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[1] Consistent with recent observations, Coupled Model
Intercomparison Project 5 Earth System Models project
highest acidification rates in subsurface waters. Using seven
Earth System Models, we find that high acidification rates
in mode and intermediate waters (MIW) on centennial time
scales (~0.0008 to —0.0023 £ 0.0001 yr~! depending on the
scenario) are predominantly explained by the geochemical
effect of increasing atmospheric CO,, whereas physical and
biological climate change feedbacks explain less than 10%
of the simulated changes. MIW are characterized by a larger
surface area to volume ratio than deep and bottom waters
leading to 5 to 10 times larger carbon uptake. In addi-
tion, MIW geochemical properties result in a sensitivity to
increasing carbon concentration twice larger than surface
waters (A[H'] of +1.2 x 10~ mmol m~ for every mmol m=
of dissolved carbon in MIW versus +0.6 x 10™* in sur-
face waters). Low pH transported by mode and intermediate
waters is likely to influence surface pH in upwelling regions
decades after their isolation from the atmosphere. Citation:
Resplandy, L., L. Bopp, J. C. Orr, and J. P. Dunne (2013),
Role of mode and intermediate waters in future ocean
acidification: analysis of CMIPS5 models, Geophys. Res. Lett., 40,
3091-3095, doi:10.1002/grl.50414.

1. Introduction

[2] Over the past decades, the ocean has been undergo-
ing physical and biogeochemical modifications in response
to human-induced global change [Bindoff et al., 2007], in
particular a reduction of pH altering fundamental chemi-
cal balances commonly referred to as ocean acidification
(refer to Doney et al. [2009] for a review). Since 1750,
the ocean has absorbed about 30% of the total anthro-
pogenic emission of CO, [Sabine et al., 2004], resulting in a
decrease of the oceanic pH of 0.1 unit at the surface (Royal
Society, [Raven et al., 2005]). This ocean acidification may
impact marine organisms by rendering the environment
for calcifying marine plankton less hospitable [Hofimann
et al., 2010] and by imposing greater physiological stress
[Portner, 2008].
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[3] Observed surface pH changes of ~ —0.0017 to
—-0.0019 yr! in the North Atlantic and the North Pacific
are consistent with that expected for seawater in equilib-
rium with the atmosphere [Dore et al., 2009; Byrne et al.,
2010; Gonzdlez-Davila et al., 2010; Bates et al., 2012].
Interestingly, in both basins, highest rates of acidification
are observed at the subsurface [Dore et al., 2009; Byrne
et al., 2010; Bates, 2012], where typical subtropical mode
waters are located [Hanawa and Talley, 2001]. While obser-
vational studies suggest that this subsurface maximum in
acidification rates results from changes in circulation and
biological activity [Dore et al., 2009; Byrne et al., 2010],
ocean carbon cycle models suggest that changes in the car-
bonate chemistry alone can explain the observed changes
[Orr, 2011].

[4] Although the physical and chemical basis for ocean
acidification is well understood, the processes explaining the
presence of higher acidification rates at the subsurface are
not well constrained, and the possible impacts at the global
scale are unknown. Consistent with the observations, the
latest version of Earth System Models (ESMs) future pro-
jections simulate highest acidification rates in subsurface in
sub-tropical oceans. Here, we use these ESMs to evaluate
subsurface acidification rates (section 3), constrain the driv-
ing mechanisms (section 4), and discuss the possible impacts
on surface pH (section 5).

2. Methods

2.1. Description of Models and Simulations

[s] We use the latest generation of projections performed
by seven Earth System Models in the frame of the Cou-
pled Model Intercomparison Project 5 (CMIPS, Taylor et al.
[2012]), all of which simulated 3-D pH field for at leat
one of the four future climate change scenarios and for
the control simulation (see Table 1). Scenarios RCP2.6,
RCP4.5, RCP6.0, and RCP8.5 are representative concentra-
tion pathways (i.e., RCP) with additional radiative forcing
of 2.6, 4.5, 6, and 8.5 W.m?. CO, atmospheric concen-
trations reach 421, 538, 670, and 936 ppm in 2100 for
each of these four scenarios. Results of these four scenar-
ios are used to evaluate the sensitivity of the system to the
strength of the forcing. Whereas atmospheric CO, concen-
tration in RCP4.5, RCP6.0, and RCP8.5 increases from 2006
to 2100, the concentration in RCP2.6 declines after peak-
ing in 2050. This “peak-and-decline” scenario was used to
track changes after the decline of CO, emissions. In addi-
tion, a sensitivity simulation (called esmFdbk2), including
the increased radiative forcing of scenario RCP4.5 but no
increase in atmospheric CO, concentration, was used to iso-
late the contribution of climate change feedbacks (changes in
ocean circulation, biological activity, etc.) from the chemical
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Table 1. CMIP5 Models Used in This Study

Models Avail. Scenarios (RCPs) Ref.
CESM1-BGC 45,85 Gent et al. [2011]
GFDL-ESM2G 2.6,4.5,6.0, 8.5 Dunne et al. [2012]
GFDL-ESM2M 2.6,4.5, 6.0, 8.5, exmFdbk2 Dunne et al. [2012]

IPSL-CM5A-LR  2.6,4.5, 6.0, 8.5, exmFdbk2  Séférian et al. [2012]

IPSL-CM5A-MR 2.6,4.5,85 Séférian et al. [2012]
MPI-ESM-MR 2.6,4.5,8.5 Giorgetta et al. [2013]*
NorESM1-ME 2.6,4.5,6.0,8.5 Bentsen et al. [2012]

? Giorgetta M. A, etal. [(2013)], The Community Climate System Model
version 4, submitted to Journal of Advances in Modeling Earth Systems.

effect of increasing CO, concentration. The control simula-
tion is used to correct the estimated trends from model drift.
CMIP5 ESMs provide pH on the total scale. We take the
model spread, namely the standard deviation, as an indica-
tor of uncertainty for a given projection. Note that although
the uncertainty depends on the number of models avail-
able for each scenario, it is relatively small compared to
the considered changes. To facilitate inter-model compari-
son, all variables were interpolated onto a common 1° x 1°
regular grid using a Gaussian weighted average and to
standard ocean depths (World Ocean Atlas levels) using
linear interpolation.

2.2. Water Mass Framework

[6] The distribution of oceanic water masses differs in
the various models leading to the comparison of dissimilar
characteristics and large inter-model differences when using
a point-by-point analysis. In this study, we used a global
framework to group together water masses of similar behav-
ior. Four classes were defined: Stratified Tropical Waters
(STW), Mode and intermediate Waters (MIW), Deep Waters
(DW), and Bottom Waters (BW). For example, the class
MIW aims at gathering mode and intermediate waters of all
basins, which share common features but are not distributed
in the same density range [Hanawa and Talley, 2001].
Limits between these different water masses were defined
using dynamical criteria (stratification, meridional veloci-
ties, etc.) sometimes resulting in different density thresholds
for the five different basins: North Atlantic, South Atlantic,
North Pacific, South Pacific, and Indian Ocean. Note that
the Arctic is not included. These density thresholds were
computed for each model using the first 10 years of the
medium change RCP4.5 scenario (temperature, salinity, and
meridional velocity) and the potential density referenced to
2000 m (a2).

[7] The limit between the well stratified STW and the
homogeneous MIW was defined using a stratification crite-
ria, with STW including all depths above % =0.02kgm™.
The lower boundary of MIW was defined as the depth below
which the salinity reaches the value at the deep salinity
minimum plus 0.05. Deep waters (DW) were distinguished
from bottom waters (BW) using the deepest level where
there is a change in sign of meridional velocities, orientated
northward in BW and southward in DW. One exception is
the North Atlantic MIW, which does not have a deep salinity
minimum. Instead, the limit between MIW and DW was
defined as the 8°C isotherm.

3. Acidification in Mode and Intermediate Waters

[8] The pH simulated along sections in the Pacific
Ocean (190°E, Figure la) and the Atlantic Ocean (330°E,
see Supporting Information) by the GFDL-ESM2M model
is shown for the first decade of the RCP8.5 scenario
(2006-2016). In agreement with in situ observations [Byrne
et al., 2010, Figure 1], surface pH exhibits a typical distri-
bution with high surface values (~8.1) decreasing slightly
in the equatorial upwelling region. At depth, pH decreases
due to CO, production from organic matter remineralization,
with pH minimum values at 400—-1000 m coinciding with
oxygen minimum levels. .

[v] The 80-year pH difference (ApH = pH,ie6.0006 —
PH062016) in the “business as usual” RCP8.5 scenario
shows declining pH (Figure 1c). Major changes are located
between the surface and ~1000 m, in what is identified as
Stratified Tropical waters (STW) and Mode and Intermediate
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Figure 1. Pacific section at 190°E in GFDL-ESM2M. (a)
pH averaged for 2006-2016 in RCP8.5 overlaid with o2.
(b and c) Change in pH by 2096 in Figure 1b RCP2.6 and
Figure 1¢ RCP8.5 overlaid with water masses contours (see
section 2.2). The change in pH is computed as the difference
between the 20862096 and 20062016 decades.
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Figure 2. Model-mean global trends of total H" concentra-
tion versus DIC for RCP2.6, RCP4.5, RCP6.0, and RCP8.5
in Stratified Tropical Waters (STW), Mode and Interme-
diate Waters (MIW), Deep Waters (DW), and Bottom
Waters (BW). Model spread is indicated by error bars
(£ 1 std). Trends were computed between 2006 and 2096.
See section 2.2 for details on water mass definition.

Waters (MIW, see section 2.2 for details on method). pH
changes are maximum in upper MIW (-0.35). In contrast,
the acidification of Bottom (BW) and Deep (DW) waters
is much weaker and mostly confined to the region of deep
water formation in the Southern Ocean (Figures 1a and 1c).
The pH response in the “peak-and-decline” RCP2.6 scenario
shares common features with the response in RCP8.5: pH
reduction is largest in MIW (-0.10) and smallest in DW
and BW. The difference in amplitude between the response
in RCP2.6 and RCP8.5 scenarios arises from the difference
in the atmospheric CO, concentration, which is more than
twice as high at the end of this century in RCP8.5 than in
RCP2.6 (421 versus 936 ppm). Another difference is that
ApH in RCP2.6 is particularly low in STW and upper MIW.
Indeed, pH changes in those waters closely mirror the evo-
lution of atmospheric CO,, which increases continuously
between 2006 and 2100 in RCP8.5, whereas it decreases
after 2050 in the “peak-and-decline” RCP2.6 scenario.

[10] We extended this analysis to the seven ESMs, by
considering the model-mean response averaged globally in
the four water masses. The main results identified along
the Pacific section in GFDL-ESM2M (Figure 1) hold true
at the global scale and for all ESMs. Major pH reductions
are observed in STW and MIW, with trends ranging from
~0.0004 yr! (RCP2.6) to —0.0035 yr! (RCP8.5) in STW
and from —0.0008 yr~! (RCP2.6) to —0.0023 yr~! (RCP8.5) in
MIW and in all cases, there is close model agreement (stan-
dard deviation <0.0001) (Figure 2). Although highest rates
of acidification are located in upper MIW, when averaged
over the water mass volume pH trends are larger in STW
than in MIW. In agreement with results along the Pacific
section, changes in DW and BW are weak with global trends
<—0.0004 4 0.0001 yr' in all scenarios (Figure 2).

4. Chemical Versus Climate Change
Contribution to Acidification

[11] In the following, we examine the contributions of
biological and physical changes associated with climate
change and of chemical changes associated with increas-
ing atmospheric CO, in the acidification of MIW. Climate
change could increase the CO, uptake and hence the pH of
one water mass by increasing its outcrop surface, i.e., the
exchange surface between this water mass and the atmo-
sphere [Séférian et al., 2012] or by changes in transport and
biological production of CO, (remineralization) in the ocean
interior [Byrne et al., 2010; Bates, 2012]. Although outcrop
surfaces in the seven ESMs are modified by climate change,
their changes cannot explain the higher acidification rates in
MIW. Indeed, ESMs predict a decrease of MIW (-11.6 £
2.6%), DW (-26.4£6.7%), and BW (—48.1+22.7%) outcrop
surfaces compensated by an increase of the STW outcrop
surface (+24.1 £ 5.5%).

[12] The contribution of climate change feedbacks
(circulation, biological activity, etc.) is estimated using a
sensitivity experiment based on the scenario RCP4.5 and
available for two of the seven models (see details on exper-
iment esmFdbk2 in section 2.1). pH trends in MIW in
this sensitivity experiment (<0.0001 yr~' in GFDL-ESM2M
and IPSL-CMS5A-LR) represent less than 10% of the total
pH trend found with scenario RCP4.5 (—0.0014 yr' and
—0.0016 yr', respectively). This is explained by the rela-
tively small effect that productivity, respiration, and circu-
lation changes have on H* concentration when compared to
the effect of increasing atmospheric CO, (280 to 538 ppm
in RCP4.5). As previously shown for surface waters [Orr
et al., 2005], this suggests that on centennial time scales, the
geochemical effect of increasing atmospheric CO, largely
dominates the high acidification rate in MIW, while climate
change feedbacks only play a minor role. This is also con-
sistent with the results obtained with older versions of ocean
carbon cycle models that did not account for climate change
feedbacks and still projected a sub-subsurface maximum in
acidification rates [Orr, 2011].

[13] From the synthesis of all RCP scenarios and avail-
able models, we find that the acidification rates in STW
and MIW are linearly correlated to the increase in dis-
solved inorganic carbon (DIC) concentration in these water
masses (Figure 2). As expected from the Revelle factor

dpCO,/pCO . . .
(WBICZ) that increases from low latitudes to high lat-

itudes [Orr, 2011], STW have higher DIC concentrations
than does MIW (Figure 2). However, the sensitivity to

aDIC
50% larger than in STW: for every mmol m™ increase in
DIC, [H'] increases by ~ 0.6 x 10 mmol m™ in STW
and by ~ 1.2 x 10 mmol m= in MIW (Figure 2). This

increasing carbon concentration (notedm) in MIW is

Table 2. Averaged Values in STW and MIW for the IPSL-CMS5A-
LR Model in 2006, i.e. at the Beginning of All RCP Scenarios

STW 2006 MIW 2006
pH (total scale) 7.79 7.94
temperature (°C) 23.9 9.6
DIC (mmol m™) 2105 2257
salinity (practical scale) 35.28 34.97
alkalinity (mmol m=) 2435 2422
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difference in the d];lIC] ratio can be attributed to the differ-

ent geochemical properties of MIW and STW. The impact
of temperature, salinity, alkalinity, and DIC concentration

on %[DHIE] is examined using averaged values typical of STW

and MIW in the IPSL-CM5A-LR model (Table 2) and the
CO2calc program [Molines et al., 2010]. The lower temper-
ature and lower alkalinity in MIW (see Table 2) each result

in increasing 3E)HlC] by ~30% relative to its STW value. Fur-

thermore, DIC concentrations are generally larger in MIW

than in STW (see Table 2), increasing the MIW g%;c] by

an extra 30% relative to STW. In contrast, the difference in

salinity between MIW and STW does not affect 3EDHIC] It is

interesting to note that DW and BW are even more sensi-

aDIC

than MIW due to their lower temperature, lower alkalin-
ity, and higher DIC concentration. However, DW and BW
exhibit relative surface area to volume ratios (outcrop sur-
face / water mass volume), respectively ~15 and ~30 times
smaller than the one of MIW, resulting in DIC uptake 3 to 10
times smaller (Figure 2). What makes MIW particularly vul-
nerable to ocean acidification is the combination of 1) their
high sensitivity to increasing CO,, double that of STW, and
2) their large surface area for air-sea exchange relative to its
volume, which is much larger than for DW and BW.

[14] Although changes in circulation and biological activ-
ity are relatively small on centennial time scales, they might
play a larger role on interannual and decadal time scales. A
ventilation slow-down and an increased biological produc-
tion of CO, in the ocean interior during the 1990s were iden-
tified as the major drivers of high acidification rates observed
at the subsurface in the North Pacific [Deutsch et al., 2006,
Dore et al., 2009; Byrne et al., 2010]. In addition, obser-
vations suggest that the decadal North Atlantic Oscillation
modulates the CO, uptake and hence the pH in the North
Atlantic mode waters [Bates, 2012]. At the subsurface, we
find that the amplitude of pH trends attributed to increasing
atmospheric CO, concentration at the centennial time scales
(=0.0010 to —0.0040 yr~', in this study) are of the same order
of magnitude as pH trends previously attributed to processes
at the decadal time scales (up to —0.0020 unit yr!, Byrne
et al., [2010]). This contrasts with the recent study of
Friedrich et al. [2012] pointing out that surface pH changes
associated with external anthropogenic forcing largely
exceeds those associated with natural variability at the
regional scale. However, the fact that the surface area to vol-
ume ratio of MIW is one order of magnitude smaller than the
one of STW highlights the stronger influence of atmospheric
forcing on STW than on MIW. This explains the appar-
ent discrepancy between the contribution of anthropogenic
forcing relatively to the contribution of natural variability
evaluated at the surface [Friedrich et al., 2012] and at the
subsurface (this study). The contribution of anthropogenic
forcing in the acidification of subsurface waters increases
over time in conjunction with the transport of mode and
intermediate waters into the ocean interior and will probably
largely exceed the natural variability in the future.

tive to increasing carbon concentration (— =2.2in DW)

5. Implications for Surface pH

[15] The high sensitivity of MIW to increasing atmo-
spheric CO, is likely to have an impact on acidification

a) Year of surface pH minimum - rcp2.6

Latitude

OE 100E 160W 60W
Longitude
2050 2056 2062 2068 2074 2080

low robustness (spread > 10 yrs)

b) Surface pH minimum - rcp2.6

Latitude

OE 100E 160W 60W
Longitude
7.95 7.98 8.01 8.04 8.07 8.10

low robustness (spread > 0.03 pH unit)

Figure 3. Model-mean pH in RCP2.6 scenario: (a) year
of surface pH minimum, (b) surface pH minimum value.
Stippling indicates poorer agreement, i.e., where the model
spread is larger than: (Figure 3a) 10 years and (Figure 3b)
0.03 pH unit. Figure based on the six models with pH for
RCP2.6 (GFDL-ESM2G, GFDL-ESM2M, IPSL-CMS5A-
LR, IPSL-CM5A-MR, MPI-ESM-MR, and NorESM1-ME).

at the global scale. This impact is assessed here using
the “peak-and-decline” scenario (see details on RCP2.6 in
section 2.1). In subtropical gyres, surface pH is at least 1
to 5 years after the peak in atmospheric CO, in 2050, con-
firming that in the regions where decadal time series are
located (BATS, HOT, ESTOC), surface pH mirrors atmo-
spheric CO, (Figure 3). However, in some regions, in par-
ticular in upwelling regions (Equatorial Pacific, Benguela,
Peru-Chile, Arabian Sea, etc.) and deep convection regions
(North Atlantic and Southern Ocean), the surface pH is min-
imum 10 to 30 years after atmospheric CO, decline has
started (Figure 3). Indeed, low pH mode and intermediate
waters formed at medium and high latitudes are subducted
and isolated from the atmosphere, advected in the ocean
interior towards lower latitudes where they are mixed with
lighter waters (diapycnal mixing) and finally reach the sur-
face in upwelling regions. The time scale of 10-30 years
identified here is consistent with the upwelled waters being
a mixture of STW, in which the pH minimum closely fol-
lows the 2050 peak in atmospheric CO,, and MIW, which
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typically require 30 to 100 years to transport the pH mini-
mum from where they are formed to where they are upwelled
to the surface [Rodgers et al., 2003]. In contrast, the signa-
ture detected in the North Atlantic and the Southern Ocean,
which is less robust across the seven models (Figure 3), can
be attributed to spatial and temporal changes in deep con-
vection favoring mixing with deep low pH waters in some
of the models.

6. Conclusions

[16] We used seven CMIP5 ESMs to distinguish the
intensity and controls of mode and intermediate water acid-
ification. Using a water-mass framework, we showed that
high anthropogenic acidification rates predicted in mode
and intermediate waters on centennial time-scales stem from
their chemical and physical properties. Mode and intermedi-
ate waters capture more carbon than deep and bottom waters
because of their larger surface area that exchanges with the
atmosphere relative to their volume. In addition, their acid-
ification rate is twice more sensitive to increasing carbon
concentration than the rate in stratified surface waters due to
lower temperature, higher carbon concentration, and lower
alkalinity. Moreover, the low pH of mode and intermediate
waters will affect regions where they are upwelled decades
later and far from their time and place of subduction.
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