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Physically driven patchy O, changes in the North Atlantic
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Abstract The subpolar North Atlantic is a key region for the oceanic uptake of heat, oxygen, and carbon
dioxide. Centennial oxygen (O,) changes are investigated in the upper 700 m of the North Atlantic Ocean
using a subset of Earth system models (ESMs) included in the Coupled Model Intercomparison Project phase
5. The climatological distributions of dissolved O, averaged for the recent past period (1975-2005) are
generally well captured, although the convective activity differs among the models in space and strength,
and most models show a cold bias south of Greenland. By the end of the twenty-first century, all models
predict an increase in depth-integrated temperature of 2-3°C, resultant solubility decrease, weakened
vertical mass transport, decreased nutrient supply into the euphotic layer, and weakened export production.
Despite an overall tendency of the North Atlantic to lose oxygen, patchy regions of O, increase are observed
due to the weakening of the North Atlantic Current (NAC) causing a regional solubility increase (the warming
hole effect) and a decrease in the advection of subtropical, low-O, waters into the subpolar regions (the
nutrient stream effect). Additionally, a shift in the NAC position contributes to localized O, changes near the
boundaries of water masses. The net O, change reflects the combination of multiple factors leading to highly
heterogeneous and model-dependent patterns. Our results imply that changes in the strength and position
of the NAC will likely play crucial roles in setting the pattern of O, changes in future projections.

1. Introduction

Marine ecosystems will likely face multiple stressors as a consequence of the increasing anthropogenic emis-
sions of CO, and of the induced climate warming in this and coming centuries. The oceans are “warming up,
turning sour, and losing breath” as summarized by Gruber [2011]. Temperature increase, ocean acidification,
and ocean deoxygenation are global-scale phenomena with far-reaching influences on the ecosystem and
biogeochemical cycling. Ocean deoxygenation, i.e., the decline of dissolved oxygen (O,) from the water col-
umn, is the least understood problem among the three, despite its profound influence on marine habitat and
redox-sensitive biogeochemical tracers [Doney et al., 2012; Feely et al., 2004; Grantham et al., 2004; Gray et al.,
2002; Kleypas et al., 2006, 1999; Orr et al., 2005; Poertner and Knust, 2007].

In a warming climate, the higher temperature of seawater decreases the solubility of oxygen. Additionally,
upper ocean stratification may increase due to the surface warming, melting of polar ice cap at high latitudes,
and an increase in precipitation, weakening the ventilation of well-oxygenated surface waters into the ocean
interior [Bopp et al., 2002; Froelicher et al., 2009; Matear et al., 2000; Plattner et al., 2002; Sarmiento et al., 1998].
Earth system model (ESM) simulations indeed predict a strong sensitivity of ocean’s O, content to climate
warming, suggesting a significant decline in global O, inventory by the year 2100 especially in the extratro-
pical thermocline [Keeling et al., 2010]. Regional differences, however, remain significant among models
[Bopp et al., 2013; Cocco et al., 20131.

The reinforcing mechanisms above, thermally driven decrease of solubility and stratification-driven decrease
of ocean ventilation, can be particularly important in regions of deepwater formation such as the subpolar
North Atlantic. Convective mixing is the most important mechanism by which the water column is ventilated
and oxygenated [Kortzinger et al., 2004]. For example, in the Labrador Sea (LS), deep convection mixes the
surface waters to depths exceeding, at times, 2000 m [Clarke and Gascard, 1983; Lazier et al., 2002; Lazier,
1980; Yashayaev, 2007a, 2007b; Yashayaev et al., 2007] and forms the fresh and cold, highly oxygenated
dense water mass, the Labrador Sea Water (LSW). The LS is a highly dynamic region for the biogeochemical
tracers. The historic O, observations for the last 60 years do not yet exhibit a statistically significant trend but
are dominated by interannual and decadal variability, indicating direct linkages between the strength of con-
vective mixing, ventilation, and oxygen concentrations [van Aken et al., 2011]. For the entire North Atlantic,
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Table 1. CMIP5 Modeling Groups and Model Names

Modeling Group/Center Model Name Reference

NOAA Geophysical Fluid Dynamics Laboratory (NOAA GFDL) GFDL-ESM2M Dunne et al. [2013]
GFDL-ESM2G

Institute Pierre-Simon Laplace (IPSL) IPSL-CM5A-LR Dufresne et al. [2013]
IPSL-CMA-MR

Met Office Fluid Hadley Center (MOHC) HadGEM2-ES Collins et al. [2011]
HadGEM2-CC Jones et al. [2011]

Max Plank Institute for Meteorology (MPI) MPI-ESM-LR Giorgetta et al. [2013]
MPI-ESM-MR

Community Earth System Model Contributors (CESM1) CESM1-BGC Long et al. [2013]

Moore et al. [2013]
Norwegian Climate Centre (NCC) NorESM1-ME Bentsen et al. [2013]

the basin-scale O, inventory is also relatively constant but consists of compensating changes within the basin
likely due to the circulation variability [Stendardo and Gruber, 2012]. However, unabated warming of the
Arctic will continue melting of both Arctic sea ice [Gillett et al., 2008] and terrestrial glaciers over Greenland
[Mernild and Liston, 2012; Rignot et al., 2008], with the end result that more freshwater can converge into
the Labrador Sea [Dickson et al., 2007] and possibly influence convective rates in the future [Boning et al.,
2016; Luo et al., 2016; Stouffer et al., 2006]. The LSW spreads across the northwest Atlantic at mid-depths
[Bower et al., 2009; Curry et al., 1988; Talley and McCartney, 1982], flowing southward as a component of
the North Atlantic Deep Water. Thus, the oxygen trends and variability in the LS can impact throughout
the subpolar North Atlantic the global deep oceans. A present concern is if, when, and how a slowdown in
deepwater formation in the North Atlantic will reduce the oxygen input to the deep ocean.

The primary objective of this study is to investigate the mechanisms driving the regional trends of dissolved
oxygen in the subtropical and subpolar North Atlantic in the context of the state-of-the-art ESMs from the
Coupled Model Intercomparison Project phase 5 (CMIP5). Both ocean-only and coupled climate models
display large biases and divergent behavior in simulating the formation of deepwater masses and their varia-
bility [Canuto et al.,, 2004; Danabasoglu et al., 2014, 2016; MacMartin et al., 2013]. We will, therefore, begin our
investigation by testing the ability of the ESMs to reproduce the present mean state of relevant physical and
biogeochemical variables. Particular attention will be paid to the representation of the convection and hydro-
graphic structure in the North Atlantic. We do not expect the CMIP5 models to reproduce the trajectories of
the climate and biogeochemical variability perfectly, but we aim at evaluating the linkages between physical
climate and biogeochemical variables and how similar or different they are across the models. We will then
move on to analyze the model projections to the end of the twenty-first century focusing on commonalities
about models and causes for divergence.

2. Data and Methods

We analyze a subset of CMIP5 ESMs used for the Intergovernmental Panel on Climate Change Fifth
Assessment Report for which all the variables of interest are available. We examine the transient simulations
from 1850 to 2100 by combining the historical integrations and future projections based on the
Representative Concentration Pathway 8.5 scenario [Riahi et al., 2011; Taylor et al.,, 2012]. The CMIP5 ESMs
used in this study are summarized in Table 1. The list includes the Community Earth System Model,
CESM1-BGC [Long et al, 2013; Moore et al., 2013]; two versions of the Geophysical Fluid Dynamics
Laboratory (GFDL) Earth system model, GFDL-ESM2G and GFDL-ESM2M [Dunne et al., 2013]; two versions
of the Hadley Center Global Environment Model version 2, HadGEM2-ES and HadGEM2-CC [Collins et al.,
2011]; two versions of the Institute Pierre Simon Laplace model, IPSL-CM5A-LR and IPSL-CM5A-MR
[Dufresne et al, 2013]; two versions of the Max Plank Institute model, MPI-ESM-LR and MPI-ESM-MR
[Giorgetta et al., 2013]; and NorESM1-ME [Bentsen et al., 2013]. GFDL-ESM2G and GFDL-ESM2M differ in their
ocean module and vertical coordinate system with ESM2M using depth-based coordinates and the Modular
Ocean Model and ESM2G using isopycnal coordinates and the Generalized Ocean Layered Model [Adcroft
and Hallberg, 2006]. The same atmospheric component is used for both versions. HadGEM2-CC increases
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Figure 1. Volume-weighted mean time series anomalies (0-700 m) over the North Atlantic (22°N-73°N) of temperature (T),
salinity (S), stratification, dissolved oxygen, oxygen saturation (O,s,¢), and apparent oxygen utilization (AOU) over the
period 1950-2100. The stratification index is defined as the density difference between 700 m and surface. Mean values are
also shown in the past and projected intervals 1975-2005 (period A) and 2070-2100 (period B).

the vertical discretization of the atmospheric module from the 38 layers in HadGEM2-ES to 60 but does not
include the atmospheric chemistry scheme used in the —ES version. IPSL-A-LR and IPSL-A-MR use different
resolution in the atmospheric module (1.875° x 3.75° in the LR for low resolution and 1.25° x 2.5° in the
MR for medium resolution). Finally, the MPI-ESM-MR configuration doubles the number of levels in the
atmosphere and decreases the horizontal grid spacing of the ocean, compared to the LR setup.

The three-dimensional and annually averaged fields analyzed in this study are first interpolated horizontally
onto a common domain of 1° x 1° longitude-latitude grid and vertically onto 33 depth levels. The variables
we focus on are dissolved oxygen (O,), temperature T, salinity S, particulate organic carbon export (EP),
and the horizontal velocities (u, v). Further, potential density, stratification, and oxygen saturation O, are
calculated from T and S.

Regarding oxygen, it has been shown that in the CMIP5 ESMs the biogeochemical tracers are not always equi-
librated with respect to the ocean circulation and a drift may be present. To account for the magnitude and
sign of the model drift, in all subsequent analyses we used the preindustrial control simulations (piControl)
and removed the (small) signal unrelated to externally forced centennial changes. We did so by defining,

RCP8.5(B) Ohist(A) _ ( opiControI (B8 _ opiControI (A))
2 2 2

for example, O,,.., = O, , where A and B define the periods

1975-2005 and 2070-2100.

Stratification is calculated here as the potential density difference between the surface and 700 m, modifying
the definition of Capotondi et al. [2012] relevant for tropical latitudes that considered the difference between
surface and 200 m. Potential density is calculated from the modeled temperature and salinity fields using the
EOS-80 polynomial. Oxygen saturation depends on temperature and salinity and is calculated based on
Garcia and Gordon [1992]. Apparent oxygen utilization (AOU) is then determined as the difference between
the Oy, and O,, which is commonly used as a measure of biological oxygen utilization. It should be noted
that intense wintertime air-sea interaction often causes surface O, to be undersaturated leading to a nonne-
gligible preformed AOU [lto et al., 2004], but the model outputs do not allow for a more precise estimation.
The CMIP5 ESMs are compared to the climatological observations for the present climate. Annual mean
climatologies from the World Ocean Atlas 2009 (WOA 2009) [Antonov et al., 2010; Garcia et al., 2010;
Locarnini et al., 2010] are used as the observational reference of T, S, and O,. Potential density, density strati-
fication, oxygen saturation O, and AOU are calculated using the same formula. For the ocean currents, we
reference to the Simple Ocean Data Assimilation (SODA) Reanalysis version 2.2.4 [Carton et al., 2005]. SODA
2.24 is based on a multivariate sequential data assimilation scheme in which T and S observations from
World Ocean Database 2009 are used to update the ocean model.
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Figure 2. Spatially averaged changes of dissolved oxygen (AO,) along with (a) temperature (AT), (b) salinity (AS), (c) stra-
tification (As), and (d) apparent oxygen utilization AAOU along with stratification (Ac). The filled shapes represent the
averaging (0-700 m) over SPNA (46°N-73°N), and the empty shapes represent the averaging over STNA (22°N-46°N).

3. Results

3.1. Model Evaluation

3.1.1. Domain-Averaged Changes

Before examining the spatial variability of the oxygen trends and their causes, we describe the time evolution
of the spatially averaged (volume-weighted mean) anomalies of the quantities of interest for the entire North
Atlantic (22°N-73°N; Figure 1) from 1950 to 2100. Given our focus on deep mixing and deepwater formation,
we concentrate on the depth range 0-700 m. The choice of 700 m is somewhat arbitrary but represents a
typical depth at which most models convect on a large enough area. The anomalies in Figure 1 are calculated
on the mean state of period 1975-2005 (period A), and the climatological volume-weighted mean values
from WOA are also indicated. Mean values are also shown for the projected interval 2070-2100 (period B).
As expected, temperature and stratification increase and oxygen decreases in all models. The overall oxygen
loss over 1950 to 2100 is in the range of 10-20 mmol m 3, and is directly linked to the solubility decrease
associated with the NA warming. Salinity and AOU trends, on the other hand, differ among the models
and their magnitude is moderate, within (—0.35, +0.1) psu and +5 mmol m~ for the entire North Atlantic.

In Figure 2, we present the spatially averaged changes of each variable by dividing our domain in subtropical
(22°N-46°N) and subpolar (46°N-73°N) regions. Both in the subpolar North Atlantic (SPNA) and subtropical
North Atlantic (STNA), all of the models warm up and increase their stratification (Figures 2a and 2c).
Salinity increases for all the models (Figure 2b) in the STNA region except for the HadGEM versions which fre-
shen at the eastern subtropical gyre and show a strong zonal AS gradient as revealed in the following
(Figure 12). In the SPNA, all the models but NorESM1-ME show negative salinity change (Figure 2b). As
revealed by the spatial changes (Figure 12), NorESM1-ME significantly increases salinity in the eastern subpo-
lar gyre counterbalancing the freshening in the rest of the subpolar region. Along with warming, stratification
also increases for all of the models in the whole NA (Figure 2c). The most diverse behavior is observed in the
centennial AOU changes both among the different models but also between SPNA and STNA (Figure 2d).

In this work we focus on the spatial representation of physical and biogeochemical quantities related to
oxygen and we concentrate on centennial changes. Figure 1, however, shows hints of interannual variability
superposed to a strong centennial trend in most variables. It remains to be determined how well CMIP5
models represent this component. Due to the limited measurements available, the temporal variability of dis-
solved oxygen on interannual to decadal scales cannot be easily determined over the whole North Atlantic
and therefore cannot be effectively compared to that in the models. Under the assumption that the
Atlantic meridional overturning circulation (AMOC) is its main driver, however, the analysis of the AMOC
representation in CMIP5 has shown that most models display multidecadal variability with an approximate
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Figure 3. Mean temperature (7) bias calculated as TM9!ed_7oPserved (., WOAQ9) over the period 1975-2005 depth averaged between 0 and 700 m.

60 year periodicity [Cheng et al., 2013] but generally underestimate the observed interannual-to-decadal
changes between 1850 and 2005.

3.1.2. Biases and Climatological Spatial Fields

Next, we focus on the spatial representation of the physical and biogeochemical fields associated with oxy-
gen variability in the North Atlantic. First, we investigate the historical period, using reanalysis products and
WOA to validate the model outputs. Again, we analyze the set of variables indicated earlier and we consider
their climatological means over 1975-2005 (period A) averaged over the depth range from the surface
to 700 m.

Common patterns of model biases emerge in temperature (7), salinity (S), and dissolved oxygen (O,), as
shown in Figures 3-5, respectively. The most noticeable bias common to all three variables, and among all
model realizations but two, is a cold, fresh, and overly oxygenated patch centered at about 48°N and
45°W. This feature is not relevant to GFDL-ESM2G and is only marginally apparent in GFDL-ESM2M. The
O, overestimation (Figure 5) results from oxygen solubility, which reflects the cold bias in temperature. A
similar pattern in the 7-S structure was observed in the majority of the 18 global ocean-sea ice models forced
by a common prescribed atmospheric state and run as part of the Coordinated Ocean-ice Reference
Experiments phase Il [Danabasoglu et al., 2014; Griffies et al., 2014].

The representation of the ocean circulation in the ESMs is indeed the key to explaining the model biases in T,
S, and O, distributions. Figure 6 compares the climatological lateral circulation in the models and SODA 2.2.4
reanalysis, superimposed on the salinity distribution, both depth-averaged between the ocean surface and
700 m. The repeated solid black arrow represents the observed pathway of the North Atlantic Current
(NAQ) according to the SODA 2.2.4 product. The arrow follows the maxima in the depth integrated u, v fields
and develops along the maximum salinity gradient. The superimposition over the individual model’s circula-
tion field (vectors) and salinity clarifies the difference between models and observation. In agreement with
the analysis in Danabasoglu et al. [2014], the North Atlantic Current (NAC) is more zonally oriented in the
ESMs relative to the observations, and the Labrador Current extends further southeast and away from the
shelf, carrying cold, fresh, and highly oxygenated water into the central subpolar North Atlantic (SPNA).
The zonally biased pathway of the NAC is also visible in the salinity distribution as the NAC separates the fresh
subpolar waters from the salty subtropical ones. GFDL-ESM2M and GFDL-ESM2G better reproduce the NAC
pathway, and as a result, the O, distribution in those models matches more closely the observed climatology
south of Greenland.

The modeled stratification for the period of 1975-2005 is then compared with WOA in Figure 7 and used to
map the areas where deep convection occurs. Locations where the vertical density gradient Ao is less than
0.5 kg m™3 can be used as a proxy of modeled convective areas based on a comparison with winter
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Figure 4. Mean salinity (S) bias calculated as s™°9'ed_goPserved gom WOA09) over the period 1975-2005 depth averaged between 0 and 700 m.

(January-February-March) mixed-layer depth performed on a subset of ESMs—six out of 10—for which
monthly means of potential temperature and salinity are available over the historical period (not shown). It
should be noted that when using a stratification criterion as a proxy for deep convection the convective
strength cannot be quantitatively compared between two convective regions for the same model or
between different models. Also, the climatological stratification of the top 700 m alone cannot inform us
about the depth of convection or its seasonal cycle. No model, however, has mixed layer depth data
available with monthly frequency after 2005.

With these caveats in mind, we compare the upper ocean stratification from each model to the WOAQ9 cli-
matology. All CMIP5 models overestimate the stratification in the top 700 m in comparison to the WOA09
data in both the subpolar and subtropical NA. In the SPNA, where deep convection takes place, the
WOA09 climatology is weakly stratified, with Ao <0.5 kg m~> over a broad region extending from the
Labrador and Irminger Seas to Iceland and from 70°N to 50°N. In CESM1-BGC stratification with values as
low as 0.5 kg m~> can be found in the eastern subpolar region extending south to 50°N and along the wes-
tern and eastern coast of Greenland. Both GFDL-ESM2M and GFDL-ESM2G display a weakly stratified region

[NorESM1-ME

75°W  50°W  25°W  75°W  50°W 25°W  75°W  50°W 25°W  75°W  50°W 25°W  75°W  50°W  25°W
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Figure 5. Mean dissolved oxygen (O,) bias calculated as Oszdeled—OZObse"’ed (from WOAO9) over the period 1975-2005 depth averaged between 0 and 700 m

(notice the inverted color bar).
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Figure 6. Time-mean salinity S for the period 1975-2005, averaged over 0-700 m, superposed on the depth-averaged velocity vectors for all the models and the
observations (WOA09/SODA).The solid black arrow represents the observed pathway of the NAC, superimposed on the modeled circulation and salinity distribution.

over the eastern SPNA, extending to 50°N. GFDL-ESM2M is weakly stratified also in the Labrador Sea, even if
less so than WOA09, while GFDL-ESM2G does not appear to convect in the LS basin. The HadGEM2-CC and
HadGEM2-ES provide the most stably stratified realizations and have similar vertical structure in the upper
700 m. They both display their weakest stratification (~0.6 kg m™>) in an area extending from the central
LS to Iceland following the Greenland coast, and both have excess stratification biases (A > 0.9 kgm 3) in
the eastern side of the subpolar gyre compared to the other models and observations. Independently of reso-
lution IPSL-CM5A show the lowest stratification (Ao < 0.5 kg m™>) in the eastern SPNA. The weakly stratified

~
.IPSL—CI\MR K7 MPI—ESM;

W 50°W  25°W

, ; IMPI-ESM# |NorESM1-ME
75°W  50°W  25°W  75°W  50°W 25°W  75°W  50°W  25°W

0.25 0.5 0.75 1 1.25 1.5
kgr m=3

75°W  50°W  25°W

Figure 7. Time-mean stratification for the period 1975-2005, averaged over 0-700 m, defined as A =4(700 m) — o(10 m). The solid black contour encloses the
weakly stratified regions with Ao < 0.5 kg m 3 asan approximation of regions impacted by convective activity or occupied by weakly stratified waters.
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Figure 8. Time-mean 1975-2005, 0-700 m average, dissolved oxygen.

region in IPSL-CM5A-MR extends further west compared to IPSL-CM5A-LR but does not include the Labrador
Sea interior. The lack of convective activity evidenced in Figure 7 in the LS in both IPSL versions, and GFDL-
ESM2G is explained by the large fresh bias that characterizes these three models (Figure 4). The MPI realiza-
tions show realistic patterns, but stratification is overall too strong compared to the observations. Both
MPI-ESM versions show a distinct convective region in the LS, but the eastern SPNA is too stratified south
of 60°N. NorESM1-ME is weakly stratified (Ao < 0.5 kg m™>) over the SPNA region in a greater area than all
other models.

Next, we examine the representation of dissolved O, concentration averaged over the top 700 m (Figure 8).
There is broad agreement in the O, distribution despite the known biases and intermodel differences in the

200 240 280 320 360
mmol m™>

75°W  50°W  25°W

Figure 9. Time-mean 1975-2005, 0-700 m average of oxygen saturation.
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Figure 10. Time-mean 1975-2005, 0-700 m average of apparent oxygen utilization (AOU).

representation of ventilation sites and the absence of distinguishable convection in the Labrador Sea for
some of the realizations. Comparing Figure 8 with Figure 9, it is evident that the relatively high O, in the wes-
tern SPNA and the Labrador Sea primarily reflects the high solubility (O,s,t) associated with the cold ocean
temperature in those areas.

Moving on to the AOU climatological distribution, it appears relatively homogeneous over the subtropical
and subpolar region (~30 mmol m~3), with maximum values found along the east coast of North America
(~60 mmol m~3) and off the shelf along the pathway of the NAC. Intermodel differences in AOU in the wes-
tern SPNA and the Labrador Sea broadly match differences in stratification (Figure 10). In the models, convec-
tion and deepwater formation tend to decrease the regional AOU, while strongly stratified regions with a
limited physical supply of O, are characterized by a higher AOU. The majority of the models overestimate
oxygen concentration in the subtropical region south of 48°N. CESM1-BGC and NorESM1-ME are the excep-
tions, underestimating dissolved oxygen values by 25-45 mmol m ™3 (Figure 8) south of 48°N. In both models
the bias is due to a significant overestimation of AOU (Figure 10), and values in excess of >40 mmol m > are
found in the subtropics. Both CESM1-BGC and NorESM1-ME also exhibit a strong latitudinal gradient of AOU
south of 48°N. In the remaining models, patterns are in generally good agreement with the observations and
present a maximum in AOU that runs from the tropics along the Gulf Stream and extends further east follow-
ing the intergyre boundary and the NAC. The elevated AOU values along the Gulf Stream and the NAC are
associated with the transport of high-nutrient thermocline waters, figuratively termed as the “nutrient
stream” [Letscher et al.,, 2016; Palter et al., 2005; Williams et al.,, 2011, 2006]. All models but GFDL-ESM2M
and GFDL-ESM2G underestimate AOU along the northern part of the nutrient stream as a result of the O,
overestimation, as shown in Figure 5. The near-surface portion of the nutrient stream contributes signifi-
cantly to the advective nutrient supply through induction across the tilted mixed layer base. Nutrient supply
across the gyre margins is dominated by lateral transport with vertical supply being secondary. As a result,
the representation of the nutrient stream and associated high AOU is a crucial feature of the North Atlantic
nutrient cycling.

GFDL-ESM2M and ESM2G reproduce the AOU pattern with values <40 mmol m™—3 in the subtropical region
and >50 mmol m~3 along the nutrient stream of the NAC. In the GFDL-ESM2G version the AOU is greater in
the western subpolar region and in the LS (>45 mmol m~3), compared to GFDL-ESM2M and the rest of the
models. This overestimation can be attributed to its stronger stratification (Figure 7). In both versions
of HadGEM the AOU values are lower than 18 mmol m™> peaking along the NAC to values around
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Figure 11. Centennial change of T calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. All plotted values are 0-700 m averages. The
solid black contour encloses the “warming hole.”

25 mmol m~>. Similarly, IPSL-CM5A shows maximum AOU of about 40 mmol m~2 aligned with the NAC and
lower values (<20 mmol m~3) north and south of it independently of resolution. In IPSL-CM5A-LR, AOU is
elevated in the western SPNA and the LS compared to the MR version due to the relatively stronger
stratification. Both versions of MPI-ESM-LR display AOU distributions enhanced along the NAC, with
maximum values of about 40 mmol m™, in good agreement with WOA data in the subtropics, and lower
than observed in the SPNA.

3.2. Spatial Patterns of the Centennial Changes

We next examine the modeled centennial changes in the North Atlantic physical and biogeochemical
variables. Centennial changes are quantified considering the differences between the 2070-2100 and
1975-2005 time averages. By using 30 year averages the impact of interannual to decadal variability on
the projected centennial changes is mostly averaged out. Under the Representative Concentration
Pathway version 8.5 (RCP8.5) scenario, the models predict on average warmer, fresher, and more stratified
waters in the SPNA. Temperature changes are shown in Figure 11 and are bounded between 1 and 4°C
except for a cooling patch stretching from Greenland to the south of Iceland depending on the model.
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' _
1
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Figure 12. Centennial change of S calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. All plotted values are 0-700 m averages.
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Figure 13. Centennial change of stratification calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. All plotted values are 0-

700 m averages.
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The solid black contour in Figure 11 connects points of zero change enclosing a cooling region, a feature
known in the literature as the warming hole [Drijfhout et al., 2012; Rahmstorf et al., 2015]. AMOC reduction
and reduced poleward heat transport have been suggested as a possible cause for such feature, but the pro-
cesses behind the warming hole are not entirely understood. This feature plays an important role in oxygen
changes as we discuss later. Salinity changes are presented in Figure 12. In all models salinity increases in the
subtropics, partially offsetting the warming contribution on stratification. North of 45°N the coastline sur-
rounding the LS basin freshens in all models and freshening is also pronounced near the warming hole areas.
The GFDL model shows the largest salinity decrease (AS < —1) co-located with the warming hole, where stra-
tification also reaches its maximum increases.

All models but NorESM1-ME predict a more stratified future state of the ocean (Figure 13) with spatially
uneven changes as a result of uneven spatial warming and freshening (Figures 11 and 12). NorESM1-ME dis-
plays compensation between temperature and salinity nearly everywhere in the NA. In the SPNA, salinity

75°W 50°w 25°W  75°W  50°W 25°w 75°W  50°W  25°W 75°W 5o°w 25°W  75°W  50°W  25°W

-10 0 10 20 30
mmol m™3

Figure 14. Centennial change of dissolved oxygen calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. All plotted values are
0-700 m averages. The solid black contours enclose the “warming holes,” while the dashed contours highlight the subtropical AOU decrease exceeding
1.5 times the standard deviation of negative values. The black dots indicate the areas where the results are statistically significant at the 99% confidence level

according to a t test.
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Figure 15. Centennial change of oxygen saturation calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. All plotted values are 0-

700 m averages.

changes contribute the most in the projected stratification state [Fu et al., 2015]. CESM1-BGC, GFDL-ESM2M,
and both MPI versions show stratification changes within the range of 0-1 kg m™2, while for the remaining
the change regionally exceeds 2 kg m~3. In particular, both HADGEM and IPSL versions demonstrate their
maximum increase along with their biased pathway of the NAC, and at eastern subtropical gyre, with values
exceeding 1.5 kg m™3. These zonally oriented changes in the vertical density structure result from the north-
ward shift of the intergyre boundary, the warm and salty Gulf Stream extension, and the NAC for those mod-
els, as revealed by the centenial changes of the kinetic energy (Figure 18). The overall positive stratification
change causes a suppression of the convective regions toward the eastern subpolar NA gyre. By the end
of the twenty-first century, all models are strongly stratified in the LS and lack convection in the western part
of SPNA (not shown).

The increasing temperature and stratification over this century have important implications for the oxygen
budget. First, the reduction of O, solubility can clearly be seen by comparing Figure 11 with Figure 15; the
pattern of solubility change is indeed negatively correlated with that of temperature change. As expected
the warming holes (marked by the solid black contours in Figure 14) are characterized by strong regional
solubility increase in all models (the warming hole effect), with the GFDL ESMs leading in both temperature
decrease and O, increase. GFDL-ESM2G exhibits a strong warming hole and oxygen increase even though it
does not have a cold bias in the south of the Greenland over the historical period. While the cold bias in
model climatology is still a concerning feature, the warming hole effect appears to be a robust response to
greenhouse warming of all models analyzed in this study.

Second, the suppression of convective mixing at high latitudes reduces the vertical O, transport, leading to
an increase in AOU (Figure 16) and a decrease in O, in the subpolar gyre (Figure 14). The quantitative relation-
ship between AOU and stratification, however, varies among the models (Figure 15). CESM1-BGC and the two
versions of the MPI models exhibit a large increase of stratification and AOU across the SPNA especially near
the gyre boundary. The positions of maximum stratification (Figure 13) and AOU increase (Figure 16) are co-
located in the two versions of GFDL and can be seen in the eastern part of the SPNA in the ESM2M version
and in its central part in the ESM2G integration. The two versions of HADGEM2 have their maximum response
in both stratification and AOU in the southeastern part of the SPNA. In contrast, in the IPSL models, the loca-
tions of maximum AOU increase are decoupled from the regions of maximum stratification change, with the
first occurring in the central/eastern part of the SPNA and the second in the southeastern part of the SPNA as
in the HADGEM?2 runs. Many processes may be responsible for the decoupling of AOU and stratification
including the responses of lateral transport, ventilation, and biological oxygen utilization to stratification
changes. In the subtropics (<45°N) the AOU responses differ across models, and those differences are
reflected in the O, changes (Figure 14). For O,, and later for AOU, we also verified the statistical
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Figure 16. Centennial change of apparent oxygen utilization (AOU) calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. All plotted
values are 0-700 m averages. The solid black contours enclose the areas where the AOU decrease exceeds 1.5 times the standard deviation of negative values.
The black dots indicate the areas where the results are statistically significant at the 99% confidence level according to a t test.

significance of the drift-corrected trends by testing if the average O, concentrations during 2070-2100 under
the RCP8.5 scenario are significantly lower than those during 1975-2005 period relative to the interannual

—{(XRCPB.S — Xpis) — AXpiControI}
o\w TR
where ¢ is defined as \/%, and the degree of freedom is d.f. = N; + N, — 2 (d.f. = 58 in our case). S;,

S, and N;, N, are the standard deviation and sample size of the periods A (1975-2005) and B (2070-2100).
Preindustrial control simulations are used to correct for the model drift by subtracting their centennial changes.

variability within each 30 year period. We used a t test evaluating t =

In seven out of 10 models significant AOU decrease is observed along the western boundary currentand in its
extension along the NAC (the nutrient stream effect). The solid black contour on Figure 16 encloses the area
of negative AOU change greater than the 150% of standard deviation of the negative values. The nutrient
stream transports nutrient-enriched waters (high-AOU and low-oxygen) from low latitudes to subpolar
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Figure 17. Centennial change of export production at 100 m depth (EP) calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. The
export production is expressed as the downward flux of organic carbon. All plotted values are 0-700 m averages.
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Figure 18. Centennial change of KE (cast as a speed Vi = (\/u2 + vz)) calculated as the difference in 30 year averages between 2070-2100 and 1975-2005. All
plotted values are 0-700 m averages. The solid contours enclose the warming holes as defined by temperature changes, and the dashed contours enclose the
areas where AOU decrease exceeds 1.5 times the standard deviation of negative AAOU values.

region, which weakens in the warming ocean. AOU decreases in CESM1-BGC, in the two versions of GFDL-
ESMs and, even if less uniformly, in the two versions of MPI-ESMs. Consequently, in those models subtropical
O, is resisting to deoxygenation despite the warming trend. In both versions of HADGEM2 and IPSL, on the
other hand, AOU slightly increases.

Finally, biological productivity in the SPNA decreases in response to climate warming, likely due to the reduc-
tion in the vertical nutrient supply. In addition to the reduced convective mixing, a weakened AMOC may also
slow down the nutrient stream of the Gulf Stream and NAC. This could potentially result in weakened export
production and reduced biological consumption of subsurface O,. The effect of biological productivity will
not affect the solubility, and its impact only appears through the AOU changes. The centennial changes of
AOU, therefore, reflect combined effects of convection and circulation changes, and biological oxygen con-
sumption. A close examination of the modeled export production reveals that little agreement exists in both
pattern and signs across models (Figure 17). In CESM1-BGC export production decreases over the SPNA. In
the two versions of IPSL and in NorESM1-ME export production increases in the warming hole and decreases
outside. The other models show a mix of moderate increase and decrease in the SPNA, and all project a
decrease in export production in the eastern subtropics. Despite these intermodel differences, centennial
AOU is projected to increase in the SPNA in all models, suggesting that physical processes are playing the
dominant role.

The combination of the three processes outlined above explains the complex, patchy patterns of O, changes
(Figure 14), and of the significant differences among models. Our analysis points to two major mechanisms:
the thermally driven solubility trend and the change in convective activity due to the increased stratification.
Some of the model-model differences can be attributed to the different representation of the warming hole
and its impact on the AO, ., field. The A(AOU) field also display complex, variable across models, patterns.
The stratification change can explain the AOU increase in the SPNA only, in particular in the southeast of
Greenland and between Iceland-Scotland; however, all models but the HADGEM2 exhibit also a significant
AOU decrease at the gyre boundary around 45°N, near the NAC. The AOU reduction in the vicinity of NAC
occurs in all models except for the two versions of HADGEM2.

Figure 18 examines the centennial change of the mean kinetic energy (KE) in the North Atlantic and it reveals
a substantial weakening of the major currents. In CESM1-BGC the NAC as well as the cyclonic circulation of
the subpolar gyre weaken considerably. Both versions of GFDL show weakening of the NAC intensity without
significant changes in the LS circulation. HADGEM versions show changes similar to CESM1, with weakening
of the cyclonic circulation in the LS and weakening of the NAC. Increase in KE is also observed as a result of a
northward shift of the NAC pathway. Such northward shift explains the zonal increase in stratification in the

TAGKLIS ET AL.

CMIP5: MODELED O, TRENDS IN THE NA 1231



@AG U Global Biogeochemical Cycles 10.1002/2016GB005617

HADGEM model (Figure 13) as a result of warmer and lighter waters penetrating further north in the subpolar
gyre at latitudes greater than 45°N. Weakening and northward shift of the NAC is also observed in the MPI
runs, but without intruding far into the subpolar gyre as in HADGEM. Both version of IPSL-CM5A project a
weakening of the NAC but not as intense as in the other models.

In Figure 18 the solid contours of the “warming holes” reveal that these patchy features in the SPNA result
from the slowdown of the NAC that characterizes all models and extend from the surface to 700 m and
below. Around 45°N NAC changes coincide with the strongest AOU decrease, defined by the dashed con-
tours in the subtropical region 30°N-47°N. The nutrient stream through which nutrient-enriched and
oxygen-depleted waters are transported from low latitudes to the subtropical and subpolar region is there-
fore greatly reduced in a warming ocean.

Overall, CMIP5 ESMs display several common features in projecting the centennial-scale deoxygenation of
the North Atlantic toward the end of our century. All models predict that O, will decrease in the subpolar
region as a consequence of warming and weakened convection. Thermally driven O, decrease and
stratification-driven AOU increase will reinforce one another at subpolar latitudes. However, the projected
0, change is not uniform in space but exhibits rather complex spatial structures. Most models exhibit strong
warming near the southern boundary of the subpolar gyre (~50°N) and a strong decline of Oy, there. The
only patches of increasing O, in the subpolar regions are associated with the warming holes. At the intergyre
boundary (~45°N), the magnitude of deoxygenation is reduced in all models. In about half of those we exam-
ined O, moderately increases along the NAC pathway. The resistance to deoxygenation is primarily due to
the reduction of AOU associated with the weakened lateral transport of AOU associated with the nutrient
stream. In the subtropics (<40°N), about half of the models predict that O, will regionally increase and the
other half predicts that O, will decrease, depending on the sign of the AOU changes.

4. Conclusions

We analyzed nine ESMs from the CMIP5 catalog with various physical climate models and marine biogeo-
chemical modules of different complexity with the goal of understanding projected dissolved oxygen
changes. The ability to properly represent the North Atlantic convective regions during the historical period
varies among models. For example, three of them show little to no ventilation in the Labrador Sea, and all but
two models display a significant bias in the representation of the position and strength of the NAC such that
the Labrador Current delivers colder, fresher, and more oxygenated waters further southeast compared to
observations. Under the RCP8.5 scenario in all models the mean ocean temperature in the upper 700 m of
the North Atlantic (22°N-73°N) increases by 2-4°C by the end of the twenty-first century, stratification also
increases and dissolved oxygen concentrations decrease by 10-20 mmol m™>. Trends in salinity and AOU,
on the other hand, vary among models and between the subpolar and subtropical NA, broadly defined as
north and south of 45°. These basin-scale analyses are consistent with the previous analyses of multimodel
averages [Cocco et al.,, 2013; Bopp et al., 2013], generally following the ocean deoxygeneation hypothesis
where anthropogenic warming of upper ocean leads to a decrease in the solubility of oxygen and a wea-
kened vertical exchange due to an increased stratification.

New and unique findings of this study are the mechanisms of projected increase in the dissolved oxygen
concentrations in limited areas, generally found to the south of Greenland. The existence of these patches
of oxygenated waters is associated with the projected weakening of the NAC, while their locations are
model-dependent due to the varied representation of the NAC pathway. This feature was not discussed
in earlier studies based on multimodel averages because the patterns of oxygen change are highly
model-dependent, and its signal can be obscured if averaged across many different models. However, this
feature is caused by a few common mechanisms in all models. In particular, the weakening of the NAC has
two distinct impacts on the projected changes in dissolved oxygen. First, reduced northward heat trans-
port results in the models simulating a cold temperature anomaly in the SPNA causing a locally high oxy-
gen concentration (the warming hole effect). The two versions of GFDL-ESMs are the only members in the
subset considered that capture the northeastward direction of NAC in the historical runs, and project the
warming hole located south of Greenland, centered at about 50°N and 45°W. The rest of the models with a
strongly zonal NAC project the hole toward the eastern SPNA at about 50°N and between 45°W and 15°W.
Those localized negative temperature changes induce a thermodynamically driven increase in dissolved
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oxygen as the oxygen saturation responds to temperature. Second, reduced northward mass transport
results in the AOU decrease along the pathway of the Gulf Stream extension and the NAC. The weakened
advection results in the oxygen increase along its pathway because of the reduced transport of low-
oxygen/high-nutrient waters from the low latitudes (the nutrient stream effect). Furthermore, the shift in
the position of NAC causes localized, strong oxygen changes associated with the shifts in the boundaries
of water masses. These localized mechanisms are operating in addition to the effects of basin-scale warming
and stratification increase.

While there are differences in the detailed patterns of O, trend, all the ESMs agree that the basin-scale
changes are primarily determined by the decline in oxygen saturation. The changes in AOU can modulate
the signal but are not the determining factor for the basin-scale O, inventory. Despite the fact that AOU
is expected to increase as a result of a more stratified ocean mean state, the changes in the circulation result
in a reduction of AOU in the subtropics, leading to a relatively small change in the basin-scale AOU inven-
tory. South of 45°N, AOU decreases for the majority of the models by 5-20 mmol m™3, The weakening of the
NAC causes a reduction in the lateral and vertical transport of nutrients capable of reaching the mixed layer,
and this in turn results in a lower biologically driven O, consumption. These changes are likely explanations
of the decline in the regional AOU. The western subtropical Atlantic is particularly resisting to the warming
induced deoxygenation. This behavior in the subtropics is common to half of the models, suggesting a
potentially important, coupled physical-biogeochemical resistance to the ocean deoxygenation in global
warming scenarios. In the future research, it will also be important to determine how circulation and strati-
fication may change whenever eddies and mesoscale variability are properly accounted for instead of
simply parameterized.

In this work we pinpointed both similarities and differences across ESM model runs. The results presented
here should be interpreted keeping in mind that at least three sources of uncertainties affect the projections
of ecosystem stressors [Hawkins and Sutton, 2009]: the models’ internal variability and its potential to change
over long time scales (internal variability uncertainty), the different physical and biogeochemical modules
and their parameterizations (model uncertainty), and the uncertainty in future emissions of greenhouse
gases (scenario uncertainty). Frélicher et al. [2016] has shown that over centennial scales, as considered in this
work, model uncertainty dominates for sea surface temperature over the subpolar North Atlantic and for O,
over lower latitudes.

If global warming and resultant ocean heat uptake continue unabated, the O, saturation of the North Atlantic
basin will decrease significantly in this and coming centuries. While more work is clearly needed to assess the
importance of model biases in the representation of deep convection and mean currents in the future pro-
jections, our results show that the continuing warming of the SPNA will have far-reaching influence on the
regional deoxygenation that will spread across other regions on the centennial time scale. Therefore, it is cru-
cial to continue and increase data coverage of the oxygen sampling in addition to temperature and salinity so
that the scientific community can better inform the public and policymakers about the progression and the
potential risks of ocean deoxygenation. In this regard, further development of autonomous sensors such as
Bio-Argo can provide valuable observing platform for the long-term oxygen trends.
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