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METHODS: Air-Sea O2, CO2, N2 Fluxes from 8 CMIP5 Models  "
! Atmospheric Potential Oxygen (APO)!
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!
Observed APO!

South Pole!
!

APO  ≈  O2/N2 + 1.1 CO2 (land + ocean) !
"

 !

Detrended SIO Data from Keeling et al.!



!
Modeled APO!

South Pole!
!

Model APO = O2/xO2 – N2/xN2 + 1.1 CO2(ocean)/xO2 "
!
"

 !

Air-sea fluxes from MPIM!



!
Modeled APO!

South Pole!
!

Model APO = O2/xO2 – N2/xN2 + 1.1 CO2(ocean)/xO2 "
!
"

 !

Air-sea fluxes from IPSL!



Methodology – more details!
1. Assemble monthly air-sea fluxes of O2, CO2 and N2* from 8 CMIP5 ocean 
biogeochemistry models:"
   Historical (1997-2000)!
   RCP8.5    (2097-2100)!
"
2. Atmospheric transport model simulations with GEOS-Chem (2 x 2.5°)"
Model APO = O2/xO2 – N2/xN2 + 1.1 CO2/xO2 !
!
3. Compare Model and Observed APO mean seasonal cycles"
"
"
"
"
!
*N2 fluxes estimated from model net surface heat flux:  fgN2= QST/Cp (with Jin mods)!
!
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!
APO: GEOS-Chem v. Observed at SPO!
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!
APO: GEOS-Chem v. Observed at SPO!

 !
!

Using Ocean Model CO2                  Using Takahashi CO2!



!
APO: GEOS-Chem v. Observed !

!

 Cape Grim                                   Palmer Station !



!
APO: Transcom Matrix Method !

 v. Observed at South Pole!

Nevison et al., 2015, Biogeosciences!



!
Column APO: Model v. Observed !

!

!

Observations from HIPPO aircraft campaign, Jonathan Bent, Ph.D. thesis!



Models that best capture the observed APO seasonal cycle 
generally predict smaller Southern Ocean CO2 sink !
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generally predict smaller Southern Ocean CO2 sink !



Amplitude of model APO seasonal cycle is 
correlated to Southern Ocean productivity !



Amplitude of model APO seasonal cycle is 
correlated to Southern Ocean productivity !

FIG. 3. (a) Bias and standard error of the difference of transect-averaged seawater pCO2

from eight CMIP5 ESMs relative to shipboard measurements. Differences between the ESMs
and shipboard measurements are shown in the austral winter (July–September; black bars),
time mean (gray bars), and summer (January–March; white bars). Positive values in (a) in-
dicate overestimation compared to the shipboard measurements. (b) The mean and standard
error of transect-averaged surface upward sea-to-air CO2 flux from the eight CMIP5 ESMs.
(c) As in (b), but for surface upward sea-to-air CO2 flux averaged in the entire circumpolar
region (568–628S). No shipboardmeasurements are available for the surface upward CO2 flux.
Positive values in (b),(c) indicate upward CO2 flux from the ocean to the overlying atmo-
sphere. The standard error equals the standard deviation divided by square root of the
number of the transects.
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Future APO under RCP8.5!



Southern Ocean CO2 sink under RCP8.5 
correlated to present day sink !



!
APO Historical v RCP8.5 at !

South Pole!
!
  !



Future changes in NPP under RCP8.5 in "
 CMIP5 models (Bopp et al., 2013) "

"
Figures show 2095-1995 difference "

!

6234 L. Bopp et al.: Multiple stressors of ocean ecosystems in the 21st century

a. Sea surface temperature change

c. Oxygen concentration change at 200-600m

b. Sea surface pH change

d. Integrated net primary productivity change 
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Figure 5

Fig. 5. Change in stressor intensity (defined as the change in the magnitude of the considered variable) in 2090–2099 relative to 1990–1999
under RCP8.5. Multi-model mean of (a) sea surface warming ( ⇥C), (b) surface pH change (pH unit), (c) subsurface dissolved O2 con-
centration change (averaged between 200 and 600m,mmolm�3), and (d) vertically integrated NPP (gCm�2 yr�1). Stippling marks high
robustness. Robustness is estimated from inter-model standard deviation for SST and pH, from agreement on sign of changes for O2 and
NPP. Dark red color shading is used to mark the change in stressor that is detrimental for the marine environment.

amplifies the decrease of surface pH due to the uptake of an-
thropogenic carbon, consistent with Steinacher et al. (2009).
Changes in subsurface (200–600m) O2 are not spatially

uniform, and there is less agreement among models. But
despite a strong difference in magnitude, the complex pat-
terns of spatial changes are very similar across the two sce-
narios and reflect the influence of changes in several pro-
cesses (ventilation, vertical mixing, remineralization) on O2
levels (Figs. 5 and 6). The North Pacific, the North At-
lantic, the Southern Ocean, the subtropical South Pacific and
South Indian oceans all undergo deoxygenation, with O2 de-
creases of as much as �50mmolm�3 in the North Pacific
for the RCP8.5 scenario. In contrast, the tropical Atlantic
and the tropical Indian show increasing O2 concentrations
in response to climate change, in both RCP8.5 and RCP2.6
scenarios. The equatorial Pacific displays a weak east–west
dipole, with increasing O2 in the east and decreasing O2 in
the west. Apart from changes in the equatorial Pacific, these
regional changes in subsurface O2 are consistent across mod-
els under the RCP8.5 scenario (stippling in Fig. 5), and they
are quite similar to those from a recent inter-model com-

parison of the previous generation of Earth system models
(Cocco et al., 2013).
Over the mid-latitudes, patterns of projected changes in

subsurface O2 are broadly consistent with observations col-
lected over the past several decades (Helm et al., 2011; Sten-
dardo and Gruber, 2012; Takatani et al., 2012). Yet there is no
such model–data agreement over most of the tropical oceans.
Observed time series suggest a vertical expansion of the low-
oxygen zones in the eastern tropical Atlantic and the equato-
rial Pacific during the past 50 years (Stramma et al., 2008),
conversely with models that simulate increasing O2 levels
with global warming over the historical period (Andrews et
al., 2013). A more detailed analysis of the simulated evolu-
tion of volumes of low-oxygen waters is given in Sect. 3.2.4.
Similar to subsurface O2 and in line with previous mod-

eling studies (Bopp et al., 2001; Steinacher et al., 2010),
projected changes in NPP are spatially heterogeneous. A de-
crease in NPP is consistently simulated across models and
scenarios in the tropical Indian Ocean, in the west tropical
Pacific, in the tropical Atlantic and in the North Atlantic
(Figs. 5 and 6). This decrease reaches as much as �150 g

Biogeosciences, 10, 6225–6245, 2013 www.biogeosciences.net/10/6225/2013/



Summary!
!

1.  CMIP5 ocean models reproduce observed APO cycles in the 
Southern Ocean region with varying skill.  Ranking of models consistent across 
matrix method, column average, and GEOS-Chem results at SPO.!

2.  Models that capture present-day APO cycle the best tend to predict a 
smaller Southern Ocean CO2 sink, for both historical and RCP8.5 
runs.!

3.  CMIP5 Models predict relatively small future changes in the O2 
component of APO under RCP8.5 at Southern Hemisphere stations, 
but some predict large changes in the oceanic CO2 component.!
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