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Abstract. We analyse simulations of the Pacific Ocean oxy-
gen minimum zones (OMZs) from 11 Earth system model
contributions to the Coupled Model Intercomparison Project
Phase 5, focusing on the mean state and climate change pro-
jections. The simulations tend to overestimate the volume
of the OMZs, especially in the tropics and Southern Hemi-
sphere. Compared to observations, five models introduce in-
correct meridional asymmetries in the distribution of oxygen
including larger southern OMZ and weaker northern OMZ,
due to interhemispheric biases in intermediate water mass
ventilation. Seven models show too deep an extent of the
tropical hypoxia compared to observations, stemming from
a deficient equatorial ventilation in the upper ocean, com-
bined with too large a biologically driven downward flux of
particulate organic carbon at depth, caused by particle export
from the euphotic layer that is too high and remineralization
in the upper ocean that is too weak.

At interannual timescales, the dynamics of oxygen in the
eastern tropical Pacific OMZ is dominated by biological
consumption and linked to natural variability in the Walker
circulation. However, under the climate change scenario
RCP8.5, all simulations yield small and discrepant changes
in oxygen concentration at mid depths in the tropical Pacific
by the end of the 21st century due to an almost perfect com-
pensation between warming-related decrease in oxygen satu-
ration and decrease in biological oxygen utilization. Climate
change projections are at odds with recent observations that
show decreasing oxygen levels at mid depths in the tropical
Pacific.

Out of the OMZs, all the CMIP5 models predict a decrease
of oxygen over most of the surface and deep ocean at low
latitudes and over all depths at high latitudes due to an overall
slow-down of ventilation and increased temperature.

1 Introduction

Most marine organisms suffer and might die in hypoxic con-
ditions, i.e. when the oxygen concentration falls below 60—
80 mmol m—3 (Gray et al., 2002; Stramma et al., 2008). Note
that this is a limited definition, since the specific survival
and performance of organisms also depend on the species,
temperature, oxygen partial pressure, and CO> levels (Seibel,
2011). However, a definition based on oxygen concentration
facilitates the comparison across models. Oxygen minimum
zones (OMZs) develop on the eastern outskirts of the sub-
tropical gyres, owing to poor ventilation combined with high
biological consumption, a consequence of strong upwelling
and biological productivity.

Two of the largest OMZs in the world are found to the
north and the south of the equator, respectively, in the east-
ern tropical Pacific. The northern (Costa Rica Dome) is
the largest of the two OMZs and is separated from the
smaller one (west of Peru) by a well-ventilated equatorial
band (Karstensen et al., 2008; Paulmier and Ruiz-Pino, 2009;
Fuenzalida et al., 2009). The locations of the tropical Pacific
OMZs are mostly determined by sluggish ventilation, coin-
ciding with a maximum in water age rather than a maximum
in biological productivity (Karstensen et al., 2008; Stramma
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et al., 2010b). As subtropical gyres prevent a direct merid-
ional ventilation of the OMZ, it is thought that eastward
equatorial currents are the most likely sources of oxygen to
the OMZs (Stramma et al., 2010b). These equatorial zonal
jets are themselves fed by high-latitude water masses. The
northern tropical Pacific is directly ventilated by the North
Pacific Intermediate Water (NPIW), which, however, only
penetrates to a depth of 600 m, resulting in severe oxygen de-
pletion below this depth. The southern Pacific is mostly ven-
tilated by water masses formed in the Southern Ocean, such
as the Antarctic Intermediate Water (AAIW) and the Sub-
antarctic Mode Water (SAMW), which ventilate mid-depth
layers, and the Antarctic Bottom Water (AABW), which ven-
tilates the deep ocean.

A common problem in non-eddy-resolving Earth system
models is the merging of the northern and southern OMZs
in the tropics, resulting in large overestimation of the OMZ
volume relative to observations (Bopp et al., 2002; Matear
and Hirst, 2003; Cocco et al., 2013; Stramma et al., 2010a).
This is related to the “nutrient-trapping” problem in coarse-
resolution models (Najjar et al., 1992), where nutrients that
accumulate in the subsurface due to excessive remineraliza-
tion feed the surface layers and promote new production.
This maintains high remineralization rates and, in the ab-
sence of a vigorous horizontal circulation, anomalously high
nutrient pools in the subsurface.

It is hard to distinguish to what extent the OMZ biases in
models are driven by physical and biogeochemical processes,
or a combination of both. Najjar et al. (2007) found large dif-
ferences in oxygen, particulate organic carbon (POC), and
dissolved organic carbon (DOC) when comparing 12 differ-
ent circulation models with the same biogeochemical mod-
ule. On the other hand, Kriest et al. (2010, 2012) studied
the sensitivity of a fixed physical ocean model to changes
in biogeochemical parameters related to oxygen loss, also
finding large differences in the shape of OMZ. These studies
reveal that both physical and biogeochemical causes modify
the oxygen concentration and the shape of the OMZ, making
it difficult to isolate the different contributions when compar-
ing models with both different physics and biogeochemistry,
as in the current study.

With climate change, increased temperatures result in de-
creased O, solubility (thermal effect) while an increase in
stratification is expected to reduce the ventilation of the sub-
surface and hence O, concentration (Keeling and Garcia,
2002). Significant global deoxygenation over the past 50
years has been observed (Helm et al., 2011) together with
expansion of the OMZ in the North Pacific (Ono et al., 2001;
Emerson et al., 2004; Whitney et al., 2007; Chan et al., 2008;
Pierce et al., 2012) and in the southern California Current
System (Bograd et al., 2008; McClatchie et al., 2010), with
the largest relative O, declines occurring below the thermo-
cline in the tropical oceans (Stramma et al., 2008, 2010b,
2012). While observations show a clear ongoing decline of
oxygen in the tropical thermocline, previous Earth system
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model studies show a small change or even an increase of
oxygen there with warming (Bopp et al., 2002, 2013; Matear
and Hirst, 2003; Cocco et al., 2013), with a small associated
change in OMZ volume. The expansion of low-oxygen zones
will result in the transition, adaptation, and/or extinction of
different species in the real ocean.

The wide range of physical and biogeochemical character-
istics across CMIP5 models offers a unique opportunity to
understand common and persistent biases in state-of-the-art
resolution Earth system simulations. In this study, we anal-
yse 11 Earth system models participating in the Coupled
Model Intercomparison Project Phase 5 (CMIP5, Taylor et
al., 2012) to identify the common mechanisms involved in
the creation of OMZ biases in the eastern tropical Pacific,
as well as the response of the respective OMZs to inter-
annual variability and climate change. We compare models
with observations, analyse potential sources of bias across
different models, and provide recommendations for improv-
ing OMZ representation. Methods are described in Sect. 2.
Results are summarized in Sect. 3 and include historical bi-
ases in the description of Pacific OMZs across CMIP5 mod-
els (Sect. 3.1), 21st century predictions (Sect. 3.2), and in-
terannual variability (Sect. 3.3). The full, model-by-model
analysis of the physical and biological processes influencing
the position and extension of OMZs is presented in the Ap-
pendix. Based on literature review and our own analysis, we
summarize in Tables A2 and A3 descriptions of (a) relevant
ventilation sources and (b) biochemical parameters and pro-
cesses that affect OMZs across the CMIP5 models analysed.

2 Methods
2.1 Earth system simulations

We examine simulations from 11 non-eddy-resolving CMIP5
Earth system models, downloaded from http://pcmdi9.lInl.
gov/esgf-web-fe/(detailed in Table Al). In order to estimate
100-year trends, our analysis compares simulations for the
period 1960-1999 (hereafter called “present”) to simulations
for the period 2060-2099 (hereafter called “future”). We as-
sume that the 40-year periods are sufficiently long to ensure
that natural variability is smoothed out. The historical pe-
riod is chosen around 1980 for a direct comparison to ob-
servations. The “present” output is taken from the “histor-
ical” experiment (years 1850 to 2005), while the “future”
output is taken from the Representative Concentration Path-
way 8.5 experiment (hereafter called RCP8.5, years 2006 to
2100), detailed in Meinshausen et al. (2011). Atmospheric
CO, concentrations are based on observed and reconstructed
values for the historical experiment, while RCP8.5 values are
based on CO; emissions resulting in a radiative forcing of
8.5 W m~2 by the end of the 21st century (Riahi et al., 2011).

Our selection of models was then limited to those that
included the variable “O,” (oxygen concentration) and out-
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put for both the historical and RCP8.5 experiments, and had
reached equilibrium (no significant trends during the period
1850-1950). One of the analysed models, MRI-ESM1, did
not provide RCP8.5, so the ESM RCP8.5 scenario, which ex-
plicitly computes CO» levels from anthropogenic emissions
(Friedlingstein et al., 2014), was used instead in this case.
For Sect. 3.3, we created a control time series to study nat-
ural interannual variability by de-trending the historical run
from 1900 to 1999 from its climate signal (calculated as the
20-year running mean).

2.2 Observations

We used oxygen (O), apparent oxygen utilization (AOU),
saturated oxygen (Ossat), nitrate, phosphate, salinity, and
temperature climatologies from the World Ocean Atlas
2009 database (https://www.nodc.noaa.gov/OC5/WOAQ9/
pr_woa09.html). We applied a correction to oxygen con-
centrations which were found to be overestimated in grid-
ded World Ocean Atlas (WOA) data (Bianchi et al., 2012).
Sea level pressure was provided by the NOAA/OAR/ESRL
PSD data set at http://www.esrl.noaa.gov/psd/ (Kaplan et al.,
2000). Water-mass age (year) was calculated from radiocar-
bon deficit (**C (%o)), downloaded from the Global Ocean
Data Analysis Project database (http://cdiac.ornl.gov/oceans/
glodap/), as age = —8033 In (1 + 14C/1000). Since we only
use it as a qualitative reference, there is no need for further
calibration. The climatology of the equatorial component of
the water current velocity (u (ms~1)) was taken from John-
son et al. (2002).

In order to compare models with observations, we calcu-
lated for each model simulation Ojsat from the in situ tem-
perature and salinity (Garcia and Gordon, 1992); O,sat rep-
resents the oxygen concentration in equilibrium with the at-
mosphere at a given temperature and salinity. The apparent
oxygen utilization (AOU) was then computed as the differ-
ence between Oysat and Oz (AOU = O3sat-O3). AOU for
a parcel of water represents the accumulated oxygen con-
sumption since the parcel left the surface along the ventila-
tion pathway, assuming that O, was saturated at the time the
parcel was last in contact with the atmosphere. We note that
AOU is not the real oxygen consumption, given that most
waters are undersaturated in zones of deep-water formation
(Ito et al., 2004), but it provides a good approximation.

Particulate organic carbon export was obtained from
satellite-derived estimates calibrated with in situ export mea-
surements from shallow traps (Dunne et al., 2005) and
thorium-based methods (Henson et al., 2012), and by com-
bining satellite observations and food-web models in Siegel
et al. (2014).

For both models and observations, stratification was cal-
culated as the difference in the potential density (kg m~3) of
seawater between the depth of 200m and the surface. The
Walker circulation index was defined as the difference be-
tween the sea level pressure at the eastern tropical Pacific
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(160-80° W and 5° S-5° N) and the western tropical Pacific
(100-160° E and 5° S-5° N) as in Vecchi et al. (2006).

2.3 Agreement across models

The multi-model mean is calculated as the average value
across all the CMIP5 models in the period 1960-1999, with
a simple weight applied to avoid repeating models that are
known to be very similar (Table A1, Cabré et al., 2015).

To quantify agreement among the models in the predicted
100-year change, we use a bootstrapping statistical tech-
nique. In our bootstrap sampling, each realization is the
weighted average over N models that are selected randomly
with replacement among the N available models. We repre-
sent interannual variability by randomly picking one of the
40 years in the present (1960-1999) and future (2060-2099)
each time that we randomly select a model. For each studied
variable at each point in the ocean, we create 1000 realiza-
tions of the resulting 100-year trend and obtain the multi-
model significance of this trend using the percentage of real-
izations that predict a trend above or below zero (details in
Cabré et al., 2015).

3 Results and discussion

3.1 Comparison of observed and predicted OMZs in
the CMIP5 models during the historical period
(1960-1999)

The comparison between CMIP5 model oxygen simulations
and WOAO09 observations highlights several consistent bi-
ases (Fig. 1 and 2a). (a) The majority of the models join the
northern and southern OMZ regions into a single large trop-
ical OMZ (Fig. 1a), such that the modelled OMZ reaches
anoxic conditions at shallower depths (Fig. 1c—d), and ex-
pands more westward and deeper than observed (Fig. 1c—
d). (b) In observations, the northern OMZ area and volume
are much larger than the southern counterpart, while in mod-
els, the northern and southern OMZ areas and volumes are
much more symmetric with respect to the equator (Fig. la—
b). A reason for this is a bias in the modelled Southern
Hemisphere OMZ, systematically larger than observed ex-
cept for the IPSL models (Fig. la—c, Fig. 2). In addition,
in some models (namely, GFDL-ESM2G, GFDL-ESM2M,
HadGEM2, NorESM1-ME, and MRI-ESM1) the Northern
Hemisphere OMZ is often too small in horizontal extent or
does not extend as deep as in observations (Fig. 2). (c) A sub-
set of models (GFDL-ESM2G, GFDL-ESM2M, MPI-ESM,
and NorESM1-ME) produce anoxia to a depth of 2500 m or
more in the eastern tropical Pacific, which is deeper than ob-
servations by more than 1500 m (Fig. 1c—d and 2).

Figure 3 shows the modelled and observed vertical dis-
tributions of oxygen, phosphate, and nitrate averaged over
the eastern tropical Pacific (a, b, ¢) and the world ocean (d,
e, ). Note the large dispersion of the modelled values in
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Figure 1. Comparison of the Pacific Ocean oxygen minimum
zones (at O, =30 mmol m—3) across CMIP5 models (represented
by coloured lines — see legend for explanation) and observations
(solid black lines) during the historical period 1960-1999. The grey
line represents the multi-model mean, calculated using the weights
in Table Al. Panels (a) and (b) show the OMZs at depth 500 and
1000 m, while panels (c) and (d) show longitudinal depth sections
of the Southern and Northern tropical OMZs, at latitude 10° S and
10° N. Depth scale (m) is logarithmic. The model HadGEM2-CC
(not shown) shows results similar to HadGEM2-ES.

the eastern tropical Pacific despite a good agreement on the
global scale. Models that simulate anomalously deep OMZs
yield oxygen levels at intermediate depths that are too low
compared to observations and too much phosphate trapped
at great depths. Concurrently, such low levels of oxygen
in these models trigger denitrification, reducing nitrate to
anomalously low levels.

We discuss in the following the main potential causes for
the aforementioned biases. The full, model-by-model analy-
sis of the physical and biological processes influencing the
position and extension of OMZs is presented in detail in Ap-
pendix 1 and Tables Al, A2, and A3.

3.1.1 Physical causes for OMZ biases in historical
simulations

In this section we explore differences between models and
observations in ventilation patterns, mixing coefficients, and
ocean-model resolution — all of these possible physical
causes for OMZ model biases.

Underestimated Equatorial Undercurrent
The complex system of equatorial currents is dominated by

the Equatorial Undercurrent (EUC), the strong subsurface
eastward current shown in observations in the last panel of
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Fig. 4. On the one hand, the EUC determines the depth of
the tropical Pacific OMZ in the west—east direction and con-
trols most of the ventilation with O; to the tropical OMZ
(Aumont et al., 1999). On the other hand, the EUC is respon-
sible for bringing the nutrients that enhance biological pro-
ductivity and subsequent consumption of organic matter on
the eastern side of the basin, contributing to OMZ formation
and opposing the ventilation effect. As an example, the un-
derestimate of subsurface OMZ volume in the IPSL-CM5A
models (Fig. 1a—b) might be related to the fact that nutrients
(and hence primary production and POC flux) are underes-
timated there when compared to the rest of CMIP5 models
(Fig. 3b and 5), probably due to a weak EUC (Fig. 4).

All CMIP5 models show that EUC weakens too much be-
fore reaching the eastern side of the basin (Fig. 4), which
contributes to weaker eastern ventilation compared to obser-
vations. However, we find that the models which have the
most accurate representations of the EUC flow (NorESM1-
ME and MPI-ESM-MR) still produce OMZs that are too
large, pointing to other causes for OMZ bias. Despite the
bias in EUC strength, the EUC is better modelled than the
rest of the equatorial currents and it is not thought to be the
main cause for the large OMZ across simulations (Dietze and
Loeptien, 2013). A comparison between EUC flow and Pa-
cific OMZ size at mid-depths across CMIP5 models showed
no correlation.

Increased resolution improves the representation of equa-
torial currents (especially the EUC; Aumont et al., 1999),
which is evident when comparing MPI-ESM-LR (coarse-
resolution model) and MPI-ESM-MR (quasi-eddy-resolving
resolution, 0.4°) in Fig. 4 (see also Jungclaus et al., 2013).
However, both versions of the MPI-ESM model show similar
biases in oxygen distribution and a tropical OMZ that is too
deep (Fig. 1), which suggests that the OMZ that is modelled
as being too deep is not linked to the strength of equatorial
currents, but set by high-latitude ventilation processes or/and
biological biases at low latitudes. Both IPSL-CM5A models,
with low ocean resolution of ~ 2°, show similarities to MPI-
ESM-LR (same ~ 2° resolution) in the characterization of
a diffuse and weak EUC and non-existent deep jets. The rest
of the models have an oceanic resolution of ~ 1°, higher than
that of IPSL-CM5A and MPI-ESM-LR models (Table Al),
and hence provide a more accurate representation of EUC
compared to observations.

Deficient equatorial (non-EUC) ventilation

In general, the non-EUC equatorial jets are also too weak
or in some cases non-existent in non-eddy-resolving mod-
els (compare CMIP5 models and observations in Fig. 4).
This complex equatorial system is formed by the eastward
Northern and Southern Equatorial countercurrents (NECCs
and SECCs) and Northern and Southern Subsurface counter-
currents (NSCCs and SSCCs, also known as Tsuchiya jets in
the Pacific; Tsuchiya, 1981) — shown as currents at 6-8° N
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and 6-8° S in the last panel of Fig. 4, the westward northern
and main branches of the South Equatorial Current (SEC(N)
and SEC) — on both sides of the EUC in Fig. 4, and deeper
currents as described in detail, for example in Stramma et
al. (2010b).
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In observations, the Northern and Southern Equatorial
and Subsurface Countercurrents (ECCs and SCCs) determine
the separation between the well-ventilated tropics and the
low-latitude OMZs (Fig. 1a). However, because of the de-
ficient equatorial circulation in the models (Fig. 4), most
models tend to join the northern and southern OMZ cells
— well separated in observations — into a single large tropi-
cal OMZ (Fig. 1a). We suggest that consequences of the lat-
eral ventilation of these regions being too slow in CMIP5
models include subsurface oxygen concentration being too
low(Fig. 3a) and nitrate depletion that is too large due to ex-
cessive denitrification kicking in when O, falls below a cer-
tain threshold (Fig. 3c, compare black and coloured lines).
The low ventilation exacerbates nutrient trapping and po-
tential for runaway feedbacks in the nitrogen cycle (Lan-
dolfi et al., 2013). The CMIP5 models also underestimate
the strength of westward subsurface equatorial jets (SECs),
which in the real ocean contribute to carrying nutrients away
from the OMZ, thus alleviating the large oxygen deficit and
nutrient trapping in the tropical OMZ. Finally, CMIP5 mod-
els do not capture the fine structure of the deep equatorial
jets, thus underestimating lateral advection and mixing along
the equator and contributing to the expansion of OMZs. Con-
sequently, all models except for the IPSL-CM5A models
show a subsurface excess of phosphate in the Pacific trop-
ics (Fig. 3b). Dietze and Lopetien (2013) also speculate that
nutrient trapping is caused by a poor representation of the

Biogeosciences, 12, 5429-5454, 2015
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Figure 5. Total particulate organic carbon (POC) flux (Pg/year) at
the depth of 100 m in the eastern tropical Pacific (20°S to 20° N
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CMIP5 models (blue) and derived from measurements (orange) by
Dunne et al. (2005), Henson et al. (2012), and Siegel et al. (2014).
Results are ordered according to the flux magnitude. Dunne et
al. (2005) reported errors of 35% and Siegel et al. (2014) errors
of 20 % (shown as arrows).

equatorial current system in models, with the exception of the
EUC. Montes et al. (2014) show the crucial role of the sec-
ondary Tsuchiya jet (sSSCC, subsurface current at ~9° S) in
the ventilation of the OMZ off Peru. A good balance between
oxygen-poor transport by sSSCC and oxygen-rich transport
by EUC is crucial to describe the position and extent of this
OMZ. Similarly, Duteil et al. (2014a) highlight the need for
accurate deep equatorial ventilation, in addition to EUC, to
characterize the eastern tropical Atlantic OMZ.

Biogeosciences, 12, 5429-5454, 2015

Some recent studies showed that the equatorial ventilation
is not fully resolved even in eddy-resolving models (Brandt
et al., 2008; Eden and Dengler, 2008; Ascani et al., 2010),
suggesting that other mechanisms such as submesoscale dy-
namics, or atmosphere—ocean feedbacks might also be re-
sponsible for biases in the equatorial jets and their incom-
plete representation in models (Lin, 2007; Li and Xie, 2014;
Ridder and England, 2014).

Inadequate ventilation from the Southern Ocean and
North Pacific

The Pacific Ocean equatorial circulation is fed by interme-
diate water masses formed in the Southern Ocean (AAIW,
SAMW) and North Pacific (NPIW). In observations, the
northern tropical Pacific OMZ is larger and deeper than the
OMZ south of the equator, because the former receives dis-
proportionately less oxygen via the large-scale circulation
pathways (Karstensen et al., 2008).

Sallee et al. (2013b) reported large variations in the forma-
tion of Southern Ocean water masses across CMIP5 models.
We find also considerable inter-model variability in the zon-
ally averaged vertical distribution of oxygen (Fig. 2). Most
CMIP5 models overestimate the size of the southern tropical
Pacific OMZ, which develops at shallower depths than ob-
served (Fig. 1c), partly due to deficient intermediate water
ventilation from the Southern Ocean, reinforced by exces-

www.biogeosciences.net/12/5429/2015/
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sive biological export and remineralization. Previous studies
have pointed out that, in current coarse-resolution models,
the AAIW and SAMW do not extend sufficiently northward
in the Pacific (Sallee et al., 2013b; Downes et al., 2010), in
agreement with our findings.

Some models (namely, GFDL-ESM2G, GFDL-ESM2M,
HadGEM2, NorESM1-ME, and MRI-ESM1) overestimate
oxygen levels north of the tropical OMZ in addition to under-
estimating oxygen in the low latitudes of the Southern Hemi-
sphere (Fig. 2). The observed deep anoxic zones in the North-
ern Hemisphere (at depths between 600 and 1200 m) are not
found in these models due to excessively deep ventilation by
AABW-fed flow from the Southern Ocean to the deep North
Pacific and/or an excessive mixing of NPIW with deep wa-
ters (see details and references for individual models in Ta-
ble A2). For example, models with excessively deep AABW
ventilation (such as NorESM1-ME and GFDL-ESM2G) or
excessive NPIW ventilation (such as GFDL-ESM2M) have a
reduced extent of the North Pacific OMZ. On the other hand,
deficient NPIW ventilation, as in CESM1-BGC, exaggerates
the volume of OMZs in the Northern Hemisphere (Fig. 2 and
Table A2).

However, the anomalously deep OMZ found in some mod-
els in the tropics (Fig. 1c—d and 2) does not seem related
to ventilation sources such as AABW, AAIW, or NPIW, as
models having a similar biogeochemical module (MPI-ESM
and NorESM1-ME) show similar OMZ extent despite hav-
ing significantly different representations of different water
masses (Appendix Table A2). For example, NorESM1-ME
shows one of the highest deep O levels but still develops a
deep OMZ (Fig. 2). This problem is discussed in Sect. 3.1.2.

Inadequate representation of isopycnal mixing

Gnanadesikan et al. (2013) proposed that models using
a higher-than-observed lateral eddy diffusion coefficient
(Aregi) simulate a higher diffusive flux of O, from the west
along the equatorial Pacific, thereby reducing the modelled
OMZ volume. However, our comparison showed no correla-
tion between the reported Ayegi coefficients (Table A2) and
Pacific OMZ volumes across CMIP5 models. This suggests
that either model differences are not primarily due to lat-
eral mixing or, more likely, that it is not possible from this
set of models alone to distinguish the effect of mixing from
other parameters in the system. In particular, of the two mod-
els with the largest Aregi (1000 ms—12), IPSL-CM5A agrees
with the expectation showing low subsurface anoxia, but
MPI-ESM models disagrees with the expectation by display-
ing a large OMZ.

Inadequate representation of diapycnal mixing
Duteil and Oschlies (2011) found that OMZs were pro-

gressively smaller at low and large background verti-
cal diapycnal diffusivity coefficient K, (above and below
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Ky =0.2cm?s™1). At high diffusivities, the OMZs are well
ventilated. At low diffusivities, the OMZs are not well ven-
tilated but the consumption of oxygen is low because there
is not much biological activity. Only at intermediate co-
efficients, the OMZs are large due to high consumption
combined with relatively low ventilation. Among CMIP5
models, MPI-ESM, IPSL-CM5A, and GFDL-ESM2M as-
sume a background value of Ky =0.1cm%s~1 in the trop-
ics, while models CESM1-BGC, NorESM1-ME, HadGEM2,
and GFDL-ESM2G assume a value of Ky =0.01cm2s~1,
According to the findings by Duteil and Oschlies (2011), the
former three models should have a larger OMZ compared to
the last four models. However, we do not see this expected
tendency across CMIP5 models.

3.1.2 Biological causes for OMZ biases in historical
simulations

The main biological drivers of biases in the simulation of
OMZs are biases in the export of particulate organic carbon
(POC) at 100 m depth, the transfer efficiency of POC from
100 m to depth (defined as the POC export at a given depth
divided by POC export at 100 m), and the way POC is treated
at the sea floor (Kriest et al., 2010, 2012). We also consid-
ered the effect of the variability in models” O : nutrient ratios
since these ranges from 150 to 172 (in the case of the O, : P
ratio). However, we could not find any direct correlation with
OMZ biases.

Finally, we considered the effect of DOC variability across
models. The range of observed DOC in the low-latitude
Pacific is 65-80 mmolm~2 in the upper 200m, decreas-
ing with depth to background concentrations of less than
40mmolm—2 below 1000m (Hansell, 2013). The CMIP5
models that reported DOC (all models but HadGEM2) show
very diverse ranges of concentrations but in general they un-
derestimate the observed values by 20 to 55 mmol m—2 in the
upper 200 m. Exceptions are the GFDL-ESM2 models that
have realistic vertical distributions of DOC at low latitudes.
In order to achieve the right distribution of DOC, models
should have at least two DOC compartments (as only GFDL-
ESM2 models do), one labile and one refractory. Most of
the DOC in the ocean is in a refractory or unavailable form
with estimated turnover timescales of centuries to millennia
(Hansell, 2013), while the remaining DOC is in a labile and
reactive form with short turnover timescales. Higher con-
centrations of dissolved organic matter, in general, allow for
nutrient export out of the production region, decreasing the
local consumption of oxygen. However, we do not see any
correlation between levels of DOC and hypoxia in CMIP5
models. For example, the GFDL models, with a good repre-
sentation of DOC, show more hypoxia than most models that
underestimate DOC.
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Biased export of POC at 100 m depth

A deep OMZ could be caused by an anomalously high POC
flux at 100m depth, which in turn can be due to exces-
sive primary productivity, excessive nitrogen fixation by di-
azotrophs, or excessive relative abundance of large phyto-
plankton, which are major contributors to sinking POC. For
the CESM1 model, Moore and Doney (2007) found that sim-
ulated POC export in the Pacific is primarily driven by up-
welling (nutrient supply) and less by nitrogen fixation, sug-
gesting that the model representation of diazotrophs probably
does not affect the level of anoxia in this model and proba-
bly in the rest of models with similar biogeochemistry (Ta-
ble A3).

In order to quantify model biases, we considered three dif-
ferent POC export observational estimates for our area of
study (20°S to 20°N and 180° E to 60° W in the Pacific
Ocean). We compare these database estimates with our mod-
elled POC in Fig. 5 (See Fig. S1 in the Supplement for a
map of export fluxes). When compared to satellite-derived
estimates based on sediment traps and thorium (Dunne et al.,
2005) or estimates from satellite observations combined with
food-web models (Siegel et al., 2014), at least four models
predict values of POC flux that are too high (assuming er-
rors of 35% in Dunne et al. (2005) and 20% in Siegel et
al. (2014) as reported). However, all CMIP5 models predict
POC values significantly above thorium-derived satellite es-
timates by Henson et al. (2012). An overestimate of export
at 100 m depth contributes to anomalously deep OMZ in the
MPI-ESM and NorESM1-ME models. GFDL-ESM2M and
GFDL-ESM2G, with POC flux at 100m depth consistent
with observations, still develop a deep OMZ, probably due
to a biased transfer of POC to depth, as discussed next. MRI-
ESM1 overestimates the sinking POC flux from the surface
and hence overestimates remineralized nitrate throughout the
water column (Fig. 3c), but attains realistic oxygen levels by
remineralizing a high proportion of the organic matter near
the surface. The remaining models predict POC flux values
in accordance to Dunne et al. (2005) and Siegel et al. (2014).

Biased transfer efficiency of POC from 100m to depth

A transfer of POC flux from upper layers to deeper layers
that is too large would cause remineralization to occur too
deeply, hence leading to phosphate trapping and too much
oxygen and nitrate consumption in the deep ocean. There-
fore, most remineralization should ideally take place right
below the euphotic zone in order to avoid the formation of
OMZs that are too deep.

Thorium-derived POC export and POC flux to deep-sea
sediment traps (Henson et al., 2012) indicate that the trans-
fer efficiency of POC from the euphotic (100 m) to deeper
layers is higher at low latitudes than high latitudes (Fig. S2).
However, newer measurements using neutrally buoyant sed-
iment traps at intermediate depths suggest a correlation be-
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tween high temperature and high remineralization, resulting
in low transfer efficiency of POC to intermediate depth at low
latitudes or high temperatures (Marsay et al., 2014). The dis-
crepancies in these two observational results are due to data
sparseness and measurements coming from different depths.
This suggests that the POC profiles should not only be fitted
with power laws or exponentials as traditionally done, but
with a more sophisticated combination of these (Marsay et
al., 2014).

The CMIP5 models use either a sum of exponential or
power-law expressions to represent the vertical flux of partic-
ulate organic matter (Fig. 6 and equations in Table A3) but do
not yet capture the observed latitudinal variability (Fig. S2).
In models where detritus is not represented explicitly, a large
transfer of POC flux from upper layers to deeper layers is
equivalent to a slow decrease of POC flux with depth and
a low exponent in the Martin’s power-law curve (Martin et
al., 1987). Models with explicit detritus representation would
replicate this effect by either using a sinking speed that is too
high or a remineralization rate that is too low(see Table A3).
For example, IPSL-CM5A-MR prescribes an approximate
power law with a lower exponent (higher transfer efficiency)
than HadGEM2-ES (Fig. 6¢—d). Exponential curves would
also create a large POC transfer from subsurface to inter-
mediate depths as the curvature of the depth profile at 100-
300 m is usually lower than for power-law profiles with expo-
nents between 0.8 and 0.9 (typical profiles according to Mar-
tin et al., 1987). This low subsurface POC remineralization
(large transfer) combined with a sudden increase in the POC
remineralization (low transfer) at intermediate depths (300-
800 m) results in stronger-than-observed remineralization in
the low oxygen part of the column, forcing anomalous forma-
tion and extension of OMZs (for example, see the CESM1-
BGC POC sinking profile in Fig. 6b). In conclusion, in order
to match the observed oxygen concentrations, we propose
that a Martin’s exponent higher than typically observed val-
ues and a power law (instead of exponential) are preferable,
as they ensure large remineralization rates in the upper layers
and thus reduce anomalously high transfer of POC and oxy-
gen consumption at depth. This agrees with findings from
Kriest et al. (2010) based on sensitivity studies to the rem-
ineralization curve.

According to these expectations, the CMIP5 models with
exponential profiles usually produce deeper oxygen con-
sumption associated with respiration than the models that
use a power law (Fig. 6 and Table A3). NorESM1-ME and
MPI-ESM both show an exponential profile and show sim-
ilarly deep OMZ (Fig. 6a). These models share the same
biogeochemical module HAMOCC and differ in the repre-
sentation of physical processes, suggesting that indeed their
exponential parameterization of the remineralization curve is
the cause for the deep OMZ. The GFDL-ESM2 models, with
deep OMZs, also use an exponential profile (Fig. 6a).

In the subsurface, extensive denitrification worsens the
problem of low-oxygen biases at depth. Models typically
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Figure 6. POC flux profile normalized to the value at 100m in the four CMIP5 models that provided three-dimensional data: (a) GFDL-
ESM2M, (b) CESM1-BGC, (c) HadGEM2-ES, and (d) IPSL-CM5A-MR. The depth profile is shown for two locations, a typical non-OMZ
region at 40° S (solid black) and a typical OMZ (dashed black). The red line in each panel is a power law with exponent 0.858 (Martin
et al., 1987). Note that GFDL-ESM2M and CESM1-BGC POC flux profiles are modelled as exponential curves, while IPSL-CM5A-MR
and HadGEM2-ES profiles are modelled as power laws (see equations in Table A3). In panel (a), we also show the transfer efficiency for
the exponential soft POC remineralization flux in TOPAZ2 (GFDL-ESM2 models), HAMOCC (NorESM1-ME and MPI-ESM models), and

MRI-ESM1, all of them modelled as exponentials.

have an oxygen cut-off for respiration — discussed in Ta-
ble A2 — below which denitrification remineralizes organic
matter by consuming nitrate instead of oxygen. The length
scale of remineralization is usually larger in denitrification
than in oxic remineralization, pushing POC deeper in the wa-
ter column and hence causing the OMZs to extend deeper
than under oxic remineralization. Even though the reminer-
alization length scale (and thus oxygen consumption) is simi-
lar between HAMOCC and TOPAZ (biogeochemical module
for GFDL-ESM2 models) — 200 and 187.5m, respectively
— the length scale of denitrification is considerably larger
in TOPAZ (1500 m) compared to HAMOCC (1000 m). This
leads to POC being transported deeper in GFDL-ESM2 mod-
els compared to the NorESM1-ME and MPI-ESM models
(also see Dunne et al., 2012). Additionally, the inclusion of
ballast terms (Armstrong et al., 2002) in TOPAZ contributes
to increase further the transfer of POC to deep waters.

The model CESM1-BGC does not develop a deep OMZ
despite using an exponential curve (Fig. 6b, 2), similar
remineralization parameters and ballast terms to GFDL-
ESM2 models, partly because the denitrification length scale
is much lower than in GFDL-ESM2 (260 m compared to
1500 m). Additionally, the CESM1-BGC model adjusts the
nitrate consumed during denitrification to lower values to
avoid running out of nitrate (Lindsay et al., 2014), such that
the same amount of nitrate supports a larger POC reminer-
alization. This fixes nitrate concentrations and decreases the
transfer of POC to deeper waters, which might partially solve
the expansion of OMZ.

MRI-ESM1, also with an exponential profile (Fig. 6a),
does not develop deep OMZs, due to a very low transfer of
POC to deep waters (large exponent in Table A3), which fa-
cilitates consumption in the upper ocean. Even though MRI-
ESML1 thus solves the deep anoxia problem, the shallow
modelled nitrate and POC export are higher than observed
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possibly due to recycling of organic matter near the surface
that is too fast (Fig. 3c).

Only two models use a power law as a remineralization
profile. The HadGEM2 models, with an exponent power law
as in the Martin curve (Fig. 6¢) and no denitrification, do
not develop as deep an OMZ as expected. While in the-
ory a power law is preferable to an exponential, the IPSL-
CMB5A models uses a very low exponent (relative to the Mar-
tin curve, Fig. 6d and. S2), resulting in a high transfer of POC
to deep waters, which explains the positive oxygen anomalies
in subsurface layers and contributes together with a lack of
deep ventilation to a deep hypoxic region (Fig. 2).

Treatment of POC at the sea floor

If models bury a fraction of POC into the sediments when
reaching the sea floor, the sensitivity of oxygen consumption
to POC profile is reduced (Kriest and Oschlies, 2013). In the
opposite case, if POC is remineralized back to the water col-
umn when hitting the floor, it could enlarge considerably the
OMZ in models with high deep POC flux. NorESM1-ME
and MPI-ESM are the only models that include a full sedi-
ment module such that part of the POC reaching sediments
becomes unavailable to remineralization at each time step
(Table A3). In IPSL-CM5A models, sinking organic matter
is permanently buried below the sea floor, where it is not sub-
ject to remineralization. Hence, the low levels of oxygen in
this model are more likely attributed to ventilation deficien-
cies. The rest of the models remineralize the remaining POC
back to the water column when reaching the sea floor (Ta-
ble A3).

The impacts of sediment scheme differences are most no-
ticeable among models with low oxygen and high POC at
depth. While the tropical OMZ reaches the bottom in GFDL-
ESM2 models (consistent with no sediment scheme and in-
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stant remineralization), the OMZ does not reach the bottom
in the NorESM1-ME and MPI-ESM models (consistent with
partial organic matter burial in sediments). We do not observe
any impact of sediment scheme on the depth distribution of
OMZs in other models.

3.1.3 Suggestions for improving the representation of
OMZs in models

The ultimate question is what proportions of the excessive
OMZ volume are due to equatorial zonal ventilation, mid-
depth ventilation (from AAIW, SAMW and NPIW) and lo-
cal consumption (remineralization), respectively. We agree
with previous studies (Stramma et al., 2010a; Dietze and
Loeptien, 2013; Montes et al., 2014) that an accurate de-
scription of local equatorial ventilation in the Pacific Ocean
would help reduce the large modelled volume of OMZs by
providing additional channels for the supply of oxygen-rich
waters and the removal of low-oxygen and nutrient-loaded
waters. This requires a very high resolution for improving
the representation of all the equatorial jets or alternatively
a parameterization of intermediate jets, for example by us-
ing anisotropic diffusion coefficients (Getzlaff and Dietze,
2013). Correct lateral ventilation from the Southern Ocean
and North Pacific is also important for the correct character-
ization of OMZs, stressing the need to solve the insufficient
flow of AAIW/SAMW and the often exaggerated deep North
Pacific ventilation via NPIW or via AABW as discussed in
Sect. 3.1.1 (Fig. 2). With more realistic equatorial ventila-
tion, the depth of the OMZs would probably be less sensitive
to slight changes in POC profiles, as most remineralization
would happen in the upper ocean without the need to switch
so extensively to denitrification, which in turn causes the
OMZs to extend more deeply. On the other hand, reduction
in the POC flux leaving the euphotic layer and a shallower
remineralization achieved by using a power-law curve with
low transfer of POC to deep waters, or a large denitrification
rate, would improve the representation of the OMZs even be-
fore the representation of equatorial ventilation is improved.
Additionally, the inclusion of a sediments module that does
not prescribe instantaneous consumption of all the POC that
reaches the sea floor but instead involves partial burial might
alleviate the anomalously deep OMZ.

3.1.4 Overlap between observed and modelled OMZs

In order to evaluate the performance of CMIP5 models re-
garding their representation of OMZs in the tropical Pacific,
we introduce a metric aimed at identifying the spatial overlap
between observed and modelled OMZ (Fig. 7 and S3). The
metric is calculated by finding, for a given oxygen threshold,
the volume that results from the intersection of modelled and
observed OMZ, and dividing it by the volume that results
from the union of modelled and observed OMZs. A metric
value equal to 1 means that modelled and observed OMZs
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occupy the same exact volume, while a value close or equal
to 0 signifies a lack of intersection or/and a large difference
in area extension between the modelled and observed OMZs.
This metric penalizes models that misplace the OMZs com-
pared to observations or models that enclose the observed
OMZ area/volume but overestimate the OMZ extent.

Generally, the models are not capable of successfully rep-
resenting anoxic zones (02 <10 mmol m—3), but show grad-
ual improvement as O, concentration thresholds increase
(Fig. 7a). As oxygen thresholds progressively increase from
10 to 100 mmol m—3, CESM1-BGC is always found to be
closest to observations everywhere in the tropical Pacific
(Fig. 7 and S3). While its overlap metric value is only 0.2
at O <10mmolm~3, it markedly improves to 0.7 when
the threshold O, is set to 100 mmol m—3. Another model
that is close to observations in the North Pacific is MPI-
ESM (Fig. S3). In the South Pacific, both CESM1-BGC and
MRI-ESM1 reproduce the observations fairly well, followed
by HadGEM2 (Fig. S3). Importantly, in the surface layers
(depth range from O to 400 m), most models perform sim-
ilarly, reaching an overlap metric of about 0.6 at hypoxic
concentrations (O, <60-80 mmol m—23), with the exception
of IPSL-CM5A and HadGEM2-ES with substantially lower
overlap metric values (Fig. S3). Panels (b) and (c) in Fig. 7
show in detail model performance at each depth when OMZs
are defined with O, threshold of 50 mmolm=2. Panel (b)
shows once more that some models predict OMZs to be too
deep. Most models reproduce the depth at which the north-
ern OMZ is largest, around 1000m, well despite the disper-
sion in OMZ area across models. However, in the Southern
Hemisphere (SH), most models predict the largest OMZ to
be deeper than observed. Most models achieve the best over-
lap metric at 300 m depth in the SH and 500 m depth in the
Northern Hemisphere (NH) and progressively fail to repro-
duce the OMZs at shallower and deeper depths (Fig. 7c).
Similar conclusions apply when other oxygen thresholds are
considered.

3.2 Oxygen changes in the Pacific from 1990 to 2090

In this section we present changes in oxygen concentra-
tions and the extent of OMZs in the Pacific throughout the
21st century, as well as the mechanisms responsible for
those changes. We also explore how the biases found across
CMIP5 models in the mean state (Sect. 3.1) propagate into
100-year timescale changes. Global changes in oxygen con-
centrations are summarized in Table 1 for all the CMIP5
models. Changes in O, can be due to either changes in AOU
or changes in Opsat:

AOy = AOjsat — AAOU. @

We find that on average across all CMIP5 models, oxygen de-
creases around 3 % globally by the end of the 21st century (in
agreement with Bopp et al., 2013). This drop is due to both
global average decreases in O,sat and increases in AOU, with
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Figure 7. Agreement between modelled and observed OMZ extension in the Pacific during the historical period (1960-1999). (a) The agree-
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to HadGEM2-ES.

similar contributions from each in the multi-model mean (Ta-
ble 1). The drop in oxygen originally stems from high lati-
tudes and deep oceans (Fig. 8c), and is due to a combination
of Oysat decreases (Fig. 8f) and AOU increases (Fig. 8i).
As expected, the thermal contribution (via AO»sat) to the
global oxygen decrease (AOz) was lower, around 25-50 %,
in the previous Coupled Model Intercomparison (CMIP3)
under the SRESAZ2 scenario (with less overall warming than
RCP8.5), while the rest was ascribed to changes in oceanic
ventilation (e.g. Table 2 in Keeling et al., 2010). Historical
measurements from the 1970s to the 1990s already reflect
these long-term predictions (Helm et al., 2011).

Next we discuss centennial changes in oxygen across dif-
ferent regions. In Fig. 8 we show a meridional section of the
eastern Pacific for O,, Ojsat, AOU, and water-mass age .
The historical observed values together with the historical
multi-model averages are shown in Fig. 8 in reference to
Sect. 3.1. The last column of Fig. 8 shows the multi-model
averaged centennial changes and the consistency of the pre-
dicted trends across models (for individual model projections
see Figs. S4, S5, and S6). Figure 10a (described later) shows
a schematic of the regions of interest described in the follow-
ing text.

Zones of subduction and propagation of deep water
masses

Surface freshening and warming south of 60° S were shown
to result in a weakening of AABW formation over the 21st
century for IPCC AR4 models (Sen Gupta et al., 2009). Ad-
ditionally, warming and freshening in the formation zones of
mode and intermediate water masses (Sallee et al., 2013a)
result in a reduced ventilation of Southern Ocean interme-
diate layers across CMIP5 models under the RCP8.5 sce-
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nario (Sallee et al., 2013b), as also observed by Downes
et al. (2010) across IPCC AR4 models under the SRESA2
emissions scenario. Meijers et al. (2014) provide a complete
review of the transformation of water masses under climate
change across CMIP5 models.

The usual expectation is that for a given water mass, the
older the age, the more time there is for organic matter and
oxygen to be consumed, hence the higher the AOU, and the
lower the O in the water sample. This relationship holds
well over most of the deep ocean on interannual timescales,
as seen by the positive correlation between age and AOU
in Fig. S7a and the negative correlation between AOU and
O3 in Fig. S7b. This relationship also holds well on centen-
nial timescales. We see that, over the 21st century, climate-
driven decreases in deep ocean ventilation along the AABW
in the Southern Ocean and along the NPIW in the North Pa-
cific increase age (Fig. 8l) and increase AOU (Fig. 8i), con-
tributing to a decrease in O3 along these ventilation pathways
(Fig. 8c). The patterns of increased AOU and decreased oxy-
gen can also be seen in individual model projections (Fig. S4
and S5).

However, the expected relationship between water-mass
age and AOU is opposite from expectations in the deep North
Pacific in the NorESM1-ME and GFDL-ESM2G models, i.e.
decreased ventilation (Fig. S6) is accompanied by decreased
AOU (Fig. S5). Interestingly, the same mechanism that con-
trols the relation between age and AOU interannually con-
trols the 100-year time changes in the four models that in-
clude age tracers (not shown). The deep North Pacific is the
least ventilated basin, such that isopycnal ventilation is weak
there and the diapycnal supply of oxygen gains importance
(Karstensen et al., 2008), which could contribute to the age—
AOU disagreement. Moreover, with climate change, the per-
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Table 1. Long-term trends in global oxygen and contribution from Ojsat and AOU across CMIP5 models (columns). The first row shows
global oxygen during the historical period 1960-1999, the second row shows relative change over 100 years from 1960-1999 to 2060-2099
(in %), and the third and fourth rows show the percentage of oxygen decrease due to a decrease in Opsat and an increase in AOU. The last
column shows the multi-model average and standard deviation (SD) by weighting models as described in Table Al.

CESM1-BGC GFDL-ESM2G GFDL-ESM2M  HadGEM2-ES  IPSL-CM5A-MR  MPI-ESM-MR  MRI-ESM1  NorESM1-ME Multi-model
(CC) (LR) (LR) Average (SD)
0O (mmol) 190.9 188.3 171.8 178.1 137.0 174.5 209.8 236.3 186.6
(177.0) (148.4) (176.1) (26.0)
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Figure 8. Observational climatologies from WOAO09 and GLODAP data sets (left column), CMIP5 multi-model mean historical simulations
for the period 1960-1999 (middle column) and CMIP5 multi-model mean future projections for the period 2060-2099 referenced to the
historical period (right column) for oxygen concentration (mmol m—3) on the first row, O,sat (mmol m=2) on the second, AOU (mmol m—3)
on the third, and water-mass age (yr) on the last row, all averaged zonally between 180° W and 100° W for a number of depths (y axis shows
depth inm). The predicted 100-year change panels include diagonal pattern for trends that are consistent across CMIP5 models at the 90 %
level, and crossed patterns for 80 % level. The observed age was multiplied by 2 in order to match the CMIP5 magnitude qualitatively. Only
four of the studied models reported age. The metrics for 100-year change agreement is explained in the Methods section.

centage of saturated O, could increase, which then would
increase the input of oxygen into the ocean interior, ulti-
mately decreasing the estimated AOU (that assumes O to be
100 % saturated at the surface) even if respiration increased
(Bernardello et al., 2014). As a result of decreased AOU in
the North Pacific, AOU does not increase as much globally
in NorESM1-ME compared to other models. Therefore, this
model experiences a lower decrease in global O, (1.3 %) over
the 21st century, mostly driven by the contribution of Osat
decrease (82 % in Table 1) with little contribution from AOU
increase, contrary to the rest of models (Table 1).
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Osat decreases in zones of deep water-mass formation
(Fig. 8f) due to 21st century warming, contributing (together
with the increase in AOU) to the decrease in oxygen levels in
deep waters. Note that AOU and O»sat are anti-correlated in
zones of deep water subduction on both centennial and inter-
annual scales as decreased ventilation (and hence increased
AOU) is usually associated with warmer waters (and lower
Ogsat; Fig. S7d).
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Upper ocean (top 100 m)

In the upper ocean above the thermocline, Osat drops sig-
nificantly everywhere as temperature increases (Fig. 8f), act-
ing to decrease O (Fig. 8c). Oysat dominates the changes in
O3 on both the 100-year timescale and the interannual scales
(Fig. S7c). The exception to this are the low-oxygen subsur-
face eastern zones where O is predicted to increase over
the 21st century following a strong decrease in local AOU,
higher than the warming-induced decrease in Opsat.

This decrease in AOU results from both a strong
stratification-driven decrease in nutrient supply and reduced
mixing with old high-AOU waters under future warming.

Low-latitude intermediate depths (200-1000 m)

At low-latitude intermediate depths, the changes in oxygen
levels over the 21st century are small in the multi-model
mean (Fig. 8c), owing to a strong compensation between
decreased AOU and decreased Ossat (reduced solubility).
The decreasing trends in both AOU and O»sat are consistent
across models in the most central part of this region (Fig. 8f
and i). Increased stratification reduces the supply of nutrients
to the euphotic zone, acting to reduce productivity and con-
sumption of oxygen (AOU decrease) especially in the eastern
highly productive tropics. However, changes in ventilation
(as tracked by the water-mass age) explain most of the de-
crease in AOU outside the eastern anoxic regions (Fig. 8l).
Both water-mass age and AOU drop due to a decrease in the
upward transport of old, high AOU deep waters (Fig. 8h, k)
following increased stratification (Gnanadesikan et al., 2007,
2012). The oxygen trend is highly inconsistent across mod-
els, as seen in Fig. 8c (no patterns). Inter-model discrepancies
in predicted trends result from the strong compensation be-
tween decreased Opsat and increased AOU and from slight
differences across models in the exact location of this poorly
ventilated region (Fig. S4). The finding that the multi-model
mean change in O is not significant agrees with previous
model studies (Cocco et al., 2013; Bopp et al., 2013 across
CMIP5 models).

As oxygen remains approximately constant with climate
warming in mid-depth tropics, 21st century changes in trop-
ical OMZ volume are small in most CMIP5 models (Fig. 9
and S8). In anoxic regions (O, <5mmol m—3) CMIP5 mod-
els show an increase or decrease in volume (by about 10 %)
depending on the balance between O,sat and AOU contribu-
tions and changes are indistinguishable from natural variabil-
ity for GFDL models. Changes in the volume of anoxic re-
gions are of critical importance for the survival of organisms
and for denitrification, which occurs at low oxygen values.
However, the skill of models in representing anoxic regions
is poor (Fig. 7a), so this result should be taken with caution.
The volumes of hypoxic regions (O2 < 80 mmol m—3) mostly
increase, although slightly, due to decreased overall ven-
tilation and increased AOU. Hypoxic volumes encapsulate
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Figure 9. Relative change in the volume of oxygen minimum zones
in the Pacific between 40° S and 40° N latitude to 2000m depth over
100 years (from the period 1960-1999 to the period 2060-2099)
projected by individual CMIP5 models. Each model projection is
shown as a patterned band that encompasses the natural variabil-
ity (mean 100-year change +1 standard deviation over 40 years
in the control sample). MPI-ESM-LR and HadGEM2-CC are not
shown for clarity, as these are very similar to MPI-ESM-MR and
HadGEM2-ES. IPSL-CM5A-MR model lies outside of the plot lim-
its and is shown in Fig. 7.

wider regions than anoxic regions, so these are not dominated
anymore by local consumption but by overall ventilation.
As an exception, IPSL-CM5A predicts an increase of both
anoxia and hypoxia (this model can only be seen in Fig. S8),
as changes in oxygen levels are dominated by decreased ven-
tilation even within anoxic regions. CESM1-BGC similarly
predicts an increase in OMZ volume everywhere, driven by
changes in ventilation at intermediate depths (500-1000 m).
The anomalously high interannual variability in HadGEM2
in anoxic regions is due to a small OMZ size, which artifi-
cially boosts the relative changes.

Summary

In accordance with the regimes just explained, we identify
three zones in the Pacific Ocean with similar properties: (i)
surface layers, (ii) deep Pacific and high-latitude intermedi-
ate depths (coinciding with the multi-model increase in age
in Fig. 8l), and (iii) low-latitude intermediate depths (coin-
ciding with the multi-model decrease in age in Fig. 8l). Fig-
ure 10 shows trends in Oy, Oysat, and AOU across CMIP5
models separated into (a) a surface box (50 to 200 m), (b)
an intermediate box (200 to 1000 m), and (c) a deep box
(2000 to 4000 m). Surface O is predicted to decrease in all
the models due to warming-driven Ozsat decrease (Fig. 10a).
In the deep Pacific, most models show a decrease in oxy-
gen levels, due to reduced ventilation (increased water-mass
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age) — increase in AOU - and due to increased temperature
— decrease in Oysat (Fig. 10c). Similarly, high-latitude inter-
mediate depths (between 200 m and 1000 m) in the zones of
water-mass formation are expected to experience decreases
in oxygen concentrations (shown in blue in Fig. 10b) due
to decreased ventilation, as in the deep box, coinciding with
the multi-model increase in age in Fig. 8 I. Only at the low-
latitude intermediate depths (OMZ region, red in Fig. 10b),
where AOU mostly decreases due to reduced mixing with
old waters, are oxygen levels predicted to remain nearly con-
stant (i.e. to increase or decrease only slightly, depending on
the model) due to a high degree of compensation between
changes in Ozsat and AOU (Fig. 10b). Importantly, the same
physical regions can be analysed on interannual timescales
(Fig. S7). Surface oxygen is dominated by changes in Ojsat
(Fig. S7b) and oxygen at deep and high latitudes is domi-
nated by changes in AOU (Fig. S7b) which is in turn very
correlated to changes in age (Fig. S7a). Low-latitude inter-
mediate oxygen changes result from a compensation between
increased Oysat and decreased AOU (or opposite) as seen in
Fig. S7d and discussed in the next section.

It is worth noting that we found no correlation between
biases in the mean state and responses to climate change,
suggesting that the mechanisms underlying the change are
similar and robust in all models.

3.3 Oxygen dynamics in the eastern tropical Pacific
OMZ: interannual variability compared to
long-term changes

The most interesting dynamic in the oxygen system is the
strong compensation between AOU and O»sat through the
21st century below the thermocline in the eastern tropical
Pacific (Fig. 8c, f, i). In this section we highlight the mecha-
nisms controlling oxygen variations on both interannual and
long-term timescales between 10°S and 10° N and east of
115°W, at a depth of 100 to 200 m. This domain is cho-
sen to enclose the upper portion of the eastern tropical Pa-
cific OMZ, found to have interesting oxygen dynamics due
to the strong compensation between AOU and Ozsat through
the 21st century (Sect. 3.2, Fig. 8c, f, i). We explore here
the same compensation mechanisms discussed in Sect. 3.2
but on interannual timescales. This region is also of interest
because tropical oxygen is underestimated in many CMIP5
models compared to observations (Fig. 3a), since models
do not properly separate the northern and southern OMZs
(Fig. 1) as explained in Sect. 3.1.

The temporal evolution of the system is shown in Fig. 11
both for interannual variability (ellipses) and for long-time
trends (wiggly lines) across CMIP5 models. For each model,
the ellipses encapsulate 95 % of the interannual variability
calculated in the 100-year control time series.

On interannual scales, the oxygen concentration in this
eastern Pacific region depends on the compensating effects
between increased Opsat and increased AOU (Fig. 11a),
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Figure 10. Top: schematic of the 100-year change (1960-1999
to 2060-2099) in O, across CMIP5 models. Bottom: relation-
ship between the 100-year change in apparent oxygen utilization
(AAOU, mmol m~—3) and the analogous change in Oosat (AO»sat,
mmol m—3) estimated by individual CMIP5 models in the Pacific
Ocean in (a) the surface layer (average from 50 m to 200 m), (b) the
intermediate layer (average from 200 to 1000 m) and (c) the deep
layer (average from 2000 to 4000 m). Solid grey lines in panels indi-
cate no change in oxygen, dashed lines indicate decrease in oxygen
concentration (=), and plus lines indicate increase in oxygen (+).
In the intermediate box, low-latitude values are represented in red
(coinciding with decrease in multi-model mean age of at least 20
years) and high latitudes, i.e. zones of water formation (where age
increases), are shown in blue.

which are highly correlated since both are forced by changes
in the Walker circulation (Fig. 11b—c). During years with
strong upwelling (coinciding with “La Nifia” events or a
strong Walker circulation) the thermocline shallows in the
East Pacific. An increased zonal tilting of isopycnals brings
more nutrients to the surface increasing photosynthesis, lo-
cal remineralization, and AOU, and acts to decrease O». Ad-
ditionally, increased Walker circulation is also associated to
increased inflow of deep water, which is not well ventilated
and thus contains high levels of accumulated AOU, also act-
ing to decrease O, in the OMZ region. At the same time, the
upwelling of cold deep waters results in a temperature-driven
increase in oxygen solubility (Ozsat) and thus an increase of
0>.

On interannual scales, all the models predict O, changes
dominated by AOU changes, shown by the slopes of the el-
lipses in the O,sat—AOU relation in Fig. 11a. Hence, a strong
Walker circulation results in increased O, The variability
in Ozsat, controlled by physical mechanisms only, is more
tightly related than AOU to changes in Walker circulation
(less dispersion in ellipses in Fig.11b vs. 11c) at all depths. A
more detailed analysis shows that changes in AOU are due to
local remineralization at 100 m but become gradually more
dominated by changes in water-mass age at 200m and be-
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low. These considerations apply to the whole suite of CMIP5
models, and support results from the hindcast model by Ito
and Deutsch (2013). It is worth noting that most models over-
estimate Ojsat compared to observations (cross in Fig. 11)
due to the well-known cold bias in the tropics (Li and Xie,
2014). AOU is also overestimated in seven models, because
of the nutrient-trapping problem discussed in Sect. 3.1.2.
However, the strength of the modelled Walker circulation and
its natural variability is similar to the observed one (Fig. 2b—
c) except for GFDL-ESM2M, which overestimates Walker
circulation variability.

The centennial behaviour is illustrated by the AOU, Osat,
Walker, and stratification index trajectories from 1900 to
2099 (wiggly solid line in Fig. 11a—e). The 100-year trend
in Walker circulation strength is low and discrepant across
the CMIP5 ensemble (Fig. 11b wiggly lines), although most
models show a slight decrease of its strength (Sandeep et al.,
2014 and reference therein). However, the eastern tropical
Pacific in CMIP5 models stratifies, mainly due to increased
warming and increased precipitation (Cabré et al., 2015) and
not due to centennial changes in Walker circulation strength.
As a consequence, fewer cold, old and nutrient-rich waters
are upwelled and mixed from deeper layers as explained in
Sect. 3.2. The consequent decrease in surface productivity
and in water age results in less local and accumulated oxygen
consumption via remineralization (less AOU) across all mod-
els (Fig. 11d). Additionally, Osat gradually decreases across
all models as a result of reduced inflow of cold, deep wa-
ters and an overall increase in ocean temperatures (Fig. 11e).
Note that while we define stratification here as the density
difference between 200 m and surface, the analysis of other
variables, depicting changes in density structure such as ther-
mocline depth, shows similar results.

The centennial behaviour of the system (wiggly lines) is
different from the interannual variability (ellipses). Although
the sensitivity to changes in stratification for O,sat is the
same for interannual and 100-year timescale (Fig. 11le el-
lipse slope similar to 100-year trend slope), the sensitivity
to changes in stratification for AOU is larger for interannual
compared to the centennial timescale (Fig. 11d ellipse slope
larger than 100-year trend slope). As a result, the reduction
of Ozsat relative to the reduction in AOU is more pronounced
on the 100-year timescale than on the interannual timescales
(Fig. 11a). Graphically, this means that the O, centennial
wiggly line in Fig. 11a becomes more parallel to the constant
O3 lines compared to the ellipse slope. Thus, on the 100-year
timescale there is almost perfect compensation between the
AQOU and O»sat, such that O, does not change significantly
across the CMIP5 models. By contrast, AOU changes domi-
nate Oysat changes, resulting in more significant changes in
O, on the interannual timescales. We hypothesize that this
differential behaviour on different timescales is due to the
fact that increased stratification with climate change moves
the isopycnals deeper, changing the relative importance of
lateral over vertical mixing. Moreover, we hypothesize that
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Figure 11. Interannual variability and climate-change trend in oxy-
gen, AOU, and Ojsat for each CMIP5 model (symbolized by
colours explained in the legend) in the eastern Pacific (from 10° S
to 10° N latitude and 115 to 60° W longitude) at a depth of 100
to 200 m. Solid lines denote constant oxygen values (O = Ojsat—
AOU) at the pre-industrial concentration. Each ellipse encompasses
95% of the interannual variability in Ojsat (x axis) and AOU
(v axis), calculated in a 100-year period of the control run (a).
The wiggly line shows the 20-year smoothed climate change evolu-
tion from 1900 to 2099, starting from the centre of the ellipse and
moving out of it as time passes. Observations are shown as a cross
(WOAQ9). Subsequent panels show the effect of the Walker circu-
lation strength on AOU (b) and Ojsat (c), and the effect of strati-
fication on AOU (d) and O»sat (€). Observed variability in Walker
circulation is included in panels (b) and (c) (black line). The model
HadGEM2-CC (not shown) shows results similar to HadGEM2-ES.

the local biological positive feedback, very important at in-
terannual scales for AOU changes, is dampened at longer
timescales as the system adjusts the new levels of physical
nutrient supply.

4 Conclusions

Here we studied the differences in contemporary and 21st
century oxygen distributions across the latest generation
of Earth system models CMIP5 in the Pacific Ocean. The
range of physical and biogeochemical characteristics across
CMIP5 models offers a unique opportunity to understand
common and persistent mechanisms and biases.

We find that the volume of OMZs is systematically over-
estimated across CMIP5 models in agreement with previ-
ous work (e.g. Bopp et al., 2013), largely because of over-
estimated weakening of the Equatorial Undercurrent on the
Eastern side, too weak surface countercurrents, and lack or
deficiency of deeper equatorial jets. The biases in equatorial
ventilation combined with large biological consumption re-
sult in strong oxygen depletion, phosphate trapping at depth,
and nitrate that is (often) too low due to excessive denitrifi-
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cation (Fig. 3). Consequently, most models tend to join the
northern and southern OMZ cells — well separated in obser-
vations — into a single large tropical OMZ (Fig. 1a).

The southern Pacific OMZs are found to be too large com-
pared to observations, as intermediate water ventilation from
the Southern Ocean does not reach sufficiently north in the
Pacific (in agreement with Sallee et al., 2013b and Downes et
al., 2010). Some models additionally predict positive biases
in oxygen concentrations at the northward edge of the north-
ern OMZ, due to excessive NPIW transport and excessive
deep ventilation from AABW towards the North Pacific. This
creates a meridional distribution of oxygen that is too sym-
metric across the equator compared to observations (Fig. 1).

The POC flux at 100 m is significantly larger than observa-
tions across at least four CMIP5 models, triggering excessive
oxygen consumption. The OMZ expands too deep for mod-
els with low remineralization in the upper ocean, associated
with a high transfer of POC to deep waters. We find that a
power-law POC remineralization profile with large shallow
remineralization and low transfer of POC to the deep matches
the observed oxygen concentrations better.

With realistic equatorial ventilation, the depth of the OMZ
would probably be less sensitive to changes in POC pro-
files because it would not switch from aerobic remineraliza-
tion to denitrification so easily, but until the representation
of equatorial ventilation is improved, a higher exponent in
the POC transfer power-law curve, and higher denitrification
rates might alleviate the anomalously deep OMZ. We recom-
mend the calibration and examination of sediment models,
since the lack of sediment burial at the sea floor might con-
tribute to anomalously deep OMZ if all the remaining POC
is remineralized instantaneously at the sea floor.

Complexity in the representation of biogeochemistry does
not seem an advantage in modelling OMZs within this gen-
eration of coarse-resolution simulations. The most complex
biogeochemical models (CESM1-BGC, GFDL-ESM2, and
IPSL-CM5A), with ballast- or size-dependent remineraliza-
tion and denitrification, display OMZ biases similar to the
rest of the models. We provide summary tables of ocean
physics (Table A2) and biological representations and param-
eters (Table A3) for all the CMIP5 models analysed. These
tables complemented with recommendations in Sect. 3.1.3
will be useful for modellers who want to improve the rep-
resentation of OMZs, and the processes that control them.
Furthermore, we created the overlap metric described in
Sect. 3.1.4 to help select models with the least OMZ biases
compared to observations for biogeochemical studies.

Under typical climate-change scenarios, all CMIP5 mod-
els predict similar deoxygenation mechanisms during the
21st century, despite large differences in the oxygen mean
state. The consistency with which the different models pre-
dict changes in Ozsat and AOU suggests that the mechanisms
underlying the change are similar and robust across all mod-
els and that biases in the mean state do not affect the expected
response to climate change.
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CMIP5 models predict a decrease of oxygen over most
of the deep and high- latitude ocean due to an overall slow-
down of ventilation (increased AOU) and increased temper-
ature (increased Ozsat), in agreement with observed decreas-
ing trends in deep O, over recent decades (Helm et al., 2011).
Consistency among model predictions (Fig. 8c) and agree-
ment with recent observed trends at high latitudes suggests
that this is a robust mechanism that we should continue to
monitor with future biogeochemical observing systems. We
also find coherent patterns of oxygen trends with climate
change in the Pacific surface (Sect. 3.2, Fig. 10a), where oxy-
gen decreases due to warming (Osat decrease).

The most complex behaviour is displayed in the inter-
mediate tropical depths where the OMZs reside. On inter-
annual timescales, we find that both changes in Ojsat and
AQU are systematically connected to the Walker circulation
and ENSO variability across all CMIP5 models, as previ-
ously observed in the southern tropical Pacific (Llanillo et
al., 2013) and discussed in a single hindcast model by Ito
and Deutsch (2013). The interannual variability of the upper
part of the tropical Pacific OMZ is dominated by changes
in AOU over changes in Ozsat, such that years with strong
Walker circulation are years of increased AOU and lower to-
tal oxygen.

In contrast to interannual variability, CMIP5 models
project AOU increases and Osat decreases that almost com-
pensate over the 21st century, such that climate-driven pre-
dictions in tropical mid-depth oxygen are consistent with no
oxygen change across the CMIP5 models. This agrees with
predictions from previous modelling studies (Bopp et al.,
2002, 2013; Matear and Hirst, 2003; Cocco et al., 2013). The
projected AOU decreases in the eastern tropical mid-depths
throughout the 21st century are due to increased stratification
and hence (a) less advection of deep, AOU-rich waters and
(b) decreases in biological production; the projected Ojsat
decreases are due to warming.

However, observations have shown a clear expansion of
hypoxia in the tropics (Stramma et al., 2008, 2010a, 2012)
over recent decades, contradicting the long-term predictions
from models. Biases in the modelling of lateral ventilation
via deep equatorial jets have been suggested as possible
causes for discrepancy in predictions compared to observa-
tions (Stramma et al., 2010b; Getzlaff and Dietze, 2013),
which could be too dominated by changes in vertical ven-
tilation. It is also possible that the observed OMZ expansion
in the tropics is mostly the result of natural variability on
multi-decadal timescales, for example driven by changes in
trade winds associated with the Pacific Decadal Oscillation
(Deutsch et al., 2011, 2014; Czeschel et al., 2012). Trade
winds regulate the strength of the subtropical-tropical cells
(eg. Lubbecke et al., 2008), which modify the amount of oxy-
gen transferred from the gyres to the eastern Pacific Ocean
(Duteil et al., 2014b).
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Appendix A: Model-by-model analysis of physical and
biological processes contributing to biases in the Pacific
oxygen minimum zones

All the CMIP5 models underestimate the equatorial venti-
lation, contributing to the anomalous merging of the north-
ern and southern OMZs in the Pacific Ocean. Here, we de-
scribe in detail additional sources of bias, such as the ven-
tilation from the Southern and North Pacific oceans and the
parameterization of the remineralization profiles, which dif-
fer from model to model. The following results are based on
Tables Al, A2, and A3 and references therein.

GFDL-ESM2M and GFDL-ESM2G
Biases

Both GFDL-ESM2 models display a large tropical OMZ,
overestimate the southward extension of the southern OMZ,
and underestimate the northward extension of the northern
OMZ, which results in too much hemispheric symmetry in
OMZs (Fig. 1). Both models overestimate the vertical depth
of the OMZ (Fig. 1), despite large oxygen concentrations in
the deep Pacific for GFDL-ESM2G (Fig. 2).

Mechanisms

Both GFDL-ESM2 models are biased towards low Southern
Ocean intermediate ventilation and high North Pacific ven-
tilation (NPIW), resulting in too much hemispheric symme-
try in OMZs. The version ESM2M captures best the trop-
ics, Southern Hemisphere, and deep Pacific oxygen, while
ESM2G captures best the NPIW ventilation and conse-
quently the northern OMZ. The excess in deep oxygen con-
centration in GFDL-ESM2G is related to large AABW for-
mation rates.

Both GFDL models overestimate the extension and depth
of OMZ, possibly due to equatorial under-ventilation that
leads to nutrient trapping, and worsened by an excess of den-
itrification (also suggested by Dunne et al., 2012) and by the
use of an exponential remineralization curve (Fig. 6). The
OMZ shape is almost constant at different depths contrary
to observations, suggesting that the OMZ is indeed main-
tained by a vertical mechanism as it would be too much POC
flux and remineralization at depth. The denitrification length
is considerably high in GFDL-ESM2 (1500 m), displacing
POC remineralization and the OMZ deeper in GFDL-ESM2
compared to other models. Instantaneous remineralization of
POC at the bottom floor (without burial of POC to the sedi-
ments) might also contribute to a OMZ that is too deep.
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CESM1-BGC
Biases

CESM1-BGC represents the overall patterns in oxygen well,
but overestimates the spatial extent of OMZ in the equato-
rial Pacific (Fig. 1). CESM1-BGC displays extended nega-
tive oxygen bias over most of the ocean (Moore et al., 2013).
However, the NH OMZ matches the depth and patterns of the
observed OMZ better than most CMIP5 models (Sect. 3.1.4).

Al Mechanisms

A poor equatorial ventilation system, combined with under-
estimated mid-depth ventilation from the Southern Ocean
and North Pacific results in an OMZ that is larger than ob-
served.

The exponential curve used to represent soft POC is a po-
tential source of bias that could be improved by applying
a power law instead (Moore et al., 2013). Even though the
remineralization curve is exponential and similar to the mod-
els that develop a deep OMZ (compare GFDL-ESM2 and
CESM1-BGC remineralization curves in Fig. 6), CESM1-
BGC does not develop such strong denitrification or deep
OMZ. The denitrification rate is higher than in the other
models with exponential profile (denitrification length equal
to 260m instead of 1500m in GFDL-ESM2), alleviating the
POC displacement to deeper depths. Additionally, the con-
sumption of nitrate in denitrification is corrected to avoid a
complete depletion of nitrate (Lindsay et al., 2014), possibly
correcting for deep OMZ.

IPSL-CM5A-MR (LR)
Biases

This model forms a large OMZ in the deep North Pacific and
shows low oxygen concentrations in the entire deep Pacific.
However, the tropical mid-depth OMZ barely develops (mid-
depth oxygen is too high compared to observations).

Mechanisms

The relatively low exponent in the power-law remineraliza-
tion curve (Fig. 6 and Table 3) creates an extended deep
OMZ (as also suggested by Dufresne et al., 2013) because
it transfers too much POC to deep waters, shifting the OMZ
to deeper depths and resulting in positive oxygen anomalies
in the upper layers. The underestimate of the OMZ volumes
(high levels of oxygen compared to observations) in the trop-
ics and SH is also related to the fact that nutrients (and hence
production) are underestimated there (Fig. 2, 3), probably
due to weak EUC (Fig. 4). At the sea floor, all the remain-
ing POC is buried into the sediments, a mechanism which
prevents further hypoxia in the bottom layers.

Biogeosciences, 12, 5429-5454, 2015
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MPI-ESM-MR (LR)
Biases

The tropical OMZs are too deep (as previously noted by
llyina et al., 2013), too large, and expand too far poleward
in both hemispheres. However, the oxygen concentration is
overestimated in the deep Southern Ocean.

Mechanisms

Intermediate water masses are well represented in this model.
However, AABW formation is underestimated, which might
explain the large oxygen bias in deep low latitudes and the
NH. Figure 4 shows the large bias in equatorial ventilation
in the low-resolution version of the model (MPI-ESM-LR),
which is much improved in the high-resolution version (MPI-
ESM-MR). However, both resolution model versions show
similar biases in oxygen distribution and an OMZ that is too
deep, suggesting that the deep OMZ is mostly due to extra-
equatorial ventilation or biological bias.

The modelled deep OMZ might result from an exponen-
tial remineralization curve with a low exponent (exaggerated
with low denitrification rates and complete depletion of ni-
trate), combined with an overestimate of the POC flux from
the euphotic layer (Fig. 5). The OMZ forms at a shallower
depth than in other models and observations due to large
POC flux in the euphotic layer.

NorESM1-ME
Biases

The oxygen in this model is too high in the entire deep Pa-
cific and in the NH intermediate depths. However, the model
develops large and deep OMZs in the tropical mid depths
(Figs. 1, 2).

Mechanisms

The level of oxygen is too high everywhere surrounding the
OMZs due to excessive deep-water formation that expands to
the NH, and likely also enhanced by excessive NPIW mixing.

The OMZ is similarly deep in NorESM1-ME and MPI-
ESM models. Both model groups share the same biogeo-
chemical model HAMOCC (and very similar parameters) but
differ in physics, suggesting that the remineralization curve is
the cause for the deep OMZ extension. An exponential curve
for remineralization profile transfers too much POC to deep
waters, creating a deep OMZ in the Nor-ESM1 model (sim-
ilar to GFDL-ESM2 and MPI-ESM models). The POC flux
at 100 m is too large as shown in Fig. 5, contributing to the
deep OMZ.

Biogeosciences, 12, 5429-5454, 2015

HadGEMZ2-ES (CC)
Biases

These two models form a large and deep southern OMZ that
expands towards the tropics. However, no northern OMZ is
formed, resulting in a positive oxygen anomaly compared to
observations.

Mechanisms

According to Williams et al. (2014), the globally preva-
lent positive oxygen bias in HaWdGEM2-ES between 100 and
1000 m at low northern latitudes can be attributed to the un-
derestimation of primary productivity at mid to high lati-
tudes (and subsequent low consumption in the subsurface).
We think that a strong NPIW also contributes to elevated
oxygen advection and to the removal of the northern OMZ.
In the southern Pacific Ocean, there is generally good agree-
ment between observed and simulated PP (primary produc-
tion) and oxygen fields (Williams et al., 2014), although the
OMZ is too large there, possibly due to the low exponent as-
sumed in the power-law remineralization curve.

MRI-ESM1-ME
Biases

This model shows a larger southern OMZ than observed, and
a smaller northern OMZ than observed. Additionally, oxygen
concentration is overestimated at large depths.

Mechanisms

The amount of nitrate available in the eastern tropics and
southern low latitudes (Fig. 3) is anomalously high, causing
the POC flux to be high in these zones (Fig. 5). The EUC
is weaker than observed so it should not be the cause for
high levels of nitrate. In this case, high levels of nitrate could
be explained by trapping on the eastern side due to anoma-
lously shallow remineralization (resulting in remineralized
new nitrate). In order to match observed oxygen, a high expo-
nent is prescribed for the exponential remineralization curve
(Fig. 5). In the NH, both nitrate and POC flux are low com-
pared to observations, hence the high exponent in the rem-
ineralization curve does not allow the NH OMZ to extend as
northward as seen in observations. Moreover, the large NPIW
ventilation contributes to the removal of the northern OMZ.
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Table Al. Summarized information across CMIP5 models. The table includes: spatial resolution in the ocean, ocean module, ecology
subroutine, phytoplankton types, references, and weight applied in the multimodel averages (see Methods). The major differences between
HadGEMZ2-ES and -CC are the inclusion of an interactive tropospheric chemistry component in -ES, and different vertical atmospheric
resolution in -ES (L30) and -CC (L60). The only difference between IPSL-CM5A-LR and -MR is the atmospheric horizontal resolution,
1.9° x 3.75° for -LR (low resolution) and 1.25° x 2.5° for -MR (medium resolution).

Model Resolution Ocean module References: physics Ecology References: Weight assigned in
(depth levels, module biogeochemistry multi-model statistics
long/lat)

CESM1-BGC 60, CCsm4 Gent et al. (2011), Dan- MET Moore et al. (2004), 1
1.125/0.27- abasoglu et al. (2012), Moore et al. (2006),

0.53 Weijer et al. (2012) Moore et al. (2013),
Moore and Doney (2007)
Lindsay et al. (2014)

GFDL-ESM2G 63, GOLD Dunne et al. (2012) TOPAZ2 Dunne et al. (2013) 1
1/0.3-1

GFDL-ESM2M 50, MOM4p1 Dunne et al. (2012) TOPAZ2 Dunne et al. (2013) 1
1/0.3-1

HadGEM2-ES 40, HadGEM2 Collins et al. (2011), Diat-HadOCC Palmer and Totterdell 0.5 (0.5)

(CC) 1/0.3-1 Jones et al. (2011), Mar-  (NPZD) (2001)

tin et al. (2011)
IPSL-CM5A-MR 31, NEMOv3.2 Dufresne et al. (2013) PISCES (from  Aumont and Bopp 0.5 (0.5)
(LR) 2/0.5-2 HAMOCCS) (2006), Séférian et
al. (2013)
MPI-ESM-MR 40, MPIOM Jungclaus et al. (2013), HAMOCC5.2 Ilyina et al. (2013) 0.5(0.5)
(LR) 0.4/0.4 Giorgetta et al. (2013) (NPZD)
(1.5/1.5)

NorESM1-ME 53, based on CCSM4  Bentsen et al. (2013), HAMOCC5.1 Assmann et al. (2010) 1

1/1.25 & MICOM Iversen et al. (2013), (NPZD)
Tjiputra et al. (2013)

MRI-ESM1 51 OGCM Yukimoto et al. (2011) NPZD Yukimoto et al. (2011) 1

1/0.5
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Table A2. Description of ventilation sources across CMIP5 models, including North Pacific ventilation via NPIW, deep ventilation via
AMOC and AABW, intermediate-depth South Pacific ventilation via AAIW and SAMW, and equatorial ventilation. The diapycnal mixing
coefficient Aeqgi (collected from references in Table 1) is shown in parentheses in the first column. The AABW strength is calculated as the
maximum value of the lower cell in the Indo-Pacific meridional stream function at 30° S. Fig. S9 shows the stream function across CMIP5

models. Italic entries show contributions from the present research; regular font shows literature compilation.

Model North Pacific ventilation Deep ocean ventilation South Pacific intermediate ventilation Equatorial ventilation

(Aredi)

CESM1-BGC NPIW formation in the AABW transport is consistent with observations but on  Intermediate-depth AAIW and SAMW water masses  The subsurface ventilation via isopycnal mixing at low latitudes is

(800ms’12) North Pacific is weaker the weak side (Danabasoglu et al., 2012). are found more equatorward and weaker than observa- ~ weak, which contributes to negative biases in oxygen concentration
than observed (Moore et AABW_30S=5.2 Sv tions, probably related to the underestimation of MLD ~ (Moore et al., 2013). However, this version shows improvements in
al., 2013) This might add to NH OMZ being too large, resulting near the formation region (Danabasoglu et al., 2012) subsurface equatorial jets thanks to improved wind stress (usually

from low deep ventilation to the deep North Pacific. The Southern Hemisphere OMZ is then too large. underrepresented in low-resolution simulations). Still, the modelled
wind and precipitation forcing is more N-S symmetric than the ob-
served one. The depth and strength of EUC are well represented (Dan-
abasoglu et al., 2012).

GFDL-ESM2G The North Pacific is overly  ESM2G is overly ventilated south of 60° S, such that  ESM2M reproduces the observed areas of SAMW in  ESM2M lacks ventilation in the eastern equatorial Pacific, and

™M) ventilated by NPIW in bottom waters in ESM2G propagate further northward ~ the Southern Ocean between 40°S and 50° S, while ESM2G exacerbates this oxygen bias even more.

(600ms’121 ESM2M. ESM2G repre- than in ESM2M, resulting in younger deep waters in  ESM2G underestimates the production of these waters. ESM2M represents better the tropical west Pacific than ESM2G
sents the lack of oxygen ESM2G than in ESM2M (Dunne et al., 2013). ESM2G exacerbates the ESM2M oxygen bias in the  (Dunne etal., 2013), which leads to a better representation of the OMZ
ventilation in the North Pa-  AABW_30S = 18.8 (14.2) Sv tropical and southern subtropical oceans and Southern  (less expanded to the west).
cific better than ESM2M, Larger AABW ventilation in ESM2G leads to higher lev-  Ocean north of 60° S (Dunne et al., 2013).
though still at the high end  els of oxygen in the deep North Pacific.
compared to observations.

(Dunne et al., 2013)

The poleward extension
of the northern OMZ is
underestimated.

HadGEM2-ES We suggest that an over- HadGEM2-ES has well-developed upper and lower cir-  HadGEM2-ES subducts intermediate waters in regions EUC too weak towards the east (Fig. 4), resulting in underestimated

(CC) estimation of the extension  culatory cells which are analogous to the (upper) North  of the water column that are clearly too stratified (Sallee  transport of nitrate, low primary production, and low POC flux.

(500ms’12) of NPIW ventilation con- Atlantic Deep Water (NADW) and (lower) Antarctic etal., 2013b).
tributes to the removal of AABW systems observed (Williams et al., 2014). The  The SH OMZ is then too large because of poor interme-
the northern OMZ. AMOC is only slightly weaker than observed (Martin et diate ventilation.

al., 2011).

AABW_30S=12.3 (13.4) Sv
IPSL-CM5A-MR We suggest that NPIW ex-  AABW_30S =15.3 (13.5) Sv No reported bias in AAIW or SAMW. The model tends to underestimate the high surface nutrient concentra-
(LR) pands too deep, which con-  The strength of AABW is normal among CMIP5 models. tions that are associated with the strong equatorial Pacific upwelling

(1000ms—12)

tributes to the overestima-
tion of oxygen in the north-
ern OMZ regions.

on the eastern side (Dufresne et al., 2013).
This is due to deficient eastward EUC velocity (Fig. 4). As a conse-
quence, local PP is underestimated, and so is the OMZ extension.

MPI-ESM-MR
(LR)
(1000ms—12)

NPIW well represented.

AABW_30S=7.9 (6.5) Sv

Our calculated AABW in Pacific is among the lowest
across CMIP5 models, which could contribute to a neg-
ative oxygen bias in the deep tropics and NH.

This model represents mid-depth AAIW and SAMW
fairly well (Fig. 4, Junclaus et al., 2013).

Introducing an “eddy-permitting” grid configuration (MPI-ESM-MR,
0.4° precision) in the ocean leads to improvements in the representa-
tion of the equatorial current systems (Junclaus et al., 2013). In par-
ticular, the position of the maximum and the tilt of the core of the
equatorial undercurrent (EUC) with depth are well captured in the
MPI-ESM-MR model.

NorESM1-ME NPIW is too deep and pole- ~ The AMOC strength is in the upper range among mod-  The model realistically simulates the structure of AAIW  EUC is well captured in this model (Fig. 4).
ward compared to observa- els contributing to phase 3 of the Climate Model Inter- and SAMW from the Southern Ocean (Tjiputra et al.,
tions, which contributes to  comparison Project (CMIP3) and well above observa-  2013).
the removal of the northern  tions. It is not clear what causes the vigorous AMOC  However, these waters seem to have oxygen concentra-
OMZ. intensity (Bentsen et al., 2013). tions that are too low (Fig. 2).
AABW _30S=21.9 Sv
This results in anomalously large oxygen concentration
at large depth and too small NH OMZ.
MRI-ESM1 NPIW is too deep and pole- ~ AABW_30S =9.9 Sv We hypothesize that AAIW waters are deficient in this  EUC is too weak in this model (Fig. 4).

ward compared to observa-
tions, which contributes to
the removal of the northern
OMZ.

The strength of AABW is normal among CMIP5 models.

model (based on Fig. 2).

Biogeosciences, 12, 5429-5454, 2015
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Table A3. Description of biological parameters that might affect OMZ extension, including POC flux profile, denitrification, nitrogen fixation,
and sediment burial across CMIP5 models, summarized from references in Table AL, and our analysis (see also Fig. S1). Most CMIP5
biogeochemical models use a constant rate of remineralization » combined with a constant sinking speed of POC or a sinking speed increasing
with depth. In the case of linearly increasing sinking speed w(z) = w, + a - z and the POC flux profile (Fpoc) follows a classical Martin
power-law curve Fpoc(z) = Froc(20)(z/z0) ", with b equal to r/a. In the constant sinking speed case, the POC flux profile follows an
exponential curve Fpoc(z) = Fpoc (zg)exp(—b-z), with b equal to r/w (Kriest and Oschlies, 2008). Some models with an exponential POC
profile give the exponent in terms of remineralization length A, equivalent to 1/b. Italic entries show contributions from the present research;

regular font shows literature compilation.

Model POC flux Denitrification Nitrogen fixation Sediment remineralization
CESM1-  Ballast model (Armstrong et al., 2002) with two sinking classes: Switch to denitrification at O, <4mmolm=3  Diazotrophs fix dissolved N (with iron limi All the ining POC is remil ized il y
BGC (a) a soft POC that remineralizes at a fixed length scale (I =130m)  (Igenit =260m), based on Van Mooy et al. (2002), In the Pacific, simulated export is driven by upwelling when reaching the sea floor.

with and i >90% of the POC leav-  but corrected to avoid artificially deep OMZ via nitrate ~ with less influence by N fixation. N fixation had a mod-

ing the euphotic layer. run-out, by multiplying the fixed N removal rate by the  est impact on the organic flux sinking into the OMZs

(b) a class strongly associated with mineral ballast types (includ- ~ simulated nitrate concentration, divided by a factor of ~ (Moore and Doney, 2007)

ing lithogenic particles, biogenic silica, and calcium carbonate), with 110 (Moore et al., 2013).

deeper remineralization lengths. As the removal of nitrate necessary to degrade POC

Froc(2)! Froc (z = z0) = exp(—(z — z0) T,'?OC/I) is artificially reduced, there is no nitrate run-out, such

Curve dominated by soft POC at mid-depths, and by ballast POC at that POC remineralization can continue. Avoiding

depth (sum of exponentials with different exponents). complete run-out of nitrate should partially fix OMZ.

POC flux at 100 m is more smoothly distributed than in the other mod-

els (Fig. S1), and it is large everywhere in the tropics, which could

explain partially why OMZ expands so much to the west.
TOPAZ2  Ballast model (Armstrong et al., 2002) with two sinking classes: Switch to denitrification at O, <5mmol m-3 (with  Diazotrophs fix dissolved N2 (with iron limif All the POC is on the bottom
(GFDL- a) a soft (unprotected) POC that remineralizes at a fixed length scale  minimum nitrate condition floor instantaneously (J. Dunne, personal communica-
ESM2G,  (rate r =0.016/d, sinking speed w =3md~1,/ =187.5m) NO3z>0.1mmol m~3) tion, 2014).
GFDL- (b) a protected class strongly associated with mineral ballast types  Rate rgeniy =0.002d~1 (8 times less than oxic reminer-
ESM2M (biogenic silica and calcium with deeper i izati alization, Igenjt = 1500 m)

scales. Part of this class is converted to soft POC at each depth. In the absence of both NO3 and Oy, a respiration deficit

Fpoc(2)! Fpoc (z = z0) = exp(—( 0)r/w) is accumulated as negative O (Dunne et al., 2013).

Curve dominated by soft POC at depths, and by ballast at a

greater depth (sum of exponentials with different exponents).

POC flux at 100 m is high in the tropics and high latitudes (Fig. S1),

similar to observations. As a result of its more vigorous thermocline

ventilation, ESM2M has higher total primary production and POC

flux than ESM2G in most ocean areas.
HadGEM2- POC flux in the form of slow-sinking detritus (10 m d—1) with specific ~ No denitrification No nitrogen fixation All detrital material reaching the sea floor is instantly
ES (CC) remineralization rate varying inversely with depth (Martin-style power remineralized. Newly remineralized material is spread

law, but capped). evenly over lowest three layers. Sinking diatoms that hit

Fpoc (@)l Fpoc (z = z0) = (z/20) ™" the sea floor die instantly, becoming detritus.

Consistent with a power-law curve (below 100m), with exponent b

equal to 0.7 (Fig. 6).

POC flux at 100m follows the expected patterns (Fig. S1). However,

low POC in the eastern tropical Pacific contributes to positive biases

in oxygen in the OMZ regions.
PISCES Two types of POC, POCs (small) and POCb (big). Only POCb  Remineralization changes linearly from oxic to anoxic  Nitrogen fixation is parameterized in a crude way. In PISCES, sinking organic matter is permanently
(IPSL- changes sinking speed with depth. (denitrification) at oxygen levels between 6 mmol m=3  _Itis restricted to warm waters above 20° C. buried below the sea floor, thereby preventing the ac-
CM5A) Froc(2)! Froc (z = 20) =(z/20)~" (all oxic) and 1 mmol m-3 (all denitrification). The rate - It is restricted to area with insufficient nitrogen fixa-  cumulation of detritus and slow remineralization at the

The total POC remineralization curve is the sum of two power laws, ~ of denitrification is the same as the rate of oxic reminer-  tion. bottom.

as big and small POC have different exponents. alization. — It requires iron.

Change in POC approximately consistent with a power-law curve, — Itis restricted to the sea surface.

with exponent b varying from 0.75 at intermediate depths to 0.5 at — To ensure N conservation in the ocean, annual total

depth (obtained from Fig. 6). nitrogen fixation should balance denitrification.
HAMOCC POC in the form of detritus (remineralization rate r =0.025/d, sink- At low oxygen levels (O, <0.5mmolm=3), switch to  In nitrate-limited oligotrophic regions, the model as- The sediment model used is based on Heinze et

ing speed of detritus w =5 md~—*,7 =200m) denitrification and sulfur reduction. sumes nitrogen fixation by cyanobacteria, which is pa-  al. (1999). Within the sediment, remineralization of or-
(MPI- Fpoc(2)! Feoc (z = z0) = exp(—(z — z0)r/w) Denitrification rate 0.005 /d (5 times less than oxic rem-  rameterized as the relaxation of the nitrate concentration  ganic material is described as in the water column: aer-
ESM, POC flux at 100m is too high in the eastern side of the tropical Pa- ineralization, /genjt =1000 m) at surface layer to the available phosphate concentra-  obic remineralization occurs as long as oxygen is avail-
NorESM1- cific for both MPI1-ESM and NorESM1-ME (Fig. S1). This contributes tion, through Redfield ratio. In a stationary ocean, deni-  able in pore water, taking into account that part of the
ME) to the formation of a large OMZ. In MPI-ESM, POC flux is also high trification and nitrogen fixation are balanced. sediments becomes unavailable at each time step.

in the western tropics.
MRI- POC in the form of detritus (remineralization rate » =0.048day~1,  No denitrification No nitrogen fixation
ESM1 sinking speed of detritus w =2mday~1,/ =41.66m)

Fpoc(2)! Fpoc(z = z0) = exp(—(z — zo)r/w)

POC flux at 100m is too high in the tropics and eastern Pacific
(Fig. S1), possibly due to high subsurface recycling of organic mat-
ter associated with overestimated nitrate.
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