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The oxygen content of the ocean has been declining substan-
tially during the past decades1–3, and climate models predict a 
further acceleration of this deoxygenation under global warm-

ing4,5. Geological evidence of large-scale marine anoxia under warm 
climate conditions in the distant past, regional low-oxygen events 
linked to abrupt warming during the last deglaciation6, and the 
existence of feedback processes that may amplify sustained anthro-
pogenic perturbations, all point to the possibility of tipping the 
warming ocean into larger-scale anoxia on millennial timescales7,8.

The existence of relatively small water volumes with low to no 
oxygen, also called oxygen minimum zones (OMZs), is a natural 
phenomenon in today’s ocean9, most intense in subsurface waters 
of the Arabian Sea and in the areas of the eastern boundary upwell-
ing regions in the tropical oceans off California, Peru and Namibia, 
where high biological production in the surface waters and associ-
ated high respiratory oxygen demand are met by low oxygen sup-
ply via a sluggish circulation10,11 (Fig. 1). In these oxygen-deficient 
zones, lower oxygen thresholds lethal to most marine organisms 
are crossed12 and anaerobic remineralization processes consume 
fixed nitrogen13, while phosphate (and also iron14) release from 
sediments is enhanced, leading to an excess in phosphate relative to 
fixed nitrogen (Pexcess; Fig.1). Following upwelling into the light-lit 
surface waters, Pexcess might stimulate nitrogen fixation, exacerbate 
eutrophication and subsequent oxygen consumption and thereby 
constitute a positive deoxygenation feedback15. Feedbacks of deoxy-
genation on the climate system may arise from elevated fluxes of 
potent greenhouse gases, in particular nitrous oxide (N2O; Fig. 1), 
from the ocean to the atmosphere that have been measured above 
oxygen-deficient regions16 and may counteract the predicted ocean-
wide decline in marine N2O emissions under global warming17,18. 
Expansions of low-oxygen ocean regions19 are therefore expected to 
have substantial biogeochemical, ecological, economic and eventual 
climatic consequences. However, deoxygenation is not restricted to 
low-oxygen environments. It occurs at all oxygen concentrations 
in all ocean basins1,2 and also affects a growing number of coastal 
regions20. Yet, a quantitative mechanistic understanding of marine 
oxygen changes is lacking. Current models do not reproduce 
observed patterns of oxygen changes in the ocean’s thermocline21 

and, as discussed in more detail below, tend to underestimate oxy-
gen variability and trends3,4,22–24.

Gaps in our understanding and model–data discrepancies
The most recent and comprehensive analysis of observed oxygen 
changes shows a 2% decline of marine oxygen during the 50-year 
period since 1960 (ref. 1), that is, 96 Tmol yr–1 for the entire ocean 
depth range and 26 Tmol yr–1 for the 0 to 1,200 m layer. This amount 
is lower than earlier estimates of upper-ocean (100 to 1,000 m) 
deoxygenation between the 1970s and 1990s of about 55 Tmol yr–1 
(ref. 2), and similar to the 24 Tmol yr–1 O2 loss estimated for 0 to 
1,000 m for the period 1958 to 2015 (ref. 3). For the upper ocean, a 
tight relationship between decreasing O2 inventories and increas-
ing ocean heat content was depicted3. In the 1960s and early 1970s, 
the global ocean heat content weakly decreased, associated with a 
nearly stagnant oxygen content. This period was followed by global 
deoxygenation related to ocean heat content increase from 1980 to 
2015 (ref. 3). For the past decades, current climate models reach, on 
average, about 70% of the observed rate of deoxygenation at 300 
m depth21. However, integrated over the entire global ocean, the 
same models simulate an ocean-wide oxygen decline less than half 
of the observed rate4,25. Interestingly, the solubility-driven decline 
of most models investigated in the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC AR5)26 agrees 
within < 10% with the observational estimate (13 Tmol yr–1), hint-
ing at model deficiencies in representing circulation and mixing or 
biogeochemical processes.

In addition to a systematic underestimation of deoxygenation 
rates inferred from observations, current models also display a 
reduced interannual-to-decadal variability in oxygen changes com-
pared to observations at time-series sites in the subtropical and 
subpolar oceans22 and in the equatorial Pacific23. Moreover, mod-
els generally do not reproduce observed regional patterns of recent 
oxygen changes21,24, with particular deficiencies in the tropical ther-
mocline where observations indicate a significant increase in the 
volume of oxygen-deficient waters during the past 50 years1, but 
most models reveal little significant change or even a small oxygen 
increase4,21,27. All biogeochemistry climate models investigated in 
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IPCC AR5 show a decline of the global ocean oxygen content dur-
ing the twentieth century and predict a continued and accelerating 
deoxygenation during the twenty-first century for all greenhouse-
gas emission scenarios considered4.

Drivers of deoxygenation
Deoxygenation in the ocean interior results from an imbalance of 
oxygen consumption and physical supply from the ocean surface28. 
Due to rapid air–sea gas exchange, surface waters continuously 
approach oxygen saturation. Surface-water oxygen concentrations 
depend predominantly on the mixed-layer temperature, and oxy-
gen solubility decreases with increasing temperatures. The warm-
ing-induced decline in solubility explains, until now, about half of 
the deoxygenation in the upper 1,000 m (refs 1,2). Other processes, 
such as changes in the downward transport of oxygen-rich sur-
face waters and upward transport of oxygen-poor waters affecting  

the local distribution of oxygen, as well as changes in oxygen con-
sumption via biotic respiration, also have substantial impacts. 
Transport changes can result from changes in the large-scale 
overturning circulation, in particular the wind-driven subtropi-
cal–tropical exchange within the shallow overturning associated 
with the subtropical cells (STCs)29–31 and the global, deep meridi-
onal overturning circulation. While the strength of the shallow 
and deep overturning is known to vary on interannual-to-mul-
tidecadal timescales due to the variability in wind and buoyancy 
forcing associated with different climate modes (in particular, the 
Pacific Decadal Oscillation (PDO), El Niño–Southern Oscillation 
(ENSO), North Atlantic Oscillation (NAO), Atlantic Multidecadal 
Oscillation (AMO) and Atlantic Meridional Mode (AMM)), sys-
tematic changes in the circulation may also occur as a result of 
anthropogenic warming. Near-surface warming of the subtropi-
cal and tropical oceans was found to be associated with enhanced 
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Fig. 1 | thermocline ocean ventilation. Schematic view of thermocline ventilation patterns with, as an example, a focus on the eastern subtropical North 
Pacific OMZ. The wind-stress curl in the subtropics drives subduction of oxygenated waters that, via ocean interior circulation or western boundary 
currents, reaches biotically productive upwelling regions at the eastern boundary. High oxygen demand, together with weak oxygen supply due to sluggish 
circulation, results in the occurrence of an OMZ. The inset shows processes particularly relevant to OMZs connected to eastern boundary upwelling. 
Fixed nitrogen is lost via denitrification and anammox, producing nitrogen that can be lost from the ocean via gas exchange, and leaving behind excess 
phosphate, Pexcess. Nitrogen fixation may eventually reduce the excess phosphate. A side product of denitrification (and nitrification) is the greenhouse gas 
nitrous oxide, N2O. Under low-oxygen conditions, the sediments can release phosphate and iron into the water column, which could, following upwelling, 
further enhance the upper-ocean nutrient supply.
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stratification and poleward migration of isopycnal outcrops32,33 
that results in a shift of isopycnal layers ventilated by subduction 
in the subtropics and is associated with an anomalous ocean oxy-
gen loss in equatorial upwelling regions as shallower overturning 
tends to upwell waters with higher oxygen concentrations (Fig. 2).  
Enhanced stratification might impact the downward mixing of 
oxygen via reduced mixed-layer depths and/or reduced diapyc-
nal mixing in the more strongly stratified layer below (Fig. 2). 
Model results indicate that in the subtropics, the vertical pumping 
induced by the wind-stress curl contributes to a shallower ventila-
tion in a more stratified environment under global warming, and 
a reduced lateral induction across the sloping base of the shoal-
ing winter mixed layers32 (Fig. 2). These effects may be counter-
acted by increased subduction rates due to a strengthening of the 
wind forcing, as was found for the Pacific trade-wind regions34 
and the Southern Ocean35. Enhanced freshwater discharge due to 
warming-induced glacial melting at high latitudes is associated 
with a reduction in the deep meridional overturning circulation 
in most state-of-the-art global climate models36. Wind and buoy-
ancy flux-induced changes in oxygen transport processes in the 
ocean interior will impact the residence times and redistribution 
of oxygen, which might, for example, affect the volume of low-
oxygen waters27,29.

Changes in oxygen consumption can also have many causes, 
including direct temperature effects on metabolic rates37, CO2 
effects on organisms, ecosystems and the quality of sinking par-
ticles38,39, and changes in nutrient supply from the ocean interior, 
from land or the atmosphere40. A recent model-based sensitivity 
analysis of possible effects of these drivers on oxygen levels during 
the past 50 years revealed the potential of each of these individual 
processes to generate oxygen losses of about 0.01–0.02 μ mol kg–1 yr–1  

in the tropical thermocline21, that is, about 10% of the total local 
rate of change observed. It is noteworthy that changes in respiration 
rates or sinking speeds of freshly produced organic matter predomi-
nantly affect the vertical profile of oxygen consumption rather than 
the integrated oceanic oxygen loss. Accelerated remineralization 
at higher temperatures is expected to move oxygen consumption 
to shallower depths, leaving less substrate available for respiratory 
oxygen consumption in deep waters41. As a result of lowered oxygen 
concentrations in near-surface waters, accelerated remineralization 
may even result in enhanced air–sea fluxes of oxygen and thus a net 
oceanic oxygen gain. Reduced export to greater depth, on the other 
hand, may reduce burial of organic matter. A complete cessation of 
present-day burial would generate an additional oxygen demand of 
0.002 Pmol O2 yr–1 (ref. 42), that is, 50 times smaller than the cur-
rently estimated oceanic oxygen loss1.

Somewhat larger oxygen losses may occur via the accelerated 
respiration of dissolved organic matter (DOC) at elevated temper-
atures43. A data-guided model study for coastal waters suggests a 
warming-induced DOC respiration of 0.4–0.5 nmol O2 J–1 (ref. 44), 
which could, if representative for the world ocean, explain up to 10% 
of the observed deoxygenation. Another contribution to enhanced 
oxygen loss arises from increased delivery of new nutrients, which 
has been identified as a major cause of coastal deoxygenation20. 
Regarding open-ocean deoxygenation, estimates of the impact of 
atmospheric nutrient supply differ in magnitude among different 
model studies that employ different assumptions about biological 
feedbacks, such as the response of nitrogen fixation to changes in 
ambient nutrient levels, but are generally viewed small compared 
to circulation effects on oxygen21,40. While current evidence sug-
gests that biogeochemical processes can explain a relatively small 
part of the oceanic oxygen loss, large uncertainties remain and a 
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Fig. 2 | Warming-induced changes in thermocline ventilation. Zonally averaged schematic view of the thermocline ventilation for the historical situation 
(blue) and under ocean warming (red). Ocean warming reduces surface densities: ρ i, historical >  ρ i, warming; ventilated layers tend to shoal and thin. Equatorial 
upwelling under ocean warming is thus associated with reduced O2 undersaturation in the equatorial mixed layer. It results in reduced O2 uptake or 
anomalous O2 outgassing, which is superimposed on the ubiquitous O2 outgassing due to the warming of the ocean surface. Reduced mixing due to 
enhanced thermocline stratification under ocean warming might additionally contribute to reduce the O2 supply to the ocean interior. For schematic 
simplicity, the wind field and associated Ekman transport and Ekman pumping are assumed to be identical in both periods.
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comprehensive quantitative understanding of the different physical 
and biological contributions to observed oxygen changes in differ-
ent regions of the world ocean is lacking.

The fact that models tend to underestimate observed rates of the 
multidecadal oxygen decline1,4, as well as of interannual-to-decadal 
variability22,23, indicates that current state-of-the-art models still 
misrepresent or neglect relevant processes. Misrepresentation of 
transport processes might in particular result from a generally too 
coarse vertical and horizontal resolution and too diffuse thermo-
cline in models, questioning the accuracy to which the balance of 
advective versus diffusive transport processes or effects linked to 
the warming-induced increase in stratification can be simulated. 
Biogeochemical feedbacks, such as elevated release of phosphorus 
and iron from anoxic sediments45, can present positive feedbacks on 
oxygen decline46, but have, until very recently15, not been included 
in global biogeochemical models. Other processes not generally 
considered in current models include the role of vertically migrat-
ing zooplankton in biogeochemical cycling47,48 or possible top-down 
effects from the expansion of fisheries49, which may have regional 
impacts on oxygen distributions21, but are unlikely to explain a 
significant portion of net oceanic oxygen loss50. Impacts of redox-
sensitive changes in nutrient stoichiometry on changes in plank-
ton composition and nitrogen fixation51,52, export and respiratory 
oxygen demand are poorly understood53, as are their sensitivities to 
environmental change and their potential contributions to ongoing 
marine deoxygenation. Another possible explanation for the limited 
success of current models in reproducing observed oxygen changes 
are uncertainties in historic wind forcing that have a major impact 
on simulated rates and patterns of oxygen changes21. On millennial 
timescales, but not of immediate concern on decadal-to-centennial 
scales considered here, global warming could destabilize submarine 
methane hydrates and subsequent oxidation of methane released 
from the sea floor could lead to regional oxygen depletion54.

thermocline oxygen changes
The oceanic thermocline covers the stratified region between the 
oceanic mixed layer and the more homogeneous intermediate and 
deep waters below about 1,000 m. In the current climate, it accom-
modates extended OMZs, in particular along the eastern subtropi-
cal margins where high oxygen demand associated with productive 
upwelling systems is met by relatively weak oxygen supply. Atlantic 
and Pacific OMZs are located in the shadow zones of the ventilated 
thermocline, that is, regions not reached by the equatorward flow 
of oxygenated waters from the subtropics55. The resulting sluggish 
flow regimes in the eastern tropics and subtropics are mainly venti-
lated by mesoscale eddies, weak zonal jets extending over the entire 
widths of the oceans, though they are particularly energetic near the 
equator, and diapycnal mixing from above and below29. Model stud-
ies reveal a close correlation between declining oxygen levels and 
increases in water age on isopycnal surfaces in the thermocline, with 
a large portion of the oxygen variance explained by changes in water 
age, suggesting that reduced ventilation is the dominant driver of 
thermocline deoxygenation22.

Circulation in the thermocline is predominantly wind-driven 
and, as such, particularly sensitive to changes in wind patterns, for 
example, those associated with major climate modes (PDO, ENSO, 
NAO, AMO, AMM). Circulation dynamics are further affected by 
warming-induced increases in stratification, changes in the depth 
of the winter mixed layer and a poleward displacement of isopycnal 
outcrop regions32,56 (Fig. 2). Variations in the eddy-driven circula-
tion might as well have the potential to generate long-term oxygen 
changes29,57. Substantial changes in thermocline properties, includ-
ing oxygen concentrations, have been observed24,58–60, but attribu-
tion to different forcing agents such as anthropogenic warming, 
internal climate variability or a combination of both (that is, chang-
ing internal variability in a warming world) is challenging61.

Observations and model simulations indicate differences in 
recent changes in thermocline properties in the Atlantic and Pacific 
Oceans60,62, some of which may be linked to characteristic climate 
modes. Recent investigations in the North Pacific found that a dom-
inant fraction of decadal variability is explained by the North Pacific 
Gyre Oscillation (NPGO) and the PDO56,63. NPGO dynamics are 
driven by atmospheric variability in the North Pacific and capture 
the decadal expression of Central Pacific El Niño events in the extra-
tropics, much as the PDO captures the low-frequency expression 
of eastern Pacific El Niño events60. PDO and NPGO jointly con-
trol modulations in the subduction of oxygenated mode waters56, 
low-frequency upwelling and alongshore transport dynamics in the 
North Pacific sector, while the eastern Pacific El Niño dominates in 
the South Pacific63. A model analysis of changes in tropical Pacific 
air–sea oxygen fluxes found a tight ENSO modulation, with oxygen 
flux anomalies leading sea surface temperature anomalies by about 
4 months, indicating that flux anomalies were dominated by local 
changes in upwelling and downwelling rather than heating or bio-
logical processes23. That study also identified a substantial (> 50%) 
underestimation of simulated ENSO-associated oxygen flux varia-
tions, which might be related to deficits in the simulated stratifi-
cation changes and/or an inadequate representation of equatorial 
intermediate currents in current models64. Further poleward, in 
the California Current System, a combination of observations and 
ocean reanalysis products between 1950 and 2010 found oxygen 
changes that were not significantly correlated with the dominant 
Pacific climate modes, but instead were primarily controlled by 
ocean circulation dynamics65. Subsurface oxygen anomalies origi-
nating in the North Pacific gyre were shown to propagate with the 
mean gyre circulation via the North Pacific Current into the coastal 
upwelling system off California on a timescale of about 10 years.

In the Atlantic, the ventilation associated with the wind-driven 
STCs is strongly asymmetric due to the current state of the Atlantic 
meridional overturning circulation (AMOC) favouring the south-
ern cell and weakening the northern cell. Large parts of the central 
and intermediate water layers of the tropical North Atlantic are thus 
currently ventilated from the South Atlantic66. A reduction of the 
AMOC, which is suggested to occur under global warming, will 
thus reduce the ventilation of the North Atlantic thermocline from 
the Southern Hemisphere. Such ventilation changes are found in 
model simulations with prescribed AMOC weakening accompa-
nied by a subsurface warming of the equatorial and South Atlantic 
and a weakening of the thermocline stratification67. AMOC varia-
tions may undergo multidecadal variations associated with AMO 
forcing, thus impacting the ventilation of the tropical thermocline 
by the STCs on these timescales. STC variations on similar time 
scales can be directly forced by variations in the trade winds of the 
Atlantic and Pacific Oceans30,31,68.

The superposition of different forcings and mechanisms makes 
attribution of causes and effects on oxygen distributions challeng-
ing. For example, a recent study using observations from the tropi-
cal North Atlantic showed diverging oxygen trends in the upper 
and lower part of the OMZ during the last decade that were super-
imposed on the multidecadal oxygen decrease58: a strong oxygen 
decrease near the deep oxycline at about 300 m resulting in a shoal-
ing of the OMZ was suggested to be the result of a weakening and 
shoaling wind-driven circulation. The oxygen increase below was 
instead attributed to a strengthening of zonal jets that supply oxygen 
from the western tropical Atlantic to the east, which followed a phase 
of weakening zonal jets since the 1970s (ref. 57). The available time-
series of oxygen in the tropical North Atlantic reveals substantial 
variability on timescales shorter than the expected anthropogenic 
changes29. Still, from observations that cover only a few decades, it 
remains difficult to differentiate oxygen changes that result from 
global warming from those related to natural internal climate vari-
ability. Until now, oxygen changes in the tropical thermocline and in 
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the North Atlantic could not be attributed to anthropogenic forcing, 
whereas an anthropogenic deoxygenation signal emerges poleward 
of 30o–40o in both hemispheres61.

Deep-ocean oxygen changes
There have been few studies of oxygen changes in the deep ocean69. 
While concentration changes are relatively small, the large volume 
and long timescales may well make this part of the world ocean 
a major reservoir for absorbing and processing oxygen changes. 
Recent investigations of changes in oceanic heat uptake motivated 
by the need to better understand the so-called hiatus in the rise of 
atmospheric temperatures showed an increased importance of the 
deep ocean in the planetary heat budget since the 1990s (ref. 70). 
While increased deep-ocean temperatures point toward a small role 
of oxygen solubility, it is the weakening of the deep meridional over-
turning circulations that would have the largest potential to reduce 
the deep oxygen concentrations1.

Historic oxygen measurements indicate a global oxygen loss 
of 70 Tmol yr–1 below 1,200 m depth, with decreasing oxygen in 
almost all deep-ocean basins over the last 50 years. The strongest 
loss happened in the equatorial and North Pacific, the Arctic and 
the Southern Ocean1. The only exception was the North Atlantic 
(15° N–60° N), with oxygen loss in the upper ocean and a slight oxy-
gen gain in the deep ocean below 1,200 m (Fig. 3). This is in good 
agreement with an earlier detailed regional analysis of observations 
that showed a significant increase in heat content and decrease of 
oxygen in the upper, mode and intermediate waters over the last five 
decades, while heat content decreased and oxygen increased in the 

deep water masses, the Lower Intermediate Water and the Labrador 
Sea Water throughout the North Atlantic71. Following the south-
ward path of North Atlantic deep water masses across the equator, 
an oxygen increase was also observed on isopycnal surfaces in the 
deep western boundary current off northern Brazil since the year 
2000 (ref. 72).

In the North Pacific, temperature increased and oxygen decreased 
at depths and density layers down to 4,000 m between 1956 and 
2006 (ref. 73). In the Japan Sea, a deep ocean warming below 2,000 
m was associated with oxygen changes of –0.47 μ mol kg–1 yr–1 in 
the eastern Japan Sea Basin and –0.46 μ mol kg–1 yr–1 in the Yamato 
Basin in the period 1960 to 2000, probably related to a reduction of 
Japan Sea Deep Water formation rates74. This long-term trend was 
superimposed on a bidecadal oscillation of the North Pacific Index, 
the anomaly of the wintertime sea surface pressure of the North 
Pacific, possibly linked to the 18.6-year modulation of the diurnal 
tide75. Temperature profiles in the Japan Sea show a warming by as 
much as 0.1–0.5 °C in the upper 1,000 m and by 0.01 °C below 2,000 
m for a 30-year period associated with the oxygen decrease in the 
deep layer75. The eastern Japan Sea shows the behaviour of a closed 
basin with a limited exchange with the North Pacific and may serve 
as a natural laboratory for global deep-ocean change in the future76. 
In the South Pacific, a comparison of sections off Chile in 1967 and 
1995 at 28° S revealed an oxygen decrease between about 1,800 
and 2,900 m, which may indicate enhanced southward boundary 
current flow77. To our knowledge, the only indication for a primar-
ily biotically induced deep-ocean oxygen change comes from the 
Arabian Sea, where a deepening and intensification of the oxygen 
minimum was described to be related to an increase in Indian 
monsoon wind intensity and the OMZ expansion driven at depth 
by increased respiratory oxygen consumption, whereas the OMZ’s 
near-surface contraction was induced by increased ventilation78.

The meridional overturning circulation associated with the for-
mation of Antarctic Bottom Water is globally of similar strength com-
pared to the overturning circulation of North Atlantic Weep Water. 
During recent decades, a general warming of these bottom water 
masses spreading northward into the Pacific, Atlantic and Indian 
Oceans, together with a general reduction in overturning strength, 
was observed79,80. This is mirrored by an oxygen decrease by more 
than 12 Tmol yr–1 in the Southern Ocean below 1,200 m (Fig. 3b,  
ref. 1). However, this signal is not apparent in an analysis of oxygen 
concentrations of retreating Antarctic Bottom Water81,82, limiting 
the decrease to the deep water masses above the newly formed bot-
tom water. Both the replacement of well-oxygenated bottom waters 
by older water masses and the oxygen decrease in these older water 
masses lead to the significant Southern Ocean oxygen decrease.

Outlook
Ocean oxygen time-series have been key for identifying ongoing 
ocean deoxygenation. They provide vital information for detecting 
temporal trends and variability83 and for ground-truthing of numer-
ical models that are required to extrapolate to past and likely future 
changes in the ocean’s storage of oxygen and related biogeochemical 
tracers. While repeat shipboard hydrography is essential for study-
ing long-term oxygen trends, moored observations and time-series 
stations are particularly important with respect to intraseasonal, 
seasonal and interannual oxygen variability. The current oxygen-
observing system progresses by collecting more oxygen data using 
Argo profiles and by deploying oxygen sensors within the global 
tropical moored buoy array. A specific challenge remains the deep 
ocean, where improved observational coverage is needed to better 
quantify and mechanistically understand oxygen changes.

So far, observational estimates allowed to identify tight nega-
tive correlations between air–sea fluxes of O2 and heat, even though 
the ratio of global oxygen loss to heat uptake is several times larger 
than would be expected solely from the effect of heating on oxygen 

a

b

0–1,200 m

1,200 m–sea floor

DO change [μmol kg–1 decade–1]

≤–5 –2.5 0 2.5 ≥5

Fig. 3 | Oxygen change in the ocean. a,b, Observational estimate of the 
50-year (1960 to 2010) oxygen change in the upper (a: 0–1,200 m) and 
deep (b: 1,200 m–sea floor) ocean in μ mol kg–1 per decade. Data are taken 
from ref. 1. Lines indicate boundaries of OMZs with less than 80 μ mol kg–1 
oxygen anywhere within the water column (dashed/dotted), less than  
40 μ mol kg–1 (dashed) and less than 20 μ mol kg–1 (solid). DO,  
dissolved oxygen.
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solubility84. While changes in ventilation and respiration associated 
with warming must explain most of the observed oxygen change, a 
quantitative attribution and mechanistic understanding is still lack-
ing. This impedes attribution of the main drivers, although the close 
relation to ocean warming is suggestive of its leading role not only 
for ocean heat but also oxygen content3.

Improving our capacity to predict basin-scale and regional pat-
terns of ocean deoxygenation, and thus their possible biogeochemi-
cal, ecological, societal, economic and eventual climatic impacts, 
requires: (1) continuous high-quality oxygen measurements resolv-
ing spatial and temporal scales of oxygen changes85; (2) resolving 
the considerable discrepancies, many of them systematic, between 
observations and current models in patterns and amplitudes of 
recent oxygen variations3,21,23; (3) developing a better quantitative 
process understanding of biological and physical oxygen sinks 
and sources via dedicated observational programmes24,29; and (4) 
improving the representation of oxygen supply and consumption 
processes in numerical models by improved process parameteriza-
tions and increased resolution86. Analysis of abiotic transient tracers, 
such as suggested by the protocol for the forthcoming Ocean Model 
Intercomparison Project87, will help to better constrain changes in 
ocean circulation and to improve physically driven variations in 
oxygen levels. Uncertainties to be addressed include those in the 
atmospheric forcing fields applied to historical ocean simulations.

A better understanding of biogeochemical processes, such as 
the response of biological production, export, respiration, nitrogen 
fixation and benthic fluxes to environmental changes is required to 
narrow down uncertainties in estimates of biogeochemical contri-
butions to ocean deoxygenation. Special attention should be given 
to possible feedback loops associated with redox-sensitive changes 
in individual nutrient fluxes. Promising tools for progress are dedi-
cated process studies with multi-disciplinary observational pro-
grammes that include collection of physical parameters and oxygen, 
measurements of biogeochemical processes associated with nutri-
ent and carbon cycles, and observations of the biological system 
that address changes in stoichiometry, species composition and 
ecological functioning (for example, ref. 88). An important contribu-
tion for developing a comprehensive system can arise from closely 
associated modelling studies that allow putting the various datas-
ets into a coherent context (for example, ref. 89). Denser coverage 
of oxygen observations in space and time, jointly with dedicated 
biogeochemical-physical process studies and hypothesis testing by 
numerical modelling, will help to better understand the drivers and 
mechanisms of ongoing ocean deoxygenation.

Future projections of potential ocean ecosystem stressors, such 
as deoxygenation, warming and acidification, and changes in ocean 
productivity, are uncertain due to incomplete understanding of fun-
damental processes, the interplay of combined stressors90, internal 
climate variability, and divergent carbon emission scenarios25. An 
improved ability to quantitatively understand and predict deoxy-
genation will not only provide information about risks to marine 
ecosystems and the ocean’s biogeochemical state, but will, because of 
tight physical and biogeochemical linkages, also directly advance our 
understanding of the changing heat and carbon cycles of our planet.
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