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Abstract13

Global ocean oxygen loss - deoxygenation - is projected to persist in the future. Previ-14

ous generations of Earth system models (ESMs) have, however, failed to provide a con-15

sistent picture of how deoxygenation will influence oxygen minimum zones (OMZs; O2 <=16

80µmol/kg), in particular the largest OMZ in the tropical Pacific Ocean. The expan-17

sion of the Pacific OMZ would threaten marine ecosystems and ecosystem services such18

as fisheries and could amplify climate change by emitting greenhouse gases. Here, we use19

the latest generation of ESMs (CMIP6) and a density framework that isolates oxygen20

changes in the thermocline and intermediate waters. We show that the Pacific OMZ ex-21

pands by the end of the century in response to high anthropogenic emissions (multi-ESM22

median expansion of 2.415m3 , about 4% of the observed OMZ volume). The expansion23

is driven by a reduction of the shallow overturning circulation in the thermocline and24

a robust weakening of the oxygen supply to the upper OMZ in all ESMs. The magni-25

tude of this expansion is, however, uncertain due to the less constrained balance between26

physical and biological changes in the lower OMZ. Despite uncertainties in the biolog-27

ical response, our results suggest that models with more complex biogeochemistry project28

weaker changes in the lower OMZ, and therefore stronger overall OMZ expansion. The29

fact that the OMZ largely expands in the upper ocean maximizes its ecological, economic,30

and climatic impacts (release of greenhouse gases).31

Plain Language Summary32

Expansion of ocean areas with low oxygen concentrations threatens marine animals33

and can also increase the production of greenhouse gases that warm the Earth. An es-34

sential question is how these low oxygen ”blobs”, called oxygen minimum zones, will evolve35

in the future. Oxygen minimum zones are difficult to simulate in climate models because36

they result from two strongly opposing processes: Physical supply of oxygen via the ocean37

circulation and oxygen consumption by decomposing biology. Previous studies using older38

generations of models could not conclude whether the largest of these zones in the Pa-39

cific would grow or shrink in the future. We show that the Pacific oxygen minimum zone40

will grow in response to climate change: all models agree that the upper part of this low41

oxygen ’blob’ will grow, while the lower part will either not change or contract slightly.42

This is potentially bad news for the marine species that suffer in low oxygen conditions,43

the people that depend on them (fishing, tourism), and the global climate.44

1 Introduction45

The ocean has lost dissolved oxygen (O2) in response to global warming in the past46

50 years (∼2% globally; Keeling et al. (2010); Ito et al. (2017); Schmidtko et al. (2017);47

Levin (2018)). A serious threat of this systematic ocean deoxygenation is the expansion48

of tropical oxygen minimum zones (OMZs), where low O2 levels threaten marine life (Vaquer-49

Sunyer & Duarte, 2008; Stramma et al., 2012; do Rosário Gomes et al., 2014) and per-50

turb the carbon and nitrogen cycles, potentially acting as an amplifying feedback on cli-51

mate change (Stramma et al., 2008; Keeling et al., 2010; Levin, 2018). Global upper ocean52

deoxygenation is projected to continue in the 21st century, especially if greenhouse gas53

emissions are not rapidly curtailed (Bopp et al., 2013; Kwiatkowski et al., 2020). There54

is, however, no consensus on how the OMZs will evolve in the future (e.g., Resplandy55

(2018)).56

The Tropical Pacific Ocean hosts the largest OMZ in the global ocean. Its expan-57

sion would certainly threaten the habitat and survival of marine life, including species58

vital to local and global marine ecosystem services (e.g., anchovies and sardines, (Bertrand59

et al., 2011; Chavez et al., 2008)). A larger OMZ would also increase the production of60

nitrous oxide; a powerful greenhouse gas (Babbin et al., 2015; Yang et al., 2017) And in-61
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crease the removal of biologically available nitrogen (Lam & Kuypers, 2011), which in62

turn could limit the efficiency of the ocean’s biological carbon sink.63

Uncertainties in the spatial and temporal evolution of the Pacific OMZ severely re-64

strict our ability to anticipate its ecological, climatic, and societal impacts. Observations65

suggest that the Pacific OMZ shrunk for most of the 20th century but expanded after66

1970 (Stramma et al., 2008; Deutsch et al., 2014). Earth system models (ESMs) from67

the Climate Model Intercomparison Project phase 5 (CMIP5; Taylor et al. (2011)) pro-68

jected contradicting trends, in which the Pacific OMZ could either expand or shrink with69

volume changes between -15% and +15% (Cabré et al., 2015).70

These ESMs projected an O2 loss in response to ocean warming, which makes O271

less soluble in surface waters and limits their transfer to the deeper ocean and the ven-72

tilation of the ocean interior (Cabré et al., 2015; Bopp et al., 2017; Kwiatkowski et al.,73

2020). They also consistently projected reduction in the O2 demand in the subsurface,74

tied to weaker biological productivity and particle export to depth (Bopp et al., 2013;75

Kwiatkowski et al., 2020). Yet, this generation of ESMs disagreed on how strongly changes76

in ocean ventilation and biological activity offset each other in space and time, leading77

to either the contraction or the expansion of the OMZ (Cabré et al., 2015; Frölicher et78

al., 2020). The influence of ocean circulation emerged as a particularly important fac-79

tor in these uncertainties. For instance, ESMs that projected a larger expansion of the80

OMZ in the equatorial Pacific by the year 2100 were those that simulated a stronger de-81

cline in the equatorial Pacific circulation, largely exceeding the biological changes (Shigemitsu82

et al., 2017).83

The Pacific OMZ is found in the so-called ’shadow zones’ of the subsurface ocean84

(∼200-2000 m, Figure 1), characterized by weak ventilation, long water residence time85

(Luyten et al., 1983; Pedlosky, 1986) and highly productive surface upwelling systems86

that boost O2 biological demand at the subsurface (Paulmier & Ruiz-Pino, 2009). It ex-87

tends over two distinct dynamical regimes governed by different processes and on dif-88

ferent timescales. The upper part of the OMZ is located in the thermocline (within the89

upper 600m-1000m) and is influenced by the advective flow associated with the shallow90

overturning and the zonal currents near the Equator (Duteil et al., 2014; J. J. M. Busecke91

et al., 2019). The majority of the OMZ volume resides at intermediate depth (up to 2000m92

depth) where the overturning circulation is less energetic and where slow mixing (isopy-93

cnal and diapycnal) plays a crucial role in supplying O2 and balancing the consumption94

by respiration (Duteil & Oschlies, 2011; Bahl et al., 2019; Lévy et al., 2021).95

The fact that the OMZ extends over these two distinct regimes makes it particu-96

larly challenging to isolate and interpret OMZ projections and contributes to the uncer-97

tainties in the OMZ evolution. In this study, we investigate forced changes in the Pa-98

cific Ocean OMZ volume using the latest generation of ESMs (CMIP6, Eyring et al. (2016))99

and a density framework that distinguishes between changes in the OMZ within the ther-100

mocline and the intermediate waters. We show that ESMs project a consistent expan-101

sion of the Pacific OMZ by 2100, dominated by the growth of the OMZ in the thermo-102

cline, while changes in the intermediate waters play only a secondary role by modulat-103

ing the magnitude of the expansion.104

2 Methods105

2.1 CMIP6 Earth System Models and Observations106

We used the 14 ESMs from the CMIP6 archive that made monthly outputs of ocean107

oxygen, potential temperature, salinity, and meridional velocity available for the prein-108

dustrial control, the historical period, and the high-emission scenario SSP5-8.5 via the109

Earth System Grid Federation (ESGF; Petrie et al. (2021)) (see Table 1 for models and110

variables used). Our results consider the period from 1850-2100. We used additional vari-111
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ables that were not available for all of the models: Mixed layer depth (mlotst; available112

for 12 ESMs), particulate carbon export at 100m (epc100; available for 13 ESMs), ideal113

water age (variable agessc; available for 13 ESMs). For details on availability see Ta-114

ble 1.115

We additionally disregarded the ideal age from 3 ESMs (MPI-ESM1-2-HR, MRI-116

ESM2-0, UKESM1-0-LL) and some members of MPI-ESM1-2-LR in which agessc was117

re-initialized to zero at the beginning of the historical and/or the SSP5-8.5 simulations118

as these could not be used to evaluate the changes in watermass age. We developed and119

used the ’cmip6 preprocessing’ python package (J. Busecke & Spring, 2020) to prepro-120

cess the CMIP6 ESM data (e.g., homogenize naming, units, metadata/reconstruct miss-121

ing grid metrics/masking ocean basins) in conjunction with a custom ’intake-esm’ (Banihirwe122

et al., 2020) catalog which enables easy management of the large amount of data used123

in this study (100+ TB). To reduce the effects of model drift, all variables were detrended124

using the linear trend of the preindustrial control run at every grid point for each ESM125

member. When variables were not provided on the native ocean model grid (indicated126

by ‘gr‘ in Table 1), we linearly interpolate values onto the native grid using the ’xESMF’127

python package (Zhuang et al., 2021). Values within the mixed layer and in the bottom128

cells were not considered in this analysis to avoid issues with partial bottom cells and129

exclude values near topography from the analysis for all ESMs.130

We used observations of potential temperature (Locarnini et al., 2013), salinity (Zweng,131

2013) and O2 (Garcia et al., 2013) from the World Ocean Atlas 2013.132

2.2 Diagnosing OMZ thickness, volume, and natural variability133

To diagnose the vertical thickness and volume of the OMZ, we converted O2 val-134

ues into µmol/kg using a constant reference density of ρ0 = 1025 kg/m3. We then com-135

puted the OMZ thickness HOMZ at each point in space and the total OMZ volume VOMZ136

in the tropical Pacific Ocean using the ESM grid cell thickness and horizontal area where137

O2 concentrations <= 80 µmol/kg. If not otherwise mentioned, the analysis (average,138

median, integrals, etc.) is performed for the Tropical Pacific (30◦S-30◦N). We quanti-139

fied the OMZ volume natural variability from interannual to multi-decadal timescales140

in each ESM based on the last 300 years of the preindustrial control run. For each ESM141

member, we estimate the natural variability as ±2 standard deviation in time of the lin-142

early detrended OMZ volume. For ESMs with multiple control run members, we aver-143

age the standard deviations over all available members. The upper bound of natural vari-144

ability is defined as the largest natural value across all ESM control runs.145

2.3 Density framework146

Our analysis considers three density layers defined using the potential density anomaly147

with respect to the surface (σ0):148

• The ’thermocline’ (σ0 = 24.5−26.5 kg/m3). This layer includes subtropical mode149

waters in the pacific (Talley et al., 2011). In the observations this layer extends150

from 110 ± 45m to 340 ± 100m within the investigated domain.151

• The ’intermediate waters’ (σ0 = 26.5−27.65 kg/m3), which includes subantarc-152

tic mode waters and intermediate waters (Talley et al., 2011). In the observations153

this layer extends from 340 ± 100m to 1890 ± 40m within the investigated do-154

main.155

• The ’deep ocean’ (σ0 > 27.65 kg/m3) In the observations this layer extends from156

1890 ± 40m to the ocean floor.157
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This isopycnal framework minimizes the effects of temperature change on oxygen158

concentrations (temperature is largely conserved along isopycnals in the tropical ocean)159

(Long et al., 2016).160

We computed the σ0 from potential temperature, and ocean salinity using the ’fastjmd95’161

python package (R. Abernathey, 2021). The transformation of variables into density space162

uses the ’xgcm’ python package (R. Abernathey et al., 2020) We note that the total OMZ163

volume is conserved when transforming into density coordinates.164

2.4 Distinguishing between physical and biological drivers of O2 changes165

We evaluated if changes in O2 can be attributed to changes in physical or biolog-166

ical processes. We used changes in the ideal age tracer agessc available for 10 ESMs (see167

Table 1) as an indicator of circulation and ventilation changes and changes in oxygen168

utilization rate (OUR) as an indicator of biological changes. OUR is a proxy for the in-169

tegrated oxygen utilization along a water parcel pathway since it was last in contact with170

the atmosphere (∆OUR < 0 indicates less O2 demand). OUR = AOU/age was com-171

puted using the apparent oxygen utilization AOU = O2,sat − O2, where O2,sat is the172

saturation oxygen concentration in seawater, calculated with the ‘GSW-Python‘ pack-173

age (Firing et al., 2021).174

Changes in OUR, agessc, and AOU per century were computed as linear trends175

over the time period 2000-2100. For this study, we attributed the changes to either phys-176

ical or biological processes if the sign of the O2 change in one density layer was consis-177

tent with the sign of change of agessc (physical) or OUR (biological). If the change in178

O2 was consistent with both agessc and OUR, we attributed it to both physical and bi-179

ological changes. As discussed in the main text, this method is qualitative and subject180

to bias (e.g., OUR is not a perfect proxy of biological respiration). A more quantitative181

investigation of the physical and biological influences on the OMZ volume would require182

additional ESM diagnostics not available from the CMIP6 archive.183

2.5 Subtropical overturning circulation and Subtrotropical Cell Index184

To evaluate the large scale changes in the Pacific Ocean subtropical circulation we
use the Subtropical Cell Index (STCI; Duteil et al. (2014)) which quantifies the mass trans-
port from the subtropics into the equatorial area in both hemispheres as:

STCI = Ψmax − Ψmin (1)

with Ψmax and Ψmin the maximum and minimum of the mass overturning stream-
function Ψ in the upper 250 meters and between 10◦S and 10◦N in the Pacific basin. Ψ
at a latitude y and depth z is reconstructed as:

Ψ(y, z) = −
∫ z

z0

∫
x

vm(x, y, z′) dx dz′ (2)

where z0 is the ocean surface, and the vertically integrated meridional transport185

is approximated from the monthly meridional velocity v (linearly interpolated to a 1/4◦186

by 1/4◦ for the pacific basin only) and the grid cell thickness h as vm = v h. To focus187

on large-scale patterns, we smoothed the Ψ with a ∼2 degrees latitudinal filter.188

3 Results/Discussion189

3.1 Representation of the historical Pacific OMZ190

The OMZ (O2 < 80µmol/kg) in observations is confined to the central and east-191

ern Pacific and to the two density layers defined here as the thermocline (σ0 = 24.5−192
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Figure 1: Historical OMZ in the tropical Pacific Ocean (1960-2000). O2 distribution from
observations (World Ocean Atlas 2013) and 14 CMIP6 ESMs: a-b) averaged over ther-
mocline and intermediate waters (σ0:24.5-27.65), c-d) along a depth section at 140◦W
(indicated by teal line in panels a,b). Panels a-d show OMZ (O2 <= 80µmol/kg in red),
density (black contours), and areas where at least 11 of the 14 ESMs simulate an OMZ
(stippling). e-g) OMZ volume in the thermocline (σ0:24.5-26.5), intermediate waters
(σ0:26.5-27.65) and both combined for observations (black bar), individual ESMs (colored
symbols) and ESM median (grey bar). Symbols are randomly shifted along the y axis
to improve readability. Circles represent the mean of members where appropriate (±1
standard deviation across members is indicated as horizontal bars).

26.5 kg/m3) and intermediate waters (σ0 = 26.5 − 27.65kg/m3), with about 95% of193

the OMZ volume in the intermediate waters (61.2×1015m3 compared to 3.1×1015m3
194

in the thermocline, Figure 1). It shows a strong asymmetry between the northern hemi-195

sphere where O2 concentrations are lower and the OMZ extends west of 180◦E and the196
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southern hemisphere where it is confined east of ∼120◦W (Figure 1 a). Along the equa-197

tor, O2 concentrations are higher than off of the equator (Figure 1a and c) due to the198

supply of oxygenated water by the equatorial current system (Stramma et al., 2010), par-199

ticularly the Equatorial Undercurrent (J. J. M. Busecke et al., 2019).200

All 14 ESMs in this study represent hypoxic waters in the tropical Pacific (Figure1201

a-d). The multi-ESM median reproduces the observed OMZ volume in the thermocline202

(3.0× 1015m3; Figure 1e) and slightly overestimates the OMZ volume in the interme-203

diate waters (74.3×1015m3, i.e. ∼21% more than observed; Figure 1f). The shape and204

volume of the OMZ differ substantially between ESMs, with simulated volume (thermo-205

cline and intermediate waters combined) ranging from -71% to +134% of the observed206

volume (Figure 1g) and some ESMs capturing a more realistic spatial distribution of the207

OMZ than others (see Figure A1 and A2 for details on each ESM). The ESM ensemble208

captures some of the north-south asymmetry in the OMZ, with more than 75% of the209

ESMs representing an OMZ extending further west in the northern hemisphere than the210

southern hemisphere. The north-south asymmetry and the higher O2 concentrations along211

the equator are, however, underestimated (Figure 1 b/d), likely due to shortcomings in212

the representation of the Equatorial current system and subtropical-tropical subduction213

pathways (Harper, 2000; Llanillo et al., 2018; J. J. M. Busecke et al., 2019).214
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Figure 2: OMZ expansion for historical and SSP5-8.5 experiment. Changes in OMZ
thickness (color, multi-ESM median smoothed with 1 degree gaussian kernel) and OMZ
historical extent (80 µmol/kg contour, multi-ESM median).

3.2 Future OMZ expansion215

One of the crucial questions is whether the Pacific OMZ will expand in the future.216

The ESM ensemble shows an increase in OMZ thickness of 10-100 m over most of the217

Eastern and Central Pacific by 2100 (Figure 2). This increase in thickness translates into218

a median increase in volume of 2.4 ± 4.6 ×1015m3 (Figure 3d), equivalent to an expan-219

sion of the OMZ volume of about 4%, compared to the observed volume (Figure 1g). This220

expansion is primarily controlled by the consistent and well-constrained increase in vol-221

ume in the thermocline (3.3 ± 0.9 ×1015m3), which outweighs the smaller contraction222

projected by the ESM ensemble in intermediate waters (-1.2 ± 4.2 ×1015m3; Figure 3e).223

The expansion in the thermocline exceeds the natural variability for all ESMs by the end224

of the century, and for most models, the signal emerges before 2020 (Figure 3a).225
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Figure 3: a-c) Evolution of OMZ volume for historical and SSP5-8.5 experiment in (a)
thermocline, (b) intermediate waters, and (c) sum of both layers. Multi-ESM median
(black dashed line) and upper bound of natural variability diagnosed from the ESM en-
semble preindustrial control runs (shading) are indicated. Colored ticks indicate the time
when the volume change exceeds the natural variability for each ESM. d) Change in OMZ
volume projected for the multi-ESM median (grey bars) and the individual 14 ESMs
(symbols). Symbols are randomly shifted along the y axis to improve readability. Where
multiple members are available, symbols indicate member means, and error bars indicate
±1 standard deviation between members. Transparent diamonds indicate ESMs with
trends that do not exceed natural variability.

The changes simulated in intermediate waters are more uncertain and modulate226

the magnitude of the overall expansion (Figure 3c, d). The majority of ESMs project227

a decrease in OMZ volume in intermediate waters smaller or equal to the expansion in228

the thermocline, resulting in an overall expansion for 11 ESMs and near-zero changes229

for 2 ESMs (changes smaller than natural variability, see diamond symbols in Figure3230

d).231

Four ESMs stand out within the intermediate waters: two simulate an OMZ con-232

traction that matches or exceeds the expansion in the thermocline (MRI-ESM2-0 and233

ACCESS-ESM1-5; Figure 3d), and two simulate a large expansion of the OMZ that re-234

inforce the expansion in the thermocline (IPSL-CM6A-LR, CNRM-ESM2-1, Figure 3d).235

The OMZ contraction in the first two models (MRI-ESM2-0 and ACCESS-ESM1-5) is,236

however, associated with a strong and unlikely collapse in primary productivity in the237

future (Figure B2), which could impede their ability to project future OMZ changes in238

intermediate waters. The two other models (IPSL-CM6A-LR, CNRM-ESM2-1) simu-239

late an unrealistic historical OMZ extent, suggesting significant biases in the physical240
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and biological processes controlling O2 in their OMZ (see FigureA1 panels e and c). Al-241

though the peculiar behavior of these four ESMs contributes to the uncertainty in the242

future response of the OMZ, the ESM ensemble robustly project an expansion of the Pa-243

cific OMZ, controlled by the O2 changes in the thermocline and partially offset by the244

O2 changes in intermediate waters (Figure 2d/e).245

3.3 Weaker subtropical overturning controls robust OMZ expansion in246

thermocline247

Figure 4: Mechanisms controlling the OMZ expansion in the thermocline. Changes in a)
O2 (14 ESMs median), b) ideal tracer age (10 ESMs median) and c) oxygen utilization
rate (OUR) (10 ESMs median). Changes are computed as linear trends over yearly data
from 2000 to 2100 using historical and SSP5-8.5 experiments and shown as multi-ESM
median. Hatching indicates where less than 75% of the ESMs agree with the sign of the
model median. d) Relationship between changes in OMZ volume and subtropical cell
index (STCI, the strength of meridional transport by subtropical cell, see Methods) in
CMIP6 ESMs (individual members are indicated by smaller symbols).

The robust expansion of the OMZ simulated in the thermocline is associated with248

a widespread loss of O2 in the tropical Pacific Ocean in that density layer (multi-ESM249

median loss of -23 µmol/kg from 2000-2100 average across the tropical Pacific; Figure250

4a). This loss is strongest along the ventilation pathways that flank the OMZ and is con-251

comitant with an increase of about 76 % in ideal age tracer over the basin (the time since252

the watermass was last in contact with the atmosphere increases, Figure 4b). This sug-253

gests that the OMZ expansion in the thermocline is caused by a basin-scale weakening254

of the ocean circulation and not by localized changes or redistribution of O2 within the255

OMZ.256
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To examine the potential role of biological activity, we are using oxygen utilization257

rate OUR (see Methods). While the decrease in ideal age is consistent with the sign of258

O2 changes in the domain, changes in OUR are only consistent locally. ESMs consistently259

project a decline in OUR in the thermocline outside of the OMZ and near-neutral changes260

within the OMZ (Figure 3c). This reduced O2 biological demand is consistent with the261

decline in export production simulated in most ESMs (Figure B2) but is not consistent262

with the projected change in O2 (reduced OUR alone would increase O2). Biological pro-263

cesses thus act to offsets part of the weaker supply of O2 by ventilation and act as sta-264

bilizing feedback on O2 levels and the OMZ in the thermocline. This result is in line with265

prior work that showed that increased stratification and weaker eddy turbulent mixing266

associated with global warming reduced the upward transport of nutrients that fuel bi-267

ological production and O2 consumption at depth (Deutsch et al., 2014; Duteil et al.,268

2014; Doney & Karnauskas, 2014; Duteil et al., 2018; Palter & Trossman, 2018; Coue-269

spel et al., 2019). OUR only provides a qualitative assessment of changes in biological270

demand and is strongly limited in regions where mixing dominates the ocean transport,271

such as the OMZ core (Koeve & Kähler, 2016). As a result, we cannot quantify the mag-272

nitude of the compensation between ventilation changes and biogeochemical feedback273

in the ESMs examined here (which would require a detailed O2 budget). The very ro-274

bust and consistent OMZ expansion and largescale O2 decline projected by all ESMs strongly275

suggests, however, that the biogeochemical feedback is small compared to the weaken-276

ing of the subtropical overturning in the thermocline (Figure 3).277

To establish the link between deoxygenation and ventilation changes in the ther-278

mocline, we use the Subtropical Cell Index (STCI; the difference between the maxima/minima279

of the overturning streamfunction between 10◦S-10◦N in the upper 250 m) as an indi-280

cator of the strength of the Subtropical cells that transport oxygenated waters from the281

subtropics (approx 30◦S and 30◦N) to the OMZ (see Methods). The expansion of the282

OMZ in the thermocline is tightly linked to the weakening of the subtropical cells sim-283

ulated by the ESMs, with an average 11± 3% increase in OMZ volume for a decrease284

of 1 Sv in the STCI (Figure 3c). This result is consistent with the work of Duteil et al.285

(2014) who identified a strong link between changes in upper ocean O2 and shallow over-286

turning circulation in the tropical Pacific Ocean since the 1960s using an ocean bio-physical287

model. The key role of large-scale circulation is further supported by the fact that the288

rate of OMZ expansion depends on the ESM but only marginally depends on the choice289

of the O2 threshold used to define the OMZ boundary. For instance, the OMZ volume290

increases by ∼30 % in NorESM2-MM and by ∼50 % in MPI-ESM1-2-LR whether we291

use 10, 80 or 120 µmol/kg to define the OMZ (Figure C1). This suggests that the basin-292

scale decline in O2 attributed to reduced subtropical advection propagates to the OMZ293

in the shadow zones by slow mixing processes.294

3.4 Biogeochemical feedbacks and near-neutral OMZ changes in inter-295

mediate waters296

The relatively weak OMZ volume changes projected in intermediate waters (Fig-297

ure 3d) are caused by the compensation between changes in ocean circulation and bi-298

ological demand. We illustrate this compensation using four ESMs (CanESM5, CanESM5-299

CanOE, GFDL-CM4, and GFDL-ESM4) that simulate a total OMZ historical volume300

(thermocline + intermediate waters) within 35% of observations (Figure 1g). CanESM5301

and CanESM5-CanOE are identical except for the ocean biogeochemical module that302

is more complex in CanESM5-CanOE (Swart et al., 2019a). Interpretation of the com-303

parison between GFDL’s CM4 and ESM4 is not as straightforward, since both setups304

differ by the complexity of the ocean biogeochemistry (BLINGv2 (Dunne, Bociu, et al.,305

2020) vs. COBALTv2 (Stock et al., 2020)) but also by the configuration of the ocean,306

atmosphere, and land, such as the horizontal ocean resolution which is lower in ESM4307

(nominal 1/2 degree with eddy scale thickness mixing parameterization) than in CM4308

(nominal 1/4 degree, Dunne, Horowitz, et al. (2020) without an eddy parameterization).309

–10–



manuscript submitted to AGU Advances

Figure 5: Mechanisms controlling the OMZ expansion in the intermediate waters in four
ESMs, two with simpler (upper row) and two with more complex (lower row) marine bio-
geochemical modules. Changes in mean O2 in the intermediate waters layer (colors) and
the historical (1960-2000 average) OMZ boundary (black contours) are shown. Hatching
types indicate if physical, biological, or both control the O2 changes: small black dots
indicate O2 changes consistent with the sign of change in ideal age (physical driver), open
grey circles show agreement between O2 and OUR changes (biological driver). Regions
consistent with both age and OUR changes are marked by both symbols. Areas with
O2 changes smaller than 2µmol/kg/century are not hatched for clarity. All fields are
smoothed with a ∼ 1 degree Gaussian filter before plotting.

The four ESMs project changes in OMZ volume between approximately −3×1015m3
310

and 1×1015m3 1015m3 in the intermediate waters check again Figure 2). The O2 changes311

in this layer have similar spatial patterns in the four ESMs, but the mechanisms that312

control these changes are different (Figure 5). The four ESMs simulate a decline in O2313

outside and along the OMZ boundary and an increase in O2 at least in some part of the314

OMZ core (Figure 5). O2 changes are more spatially variable in the two GFDL models,315

likely due to their higher horizontal resolution (1 degree for CanESM vs. 1/2 to 1/4 de-316

gree for GFDL models), the lack of eddy thickness mixing parameterization in CM4, and317

the lower number of members available to isolate the forced signal from natural variabil-318

ity (3 to 17 members for CanESM ESMs vs. one member for GFDL; Table 1). Notably,319

the increase in O2 in the OMZ core is more intense and widespread in ESMs with sim-320

pler biogeochemical modules (CanESM5, GFDL-CM4) than in the more complex ESMs321

(CanESM5-CanOE, GFDL-ESM4).322

In Figure 5, we examine whether ventilation changes (using ideal age), biological323

changes (using OUR), or both are consistent with the sign of O2 changes. In both CanESM5324

models, reduced O2 outside and along the edges of the OMZ are consistent with older325

ages and inconsistent with lower OUR (Figure 5 b and d), indicating that weaker basin-326

scale ventilation controls the O2 loss in the intermediate waters in these two ESMs (Fig-327

ure 5 b and d). In contrast, large regions of reduced O2 levels in the two GFDL ESMs328

are consistent with higher OUR but inconsistent with younger simulated ages, suggest-329
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ing that changes in biological respiration are a primary control of the O2 loss in these330

ESMs (Figure 5 a and c). Within the OMZ, O2 changes are very similar in both CanESM331

ESMs and consistent with reduced respiration (less OUR), while in the GFDL ESMs,332

they are consistent with a combination of changes in respiration and ventilation by mix-333

ing processes (Figure 5). We note that our analysis relies on a rough consistency check334

between the sign of O2 change and OUR/ideal age, and their interpretation becomes dif-335

ficult in regions not dominated by strong advection (Koeve & Kähler, 2016). The O2 changes336

attributed to the combination of biological and physical processes in the GFDL ESMs337

could therefore be controlled by mixing (mixing could influence OUR via the apparent338

oxygen utilization without the need for respiration changes).339

These four ESMs offer the opportunity to compare the OMZ change between pairs340

of ESMs with very similar architecture but different biogeochemical modules. These ESMs341

respond differently, yet they suggest that the OMZ volume in the intermediate waters342

is relatively stable because of the balance between physical and biological changes. In343

both ESM pairs, the more complex biogeochemical module leads to a weaker O2 increase344

within the OMZ core and less contraction of the OMZ (Figure 3d). This suggests that345

additional biogeochemical feedbacks represented in these ESMs likely offset the oxygena-346

tion of the OMZ core controlled by either ventilation (mixing changes) or by the respi-347

ration feedback (less export production leads to less oxygen respiration) and act to sta-348

bilize the OMZ. For instance, denitrification, which is represented in the two more com-349

plex modules (switch to nitrate-based respiration at low oxygen levels in GFDL-ESM4350

(Stock et al., 2020) and CanESM-CanOE (Swart et al., 2019a)) could buffer O2 changes351

in the OMZ core (Lachkar et al., 2016).352

4 Conclusions353

We used the latest CMIP6 ESM generation to investigate the future evolution of354

the Pacific OMZ. The results show that climate change under high greenhouse gas emis-355

sions will very likely lead to an expansion of the OMZ in the tropical Pacific by the end356

of the 21st century. The expansion is controlled by decreased ventilation of the thermo-357

cline, while changes in intermediate waters modulate the magnitude of the expansion.358

The robustness of these results across various ESMs stands in contrast to prior work that359

showed no consistent projections in the Pacific (Cabré et al., 2015; Shigemitsu et al., 2017;360

Bopp et al., 2013; Kwiatkowski et al., 2020).361

Differences between our results showing robust OMZ expansion and prior findings362

can be explained by two factors. First, the representation of the OMZ has improved in363

many ESMs compared to the prior generation of ESMs used in most of these studies (Cabré364

et al., 2015; Shigemitsu et al., 2017; Bopp et al., 2013), specifically the representation365

of the Equatorial current system (Karnauskas et al., 2020) which strongly affect the his-366

torical extent of the upper OMZ (J. J. M. Busecke et al., 2019). The crucial role of ven-367

tilation changes highlighted here strongly suggests that a better representation of the368

OMZ hinges on better constraints of the transport pathways from the subtropics and mid-369

latitude into the Tropical Pacific.370

Second, our approach crucially relies on the analysis of the OMZ in a density frame-371

work. When analyzing the OMZ in depth space, biases and changes in stratification in372

different ESMs lead to an arbitrary separation of the different dynamical regimes that373

shape the OMZ that hinder the interpretability of results. This is illustrated in Figure374

6 where we compare the change in volume in the 14 CMIP6 ESMs using a depth frame-375

work vs. using the density framework we proposed here. The depth framework leads to376

inconclusive OMZ volume changes, similar to what was found in earlier studies (Cabré377

et al., 2015; Shigemitsu et al., 2017; Bopp et al., 2017; Kwiatkowski et al., 2020). In this378

framework, the consistent expansion of the OMZ in the thermocline is arbitrarily accounted379

for in the shallow (0-1000m) or split between the shallow and mid-depth (1000-2000m)380

–12–



manuscript submitted to AGU Advances

0.5 0.2 0.0 0.2 0.5 0.8 1.0 1.2
Linear trend OMZ Volume

[m3/century]
×1015

0m-2000m

1000m-2000m

0m-1000m a)

Depth Framework

ACCESS-ESM1-5
CNRM-ESM2-1

CanESM5
CanESM5-CanOE

GFDL-CM4
GFDL-ESM4

IPSL-CM6A-LR
MIROC-ES2L

MPI-ESM1-2-HR
MPI-ESM1-2-LR

MRI-ESM2-0
NorESM2-LM

NorESM2-MM
UKESM1-0-LL

5.0 0.0 5.0 10.0 15.0
Linear trend OMZ Volume

[m3/century]
×1015

Thermocline
(TC)

Intermediate
Waters

(IW)

TC+IW

b)

Density Framework (This study)
Change in OMZ Volume

Figure 6: Change in OMZ volume in the 14 ESMs using a) a constant depth framework
and b) a constant density framework (same as Figure3d). Changes are computed using
linear trends from 2000 to 2100. Values in a) are only shown for a single member for
illustration purposes. Grey bar indicates Multi-ESM median.

layers depending on the model. Similarly, intermediate waters can be fully accounted for381

in the mid-depth layer, be split between the shallow and mid-depth layer, or even have382

a part that extends deeper and is not accounted for. Note that the choice of the depths383

(surface, 1000m, and 2000m here) has little influence on this finding. In contrast, the den-384

sity framework shows changes that are more robust in their sign and amplitude (Figure385

6b). These results suggest that the density framework used here might be able to par-386

tially reconcile the discrepancies found in older model generations as well.387

We note two caveats in the projection of the Pacific OMZ expansion. The ESMs388

agree very well in the thermocline, but the uncertain balance between physical and bi-389

ological effects in the intermediate waters introduces uncertainties in the magnitude of390

the OMZ expansion. Depending on the ESM, the robust changes in the thermocline can391

be modulated by OMZ contraction/expansion in the intermediate waters. While the multi-392

model median suggests a near-zero change or a slight contraction of the OMZ in inter-393

mediate waters, further work is needed to determine the magnitude of this change. In394

addition, we note that, unlike in observations, 10 out of 14 ESMs simulate hypoxic wa-395

ters in deep waters below the intermediate waters, at depth that often exceeds 2000 m396

(Figure A2 and Figure A3). Most of these ESMs show a contraction of the OMZ vol-397

ume in the deep ocean. In this study, however, we focused on the thermocline and in-398

termediate layers where the OMZ is found in nature and excluded these unrealistic deep399

OMZs ventilated by denser water masses on longer timescales (Heuzé (2020)), which have400

therefore less relevance to understanding the future of the Pacific OMZ.401

Our results suggest that biogeochemical feedbacks might be important for the OMZ402

volume in the intermediate waters and hence the magnitude of the total OMZ expan-403

sion (both in the thermocline and intermediate waters). Specifically, in the ESM case404

studies presented here, we find that ESMs with higher complexity in the biogeochem-405

ical module (GFDL-ESM4 vs. GFDL-CM4 and CanESM5-CanOE vs. CanESM5) show406

smaller changes in OMZ volume in the intermediate waters, compared to their simpler407

biogeochemical counterparts (noting that for the GFDL ESMs the comparison is less clear408
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ESM Variables Number of Members

ACCESS-ESM1-5 (Ziehn et al., 2019a, 2019b) agessc, epc100, mlotst, o2, so, thetao, vo 3

CNRM-ESM2-1 (Seferian, 2018, 2019) epc100, mlotst, o2, so, thetao, vo 5

CanESM5 (Swart et al., 2019d, 2019e) agessc, epc100, mlotst, o2, so, thetao, vo 17

CanESM5-CanOE (Swart et al., 2019b, 2019c) agessc, epc100, mlotst, o2, so, thetao, vo 3

GFDL-CM4 (Guo et al., 2018a, 2018b) agessc* (yr), o2 (gr), so, thetao, vo 1

GFDL-ESM4 (Krasting et al., 2018; John et al., 2018) agessc* (yr), epc100 (gr), mlotst, o2 (gr), so, thetao, vo* 1

IPSL-CM6A-LR (Boucher et al., 2018, 2019) agessc, epc100, mlotst, o2, so, thetao, vo 6

MIROC-ES2L (Hajima et al., 2019; Tachiiri et al., 2019) agessc, epc100, o2, so, thetao, vo 1

MPI-ESM1-2-HR (Jungclaus et al., 2019; Schupfner et al., 2019) epc100, mlotst, o2, so, thetao, vo 2

MPI-ESM1-2-LR (Wieners et al., 2019a, 2019b) agessc, epc100, mlotst, o2, so, thetao, vo 10

MRI-ESM2-0 (Yukimoto et al., 2019a, 2019b) epc100, mlotst, o2, so, thetao, vo 1

NorESM2-LM (Seland et al., 2019a, 2019b) agessc (gr), epc100, mlotst, o2 (gr), so (gr), thetao (gr), vo 1

NorESM2-MM (Bentsen et al., 2019a, 2019b) agessc (gr), epc100, mlotst, o2 (gr), so (gr), thetao (gr), vo 1

UKESM1-0-LL (Tang et al., 2019; Good et al., 2019) epc100, mlotst, o2, so, thetao, vo 1

Table 1: ESM data used in this study. Variables used: Dissolved oxygen concentration
(o2), salinity (so), potential temperature (thetao), mixed layer depth (mlotst), particulate
carbon export at 100 m (epc100), and ideal age (agessc) where available. We only use
members that provide all data and can be detrended (some members could not be de-
trended due to errors in the metadata). The number of members used here can therefore
be lower than the number published by the modeling center on ESGF). If not otherwise
marked variables are given as monthly averages on the native ocean grid of the respec-
tive ESM. Variables with ‘gr‘ were only available as regridded 1◦ by 1◦ outputs and have
been bilinearly interpolated on the native grid. Variables with ‘yr‘ were only available as
yearly output and were interpolated linearly to monthly intervals before analysis. Vari-
able marked with an asterisk (*) are not available via ESGF and were provided by GFDL
collaborator Jasmin John.

since the physical setup also differs). A more in-depth analysis of these feedbacks would409

be needed to quantify their magnitude. If the importance of biogeochemical feedbacks410

is confirmed, realistic future expansion of the Pacific OMZ would depend mostly on the411

response in the thermocline and lie in the upper range of the values analyzed here (i.e.,412

3.5 − 5 × 1015m3 ).413

The increase in OMZ thickness, and particularly the expansion of the OMZ in the414

thermocline in response to anthropogenic forcing, will translate into a shallowing of the415

upper boundary of the OMZ. This shallowing of low oxygenated waters would maximize416

the detrimental ecological and economic consequences since the upper boundary of the417

OMZ has a disproportionate effect on ecosystems, ecosystem services such as fisheries418

(Stramma et al., 2012), and greenhouse gas (N2O) emissions (Yang et al., 2017) with pos-419

itive feedback on the Earth System.420

Appendix A Historical OMZ distribution in individual ESMs421

The spatial extent of the OMZ is different in all ESMs (Figure A1 and A2). Three422

ESMs, in particular, show an OMZ extent that strongly differs from observations, likely423

impeding their ability to project future changes. The OMZ in CNRM-ESM2-1 is too large,424

with hypoxic waters extending over the whole basin up to the western boundary and all425

the way to the ocean floor into deeper waters (Figs A1 and A2 panels b). In contrast,426

IPSL-CM6A-LR shows very little hypoxic waters in the thermocline and intermediate427

waters, except very near the eastern Pacific coasts (Figs. A1 and A2 panels g). MIROC-428

ES2L shows the smallest OMZ of all ESMs (Figs. A1 and A2 panels h), largely under-429

estimating its volume (Figure 1g) . Additionally, this ESM has strong biases in the wa-430
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Figure A1: O2 concentrations averaged over thermocline and intermediate waters (same
as Figure 1b) for each ESM used in this study. Where appropriate ESM members are
averaged. Black contour shows the 80 µmol/kg contour from World Ocean Atlas observa-
tions (see Figure 1a).

ter column stratification; there are no very dense waters in this model (note the sigma0 =431

27.65 line does not exist in Figure A2 h). In these three models, biases in the ocean cir-432

culation and ventilation are likely responsible for the misrepresentation of the histori-433

cal OMZ extent and their potentially unrealistic projections of OMZ volume in the fu-434

ture (Figure 3).435

In this study, we focused on the thermocline and intermediate layers, excluding the436

’deep’ density layer where only a small proportion of the observed OMZ (about 0.3%)437

is present in our region of interest (Tropical Pacific 30◦S-30◦N; for details, see Methods).438

Many of the ESMs, however, simulate a deeper OMZ at depth that often exceeds 2000439

m (Figure A2 and Figure A3). These unrealistic deep OMZs are ventilated by different440
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Figure A2: O2 concentrations along a depth section at 140◦W (same as Figure 1d) for
each ESM used in this study. Orange contour shows the 80 µmol/kg contour from World
Ocean Atlas observations (see Figure 1a). Black contour shows the sigma0 boundaries
used to delimit thermocline and intermediate waters.

water masses and on different timescales than the OMZ found in nature and have there-441

fore little relevance to understanding the future of the Pacific OMZ.442
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Figure A3: a) OMZ volume during the historical period and trends over 2000-2100 pe-
riod for the deep ocean (σ0 > 27.65 kg/m3) for World Ocean Atlas observations and 14
CMIP6 ESMs. a) Historical OMZ volume for Observations and ESMs Same as Figure 1
e-g for deep ocean. b) Linear trend in OMZ volume for CMIP6 ESMs. Same as Figure 3d
for deep ocean. c) Timeseries of OMZ volume for CMIP6 ESMs. Same as Figure 3 a/b
for deep ocean.

Appendix B Simulated changes in OMZ thickness and carbon export443

in individual models444

The changes in OMZ thickness are very consistent between all the ESMs but de-445

pend on the historical extent of the OMZ (indicated as black contours in Figure B1). For446

instance, both CanESM5-CanOE (Figure B1e) and MPI-ESM1-2-LR (Figure B1k) both447

show increases in OMZ thickness, but the changes in CanESM5-CanOE are much more448

confined to the eastern basin, similarl to the historical OMZ in those models.449

The historical particulate carbon export at 100m depth is markedly lower compared450

to CMIP5 estimates (compare to Cabré et al. (2015) Figure 5), and with values between451

0.4-1.2 Pg/yr closer to observational estimates by Siegel et al. (2014) and Dunne et al.452

(2005), but still considerably larger than estimates by Henson et al. (2012). Most mod-453

els simulate a decline of export at the end of the century. 12 out of the 13 ESMs which454

provided export output show a decline in particulate export ranging from 5% to over 30%455

compared to the historical period (Figure B2). The particulate carbon export declines456
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Figure B1: Changes in OMZ thickness computed as the linear trend from 2000-2100 in
thermocline+intermediate waters a) Multi-ESM median (same as Figure 2) and each indi-
vidual ESM (members averaged when available). All fields are smoothed with ∼1 degree
gaussian kernel and OMZ historical extent is indicated by contour (80 µmol/kg ).

very strongly in two ESMs (ACCESS-ESM1-5 and MRI-ESM2-0, Figure B2), which also457

show a strong decline in OMZ volume in the intermediate waters from 2000 to 2100 (Fig-458

ure 3b). Emergent constraints on the decline in primary productivity suggest that such459

extreme changes in carbon export and the associated oxygen demand at depth are rather460

unlikely (Kwiatkowski et al., 2017), and that the strong decrease in OMZ volume sim-461

ulated in these models might not be realistic.462

Appendix C Robustness of OMZ projection in density framework463

In the main manuscript, we use a unique threshold of 80 µmol/kg to define the OMZ.464

Figure C1 shows however, that the results are largely insensitive to the choice of the oxy-465

gen threshold, in particular in the thermocline. This suggests that changes in OMZ vol-466

ume in the thermocline are driven by large basin-scale changes in O2 concentrations and467

not localized changes (these would only affect some of the thresholds). It also shows how468

our density framework adds to the robustness of the multi-ESM projection compared to469

prior work using depth layers. For instance Bopp et al. (2013); Cabré et al. (2015) showed470

that both the sign and magnitude of the projected OMZ volume change depended on471
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Figure B2: Particulate organic carbon export at 100 m depth (variable epc100) for 20◦S-
20◦N and 180◦W-60◦W. Upper: Historical export (1960-2000) Lower: Percent change of
export from 2060-2100 to 1960-2000.
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Figure C1: Change in OMZ volume for various O2 thresholds in the thermocline (a) and
intermediate waters (b). Values are calculated as the linear trend over yearly data from
2000-2100 relative to the 1960-2000 OMZ volume (only shown if 1960-2000 OMZ volume
exceeds 5 × 1013m3). Shading indicates ±1 standard deviation of the ESM members when
available.

the O2 threshold (note that only Cabré et al. (2015) isolates changes for the Pacific ocean).472

See details in the conclusion of the main text.473

Acronyms474

OMZ Oxygen Minimum Zone475

ESM Earth System Model476
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AOU Apparent Oxygen Utilization477

OUR Oxygen Utilization Rate478

STCI Subtropical Cell Index479
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