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Abstract. Dissolved oxygen (DO) concentration in the ocean
is an important component of marine biogeochemical cycles
and will be greatly altered as climate change persists. In this
study a global oceanic carbon cycle model (HAMOCC 2.0) is
used to address how mechanisms of oxygen minimum zone
(OMZ) expansion respond to changes in CO; radiative forc-
ing. Atmospheric pCO; is increased at a rate of 1 % annu-
ally and the model is stabilized at 2 x, 4 x, 6 x, and 8 x
preindustrial pCO» levels. With an increase in CO; radiative
forcing, the OMZ in the Pacific Ocean is controlled largely
by changes in particulate organic carbon (POC) export, re-
sulting in increased remineralization and thus expanding the
OMZs within the tropical Pacific Ocean. A potential decline
in primary producers in the future as a result of environmen-
tal stress due to ocean warming and acidification could lead
to a substantial reduction in POC export production, vertical
POC flux, and thus increased DO concentration particularly
in the Pacific Ocean at a depth of 600-800 m. In contrast, the
vertical expansion of the OMZs within the Atlantic is linked
to increases POC flux as well as changes in oxygen solu-
bility with increasing seawater temperature. Changes in total
organic carbon and increase sea surface temperature (SST)
also lead to the formation of a new OMZ in the western sub-
tropical Pacific Ocean. The development of the new OMZ
results in dissolved oxygen concentration of < 50 umol kg ™!
throughout the equatorial Pacific Ocean at 4 times prein-
dustrial pCO,. Total ocean volume with dissolved oxygen

concentrations of <50 pumol kg_l increases by 2.4, 5.0, and

10.5 % for the 2 x, 4 x, and 8 x CO, simulations, respec-
tively.

1 Introduction

Rapid increases in concentrations of greenhouse gases (CO»,
CHy, and N,O) in the atmosphere since the 18th century
have led to greenhouse gas radiative forcing and tempera-
ture change of 0.068 °C per decade (Karl et al., 2015). Atmo-
spheric CO, concentrations are predicted to continue to rise
from the preindustrial level of 280 ppmv up to ~ 800 ppmv
by the year 2100 IPCC, 2013) or ~ 2000 ppmv by year 2400
under the assumption that all fossil fuel reservoirs are emitted
into the atmosphere (Caldeira and Wickett, 2003; Zachos et
al., 2008; Archer et al., 2009). The anthropogenic CO, will
be partially sequestered by the ocean and the biosphere on
timescales on the order of 10* years. A rise in ocean tem-
perature decreases the solubility of CO; in seawater and thus
the CO, uptake into the ocean. In addition, the ocean buffer
capacity decreases with rising pCOs.

Changes in climate as a result of CO, emission will affect
the oxygen distribution in the ocean. DO (dissolved oxygen)
concentration in the ocean is affected not only by changes
in ocean ventilation but also by solubility and the biological
pump (Volk and Hoffert, 1985). The biological pump is con-

Published by Copernicus Publications on behalf of the European Geosciences Union.



782

trolled by export production, vertical carbon flux and decay
of particulate organic carbon, dissolved organic carbon, and
the transport of biogeochemical tracers by the ocean circu-
lation. Variations in seasonal and long-term DO concentra-
tion have been observed in subpolar and subtropical regions
(Whitney et al., 2007; Stramma et al., 2008). Climate models
predict that DO concentrations in the ocean will continue to
decline with the warming of the deep sea due to the subse-
quent decline in solubility as well as variations in the biologi-
cal pump due to changes in mixing and enhanced ocean strat-
ification. The decrease in the DO concentration will likely
result in the expansion of oxygen minimum zones (OMZs;
Sarmiento and Orr, 1991; Sarmiento et al., 1998; Schmittner
et al., 2008; Shaffer et al., 2009) and a significant expansion
of bottom water hypoxia (< 10 umol O, kg™ ).

There are five major non-seasonal OMZs discussed in the
current literature, which are the eastern subtropical North Pa-
cific OMZ (~ 15-25° N), the eastern tropical Pacific OMZ
(equatorial region), the eastern South Pacific OMZ (~ 15—
40° S), the Arabian Sea, the Bay of Bengal (Kamykowski
and Zentara, 1990; Karstensen et al., 2008; Paulmier et al.,
2011), and one low-oxygen zone (LOZ) or seasonal OMZ in
the equatorial Atlantic. There is limited literature discussing
the variability of the Atlantic and Indian Ocean OMZs; how-
ever, areas of the eastern North Atlantic OMZ are hypoxic
with DO concentrations ranging from 40 to <2 umol kg~!
(Stramma et al., 2009; Karstensen et al., 2015). Pacific OMZs
have been discussed extensively and there is strong evidence
that expansion is already occurring (Oschlies et al., 2008;
Stramma et al., 2008, 2012; Keeling et al., 2010). An expan-
sion of the OMZ, a shoaling of the depth of hypoxia (DOH;
shallowest depth at which OMZ criteria is met), or a shoal-
ing of the OMZ cores into the photic zone could have severe
impacts, most notably the decline in ecosystems in the ocean.

In this study, the core of the OMZ is defined as a dis-
solved oxygen concentration of <20 umolkg~! O, consis-
tent with Helly and Levin (2004), Fuenzalida et al. (2009)
and Paulmier et al. (2011). The OMZ boundaries are de-
scribed to have a DO concentration of 50 umolkg~!. The
maximum DO concentration of 50 umol kg~! is more strin-
gent than upper limits in other studies (Whitney et al., 2007,
Karstensen et al., 2008); however, at these DO concentrations
most microorganisms cannot survive (Kamykowski and Zen-
tara, 1990; Gray et al., 2002; Sarmiento and Gruber, 2006;
Paulmier et al., 2011) and therefore considered a reason-
able criterion for non-seasonal OMZ. This study focuses on
the extent of OMZ expansion and determining the relative
strengths of two mechanisms of OMZ expansion, the export
production and oxygen solubility.

2 Model description

This study is conducted with the biogeochemical Hamburg
Oceanic Carbon Cycle Model version 2.0 (HAMOCC 2.0),
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which was originally developed by Maier-Reimer and Has-
selmann (1987) and Maier-Reimer (1993) and has been ex-
panded to include an iron cycle, sedimentary phosphorus cy-
cle, and improved atmospheric dust parameterization (Palas-
tanga et al., 2011, 2013). The model utilizes an E-grid
(Arakawa and Lamb, 1977) and has a horizontal resolution
of ~3.5° x 3.5° with grid points 1.25° north and south of the
Equator to resolve the equatorial upwelling belt. The model
contains 11 layers (centered at 25, 75, 150, 250, 450, 700,
1000, 2000, 3000, 4000, and 5000 m) with a total depth of
5000 m (Heinze et al., 1999, 2006, 2009). HAMOCC 2.0 in-
cludes a sediment module with porewater and solid compo-
nents that are coupled by a reaction rate. The sediment mod-
ule includes one 10 cm thick layer of bioturbated sediment,
which is further divided into 11 sublayers. A more detailed
description of the sediment module can be found elsewhere
(Heinze et al., 1991, 1999; Heinze, 2004).

The annually averaged version is computationally very
economical and suitable for long-term carbon cycle simula-
tions of several 10 000 years. Long-term integrations are pos-
sible with HAMOCC because of coarse temporal and spatial
resolution as well as the computationally efficient solution
tracer equations by an upstream formulation (Maier-Reimer
and Hasselmann, 1987; Heinze and Maier-Reimer, 1999) that
uses the prescribed annual average circulation and hydrog-
raphy of the Large Scale Geostrophic (LSG) ocean general
circulation model (Maier-Reimer et al., 1993; Winguth et al.,
1999).

Atmospheric CO, and O, are exchanged between the
ocean surface (top 50m) and zonally mixed atmospheric
boxes. The air—sea gas exchange of CO, is determined by
the difference in the partial pressure of CO; in the sea sur-
face and the atmospheric pCO», the gas transfer velocity,
and the requirement for a full equilibration of the surface
layer inorganic carbon system. The gas exchange of oxygen
is an order of magnitude faster than that of CO,. Oxygen ex-
change is carried out according to a fixed transfer velocity
and is assumed to be at equilibrium between the atmospheric
layer and the surface water at the temperature and salinity-
dependent saturation level. The solubility of dissolved oxy-
gen depends on temperature, salinity and pressure (Weiss,
1970). The O; flux into the atmosphere is neglected since
the atmospheric concentration of O, is by far larger than the
DO concentration at the ocean surface.

The temperature-dependent annual export production of
particulate organic carbon (POC) and opal from the euphotic
zone is calculated via Michaelis—Menten kinetics (Parsons
and Takahashi, 1973) and CaCO3 production is dependent
on the particulate organic and opal production. This rela-
tionship is based on the assumption that in the present-day
ocean there is a dominance of the silicate producers (e.g., di-
atoms) over the calcareous plankton (e.g., coccolithophores)
(Falkowski et al., 2007). The POC export from the surface
into the deep sea is determined from organic carbon produc-
tion in the uppermost layer and then transported to the deep
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Table 1. List of initial conditions.

Water column Atmosphere
Parameter  Value (molL~!) | Parameter Value (ppmv)
pIC!2 225%x 1073 | CO, 279.78
Alkalinity 233 (eq) | Oy 209761
POy 2.54 x 1074
0, 1.65x 1074
Fe dust 6.0 x 10710

with a uniform sinking rate of 120 mday~'. Remineraliza-
tion of organic matter depends on the availability of oxygen
for consumption in the water column. Remineralization of
POC occurs as long as dissolved O is larger than the mini-
mum O, concentration [Oomin] = 1073 mol L! for bacterial
decomposition of POC. A more detailed description of the
model can be found elsewhere (Maier-Reimer and Hassel-
mann, 1987; Heinze et al., 1991, 1999; Maier-Reimer and
Heinze, 1992; Palastanga et al., 2011, 2013; Beaty-Sykes
2014).

3 Experimental design

The annually averaged version of the model was integrated to
quasi-equilibrium state (200 kyr) with a stable atmospheric
CO; concentration of 279.78 ppmv. The reference experi-
ment and all OMZ sensitivity experiments are started from
the near-equilibrium state and integrated for 30000 years.
For the reference experiment, the model is forced with flow
fields from a LSG simulation. The globally averaged poten-
tial temperature and salinity are 3.78 °C and 34.8 psu, respec-
tively (Winguth et al., 1999).

Carbon cycle sensitivity experiments are conducted in
three sets of scenarios. The first set of scenarios consists of a
perturbation of the atmospheric CO; concentration relative
to preindustrial atmospheric levels (pCOper) of 2 x CO»,
4 x COy, 6 x CO», and 8 x CO» to explore the sensitivity of
distribution of dissolved oxygen concentration to rising at-
mospheric pCO; level. In these simulations, all other bound-
ary conditions and model parameters are kept at preindustrial
levels (Table 1). In a second set of experiments the pCO;
levels are accompanied by the associated changes of temper-
ature at the sea surface as well as in the deep sea to investigate
the response of the dissolved oxygen distribution to increases
in CO» radiative forcing. In a third set of experiments, POC
is kept at preindustrial level to explore the relative strength
of loss of Oy solubility and oxygen consumption by rem-
ineralization. The preindustrial POC experiments are simu-
lated with at atmospheric CO, concentrations of 2 x, 4 x
and 8 x CO;. Stabilization scenarios and brief descriptions
are listed in Table 2.

In all CO, perturbation scenarios, atmospheric pCO, is
increased from preindustrial levels by 1 % each year (¢) until
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the perturbed atmospheric pCO; (pCOzpert) is stabilized at
its maximum level (pCOzpmax):

pCOZpert = pCOoper(1 + 0.0I)t,
PCOZpert = pCO2max- (1)

for pCO, < pCOpmax :
and for pCO3 > pCOomax :

The 1 % increase in atmospheric CO; concentration follows
the IPCC (2013) business-as-usual scenario and is stabilized
after 70 years for doubling of preindustrial pCO; (see also
Winguth et al., 2005). The second set of carbon perturbation
scenarios includes the feedback of increasing seawater tem-
perature due to rising atmospheric pCO» (Fig. 1). Tempera-
ture increases as a function of the 1 % increase per time step
of atmospheric pCO; and is determined using Eq. (2) from
Hansen et al. (1988) for the radiative forcing of CO; with the
addition of a climate model sensitivity of A; = 0.6870.

pCO; )
PCO2pet

AT = A; 6.3ln( 2)
Therefore, a doubling of pCO» results in a homogeneous in-
crease in temperature of ~ 3 °C, which is consistent with the
estimate of Archer (2005) and Hansen et al. (1988). Note
that this enhanced sensitivity includes climate feedbacks,
whereas the direct CO,; warming for 2 x CO; is ~1.2°C
(Ruddiman, 2001; Houghton, 2004). The resultant temper-
ature change of the ocean for the doubling of pCO, for
2 x COz, 4 x COy, 6 x COy, and 8 x CO, is 2.8, 5.9, 8.7,
and 11.5 °C, respectively (Fig. 1). The temperature change is
applied at all depths of the ocean. Solubility and chemical ki-
netic equilibrium constants of the carbon cycle are adjusted
to the changes in pCO» and temperature at each time step in
the temperature feedback experiments.

In addition to experiments with increased pCO, with and
without radiative forcing a reduced-biology scenario is added
in which primary productivity and export (Si, CaCO3, and or-
ganic carbon) is set to zero following the approach of Maier-
Reimer et al. (1996). The reduced-biology scenario is simu-
lated with preindustrial pCO; (279 ppmv; Table 2).

Four additional simulations were conducted in order to
explore how DO concentrations in the model respond to
changes in ocean ventilation. Velocity variables w, v and u
are reduced uniformly over the ocean globally by 25, 50, 75
and 100 %. Diffusion is not changed in these experiments and
remains at preindustrial reference simulation values.

4 Results

4.1 Reference simulation

The relevant results of the reference experiment will be
briefly discussed in this section. Prescribed temperature and
salinity taken from Winguth et al. (1999) are comparable to
the observed data from the World Ocean Atlas 2013 (referred
hereafter to as WOA2013; Locarnini et al., 2013; Zweng et
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Table 2. List of model scenarios.

Increased pCO, Increased pCO; Atmospheric COp Integration Brief description of the simulations
without radiative with radiative concentration time
forcing forcing (ppmv) (year)
CO, Stabilization simulations
1 x COy 2x COy_f 279.78 30000 Reference simulation with preindustrial atmo-
2 x COy_nf 3xCOy_f 559.56 30000 spheric CO; levels. Experiments with no feed-
3 x COy_nf 4 x COy_f 839.34 30000 backs (nf) have an increase in pCO; of 1%
4 x COy_nf 6 x COy_f 1119.12 30000 per year without temperature feedbacks. Tem-
6 x COp_nf 8 x COy_f 1678.68 30000 perature changes are applied in experiments
8 x COp_nf 2238.24 30000 with feedbacks (f) as a function of pCO; af-
ter Hansen et al. (1988), resulting in a seawater
temperature change of 2.8, 5.9, 8.7 and 11.5°C
for 2 x, 4 x, 6 x and 8 x CO», respectively.
Kill-biology simulation
Kill_All_Prod 279.78 1000 Kill_All_Prod is simulated as an extinction
scenario with primary productivity (POC, Si,
CaCO3) reduced to 1 x 10720 PgC year_1 and
preindustrial atmospheric CO; concentrations.
Preindustrial Ppoc with increasing atmospheric pCO, simulations
2 x CO,_POC 559.56 10000 Experiments for static POC with changing at-
4 x CO,_POC 1119.12 10000 mospheric pCO; concentrations involve pre-
8 x CO,_POC 2238.24 10000 scribing POC to a preindustrial value that does
not evolve with model integration.
Reduced ventilation simulations
Vent_25 279.78 10000 Experiments with reduction in ventilation in-
Vent_50 279.78 10000 clude a simulation in which the ventilation (ver-
Vent_75 279.78 10000 tical, horizontal and meridional) is reduced by
Vent_100 279.78 10000 25, 50, 75 and 100 %. Atmospheric pCO, re-
mains at preindustrial concentration for all ex-
periments.
2400 —— ‘ 12 3
d
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3 ¢
2 800 - / - g 4= ]
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Figure 1. Atmospheric pCO, (left panel) and sea surface temperature (right panel) increase from the reference run: 2 x CO; (a), 4 x CO,
(b), 6 x CO; (c), and 8 x CO, (d) for the first 500 years of a 30 kyr simulation. The red dashed line indicates the preindustrial pCO; level.
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al., 2013) and to the simulations of Maier-Reimer (1993).
Simulated seawater temperature, dissolved oxygen and salin-
ity are comparable to the WOA2013 at 3000 m depth. Due
to the slow ventilation of the ocean the WOA2013 data at
3000 m is more representative of preindustrial conditions.
Compared to WOA2013, cooler simulated temperatures are
projected for the Bering Sea by the LSG, leading to greater
O; solubility at the surface and therefore higher DO concen-
tration than the corresponding data from WOA2013 (Garcia
etal., 2013; Locarnini et al., 2013). This bias may be partially
linked to the long-term warming trend over the last decades
(IPCC, 2013). Dissolved inorganic carbon (DIC) at the sur-
face is similar to the simulations of Maier-Reimer (1993) and
the observations from the WOA2013 (Locarnini et al., 2013),
with the exception of the Arctic region, in which the refer-
ence experiment simulated DIC concentrations at approxi-
mately 150 umolkg~! less compared to corresponding val-
ues simulated by Maier-Reimer (1993). The decreased simu-
lated DIC in the Arctic region of this preindustrial simulation
could be due to the addition of dust fields (Mahowald et al.,
2006) and Fe and P cycles (Palastanga et al., 2011, 2013).
Simulated ocean oxygen concentrations are comparable to
Maier-Reimer (1993) and the WOA2013. POC, CaCO3, and
opal export and sediment composition are comparable to
Maier-Reimer (1993). However, the model does trend to-
ward a slightly higher POC in the tropical latitudes compared
to Sarmiento and Gruber (2006), who used the chlorophyll
concentration and sea surface temperature (SST)-based em-
pirical algorithm of Dunne et al. (2005). This bias may be
linked to overestimation of export production in HAMOCC
2.0 linked to nutrient trapping (Najjar et al., 1992) at the
equatorial region of the Pacific Ocean (Fig. 2). In addition,
HAMOCC 2.0 simulates a slightly elevated export of CaCOj3
and opal export compared to corresponding observed val-
ues inferred from CaCOs3 : POC and opal : POC export ratios
(Sarmiento and Gruber, 2006).

Simulated DO distribution in the reference simulation rep-
resents all five major non-seasonal OMZs of the Pacific
Ocean and Indian Ocean and the seasonal OMZ or LOZ (de-
fined as dissolved [O2] < 90 umol kg_l) of the eastern South
Atlantic Ocean (Fig. 3). However, due to the course model
grid, the eastern subtropical and tropical North Pacific OMZ
as well as the OMZs in the Indian Ocean (Arabian Sea and
Bay of Bengal) are not resolved individually. The LOZ of the
eastern South Atlantic Ocean is simulated in the reference
experiment with an OMZ core of ~ 17-19 umol kg~! O, and
therefore, following the OMZ definition proposed here, the
LOZ of the Atlantic Ocean is simulated as a non-seasonal
OMZ.

The simulation is generally agreeable with the extent and
depth of the OMZs, and DO core concentration values of the
observations (Fig. 3). A model-data bias of the OMZ ex-
ists in the North Pacific Ocean, resulting in the simulated
OMZ reaching too far westward with the western boundary
near ~ 180° W. The OMZ is also simulated too deep with
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Figure 2. The difference in particulate organic carbon (umol kg 1)
for (a) 4 x CO, and the reference simulation, (b) 6 x CO; and the
reference simulation, and (c¢) 8 x CO, simulation and the reference
simulation.

a maximum depth of approximately 2300 m. The difference
in horizontal extent between the model simulation and ob-
served in the eastern North Pacific OMZ may be attributed to
the non-consideration of seasonally variability in the simula-
tion. For the subtropical South Atlantic Ocean, the simulated
OMZ core is located in a water depth ranging from 300 to
700 m, which is slightly shallower than the OMZ core in the
Indian Ocean. The total ocean volume with DO concentra-
tion of <20 umolkg~! is approximately 1.4 %.
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Figure 3. Locations of the OMZ at 450m depth simulated by
HAMOCC 2.0 (reference experiment): 1, eastern North Pacific
OMZ; 2, eastern South Pacific OMZ; 3, eastern South Atlantic
OMZ; and 4, Indian Ocean.

4.2 Sensitivity of simulated dissolved oxygen to a
reduced ventilation and biological pump

In order to explore the importance of the biological pump
(soft tissue pump) to the distribution and concentration of
dissolved oxygen globally in the ocean, we performed ex-
periments in which Ppoc remains at preindustrial levels and
atmospheric CO; is increased by 2 x, 4 x and 8 x CO; as
well as an extreme scenario in which all productivity is re-
duced to zero. This extreme simulation, referred to hereafter
as the reduced-biology scenario, is similar to the “Kill Biol-
ogy” experiment by Maier-Reimer et al. (1996). In this sim-
ulation the atmospheric pCO; is set to preindustrial levels,
which is in contrast to a simulated exponential increase in
atmospheric pCO» in response to the diminished export pro-
duction in the study of Maier-Reimer et al. (1996).

Due to the reduced export production, the DIC concen-
trations increase at the ocean surface by > 400 umol kg~!
and by > 200 umol kg~! in the intermediate and deep-water
masses at midlatitudes. This leads to a significant rise in to-
tal alkalinity by an average of 550 peqkg™!. As a result, the
pH increases by an average of 0.7 units despite the loss of
calcification and CaCO3 burial. Note that weathering rates
are kept at preindustrial conditions in all simulations. Dis-
solved oxygen increases by ~ 150 umol kg~ in the deep sea
and ~ 200 umol kg~! in the intermediate water masses. The
dissolved oxygen gradient in this reduced-biology scenario
is controlled by the air—sea gas exchange of O, at the surface
and by the temperature-dependent solubility of oxygen, not
by the vertical POC flux, which is set by definition to zero
to the “’killed” productivity. Thus, consumption of oxygen by
decay of POC is also diminished.

Experiments were preformed to evaluate OMZ response
to weakened ventilation (e.g., vertical, zonal and meridional
velocities) in the model. Ventilation is decreased by 25, 50,
75 and 100 % (Fig. 4). With a 25 % decrease the OMZ core
(< 25umolkg~!) the OMZ deepen in each ocean basin and
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expand horizontal only slightly. The OMZs continue to ex-
pand in the experiment with 50 % reduction in ventilation.
Although Ppoc is decreasing as expected with the reduction
in ventilation, DOC increase with a loss of 25 and 50 %, lead-
ing to the expansion of the OMZs in these two simulations.
However, in simulations with 75 % or greater loss in ventila-
tion the DO concentration within the OMZ increases (Fig. 4).
The increase in DO concentration coincides with a loss of
Ppoc as well as DOC globally and in equatorial region. Sim-
ulated dissolved oxygen concentrations in the deep sea in-
crease in the model in each reduced ventilation scenario due
to the convection of oxygen at the poles.

4.3 Model sensitivity to changes in oxygen solubility

Solubility is another control of OMZ expansion; therefore, to
determine how the model represents the expansion of OMZs
due to solubility in response to radiative forcing, Ppoc is held
at preindustrial levels and atmospheric CO» is increased to
2 x, 4 x and 8 x preindustrial concentrations. Oxygen solu-
bility is dependent on salinity, pressure and temperature and
is calculated using the equation presented by Weiss (1970)
yielding an average change of ~0.3 mL L~ per doubling of
pCO; with the most significant changes in the deep sea. The
relative strength of solubility and Ppoc on OMZ expansion
will be examined in the discussion.

4.4 Sensitivity of the OMZs and global dissolved
oxygen concentrations to increased pCO, without
radiative forcing

The increased pCO; simulations that do not include radiative
forcing (temperature increase; Eq. 2) result in small increases
of dissolved oxygen in the model at the ocean surface due to
the enhancement of primary productivity. The small increase
in productivity results in increased DO globally. There are
only slight changes in the distributions of DO concentration
for these simulations as compared to the simulation that in-
clude radiative forcing (Fig. 5). Therefore, in order to discuss
future changes in the OMZs the following sections address
the expansion of each OMZ and OMZ core as well as the
global change at 2 x, 4 x, 6 x, and 8 x CO, simulations that
include the temperature feedback.

4.5 Sensitivity of the OMZs to CO; radiative forcing

In each of the scenarios that include radiative forcing, the
simulated OMZs expand (Fig. 6). The results show the for-
mation of a new OMZ core in the tropical western South Pa-
cific Ocean. There are significant changes in the distributions
of DO concentrations in all simulations.

www.biogeosciences.net/14/781/2017/
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Figure 4. Reduced ventilation simulations at (a) reference (100 % ventilation), (b) 25 % reduction, (¢) 50 % reduction, (d) 75 % reduction

and (e) 100 % reduction in ventilation.
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Figure 6. The horizontal expansion of OMZs at 450 m depth for the Pacific, Atlantic and Indian oceans in the (a) 2 x CO, simulation,
(b) 4 x CO, simulation, (c¢) 6 x CO5 simulation and 8 x CO, simulation.

4.5.1 Simulated OMZ expansion in the eastern
tropical Pacific Ocean in response to CO,
radiative forcing

For the 2 x CO; experiment, the OMZ cores (dissolved O»
concentration < 20 umol kg’]) of the OMZ in the eastern
North Pacific Ocean expand to 65° N compared to the ex-
tent to 35° N of corresponding OMZ in the 1 x CO; sce-
nario. This OMZ merges with that of the eastern South Pa-
cific OMZ at the Equator and therefore is considered as a
single OMZ, hereafter referred to as the eastern Pacific OMZ

Biogeosciences, 14, 781-797, 2017

(Fig. 6). At a depth of 450 m it extends northward around the
northern boundary of the North Pacific Gyre with dissolved
oxygen concentrations of <20umol O, kg~! in the Gulf of
Alaska. The southern boundary of the eastern Pacific OMZ
is located near the coast of northern Chile at approximately
30° S at 450 m depth. Compared to the reference simulation,
the OMZ in the 2 x CO; experiment expands 200 km further
to the south. The OMZ western boundary increases by ap-
proximately 550 km to 150° E. The depth of hypoxia (DOH)
is between 150 and 250 m. The OMZ has a max depth of
1900 m, 200 m deeper than the reference simulation (Fig. 6).
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The OMZ core shoals to 380 m; however, the bottom bound-
ary of the OMZ core does not deepen in the 2 x CO, simu-
lation. The lowest oxygen concentration in the OMZ core is
17 umol O, kg~! in this simulation (Fig. 7).

The horizontal extent of the OMZ in the 4 x CO; scenario
is similar to the 2 x CO; experiment with the addition of all
of the North Pacific outside of the North Pacific Gyre hav-
ing a dissolved oxygen concentration of <50 pumol L™! at
a depth of 450 m (Fig. 6). The depth of hypoxia shoals ver-
tically to between 75-150 m from the surface in the North
Pacific Ocean and remains in a depth range of 150-250m
in the South Pacific Ocean. The maximum depth of the Pa-
cific OMZ increases to 2000 m. For the 4 x CO, experiment,
the OMZ core extends ~ 100 km west and deepens by 200 m
compared to the 2 x CO, simulations. The depth of the OMZ
core does not change in the 4 x CO, simulations compared
to the 2 x O, simulations; however, the minimum dissolved
oxygen concentration decreases to 14 umol kg~! (Fig. 7).

There is further extension of the OMZ core south to ap-
proximately 50° S (central coast of Chile) at 450 m depth
in the 8 x CO; scenario relative to the 4 x CO, experiment
(Fig. 6). The OMZ core, at a depth of ~2000m, does not
shoal or deepen in the 6 x and 8 x CO, experiments com-
pared to the 4 x CO;, experiment. In the 8 x CO, simula-
tion, the core becomes hypoxic with a minimum dissolved
oxygen concentration of <8 umol kg~!. The 6 x CO, exper-
iment results in a minimum dissolved oxygen concentration
of ~ 12 umolkg~! (Fig. 7).

4.5.2 Simulated OMZ expansion in the eastern tropical
South Atlantic Ocean in response to CO,
radiative forcing

The horizontal expansion of the OMZ in the eastern South
Atlantic in the 2 x CO, simulation remains similar to the ref-
erence scenario with a southern boundary at approximately
25° S and extends northward along the west coast of Africa to
the southern tip of Morocco to approximately 15° N (Fig. 6).
The depth of hypoxia shoals from between 250 and 450 m
in the reference experiment to 150-250 m. The maximum
depth of OMZ increases by 100 to 1200 m. In the eastern
South Atlantic, the OMZ core in the 2 x CO, experiment
expands relative to the reference experiment southward by
580km to approximately 19°S and northward by 110km
(~ 1° northward propagation). In the 2 x CO, experiment,
the OMZ core expends vertically; it shoals to 450m and
deepens to 915 m, which is 65 m deeper than the reference
simulation. The minimum dissolved O, concentration is re-
duced by 1 umol kg~ relative to the reference experiment to
17 umol 02 kg ™! (Fig. 7).

Relative to the reference simulation, the 4 x CO; simula-
tion results in insignificant horizontal expansion of the OMZ
in the latitudinal direction (Fig. 6). The most notable area
of expansion of the OMZ is in the southwest direction, in
which the southwestern boundary of the eastern South At-
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lantic OMZ extends to ~30°S and ~20°W. The maxi-
mum depth increases by an additional 100 m to a depth of
1300 m. The OMZ core expands symmetrically in the east—
west direction, by about 100 km, encompassing the Gulf of
Guinea. The vertical expansion of the OMZ core is negligi-
ble between the 2 x and 4 x CO, simulations; however, the
strength of the core increases significantly with a minimum
dissolved O, concentration of 12 umol kg~! (Fig. 7).

Horizontal expansion of the eastern South Atlantic OMZ
does not occur between the 4 x CO; simulation and the 6 x
or 8 x CO; scenarios (Fig. 6). In the 6 x CO, scenario the
horizontal extent of the eastern South Atlantic Ocean at
450 m depth is reduced from the 4 x CO, simulation, where
as in the 8 x CO, simulation the horizontal area expands
back to the extent of the 4 x CO; simulation. The depth of
hypoxia remains between 150 and 250 m depth for both 6 x
and 8 x CO; experiments. The maximum depth of the OMZ
increases to 1500m in the 8 x CO, simulation. The OMZ
core deepens to 1050 m and shoals from the 6 x and 8 x CO;
scenarios to 375 m. The minimum dissolved O, concentra-
tion remains at 12 umol L~! for both the 6 x and 8 x CO,
simulations (Fig. 7).

4.5.3 Simulated expansion of the OMZ in the
tropical Indian Ocean in response to CO,
radiative forcing

The expansion of the OMZ in the Indian Ocean is limited at
the western boundary by the east coast of Africa and the east-
ern boundary is constrained by the Indonesian archipelago.
The Indian Ocean OMZ includes the poorly resolved Ara-
bian Sea and the Gulf of Bengal, which is limited by the
Indian subcontinent. Compared to the reference simulation,
the OMZ extends southward to 10° S in the 2 x CO, simula-
tion and deepens by 100 to 1100 m (Fig. 6). The OMZ core
does not expand horizontally but deepens to 900 m and shoals
by 50 to 225 m. The minimum dissolved oxygen concentra-
tion is 10 umolkg™! and remains the lowest concentration
for each of the emissions scenario (Fig. 7).

In the 4 x, 6 x, and 8 x pCO, simulations the horizon-
tal expansion in the Indian Ocean OMZ is insignificant,
but it deepens to 1300, 1400, 1700 m, respectively. For the
4 x CO; experiment the OMZ core expands in the western
direction to 45° E and deepens by 100 to 1000 m; however,
the upper boundary of the OMZ remains unchanged. In the
8 x CO, simulation the core expands southward by 650 km
to approximately 16°S and shoals to 100m for both the
6 x and 8 x CO; scenarios; however, the lower boundary re-
mains unchanged compared to the 4 x CO, experiment. The
depth of hypoxia is located between 25 and 75 m in the ref-
erence experiment and in all CO, emission scenarios. It is
important to note that due to complex climate variability and
nutrient trapping the annual tracer distribution in the Indian
Ocean consist of large uncertainties and thus the model-data
bias is generally high in the region.

Biogeosciences, 14, 781-797, 2017
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4.5.4 Simulated OMZ formation in the western
tropical Pacific Ocean in response to CO,
radiative forcing

An OMZ core (< 20 umol L~! 05) is simulated in the west-
ern tropical Pacific Ocean (143° E, 2° N) near the Bismarck
Sea (Figs. 6 and 8). This region is modeled as a LOZ in
the reference simulation. For the 4 x CO, experiment, the
OMZ develops in < 2000 years integration with a minimum
dissolved oxygen concentration of 17 umolL~!. The upper
boundary of the OMZ core remains unchanged for all pertur-
bation simulations compared to the reference. However, the
OMZ core deepens from 725 m at 3 x CO; to 1000 m for the
8 x CO, simulation.

4.6 Export of particulate organic carbon and changes
in global dissolved O, concentration in response to
simulations with CO; radiative forcing

Simulated total POC production and export production of
POC (Ppoc) from the euphotic zone into the deep sea in-
creases predominantly near the equatorial Pacific with a rise
in seawater temperature in response to CO, radiative forcing

Biogeosciences, 14, 781-797, 2017

(Fig. 2). Ppoc in the northern Indian and western tropical
Pacific oceans decreases in response to enhanced CO» radia-
tive forcing most likely due to nutrient trapping in the eastern
Pacific Ocean. Changes Ppoc in the east Atlantic Ocean are
insignificant.

Global DO concentration decreases most rapidly during
the first 2000 years of integration in each carbon perturba-
tion simulation. The reduction in global dissolved oxygen
concentration continues on average 1500 years beyond the
year in which the peak pCO; emission value is reached.
The total ocean area with a dissolved oxygen concentra-
tion of <50 umolkg~! expands at approximately 2% per
~ 3 °C increase in seawater temperature, which corresponds
to a doubling of pCO;. The total ocean volume at which the
dissolved O, concentration is < 50 umolkg~! increases by
10.5 % in the 8 x CO, simulations. The increase in the ocean
volume of hypoxic water in to the photic zone is insignificant
(< 0.3 %) due to the equilibrium of oxygen between the at-
mosphere and the surface layer in the model. However, an
area of hypoxia forms in the photic zone of the subtropical
North Pacific Ocean with a dissolved O; concentration of

less than 12 umol kg,

www.biogeosciences.net/14/781/2017/
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Figure 8. Zonal cross section at 1.25°N of the formation of
the western tropical Pacific OMZ for the (a) 2 x, (b) 4 x and
(¢) 8 x COy simulations. The OMZ core is located between 130
and 150° E.

5 Discussion

In this study we investigate the expansion of OMZ in a bio-
geochemical model as a result of seawater temperature in-
crease in response to CO, radiative forcing and changes in
Ppoc. It is important to note that changes in ocean strati-
fication due to ocean temperature and density changes are
not simulated and held constant at preindustrial conditions to
allow for the long-term carbon cycle feedback and an inte-
gration time of 30kyr. The focus of this study is to exam-
ine changes in OMZs due to changes in solubility and rem-
ineralization. Furthermore, this study determines the relative
strengths of these mechanisms of OMZ expansion in the bio-
geochemical model. The expansion of OMZs in this study
is the result of changes in temperature-dependent produc-
tivity and changes in O3 solubility. Consequently, the OMZ
expansion simulated may be modest due to no considera-
tion of a weakened connection between the OMZs and the
ocean surface in the future (Glessmer et al., 2011). It has
been suggested that the depth and strength of the thermocline
may influence OMZ expansion and contraction (Deutsch et
al., 2007). An increase in the thermocline in a warmer cli-
mate may result in a contraction of the OMZs due to re-
duced oxidative demand in hypoxic waters. However, this
study assumes a constant thermocline depth, as the temper-
ature increase is uniform at all depths. Other assumptions
in this study are a constant nutrient inventory and Redfield
ratio. Changes in the elemental stoichiometry (carbon over-
consumption) due to rising pCO, have been suggested as a
possible mechanism of enhanced volume of suboxic water in
the ocean due to the respiration of increased organic carbon.
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(Oschlies et al., 2008; Riebesell et al., 2007). Measurements
of dissolved oxygen concentration in the suboxic regions of
the oceans are limited (Levitus et al., 2013; Locarnini et al.,
2013); however, paleo-records and climate models support
the assumption that ocean anoxic events occur during peri-
ods of high pCO; (Knoll et al., 1996; Falkowski et al., 2011).
Furthermore, OMZs have expanded and contracted during
the glacial-interglacial cycles (Galbraith et al., 2004) as well
as on shorter timescales in response to Dansgaard—Oeschger
events (Cannariato and Kennett, 1999).

In the ventilation scenarios the model responds as ex-
pected for the reductions in ocean ventilation of 75 % or
greater. Figure 4 illustrates the dissolved oxygen response to
anear-complete shutdown of ocean ventilation resulting in an
increase in the vertical oxygen gradient relative to the refer-
ence scenario. The increase in DO in the reduced ventilation
simulations of greater than 75 % is due to the reduced Ppoc
and thus reduced remineralization and to the convection of
DO to the deep sea at the poles. The expansion of OMZ cores
at lower changes in ventilation (e.g., 25 and 50 %; Fig. 4)
may be due the increase in DOC both globally and region-
ally. An increase in dissolved organic carbon results in more
available DO for remineralization in the model; therefore,
even with reduced Ppoc the model response to atmospheric
perturbations with an expansion of OMZs with a 25 and 50 %
reduction in ventilation.

The comparison between the 25 and 50 % reduced ven-
tilation experiment and the 4 x CO, with radiative forcing
simulation, specifically in the Pacific Ocean basin, indicates
that the decrease in dissolved oxygen concentration in the
model is strongly controlled by Ppoc and solubility as the
expansion is greater due to the influence of these mecha-
nisms rather than a 25 % reduction in ocean ventilation or
the increase in DOC (Fig. 9). This dominant control by rem-
ineralization of organic matter in comparison to ventilation
changes may be linked to changes in upwelling and export
production.

The increased atmospheric CO, with radiative forcing
simulations of this study agrees with other studies of model-
simulated change and observed change in the extent of OMZs
(Whitney et al., 2007; Karstensen et al., 2008; Stramma et al.,
2008; Shaffer et al., 2009; Falkowski et al., 2011). However,
the simulations presented here have a greater overall decrease
in global oxygen concentration of 9.1 % after 300 years of
integration for a doubling of pCO, than previous studies,
which range from 1 to 7 % for various pCO; emissions and
integration times (Matear et al., 2000; Bopp et al., 2002,
2013; Oschlies et al., 2008; Schmittner et al., 2008). The
rapid decrease in global dissolved O, concentration is due
to the rapid change in global ocean temperature linked to the
1 % business as usual atmospheric CO; emissions. However,
the dissolved oxygen concentrations in the OMZ areas de-
crease more slowly in the model simulations as compared to
the observed trends from Stramma et al. (2008). The study
of Stramma et al. (2008) suggests a temperature increase of

Biogeosciences, 14, 781-797, 2017
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0.005 °C year~! in the Atlantic and Indian oceans and a tem-
perature decrease by 0.005°Cyear~! for the Pacific Ocean
since the 1960s. Most of the expansion of suboxic area in this
model study occurs during the first 2000 years of the 30 000-
year simulation due to the slow response time, particularly in
the deep Pacific Ocean. The atmospheric pCO; is stabilized
at the elevated CO» concentrations in the carbon perturbation
simulations in this study; therefore, no recovery is simulated.

In all carbon perturbation simulations the upper bound-
ary of the OMZ cores is shallower compared to the reference
simulation. The shallowest OMZ core is found in the Indian
Ocean OMZ at ~ 75 m. Note that the upper boundary of the
OMZ is located at 75 m depth because above this depth wa-
ter masses are influenced by the air—sea gas exchange of the
uppermost model layer. The core is not expected to shoal be-
yond 50 m depth in the simulations due to the assumption that
the atmosphere is at equilibrium with the surface of the ocean
which is simulated as the top 50 m. The OMZ core of the
North Pacific Ocean has the deepest upper boundary, shoal-
ing approximately 100 m for the highest pCO, carbon per-
turbation scenario. Downward expansion of the OMZ core
is limited by the lower boundary of the activity-ventilated
zone at approximately 2000 m in the Pacific Ocean. This
depth coincides with the depth of the wind-driven circula-
tion, which remains unchanged in each simulation, because
the same wind stress forcing is applied to all simulations.
Deepening of the eastern South Atlantic OMZ and the In-
dian Ocean OMZ is also limited to the bottom boundary of
the well-ventilated mixed layer (~ 1500 m for the Atlantic
and ~ 1000 m for the Arabian Sea). The ventilation depth of
the Arabian Sea may be overestimated in the model due to
the lack of monsoon variation, which can cause the mixed
layer depth to vary greatly in the Arabian Sea.

Biogeosciences, 14, 781-797, 2017

The simulated OMZs in the Indian and Atlantic oceans
respond to changes in the temperature-dependent export pro-
duction of POC and to changes in dissolved organic carbon.
Ppoc increased in the Indian and Atlantic oceans in the 2 x
and 4 x CO, simulations and started to decrease in the 6 x
and 8 x CO, experiments (Fig. 2); however, dissolved or-
ganic carbon increases at higher pCO, concentrations. The
decrease in Ppoc may be due to the trapping of nutrients
in the equatorial Pacific Ocean, which exhibited a large in-
crease in PO4 at 6 x and 8 x CO;. The limited expansion
of the OMZ in the Indian and Atlantic oceans in the 6 x
and 8 x CO; simulations are the result of oxygen loss due
to changes in solubility and to a lesser degree increased dis-
solved organic carbon, which increases the amount of oxygen
available for remineralization by the model (Fig. 10). There-
fore, oxygen is still consumed in the OMZs of the Indian
Ocean and Atlantic Ocean despite the loss of Ppoc due to the
high amount of dissolved organic carbon. Figure 10 shows an
increase in mineralization in the Indian and Atlantic oceans
due to high concentration of DOC regardless of the loss in
Ppoc. Furthermore, the extent of the OMZs in the Indian and
Atlantic oceans appear to be responding to changes in the ex-
port of organic matter in response to radiative forcing as well
as changes in DOC in simulations of less than 6 times that of
the preindustrial pCO; (Fig. 11). The extent of the present-
day OMZ in the Atlantic Ocean has a much higher dissolved
oxygen concentration due to cooler water masses than in the
northern Indian Ocean. However, the higher salinity of the
Atlantic Ocean could lead to greater loss of Oy solubility
at higher seawater temperatures as compared to the Indian
Ocean or eastern tropical Pacific Ocean for each pCO; sim-
ulation.
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Figure 10. Mechanisms for oxygen loss in the OMZs at 8 x CO;. (a) Reference simulation. (b) The difference in DO concentrations
between 8 x CO; and the reference simulation. (¢) The difference in DO lost due to changes in solubility between 8 x CO, and the reference
simulation. (d) The increase in oxygen consumption due to remineralization of organic carbon between the 8 x CO; and reference simulation.

The change in the extent of the OMZ in the Pacific Ocean
is driven by the change in productivity and export produc-
tion of POC and increases in remineralization (Figs. 10 and
11). The response of the model to changes in Ppoc in the Pa-
cific Ocean is stronger than to a reduction in ventilation by
25 % (Fig. 9). The increase in export production of POC in
the eastern equatorial Pacific OMZ leads to significant hori-
zontal expansion, which is not simulated in the eastern South
Atlantic or the Indian Ocean OMZs. The model does not in-
dicate a more significant increase in export production of
POC in the cold tongue of the Pacific Ocean as compared

www.biogeosciences.net/14/781/2017/

to the warm pool in the western Pacific Ocean. However, it
is important to note that the simulated CO»-induced seawater
temperature change is uniform and therefore the eastern Pa-
cific seawater temperature remains cooler relative to other re-
gions of the Pacific Ocean. The Pacific Ocean OMZ does not
shoal as significantly as the Indian Ocean or eastern South
Atlantic OMZs but expands horizontally under the area of
high productivity. Oxygen loss due to remineralization of
organic matter is potentially the main mechanism for sim-
ulated expansion of the OMZ in the tropical Pacific Ocean.
Figures 10 and 11 include cross sections of the amount of
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Figure 11. Mechanisms for oxygen loss in the OMZs at 4 x CO;. (a) Reference simulation. (b) The difference in DO concentrations
between 4 x CO, and the reference simulation. (¢) The difference in DO lost due to changes in solubility between 4 x CO, and the reference
simulation. (d) The increase in oxygen consumption due to remineralization of organic carbon between the 4 x CO; and reference simulation.

oxygen consumed by the remineralization of organic matter
indicating the large influence of organic matter export in the
eastern tropical Pacific OMZ as opposed to eastern South At-
lantic OMZ.

In the carbon cycle perturbation simulations, the LOZ that
currently exists in the western tropical Pacific meets the cri-
teria of a permanent non-seasonal OMZ at approximately
3 x CO»; however, in <2000 years a much stronger OMZ
core develops in the 4 x CO; simulation (Fig. 8). The forma-
tion occurs northwest of the Gulf of Carpentaria and expands
into the Banda Sea and south along the west coast of Aus-
tralia. The western tropical Pacific OMZ forms in the warm
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water masses of the Indonesian throughflow, which brings
warm water westward from the Pacific into the Indian Ocean.
The OMZ is then expanded by the oxygen-depleted water
masses originating from the Leeuwin Current, which flows
south around the west coast of Australia. There is a net loss
of export production of POC and a slight increase in DOC
in the area suggesting the main control of OMZ core forma-
tion in the model is similar to that of the Indian and Atlantic
Ocean OMZ expansion. This region is an area of high heat
transport between the Pacific and Indian oceans. The forma-
tion of an OMZ could be expected in this area of higher SST;
however, it is important to note that the model simulation
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T. Beaty et al.: OMZ expansion in HAMOCC 2.0

does not include changes in the intense tidal induced mixing
that may affect SSTs and dissolved oxygen concentrations
within the Indonesian throughflow, nor does it include any
global changes to ocean ventilation. Furthermore, the DO
concentration in the OMZ core of the western tropical Pacific
Ocean is increased by 15 umolkg~! O, with a 50 % reduc-
tion in ventilation and therefore the OMZ simulated would
not reach the OMZ criteria proposed here at 4 x CO, and a
50 % reduction in ventilation.

6 Conclusions

Increased SST as a result of CO; radiative forcing will likely
cause expansion of present-day tropical OMZs as well as the
possibility of the formation of new oxygen-depleted regions.
Understanding the extent and the mechanisms for these OMZ
expansions and how models respond to changes in expan-
sion mechanism is of the utmost importance in order to more
accurately predict environmental changes in these regions.
Simulated expansion of the OMZs in this model study is
greatest in the eastern tropical Pacific Ocean, indicating that
the model is sensitive to the change in export of particulate
organic carbon which is overestimated by the model. Total
production increases most in the equatorial Pacific, leading
to the rapid horizontal expansion of the OMZ core. Further-
more, a change in the ecosystem structure could alter the
C: N stoichiometry (carbon overconsumption) and therefore
the expansion of the OMZ in the eastern equatorial Pacific
Ocean could be reduced due to decrease in the export pro-
duction of POC.

A rise in Ppoc (2 x and 4 x CO, simulations) and dis-
solved organic carbon (6 x and 8 x CO; simulations) in con-
junction with changes in solubility in the Atlantic Ocean
leads to the greatest loss of simulated dissolved oxygen in
the intermediate water masses of any of the OMZs. Dissolved
oxygen loss causes a greater shoaling and deepening in the
eastern tropical South Atlantic OMZ in the model rather than
horizontal expansion. The Indian Ocean OMZ is restricted
in horizontal expansion; therefore, simulated changes in this
OMZ are mostly a vertical expansion of the core, which ex-
pands at a similar rate to the eastern tropical South Atlantic
OMZ. This simulated expansion is due loss of solubility and
an increase in oxygen available for remineralization due to
increased concentration of dissolved organic carbon in a re-
gion which is already at very low dissolved oxygen concen-
trations.

In conclusion, as SST increases as a result of CO, emis-
sion the OMZs will expand and strengthen as a result of
changes in export of POC, DO, solubility and ventilation.
These changes will limit migration and habitat zones, result-
ing in fundamental changes in the marine ecosystem. The
loss of dissolved oxygen will also result in changes to the
carbon and nitrogen cycles. Any expansion of hypoxia into
the photic zone could be detrimental to marine ecosystems.
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Further research on the expansion of OMZ should include
changes in ocean circulation due to changes in density and in-
creased stratification in a comprehensive earth system model
(see, e.g., Moore et al., 2013). Changes in the ventilation of
the ocean waters could lead to changes in both the intensity
of the OMZs and any future expansion.

7 Data availability

The data produced by the simulation preformed in this study,
as well as the program to plot the data directly from the out-
put files, can be made available by request.

The Supplement related to this article is available online
at doi:10.5194/bg-14-781-2017-supplement.
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