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Abstract we explore centennial changes in tropical Pacific oxygen (O,) using numerical models to
illustrate the dominant patterns and mechanisms under centennial climate change. Future projections
from state-of-the-art Earth System Models exhibit significant model to model differences, but decreased
solubility and weakened ventilation together deplete thermocline O, in middle to high latitudes. In contrast,
the tropical thermocline O, undergoes much smaller changes or even a slight increase. A suite of sensitivity
experiments using a coarse resolution ocean circulation and biogeochemistry model show that ocean
warming is the leading cause of global deoxygenation in the thermocline across all latitudes with secondary
contributions from changes in hydrological cycles and wind stress modulating regional changes in O,. The
small O, changes in the tropical Pacific thermocline reflect near-complete compensation between the
solubility decrease due to warming and reduction in apparent oxygen utilization (AOU). We further quantified
the changes in AOU due to contributions from changes in water mass age and biological remineralization
from the sensitivity experiments. The two effects almost equally contribute to the reduction of AOU in the
tropical Pacific thermocline (43% for physical circulations and 57% for biology). Our results suggest that
better understanding of water mass changes in the tropical oceans is key to improving projections and
reducing the uncertainties of future O, changes.

Plain Language Summary Global warming in the next hundred years could lead to a large amount
of oxygen loss from the ocean. This could impact not only the marine ecosystem but also fisheries. We use
model simulations to investigate how long-term climate change, such as changes in sea surface temperature,
precipitation, and winds, under the anthropogenic transient could impact oceanic oxygen loss in the next
hundred years. The ocean loses oxygen in most of the regions but tropical oceans could actually gain oxygen
regionally. We investigate what causes these unique oxygen changes in the tropical Pacific Ocean. The
counterintuitive oxygen changes in the tropical Pacific Ocean are likely due to, by an almost equal amount of
effects, changes in water mass supply due to changes in circulations and changes in biological activity, that is,
consumption of oxygen through respiration. Tropical oceans are sensitive to oxygen loss because of its impact
on marine ecosystems. Our study could provide a better understanding of future oxygen loss in the ocean.

1. Introduction

Dissolved oxygen (hereafter O,) is a major driver of marine ecosystems and biogeochemistry with far-
reaching influence on physiology (Seibel, 2010; Vaquer-Sunyer & Duarte, 2008), species distributions
(Deutsch et al.,, 2015), and the nitrogen cycle (Codispoti, 1995; Codispoti et al, 2001; Voss et al., 2013).
Previous studies indicate that global warming could reduce the amount of O, on the global scale (Bopp
et al,, 2013; Cocco et al., 2013; Keeling & Garcia, 2002; Matear & Hirst, 2003). A decline of oceanic O, under
global warming is considered a major threat to the marine ecosystem along with ocean warming and acid-
ification (Gruber, 2011). In a warming ocean, the solubility of gases decreases. Vertical exchange of water
masses and overturning circulations may also weaken as the density stratification of the upper ocean
increases due to the combined effects of ocean warming and increased precipitation at high latitudes
(Capotondi et al., 2012). These changes will reinforce the solubility-driven O, loss by weakening the circula-
tion supply of O, to waters below the mixed-layer (e.g., Keeling et al., 2010).

Since global warming and associated climate change proceed gradually on the centennial timescale, its
impact on ocean biogeochemical tracers may be obscured by energetic interannual and decadal variability
(Long et al., 2016; Lovenduski et al., 2016; McKinley et al., 2016, 2017). The spatial and temporal coverage
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Table 1
List of the Subset of the Coupled Model Intercomparison Project Phase 5 ESMs Used in This Study Including Modeling Groups,
Institute ID, Model Names, and References

Modeling group/center Institute ID Model name
NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL ESM 2M
(Dunne et al., 2012) GFDL ESM 2G
Institut Pierre-Simon Laplace (Dufresne et al., 2013) IPSL IPSL CM5A MR
Met Office Hadley Centre (additional HadGEM2-ES MOHC (additional realization by INPE) HadGEM2-ES

realizations contributed by Instituto Nacional de
Pesquisas Espaciais; W. J. Collins et al., 2011)

Max-Planck-Institut fiir Meteorologie (Max-Planck MPI-M MPI-ESM-MR
Institute for Meteorology; Giorgetta et al., 2013)
Community Earth System Model Contributors NSF-DOE-NCAR CESM1 (BGCQ)

(Moore et al., 2013)

Note. ESM = Earth System Model.

of historic observations are sparse and irregular, which fundamentally limit our understanding of
anthropogenic transients of ocean biogeochemical tracers (Lovenduski et al., 2015; McKinley et al., 2016,
2017). Therefore, numerical models have been the primary tool to investigate the centennial-scale,
anthropogenic ocean deoxygenation. Simulations based on state-of-the-art Earth System Models (ESMs)
predict a global deoxygenation under a warming climate but there are large model-to-model differences in
regional projections, especially Oxygen Minimum Zones (OMZs) in the tropical oceans (Bopp et al., 2013;
Cabré et al,, 2015; Cocco et al,, 2013; Shigemitsu et al., 2017). These ESMs are highly complex, and different
model responses are often difficult to interpret due to numerous differences in model architecture,
configurations, and parameter choices even though the greenhouse gas forcing is applied in a consistent way.

The objective of this study is to better understand the mechanisms behind the centennial-scale responses of
oceanic O, to anthropogenic climate change in the future. We focus on understanding the future projections
of oceanic O, over a centennial timescale, not on the historical changes in oceanic O,. The observational stu-
dies indicate significant decrease in global and tropical O, (Helm et al., 2011; Ito et al., 2017; Stramma et al.,
2008; Schmidtko et al., 2017) but these decadal changes in O, could also be associated with modes of natural
climate variability such as the Pacific Decadal Oscillation (Czeschel et al.,, 2012; Deutsch et al., 2011; Ito &
Deutsch, 2013). The ESMs do not necessarily reproduce the specific phases of internal variability matching
the observations, which may have played crucial roles in setting the trajectory of O, changes during the his-
torical period. These topics are not the focus of this study. We particularly focus on studying future projec-
tions of O, in the tropical Pacific Ocean because it contains the largest volume of low O, water in the
global ocean and its future response to climate change highly varies across models. We examine the effect
of centennial climate forcing as transient changes to surface buoyancy and momentum fluxes of the oceans,
including ocean warming, changes in the hydrological cycle, and surface atmospheric wind stress. This study
takes a hierarchical approach using models of different complexities to reveal robust aspects of model beha-
vior and thus achieve a deeper level of understanding. Simpler models can be manipulated to perform illus-
trative sensitivity experiments, which can help interpret the behavior of complex ESMs. It is not yet clear how
each aspect of atmospheric and oceanic processes impacts the evolution of oceanic O,. Our aim is to exam-
ine the effects of distinct climatic forcing through a suite of sensitivity experiments using a simpler ocean cir-
culation and biogeochemistry model.

The structure of this paper is as follows. We describe the model setup and experimental design in
section 2. In section 3, we present the validation and overview of the simulated climatological and
centennial changes in O,. We show our results from sensitivity experiments and ESMs interpreting the
centennial O, changes in section 4. We will summarize our study and discuss implications in section 5.

2. Data and Methods
2.1. State-Of-The-Art ESM Projections

We analyze the outputs from a subset of ESM simulations performed as a part of Coupled Model
Intercomparison Project Phase 5 (CMIP5; see Table 1). Historical climate reconstructions based on past
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Figure 1. Time series of global mean SST anomalies from the selected CMIP5
models (shown in Table 1). SST anomalies are the differences from the values

in 1900 (shown as colored shape on the right of the figure). We used CMIP5

(multimodel) mean SST anomaly (CMIP5 MEAN, black line) to conduct sensitiv-

ity experiments (see section 3.2 for details). SST = sea surface temperature;

ESM = Earth System Model; CMIP5 = Coupled Model Intercomparison Project

Phase 5.

estimated radiative forcing are merged with a future climate scenario
under a radiative forcing of approximately 8.5 W/m? at the end of the
century (RCP8.5; Meinshausen et al, 2011; Taylor et al,, 2012). The
ESMs represent marine ecosystems and biogeochemical cycles
including O,, CO,, and nutrients with diverse parameterization of bio-
logical production, export, and remineralization of organic matter in
the water column. We analyzed annual-mean model output after
interpolating onto a 1° x 1° longitude-latitude grid at 33 vertical z-
levels consistent with the World Ocean Atlas 2009 (WOA2009;
Garcia et al., 2010).

2.2, Centennial Climate Change in the CMIP5 Projections

Centennial trends in surface climate could significantly influence
ocean circulation and associated biogeochemical cycles. Common
features in centennial-scale surface climate change projected in ESM
simulations (M. R. Collins et al., 2013) are (1) increase in sea surface
temperature (M. R. Collins et al.,, 2013; Thomas et al,, 2013; Vallis
et al, 2015), (2) acceleration of the hydrological cycles (Held &
Soden, 2006; Schneider et al., 2010), (3) a trend toward a stronger
and poleward shifted southern hemisphere jet (Gillett & Fyfe, 2013;

G. J. Marshall, 2003; Thompson et al.,, 2000), and (4) a possible weakening of the Walker circulation and asso-
ciated Pacific trade winds (Tokinaga et al., 2012; Vecchi et al.,, 2006). As a reference for the increase in sea sur-
face temperature, we calculated centennial changes in global mean sea surface temperature from the output
of CMIP5 historical and RCP8.5 future simulations (1900-2100). The increase in sea surface temperature starts
to accelerate around 2000 reaching 2.5-4.5 °C of global mean warming by 2100 relative to 1900 (Figure 1).

Long-term climate changes are also evident in both zonal mean freshwater flux (i.e., evaporation minus pre-
cipitation, E — P) and the Southern Hemisphere zonal wind stress from CMIP5 projections toward 2100
(Figures 2a and 2b; e.g., Swart et al.,, 2015). Zonal wind stress also shows gradual weakening of the trade
winds (~5 x 107> N/m?, positive eastward) in the eastern tropical Pacific region (Figure 2c). Zonal wind stress
in future projections also exhibits strong positive anomalies in the off-equatorial Pacific region at around
15°N (Figure 2c¢). These changes in equatorial wind stress could impact ocean gyre circulations and primary
production through changes in nutrient supply in this region.

Based on the analysis of surface atmospheric fields from the CMIP5 RCP8.5 projections (Figures 1 and 2), we
designed sensitivity experiments mimicking these centennial-scale climate changes. Despite the uncertain-
ties and complicated spatial patterns of the simulated surface climate change, we kept our climate forcing
as simple as possible including the essence of all processes (1-4) and the main features of future climate
change from CMIP5 RCP8.5 projections. This will simplify our interpretation of the results from

sensitivity experiments.

2.3. The Ocean Model for Sensitivity Experiments

It is difficult to quantify the relative importance of different climatic forcing from analyzing the outputs from
ESMs with limited diagnostic information. Thus, we conduct a suite of sensitivity experiments using a coarse-
resolution ocean circulation and biogeochemistry model. The model is essentially identical to the model used
by Ito et al. (2015). The model is based on the Massachusetts Institute of Technology general circulation
model (MITgecm; J. Marshall, Adcroft, et al., 1997; J. Marshall, Hill, et al., 1997) with a simple biogeochemistry
component (Dutkiewicz et al,, 2005; Parekh et al, 2005). The model has a semiglobal bathymetry in a
2.8° x 2.8° longitude-latitude grid, and 23 nonuniform vertical z-levels with increased resolution near the sur-
face. The Arctic Ocean is not included in this model. Mesoscale eddies are parameterized using the isopycnal
thickness diffusion scheme (Gent & McWilliams, 1990) with a uniform constant isopycnal thickness diffusivity
of 1,000 m%/s, and tracers are also subject to along-isopycnal diffusion at the same rate (Redi, 1982). Vertical
tracer diffusion is parameterized using the Bryan and Lewis (1979) scheme, in which vertical diffusivity is set
to 0.3 X 10~* m?/s in the upper 2,000 m and increases to 1 x 10~* m?/s in the interior ocean following an
arctangent profile. The mixed-layer processes are parameterized using the K-Profile Parameterization
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Figure 2. Centennial changes (i.e,, RCP8.5 mean, 2070-2100, minus preindustrial mean, 1900-1930) in zonal mean (a) evaporation minus precipitation (E — P; mm/
day) and (b) zonal wind stress (N/mz) in the Southern hemisphere. (c) Centennial changes in tropical zonal wind stress (N/mz) based on the multimodel mean data
from the CMIP5 models. E - P = evaporation minus precipitation; ESM = Earth System Model; CMIP5 = Coupled Model Intercomparison Project Phase 5.

scheme (Large et al.,, 1994). The model carries dissolved phosphate, dissolved organic phosphorus, O,, and
dissolved iron. In addition, the model carries an ideal age tracer, which approximates the timescale over
which respiration depletes O, in water parcels that have left the surface ocean.

We spin up the model with climatological wind stress, freshwater flux, and heat flux fields (Jiang et al., 1999;
Trenberth et al., 1989). To maintain surface temperature-salinity properties close to the observations, we also
applied Newtonian relaxation to the sea surface temperature and salinity toward monthly climatology
(Levitus et al., 1994; Levitus & Boyer, 1994) with timescales of 60 and 90 days, respectively. Because of the lack
of sea-ice/ice-shelf processes and highly smoothed topography, the model cannot adequately form Antarctic
Bottom Water. To address this issue, we locally raised the climatological salinity in the polar Southern Ocean
for the restoring boundary condition to increase deep ventilation in the southern high latitudes. This modi-
fication of salinity restoring accelerated the lower overturning circulation and increased the O, concentration
of the abyssal Southern Ocean in much better agreement with observations.

After spinning up the model for several millennia to achieve a steady state, we performed
sensitivity experiments.

2.4. Experimental Design

Based on previous studies (see section 2.2) and projected climate change in the CMIP5 simulations, we per-
form idealized sensitivity experiments including the following forcing.

A MiTgcm-Warm: A globally uniform increase in the sea surface temperature (Figure 1).

B MITgcm-EmP: Intensification of freshwater flux (E — P) by 10% per century (Figure 3a).

C MITgcm-SAM: Intensification and poleward shift of the zonal and meridional wind stress over the Southern
Ocean (Figure 3b).
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Figure 3. Spatial patterns of (a) centennial changes (after 200 years) in E — P and (b) and (c) wind stresses used for pertur-
bation experiments (vectors, with zonal wind stress magnitudes in shading). Zonal and meridional wind stresses in (b)
are from the SAM-regression based wind stresses. (c) Idealized representation of tropical Pacific wind stress changes
expressed as Gaussian bump anomalies. E — P = evaporation minus precipitation; SAM = Southern Annular Mode. This
figure has been drawn by the NCL (The NCAR Command Language (Version 6.3.0), 2016).

D MITgcm-Trade: Changes in the zonal wind stress over the equatorial Pacific and the off-equatorial Pacific
regions (Figure 3c).
E MITgcm-ALL: Inclusion of all forcing patterns (A-D; ALL).

The warming experiment (A) is implemented by nudging the sea surface temperature with a trend superim-
posed over the mean seasonal cycle. The rate of temperature increase is based on the ensemble mean of the
CMIP5 models (Figure 1, black line). The freshwater experiment (B) is implemented by globally modulating
the amplitude of monthly evaporation minus the precipitation field while maintaining the same spatial
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pattern as the climatology (Figure 3a). The rate of increase is set to 10% per century as a simple analog for the
intensification of the hydrological cycle. We implement a trend in the Southern Ocean wind stress (C) by
adding wind stress anomalies (centennial trend) between 21 and 88.6°S. The wind stress anomalies for (C)
are based on regression coefficients between the normalized monthly Southern Annular Mode (SAM) index
(G. J. Marshall, 2003) and National Centers for Environmental Prediction and National Center for Atmospheric
Research reanalysis monthly mean zonal and meridional wind stress (Kalnay et al., 1996) from 1957 to 2015
for each month. The SAM is characterized by the intensification of winds and the shift of jet position between
middle to high latitudes (e.g., Thompson et al., 2000). Thus, the wind stress regression fields based on SAM
capture the essential characteristics of changes in the Southern Ocean jet (Solomon & Polvani, 2016; Swart
et al, 2015). The magnitudes of these changes in surface buoyancy and momentum fluxes are roughly
equivalent to the multimodel mean changes in the CMIP5 RCP8.5 projection. Finally, we impose positive
anomalies of zonal wind stress as Gaussian anomalies in the eastern equatorial Pacific Ocean and off-
equatorial Pacific Ocean. This forcing is based on the centennial trend in the wind stress of CMIP5 models
(Figure 3c) and is meant to be an idealized representation of the weakened equatorial Pacific trade wind
(Tokinaga et al,, 2012; Vecchi et al., 2006). These changes in the tropical wind stress have been associated with
global warming (Ma & Xie, 2013; Xie et al., 2010). The Gaussian patches are centered over the equator in the
eastern tropical Pacific Ocean and off-equatorial Pacific Ocean at around 15°N. The magnitudes are set to
3 x 107> N'm %year™' in the eastern tropical Pacific Ocean and 1.5 x 10~% N-m2year™' for the off-
equatorial Pacific Ocean (Figure 3c). We also perform a control run (MITgcm-CTL) without any perturbation.
Comparing results from each sensitivity experiment with the control run enables us to evaluate the response
to each idealized climate forcing.

3. Multimodel Projections of Thermocline Deoxygenation
3.1. Model Validation Based on Climatology

We first overview the climatological mean O, distributions between CMIP5 model outputs, MITgcm-CTL, and
WOA2009 (Garcia et al., 2010). Here we focus on analyzing the O, at 400 m (435 m for MITgcm-CTL) as a
metric of the main thermocline O,. This depth is in the core of the O, minimum layer in the tropical oceans,
typically located within 26.0 < 6 < 27.0 and 200 m < z < 700 m (Karstensen et al., 2008; Stramma et al,,
2008). The CMIP5 climatology is based on the 30-year mean of the late twentieth century (1971-2000). The
CMIP5 models and MITgcm-CTL can generally reproduce the large-scale climatological distributions of ther-
mocline O, in WOA2009 (Figure 4). The models capture the overall zonal mean structures of O, including the
O, minimum zones in the tropics and subarctic North Pacific, and the well ventilated O,-rich water mass in
the Southern Ocean. However, the O,-rich water mass in each model does not penetrate as much into the
interior ocean as we see in WOA2009 in the Southern Hemisphere (Figures 4d-4f). The Antarctic
Intermediate Water mass formation in the models could be underestimated in both CMIP5 models and
MITgcm-CTL. The location of tropical OMZs (i.e., vertical oxycline in the tropics) is also deeper in MITgcm-
CTL compared to the CMIP5 models and observations. This could be a result of higher background vertical
diffusivity in MITgcm compared to that of CMIP5 models.

A comprehensive analysis of simulated tropical Pacific OMZs in the CMIP5 models is presented in Cabré et al.
(2015) with detailed examination of the horizontal and vertical structure and volumes of OMZs. Here we
briefly summarize the model mean bias, spatial correlation of O, at 400 m (435 m for MITgcm-CTL), and
hypoxic volume simulated in the models. Globally, the mean bias among models ranges from —30.94 to
+13.63 mmol/m>. When the domain is limited to the Pacific basin (north of 20°S) the mean bias takes an even
wider range from —42.96 to +30.98 mmol/m?>. The spatial pattern is overall well reproduced; the spatial cor-
relation coefficient (R) is within a relatively high range from 0.87 to 0.96 in the global domain (see Table 2 for
details), and it slightly decreases over the Pacific domain (range from 0.76 to 0.93) for CMIP5 models. The
MITgcm-CTL exhibits reasonable mean O, level as well as spatial pattern comparable to CMIP5 models.
The global mean bias is —17.79 mmol/m? and its global spatial correlation coefficient is 0.90. It overestimates
the mean oxygen level in the Pacific basin with a mean bias of +21.3 mmol/m?, while the spatial correlation
coefficient decreases (R = 0.85). The global hypoxic volume (here defined as the volume of water masses with
0, concentration below 40 mmol/m3) from the observation is around 45.5 x 10> m® and most of the model
overestimates the hypoxic volume compared to observations (see Table 2). MITgcm-CTL simulates a slight
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Figure 4. (a)-(c) Comparison of climatological annual mean dissolved oxygen concentration (mmol/m3) at 400 m (435 m for MITgcm-CTL) and (d)-(f) zonal mean
distributions from CMIP5 multimodel mean data, MITgcm-CTL (control run), and WOA2009. Climatology from the model is based on the 30-year mean in the late
twentieth century (1971-2000). The red rectangular boxes in (a), (b) and (d), (e) show control volumes for calculating weighted volume mean time series in later
analyses (area of the box domain 119-69°W, 7°S-7°N). CMIP5 = Coupled Model Intercomparison Project Phase 5; WOA2009 = World Ocean Atlas 2009; MITgcm-
CTL = Massachusetts Institute of Technology general circulation model control experiments. This figure has been drawn by the NCL (The NCAR Command Language
(Version 6.3.0), 2016).

underestimation in hypoxic volume, which is closer to the lower end of CMIP5 models (such as HADGEM2-ES
in this case). This could be partly due to the strong vertical mixing in our model, ventilating more oxygen into
the interior ocean.

3.2. Centennial Changes in O,

The CMIP5 models predict a global deoxygenation under a warming climate with significant model-to-model
differences in regional features (Bopp et al., 2013; Cabré et al., 2015; Cocco et al., 2013). We briefly examine the
centennial changes in O, from CMIP5 models and compare it to our sensitivity experiments. Estimates of long-
term changes are calculated as the epoch difference between the 30-year averages from the early twentieth
century (1901-1930) and the end of the 21st (2071-2100). To analyze the factors contributing to changes in
0,, we partitioned O, changes into two components. The thermodynamically driven component, oxygen solu-
bility (O,son), primarily depends on temperature (6; but also on salinity, S), and the biologically driven compo-
nent, apparent oxygen utilization (AOU), represents the cumulative loss of O, due to respiration.

0, = 0540/(S, 0) — AOU. (1)

Table 2

Evaluations of Climatological (1971-2000 Long-Term Mean) O, Metrics Between CMIP5 Models, MITgcm-CTL, and Observations (World Ocean Atlas 2009). The Top Two
Rows Show the Global Mean Bias and the Global Spatial Correlation (R) Between the Model Outputs and Observational Patterns of Dissolved Oxygen at 400 m (435 m
for MITgem-CTL)

GFDL-ESM2 M  GFDL-ESM 2G ~ HADGEM2-ES  IPSL-CM5A-MR  MPI-ESM-MR ~ CESM1-BGC ~ CMIP5-MEAN  MITgcm-CTL

Global AO, 723 —1845 +7.76 +13.63 ~5.05 ~30.94 —339 1779
Global-R 0.88 0.90 0.90 093 0.93 0.87 0.96 0.90
Pacific AO, +28.06 —6.1 +21.09 +30.98 ~1846 —4296 +1.62 +213
Pacific-R 077 0.89 0.81 0.88 0.87 0.90 0.93 0.85
Global vol40 [x10"> m3] 95.1 104.1 107 150.6 113.8 64.7 4538 346

Notg Tge next two rows show the same as t?e first two rows except for the Pacific Ocean (north of 20°S). The bottom row shows the global hypoxic volume (in
10"> m>) based on the criteria of 40 mmol/m>. ESM = Earth System Model; CMIP5 = Coupled Model Intercomparison Project Phase 5; MITgcm-CTL = Massachusetts
Institute of Technology general circulation model control experiments.
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Figure 5. Changes in (a, b) dissolved oxygen (AO5,), (d, e) oxygen solubility (AO, o), and (g, h) AAOU, based on (a, d, g) CMIP5 multimodel mean under the RCP 8.5
scenario, (b, e, h) MITgcm-ALL (i.e., difference between sensitivity experiments with all climatic forcing and control run), and (c, f, i) CMIP5 multimodel spread based
on AOy, AO; o1, and AAOU from selected CMIP5 models (see Table 1). Calculations in (a), (d), and (g) are the epoch differences between the temporal mean

from 1901-1930 and 2071-2100 mean. AOU = Apparent Oxygen Utilization; CMIP5 = Coupled Model Intercomparison Project Phase 5; MITgcm-CTL = Massachusetts
Institute of Technology general circulation model control experiments. This figure has been drawn by the NCL (The NCAR Command Language (Version 6.3.0), 2016).

The AOU approximates the effect of cumulative biological utilization, but it may also include the effects of air-
sea disequilibrium and diapycnal mixing (Ito et al.,, 2004). Its changes over time can be influenced by changes
in circulation as well as respiration rates.

Long-term changes in the thermocline O,, O, s, and AOU in MITgcm-ALL are comparable in magnitude to the
multimodel mean of CMIP5 (Figure 5). In most of the midlatitude to high-latitude regions, including the North
Pacific and Atlantic, and the Southern Ocean, O, decreases in CMIP5 models and MITgcm-ALL (Figures 5a and
5b). The magnitude of local O, changes differs among the models by +30 mmol/m? (see CMIP5 spread from
Figure 5¢) but the centennial decrease in the extra-tropical thermocline is a robust feature as previously dis-
cussed (Bopp et al., 2013; Cabré et al., 2015; Cocco et al., 2013). The behavior of O, changes in tropical oceans
differs from that of midlatitude to high-latitude regions as also discussed by previous studies (Bopp et al., 2013,
2017; Cabré et al., 2015; Cocco et al., 2013). Most CMIP5 model projections show no change or even a slight
increase in the thermocline O, over the tropical oceans (Figure 5a). Previous modeling studies showed an
increase in the tropical thermocline O, under a global warming scenario (Matear & Hirst, 2003). The MITgcm-
ALL (Figure 5b) also exhibits an increase of the tropical thermocline O, even though simulations are conducted
with a relatively simple climatic forcing. In the eastern tropical Pacific Ocean and Indian Ocean, MITgcm-ALL O,
increases by about 10 mmol/m?>. We note that the magnitude of the O, increase is overall larger in the eastern
tropical Pacific Ocean compared to the CMIP5 multimodel mean (Figures 5a and 5b) but some models show an
O, increase comparable in magnitude to that of MITgcm-ALL (figure not shown). Despite detailed differences
in the spatial patterns of the CMIP5 model projections and MITgcm-ALL, tropical thermocline O, is relatively
stable in the warming world. The cause of relatively stable tropical O, inventories could be further explained
by decomposing the O, changes into thermodynamically and biologically driven components.

Temperature increases result in a decrease in O, 5o as shown by both the CMIP5 multimodel mean projec-
tions and MITgcm-ALL (Figures 5d and 5e). Overall, the strongest decrease of O, s occurs in midlatitude
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Figure 6. The same as in Figure 5 except for zonal mean. AOU = Apparent Oxygen Utilization; CMIP5 = Coupled Model Intercomparison Project Phase 5; MITgcm-
CTL = Massachusetts Institute of Technology general circulation model control experiments. This figure has been drawn by the NCL (The NCAR Command Language

(Version 6.3.0), 2016).

regions such as the North Pacific and the Southern Ocean. While the centennial changes in O, are relatively
small in the tropical thermocline (Figures 5a and 5b), the O, decreases are almost spatially uniform
(Figures 5d and 5e). Thus, the changes in AOU must explain the apparent decoupling between O, and O,
sol in the tropics. The CMIP5 multimodel mean projections show an increase in AOU in midlatitude to high-
latitude oceans (Figures 5g and 5h) likely due to the reduced ventilation (Cabré et al.,, 2015; Keeling et al,,
2010). The spread in O, changes could also be mainly explained by the spread in AOU in midlatitude to
high-latitude regions, and the spread of changes in O, are relatively small (Figures 5f and 5i). In contrast,
changes in thermocline AOU show relatively stable or decreasing values in the tropics for the CMIP5
multimodel mean (Figure 5g). However, the sign of oxygen changes in the eastern tropical Pacific is
different in most of the CMIP5 models. While our model’s response is strong compared to the CMIP5 in
this region (Figures 5a and 5b), it is within the range of the spread within the CMIP5 models. Tropical
oxygen is difficult to model because the changes in the solubility and AOU are of the same sign and of
similar magnitude. After the compensation, the net O, change seems to be set by the relatively small
residual, thus we see different signs of response among the models. While the temperature is increasing,
and the increase in AOU tends to reinforce the O, decline in the midlatitudes, they cancel one another to
moderate the O, change in the tropics, which is consistent with previous ESM studies (e.g., Bopp et al.,
2013, 2017). This feature is also reproduced by the MITgcm-ALL experiment (Figure 5h).

The zonal mean centennial changes in O, reveal the vertical extent of thermocline O, changes, with some
common features between the CMIP5 multimodel mean projection and MITgcm-ALL (Figure 6). O, in the
upper 1,000 m decreases in most of the regions except in the tropical oceans (between 20°5-20°N).
Differences in the spatial pattern of warming and thus O, . between the CMIP5 models and MITgcm are pos-
sibly due to the simpler SST forcing and the differences in background vertical mixing parameterization
applied to our simplified model (Figures 6d and 6e). Reduced ventilation tends to decrease the subduction
of water masses from the surface into the interior ocean and results in an AOU increase in middle to high lati-
tudes in the upper water column (Figures 6g and 6h). However, as our analysis and previous studies men-
tioned, AOU tends to decrease in tropical oceans and this decrease is especially strong in the core of the
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OMZs (i.e., depth between 200 and 800 m). The zonal mean change in O, also highlights the difference
between middle to high latitudes and low latitudes, where we observe opposing changes in AOU.

Despite its simplicity, the MITgcm-ALL reproduces the key contrast between the tropics and midlatitude
to high-latitude differences in O, changes from the CMIP5 models. It is important to note that the
basin-scale response of AOU to the warming climate is not identical among the individual CMIP5 model
projections, nor between the MITgcm-ALL and the CMIP5 multimodel mean. Next, we further analyze the
simulations from sensitivity experiments seeking to understand some of the mechanisms at work that are
common among the CMIP5 model projections. In the next sections, we will use the different MITgcm
experiments to determine which components of climate forcing control the projected decline of
tropical AOU.

4. Mechanisms of Centennial-Scale O, Change in the Tropical Pacific Thermocline

4.1. Tropical Pacific Thermocline O, Changes

Previous studies have shown that the CMIP5 model projections show significant model to model differences
in the tropical O, changes on the centennial timescale where even the sign of the changes is not in agree-
ment (Bopp et al., 2013, 2017; Cabré et al.,, 2015; Cocco et al., 2013). The tropical O, changes may be highly
uncertain and model-dependent because the net O, change results from a slight imbalance between the
two, mostly compensating factors: O, s, and AOU as also mentioned in previous studies. In this section,
we focus on the changes in the thermocline (150-600 m) O, in the eastern tropical Pacific Ocean as it hosts
the largest OMZ in the global ocean. We compare the evolution of O,, O, <1, and AOU (in the eastern tropical
Pacific Ocean) over time from selected CMIP5 models and the MITgcm-ALL experiment, as well as from each
sensitivity experiment (details in section 2.4).

Majority of the CMIP5 models (all but the IPSL-CM5A-MR) show no change or an increase in O, under the
warming climate. All of the models, including our sensitivity experiments, show a decrease in Oy,so Of 6—
15 mmol/m* due to the effect of warming (Figures 7c and 7d). Most of the models project decreasing AOU
(again except for the IPSL-CM5A-MR) which results in an opposite tendency of tropical Pacific O,. Cabré
et al,, 2015 also mentioned the exception of IPSL's model response, which could be because of a decrease
in ventilation within the anoxic regions. How does each aspect of climate forcing (i.e.,, warming, changes in
the hydrological cycle, and surface winds) impact tropical Pacific thermocline O,? Our sensitivity experiments
highlight the importance of ocean warming, which results in opposing changes in O, s, and AOU (Figures 7d
and 7f). This is also implied by ESM studies of Gnanadesikan et al. (2007). Changes in the hydrological cycle
and tropical Pacific trade winds play a secondary role in decreasing AOU, but their overall magnitude is small.
The response of O, and AOU to changes in tropical Pacific trade winds is weak compared to the previous stu-
dies of Ridder and England (2014). We note that the tropical Pacific trade wind forcing used in their studies is
highly idealized, changing the wind stress between 30°S and 30°N in various magnitudes. Our localized and
weaker forcing based on CMIP5 future projections could be the cause of weak O, and AOU response. The
slight increase in O, due to positive trend of the SAM could be originated from the more oxygen-rich inter-
mediate water mass supply from the Southern Ocean indicated by previous studies (e.g., Getzlaff et al., 2016).
We note that the MITgcm-SAM in our study is not the same as the sensitivity experiments from Getzlaff et al.
(2016) for two aspects. First, they used a simple coupled model applying RCP8.5 CO, emissions and then con-
ducted the Southern Ocean wind sensitivity experiments on top of the simple coupled simulations. This
means that they explored the sensitivity to wind on top of the atmospheric warming. The second aspect is
that they included additional parameterization of the unresolved equatorial current system by adding high
values of zonal isopycnal diffusion coefficients in the equatorial region (Getzlaff & Dietze, 2013). This could
potentially change the transport of water mass, which could alter the O, response to climatic change and this
type of additional parametrization is not included in CMIP5 simulations.

Despite the differences in parameterizations, our study and previous studies (e.g., Getzlaff et al., 2016;
Oschlies et al., 2018) both suggest that the changes in wind stress patterns and magnitudes act on O, in a
very sensitive manner, which could be one of the potential sources of diverse response and bias in O,
changes among the ESMs. In the next section, we examine the mechanistic link between the ocean warming
and the decline of AOU.
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Figure 7. Temporal evolution of weighted area-mean thermocline properties averaged over the eastern tropical Pacific
Ocean from 150-600 m (160-610 m) depth (rectangular boxes shown in Figures 4a and 4d), from (a, ¢, €) CMIP5 models
(including MITgcm-ALL) and (b, d, e) a suite of perturbation experiments: (a, b) dissolved oxygen, (c, d) oxygen solubility,
and (e, f) AOU time series from CMIP5 models are based on anomalies relative to averaged values from 1901-1930. (b, d, e)
asin (a, ¢, e) except for sensitivity experiments based on MITgcm, shown as the deviation from the control experiment. All
data are in mmol/m>. OMZ = Oxygen Minimum Zone; AOU = Apparent Oxygen Utilization; ESM = Earth System Model;
CMIP5 = Coupled Model Intercomparison Project Phase 5; MITgcm = Massachusetts Institute of Technology general cir-
culation model; SAM = Southern Annular Mode.

4.2, Causes of the Centennial Decline in the Low-Latitude AOU: Export Production

There are two primary mechanisms that may cause tropical Pacific AOU to decline: (1) reduced rates of
organic matter decomposition and (2) younger age of waters in the tropical thermocline. The water mass
age measures the length of time the parcel has spent in the interior ocean since the last contact with the sur-
face mixed layer. In this section, we focus on (1) the organic matter decomposition. As a metric of the organic
matter decomposition, we examine the export flux of particulate organic matter at around 100 m depth.
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Figure 8. Fractional changes in the eastern tropical Pacific Ocean (box shown in Figure 4) export production at 100 m
(116 m for MITgcm). Fractional changes are shown in (a) from the CMIP5 models relative to the average values of export
production from 1901-1930, and in (b) from the sensitivity experiments, relative to the control experiment (red: warming;
blue: freshwater: light blue: The Southern Ocean wind; green: tropical trade wind; yellow: off-equatorial wind; and black
dashed: all forcing). OMZ = Oxygen Minimum Zone; ESM = Earth System Model; CMIP5 = Coupled Model Intercomparison
Project Phase 5; MITgcm = Massachusetts Institute of Technology general circulation model; SAM = Southern Annular
Mode.

Since most sinking organic matter is oxidized at depths shallower than 1,000 m, the reduction of particle flux
translates into slower respiration rates in the thermocline. The CMIP5 model projections show significant
reductions in the globally integrated export production in the range of 5-20% (regionally up to 40%) by
2100 (Bopp et al., 2013, 2017). The decrease of export production occurs globally except for the polar
latitudes influenced by the reduction of sea-ice cover and mixed layer shoaling. In the eastern tropical
Pacific Ocean, the regional decline of export production is more pronounced than the global mean, in the
range of 10-30% reduction by 2100 (Figure 8a). Thus, the reduced AOU could partially be caused by the
declining biological productivity and subsurface respiration. We note that most of the CMIP5 models
include denitrification. In our model, remineralization turns off when O, draws down to certain threshold,
but fixed nitrogen is not removed. Centennial changes in export production will not fully translate into
oxygen consumption since denitrification dominates more in O, deficit regions. Therefore, we cannot
compare changes in anoxic zone to geochemical isotope proxies for centennial changes in denitrification
rates (Deutsch et al, 2014). Uncertain relationships between export production and AOU from CMIP5
models could also depend on these processes (Bopp et al., 2017).

The MITgcm-ALL projects approximately 15% decline of export production (Figures 8a, ALL, and 8b), primarily
driven by the effect of ocean warming (~10%). The slackening of the easterly trade winds also plays a second-
ary role in reducing the amount of export production (~5%). The decline of export production due to weak-
ening of trade winds is consistent with the previous study of Ridder and England (2014), but again, the weak
response compared to the Ridder and England (2014) could be due to weak and localized changes in tropical
Pacific winds. Increased stratification as well as weakened wind-driven upwelling decreases the supply of
nutrients to the surface of the tropical Pacific Ocean, reducing the amount of sinking organic matter and sub-
surface O, consumption. When all the climatic forcing is applied together, the export production decreases
slightly more than the sum of the individual effect, implying a weak nonlinear effect.

4.3. Causes of the Centennial Decline in the Low-Latitude AOU: Water Mass Age

In this section, we will further diagnose how individual climatic forcing could modulate the ideal age on cen-
tennial timescales based on sensitivity experiments, which is difficult in general to diagnose from CMIP5
models. The climatological zonal mean ideal age exhibits latitudinal differences in vertical distributions.
Low age water mass penetrates more into the interior ocean in midlatitude to high-latitude close to 900 m
(Figure 9a). In contrast, the vertical age gradient is higher in the upper ocean (300-500 m) in the tropics,
which indicates that changes in upwelling could have significant impact on water mass composition in the
OMZs. The zonal mean changes in ideal age from the sensitivity experiments reveal a strong latitudinal
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Figure 9. The zonal mean distributions of ideal age (control and anomalies) based on MITgcm sensitivity experiments ((a) from control experiment, not anomaly; (b)
warming; (c) hydrological cycles; (d) the SAM wind stress; (e) tropical trade winds; (f) all forcing). The plots from (b)-(f) depict the anomaly from the MITgcm-CTL (a),
with the ideal age anomaly (shading) and changes in potential density (dotted contours; MITgcm-CTL in black-solid contours and sensitivity experiments in red-
dashed contours). Note that each color bar has a different scale. SAM = Southern Annular Mode; MITgcm-CTL = Massachusetts Institute of Technology general cir-
culation model control experiments. This figure has been drawn by the NCL (The NCAR Command Language (Version 6.3.0), 2016).

difference in changing the age of water mass by the end of the century (Figures 9b-9f). Older age reflects
relatively weak ventilation leading to increased cumulative consumption of O, there if the rate of organic
matter decomposition remains the same. When all climatic perturbations are imposed, strong negative
anomalies of ideal age occur over the tropics in the subsurface ocean (200-1000 m; Figure 9f, ALL). Surface
climate forcing alters the ventilation rates and pathways of the thermocline waters (e.g., Gnanadesikan
et al,, 2012). Positive anomalies of ideal age occur at midlatitudes and in the Southern Ocean. The reduced
age in the tropical oceans are due to the combined effects of ocean warming and enhanced freshwater
forcing but contributions from warming dominates (Figures 9b, 9¢c, and 9f, Warm, EmP, and ALL). Potential
density decreases throughout the upper 1,000 m, as we expected from the effect of warming, with a
~0.3 kg/m® decrease of potential density near the depth of OMZs in the tropics. The ideal age increases
due to the freshwater forcing (Figure 9c, EmP) in the Southern Ocean, potentially linked to the suppressed
deep convection (de Lavergne et al.,, 2014; Ito et al., 2015). On the other hand, the ideal age decreases in
the southern midlatitudes due to enhanced ventilation driven by the intensification and poleward shift of
zonal winds (Figure 9d). Reduction of the trade winds somewhat compensates the effects of increased
thermal and haline stratification on the tropical thermocline. Changes in off-equatorial trade winds
decrease the ideal age in northern midlatitudes due to changes in gyre circulations and upwelling. The
effect of all forcings is a net decrease in the ideal age and AOU averaged over the tropical thermocline.
The ideal age increase due to the changes in trade wind is also shown in the previous study (Ridder &
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Figure 10. Distributions of ideal age (a) at 435 m, (b) on an isopycnal layer (at

og = 26.8), and (c) on an isopycnal layer depth at 69 = 26.8 from the
Massachusetts Institute of Technology general circulation model CTL.
CTL = control experiments.

England, 2014). Again, we note that the forcing in their sensitivity experi-
ments are highly idealized and does not include equatorial and off-
equatorial wind stress perturbations in our experiments. The off-equatorial
wind stress change results in ideal age decrease in off-equatorial Pacific
(30-60°N) regions (Figure 9e). Sensitivity experiments indicate the domi-
nance of the effect of ocean warming reducing the ideal age in the tropics,
consistent with previous studies from Gnanadesikan et al. (2007). To high-
light the changes in water mass age due to changes in upwelling from cer-
tain climate forcing, we further analyze the age in two different
coordinates, depth and isopycnal coordinates.

We examine the changes in the ideal age at a constant depth (at 435 m)
and on an isopycnal surface (at oy = 26.8) in the Pacific basin. The depth
and potential density values are chosen for their proximity to the OMZs
of the tropical Pacific (Karstensen et al., 2008). Before looking at the cli-
matic response in ideal age from sensitivity experiments, we will explore
the climatological distributions of ideal age and isopycnal layer depth in
the Pacific basin. The depth of the isopycnal layer varies from approxi-
mately 400 m in the tropics to deeper than 700 m in the western subtro-
pics (Figure 10c). The isopycnal layer we chose here is close to the core
of the OMZ in the tropical Pacific Ocean. Comparing the steady states
(MITgcm-CTL) of ideal age between depth and isopycnal coordinates
(Figure 10), the overall structure is similar between the two coordinates,
where the ventilated subtropical thermocline is significantly younger than
the unventilated tropical thermocline (Luyten et al., 1983). A strong gradi-
ent of the ideal age tracer exists at about 20°S and 20°N.

Ocean warming causes the most pronounced effect on ideal age in the
North Pacific in the western boundary current region (Figure 11a). Ocean
warming results in more than 50 years of decrease in the ideal age at
435 m in the tropical Pacific Ocean. Intensification of the hydrological cycle
and Southern Ocean winds (Figure 11c¢) also contribute to the decrease of
ideal age (~10 years in total) in the tropical Pacific but the magnitudes are
small compared to the effect of ocean warming. Weakening of trade winds
results in an increase in the ideal age (~10 years) in the tropical Pacific
Ocean (included in Figure 11c). The off-equatorial surface westerly wind
results in increasing ideal age at around 20°N in the Pacific Ocean
(included in Figure 11c¢), which is also evident from the zonal mean distri-
butions (see Figure 9). The net effect is a decrease in the ideal age at 435 m
in the tropical Pacific Ocean, dominated by the response to warming.

In contrast, the ideal age on the isopycnal layer increases at all latitudes
(Figure 11f). The effect of ocean warming contributes the most to the
increase in ideal age. Its increase is the greatest in the subtropical gyre
regions (by 150-200 years). Nonwarming effects decrease the ideal age

tracer (~5 years) mainly because of the intensification of hydrological cycle and zonal winds in the
Southern Ocean (included in Figure 11d). However, the magnitudes are much smaller compared to that of
ocean warming. The weakening of trade winds in the tropical Pacific Ocean slightly reinforces the effect of
ocean warming in increasing the ideal age in the eastern tropical Pacific (figure not shown).

Diagnosing the ideal age tracer on two different coordinates highlights different aspects of changes in water
masses (Figure 11). In the interior ocean, the circulation is primarily oriented along isopycnal surfaces, and a
reduced ventilation increases the isopycnal ideal age. In contrast, the changes in the ideal age of the tropical
thermocline at a constant depth can be explained as the shift in the vertical advective-diffusive balance as
discussed in Gnanadesikan et al. (2007). The warming could slow down the shallow overturning circulations,
which could result in less old water injected from the deep ocean into the intermediate depths in the tropical
Pacific Ocean (Gnanadesikan et al., 2007). Differences in coordinates highlight two distinct mechanisms,
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Figure 11. Changes in the ideal age tracer (a, ¢, e) at 435 m, (b, d, f) on the isopycnal layer at og = 26.8. The ideal age
and isopycnal layer depth changes are anomalies from the control run. Warm is from the warming experiment and
nonwarm is from the linear sum of hydrological cycles and wind stress change experiments. ALL is from the experiment
including all climatic forcings.

which could result in differences in ideal age response particularly in the tropical Pacific Ocean (Figure 11). It
is important to point out that the narrow jets in the equatorial Pacific Ocean are known to ventilate and
supply oxygen to the eastern Pacific OMZs (Stramma et al.,, 2010), and these features are not fully resolved
in CMIP5 and the MITgcm simulations. Thus, the current generation of climate models lacks an important
process controlling the O, level of the tropical thermocline. The MITgcm experiments indeed reproduces
the overall tropical and midlatitude to high-latitude contrast of the AOU change in the CMIP5 multimodel
mean, and the underlying change in the water age is likely linked to the reduction in the isopycnal
ventilation as well as the large-scale vertical shift in the water mass distributions. However, the effect of
this water mass shift could be exaggerated in the MITgcm since the background vertical diffusion is
relatively high and the mixing parameterization is simplified compared to CMIP5 models. Duteil and
Oschlies (2011) showed changes in O, sensitivity to background mixing and conclude that higher vertical
mixing could potentially result in expanding the suboxic zones. This is in opposite sense from our study.
Overall the ideal age decreases in their simulations, which is consistent with our simulations. We
hypothesize that the key difference is in the sensitivity of biological O, consumption to vertical mixing.
Changes in export production can modulate the magnitude of O, change in the tropical Pacific Ocean
under certain vertical mixing intensity. The sensitivity of export production differs between our simulations
and studies of Duteil and Oschlies (2011). This can be an important source of uncertainty in O, changes
among ESMs. In our simulations, the overall effect of changes in the ideal age wins and this could translate
into higher decrease in AOU (i.e., increase in O,) at certain depths, as we saw in a previous section (see
Figures 5b and 5h). Vertical mixing and advection are critical in explaining these processes, and differences
in how these processes are implemented in the model could result in diverse responses in O, and AOU
changes on centennial timescales.

TAKANO ET AL.

1343



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Global Biogeochemical Cycles 10.1029/2018GB005939

AAOU physics at 435m AAOU biology at 435m

LNTTEERTEERTRORR AR AR EORRRDOLLY
30 25 -20 -15 -10 -5 0 +5 +10 +15 +20 +25 +30

[mmol/m3]

Figure 12. As in Figure 11 except for physically driven AOU (AOUppys) and biologically driven AOU (AOUp,;,) changes at
435 m. AOU = Apparent Oxygen Utilization.

4.4. Quantifying Physically and Biologically Driven AOU

The analysis of the ideal age tracer indicates the critical importance of the dependence of vertical coordinates
in evaluating long-term O, changes as the water mass can shift significantly over centennial timescales.
Water mass age and AOU have strong vertical gradients in the tropical thermocline, and the vertical water
mass shift can cause significant changes. Here the remaining task is to quantitatively separate the two distinct
causes of the AOU change from distinct climate forcing. As discussed in section 4.2, the export production in
the tropical Pacific decreases primarily due to ocean warming (see Figure 8), which potentially reduces the
oxygen utilization rate (OUR). At a constant depth, the vertical shift of water masses (Figure 11) could also
reduce the water mass age and the AOU of the tropical thermocline. On a density surface, the deepening
of the isopycnal due to ocean warming (see Figures 9b and 9f) can also decrease the OUR because the con-
centration of sinking organic matter decreases downward. Reduction in the export of organic matter and the
downward displacement of isopycnal layers due to ocean warming could together decrease OUR, which
could partially compensate the effect of weakened ventilation along the isopycnal surface.

To clearly and quantitatively separate the effects of different mechanisms behind the AOU change, we con-
duct additional sensitivity experiments. Our method of AOU decomposition is similar to the method devel-
oped by Deutsch et al. (2006). For each sensitivity run (A-E), an additional simulation is performed with a
constant biological productivity, which is prescribed to the monthly mean climatology from the control
experiment. To implement this, we first confirm that there is practically no model drift in the control simula-
tion and record the monthly climatology of OUR from the control simulation. Then, the additional sensitivity
runs are performed with the climatological OUR at each depth level. The climate change impacts on the OUR
are suppressed in these experiments, thus isolating the circulation-driven AOU changes, AAOUgpys.
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Figure 13. As in Figure 12 except on the isopycnal at 6 = 26.8. AOU = Apparent Oxygen Utilization.
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Figure 14. A phase diagram explaining AAOU as the sum of AAOUppys (x axis) and AAOUp,,, (y axis) in the eastern tropical
Pacific Ocean (box shown in Figure 4) after 200 years of model integrations, for (left) 435 m and (right) along the isopycnal
(09 = 26.8). Weighted area-mean values from a suite of sensitivity experiments based on two different coordinates are
plotted in colored dots. The nonlinearity is negligibly small (compare filled and open black circles). Colored contour lines
indicate the total AAOU (AAOUppys + AAOUp,;o). The effects of the ocean heating and the trade wind explain most of the
total AAOU. Note that the x axis range is different between the two panels. AOU = Apparent Oxygen Utilization;

SAM = Southern Annular Mode.
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Biologically driven AOU changes, AAOUy,;,, can then be inferred by taking the residual between the total and
the physically driven AOU changes assuming the linearity between the physically and biologically driven AOU.

+ aAouU™ @)

bio?

AAOU™ = AU
where the superscript n indicates the climate forcings (A-E) described in section 3.2. We diagnosed AAOU s
and AAOUy,,s from each sensitivity experiment. Figures 12 and 13 show the spatial pattern of AAOUppys and
AAOUy,, at the 435 m depth and on the 6y = 26.8 surface. The pattern of AAOUys shows a strong increase in
the subtropical oceans reflecting the weakened ventilation of thermocline waters (Figure 14e). AAOU s in the
tropical Pacific Ocean shows a difference between the depth and isopycnal coordinates: it decreases at the
435 m depth but it increases on the oy = 26.8 surface. The patterns of AAOUps (Figure 13, left panels)
essentially mirror those of ideal age shown in Figure 11. The apparent decrease of AAOUyps at 435 m is
explained by the reduction of the water age due to the deepening of isopycnal layers. In contrast, AAOUy;e
uniformly decreases both at the 435 m depth and on the oy = 26.8 surface, due to the reduced biological
oxygen consumption (right panels in Figures 12 and 13). Generally, the magnitude of AAOUy,, is smaller than
AAOUpys so the net change in AOU is dominated by the physically driven changes.

Relative magnitudes of AAOUpy,ys and AAOUy,;, can be visualized in a phase diagram (Figure 14) where the
horizontal and vertical axes measure spatially averaged AAOUgp,,s and AAOUy,, in the eastern tropical
Pacific thermocline (shown as the rectangular box in Figure 4) in the two vertical coordinates. At 435 m depth,
ocean warming decreases AOU (Figure 14a) through reduction in both AOUpy,ys (by about 9 mmol/m?) and
AOUy;, (close to 5 mmol/m3), leading to a total AOU decrease of about 14 mmol/m?. Physically and biologi-
cally driven AOU have almost equal contributions to the decrease in AOU at constant depth. On the 65 = 26.8
surface (Figure 14b), the effect of ocean warming increases AAOUpps (close to 20 mmol/m?3), by about two
times the magnitude as at 435 m (Figure 14a). The effect of ocean warming decreases AAOUy,;, due to the
reduced export production, but its contribution is minor in comparison to the physically driven changes.
The warming-induced AAOU,,,s dominates the AOU change in the isopycnal coordinate.

5. Summary and Discussion

We investigated the role of different surface climate forcing contributing to centennial changes in the ther-
mocline O, and analyzed the underlying mechanisms using CMIP5 ESMs and an ocean general circulation
and biogeochemistry model. Future projections from CMIP5 ESMs and a suite of sensitivity experiments using
MITgcm illustrate the dominant patterns in the evolution of thermocline O, under a warming climate.
Tropical thermocline O, inventory exhibits a small change as shown by several previous studies (Bopp
et al, 2013, 2017; Cabré et al., 2015; Cocco et al., 2013). We conducted a suite of sensitivity experiments to
decompose and quantify the simulated O, changes into the effects of various climatic forcings, mimicking
the centennial climate change projection in the CMIP5 ESMs. The changes in the tropical Pacific thermocline
O, content are relatively small due to the compensation between decreasing solubility and decreasing AOU
driven by ocean warming. Changes in hydrological cycles and wind stress play a minor role on controlling the
evolution of O, and AOU but the changes in ocean circulations and O, are very sensitive to changes in wind
stress patterns and magnitude, which needs further investigation using different complexity of models. The
decreasing AOU in the tropical thermocline is caused by the combination of weakened export production
and the penetration of younger O,-rich surface water through vertical transport, consistent with findings
from previous ESM studies (Gnanadesikan et al., 2007). Our results indicate that this vertical transport alter-
nation due to warming is likely to happen among CMIP5 models despite the differences in parameterization
in diapycnal mixing processes. In the tropical Pacific, the AOU appears to decrease at a constant depth by
sampling progressively lighter and younger water masses due to reduction in upwelling of deep water
masses. We further quantified physical and biological aspects of AOU contributing to a decrease in centennial
AOU in the tropical Pacific Ocean. The decrease of physical aspects (i.e., water mass age) accounts for about
43% of total AOU decrease, and biological aspects (i.e., the reduction of export production) accounts for
about 57% of total AOU decrease in the tropical Pacific thermocline.

Similar findings from the CMIP5 models support a common mechanistic explanation, but we must be aware
of some uncertainties and open questions associated with coarse-resolution models. The relatively low
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resolution of these models does not fully represent the tracer transport of the equatorial current system,
ocean eddies, and small-scale mixing processes. These unresolved physical processes have been implicated
in the biases in the mean state of coarse models, but their impact on the response of OMZ ventilation and
productivity to climate change remains unclear. The simple and relatively high vertical diffusion, particularly
in the tropical oceans, could result in a stronger response in AOU (and water mass age transition) in our
model compared to CMIP5 models. However, the latitudinal contrasts in AOU changes remains among
CMIP5 models, which indicates that even with a more realistic background vertical diffusion, one-
dimensional processes could still alter the AOU (and O,) in the tropical oceans in an unexpected way under
a warming climate. Similarly, the crude representations of biological processes and export production in cur-
rent models may also neglect important mechanisms influencing O,. For example, variations in organic mat-
ter stoichiometry can influence the size of the OMZ (DeVries & Deutsch, 2014) and its response to rising CO,
(Oschlies et al., 2008). Second, the depth scale of organic matter respiration has been shown to vary with tem-
perature (Weber et al., 2016). Neither of these are accounted for by current models and would alter AAOUy,.
Further studies with more sophisticated physical, ecological, and biogeochemical models may change the
future O, projections in unexpected ways.

Significant decreases in global and regional O, and the expansion of OMZs are documented in historic data
sets from the past several decades (Helm et al., 2011; Ito et al., 2017; Keeling et al., 2010; Schmidtko et al.,
2017; Stramma et al,, 2008, 2012), which may be dominated by interannual and decadal climate variability
(Czeschel et al., 2012; Deutsch et al., 2011, 2014). The decadal-scale trends in the observations should not
be confused with the century-scale projection of the ESMs that are potentially driven by different sets of
mechanisms. Natural climate variability could significantly modulate O, concentrations on interannual to
decadal timescales, which makes it a challenging task to detect long-term changes observationally (Long
et al., 2016). Finally, this study mainly focused on the tropical Pacific Ocean but other tropical oceans require
further investigation with regionally specific climatic forcing patterns.
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