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[1] We use an earth system model of intermediate
complexity to show how consideration of climate change
affects predicted changes in ocean pH and calcium
carbonate saturation state. Our results indicate that
consideration of climate change produces second-order
modifications to ocean chemistry predictions made with
constant climate; these modifications occur primarily as a
result of changes in sea surface temperature, and climate-
induced changes in dissolved inorganic carbon
concentrations. Under a CO, emission scenario derived
from the WRE1000 CO, stabilization concentration
pathway and a constant climate, we predict a 0.47 unit
reduction in surface ocean pH relative to a pre-industrial
value of 8.17, and a reduction in the degree of saturation
with respect to aragonite from a pre-industrial value of 3.34
to 1.39 by year 2500. With the same CO, emissions but the
consideration of climate change under a climate sensitivity
of 2.5°C the reduction in projected global mean surface
pH is about 0.48 and the saturation state of aragonite
decreases to 1.50. With a climate sensitivity of 4.5°C,
these values are 0.51 and 1.62, respectively. Our study
therefore suggests that future changes in ocean acidification
caused by emissions of CO, to the atmosphere are largely
independent of the amounts of climate change.
Citation: Cao, L., K. Caldeira, and A. K. Jain (2007), Effects
of carbon dioxide and climate change on ocean acidification and
carbonate mineral saturation, Geophys. Res. Lett., 34, L05607,
doi:10.1029/2006GL028605.

1. Introduction

[2] The ocean plays a major role in the uptake of
anthropogenic CO, emitted from fossil fuel burning, help-
ing to moderate future climate change. However, the addi-
tion of CO, into the ocean affects the carbonate system,
posing a threat to marine biota. When CO, dissolves in the
seawater it increases concentrations of hydrogen ion [H'],
lowering ocean pH. This reduction in ocean pH has some
direct effect on marine organisms [Seibel and Walsh, 2001;
Ishimatsu et al., 2005]. Furthermore, some of this additional
[H'] reacts with carbonate ions [CO3 "] to form [HCO;3].
The decrease in carbonate ion decreases the saturation state
of calcium carbonate minerals, making it more difficult for
calcifying marine organisms to form their shells and skel-
etons [Riebesell et al., 2000; Zondervan et al., 2001; Feely
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et al., 2004; Orr et al., 2005]. The effect of reduction in the
available carbonate ions has been most studied in coral,
which form their skeletons from aragonite, a metastable
form of calcium carbonate [Kleypas et al., 1999; Langdon et
al., 2003; Hoegh-Guldberg, 2005].

[3] Several modeling studies have looked at the possible
future change in ocean chemistry under various CO, con-
centration and/or emission scenarios [e.g., Caldeira and
Wickett, 2003, 2005; Harvey, 2003; Orr et al., 2005; McNeil
and Matear, 2006]. These studies predicted a reduction in
ocean pH and a lowering of the saturation state of seawater
with respect to the calcium carbonate minerals (i.e., calcite
and/or aragonite) as a consequence of the increase in
atmospheric CO, concentrations. Here we investigate future
changes in ocean chemistry as a result of both increased
CO, concentrations and climate change. Our main goal is to
quantify the effect of climate change on ocean pH and the
saturation state of calcium carbonate minerals.

2. Effect of Temperature and CO, on Marine
Carbonate Chemistry

[4] Before discussing model simulated ocean chemistry in
the context of climate change, it is illustrative to examine the
effect of changes in carbon and temperature on ocean
chemistry. We used the chemistry routine from the OCMIP
project (available athttp://www.ipsl.jussieu.fr/OCMIP/
phase3/simulations/NOCES/HOWTO-NOCES.html) to cal-
culate ocean pH and the state of aragonite saturation
(Qaragonite) as a function of surface CO, pressure (pCO,),
the concentration of dissolved inorganic carbon (DIC), and
sea surface temperature (SST). It is shown that at constant
pCO, both pH and Quragonite increase with increased tem-
perature, but their dependences on temperature are weaker
than on pCO, for the range of typical ocean surface temper-
ature (—2 to 32°C) and atmospheric CO, concentrations
(200 to 1200 ppm) experienced in the past and likely to be
seen in the future (Figures 1a and 1b). This is especially true
for pH. Our calculations show that at present-day conditions
with a global sea surface temperature of about 16°C and
atmospheric CO, concentration of about 380 ppm
(corresponding to a DIC concentration of 2066 pmole kg™ "),
the surface ocean has a globally averaged pH and €2,agonite
of 8.07 and 2.68, respectively. With a doubling of atmo-
spheric CO, and a climate sensitivity (AT,y, global mean
temperature change as a result of doubling of atmospheric
CO;) of 2.5°C and 4.5°C (corresponding to a DIC concen-
tration of 2168 and 2158 pmole kg™ "), the pH decreases by
0.27 and 0.26 respectively, with almost all effects originating
from increased CO, concentration. The Qupag0nite decreases
from 2.68 to 1.75 and 1.87 respectively (increased temper-
ature increases yragonite Dy 0.23 and 0.44 for AT,, = 2.5°C
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Figure 1. (a and ¢) Ocean pH and (b and d) aragonite

saturation state, {iragonite> as @ function of surface pCO, and
temperature (Figures la and 1b), and dissolved inorganic
carbon (DIC) and temperature (Figures lc and 1d). The
carbonate chemistry is calculated based on the chemistry
routine from the OCMIP project. Here, we show only the
saturation state of aragonite, which is defined as ,ragonite =
[Ca®"] [CO3 V/k*y, where r*, is the stoichiometric
solubility product of aragonite determined based on the
work of Mucci [1983]. The effect of temperature on the
saturation state of calcite is similar to that of aragonite, but
with higher saturation state. The trajectories of equilibrium-
state pH and €2,agonite are overlaid in Figures 1a and 1b for
pCO, between 280 and 1200 ppm and corresponding
temperature change for three different climate sensitivities:
AT,, = 0.0°C, 2.5°C and 4.5°C. The trajectories for
corresponding DIC concentrations and climate sensitivities
are shown in Figures lc and 1d. The points where CO,
concentrations are equal to the level of pre-industrial time
(280 ppm), present-day (380 ppm), two (560 ppm), three
(840 ppm), and four times (1120 ppm) of pre-industrial CO,
concentrations are marked in these trajectories.

and 4.5°C, respectively, while increased CO, concentration
decreases (aragonite Dy 1.09 in both cases. The difference
between the sum of these effects and the total change in
Qaragonite 1 due to nonlinearity in the carbonate system).

[s] Temperature change affects ocean chemistry in two
primary ways: (1) the carbonate acid dissociation constants
vary with temperature and (2) CO, solubility and hence
total DIC concentrations vary with temperature. At constant
DIC, an increase in temperature reduces ocean pH and
slightly increases (2agonite (Figures lc and 1d) solely due
to changes in dissociation constants, which change the
partitioning of total DIC among the various carbon species
(CO,, CO37, and HCO3). However, at constant pCO,, an
increase in temperature reduces the solubility of CO,,
leading to lower DIC concentrations and thus increases
ocean pH and Qupagonite- The effect of temperature on the
Henry’s law constant governing CO, solubility (and thus
DIC concentrations) affects ocean chemistry more than the
effect of temperature on the carbonate dissociation con-
stants. In Figure 1, changes in pH and €2,ag0nite as a function
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of temperature and pCO, are shown for specified atmo-
spheric CO, concentrations. However, CO, emissions drive
changes in atmospheric CO, concentrations and climate.
Therefore, a more realistic boundary condition in the study
of climatic effects on ocean chemistry is prescribed CO,
emissions. In addition to temperature change, changes in
ocean circulation, salinity, and marine biology associated
with climate change will affect ocean chemistry. We now
describe and apply a model to examine these effects on
ocean chemistry.

3. Model Description

[6] The modeling framework we use in this study is the
ISAM-2.5D (Integrated Science Assessment Model-2.5D)
earth system model of intermediate complexity [Cao and
Jain, 2005]. The ISAM-2.5D model couples key compo-
nents of the earth system including atmosphere, ocean, sea
ice, land surface, and marine biogeochemical cycles. The
ocean is represented by a zonally averaged multi-basin
ocean model [Wright and Stocker, 1992] that resolves the
thermohaline circulation in the Atlantic, Pacific, Indian, and
Southern Ocean with isopycnal mixing and a parameteriza-
tion of the effect of eddy-induced tracer transport [Gent et
al., 1995]. The ocean module is coupled to an energy-
moisture balance model of the atmosphere and land surface
[Weaver et al., 2001] and a thermodynamic-dynamic sea-ice
model [Semtner, 1976]. The ocean model was tested [Cao
and Jain, 2005] using an abiotic carbon cycle module
simulating dissolved inorganic carbon (DIC) and radiocar-
bon (in terms of A'C) based on the OCMIP protocol
(available athttp://www.ipsl.jussieu.fr/fOCMIP). A marine
ecosystem model (Dynamic Green Ocean Model, DGOM)
that represents multiple nutrients and different types of
phytoplankton and zooplankton [Le Quéré et al., 2005]
has been incorporated into the ISAM-2.5D model [Cao,
2007]. The coupled model has the ability to realistically
simulate the concurrent uptake of heat, freshwater, CO,,
natural and bomb '*C, and nutrients, and has been applied
to studies related to effects of climate change and marine
biology on the uptake of carbon over a time scale of
hundreds to thousands of years [Cao and Jain, 2005;
Cao, 2007].

4. Experiment Configuration

[7] The model was spun up with a pre-industrial (year
1765) atmospheric CO, concentration of 278 ppm for
several thousands of years to reach an approximate station-
ary state. Between year 1765 and 1990 the model was
integrated with the observed CO, concentrations [Keeling
and Whorf, 2000]. Then the model was integrated from year
1991 to 2500 with prescribed CO, emissions. The emission
pathway (Figure 2a) was derived from oceanic CO, uptake
predicted by our model in the absence of climate change
and with atmospheric CO, changes under the WRE1000
CO, concentration pathway [Wigley et al., 1996]. For the
purpose of this study CO, uptake by the terrestrial biosphere
was not explicitly taken into account, and thus our estimates
of CO, emissions include both fossil-fuel CO, emissions
and net CO, emissions from the terrestrial biosphere. To
compare climatic effects on ocean chemistry between pre-
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Figure 2. (a) Model predicted CO, emissions under the
WRE1000 CO, concentration pathway in the absence of
climate change (i.e., AT,, = 0.0°C). (b) Model predicted
atmospheric CO, concentrations under this emission path-
way for simulations with different climate sensitivities:
AT,y = 0.0°C, 2.5°C and 4.5°C. Model predicted temporal
evolution of (c) global mean surface ocean pH and (d) global
mean surface ocean aragonite saturation state (Qaragonitc)
with different climate sensitivities: AT, = 0.0°C, 2.5°C,
and 4.5°C.

scribed CO, emission and concentration cases, we also
performed sets of experiments in which atmospheric CO,
concentrations are specified following the WRE1000 stabi-
lization pathway. To investigate the effect of climate change
on ocean chemistry, three different climate sensitivities were
used for the perturbation simulations of the period 1765-
2500, i.e., AT, = 0.0°C, 2.5°C, and 4.5°C warming for
each doubling of atmospheric CO, concentration. In the
simulation with AT,, = 0.0°C ocean chemistry is only
influenced by increased atmospheric CO,, whereas in the
simulations with AT,, = 2.5°C and 4.5°C, ocean chemistry
is affected by changes in atmospheric CO, and climate.

5. Results

[8] Model simulated atmospheric CO, concentrations
based on the specified CO, emissions for the simulations
with different climate sensitivities are shown in Figure 2b.
Model predicted CO, concentrations for the simulation with
AT,y = 0.0°C are the same as that for the WRE1000 CO,
concentration pathway. The simulations with AT,, = 2.5°C
and AT,, = 4.5°C predict higher CO, concentrations than
that of AT,, = 0.0°C, i.e., concentrations of 1040 and
1150 ppm respectively in year 2500. The increased atmo-
spheric CO, concentrations are a result of reduced oceanic
CO, uptake associated with increased temperature, enhanced
ocean stratification, and reduced North Atlantic overturning
circulation. With a climate sensitivity of 4.5°C under pre-
scribed CO, emissions, our model predicts an increase in
average sea surface temperature of 5.3°C and a reduction in
sea surface salinity of 2.1 per mil by year 2500 relative to
year 1765. At the same time, the maximum intensity of the
North Atlantic overturning circulation decreases by about
46%. The global mean vertical density gradient at the base of

CAO ET AL.: CLIMATE CHANGE ON OCEAN ACIDIFICATION

L05607

the first model layer (50 m) decreases by about 30%,
indicating increased stratification of the upper ocean. Asso-
ciated with these changes, simulated biogenic carbon export
is decreased by about 32% in year 2500 relative to year
1765.

[9] Projected ocean surface pH and uragonite decrease
with increasing CO, concentrations. The rate of decrease
largely follows the rate of CO, increase (Figures 2¢ and 2d).
From a pre-industrial ocean mean pH value of 8.17, our
simulations predict a reduction in surface ocean pH of
0.31 and 0.47 units by year 2100 and 2500 respectively
without the inclusion of climate change. From pre-industrial
time to year 2100, $ag0nite decreases from 3.34 to 1.91,
and then to 1.39 by year 2500. Consideration of climate
change does not alter the trend of changes in pH and
Qaragonite» Ut modestly modifies their magnitudes. Inclu-
sion of climate change amplifies the decrease in projected
pH (Figure 2c) and diminishes the decrease in predicted
Qaragonite (Figure 2d). In the simulation with AT,, = 4.5°C
with prescribed CO, emissions, the global mean surface
ocean pH is reduced by 0.51 by year 2500, compared with a
reduction of 0.47 predicted without considering climate
change. At the same time, the global mean surface ocean
Qaragonite 18 reduced from the pre-industrial value of 3.34 to
1.62, compared with a value of 1.39 in the case without
climate change (Table 1). These changes in ocean chemistry
predicted by our model are comparable with other relevant
studies. For example, Harvey [2003], by taking into
account the effect of increased CO, and temperature in a
1D ocean model, predicted a reduction in surface pH and
Qearcite 0f 0.6 and 3.2 respectively by year 2500 when
atmospheric CO, reaches about 1600 ppm in his model.
Caldeira and Wickett [2005], by accounting for the CO,
effect only in a 3D ocean model, projected a reduction in
surface pH and Quagonite 0f 0.48 and 2.1 respectively by
year 2500 under the WRE1000 CO, concentration scenario.

[10] To investigate the relative importance of different
climate change effects in ocean chemistry, sensitivity
experiments were performed to quantify the time-dependent
contribution of individual factors to changes in pH and
Qaragonite as a result of climate change. Figure 3 shows the
direct effects on pH and yragonite Of changes in sea surface
temperature (SST) and sea surface salinity (SSS) (through
changes in the carbonate dissociation constants), and indi-
rect effects through changes in alkalinity (ALK) and DIC
induced by changes in temperature, ocean circulation, and
marine biology. As shown in Figure 3, direct temperature
effects and changes in DIC play a dominate role in affecting
pH and €2,;a0nite, While the effect of changes in salinity and
alkalinity is much smaller. The direct SST effect is to
reduce pH and increase 2uragonite» While the indirect DIC
effect is to cause a smaller decrease in pH and yag0nites
which appears as a net increase as shown in Figure 3. These
dependencies of pH and Qyag0nite 00 SST and DIC can be
readily understood with the aid of Figures 1c and 1d. In the
case Of (yagonites the SST and DIC effect reinforce each
other, leading to a net increase in 2,ragonite, While for pH the
SST effect dominates the DIC effect, resulting in a net
reduction in pH. By year 2500 the DIC effect increases pH
by 0.03 for a climate sensitivity of 4.5°C, whereas the SST
effect reduces pH by 0.07, leading to a net reduction in
ocean pH of 0.04.
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Table 1. Model Predicted Global Mean Surface Ocean pH Change
and Aragonite Saturation State for Simulations With Prescribed
CO, Emissions and Concentrations With Different Climate
Sensitivities”

Specified Emissions Specified Concentrations

Year 0°C 2.5°C 4.5°C 0°C 2.5°C 4.5°C
ApH

1765 0.0 0.0 0.0 0.0 0.0 0.0

2000 —0.09 —0.09 —0.09 —0.09 —0.09 —0.09
2100 —0.31 —0.32 —0.32 —0.31 —0.30 —0.30
2500 —0.47 —0.48 —0.51 —0.47 —0.46 —0.46

Qaragonilc

1765 3.34 3.34 3.34 3.34 3.34 3.34
2000 2.86 2.90 293 2.86 291 2.95
2100 1.91 2.00 2.09 1.91 2.03 2.13
2500 1.39 1.50 1.62 1.39 1.54 1.77

"Ocean pH change, ApH; aragonite saturation state, Quragonice; Climate
sensitivities, AT,,.

[11] Climate change also affects predicted ocean pH and
carbonate mineral saturation state in the deep ocean as
shown in Figure 4. Relative to the simulation with AT, =
0.0°C, the simulation with AT,, = 4.5°C predicts a greater
reduction of pH near ocean surface (as previously noted),
but a smaller reduction in the deep ocean. The diminished
reduction of pH in the deep ocean is due to increased ocean
stratification and reduced North Atlantic overturning, both
of which lead to reduced transport of anthropogenic CO,
from the surface ocean to ocean depth. The reduced ocean
mixing and circulation also lead to larger ,agonite in the
deep ocean.

6. Discussion and Conclusions

[12] In this study we predict future changes in ocean
chemistry as a result of increased CO, concentrations and
accompanying climate change. With prescribed CO, emis-
sions calculated from the WRE1000 CO, concentration
pathway and a constant climate, we predict a 0.47 unit
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Figure 3. Changes in (a) pH and (b) Qaragonite as a result of
changes in sea surface temperature (SST), sea surface
salinity (SSS) (through changes in the carbonate dissocia-
tion constants), alkalinity (ALK), and dissolved inorganic
carbon (DIC) (through changes in temperature, circulation,
and marine biology), as well as the combined effect of
changes in SST, SSS, ALK, and DIC (Net). These changes
are plotted for the simulation with AT,, = 4.5°C relative to
the simulation with constant climate (AT, = 0.0°C).
Negative values represent a reduction in pH and Qagonite,
while positive values represent an increase in pH and

Qaragonitfr
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Figure 4. Model predicted horizontal mean ocean pH
change (ApH) and aragonite saturation state ((aragonitc) s @
function of depth and time for the simulation with AT,, =
0.0°C and AT, = 4.5°C.

reduction in surface ocean pH relative to a pre-industrial
value of 8.17, and a reduction in the degree of saturation
with respect to aragonite from a pre-industrial value of 3.34
to 1.39 by year 2500. Ocean acidification (lowering of pH
and carbonate saturation state) will almost certainly ad-
versely impact marine biota through a variety of mecha-
nisms [e.g., Seibel and Walsh, 2001; Ishimatsu et al., 2005].
In particular, it will likely pose a great threat to the survival
of calcifying organisms such as corals and foraminifera
[e.g., Kleypas et al., 1999; Langdon et al., 2003; Hoegh-
Guldberg, 2005]. The consideration of climate change
produces a modest modification to the predicted ocean
chemistry mainly through changes in sea surface tempera-
ture and climate-induced DIC concentrations. With a cli-
mate sensitivity of 2.5°C and 4.5°C our simulations show
that relative to constant climate simulations, the inclusion of
climate change further reduces projected global mean sur-
face pH by 0.01 and 0.04, and increases projected saturation
state of aragonite by 0.11 and 0.23 respectively by year
2500.

[13] McNeil and Matear [2006] reports that the effects of
climate change on surface ocean pH are negligible from a
coupled climate-carbon cycle simulation driven by the
1S92a atmospheric CO, concentration pathway. With pre-
scribed CO, concentrations we project negligible climatic
effects on surface pH (Table 1), consistent with their study.
In this case, the indirect DIC effect almost cancels the direct
temperature effect (not shown), leading to a negligible net
climatic effect on pH. However, with prescribed CO,
emissions, we find that consideration of climate change
has a pronounced effect on surface pH (namely, to cause a
greater decrease in pH, as seen from Figure 2c¢); the direct
temperature effect dominates the indirect DIC effect (as
explained above) (Figure 3a).

[14] We also show that climate change results in less
reduction in ocean pH and aragonite saturation state in the
deep ocean due to reduced North Atlantic overturning
circulation and increased ocean stratification. The reduced
acidification in the deep ocean is of interest since the deep
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ocean biota may be more sensitive to pH changes than
surface biota [Seibel and Walsh, 2001]. Nevertheless, we
conclude, based on our simulation results, that climate
change exerts a second order control on ocean chemistry.
The changes in ocean acidification and saturation state of
calcium carbonate minerals caused by CO, emissions, and
the resulting increases in atmospheric CO, concentration,
are insensitive to the amounts of climate change.

[15] Acknowledgments. This research was supported in part by the
U.S. National Science Foundation (ATM-0238668).
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