, and so on, further complicate
quantitative comparisons.

The very intense deoxygenation seen here at depth is driven by circulation changes that act in perpetuity, while
corresponding effects in transient simulations have not fully developed by 2100. Thus, our results on deoxy-
genation are generally different in magnitude from what is seen in transient simulations, with very dramatic
differences in the deep ocean. For the upper ocean, Kwiatkowski et al. (2020) reported a (10 + 2) % decline in
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100-600 m deep oxygen across CMIP5 models and a (13 + 5) % decline across CMIP6 models for RCP8.5 and
SSP5-8.5, respectively, compared to the ~ 20% decline for our RCP8.5-based perpetual-2090s steady state
(CMIP6 uses the “Shared Socioeconomic Pathway” (SSP) classification (Riahi et al., 2017) where SSP5-8.5
nominally matches RCP8.5 (Arias et al., 2021)). Similarly, for RCP4.5, Kwiatkowski et al. (2020) reported a
6 =+ 3% decline for CMIP5 and a 8 + 4% decline for CMIP6, compared to a ~ 7% decline in this study for the
same scenario. Near the sea floor, Kwiatkowski et al. (2020) reported a weak but consistent 6 + 2% oxygen
decline across CMIP6 models and scenarios, in stark contrast to the ~ 40% and ~ 80% decline in the abyss for our
RCP4.5- and RCP8.5-based states, respectively. The hypoxic volumes in our perpetual-2090s states are thus
dramatically larger than the predictions of a moderate ~ 10% expansion in mild hypoxia and a contraction of the
OMZ core (e.g., Busecke et al., 2022; Gnanadesikan et al., 2012).

Longer-term transient simulations in principle allow for closer comparisons with our steady-state biogeochem-
istry embedded in frozen-in-time circulations but the recovery of the transient ocean circulation intervenes before
the long-term effects of circulation slowdown can fully develop. Running a climate model with pCO, at three
times its preindustrial level from 2100 onward, Matear and Hirst (2003) reported a ~ 30% decline in O, below
4,000 m by 2700. This O, decline is larger than those estimated for 2100 but still far from the corresponding 80%
decline of our RCP8.5 perpetual-2090s state because the circulation effects on O, are not fully developed as
evidenced by a deep O, trend that remains strongly negative by 2700. Matear and Hirst (2003) report spatial
patterns that are similar to our steady-state responses, with intense O, declines in the deep Southern Ocean driven
by decreased ventilation. However, the simulation by Matear and Hirst (2003) was not continued beyond 2700,
which is roughly when the circulation is expected to start recovering. In a multimillennial double-pCO, simu-
lation, Frolicher et al. (2020) find a 700-year decline in O, mostly below 2,000 m accumulating to a ~10% loss
globally (compared to 40% for our RCP4.5 perpetual-2090s state) before O, slowly increases again over multiple
millennia driven by the recovery of Southern-Ocean ventilation. In another multimillennial simulation with at-
mospheric pCO, reaching almost 2,000 patm around year 2300 and slowly declining to ~1,200 patm over the
next five millennia, Oschlies et al. (2019) find an O, decline of ~25%, also reached around year 2700, before O,
levels increase again with the recovering overturning circulation.

Our analyses differ from previous studies by attributing deoxygenation to specific mechanisms, in particular by
cleanly separating out the role of circulation changes. In our work here, solubility alone accounts for less than 10%
of the global O, decline, which is lower than what is estimated for the transient 2100 ocean. Its idealized
framework notwithstanding, our analysis of the role of solubility changes suggests that previous studies poten-
tially overestimate the solubility contribution. Studies that infer the solubility contribution from a residual,
typically between a climate-change simulation and a similar simulation with the solubility fixed to preindustrial
values (e.g., Matear & Hirst, 2003), unintentionally include effects from changes in ventilation patterns (which
should be attributed to circulation change) because the residual includes spatial correlation (“cross”) terms, which
we estimate to be order 20% for our steady states in frozen-in-time circulations. Approximations based on heat
flux generally overestimate the contribution from solubility changes because they assume complete saturation
(e.g., 20%-30%; Bopp et al., 2002; Palter & Trossman, 2018). Solubility-change contributions quantified through
an abiotic/preformed O, tracer are generally overestimated yet more (e.g., 30%—50%; Oschlies, 2021; Oschlies
et al., 2019) because the preformed tracers respond to both saturation and circulation changes. Similarly, solu-
bility contributions quantified directly by the change in saturation concentration as a function of in situ tem-
perature and salinity are overestimated even more (e.g., 40%—70%; Frolicher et al., 2020). Only studies that
perturb surface solubility alone in an otherwise unperturbed preindustrial state can provide unbiased estimates.
Such unbiased estimates include, for example, the 15%, 25%, and 35% estimates by Matear et al. (2000), Bopp
et al. (2002), and Plattner et al. (2001), respectively, the higher estimates likely being due to models with smaller
changes in Southern Ocean ventilation.

5. Conclusions

We quantified the drivers of large-scale ocean deoxygenation for idealized steady-state biogeochemistry
embedded in perptual-2090s ocean states based on RCP4.5 and RCP8.5 ACCESS1.3 simulations. Our analysis is
idealized because we allowed oxygen to fully equilibrate with a perpetually warmer and slower ocean, which is in
stark contrast to transiently evolving biogeochemistry embedded in a more realistic dynamically changing cir-
culation. Changes in biogeochemistry were evaluated relative to a steady preindustrial state and analyzed for the
eastern tropical Pacific (ETP), which contains the largest hypoxic volume. We partitioned changes in TOU and
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preformed oxygen into their drivers, that is, into contributions from changes in circulation, respiration, solubility,
and their interactions (cross terms).

To quantify the drivers of deoxygenation, we employed novel diagnostic methods that leveraged the steady-
state nature of our idealized biogeochemistry. Key to our being able to isolate—for the first time—the role
of circulation changes in driving deoxygenation is the conceptually novel upstream exposure time, a cir-
culation timescale that controls the oxygen deficit of a given subvolume Q of the ocean. Specifically, it is
the time for which the oxygen that is “missing” from € was exposed to upstream respiration. The upstream
exposure time thus provides the precise connection between TOU and OUR (Holzer, 2022) and, as shown
here, the precise link between ventilation volume and preformed oxygen. In essence, the upstream exposure
time, which is a function of advective—diffusive transport, traces TOU and preformed oxygen back in time to
their origin.

Our main conclusions are as follows:

1. Keeping the 2090s ocean state frozen in time leads to steady-state oxygen distributions characterized by
intense global-scale deoxygenation at depth. Global oxygen inventories decline by 30% and 60% for the
RCP4.5 and RCP8.5 scenarios, respectively. For the extreme RCPS8.5 case, Pacific abyssal waters become
severely hypoxic (pO, < 15 uM) over the entire basin, while Atlantic and Indian Ocean abyssal waters become
mildly hypoxic (pO, <100 pM) everywhere. The extent of hypoxic regions in the upper ocean changes
remarkably little in our more poorly ventilated perpetual-2090s states, owing to decreased preformed oxygen
being compensated by reduced TOU.

2. For our idealized steady states, intense abyssal TOU increases are dominantly driven by the perpetual 2090s
circulation being slower, thus allowing respiration to act over longer times. Modest upper-ocean TOU de-
creases are characterized by close compensation between respiration-only and circulation-only effects. Spe-
cifically, in the deep ETP, TOU increases of 50% for RCP4.5 and 100% for RCP8.5 are driven by 2-3 times
longer upstream exposure to respiration, which overwhelms the decline in respiration rates. In the upper ETP,
TOU decreases by about 10%. Thus, despite the global decline in respiration rates, the permanently slower
circulation of our idealized states drives intense deoxygenation at depth and prevents increased oxygenation in
the upper ocean.

3. In our idealized perpetual-2090s states, preformed oxygen declines virtually everywhere driven mostly by
shifts in ventilation patterns, rather than by the decrease in solubility due to warmer sea-surface temperatures.
More than 70% of the decline in preformed oxygen is driven by its surface origin shifting away from high
latitudes toward lower latitudes, where warmer waters hold less oxygen. In situ warming-driven solubility
reductions by themselves, at fixed circulation, reduce preformed oxygen by only ~30% in the upper ETP and
by less than 20% in the deep ETP, accounting for less than 10% of the overall deoxygenation. Thus, while
preformed oxygen is often thought to decrease because of warming-driven reduced solubility (e.g., Couespel
etal., 2019; Oschlies, 2021; Oschlies et al., 2019; Palter & Trossman, 2018), our analysis reveals that, at least
when the 2090s ocean state is maintained in perpetuity, the change in ventilation pathways is the dominant
driver.

Our results show that, for our idealized states, circulation change is the key driver of deoxygenation. What the
precise contribution of circulation change will be in the future ocean remains an open question. Our analysis
suggests that to understand the fate of oxygen in the ocean, it is important to carefully quantify ventilation patterns
and key ocean circulation timescales. Of particular importance is the upstream exposure time which is a key
control on both preformed oxygen and TOU. For steady state, the necessary computations can efficiently be
performed by building and using the associated transport matrices as was done here, and which we hope will
become a more widely adopted practice. For time-evolving states, the analysis becomes significantly more
complex, and extending our work to a dynamically changing oxygen cycle is left to the future.

Appendix A: Model-Observations Comparisons

Figure Al shows the basin zonal-mean pO, for the preindustrial state of our model and for the GLODAPv2
observations, along with the corresponding mismatch. The unrealistically deep mixed layers of the Southern
Ocean in the parent model manifest as overestimated pO, in the Atlantic and Pacific south of 60°S. Other
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Figure Al. (a) Atlantic, (b) Pacific, and (c) Indian Ocean zonal mean pO, for the preindustrial state. The dotted, dashed, and solid contour lines indicate the thresholds of
hypoxia categories A, B, and C, respectively (which are different for model and observations; see Section 2.6). (d—f) As (a—c) for observations. (g—i) As (a—c) for the
model—observations mismatch. The Atlantic basin excludes the Gulf of Mexico and the Caribbean, and the Pacific basin excludes the Sea of Japan so that the zonal
means are more cleanly interpretable.

systematic model biases are visible, for example, in the northern Indian Ocean, where PCO2 overestimates pO,,
and in the tropical and subtropical upper Atlantic and Pacific, where PCO2 underestimates pO,.

Figure A2 shows the areal extent of each hypoxia category in each ocean basin as modeled for the preindustrial
state and as captured by the GLODAPv2 observations. The extent of the Atlantic and Pacific hypoxic areas is
generally overestimated, while the extent of the Indian-Ocean hypoxic areas is generally underestimated
particularly at depth, consistent with Figure A1. We note that the pO, thresholds used are different for model and
observations as they were adjusted for the model so that the global hypoxic volume for a given category is the
same for the model as for GLODAPv2 (Section 2.6) (Note that the global match does not guarantee matching
volumes within a given basin).
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Figure A2. (a) Pacific depth profiles of the spatial extent of mild (A, orange), intermediate (B, red), and severe hypoxia (C,
black) for the modeled preindustrial state (model; solid lines) and the observations (obs.; dash-dotted lines). (b) As (a) for the
Atlantic. (c) As (a) for the Indian Ocean (The gray shading represents the seafloor). Note the nonlinear depth scale and that
the pO, thresholds used for model and observations are different (see Section 2.6).

Figure A3 shows the geographic distribution of hypoxic waters as quantified by the water-column minimum of
PO, for the preindustrial model state and for the GLODAPv2 observations. While the large-scale patterns seen in
the observations are captured by the model, there are significant mismatches. The underestimated pO, in the
Pacific and Atlantic manifest as OMZs (hypoxia category C) that are larger than observed. The model places the
Indian Ocean OMZ southeast of western Indonesia while observations show it to occur in the Bay of Bengal and
in the Arabian Sea.
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Figure A3. (a and b) Maps of the water-column minimum pO, for (a) the modeled preindustrial state and (b) observations.
The dotted, dashed, and solid contour lines indicate the thresholds of hypoxia categories A, B, and C, respectively (which are
different for model and observations; see Section 2.6).

Appendix B: TOU and O5™: Patterns and Drivers

The left plots of Figure B1 show the Pacific zonal mean O3 for the preindustrial state and the corresponding
changes for the perpetual-2090s states. Near the surface, O5* is higher in cold waters with greater oxygen sol-
ubility, and in the interior O, traces out (water) ventilation pathways. In the perpetual-2090s states, preformed O,
declines almost everywhere and more strongly at depth, except in the surface Southern Ocean above ~200 m.

The right plots of Figure B1 show zonal mean TOU, which increases progressively as water traverses sinking
organic matter where respiration strips out oxygen. TOU is generally largest at depths of about 500—1,500 m in the
preindustrial state, and increases significantly at depth in the perpetual-2090s states. TOU and its changes are
governed by both oxygen utilization rates (OUR) and upstream exposure times, shown below.

OUR, shown in the left plots of Figure B2, is generally surface intensified by several orders of magnitude as OUR
is tightly linked to nutrient and carbon remineralization which attenuates quickly with depth. In our perpetual-
2090s states, biological production and OUR decline globally though they are some local increases, mostly
owing to spatial shifts in the nutrient supply. However, the effect of changes in OUR on O, is modulated by the
time over which oxygen is exposed to respiration, discussed next.

The zonal-mean upstream exposure time Fg!(r) is shown in Figure B2 for the case where the interior volume € of
interest is either the upper ETP (middle plots) or deep ETP (right plots). Because in steady state the upstream

PASQUIER ET AL.

23 of 31

85U8017 SUOWILIOD @A 181D 8|qedtjdde ay} Aq peusenob ase ssoiie YO ‘8N 40 Sa|ni oy Akeiqi8uluO A8|IAM UO (SUOTHPUOD-PUR-SLLBY/WI0D A8 1M A RIq 1 U1IUO//SANY) SUOHIPUOD PUe SWiB | 8y} &8s *[7202/60/90] Uo AriqI1aul|uo AB|IM * SBM LINOS MBN JO AsAIN - BInbsed 1oueg Aq £70TZ00rY202/620T OT/I0p/wod* A3 1mAtelq1jeut|uo'sgndnBe//sdny wouy papeojumod ‘6 ‘¥20Z ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20241C021043

o5* TOU

1000

2000 A

(m)

3000 A

depth

4000

Preindustrial

5000 -
(d)

6000
0 -

1000

2000 A

(m)

3000 -

RCP4.5

depth

4000

5000 -

6000
0 -

1000

2000 A

Perpetual 2090s circulation

RCP8.5

3000 A

depth (m)

4000

5000 -

PAC PAC
6000 . : : — ' : . . = :
60°S  30°S 0 30°N  60°N 60°S  30°S 0 30°N  60°N

| E———

180 200 220 240 260 280 300 320 0 50 100 150 200 250
05 (uM) TOU (uM)

1000

2000

(m)

3000 A

depth

RCP4.5

4000

5000 -

6000

1000

2000 A

3000 A

Perpetual 2090s - preindustrial

RCP8.5

depth (m)

4000

5000 -

PAC| |G) PAC
6000 . ; ; ; ; . . . . ;
60°S  30°S 0° 30°N  60°N 60°S  30°S 0° 30°N  60°N

—  —

-200-100 -50 -20 -10 +10 +20 +50 +100 +200
AO, contribution (UM)

Figure B1. (a) Pacific zonal mean O} for the preindustrial state. (b and c) As (a) for the perpetual-2090s states (based on
RCP4.5 and RCP8.5). (d-f) As (a—) for TOU. (g—j) AO5™ and ATOU for RCP4.5 and RCP8.5. Dashed lines indicate the
upper and deep ETP regions. Note the nonlinear color scale and that the Sea of Japan has been excluded so that these zonal
means are more cleanly interpretable.
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Figure B2. (a) Pacific zonal mean OUR for the preindustrial state. Dashed lines indicate the upper and deep ETP regions (2’s). (b and ¢) As (a) for the perpetual-2090s
states (RCP4.5 and RCP8.5). (d—f) As (a—c) for the upstream exposure time 1"}2 of the upper ETP (above 500 m; solid white line). (g—i) As (d—f) for the deep ETP (below
2,000 m). (j and k) As (b and c¢) for AOUR. (1-0) As (e, f, h, i) for AFZ). Note the nonlinear color scales and that the Sea of Japan has been excluded so that these zonal means
are more cleanly interpretable.
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Figure B3. (a) Change in the euphotic-mean O, between the preindustrial state and the perpetual-2090s state for the RCP4.5
scenario. (b) As (a) for RCP8.5. Note the nonlinear color scale.

exposure time is also l"gz(r), the time that water at r will spend in Q, its magnitude approximately scales with the
volume of Q. Furthermore, because the deep circulation is much more sluggish than in the wind-driven ther-
mocline, upstream exposure times are shorter for the upper ETP (less than ~20 years) than for the deep ETP (up to
~450 years). I“gz is generally larger close to Q and decreases with distance from Q. Qualitatively, F}l can be
thought of as a path selector roughly akin to the concentration of fluid elements destined to pass through Q before
exposure to the euphotic zone. Thus, ng is shorter further away from Q because more of the water there will be
reexposed to the euphotic zone before it has a chance to pass through Q.

In the perpetual-2090s states, a slower circulation tends to increase I'l, but altered ventilation pathways can also
reduce F}Z (lower middle and right plots of Figure B2). For the deep ETP, the circulation slowdown drives strong

Fgl increases throughout the deep Pacific north of the Southern Ocean. By contrast, for the upper ETP, l"g2 in-
creases above 500 m, but decreases in the Pacific below the thermocline north of ~30°S. These decreases are
likely because the surface ocean becomes more isolated in our perpetual-2090s states (Pasquier et al., 2024),
reducing the flow of mid-depth, low-latitude waters through the upper ETP on their way back to the surface.
Conversely, slight increases in I“ST2 in the deep polar Southern Ocean for RCP8.5 are likely due to deep Southern
Ocean waters preferentially upwelling at lower latitudes instead of being quickly mixed back to the Southern
Ocean euphotic zone.

Changes in O are driven by changes in euphotic O, and by changes in ventilation patterns. Figure B3 shows
maps of the changes in euphotic-mean oxygen concentrations. Except at high latitudes, declines are widespread
and attributable to warming-driven solubility reductions. Increases can be caused by decreased temperatures (e.g.,
in the North Atlantic cold blob) but the most intense increases occur near the Weddell and Ross Seas due to
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Figure B4. (a) Map and (b) zonal integral of the fractional Q volume ventilated from the surface for Q being the upper ETP (solid black contour), as quantified by Vsl), in
the preindustrial state. (c and d) As (a and b) for Q being the deep ETP. (e-h) As (a—d) for Avgl1 in the RCP4.5 scenario. (i-1) As (e-h) in the RCP8.5 scenario. Note the

nonlinear color scales.

reduced vertical mixing, which allows for better air—sea oxygen equilibration as discussed in Section 3.2 of the
main text. However, solubility changes are not the dominant driver of reduced interior O3 concentrations.

Decreases in the O} inventory of an interior subvolume Q are dominantly driven by changes in ventilation
patterns (Section 3.2), as quantified by the amount of the 2 volume ventilated per unit area, sz. Maps of Vsl, for Q
being the upper and deep ETP are plotted in Figure B4 for the preindustrial state, along with the changes for our
perpetual-2090s states. The patterns of Vfl strongly mirror those of O, Viz in Figure 9 of the main text. While
~40% of the upper ETP is ventilated from directly above, the remaining ~60% is ventilated from distant regions,
with subtropical and subpolar contributions in the Pacific, as well as contributions from the North Atlantic, the
Ross Sea, and the Weddell Sea. By contrast, the bulk of the deep ETP is ventilated from distant regions, with only
about 1% from directly above. In our perpetual-2090s states, the subpolar and Southern Ocean contributions
generally decline in favor of subtropical and tropical contributions, effectively shifting the origin of preformed O,
equatorward where warmer waters hold less dissolved oxygen.

Data Availability Statement

The MATLAB and Julia code corresponding to this work is available at https://zenodo.org/doi/10.5281/zenodo.
13626655 (Pasquier, 2024). The figures were created in Julia (Bezanson et al., 2017) with the Makie.jl plotting
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package (Danisch & Krumbiegel, 2021). The transport matrices were built from the historical, RCP4.5, and
RCP8.5 ACCESS1.3 CMIPS model runs available at https://esgf.nci.org.au/projects/esgf-nci/. This output also
includes temperature, salinity, photosynthetically available radiation (PAR), mixed-layer depth (MLD), sea-ice,
and wind fields.
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