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respiratory proteins such as hemoglobin) (Walsh and Milligan,

1989). Acid–base imbalances in marine organisms can lead to

the dissolution of exoskeletal components such as calcareous

shells, metabolic suppression, reduced protein synthesis and re-

duced activity (Seibel and Walsh, 2001; Seibel and Walsh, 2003).

Experiments to determine the likely response of marine organ-

isms to pH changes have explored large changes in pH (>1)

under laboratory conditions (Kikkawa et al., 2003; Pedersen

and Hansen, 2003a, b; Portner et al., 2004; Barry et al.,

2004; Engel et al., 2005). Little is known on what the grad-

ual long-term effects of pH lowering will be on marine or-

ganisms. As both �arag and pH changes have the potential to

directly impact marine biota it is important to understand the

magnitude of these changes under elevated CO2 levels and global

warming.

Projections of future decreases in both pH and � have been

obtained from ocean-only models (Caldeira and Wickett, 2003;

Kleypas et al., 1999), however these modelling studies have not

considered the effect of climate change feedbacks on the car-

bon chemistry of the ocean. Recently however, a study explored

the significance that climate change plays on the extent of ocean

acidification (Orr et al., 2005). Using three separate climate mod-

els they found climate change to insignificantly impact the pro-

jected future decreases of pH, but significantly impact �. How-

ever due to brevity, the study could not explore either the reason

or importance of independent feedbacks on oceanic acidifica-

tion. In this study we compliment the previous study by using

coupled atmosphere-ocean model to examine and explore the

importance of climate change feedbacks on surface ocean pH

and �. We use the model simulations to explore the relation-

ship between climate change and these two carbon parameters

on both a global and regional scale so as to better project future

changes in these parameters and enable an improved assessment

of the potential impacts they may have on marine organisms.

2. Climate model

To explore climate change feedbacks on carbon chemistry we use

a coupled atmosphere-ice-ocean carbon cycle model developed

by the Commonwealth Scientific Industrial Research Organi-

sation (CSIRO) (Hirst et al., 1996). Differing climate models

maintain differing sensitivities to anthropogenic climate forc-

ing. The sensitivity is defined as the global annual temperature

change associated with a doubling of atmospheric CO2. The sen-

sitivity of the CSIRO Mark II climate model is 4.3 ◦C (Watterson

et al., 1997), and is at the higher range of global model sensitivi-

ties (Houghton et al., 2001). The CSIRO climate model includes

oceanic, sea–ice and biospheric submodels with oceanic eddy

parameterization. The oceanic submodel includes a prognostic

ocean carbon cycle model that simulates phosphate, DIC and al-

kalinity in the ocean. The rain ratio of biological carbon export

(PIC/POC) was constant at 0.08 while traditional Redfield ratios

were used for organic matter export stoichiometry. CO2 dissocia-

tion constants of (Dickson and Millero, 1987) were used to deter-

mine pCO2, pH and � within the model. Air–sea fluxes of CO2

were simulated using the (Wanninkhof, 1992) gas exchange for-

mulation. Climate change feedbacks were quantified using two

separate climate model experiments. The ‘control’ experiment

that did not include the warming effects of elevated greenhouse

gases in the atmosphere (no additional radiative forcing) and the

‘climate change’ experiment that explicitly included the radia-

tive forcing of greenhouse gases in the atmosphere (Matear and

Hirst, 1999). For the climate change experiment, atmospheric

CO2 levels increased according to observations between 1880

and 1995 then followed IS92a projections until the year 2100

(Houghton et al., 2001). The climate change feedback on carbon

chemistry was taken to be the difference between the ‘climate

change’ experiment and the ‘control’ experiment and includes

effects such as changes to the thermohaline circulation, temper-

ature, salinity and the biological carbon flux.

3. Comparison with oceanic measurements

To assess the spatial distribution of the simulated surface pH and

� we compare our model results to observations. (Key et al.,

2004) have compiled a global synthesis of oceanic carbon mea-

surements made during the World Ocean Circulation Experi-

ment between the year 1991 and 1998 (http://cdiac.esd.ornl.gov/

oceans/glodap/Glodap˙home.htm). From this dataset we calcu-

late the zonally averaged surface pH and �arag and then compare

it to our model output. For the year 1995, surface ocean pH

variability in our model simulation is relatively small (8–8.2)

and consistent with the observations (Fig. 1a). In contrast, the

observations show large spatial variations in �arag for the year

1995 (1.5–4.4), which is also consistent with our model simu-

lation (Fig. 1b). For surface pH, the model shows a systematic

decrease has already occurred (∼0.1) between the year 1880

and 1995 that is beyond the range of observed spatial variability

(i.e. 25th/75th percentile). Spatial variability is much greater for

surface �arag and the decrease between 1880 and 1995 is still

within the spatial variability of �arag. Some regions such as the

North Atlantic (>50◦N) actually show no measurable change

based on the observations (Fig. 1b). In general our model simu-

lations match the observations and give us confidence to explore

the future climate change feedbacks within the CSIRO climate

model.

4. Results and discussion

Changes in surface pH and in �arag reflect changes in the specia-

tion of carbon within the ocean and are a function of temperature,

salinity, alkalinity and DIC concentrations. With climate change,

the model projects average sea surface temperature (SST) to

warm from 18 ◦C to about 21.5◦C by the year 2100 (Fig. 2b)

while the globally averaged sea surface salinity (SSS) freshens

from 34.71 to 34.53 (Fig. 2c). Salinity normalized Alkalinity
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Fig. 1. Zonally averaged change in surface

ocean CO2 chemistry from 1880 to 2100.

(A) pH and (B) �arag. Solid black line is for

the year 1880, dashed line is for the year

2100 under the control experiment and the

dotted line is for the year 2100 under the

climate change experiment. The circles show

the average calculated values using the

global carbon observations (1991–1998)

from (Key et al., 2004) using dissociation

constants from (Dickson and Millero, 1987).

The light-grey lines around the observations

are the 25th and 75th quantiles to illustrate

the range of natural variability. The solid

drak-grey line is the model prediction for the

year 1995 and serve as a direct comparison

to the observations.

remained nearly constant at an average global concentration of

2270 μmol/kg.

By 2100, the change in surface ocean DIC concentration is

18% less in the climate change simulation than in the control

simulation (decline from 135 to 110 μmol/kg; see Fig. 2d). This

lowered DIC concentration with climate change is due to the re-

duction in CO2 solubility in surface waters due to ocean warm-

ing. If we correct the DIC concentration of the climate change

simulation for the solubility reduction due to surface warming,

the resulting DIC concentration is virtually identical to the DIC

concentration of the control simulation (Fig. 2d). The similarity

in DIC concentrations illustrates the ocean warming feedback is

the dominant process regulating the inorganic carbon system in

the surface ocean.

Despite the dominance of temperature in inducing climate

change feedbacks, our simulations show different climate change

responses for pH and �arag. We find pH to be insensitive to cli-

mate change with virtually no difference between the transient

and control experiment (Fig. 2e). For both experiments, the glob-

ally averaged surface pH is projected to decrease from 8.17 in the

year 1880 to about 7.91 by 2100. �arag however, is affected by

climate change feedbacks (Fig. 2f). Globally averaged �arag is

found to decrease from 3.5 to 2.2 between 1880 and 2100 with-

out climate change, but the decrease slows to about 2.5 when

including the affects of climate change. For �arag, this means

that climate change buffers it decrease by ∼15%, although the

magnitude is regionally dependent (Fig. 1b). In the Southern

Ocean for example, this buffering is only of the order of ∼5%.

Using three climate models Orr et al. (2005) typically found cli-

mate change feedbacks to increase [CO3
2−] by about 10% on

the global scale. The CSIRO model suggests a higher climate

change feedback most likely due to a higher climate sensitivity

than the other models used by Orr et al. It will be important to

explore the magnitude of climate change buffering on �arag for

a range of different models since it has been shown to be an im-

portant controlling factor for coral reef calcification along with

ocean warming (McNeil et al., 2004).

4.1. Climate change feedbacks and their importance

Climate change has the potential to alter the surface ocean car-

bon characteristics. The three main processes which will influ-

ence the carbon system and are interrelated are : circulation

driven changes, biological induced changes (both organic and

inorganic) and ocean warming (direct warming effect and CO2

solubility driven effect). Matear and Hirst (1999) showed that

surface water freshening induces stratification of the oceanic

overturning circulation. This climate change induced slowdown
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Fig. 2. (A) IS92a atmospheric CO2

projections used by our model; (B) globally

average sea surface temperature from the

control experiment (solid line) and climate

change experiment (dashed line); (C)

globally average sea surface salinity; (D)

globally averaged Dissolved Inorganic

Carbon (DIC) concentration (μmol/kg) with

the additional grey line illustrating the

solubility-effect; (E) globally averaged pH

and (F) globally averaged �arag.

in overturning also reduces oceanic CO2 uptake considerably. A

stratified ocean also reduces the vertical re-supply of nutrients to

the mixed layer for biological production and they correspond-

ingly also show a large decrease in organic carbon export with

climate change. These changes in circulation/biology impact the

uptake and sequestration of CO2 in the ocean interior and would

indeed invoke small changes within the interior of the ocean.

However, it is important to note that this study focuses on the

surface ocean where the DIC transient change is dominated by

air–sea equilibration with the atmosphere. The circulation and/or

biologically induced DIC changes are therefore less important

on surface DIC concentration than the effect of ocean warming

as demonstrated by Fig. 2d.

To quantify what is driving the climate change feedbacks for

pH and �arag, we compare the change in pH and in �arag between

the control experiment and climate change experiment for each

individual water property change (i.e. �pH = ∂pH

∂SST
�SST +

∂pH

∂Sal
�Sal + ∂pH

∂ALK
�ALK + ∂pH

∂DIC
�DIC). Future variations in

salinity and alkalinity have little effect on pH and �arag, while

the effects of DIC and SST dominate (Fig. 3).

4.2. Why is the climate change feedback on pH
insignificant?

Our simulations show that the net climate change feedback on pH

(defined here as �pH) is close to 0 (Figs. 2e and 3a). To explore
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Fig. 3. Net climate change effects on pH and �arag between 1880 and

2100 due to various parameters. Solid line represents the net climate

change feedback while the dashed lines indicate changes due to DIC

(exclusively indirect solubility effects from warming), SST (direct

warming effect), alkalinity and salinity.
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why this is the case it is best to mathematically conceptualise the

changes. Given that changes in SST and DIC are the dominant

effects (Fig. 3a), the climate change feedback on pH can be

written as:

�pH = ∂pH

∂SST
�SST + ∂pH

∂DIC
�DIC (2)

Using the assumption that surface ocean DIC is in equilibrium

with the atmosphere and that DIC is only affected by SST as

shown by Fig. 2d, we can re-write eq. (2) as:

�pH = ∂pH

∂SST
�SST + ∂pH

∂DIC

∂DIC

∂SST
�SST

= ∂pH

∂SST
�SST

︸ ︷︷ ︸

+ ∂pH

∂DIC
α�SST

︸ ︷︷ ︸

;

Direct SST In-direct SST

Feedback Feedback

where α is the solubility term. (3)

From eq. (3) we can see that the in-direct SST feedback is that

associated with DIC changes due to temperature-driven solubil-

ity changes. For pH, the direct SST feedback (left-hand side of

eq. 3) is negative while the in-direct SST feedback (i.e. sol-

ubility changes in DIC; right-hand side of eq. 3) is positive

(Fig. 3a). This creates a situation where the temperature related

feedbacks close to cancel, resulting in the net pH feedback being

insignificant (Fig. 3a).

Figure 2 showed that the difference in the globally-averaged

surface DIC concentration of the control and climate change

experiment primarily reflected changes in DIC due to the

temperature-driven CO2 solubility differences between these

two runs. The solubility driven reductions in the surface DIC

concentration due to warming increase pH by the magnitude

that is almost equal to pH decline due to direct ocean warming,

which cause the two affects to almost cancel each other. Figure

4a better illustrates the influence of DIC and SST on pH in re-

lation to the evolution of both the control and climate change

experiments from the model. In Fig. 4, the lines of constant pH

are almost parallel to slope of the ( ∂DIC
∂SST

)|ALK,Sal,pCO2=constant due

to solubility changes in CO2. This results in the surface pH al-

most being independent of the magnitude of the ocean warming.

Therefore, the almost complete cancellation of the change in

pH due to direct and in-direct temperature effects will arise ir-

respective of the type or sensitivity of the climate model used.

4.3. Independent response of pH and aragonite
saturation state

The difference between the pH and the �arag response to climate

change feedbacks reflects how increasing temperature impacts

these two variables. For �arag, the direct SST feedback on �arag

is weak (Fig. 3b), whereas the solubility induced DIC feedback

is significantly negative and results in a net buffering (increase)
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Fig. 4. (A) Evolution of mean surface pH in relation to DIC and sea

surface temperature for both the control experiment (solid black line)

and climate change experiment (solid grey line). The net climate

change feedback is shown as the dashed black vector between the

control and climate change experiments. Point A is the initial state in

the year 1880 before industrialization. Point B is the pH state (∼7.82)

in the year 2100 if the ocean absorbed atmospheric CO2 under

equilibrium proportions. Point C is the pH state (∼7.93) in the year

2100 for the control experiment and is equivalent to an oceanic steady

state solution. Point D is the pH state (∼7.93) for the year 2100 under

climate change, and includes feedbacks such as circulation, biological

production and temperature. (B) Evolution of mean surface �arag with

same descriptions as in (A).

for �arag of ∼0.25 by the year 2100. This is quite different to the

pH response as highlighted earlier.

Figure 4 better illustrates the different influences of DIC and

SST on pH and �arag in relation to the evolution of both the

control and climate change simulations. In Fig. 4, the evolution

of pH and �arag from 1880 to 2100 for the control experiment is

illustrated by line A–C, while line A–D is the evolution of the

climate change experiment. In the control experiment, there is

no change in SST while oceanic uptake of anthropogenic CO2

increases DIC concentration (by ∼135 μmol/kg), which conse-

quently lowers both pH and �arag considerably. Under climate

change, SST increases while DIC concentration increases to a

lesser extent than for the control due to lower CO2 solubility (by

∼110 μmol/kg). The difference between points C and D shows
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Fig. 6. (A) The net regional climate change feedback in the year 2100

for surface pH contoured in relation to DIC and sea surface

temperature. The net climate change feedback for each region in the

year 2100 is shown as the grey vector. The Southern Ocean is taken to

be waters south of 40◦S. The subtropical ocean are defined as waters

between 30◦S and 30◦N. The northern subpolar ocean is between 30◦N

and 60◦N. The Arctic Ocean are waters north of 60◦S. (B) The net

regional climate change feedback in the year 2100 for surface �arag

with same descriptions as in (A).

To better illustrate the regional differences due to climate

change, we have split the surface ocean into four very broad

regimes: subtropical (30◦N–30◦S), northern subpolar (30◦N–

60◦N), Southern Ocean (>40◦S) and the Arctic Ocean (>60◦N).

Figure 6 shows the net climate change feedback for each of these

regions. Although the magnitude of the vectors change between

the Southern, subtopical and northern subpolar oceans, climate

change has the effect of decreasing DIC and increasing SST

which coincides with parallel lines of constant pH. For �arag

however, the climate change response for these three regions is

nearly perpendicular to the lines of constant �arag, which causes

an increase in �arag with climate change. In these regions the

surface ocean climate change response of pH and �arag is domi-

nated by ocean warming. The Arctic Ocean shows very different

response to the other three regions. In the Arctic Ocean, DIC

increases with climate change because of a reduction in sea-ice

enables the ocean to come closer to equilibrium with the at-

mosphere. The increase in DIC with climate change provides a

positive feedback for both �arag and pH causing both variables

to decrease with climate change..

5. Conclusion

Our study illustrates that pH and �arag respond differently to

climate change due to the ocean chemistry of CO2. The domi-

nating effects for the change in surface pH and �arag with climate

change are the direct (SST increases) and indirect (DIC reduc-

tions due to lower solubility) effects associated with warming.

For pH, climate change feedbacks have little impact on the pro-

jected changes because the direct decrease in pH due to ocean

warming is equal to but opposite in magnitude to the pH increase

associated with lower DIC concentrations cause by a reduction

in CO2 solubility with ocean warming. This phenomenon is set-

up by the carbonate chemistry and is therefore independent to

the extent of ocean warming or the type of model used. Based on

our analysis future oceanic acidification depends primarily on

atmospheric CO2 concentrations. The exception is in the high

latitudes where changes in sea-ice extent elevate the degree of

CO2 saturation, which enhances the reduction of pH with cli-

mate change. For �arag, our results show that climate change

buffers the simulated decline by as much as 15%. As opposed

to pH, the direct effect of ocean warming on �arag is weak. The

simulated climate change feedback on �arag is therefore mainly

controlled by DIC concentrations changes associated with solu-

bility changes in CO2 caused by ocean warming.
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