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Ivan Almendra 1, Boris Dewitte2,3,4,5 , Véronique Garçon 6, Praxedes Muñoz2,3, Carolina Parada1,
Ivonne Montes 7, Olaf Duteil8, Aurélien Paulmier9, Oscar Pizarro1, Marcel Ramos2,3,
Wolfgang Koeve 8 & Andreas Oschlies 8

As a consequence of on-going global warming, the ocean is losing oxygen,which has implications not
only in terms of marine resources management and food supply but also in terms of the potentially
important feedback on the global carbon cycle and climate. Of particular scrutiny are the extended
zones of already low levels of oxygen called the oxygen minimum zones (OMZs) embedded in the
subsurface waters of the productive Eastern Boundary Upwelling Systems (EBUS). These OMZs are
currently diversely simulated by state-of-the-art Earth System Models (ESM) hampering a reliable
projection of ocean deoxygenation onmarine ecosystem services in these regions. Here we focus on
themost emblematic EBUSOMZsof the planet, that of the South Eastern Pacific (SEP), which is under
the direct influence of the El Niño Southern Oscillation (ENSO), the main climate mode on interannual
timescales at global scale. We show that, despite the low consensus among ESM long-term
projections of oxygen levels, the sensitivity of the depth of the uppermargin (oxycline) of the SEPOMZ
to El Niño events in an ensemble of ESMs can be used as a predictor of its long-term trend, which
establishes an emergent constraint for the SEP OMZ. Because the oxycline along the coast of Peru
and Chile deepens during El Niño events, the upper bound of the SEP OMZ is thus likely to deepen in
the future climate, therefore oxygenating the SEP OMZ. This has implications not only for
understanding the nitrogen and carbon cycles at global scale but also for designing adaptation
strategies for regional upper-ocean ecosystem services.

Dissolved oxygen (DO) sustains marine life1 and constrains the habitat of
almost all marine species2. Yet, extended regions of the ocean where oxygen
concentrations can fall beyond the detection limit of most sensors, the
oxygen-deficient regions or Oxygen Minimum Zones (OMZ), are embed-
ded in very productive regionswith high biodiversity 3. The largest OMZs of
the planet are found in the Eastern Boundary Upwelling Systems of the
Pacific Ocean. They are formed from sluggish circulation4,5 combined with
an intense upwelling-induced organic material export6,7. OMZs regulate
global biogeochemical cycles through producing potent greenhouse gases

like nitrous oxide andmethane8,9. They also constrain the distributions and
abundances of many zooplankton species and some mesopelagic species
through forming a respiratory barrier10–12. Current projections suggest that
OMZsmight expand under global warming (Stramma et al.13,14), which has
raised concern on the potential alteration of the structure and functioning of
the food-web in these regions, with consequences on food security3. It has
urged the scientific community to enhance the observing system of the yet
poorly sampled essential variable oxygen15. In fact the scarcity of oxygen
data, combined to the persistent difficulty of global Earth System models
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(ESMs) to realistically simulate OMZs16,17 (Supplementary Fig. S1), has
hampered a proper understanding of the processes driving oxygen varia-
bility at a variety of timescales. While the solubility effect dominantly
controls global warming driven oxygen variability near the surface, a
quantitative understanding of contributions from other mechanisms is still
lacking18,19.

In thePacific ocean, climatemodels still poorly simulate certain aspects
of the subthermocline circulation, including the Intermediate Deep Water
(IDW), the Equatorial Intermediate Current System20, and the Antarctic
Intermediate Water16,21,22 that modulate the OMZ waters at interannual to
decadal frequencies23. Within the thermocline and above, details in the
equatorial eastern Pacific circulation not well accounted for by climate
models influence the transport of deoxygenated waters to the OMZs. These
include the narrow eastward Tsuchiya jets located a few degrees on either
side of the equator24,25 that serve as a conduit by which tropical variability
can modulate the OMZs at seasonal to decadal timescales20,26. Models have
thus exhibited a large spread in OMZ properties16 (See Supplementary
Fig. S1) and their projected future climate response (see Fig. 1a for the SEP
OMZ volume). Such a spread on climatic timescales questions the extent to
which it correlates to variations on shorter timescales, which could provide
an emergent constraint27 to pinpoint observational predictors for oxygen
changes and in themeantime guide the design of observational network for
this essential variable15.

In the SEP, potentially observable OMZ metrics include the oxycline
depth along the coast at a few sites where long-term monitoring has been
performed28–30, although these coastal sitesmostly sample the water column
above the OMZ and may monitor anthropogenic signals from different
sources difficult to interpret. Regarding relevant timescales for oxygen
variability in SEP, it appears obvious to consider the interannual timescale as
the El Niño Southern Oscillation (ENSO) is the main mode of interannual
variability at global scale. On the one hand, the strong ENSO oceanic

teleconnection along the west coast of South America through the propa-
gation of planetary waves31–36 (among others) implies a large signal-to-noise
ratio in interannual fluctuations of oxygen due to wave-induced advection
processes. On the other hand, the OMZ sensitivity to ENSO can operate
through many other mechanisms19. For instance, while El Niño-induced
deepening of the thermocline along the coast of Peru and Chile30,33,35 may
foster oxygenation through advection and diffusive processes, DO transport
by the equatorial subsurface currents (i.e., the Equatorial UnderCurrent
(EUC) and the two Tsuchiya Jets (hereafter pSSCC and sSSCC for primary
and secondary subsurface undercurrents respectively)) into the Peru-Chile
Undercurrent (PCUC) may also be modulated by ENSO through altering
their strength26 and/or the DO concentration in the equatorial region37,38.
Montes et al.26 indicate in particular that the PCUC is mainly fed by the
pSSCCand the EUCduring LaNiña, while the sSSCC is amain contributor
of the PCUC waters during El Niño. Since these currents are important
contributors to the oxygen balance off Peru26, their modulation by ENSO
could impact the ventilation of the OMZ. A slowdown of the EUC is in
general conducive of a more intense OMZ39,40. However, the SEP OMZ is
very sensitive to the details of these currents (vertical structure, intensity,
position)26,39. Thermocline deepening during ElNiño event, by reducing the
nutrient supply to the euphotic layer and associated primary production,
also reduces the downward flux of organic matter, which decreases oxygen
consumption by respiration41,42. Enhanced eddy activity during El Niño off
Peru43 also tends to ventilate the nearshore OMZ44. Altogether, these
mechanisms yield a positive relationship between theDO levels in the upper
OMZ (oxycline depth) and ENSO29,37,38,44–46. At longer timescales (multi-
decadal), the relationship between the SEP OMZ and tropical variability is
more ubiquitous since it is mediated by themeridional DO transport by the
subtropical cells connecting the subtropics to the tropics in the upper
thermocline. Duteil et al.47 found in particular that the positive phase of the
PDO is associated with an expansion of the suboxic regions of the eastern

Fig. 1 | Evolution of OMZ volume anomalies and ENSO variance for the period
1850–2100. a Evolution of the OMZ volume anomalies (in m3) in the models. The
OMZ volume is defined as the volume of waters with oxygen concentration below 45
µmol L−1 over the region (5°N–35°S; 160°E–70°W; 0–1000 m). Anomalies are
relative to the mean over the period 1950–2005 shown for each model in Supple-
mentary Fig. S1. Colors are for each individual model (see color code on the right-
hand side panel, see also Table S1 for model details); the black curve is for the

ensemble mean, while the shading in purple stands for ± the standard deviation
amongst the ensemble. 16 models are considered out of the 19 models analyzed in
this study because three of them have a OMZ volume near zero with the 45 µmol L−1

threshold (see model names in red in Table S1). b 21-year running variance of the E
index (see Methods) (December–January–February mean) for the ensemble mean.
The purple stands for ± the standard deviation amongst models. The horizontal
dashed line in red corresponds to the mean value.
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tropical Pacific OMZ despite the thermocline deepening along the coast of
Peru andChile48. In fact, current global oceanmodels still have limitations in
reproducing measured changes in concentrations and their distribution of
low oxygenwaters over the past 50 years14,16,49 and current understanding of
decadal oxygen variability remains limited50.

Recent studies have also pointed out the existence of distinct ENSO
regimes that manifest as different peak Sea Surface Temperature (SST)
anomaly patterns along the equatorial Pacific as well as different
magnitudes51. In particular, strong El Niño events that are projected to
increase in amplitude and frequency in the future climate52,53 have their
centerof action in theEasternPacific yielding amarkedand rapiddeepening
of the thermocline along the coast of Peru and Chile through geostrophic
adjustments33–35, as well as significant fluctuations in the turbulent flow
along the coast43, which has the potential to modulate the SEP OMZ29.

Results
Emergent constraint on oxygenation
Here, considering the current uncertainty in the future SEP upper OMZ
trend, we use projections from the Coupled Climate Carbon Cycle Model
Intercomparison Project (CMIP, Phases 5 and 6) to look for an emergent
constraint linking the sensitivity of the upper OMZ in the SEP along the
coast of Peru and Chile to El Niño events. The focus is on strong El Niño
events that peak in the Eastern Pacific54, hereafter referred to as Eastern
Pacific El Niño (EP EN), considering their large imprint on the OMZ29,45.
Figure 2 represents the values of the regression coefficient betweenanEPEN
index (E index, see method section for definition) and simulated oxygen
concentration for an ensemble of ESMs from CMIP5 and CMIP6 (see
Method section) in amap at 100m.Vertical zonal sections at 12°S and 30°S,
two key upwelling centers along the coast of Peru andChile, are provided in
the Supplementary Material (Fig. S2b, c). Positive values of the regression
coefficients indicate increasing oxygen concentrations during EN, which is
almost everywhere along theuppermarginof theOMZ, that is in the vicinity
of the oxycline. At 100m depth, the values of regression coefficients decline
southward and westward. The maximum values are found near the coast
above the mean 45 µmol L−1 isopleths (rectangles in Fig. S2b, c). They also
correspond to the regions with positive long-term trends in oxygen (Fig. 2b,
S3b, c) with, however, a low consensus amongst the models (cf. Fig. S4)
except at 12°S.

Given the emergent constraint framework55–59, we speculate that
ENSO-induced upper-ocean oxygen fluctuations in these regions can be
used as predictors of long-term changes in oxygen. This is grounded in the
expectation that, collectively, processes driving fluctuations in oxygen in the
upper OMZ operate similarly on interannual timescales (i.e., ENSO

timescales) and on longer timescales of climate change, which is arguably
debatable60. The by now widely used statistical approach of emergent con-
straints has, however, value for narrowing uncertainties in the projections of
climate change. Overall Fig. 2 indicates that the oxygen climate change
pattern within the OMZ at the oxycline level is comparable to that of its
sensitivity to EN, that is a tendency for oxygenation off the coasts of Peru
and Chile that extends off-shore further off Peru than off Chile. There is a
low consensus amongst the models in terms of the trend over most of the
OMZ extent at 100m (white stippling in Fig. 2b) except off central Peru in a
localized area. The regions of maximum positive trend correspond to those
where the dispersion amongst models is largest (Supplementary Fig. S4).
This large uncertainty associated with future oxygen changes across ESM
ensembles61,62 motivates the determination of an emergent relationship.

The Figure 3a, b displays the scatter plot of the climate sensitivity
against theENSOsensitivity (E index) in termsof oxygenaveraged along the
zonal sections at 12°S and 30°S in a coastal box (see rectangles in Fig. S2b, c)
for the model ensemble. The linear fit shows a significant positive value of
the correlation (c = 0.59 at 12°S and c = 0.62 at 30°S), indicating that there is
a linear relationship between the sensitivity of oxygen to ENSO-driven SST
variability and the long-term sensitivity of oxygen to climate change in the
twenty-first century in the two main upwelling centers along the coasts of
SouthAmerica. Such a relationship holds overmost of the coast of Peru and
northern-central Chile (Fig. 3). However, the latitudinal range of significant
correlation depends onwhere the peak SSTwarming during EN takes place.
For the E index, the correlation is significant between 5°S and 17°S and
between 26°S and 30°S (blue curve in Fig. 3c), while for the C index (see
Methods), it is significant in the latitudinal range between 17°S and 27°S
(green curve in Fig. 3c). This is interpreted as resulting from the seasonal
evolution of strong EN events. In particular, during the development of
strong EN, SST warming takes place in the central equatorial Pacific during
Austral summer (C region) and, the SST anomalies of the concurrent EN
subsequently peak in the eastern equatorial Pacific (E region) the next year
in Austral summer. The yearly mean E and C indices thus can both grasp
variability associated with the same strong EN. However, by construction,
the C index also grasps variability associated with moderate CP EN and La
Niña events54, which has distinct teleconnections along the west coast of
South America36,63. This explains why the relationship between ENSO and
climate sensitivities can vary as a functionof latitude according to theE (blue
curve in Fig. 3c) and C (green curve in Fig. 3c) indices.

Overall, however, the results indicate that EN events, whether it is
through the influenceof theCorE index, are associatedwith oxygenation of
the upper SEP OMZ and that the spread amongst models is correlated to
that of the oxygen climate sensitivity from the equatorial region up to ~31°S

Fig. 2 | Comparison between the ENSO-oxygen
relationship and the long-term trend at 100 m.
Ensemble mean amongst the models of the
a regression coefficient between dissolved oxygen
(DO) and the E index (in µmol L−1 °C−1) over the
period 1920–2014 and of the b long-term linear
trend of DO over the period 2015–2100 (in µmol L−1

per decade). The contours in blue and red indicate
the limit of the OMZ (i.e., 45 µmol L−1 isopleths) at
300 m for the present (1920–2014) and future
(2015–2100) climates, respectively. The zonal lines
at 12°S and 30°S indicate the latitudes of the vertical
sections for the same quantities shown in Supple-
mentary Fig. S2b, c. Black stippling in a and white
stippling in b indicates grid points where <80% of
the models agrees on the sign.
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(the maximum correlation value between the two curves reaches 0.78 on
average between 5°S and 31°S, Fig. 3c). Such an emergent relationship is also
evidenced when considering a proxy of the oxycline depth anomalies (see
Supplementary Fig. S5). In summary, the results indicate that models with
higher interannual oxygen sensitivity to SST anomalies of the equatorial
Pacific in historical simulations consistently project greater oxygenation
within the oxycline (upper OMZ) per degree warming in the twenty-first
century along the coast of Peru and Northern-central Chile.

The forcing of the SEP OMZ by a changing ENSO variability
An implication of our results regards the mechanistic understanding of the
sensitivity of the SEP upper OMZ to tropical forcing at low-frequency
timescales. First, the relationship between the SEP OMZ and the tropical
variability evidenced here is consistent with modeling studies focused on
different timescales64 and mean climate conditions65–68. From a statistical
perspective, our results suggest that the oxygenation of the SEP upperOMZ
during strong EN events may have a residual on the long-term mean
because cool events (La Niña episode) and CP EN events that are weaker in
magnitude (asmeasured as the amplitude of theC index, seeMethods) than
EP EN events54 have a weaker imprint on the OMZ. In other words, the
ENSO asymmetry is transmitted to the SEP upper OMZ through a number

of processes (e.g., radiation of downwelling extra-tropical Rossby waves,
downwellingKelvinwave propagation, enhancedmesoscale activity, etc. see
Pitcher et al.19). This is evidenced by the map of skewness of dissolved
oxygen anomalies at 100m for the model simulating a realistic ENSO
asymmetry (seeMethods, Fig. 4a). It shows an elongated pattern of positive
skewness extending from the equatorial region (~10°S) to along the coast of
Peru and Chile. A region of peak positive skewness is also found along the
sections at 12°S and 30°S that matches with regions of influence of ENSO
(rectangles in Fig. S2b, c) but with a more off-shore extension along the
oxycline. Retaining all the models yields comparable results albeit with a
positive skewness peaking more off-shore below 100m (Fig. S6).

As El Niño events are expected to increase in frequency and
amplitude52,69 aswell as to last longer70,71 in thewarmer climate, wemay thus
expect a long-term increase in oxygen concentration in the SEPupperOMZ
as greenhouse gases in the atmosphere increase. This does not preclude
decadal variations as the increase in ENSO variance is not steady70,72 and
other ventilation processes can take place at long timescales18 (Cabré et
al.16,20,73,74). Consistently, we find that our ensemble model evidences a sig-
nificant long-termmean increase in the variance of the E index (Fig. 1b; the
slope of the linear fit of the 21-year running variance of the E index reaches
0.04 °C century−1 which is significant at the 95% confidence level based on a

Fig. 3 | Relationship between the sensitivity of dissolved oxygen (DO) to ENSO
and to global warming (emergent constraint). The long-term (2015–2100) sen-
sitivity of DO to SST warming in the Eastern equatorial Pacific (average over the E
mode region) against the interannual sensitivity (1920–2014) ofDO to the E index at
a 12°S and b 30°S for the 18 ESMs (Mi dots, where i = 1,..,19). The straight line
(black) in a and b corresponds to the linear fit to the Mi points. Pearson correlation
value is indicated in the top left corner of each panel. The horizontal and vertical
black segments on the point labels provide an estimate of the errors. The size of the
black segment represents ± the standard deviation amongst 1000 estimates of the
ENSO and climate sensitivities using a bootstrap method for which 80 years are
chosen randomly. The colored segments on the point corresponding to CESM-
LENS (M10) correspond to the errors associatedwith natural variability estimated as
± the standard deviation of the ENSO and climate sensitivities amongst the 34
members. The vertical line in blue with purple shading indicates the value of ENSO
sensitivity of the regional biogeochemical model simulation (see Methods). The

shading stands for the 25% and 75% percentiles of the distribution of DO ENSO
sensitivity obtained from a bootstrap method applied to the regional model data
(1958–2008). 1000 values of the DO ENSO sensitivity were estimated based on 40
years of the simulation selected randomly amongst the 51 years. The red vertical line
indicates an estimate of the observed value at 12°S. The value is estimated from
Figure 6a of Graco et al.29 taking the value at 100 m as an estimate of the mean
between 25 m and 200 m like for the models. This value is further divided by 0.29 °C
that corresponds to the norm of the observed E mode pattern (see Methods).
c Correlation amongst the models between the DO ENSO sensitivity and the DO
climate sensitivity as a function of latitude between 5°S–39°S for the E index (blue)
and the C index (green). DO is averaged in a region corresponding to the upper
oxycline: a i.e., (25 m–200 m; 82°W–77°W), b (25 m–200 m; 75°W–72°W) (see
rectangles in Supplementary Fig. S2b, c), and c 25 m–200 m in a coastal fringe of 3° in
longitudinal extent. The thicker portions of the curves indicate where the correla-
tions are significant at the 95% level based on a student’s t test.
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student’s t-test; see also Fig. S7a) associated with a mean increase in the
frequencyof occurrence of strongElNiño events from thepresent climate to
the future climate (Fig. S7c). Considering the complex of processes involved
in the SEP OMZ low-frequency variability, our findings may thus help
interpreting proxy record of past SEP OMZ states75–79 noting that paleo
OMZ studies mostly rely on mechanisms that involve low-frequency
changes in the mean ocean circulation (i.e., changes in upwelling-driven
biological export production and changes in ventilation associated with
water formation in the ocean interior) but not in the high-frequency
variability (i.e., ENSO). For instance, during the Miocene period, a period
warmer than today’s average temperatures, Hess et al.78 showed that the
eastern tropical Pacific was certainly well-oxygenated, suggesting a con-
tracted SEP OMZ, which is attributed to a weakerWalker circulation. This
period was also associated with enhanced ENSO variability80, which could
have also participated to oxygenate the SEPOMZduring that period. Paleo-
climate reconstructions of the ENSO phenomenon covering the past
~10,000 years evidence an intensification of the ENSO variance in the late
20th century relative to other pre-industrial periods81,82. This couldhave also
compensated the global deoxygenation trend due to the rapid rate of global
warming since the mid 20th century in the SEP upper OMZ.

Concluding remarks
The largedispersion in the simulationof the sensitivity of theOMZtoENSO
and tropical Pacific warming evidenced here calls for further investigating if
its source is embedded in the physical or/and biological components of the
ESMs83, or if it results fromerrors propagation84. Global ESMshave inherent
limitations associatedwith their too lowhorizontal resolution to realistically
account for coastal upwelling non-linear dynamics (Gruber et al.85).
Regional high-resolution coupled modeling and observational studies evi-
dence inparticular thatmesoscale to submesoscale dynamics, not accounted
for in the current generation of ESMs, are certainly important for explaining
oxygen variability86–90. Global ESMs also currently simulate ENSO patterns
and amplitude diversely91, which contributes to the spread of the oxygen
sensitivity to ENSO-driven SST variability. The representation of the
microbial loop driving the organic matter fate and the associated O2 con-
sumption, and thus part of the OMZs’ dynamics92, is still also highly sim-
plified in the current-generation biogeochemical models. More research is

thus needed to reduce the structural errors in the models, in order to
enhance our confidence in the probabilistic interpretation of multi-model
ensembles.

Given the low confidence in model projections, the existence of
the emergent relationship evidenced here has thus practical value
since it may help constrain the SEP upper OMZ sensitivity to climate
change from observations. Currently, this is difficult to achieve
observationally owing to the paucity of long-term oxygen data sets in
this region of the world (Stramma et al.13,15). Off the coast of Peru
(12°S), a monthly timeseries from 1996 is available29 providing to
some extent a benchmark for the sensitivity of DO to ENSO (see
vertical red line in Fig. 3a; see Method in the caption text of Fig. 3a).
However, limitations are associated with the record sampling (i.e.,
only one strong EP EN event (1997/1998)) and its location near the
coast exposing it to natural variability associated with mesoscale
processes and eutrophication effects. High-resolution long-term
regional model simulations that may represent more realistically the
OMZ than global ESMs can provide a clue on where the oxygen
sensitivity to ENSO stands (see vertical line in blue color in Fig. 3
estimated from a regional biogeochemical coupled model simulation,
see Methods), although confidence in their realism remains also
dependent on the availability of observations. Previous studies have
emphasized the sensitivity of the estimate of the observed DO trends
along the coast of Peru and Chile to the sampling and period41,44.
Here we find that this is also the case for the DO ENSO sensitivity
and that the estimate from Graco et al.’s29 data may be too con-
servative (Fig. S8). Assuming that the regional model simulation
provides a more realistic value of where the DO ENSO sensitivity
stands, the DO climate sensitivity at 12°S and 30°S could reach
9.58 µmol L−1 °C−1 and 4.87 µmol L−1 °C−1, respectively (See Table S2
for error estimates), meaning that the upper margin of the OMZ
would oxygenate twice faster off central Peru than off central Chile.
More observations are needed to confirm this prediction. The current
status of the observational record in the SEP in terms of the oxygen
variable93,94 still makes it difficult to constrain the upper OMZ sen-
sitivity to climate change using the emergent relationship established
here. International programs and networks (TPOS2020, GO2NE,

Skewness O2

100W 95W 90W 85W 80W 75W 70W
40S

30S

20S

10S

0

-10 -5 0 5 10

 mol L-1

Skewness O2

100W 95W 90W 85W 80W
-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

D
ep

th
 [

m
]

-10 -5 0 5 10

 mol L-1

Skewness O2

80W 78W 76W 74W 72W
-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

D
ep

th
 [

m
]

-10 -5 0 5 10

 mol L-1

a) b) c)

Z = 100m

12oS 30oS

Fig. 4 | Asymmetry of the SEP OMZ. Ensemble mean weighted skewness of dis-
solved oxygen anomalies (a) at 100 m, (b, c) along sections at 12°S and 30°S in the
historical simulations (1920–2014). The contours in blue indicate the limit of the
OMZ (i.e., 45 µmol/L isopleths) (at 300 m in a)). The linear trend has been removed

prior to the calculation of weighted skewness (see Method). In this figure, only the
models that simulate a realistic ENSO asymmetry, i.e., with a value of the α para-
meter lower than −0.15 were considered (see Methods for the definition of α and
Table 1 of the supplementary material for the value of α).
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ARGO) have recently made recommendations and provided path-
ways for filling in that gap15,95–97. Our results thus offer an incentive
for pursuing observational efforts deployed in the framework of
regional programs (cf. the SEPICAF (South Eastern Pacific Circula-
tion from Argo floats) project, a contribution to the International
BGC-Argo program for the SEP that emerged from the recommen-
dations of the TPOS2020 report). More importantly, it also provides
the foundation of an alternative storyline for the evolution of marine
ecosystems in this region (i.e., ocean oxygenation), which may guide
the development of adaptation strategies. In particular, while much
attention has been drawn to ocean deoxygenation at a global scale
and its negative effects on marine biota, the fate of the SEP upper
OMZ is more likely to be dominated by oxygenation.

Methods
Observations
Climatological oxygen concentrations are from the CARS (CSIRO Atlas of
Regional Seas) 2009 data set (Ridgway et al.98). SST data (1870–2019) are
from HadISST v1.1 (Hadley Centre Sea Ice and Sea Surface Temperature
version 1.1) (Rayner et al.99).

Earth systemmodels
Oxygen model outputs of 19 models belonging to the Coupled Model
Intercomparison Project phase5 (CMIP5100) and 6 (CMIP6101) were used
(See lists inTable S1).Additionally, we used34members of theCESMLarge
Ensemble102 to evaluate the sensitivity of the result to natural variability and
to temporal resolution (monthlymean versus yearlymean) of the data since
mostmodels provide only yearly mean data for oxygen (see Supplementary
Fig. S9). The historical (1950–2014) scenario is used as a surrogate of the
present climate, whereas the Representative Concentration Pathway (RCP)
8.5 (RCP8.5) and the Socioeconomic Pathway (SSP) 8.5 (SSP85), which
corresponds to a high greenhouse gas emissions pathway for which a
radiative forcing of 8.5Wm−2 is reached at the end of the century103, is used
as future climate scenario (2015–2100). Model data were bilinearly inter-
polated horizontally on a similar grid with resolution of 1.5° × 1.5° and
linearly interpolated on the vertical using 60 vertical levels (native vertical
grid of the CESM1-BCG model).

Regional model simulation
Oxygen data of a long-term regional biogeochemical coupled model
simulation are also used as a benchmark for evaluating the global ESMs in
terms of their sensitivity to ENSO (Fig. 3a, b). The simulation covers the
period 1958–2008. The model is based on the biogeochemical model of
Gutknecht et al.104,105 tuned for realistically simulating thePeruvianOMZ26,87

coupled to the hydro-dynamical solution of Dewitte et al.33. The simulation
was extensively validated from both satellite and in situ observations, and
was shown to account realistically for the changes in oceanic circulation off
Peru and Chile during the 3 intense El Niño that it samples (1972/73, 1982/
83, 1997/1998)33,43. It has been used to study the OMZ dynamics off Peru86

and off Chile88,106.

ENSO indices
We use objectively defined indices for Eastern Pacific (EP) El Niño and
Central Pacific (CP) El Niño occurrence and amplitude in order to reduce
uncertainties associated with the models simulating a large diversity in
ENSOpatterns52. These indices, named theE andC indices, are defined as in
Takahashi et al.54, i.e., basedon thefirst twoEmpiricalOrthogonal Functions
(EOFs) of SST anomalies over the region (10°N–10°S; 120°E–90°W). E ¼
PC1�PC2ffiffi

2
p and C ¼ PC1þPC2ffiffi

2
p where PC1 and PC2 are the first two principal

components of the EOF modes that have been normalized by their corre-
sponding variance. The E and C indices have no unit unless they have been
dimensionalized (in °C) by the norm of their corresponding patterns (Exy
and Cxy). Exy and Cxy are obtained by bilinearly regressing the SST
anomaliesonto theEandC indices.Wedefine their normas their rootmean

square, i.e.: jjExyjj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Lx :Ly

RR
E2
xyðx; yÞ:dxdy

q
(resp. Cxy)), where Lx and Ly

are the zonal and meridional extents of the domain used to calculate the
mode patterns (i.e., (10°N–10°S; 120°E–90°W)). The E index accounts for
the amplitudeof SST interannual anomalies duringEPElNiñoeventswhich
centerof action is strongest in the far eastern equatorial Pacific and along the
coast of Peru, while the C index, accounts for Central Pacific El Niño (CP
EN) and La Niña events (Supplementary Fig. S10). These two indices are
independent (correlation between them is zero) so that they can be con-
veniently used for inferring the contribution of ENSO variability to a par-
ticular variable throughbilinear regression.Yearlymeandata are considered
for consistency with the oxygen data analyses based on yearly mean data.
The data are linearly detrended over the future period (2015–2100). For the
calculation of the regression coefficient between DO and the ENSO indices
(so-called oxygen ENSO sensitivity), the E and C indices are dimensiona-
lized in order to have unit in µmol L−1 °C−1. Since the E and C indices are
derived separately for the two periods (present: 1920–2014 and future:
2015–2100), the indices of the future need also to be scaled so as to take into
account the changes in amplitude and “shape” of their corresponding pat-
terns from the historical period. This consists in projecting the mode pat-
terns of the future period onto themode patterns of the present period. This

scaling factor is estimated as follows: 1
Lx :Ly

RR �Efuture
xy ðx; yÞ: �Epresent

xy x; y
� �

:dxdy

where Lx and Ly are the zonal and meridional extent of the domain used to
calculate the mode patterns (i.e., (10°N–10°S; 120°E–90°W)) and the
overline indicates that the mode pattern was normalized by its corre-

sponding root mean square, i.e., �Exy ¼ Exy=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Lx :Ly

RR
E2
xyðx; yÞ:dxdy

q
. This

procedure follows Carréric et al.70. Note that this method yields comparable
results if the E andC indices (resp. Exy, Cxy) are estimated based on the EOF
decomposition of monthly mean SST anomalies performed over the whole
period (1920–2100) as in Cai et al.52. The Figs. 1b and S7 that are based on
monthly mean SST data are derived using the Cai et al.’s52 approach. A
difference with Cai et al.52 is the removal of a linear trend for the period
2015–2100 instead of a quadratic trend over the entire record, which was
checked to have little impact on the results. Monthly mean anomalies are
relative to the climatology calculated over the period 1920–2020.

The ENSO asymmetry is diagnosed as in Karamperidou et al.107, that is
from the α parameter that corresponds to the first coefficient of the quad-
raticfit of PC2ontoPC1, i.e., PC2_approx(t) =α.PC1

2(t)+βPC1(t)+γwhere
PC1 and PC2 are the timeseries associated with the first two EOF mode of
SST anomalies in the tropical Pacific. The value of α is provided in Table S1
for themodels and the observations. The smaller value of α, the stronger the
ENSO asymmetry52.

Oxygen climate sensitivity
In order to estimate the sensitivity of the upper bound of the SEP OMZ to
tropical warming, we calculate the ratio of the long-term trend (2014–2100)
in dissolved oxygen concentration in the vicinity of the oxycline (average
between 25m and 200m, and from the coast to 3° off-shore, see rectangles
in Fig. S2b, c) and the long-term trend (2014–2100) of SST projected onto
the Emode pattern (Exy). The latter ismotivated by the fact that the Emode
patternmatches the region of peak long-term SSTwarming, whichhas a so-
calledElNiño-like pattern (i.e., stronger SSTwarming in the tropical eastern
Pacific relative to the western Pacific; see Fig. S11). The SST in the E region
for each model is then calculated as follows:
1

Lx :Ly

RR
SSTðx; yÞ:�Exy x; y

� �
:dxdy where Lx and Ly are the zonal and mer-

idional extents of the domain used to calculate the E mode pattern
(10°N–10°S; 120°E–90°W) and �Exy is the normalized E mode pattern
(see above).

Oxygen skewness
The skewness is a normalized third statistical moment108. Since a small
standard deviation may cause large skewness rather than the normalized
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skewness, we used the weighted skewness, m3/m2 where

mk ¼
XN

i¼1

xi � �x
� �k

=N

xi is the ith data point, N is the number of data (years) and �x is the mean.

Statistical significance test
Regression coefficient’s significances are estimated based on a Student’s t
test. For RCP8.5 (SSP5-8.5) simulations, we calculated linear trends over the
period 2006–2100 (2015–2100). In order to estimate the significance of the
ensemble mean long-term linear trend values, we set the requirement to
have at least 80% of the models to yield the same sign of the trend
values109,110.

Data availability
TheCMIP5models is available at: https://aims2.llnl.gov/search/cmip5/ The
CMIP6models is available at: https://aims2.llnl.gov/search/cmip6/ SSTdata
from HadISST is available at: https://www.metoffice.gov.uk/hadobs/
hadisst/data/download.html Dissolved Oxygen data from CARS2009 is
available at: https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/
catalog.search#/metadata/d9302a48-57b1-41c2-a0dc-78bd00dd5e4b.
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