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lower pH (<7) ➨ acid
pH ≡ − log10([H+])

Second: 
In a chemical reaction of the form 

,  
the equilibrium concentrations (moles per liter, denoted 

) satisfy   

, 

where the known equilibrium constant  is a 
function of temperature and pressure.

A ⇌ B + C

[A], [B], [C]
K =

[B][C]
[A]

K(T, P)

Two reminders
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Figure 4.8 | Global average surface ocean pH. 
Shadings around SSP1-2.6 and SSP5-7.0 curves: 5–
95% ranges across ensembles. Numbers inside each 
panel: # of model simulations. Results from CO2 
concentration-driven simulations.
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Based on results from the CMIP6 models, we conclude that the flux 
of carbon from the atmosphere into the ocean increases continually 
through most of 21st  century in the two highest emissions 
and decreases continually under the other emissions scenarios 
(Figure 4.7a). The flux of carbon from the atmosphere to land shows 
a similar 21st century behaviour across the scenarios but with much 
higher year-to-year variation than ocean carbon flux (Figure 4.7b). 
A  more in-depth assessment and discussion of the mechanism 
involved can be found in Chapter 5 (Section 5.4.5).

In summary, we assess that the cumulative uptake of carbon by the 
ocean and by land will increase through the 21st century irrespective 
of the considered emissions scenarios except SSP1-1.9 (very 
high confidence).

4.3.2.5 Surface Ocean pH

The AR5 assessed from CMIP5 simulations that it is virtually certain 
that increasing storage of carbon by the ocean under all four RCPs 
through to 2100 will increase ocean acidification in the future (Ciais 
et al., 2013). Specifically, AR5 reported that CMIP5 models project 
increased ocean acidification globally to 2100 under all RCPs, 
and that the corresponding model mean and model spread in the 
decrease in surface ocean pH from 1986–2005 to 2081–2100 would 
be 0.065 (0.06–0.07) for RCP2.6, 0.145 (0.14–0.15) for RCP4.5, 
0.203 (0.20–0.21) for RCP6.0 and 0.31 (0.30–0.32) for RCP8.5.

Based on results from the CMIP6 models we conclude that, except 
for the lower-emissions scenarios SSP1-1.9 and SSP1-2.6, ocean 
surface pH decreases monotonically through the 21st  century 
(high confidence) (Figure 4.8).

Figure 4.7 | CMIP6 carbon uptake in historical and scenario simulations. (a) Atmosphere to ocean carbon flux (PgC yr –1). (b) Atmosphere to land carbon flux 
(PgC yr –1). The curves show ensemble averages and the shadings show the 5–95% ranges across the SSP1-2.6 and SSP3-7.0 ensembles. The numbers inside each panel are 
the number of model simulations. The land uptake is taken as Net Biome Productivity (NBP) and so includes any modelled net land-use change emissions. Results are from 
concentration-driven simulations. Further details on data sources and processing are available in the chapter data table (Table 4.SM.1).
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Figure  4.8 | Global average surface ocean pH. The shadings around the 
SSP1-2.6 and SSP5-7.0 curves are the 5–95% ranges across those ensembles. 
The numbers inside each panel are the number of model simulations. Results are from 
concentration-driven simulations. Further details on data sources and processing are 
available in the chapter data table (Table 4.SM.1).
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Figure  4.8 | Global average surface ocean pH. The shadings around the 
SSP1-2.6 and SSP5-7.0 curves are the 5–95% ranges across those ensembles. 
The numbers inside each panel are the number of model simulations. Results are from 
concentration-driven simulations. Further details on data sources and processing are 
available in the chapter data table (Table 4.SM.1).
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5.3.2.2 Observations of Ocean Acidification 
over Recent Decades

The SROCC (Section  5.2.2.3) indicated that it is virtually certain 
that  the ocean has undergone acidification globally in response 
to ocean CO2 uptake, and concluded that pH in open ocean 
surface water has changed by a  virtually certain range of –0.017 
to –0.027 pH units per decade since the late 1980s. Since SROCC, 
evidence of the progress of acidification across all regions of the 
oceans has been further strengthened by continued observations 
of seawater carbonate chemistry at ocean time series stations, 
and compiled shipboard studies providing temporally resolved and 
methodologically consistent datasets (Jiang et al., 2019) (Figure 5.20; 
Supplementary Material Table 5.SM.3; Section 2.3.3.5).

In the subtropical open oceans, decreases in pH have been reported 
with a  very likely rate range from –0.016 to –0.019 pH units per 
decade since 1980s, which equates to approximately 4 % increase 
in hydrogen ion concentration ([H+]) per decade. Accordingly, the 
saturation state Ω  (=[Ca2+][CO3

2-]/Ksp) of seawater with respect to 
calcium carbonate mineral aragonite has been declining at rates 
ranging from –0.07 to –0.12 per decade (González-Dávila et al., 
2010; Feely et al., 2012; Bates et al., 2014; Takahashi et al., 2014; 

Ono et al., 2019; Bates and Johnson, 2020; Supplementary Material 
Table  5.SM.3). These rates are consistent with the rates expected 
from the transient equilibration with increasing atmospheric CO2 
concentrations, but the variability of rate in decadal time scale has 
also been detected with robust evidence (Ono et al., 2019; Bates 
and Johnson, 2020). In the tropical Pacific, its central and eastern 
upwelling zones exhibited a faster pH decline of –0.022 to –0.026 pH 
unit per decade due to increased upwelling of CO2-rich sub-surface 
waters in addition to anthropogenic CO2 uptake (Sutton et al., 2014; 
Lauvset et al., 2015). By contrast, warm pools in the western tropical 
Pacific exhibited slower pH decline of –0.010 to –0.013 pH unit per 
decade (Supplementary Material Table 5.SM.3; Lauvset et al., 2015; 
Ishii et al., 2020). Observational and modelling studies (Nakano et al., 
2015; Ishii et al., 2020) consistently suggest that slower acidification 
in this region is attributable to the anthropogenic CO2 taken up in the 
extratropics around a decade ago and transported to the tropics via 
shallow meridional overturning circulations.

In open subpolar and polar zones, the very likely range (–0.003 to 
–0.026 pH unit per decade) and uncertainty (up to 0.010) observed 
in pH decline are larger than in the subtropics, reflecting the complex 
interplay between physical and biological forcing mechanisms 
(Olafsson et al., 2009; Midorikawa et al., 2012; Bates et al., 2014; 

pH
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Figure 5.20 | Multi-decadal trends of pH (Total Scale) in surface layer at various sites of the oceans and a global distribution of annual mean pH adjusted 
to the year 2000. Time-series data of pH are from Dore et al. (2009), Olafsson et al. (2009), González-Dávila et al. (2010), Bates et al. (2014), Takahashi et al. (2014), 
Wakita et al. (2017), Merlivat et al. (2018), Ono et al. (2019), and Bates and Johnson (2020). Global distribution of annual mean pH have been evaluated from data of surface 
ocean pCO2

 measurements (Bakker et al., 2016; Jiang et al., 2019). Acronyms in panels: KNOT and K2 – Western Pacific subarctic gyre time series; HOT – Hawaii Ocean Time-
series; BATS – Bermuda Atlantic Time-series Study; DYFAMED – Dynamics of Atmospheric Fluxes in the Mediterranean Sea; ESTOC – European Station for Time-series in the 
Ocean Canary Islands; CARIACO – Carbon Retention in a Colored Ocean Time-series. Further details on data sources and processing are available in the chapter data table 
(Table 5.SM.6).

Figure 5.20 | Multi-decadal trends 
of pH in surface layer at various 
sites and a global distribution of 
annual mean pH adjusted to year 
2000.  
Panels: Time-series data of pH. 

Map: annual mean pH evaluated 
from data of surface ocean pCO2. 
Dore et al. (2009), Olafsson et al. (2009), González-Dávila et al. 
(2010), Bates et al. (2014), Takahashi et al. (2014), Wakita et al. 
(2017), Merlivat et al. (2018), Ono et al. (2019), and Bates and 
Johnson (2020); (Bakker et al., 2016; Jiang et al., 2019). 
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MARINE ORGANISMS at risk from the increasing acidification of the ocean include the corals and 
coralline algae commonly found in reef communities, as well as foraminifera and 
coccolithophorids, which are abundant in most surface waters. Also under threat, particularly in 
cold, polar waters, are a variety of small marine snails called pteropods. 

Doney et al 2006
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L��Ề ��Ý�`iÊ�iÛi�ÃÊÜ���ÊLi�iwÊÌÊÌ�iÊ«���
Ì�ÃÞ�Ì�iÌ�VÊ>�}>iÊÌ�>ÌÊ��ÛiÊ��Ã�`iÊV�À>�Ã°Ê
�>�ÞÊÃ«iV�iÃÊ�vÊ�>À��iÊ«�ÞÌ�«�>���
Ì��ÊÕÃiÊ�
"Îq£Êv�ÀÊ«��Ì�ÃÞ�Ì�iÃ�Ã°Ê
��`ÊLiV>ÕÃiÊÌ�iÊV��Vi�ÌÀ>Ì���Ê�vÊÌ��ÃÊ
���ÊÜ���ÊÀi�>��Ê�>À}i�ÞÊÕ�V�>�}i`]ÊL��
���}�ÃÌÃÊ`�Ê��ÌÊiÝ«iVÌÊÌ�>ÌÊÌ�iÃiÊ�À�
}>��Ã�ÃÊÜ���ÊiÝ«iÀ�i�ViÊ>ÊÃ�}��wÊV>�ÌÊ
L��ÃÌ°Ê-��iÊ��}�iÀÊ«�>�ÌÃÊ­Ãi>Ê}À>ÃÃiÃ]Êv�ÀÊiÝ>�«�i®ÊÕÃiỀ �Ã�
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why do we care about pH changes: plankton, corals, 
have CaCO3 skeletons that may be affected
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Response of Pteropod shells to increased CO2

https://www.nationalgeographic.com/news/
2014/5/140502-ocean-snail-shell-dissolving-

acidification-climate-change-science/

“The Pteropod or `sea butterfly’, is a tiny sea creature about the size of a small pea, 
eaten by Juvenile salmon, tiny krill and whales” (http://oceanacidificationwherewelive.weebly.com)

http://oceanacidificationwherewelive.weebly.com/
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Response of Pteropod shells to increased CO2

The photo above show what happens to a Pteropod’s shell when placed in sea 
water with pH and carbonate levels projected for the year 2100. The shell slowly 
dissolves after 45 days.                                                National Geographic Images

https://www.nationalgeographic.com/news/
2014/5/140502-ocean-snail-shell-dissolving-

acidification-climate-change-science/

“The Pteropod or `sea butterfly’, is a tiny sea creature about the size of a small pea, 
eaten by Juvenile salmon, tiny krill and whales” (http://oceanacidificationwherewelive.weebly.com)

http://ngm.nationalgeographic.com/2007/11/marine-miniatures/acid-threat-text
http://oceanacidificationwherewelive.weebly.com/
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results suggest that levels of PCO2 and W-cal cor-
responding to projections for the end of this cen-
tury are unlikely to affect the metabolic balance
between organic carbon fixation and calcite pre-
cipitation in E. huxleyi.

We measured the ratios of POC to particulate
organic nitrogen (C:N) to assess whether the ele-
mental composition of the organic material was
additionally affected by changing PCO2. Variations
in the elemental stoichiometry of phytoplankton
are known to have an effect on trophic interactions,
because the dietary value of prey items for marine
zooplankton varies with the C:N ratio (17). Pre-
vious studies have reported changes in the elemen-
tal composition of diatoms in response to variations
in PCO2 (18). The C:N ratios in E. huxleyi increased
from 6.8 to 8.3 with rising PCO2 between 280 and
750 ppmv of CO2 (Fig. 1). These results indicate
that the PCO2 could affect the grazing-selection
pressure on phytoplankton, representing different
“food” qualities. Grazing selection has many bio-
geochemical consequences and in particular impli-
cations for the export flux of carbon (17).

Our data show that W-cal ranged from 5.3 at
280 ppmv of CO2 to 2.6 at 750 ppmv of CO2, cor-
responding to an average total alkalinity of 2292
meq liter−1 (Table 2).W-cal values were within the
range of those formost of the upper-ocean regions,
andwell above 1, the threshold value belowwhich
dissolution would occur. In this pH range, less

than 10% of the DIC in the medium was taken up
by the proliferating cells (Table 2). Comparing
these values with those in the corresponding blanks
(without E. huxleyi cells) shows that cell physiol-
ogy caused a shift in pH of less than 0.04 units in
all experiments (Table 2). The pH values of the

cultures incubated at 280 and 750 ppmv of CO2

ranged between 8.1 and 7.7 (corresponding to 9.5
mM CO2 and 25.1 mM CO2, respectively). These
changes did not affect the photosynthetic health of
cells (Fig. 1), which implies our pH conditions
were within the tolerance levels of E. huxleyi. A

Fig. 1. Cellular PIC (A), POC (B), PIC production
rates (C), POC production rates (D), C:N ratios (E),
PIC:POC ratios (F), growth rates (G), and Fv:Fm (H)
for E. huxleyi cultures under different PCO2. Each
color represents one independent experiment.
Significant increases with rising PCO2 were observed
for PIC (F4,16 = 24.14, P < 0.001), POC (F4,9 =
10.23, P = 0.002), PIC production (F4,16 = 5.94, P =
0.004), POC production (F4,9 = 4.52, P = 0.028),
and growth rate (F4,16 = 3.92, P = 0.021) (table S1).
Differences between the treatments of 600 and 750
ppmv of CO2 were significant for PIC (P= 0.002) but
nonsignificant (P > 0.05) for all other parameters.
Cellular PIC and POC were comparable at 280, 300,
and 490 ppmv of CO2. Above 490 ppmv of CO2,
cellular PIC and POC increased significantly, by 80
and 90% respectively at 600 ppmv of CO2, and by a
further 48 and 45% respectively at 750 ppmv of
CO2. Variation in PIC and POC production rates
between 280 and 490 ppmv was not significant
(table S1). Between 490 and 600 ppmv of CO2, PIC
and POC production rates increased by approxi-
mately 44 and 81%, respectively, and these were
approximately 30 and 18% higher at 750 than at
600 ppmv of CO2. Growth rates were significantly
lower at 750 ppmv of CO2 as compared with 280,
300, and 490 ppmv of CO2. Differences in PIC:POC
under the different PCO2 treatments were nonsig-
nificant (F4,9 = 1.22, P = 0.368) (table S1). The C:N
values increased from 6.8 at 280 ppmv of CO2 to
8.3 at 750 ppmv of CO2. Fv:Fm values were com-
parable in all PCO2 treatments. The shaded area
represents putative PCO2 during the PETM [lower-
end estimates of PCO2 were based on stomatal index
and boron isotopes, data compiled in (38)].
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Fig. 2. Coccolith volume and CaCO3 per cell. Increasing coccolith volume is closely coupled with
increasing CaCO3 per cell, indicating down-core measurement of coccolith mass to be representative of
CaCO3 production. Scanning electron microscope (SEM) images show typical coccoliths from each
culture with PCO2 values from 280 to 750 ppmv of CO2, of where the measured volume was converted
to length using the formula for a heavily calcified coccolith (27).
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Fig. 2. Coccolith volume and CaCO3 per cell. Increasing coccolith volume is closely coupled with 
increasing CaCO3 per cell, indicating down-core measurement of coccolith mass to be 
representative of CaCO3 production. Scanning electron microscope (SEM) images show typical 
coccoliths from each culture with PCO2 values from 280 to 750 ppmv of CO2, of where the 
measured volume was converted to length using the formula for a heavily calcified coccolith. 

Debora Iglesias-Rodriguez 2008

Response of Coccolithophore plates to increased CO2
Emiliana Huxley, the most common 
coccolith in the seas today, Wikipedia
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Our goals today

1. Understand calcium carbonate CaCO3 dissolution.

2. The ocean carbonate system: how pH is affected by 
atmospheric CO2.

3. The carbonate system buffer effect: why the ocean can absorb 
so much carbon.

4. A positive feedback on warming due to the response of the 
carbonate system to warming: 

   Higher CO2 ➨ rising temperature ➨ more CO2 emitted by ocean

5. The long-term fate of anthropogenic CO2: how/why will it 
decline.
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(b) Calculate the percent change in [H+] concentration involved in the pH change observed so
far from 8.16 to 8.06.

[3]: 100*(10**(-8.06)-10**(-8.16))/10**(-8.16)

[3]: 25.892541179416618

c) Plot pH maps for 1850, 2000 (observed) and 2100 (rcp8.5):
[4]: # plot contours for 1850:

plt.figure(dpi=200)
levels=np.arange(7.2,8.4,0.01)
c=plt.contourf(pH_map_longitude, pH_map_latitude, pH_obs_1850_map,levels)
# draw the colorbar
clb=plt.colorbar(c, shrink=0.85, pad=0.02)
# add title/ labels:
plt.xlabel('Longitude')
plt.ylabel('Latitude')
clb.set_label('pH')
plt.title('pH observed 1850')
plt.show()

# plot contours for 2000:
plt.figure(dpi=200)
c=plt.contourf(pH_map_longitude, pH_map_latitude, pH_obs_2000_map,levels)
# draw the colorbar
clb=plt.colorbar(c, shrink=0.85, pad=0.02)
# add title/ labels:
plt.xlabel('Longitude')
plt.ylabel('Latitude')
clb.set_label('pH')
plt.title('pH observed 2000')
plt.show()

# plot contours:
plt.figure(dpi=200)
c=plt.contourf(pH_map_longitude, pH_map_latitude, pH_rcp85_2100_map,levels)
# draw the colorbar
clb=plt.colorbar(c, shrink=0.85, pad=0.02)
# add title/ labels:
plt.xlabel('Longitude')
plt.ylabel('Latitude')
clb.set_label('pH')
plt.title('pH rcp8.5 2100')
plt.show()d) Discuss the amplitude of current spatial variations versus expected temporal changes in

the context of the expected robustness of ocean biology to acidification. Solution: There are
significant spatial gradients of pCO2 in both pre-industrial and the RCP8.5 scenario, suggesting it would
be interesting to examine the robustness of the biology to acidification. Yet, the increase in acidification in
RCP8.5 seems very dramatic.

e) Calculate and contour the percentage change in [H+] concentration due to pH changes from
year 1850 to 2000 and to 2100.

[5]: H_1850 = 10**(-pH_obs_1850_map) # pH is -Log10[H+]
H_2000 = 10**(-pH_obs_2000_map) # pH is -Log10[H+]
percentage_change=100*(H_2000-H_1850)/H_1850;

# Contour the percentage change
plt.figure(dpi=200)
c=plt.contourf(pH_map_longitude, pH_map_latitude, percentage_change)
# draw the colorbar
clb=plt.colorbar(c, shrink=0.85, pad=0.02)
# add title/ labels:
plt.xlabel('Longitude')
plt.ylabel('Latitude')
clb.set_label('% change in [H+]')
plt.title('Percentage change in [H+] between 1850 and 2000')
plt.show();
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Figure SPM.8 | Maps of CMIP5 multi-model mean results for the scenarios RCP2.6 and RCP8.5 in 2081–2100 of (a) annual mean surface temperature 
change, (b) average percent change in annual mean precipitation, (c) Northern Hemisphere September sea ice extent, and (d) change in ocean surface pH. 
Changes in panels (a), (b) and (d) are shown relative to 1986–2005. The number of CMIP5 models used to calculate the multi-model mean is indicated in 
the upper right corner of each panel. For panels (a) and (b), hatching indicates regions where the multi-model mean is small compared to natural internal 
variability (i.e., less than one standard deviation of natural internal variability in 20-year means). Stippling indicates regions where the multi-model mean is 
large compared to natural internal variability (i.e., greater than two standard deviations of natural internal variability in 20-year means) and where at least 
90% of models agree on the sign of change (see Box 12.1). In panel (c), the lines are the modelled means for 1986−2005; the filled areas are for the end 
of the century. The CMIP5 multi-model mean is given in white colour, the projected mean sea ice extent of a subset of models (number of models given in 
brackets) that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea ice extent is given in light blue colour. For 
further technical details see the Technical Summary Supplementary Material. {Figures 6.28, 12.11, 12.22, and 12.29; Figures TS.15, TS.16, TS.17, and TS.20}
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Projections: ocean will become much more acidic

IPCC AR5, 2013
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4.5.3 Modes of Variability

4.5.3.1 Northern and Southern Annular Modes

4.5.3.1.1 The Northern Annular Mode

The AR5 assessed from CMIP5 simulations that the future boreal 
wintertime NAM is very likely to exhibit natural variability and 
forced trends of similar magnitude to that observed in the historical 
period and is likely to become slightly more positive in the future. 
Considerable uncertainty is related to physical mechanisms to explain 
the observed and projected changes in the NAM, but NAM trends are 
clearly closely connected to projected shifts in the mid-latitude jets 
and storm tracks.

NAM projections from climate models analysed since AR5 reveal 
broadly similar results to the late 21st century. CMIP6 models show 
a  positive ensemble-mean trend in most seasons and the higher 
emissions scenarios that is comparable to between-model or between-
realization variability (Figure  4.30a). The NAM generally becomes 

more positive by the end of the century except in boreal summer (JJA) 
when there is no change in the NAM in these simulations. In boreal 
winter (DJF) under SSP5-8.5, the central estimate is an increase in 
the NAM by almost 3 hPa in the long-term compared to 1995–2014. 
This can be compared to a multi-model mean interannual standard 
deviation in the winter NAM index of 3.4 hPa during the period 
1850–1900. We conclude with high confidence that in the mid- to 
long-term, the boreal wintertime surface NAM is more positive under 
SSP3-7.0 and SSP5-8.5, while under SSP1-1.9 and SSP1-2.6, the NAM 
does not show any robust change.

4.5.3.1.2 The Southern Annular Mode

The AR5 assessed it is likely that the evolution of the SAM over the 
21st century will be primarily determined by the interplay between 
the effects of ozone recovery and changing GHG concentrations and 
influence the SAM in opposing ways. Owing to the relative effects 
of these two drivers, CMIP5 model SAM and Southern Hemisphere 
circulation projections differed markedly across forcing scenarios 
and across seasons (Barnes and Polvani, 2013; Barnes et al., 2014). 
CMIP5 models simulated a  weak negative SAM trend in austral 
summer for RCP4.5 by the end of the century (F. Zheng et al., 2013), 
while for RCP8.5 they simulated a weak positive SAM trend in austral 
summer (F. Zheng et al., 2013). A substantial fraction of the spread in 
CMIP5 projections of the end of century SH summer jet shift under 
RCP8.5 may be attributable to differences in the simulated change in 
break-up of the stratospheric polar vortex, with models that produce 
a later break-up date showing a larger summertime poleward jet shift 
(Ceppi and Shepherd, 2019). For RCP2.6, the effect of ozone recovery 
on the SAM has been found to dominate over that of GHGs in austral 
summer (Eyring et al., 2013). In austral winter, the poleward shift 
of the SH circulation in CMIP5 models, and the associated increase 
in the SAM index, tends to be larger, on average, in higher forcing 
scenarios though with substantial inter-model spread (Barnes et al., 
2014). New research since the AR5 shows that the previous theory 
for the apparent relationship across models between the annual 
mean climatological SH jet position and the amplitude of forced SH 
jet shift (Kidston and Gerber, 2010) does not hold at seasonal time 
scales (Simpson and Polvani, 2016).

In most seasons, the SAM becomes more positive by the end of 
the century relative to 1995–2014 under SSP2-4.5, SSP3-7.0, and 
SSP5-8.5 (Figure 4.30b). Conversely, under SSP1-1.9 and SSP1-2.6, 
in most seasons the SAM index does not show a  robust change 
compared to 1995–2014 except in austral summer when it becomes 
significantly more negative. The greatest change in the SAM occurs 
in austral winter, where CMIP6 models show an ensemble-mean 
increase in the SAM index of almost 5 hPa in SSP5-8.5. This can be 
compared to a multi-model mean interannual standard deviation 
in the austral winter SAM index of 4.0 hPa during 1850–1900. In 
conclusion, there is high confidence that in high emissions scenarios 
(SSP3-7.0 and SSP5-8.5) the SAM becomes more positive in all 
seasons, while in the lowest scenario (SSP1-1.9) there is a  robust 
decrease in austral summer.

Color High model agreement
Low model agreement

Figure 4.29 | Long-term change of annual and zonal ocean pH. Displayed 
are multi-model mean change in annual and zonal ocean pH in 2081–2100 relative 
to the mean of 1995–2014 for SSP1-2.6 and SSP3-7.0, respectively. Eleven CMIP6 
model results are used. Diagonal lines indicate regions where fewer than 80% of 
the models agree on the sign of the change and no overlay where at least 80% of the 
models agree on the sign of change. Further details on data sources and processing 
are available in the chapter data table (Table 4.SM.1).

IPCC AR6, 2022

Figure 4.29 | Long-term change of annual and 
zonal mean ocean pH. Multi-model mean change 
in annual and zonal pH in 2081–2100 relative to 
1995–2014 for SSP1-2.6 and SSP3-7.0, respectively. 
Eleven CMIP6 models are used. 
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æóâ CALCIUM CARBONATE (CACO3) DISSOLUTION
Many marine organisms produce calcium carbonate shells or skeletons in the
form of calcite or aragonite and may be affected by a lower ocean pH. The equi-
librium reaction between solid calcium carbonate and the ions it is composed of
is written as

*�*Pj ⌦*�kC C *Pk�
j ;

and the equilibrium concentrations of the ions are related via the solubility
product,

,TQ D
⇥
*�kC⇤ ⇥

*Pk�
j

⇤
; (5.1)

where the brackets denote themolar concentration of a given ion.The solubility
product constant itself is the equilibrium constant for a solid substance dissolv-
ing in an aqueous solution and represents the concentration levels at which a
solute dissolves.Themore soluble a substance is, the higher the,TQ value is.This
constant for calcium carbonate depends fairly strongly on temperature and pres-
sure (depth in the ocean), as shown in Figure 5.2. Given the solubility product,
the potential for dissolving CaCO3 is measured by the TBUVSBUJPO TUBUF omega

80 j CHAPTER 5
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(˝) defined as

˝ D
⇥
*�kC⇤ ⇥

*Pk�
j

⇤
,TQ

: (5.2)

When ˝ < 1, CaCO3 tends to dissolve. As ocean pH decreases due to
the increase in atmospheric CO2, the carbonate ion concentration,

⇥
CO2�

3
⇤
,

decreases as well, making ˝ smaller and leading towardmore dissolution of cal-
cium carbonate. In the following, we attempt to understand the link between
atmospheric CO2, pH, and CO2�

3 by formulating and solving the equations for
the ocean carbonate system.


���k»� �kw��²¥¾ { �¥Í æóâ
The carbon cycle

Carbon is exchanged between different reservoirs in the climate sys-
tem, including in the deep ocean (which contains about 38,000 gigatons
carbon, GtC), surface ocean (1000 GtC), atmosphere (750 GtC), bio-
sphere (600 GtC), and soils (1600 GtC). The fluxes between these
components involve a fast exchange of large fluxes between the landbio-
sphere/soils and the atmosphere, due tophotosynthesis and respiration,
of about 120 GtC/yr (2 in the accompanying figure) and between the
ocean biology and the atmosphere (90 GtC/yr (3)). In addition, the
source of carbon in the climate system, and of atmospheric CO2 in par-
ticular, is a slow release by volcanic activity, at a rate of ⇠0.07 GtC/yr
(1). There is also a slow sink due to the dissolution of CO2 in rain (4),
an interaction of the resulting solution with rocks and the formation of
calcium carbonate that is dissolved in rivers (5), flows to the ocean, and
is deposited in sediments there (6). On geological timescales, the ocean
floor with the calcium carbonate sediments subducts under continen-
tal margins due to plate tectonics, and the carbon is recycled into the
CO2 emitted by volcanoes (7). Human emissions are currently about
10 GtC/yr, far outweighing the natural source due to volcanoes. With

OCEAN ACIDIFICATION j 81
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sure (depth in the ocean), as shown in Figure 5.2. Given the solubility product,
the potential for dissolving CaCO3 is measured by the TBUVSBUJPO TUBUF omega
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˝ D
⇥
*�kC⇤ ⇥

*Pk�
j

⇤
,TQ

: (5.2)

When ˝ < 1, CaCO3 tends to dissolve. As ocean pH decreases due to
the increase in atmospheric CO2, the carbonate ion concentration,

⇥
CO2�

3
⇤
,

decreases as well, making ˝ smaller and leading towardmore dissolution of cal-
cium carbonate. In the following, we attempt to understand the link between
atmospheric CO2, pH, and CO2�

3 by formulating and solving the equations for
the ocean carbonate system.
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The carbon cycle

Carbon is exchanged between different reservoirs in the climate sys-
tem, including in the deep ocean (which contains about 38,000 gigatons
carbon, GtC), surface ocean (1000 GtC), atmosphere (750 GtC), bio-
sphere (600 GtC), and soils (1600 GtC). The fluxes between these
components involve a fast exchange of large fluxes between the landbio-
sphere/soils and the atmosphere, due tophotosynthesis and respiration,
of about 120 GtC/yr (2 in the accompanying figure) and between the
ocean biology and the atmosphere (90 GtC/yr (3)). In addition, the
source of carbon in the climate system, and of atmospheric CO2 in par-
ticular, is a slow release by volcanic activity, at a rate of ⇠0.07 GtC/yr
(1). There is also a slow sink due to the dissolution of CO2 in rain (4),
an interaction of the resulting solution with rocks and the formation of
calcium carbonate that is dissolved in rivers (5), flows to the ocean, and
is deposited in sediments there (6). On geological timescales, the ocean
floor with the calcium carbonate sediments subducts under continen-
tal margins due to plate tectonics, and the carbon is recycled into the
CO2 emitted by volcanoes (7). Human emissions are currently about
10 GtC/yr, far outweighing the natural source due to volcanoes. With
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Figure 5.21 | Spread of ocean acidification from the surface into the interior since pre-
industrial times. (a) three transects used to create the cross sections shown in (b) and (c); vertical 
sections of the changes in (b) pH and (c) saturation state of aragonite (Ωarag) between 1800–2002 
due to anthropogenic CO2 invasion (color). Contour lines: contemporary values in 2002.

Spread of ocean acidification from the surface into the interior of 
ocean since pre-industrial times.

IPCC AR6, 2022
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Schmidtko  et al.,  2017; Bindoff et al., 2019). Regionally, the 
equatorial and North Pacific, the Southern Ocean and the South 
Atlantic have shown the greatest oxygen loss of up to 30 mol m–2 per 
decade (Schmidtko et al., 2017). Warming – via solubility reduction 
and circulation changes – mixing and respiration are considered the 
major drivers, with 50% of the oxygen loss for the upper 1000 m of 
the global oceans attributable to the solubility reduction (Schmidtko 
et al., 2017). Climate variability also modifies the oxygen loss on 
interannual and decadal time scales especially for the tropical 
ocean OMZs (Deutsch et al., 2011, 2014; Llanillo et al., 2013) and 
the North Pacific subarctic zone (Whitney et al., 2007; Sasano et al., 
2018; Cummins and Ross, 2020). However, quantifying the oxygen 
decline and variability and attributing them to processes in different 

regions remains challenging (Levin, 2018; Oschlies et al., 2018). 
Earth system models (ESMs) in CMIP5 and CMIP6 corroborate the 
decline in ocean oxygen, and project a continuing and accelerating 
decline with a  strong impact of natural climate variability under 
high-emissions scenarios (Bopp et al., 2013; Long et al., 2016; 
Kwiatkowski et al., 2020). However, CMIP5 models did not reproduce 
observed patterns for oxygen changes in the tropical thermocline, 
and generally simulated only about half the oxygen loss inferred 
from observations (Oschlies et al., 2018). CMIP6 models have 
a more realistic simulated mean state of ocean biogeochemistry 
than CMIP5 models due to improved ocean physical processes 
and better representation of biogeochemical processes (Séférian 
et al., 2020). They also exhibit enhanced ocean warming as a result 
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Figure 5.21 | Spread of ocean acidification from the surface into the interior of ocean since pre-industrial times. (a) Map showing the three transects used to 
create the cross sections shown in (b) and (c); vertical sections of the changes in (b) pH and (c) saturation state of aragonite (Ωarag) between 1800–2002 due to anthropogenic 
CO2 invasion (colour). Contour lines are their contemporary values in 2002. The red transect begins in the Nordic Seas and then follows the GO-SHIP lines A16 southward in 
the Atlantic Ocean, SR04 and S04P westward in the Southern Ocean, and P16 northward in the Pacific Ocean. The purple line follows the GO-SHIP line I09 southward in the 
Indian Ocean. The green line on the smaller inset crosses the Arctic Ocean from the Bering Strait to North Pole along 175°W and from the North Pole to the Fram Strait along 
5°E (Lauvset et al., 2020). Further details on data sources and processing are available in the chapter data table (Table 5.SM.6).
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æóã THE CARBONATE SYSTEM
Our objective is to find the relation between atmospheric CO2, dissolved CO2,
CO2�

3 , ocean pH, and other related variables. We start by introducing the rel-
evant chemical reactions that are part of the ocean carbonate system. Carbon
dioxide is soluble in water, and its dissolution occurs in two steps. First, Henry’s
law states that atmospheric CO2(g) concentration is in equilibrium with dis-
solved CO2(aq),

*Pk.;/⌦*Pk.�[/;

and then its reaction with water is given by

*Pk.�[/ C >kP⌦>k*Pj .+�`#QMB+ �+B//:

Because it is difficult to distinguish between CO2(aq) and H2CO3, they are
treated together as a single variable defined as

>k*P⇤
j .⌘ *P⇤

k / ⌘ *Pk.�[/ C >k*Pj: (5.3)

In terms of this variable, Henry’s law is

*Pk.;/⌦>k*P⇤
j : (5.4)
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Now, carbonic acid is a weak diprotic acid (diprotic acids are able to release two
protons),

>k*P⇤
j ⌦>C C >*Pj

� (5.5)

>*P�
j ⌦>C C *Pj

k�: (5.6)

Finally, water dissociation is given by

>kP⌦>C C P>�: (5.7)

In order to solve for the six unknown concentrations of CO2(g), H2CO⇤
3 ,

HCO�
3 , CO2�

3 , OH�, HC, we so far have only four reactions that will later be
written as explicit equations: (5.4), (5.5), (5.6), and (5.7). We therefore need
to specify two more constraints. One is mass conservation for the total num-
ber of carbon atoms, expressed via a quantity known as total dissolved inorganic
carbon (DIC), also referred to as total CO2 and denoted ˙CO2 or $5 , which
is conserved in the above reactions. The other constraint is the conservation
of electric charge, which again must be satisfied by the above reactions and is
expressed via a parameter calledBMLBMJOJUZ ("ML).$5 and"ML arebothmeasurable
quantities for which one can write conservation equations affected by various
sources and sinks, as well as by the movement and mixing of water masses.
Once DIC and alkalinity are specified at a given location in the ocean, the car-
bonate system is completely determined (that is, there are the same number of
unknowns and equations) and the concentrations of the different ions can be
calculated. Consider these two constraints in some detail now.

Total CO2

The number of moles carbon atoms per liter (.*=M) is given by the sum of the
different species of the carbonate system,

.A* ⌘ ˙*P2 ⌘$5 D
⇥
>2*P⇤

3
⇤

C
⇥
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dioxide is soluble in water, and its dissolution occurs in two steps. First, Henry’s
law states that atmospheric CO2(g) concentration is in equilibrium with dis-
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and then its reaction with water is given by

*Pk.�[/ C >kP⌦>k*Pj .+�`#QMB+ �+B//:

Because it is difficult to distinguish between CO2(aq) and H2CO3, they are
treated together as a single variable defined as
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Now, carbonic acid is a weak diprotic acid (diprotic acids are able to release two
protons),

>k*P⇤
j ⌦>C C >*Pj

� (5.5)
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k�: (5.6)

Finally, water dissociation is given by

>kP⌦>C C P>�: (5.7)

In order to solve for the six unknown concentrations of CO2(g), H2CO⇤
3 ,

HCO�
3 , CO2�

3 , OH�, HC, we so far have only four reactions that will later be
written as explicit equations: (5.4), (5.5), (5.6), and (5.7). We therefore need
to specify two more constraints. One is mass conservation for the total num-
ber of carbon atoms, expressed via a quantity known as total dissolved inorganic
carbon (DIC), also referred to as total CO2 and denoted ˙CO2 or $5 , which
is conserved in the above reactions. The other constraint is the conservation
of electric charge, which again must be satisfied by the above reactions and is
expressed via a parameter calledBMLBMJOJUZ ("ML).$5 and"ML arebothmeasurable
quantities for which one can write conservation equations affected by various
sources and sinks, as well as by the movement and mixing of water masses.
Once DIC and alkalinity are specified at a given location in the ocean, the car-
bonate system is completely determined (that is, there are the same number of
unknowns and equations) and the concentrations of the different ions can be
calculated. Consider these two constraints in some detail now.

Total CO2

The number of moles carbon atoms per liter (.*=M) is given by the sum of the
different species of the carbonate system,
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In order to solve for the six unknown concentrations of CO2(g), H2CO⇤
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HCO�
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3 , OH�, HC, we so far have only four reactions that will later be
written as explicit equations: (5.4), (5.5), (5.6), and (5.7). We therefore need
to specify two more constraints. One is mass conservation for the total num-
ber of carbon atoms, expressed via a quantity known as total dissolved inorganic
carbon (DIC), also referred to as total CO2 and denoted ˙CO2 or $5 , which
is conserved in the above reactions. The other constraint is the conservation
of electric charge, which again must be satisfied by the above reactions and is
expressed via a parameter calledBMLBMJOJUZ ("ML).$5 and"ML arebothmeasurable
quantities for which one can write conservation equations affected by various
sources and sinks, as well as by the movement and mixing of water masses.
Once DIC and alkalinity are specified at a given location in the ocean, the car-
bonate system is completely determined (that is, there are the same number of
unknowns and equations) and the concentrations of the different ions can be
calculated. Consider these two constraints in some detail now.

Total CO2

The number of moles carbon atoms per liter (.*=M) is given by the sum of the
different species of the carbonate system,
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Defining the alkalinity to be the negative of the first line, we have
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Alkalinity ismeasured in units of&RVJW=M, which is the sumof ion concentrations
(e.g., inmicromoles per liter), eachmultiplied by their charge.Wewill see below
that the concentrations of HC andOH� are very small, and we approximate the
alkalinity by what is known as the DBSCPOBUF BMLBMJOJUZ, as defined in the first line
below, and then further approximate it as shown in the second line,
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æóãóâ Carbonate system equations

To perform calculations, we write the above carbonate system reactions as the
following set of equations using the equilibrium constants. The six unknowns
are
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where we remember that
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and the first four equations are
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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available fossil fuel reservoirs estimated at 5000GtC, there is a potential
for a significantly larger future disruption of the carbon cycle.
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æóã THE CARBONATE SYSTEM
Our objective is to find the relation between atmospheric CO2, dissolved CO2,
CO2�

3 , ocean pH, and other related variables. We start by introducing the rel-
evant chemical reactions that are part of the ocean carbonate system. Carbon
dioxide is soluble in water, and its dissolution occurs in two steps. First, Henry’s
law states that atmospheric CO2(g) concentration is in equilibrium with dis-
solved CO2(aq),

*Pk.;/⌦*Pk.�[/;

and then its reaction with water is given by

*Pk.�[/ C >kP⌦>k*Pj .+�`#QMB+ �+B//:

Because it is difficult to distinguish between CO2(aq) and H2CO3, they are
treated together as a single variable defined as

>k*P⇤
j .⌘ *P⇤

k / ⌘ *Pk.�[/ C >k*Pj: (5.3)

In terms of this variable, Henry’s law is

*Pk.;/⌦>k*P⇤
j : (5.4)
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Now, carbonic acid is a weak diprotic acid (diprotic acids are able to release two
protons),

>k*P⇤
j ⌦>C C >*Pj

� (5.5)

>*P�
j ⌦>C C *Pj

k�: (5.6)

Finally, water dissociation is given by

>kP⌦>C C P>�: (5.7)

In order to solve for the six unknown concentrations of CO2(g), H2CO⇤
3 ,

HCO�
3 , CO2�

3 , OH�, HC, we so far have only four reactions that will later be
written as explicit equations: (5.4), (5.5), (5.6), and (5.7). We therefore need
to specify two more constraints. One is mass conservation for the total num-
ber of carbon atoms, expressed via a quantity known as total dissolved inorganic
carbon (DIC), also referred to as total CO2 and denoted ˙CO2 or $5 , which
is conserved in the above reactions. The other constraint is the conservation
of electric charge, which again must be satisfied by the above reactions and is
expressed via a parameter calledBMLBMJOJUZ ("ML).$5 and"ML arebothmeasurable
quantities for which one can write conservation equations affected by various
sources and sinks, as well as by the movement and mixing of water masses.
Once DIC and alkalinity are specified at a given location in the ocean, the car-
bonate system is completely determined (that is, there are the same number of
unknowns and equations) and the concentrations of the different ions can be
calculated. Consider these two constraints in some detail now.

Total CO2

The number of moles carbon atoms per liter (.*=M) is given by the sum of the
different species of the carbonate system,
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;
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Defining the alkalinity to be the negative of the first line, we have
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: (5.9)

Alkalinity ismeasured in units of&RVJW=M, which is the sumof ion concentrations
(e.g., inmicromoles per liter), eachmultiplied by their charge.Wewill see below
that the concentrations of HC andOH� are very small, and we approximate the
alkalinity by what is known as the DBSCPOBUF BMLBMJOJUZ, as defined in the first line
below, and then further approximate it as shown in the second line,
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æóãóâ Carbonate system equations

To perform calculations, we write the above carbonate system reactions as the
following set of equations using the equilibrium constants. The six unknowns
are
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where we remember that

>k*P⇤
j .⌘ *P⇤

k / ⌘ *Pk.�[/ C >k*Pj; (5.12)

and the first four equations are
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where we remember that
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Defining the alkalinity to be the negative of the first line, we have
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Alkalinity ismeasured in units of&RVJW=M, which is the sumof ion concentrations
(e.g., inmicromoles per liter), eachmultiplied by their charge.Wewill see below
that the concentrations of HC andOH� are very small, and we approximate the
alkalinity by what is known as the DBSCPOBUF BMLBMJOJUZ, as defined in the first line
below, and then further approximate it as shown in the second line,
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where we remember that
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The ocean carbonate system
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Charge conservation and carbon mass conservation
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where the partition in the ocean of the species appearing on the RHS of the first
line is 1%, 10%, 90%, correspondingly (this partition is a strong function of pH),
hence the approximation in the second line.

Alkalinity
The concept of alkalinity arises when one considers the charge balance of sea-
water. The net charge needs to be zero, which, when we take into account the
major ions in the ocean, means that the number of positive charges minus the
number of negative charges should vanish,

0 D
! "

HC
#

C
"

NaC
#

C
"

KC
#

C 2
"

Mg2C
#

C 2
"

Ca2C
# $

!
! "

HCO!
3

#

C 2
"

CO2!
3

#

C ŒOH!! C ŒCl!!

C 2
"

SO2!
4

#

C
"

NO!
3

#

C
"

HBO!
3

# $

: (5.8)

Now, we are interested in how some of these ion concentrations change with
pH,CO2, and other factors. For this purpose, it is useful to differentiate between
strong bases and acids whose concentration does not change with pH and
weaker ones that do change. For example, when NaCl dissolves in seawater, it
separates completely into NaC and Cl! regardless of the pH. However, in the
dissociationof theweak acidHCO!

3 ,HCO!
3 !HCCCO2!

3 , the concentrations
of the ions on the RHS and LHS of this equilibrium vary with pH. Alkalinity is a
measure of the charge balance due to these weak acids and bases. It is defined as
the sum of negative ions that belong to weak acids or bases that change their dis-
sociation with the ocean pH, minus the sum of positive ions that originate from
such weak acids/bases. Separating the charge balance (eqn 5.8) into the parts
due to the weak acids and bases (first line) and strong ones (second and third
lines), we have
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Defining the alkalinity to be the negative of the first line, we have
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Alkalinity ismeasured in units ofEquiv=l, which is the sumof ion concentrations
(e.g., inmicromoles per liter), eachmultiplied by their charge.Wewill see below
that the concentrations of HC andOH! are very small, and we approximate the
alkalinity by what is known as the carbonate alkalinity, as defined in the first line
below, and then further approximate it as shown in the second line,
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5.2.1 Carbonate system equations

To perform calculations, we write the above carbonate system reactions as the
following set of equations using the equilibrium constants. The six unknowns
are

ŒCO2.g/! ;
!

H2CO"

3

"

; ŒOH!! ;
!

HC
"

;
!

HCO!

3

"

;
!

CO2!

3

"

; (5.11)

where we remember that
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For typical values of these reaction coefÏcients on the LHS, which depend on
temperature T, salinity S, and pressure p, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of AlkC, CT , KH , K1, K2, and Kw, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifyingAlkC andCT , we could have specified any twoof the carbonate system
variables, such as CO2(g) and AlkC or CT and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC (CT),
specifying a fixed alkalinity, and solving for all variables for each value of CT .
The calculated pH is then used as the x-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Use that to define Alkalinity:

And carbonate Alkalinity, good enough approximation for our purposes:

Weak acids/bases: concentration 
changes as we change the pH

Strong, don’t change

Two more equations!

And total carbon mass: also does not change in carbonate system reactions:
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Mass conservation (total CO2)
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Defining the alkalinity to be the negative of the first line, we have
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Alkalinity ismeasured in units of&RVJW=M, which is the sumof ion concentrations
(e.g., inmicromoles per liter), eachmultiplied by their charge.Wewill see below
that the concentrations of HC andOH� are very small, and we approximate the
alkalinity by what is known as the DBSCPOBUF BMLBMJOJUZ, as defined in the first line
below, and then further approximate it as shown in the second line,
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æóãóâ Carbonate system equations

To perform calculations, we write the above carbonate system reactions as the
following set of equations using the equilibrium constants. The six unknowns
are
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Alkalinity ismeasured in units of&RVJW=M, which is the sumof ion concentrations
(e.g., inmicromoles per liter), eachmultiplied by their charge.Wewill see below
that the concentrations of HC andOH� are very small, and we approximate the
alkalinity by what is known as the DBSCPOBUF BMLBMJOJUZ, as defined in the first line
below, and then further approximate it as shown in the second line,
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Alkalinity ismeasured in units of&RVJW=M, which is the sumof ion concentrations
(e.g., inmicromoles per liter), eachmultiplied by their charge.Wewill see below
that the concentrations of HC andOH� are very small, and we approximate the
alkalinity by what is known as the DBSCPOBUF BMLBMJOJUZ, as defined in the first line
below, and then further approximate it as shown in the second line,
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To perform calculations, we write the above carbonate system reactions as the
following set of equations using the equilibrium constants. The six unknowns
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Carbonate system solution

Figure 5.4: The response of pH and carbonate 
ion to CO2 increase. 

The solution of the carbonate system for a fixed 
alkalinity as in Figure 5.3, showing the ocean pH 
(blue) and the carbonate ion CO3

2− concentration 
(red) as a function of atmospheric CO2.

Figure 5.3: The solution of the 
carbonate system, 
showing the concentration of carbonate 
species as a function of pH for a fixed 
alkalinity. 
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tracks changes in the atmosphere (Figure 3.17). The North Atlantic, in 
particular, is an area with high variability in circulation and deep water 
formation, influencing the Cant inventory. As a result of the decline in 
Labrador Sea Water (LSW) formation since 1997 (Rhein et al., 2011), 
the Cant increase between 1997 and 2003 was smaller in the subpolar 
North Atlantic than expected from the atmospheric increase, in con-
trast to the subtropical and equatorial Atlantic (Steinfeldt et al., 2009). 
Perez et al. (2010) also noted the dependence of the Cant storage rate 
in the North Atlantic on the NAO, with high Cant storage rate during 
phases of high NAO (i.e., high LSW formation rates) and low storage 
during phases of low NAO (low formation). Wanninkhof et al. (2010) 
found a smaller inventory increase in the North Atlantic compared to 
the South Atlantic between 1989 and 2005.

Ocean observations are insufficient to assess whether there has been 
a change in the rate of total (anthropogenic plus natural) carbon 
uptake by the global ocean. Evidence from regional ocean studies 
(often covering relatively short time periods), atmospheric observa-
tions and models is equivocal, with some studies suggesting the ocean 
uptake rate of total CO2 may have declined (Le Quéré et al., 2007; 
Schuster and Watson, 2007; McKinley et al., 2011) while others con-
clude that there is little evidence for a decline (Knorr, 2009; Gloor et 
al., 2010; Sarmiento et al., 2010). A study based on atmospheric CO2 
 observations and emission inventories concluded that global carbon 
uptake by land and oceans doubled from 1960 to 2010, implying 

that it is unlikely that on a global scale both land and ocean sinks 
decreased (Ballantyne et al., 2012).

In summary, the high agreement between multiple lines of independ-
ent evidence for increases in the ocean inventory of Cant underpins the 
conclusion that it is virtually certain that the ocean is sequestering 
anthropogenic carbon dioxide and very likely that the oceanic Cant 
inventory increased from 1994 to 2010. Oceanic carbon uptake rates 
calculated using different data sets and methods agree within their 
uncertainties and very likely range between 1.0 and 3.2 PgC yr–1.

3.8.2 Anthropogenic Ocean Acidification

The uptake of CO2 by the ocean changes the chemical balance of 
seawater through the thermodynamic equilibrium of CO2 with sea-
water. Dissolved CO2 forms a weak acid (H2CO3) and, as CO2 in sea-
water increases, the pH, carbonate ion (CO3

2–), and calcium carbonate 
(CaCO3) saturation state of seawater decrease while bicarbonate ion 
(HCO3

–) increases (FAQ 3.3). Variations in oceanic total dissolved inor-
ganic carbon (CT = CO2 + CO3

2– + HCO3
–) and pCO2 reflect changes in 

both the natural carbon cycle and the uptake of anthropogenic CO2 
from the atmosphere. The mean pH (total scale) of surface waters 
ranges between 7.8 and 8.4 in the open ocean, so the ocean remains 
mildly basic (pH > 7) at present (Orr et al., 2005a; Feely et al., 2009). 
Ocean uptake of CO2 results in gradual acidification of seawater; this 
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as the atmospheric CO2(g) increases. An even better understanding of the sys-
tem can be developed by considering an approximate set of carbonate system
equations that can be solved directly, as we do in the next section.

æóãóã Approximate solution of the carbonate system

Consider an approximate solution to the carbonate system that allows us to bet-
ter understand the response of the system to increased atmospheric CO2 in a
future global warming scenario.The approximation used here is valid only at pH
values around 8, and for small perturbations to the observed level of oceanDIC,
and is consistentwith theoceanpHvalues at present or those that are anticipated
in the coming decades. For this pH range we may assume
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For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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Next, using the ,1 equation,
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which, using Henry’s law, gives
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We have now solved for all unknowns in terms of the equilibrium constants and
the specified total CO2 (DIC) and alkalinity. Given their definitions, total CO2

(DIC) is necessarily smaller than alkalinity in this approximation (see last two
lines in eqn 5.19), "ML$ >$5 . At the same time, the typical values given below
indicate that "ML$ < 2$5 . The last equation (5.24) therefore makes it clear, for
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'JHVSF ����The response of pH and carbonate ion to CO2 increase.
The solution of the carbonate system for a fixed alkalinity as in Figure 5.3, showing the ocean
pH (blue) and the carbonate ion CO2�

3 concentration (red) as a function of atmospheric CO2.

from the water dissociation equation (5.16) and the fact that ,X ⇠ 2 ⇥ 10�14

(mol/l)2.
With this approximation, let the carbonate system unknowns be the values

of the five concentrations Œ*Pk.;/ç,
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.
With a total of five unknowns (ŒP>�ç is not calculated, nor needed now), we
need five equations (the one for water dissociation is not needed),
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'JHVSF ����The solution of the carbonate system,
showing the concentration of carbonate species as a function of pH for a fixed alkalinity.

as the atmospheric CO2(g) increases. An even better understanding of the sys-
tem can be developed by considering an approximate set of carbonate system
equations that can be solved directly, as we do in the next section.

æóãóã Approximate solution of the carbonate system

Consider an approximate solution to the carbonate system that allows us to bet-
ter understand the response of the system to increased atmospheric CO2 in a
future global warming scenario.The approximation used here is valid only at pH
values around 8, and for small perturbations to the observed level of oceanDIC,
and is consistentwith theoceanpHvalues at present or those that are anticipated
in the coming decades. For this pH range we may assume

⇥
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j
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;
⇥
*Pk�

j
⇤

�
⇥
>C⇤

; ŒP>�ç ;
⇥
>k*P⇤

j
⇤

:

The ions on the left are measured in hundreds to thousands of micromoles per
liter (Figure 5.3). The smallness of

⇥
>k*P⇤

j
⇤
may be deduced from Figure 5.3

(see green linenearpH D 8).That
⇥
>C⇤

is small is clear fromthepH level,which
implies that

⇥
>C⇤

⇠ Ry�3 mole/l. That ŒP>�ç is small is similarly deduced
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ŒP>�ç : (5.16)

For typical values of these reaction coefficients on the LHS, which depend on
temperature 5, salinity 4, and pressure Q, see section 5.2.2. To close the system,
we need two more equations, the definitions of carbonate alkalinity and total
CO2,
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j
⇤
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Given the values of "ML$, $5 , ,) , ,1, ,2, and ,X, we can use the four car-
bonate system equations (5.13, 5.14, 5.15, 5.16) and the definitions of alkalinity
and total CO2 (5.17, 5.18) to solve for the six unknowns (5.11).This is a nonlin-
ear system of equations, and it may be solved numerically. Note that instead of
specifying"ML$ and$5 , we could have specified any twoof the carbonate system
variables, such as CO2(g) and "ML$ or $5 and pH. Once two are specified, the
rest are calculated using the above equations.

The solution of the carbonate system as a function of pH for a constant alka-
linity is shown in Figure 5.3. This figure was obtained by varying the DIC ($5),
specifying a fixed alkalinity, and solving for all variables for each value of $5 .
The calculated pH is then used as the Y-axis coordinate, as is customary for such
plots. As a reminder, the current average surface oceanpH is about 8.1.Note that
the carbonate ion (orange line), whose concentration controls the dissolution of
calcium carbonate via the saturation state (eqn 5.2), decreases significantly for
lowerpHvalues,while the concentrationof thebicarbonate ion (blue) increases.
This solution provides the information regarding the response of the carbon-
ate system as a function of pH required for us to calculate the ocean response
to increased CO2. The solution used to plot Figure 5.3 also includes the value
of the atmospheric CO2(g) concentration that would have been in equilibrium
with a volume of water with each particular value of the prescribedDIC.We use
this to plot pH and the carbonate ion concentration as a function of CO2(g) in
Figure 5.4, showing a significant reduction of the carbonate ion concentration
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which, using Henry’s law, gives
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We have now solved for all unknowns in terms of the equilibrium constants and
the specified total CO2 (DIC) and alkalinity. Given their definitions, total CO2

(DIC) is necessarily smaller than alkalinity in this approximation (see last two
lines in eqn 5.19), "ML$ >$5 . At the same time, the typical values given below
indicate that "ML$ < 2$5 . The last equation (5.24) therefore makes it clear, for
example, that if the DIC increases, the atmospheric CO2 increases as well; we
explore more such responses of the carbonate system to various perturbations
in the next section.

To calculate the numerical values of the above solution, onemayuse the typ-
ical values "MLD 2350 �mol/l, $5 D 2075 �mol/l, and the constants that are
derived for a temperature and salinity of5 D 15 °C and 4D 35 ppt, at a depth of
0m:,) D 0:0375mol/l/ppt,,1 D 1:15 � 10�6 mol/l,,2 D 7:43 � 10�10 mol/l,
,X D 2:37 � 10�14 (mol/l)2; the calcite and aragonite solubility constants are
,TQ;D D 4:31 � 10�7 (mol/l)2 and ,TQ;B D 6:72 � 10�7 (mol/l)2, correspondingly.
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Understanding the decrease of CO32− in response to CO2 increase
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Atmospheric CO2 increase implies that 
Henry’s law reaction goes to the right: 

(This approach is heuristic, for building intuition only, one needs to consider all reactions simultaneously, not one by one.)
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Both increased by same 
number of ions, but because 

the fractional growth of the 
bicarbonate ion [HCO3−] is 
smaller than that of [H+]

[H+] ≪ [HCO−
3 ]
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Both increased by same 
number of ions, but because 

the fractional growth of the 
bicarbonate ion [HCO3−] is 
smaller than that of [H+]

[H+] ≪ [HCO−
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therefore  
increases. 
➨ to keep the ratio 
constant

[H+]/[HCO−
3 ]

the carbonate ion  

must decrease
[CO2−

3 ]

Atmospheric CO2 increase implies that 
Henry’s law reaction goes to the right: 
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(This approach is heuristic, for building intuition only, one needs to consider all reactions simultaneously, not one by one.)
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Both increased by same 
number of ions, but because 

the fractional growth of the 
bicarbonate ion [HCO3−] is 
smaller than that of [H+]

[H+] ≪ [HCO−
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andtherefore:

(This approach is heuristic, for building intuition only, one needs to consider all reactions simultaneously, not one by one.)
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The carbonate system buffer effect

Discussion:
Without the carbonate system buffer capacity, dissolved CO2 does not react to contribute to bicarbonte and
carbonate ions, and all if it remains as H2CO∗3. In the actual ocean carbonate system, much of it does turn
into these ions. In both cases the concentration of dissolved CO2 (that is, H2CO∗3) is controlled via Henri’s
law and the atmospheric pCO2. As a result, with the buffer capacity, more CO2 finds itself in the ocean as
atmospheric CO2 increases.

4) Understanding the response
(a) Explain what are the conditions for the approximate solution discussed in section 5.2.2 to be valid, and

identify the range of atmospheric CO2 concentrations for which you expect these conditions to hold.
Solution: Based on the above plot and printout, the condition that concentration of H2CO∗3 is smaller than
other carbonate species is valid for pH values of say 7.5 to 8.7, around the pre-industrial value of 8.2. The𝐷𝐼𝐶 ≡ 𝐶𝑇 ≡ ΣCO2 range that corresponds to this is about 1.6 to 2.3 millimole/liter.

(b) Use the approximate solution of the carbonate system to calculate the concentration of the carbonate
species as a function of pH for Alk=2.2 mM/l, in the range of atmospheric CO2(g) in which you expect
the approximate solution to be valid. To do so, vary the 𝐶𝑇 over an appropriate range of values, and
calculate both the carbonate species and pH. Superimpose dashed lines representing the provided exact
solution.

(c) Plot the approximate solution for the pH as function of atmospheric CO2(g). In both cases, superimpose
a plot of the exact solution.

[29]: def solve_approximate_carbonate_system(C_T,alk):
"""Calculate the approximate solution of carbonate system, solving
for pH,pco2(=CO2(g)), co2 (=disolved CO2=H2CO3*), hco3 and co3 as
a function of total CO2 and alkalinity.

Inputs are in milimole per liter,
outputs same, output pco2 is in ppt, needs to be multiplied
by 10^3 to get it in ppm.

The carbonate system reaction constants K1,K2,Kh are loaded with the
data at the beginning of the workshop and are therefore known to
this function.
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Ma: millions of years

a

b

2 mm

2 mm

Figure 3
Photos of scleractinian coral Oculina patagonica after being maintained for 12 months in (a) normal seawater
(pH = 8.2) and (b) acidified seawater (pH = 7.4). From Fine & Tchernov (2007). Reprinted with
permission from AAAS.

sudden appearance of scleractinian corals some 14 million years (Ma) after the Permian extinction
event; that is, corals may have continued to exist as “naked corals” until ocean chemistry became
favorable for skeletal formation (Stanley & Fautin 2001).

Many laboratory studies on a variety of coral species, indeed almost every study published to
date (Figure 4), confirm that coral calcification rates decrease in response to decreasing aragonite
saturation state. Analyses of cores from massive coral colonies of the Great Barrier Reef show
that calcification rates declined 21% between 1988 and 2003, although this decrease exceeds that
expected from lowered saturation state alone and probably reflects the composite effects of a suite
of changing environmental conditions (e.g., saturation state, temperature, nutrients) (Cooper et al.
2008).
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Scleractinian (“stony corals”) 
coral Oculina patagonica after 
being maintained for 12 
months in (a) normal 
seawater (pH = 8.2) and (b) 
acidified seawater (pH = 7.4). 

Possible consequences for coral reefs

From Fine & Tchernov (2007)/ Doney et al 
2009.
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temperature; 3) Under nutrient replete conditions.
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Figure 4
Representative examples of impacts of ocean acidification on major groups of marine biota derived from
experimental manipulation studies. The response curves on the right indicate four cases: (a) linear negative,
(b) linear positive, (c) level, and (d) nonlinear parabolic responses to increasing levels of seawater pCO2 for
each of the groups. Note that in some cases strains of the same species exhibited different behavior in
different experiments (cf. Fabry et al. 2008; Guinotte & Fabry 2008).

Many other benthic calcifying taxa are also both biogeochemically and ecologically important,
including calcifying green algae and coralline red algae in particular. The contribution of calcifying
green algae in the genus Halimeda to the global net CaCO3 production may rival that of coral
reefs (Milliman & Droxler 1996, Rees et al. 2007). Coralline red algae are widespread, globally
significant, but often overlooked benthic marine calcifiers (Foster 2001). A recent study on a
common crustose coralline alga in Hawaii showed that both calcification rates and recruitment
rates decline at lower carbonate saturation state (Kuffner et al. 2008), but relatively few studies
have been conducted on either green or red algae.

Field measurements of reef calcification at the community scale (Bates 2002, Broecker &
Takahashi 1966, Gattuso et al. 1995, Kawahata et al. 1999, Kayanne et al. 2005) consistently show
that calcification rates are correlated with changes in a variety of components of the carbonate
system in seawater (alkalinity, pCO2, saturation state). A recent study suggests that inorganic
precipitation of calcium carbonate cements, an important binding component in coral reefs, is

176 Doney et al.
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Representative examples of impacts of ocean acidification on major groups of marine biota derived 
from experimental manipulation studies. The response curves on the right indicate four cases: (a) 
linear negative, (b) linear positive, (c) level, and (d) nonlinear parabolic responses to increasing 
levels of seawater pCO2 for each of the groups. In some cases strains of the same species exhibited 
different behavior in different experiments. 

1) Increased calcification 
had substantial 
physiological cost; 2) strong 
interactive effects with 
nutrient and trace metal 
availability, light and 
temperature; 3) under 
nutrient replete conditions

(Doney et al 2009)

Response of different marine organisms to acidification
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Many other benthic calcifying taxa are also both biogeochemically and ecologically important,
including calcifying green algae and coralline red algae in particular. The contribution of calcifying
green algae in the genus Halimeda to the global net CaCO3 production may rival that of coral
reefs (Milliman & Droxler 1996, Rees et al. 2007). Coralline red algae are widespread, globally
significant, but often overlooked benthic marine calcifiers (Foster 2001). A recent study on a
common crustose coralline alga in Hawaii showed that both calcification rates and recruitment
rates decline at lower carbonate saturation state (Kuffner et al. 2008), but relatively few studies
have been conducted on either green or red algae.

Field measurements of reef calcification at the community scale (Bates 2002, Broecker &
Takahashi 1966, Gattuso et al. 1995, Kawahata et al. 1999, Kayanne et al. 2005) consistently show
that calcification rates are correlated with changes in a variety of components of the carbonate
system in seawater (alkalinity, pCO2, saturation state). A recent study suggests that inorganic
precipitation of calcium carbonate cements, an important binding component in coral reefs, is
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Representative examples of impacts of ocean acidification on major groups of marine biota derived 
from experimental manipulation studies. The response curves on the right indicate four cases: (a) 
linear negative, (b) linear positive, (c) level, and (d) nonlinear parabolic responses to increasing 
levels of seawater pCO2 for each of the groups. In some cases strains of the same species exhibited 
different behavior in different experiments. 

1) Increased calcification 
had substantial 
physiological cost; 2) strong 
interactive effects with 
nutrient and trace metal 
availability, light and 
temperature; 3) under 
nutrient replete conditions

(Doney et al 2009)

Response of different marine organisms to acidification

bottom line: 
it’s complicated…
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# plot exact solution as dotted yellow line:
totCO2_exact=exact_hco3+exact_co3+exact_co2
plt.plot(exact_pH,exact_hco3,":y",label="exact")
plt.plot(exact_pH,exact_co3,":y")
plt.plot(exact_pH,exact_co2,":y") # this is H2CO3*
plt.plot(exact_pH,totCO2_exact,":y")
plt.plot(exact_pH,exact_alk,":y")
plt.xlim(6.5,9.5)
plt.ylim(-0.1,3.0)
plt.legend()
plt.tight_layout()

# plot pH vs co2(g):
plt.figure(2,figsize=(8,5),dpi=200)
plt.plot(approx_pco2*1.0e3,approx_pH,"-r",label='approximate')
plt.plot(exact_pco2,exact_pH,":y",label='exact')
plt.ylabel('pH')
plt.xlabel('CO$_2$(g)')
plt.title("approx and exact pH as function of atmospheric CO$_2$")
plt.xlim(100,1000)
# mark preindustrial CO2 with a vertical line:
plt.plot([280,280],[7.5,9.5],color="k",linewidth=0.5,linestyle="--" \

,label="pre-indust CO$_2$")
plt.legend()
plt.grid(lw=0.25)
plt.ylim(7.6,8.6)
plt.tight_layout()

considering C_T over the range of : 1850.4 2343.84 micro mole/liter

(d) A heuristic understanding of the carbonate ion decline for increased atmospheric CO2(g): First, use
the approximate solution of section 5.2.2 to calculate the concentration of all carbonate system ions
at a CO2(g) of 280 ppm and for a 10% increase (308 ppm). (Hint: assume 𝐴𝑙𝑘 = 2.2 mM/l, find the
C_T value that results in each of the two CO2(g) concentrations, and solve using this value). Next,
given an increase of 10% in atmopsheric CO2(g), use Henry’s law to show that carbonic acid, [H2CO∗3]
increases by 10% as well. Then use the equation for the first dissociation to calculate the response of the
bicarbonate and H+ ions. (Hint: the increased concentration of carbonic acid leads to 𝑋 more mM/l of
bicarbonate and 𝑋 of H+; use the equilibrium equation between 1.1 [H2CO∗

3] and its products to derive
a quadratic equation for 𝑋 and solve it.) Finally, taking the calculated values of H+ and HCO−3 , use
the equation for the second dissociation to calculate the response of the carbonate ion. Explain your
results for [H2CO∗3], [HCO−3 ], and [CO2−3 ], compare to the full solution of the approximate system for
CO2(g) of 308 ppm, and discuss the limitations of this heuristic discussion.

Solution: Henry’s law implies a 10% increase in carbonic acid. This leads to 𝑋 more mM/l of bicarbonate
and 𝑋 of H+, such that 𝐾1 = ([H+] + 𝑋)([HCO−3 ] + 𝑋)1.1[H2CO∗3] ,
where all concentrations are at equilibrium with 280 ppm. This leads to the following quadratic equation
for 𝑋, 𝑋2 + 𝑋([𝐻+] + [𝐻𝐶𝑂−3 ]) + ([𝐻+] ⋅ [𝐻𝐶𝑂−3 ] − 1.1[𝐻2𝐶𝑂∗3]𝐾1) = 0
Solving this equation below, we see that while H+ increases significantly, by some 10%, the changes to the
other ions are negligible. Next, using the pH and bicarbonate values from this first dissociation calculation,
the second dissociation leads to 𝑌 more mM/l of carbonate ion to adjust to the new values of H+ and HCO−3 ,
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5.3.2 response to warming,  
5.3.3 long-term decline of CO2  

(use next two slides)
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5.3.4 Response to warming

Figure 5.5: Response of the carbonate system to warming, showing quanti-
ties as function of the ocean temperature, when the DIC and alkalinity are
assumed fixed. (a) Reaction constants normalized by their values at 10C.
(b) pH. (c) Atmospheric pCO2.

So far the ocean has been absorbing a significant fraction of the anthro-
pogenic CO2 emission, leading to the observed acidification, yet also to a
reduction in the greenhouse effect and warming that would have been expe-
rienced otherwise. However, a warming of the ocean would lead changes
in the solubility of CO2 in sea water, such that as the warming intensifies,
some dissolved CO2 will be released to the atmosphere, further amplifying
the greenhouse warming. During the last glacial maximum 21,000 years
ago, for example, the ocean temperature was colder by a few degrees, and
the CO2 concentration was 180 ppm, about a hundred ppm less than its
preindustrial value of 280 ppm. About a third of this drop in CO2 can
be attributed to the cooler glacial ocean temperatures, an effect which is
referred to as the “solubility pump”.

This effect is demonstrated in Fig. 5.5, where the pH, atmospheric CO2
and reaction constants are shown as function of temperature, in a scenario
assuming constant total CO2 and alkalinity. The dependence of the reaction
constants on temperature leads to the seen changes to ocean pH and to the
atmospheric CO2 with temperature, showing increasing atmospheric CO2
with warming, as expected. The figure suggests that a few degrees warming
can lead to an atmospheric CO2 increase of a few tens of ppm.

The approximate solution to the carbonate system discussed in section
5.3.2 reproduces the magnitude of the changes to the pH and pCO2 (albeit
with a non-negligible constant bias, not shown), and can provide further
insight into this effect. Eqn (5.21) suggests that the pH changes as function
of temperature mostly due to the variation of K2 with temperature, while
eqn (5.22) indicates that K1, K2 and Kh all play a role, rather than, say,

Figure 5.5: Response of the carbonate system to warming, as a function of the ocean 
temperature. The DIC and alkalinity are assumed fixed. (a) Reaction constants normalized 
by their values at 10 °C. (b) pH. (c) Atmospheric pCO2. 
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The last two equations give,

[HCO�
3 ] = 2CT �AlkC, (20)

[CO2�
3 ] = AlkC �CT. (21)

Using the K2 equation,

[H+] = K2
2CT �AlkC

AlkC �CT
, (22)

next, using the K1 equation,

[H2CO⇤
3] =

K2

K1

(2CT �AlkC)2

AlkC �CT
,

which, using Henry’s law, gives

[CO2(g)] =
K2

K1KH

(2CT �AlkC)2

AlkC �CT
. (23)

We have now solved for all unknowns in terms of the reaction constants,
and the specified total CO2 and alkalinity. Given their definitions, total CO2
is smaller than alkalinity (see last two lines in eqn. 19), AlkC >CT . The last
equation therefore makes it clear that if the carbonate alkalinity increases,
the atmospheric CO2 decreases. To calculate numerical values of the
solution, use the following typical values Alk = 2350 µmol/l, CT = 2075
µmol/l, and the following constants that are derived for a temperature and
salinity of T = 15°C and S = 35 ppt, and at a depth of 0 m: KH = 0.0375
mol/atm, K1 = 1.15 ·10�6 mol/l, K2 = 7.43 ·10�10 mol/l, Kw = 2.37 ·10�14

(mol/l)2, and the calcite and aragonite solubility constants are Ksp,c =
4.31 ·10�7 (mol/l)2 and Ksp,a = 6.72 ·10�7 (mol/l)2, correspondingly.

0.3.3 Response to increased atmospheric CO2 concentration

If the atmospheric CO2 is increased, so would the ocean reservoir of total
CO2 due to Henry’s Law. Consider therefore that the DIC increases by
1 unit. Yet the alkalinity does not change in this case, as no ions related
to weak acids are added to the ocean. The approximate solution of the
previous subsection then allows us to calculate the pH response,

DCT = 1 ", DAlkC = 0

[H+] = K2
2CT �AlkC +2
AlkC �CT �1

" ) pH #

[CO2�
3 ] = AlkC �CT �1 #,
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CO2 due to Henry’s Law. Consider therefore that the DIC increases by
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K1, K2 and KH all play a role, not only Henry’s constant responsible for the dissolution of 
CO2. In solution for the atmospheric CO2 concentration, K2/(K1KH), Henry’s constant KH 
decreases with temperature, while the other two increase. The ratio overall increases, 
leading to the increase in atmospheric CO2 with warming. 
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only the Henry law constant responsible for the direct dissolution of CO2
in sea water. Note that in the fraction appearing in the solution for the
atmospheric CO2 concentration, K2/K1KH , Henry’s constant KH decreases
with temperature, while the other two are increasing. The ratio overall
increases, to lead to the increase in atmospheric CO2 with warming.

5.3.5 Long-term decline of anthropogenic CO2

Human release of carbon into the atmosphere so far amounts to an order
of 300 Gt carbon (there is one ton of carbon in 3.67 tons of CO2), at a
current rate of about 10 Gt/year, and with business-as-usual scenarios being
based on over 1000 Gt total emission by year 2100. These emissions far
exceed the emission of CO2 by the main natural source due to volcanoes,
that emit at only about 2% of the current anthropogenic rate. The life
time of emitted CO2 affects long-term warming projections and is clearly
of interest. The first stage in the adjustment to the added anthropogenic
carbon is a relatively fast (years) equilibration with the upper ocean, where
some of the CO2 dissolves, leading to the lowering of the ocean pH as we
have seen above. The deeper ocean responds slower (hundreds of years),
due to the slow mixing between the upper and deeper ocean (section 3.2.2),
until a final partition is of CO2 achieved between the atmosphere and ocean.
The lowering of the ocean pH leads to a dissolution of calcium carbonate
in ocean bottom sediments (or reduced burial of calcium carbonate), as
discuss in section 5.3.3. This dissolution restores the ocean pH, which
may be understood using our simplified carbonate system as follows. The
dissolution of one unit of CaCO3 into Ca2+ and CO2�

3 implies the addition
of one unit of total CO2 (DCT , in the form of the carbonate ion) and two
units of carbonate alkalinity (DAlkC, due to the double negative charge of
the carbonate ion). The resulting pH and atmospheric CO2 the based on
our simplified solution are then,

DCT = 1 ", DAlkC = 2 "

[H+] = K2
2CT �AlkC +0
AlkC �CT +1

# ) pH "

[CO2(g)] =
K2

K1KH

(2CT �AlkC +0)2

AlkC �CT +1
#

That is, pH increases (because [H+] decreases) in response to calcium
carbonate dissolution, and the atmospheric CO2 (eqn 5.22) decrease. The
time scale for this process, though, is thousands of years, and more detailed
calculations show that a significant fraction of emitted CO2 may therefore

The dissolution (by the acidic ocean due to CO2 increase) of one 
unit of CaCO3 (say from ocean sediments) into Ca2+ and CO3

2− 
implies the addition of one unit of total CO2 (∆CT, in the form of 
the carbonate ion) and two units of carbonate alkalinity (∆AlkC), 
due to the double negative charge of the carbonate ion. 

➨ Dissolution of ocean sediments will eventually lead to reduction of 
atmospheric CO2; time scale is thousands of years…
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Workshop #5 

Estimating observed and future pH from CO2

# calculate expected pH from observed and RCP8.5 pCO2:
# ----------------------------------------------------
pH_from_CO2_obs_global_decadal_mean=CO2_obs_global_decadal_mean*0.0
for i in range(0,len(pH_from_CO2_obs_global_decadal_mean)):

pH,co2,hco3,co3,C_T = solve_approximate_pH_from_Alk_and_CO2g \
(alk,CO2_obs_global_decadal_mean[i]/1.0e3)

pH_from_CO2_obs_global_decadal_mean[i]=pH

pH_from_CO2_rcp85_global_decadal_mean=CO2_rcp85_global_decadal_mean*0.0
for i in range(0,len(pH_from_CO2_rcp85_global_decadal_mean)):

pH,co2,hco3,co3,C_T = solve_approximate_pH_from_Alk_and_CO2g \
(alk,CO2_rcp85_global_decadal_mean[i]/1.0e3)

pH_from_CO2_rcp85_global_decadal_mean[i]=pH

# plot:
# -----
plt.figure(figsize=(12,5),dpi=200)
plt.plot(pH_obs_global_decadal_mean_years,pH_from_CO2_obs_global_decadal_mean

,"x",color="blue",label="pH from CO$_2$ obs")
plt.plot(pH_rcp85_global_decadal_mean_years,pH_from_CO2_rcp85_global_decadal_mean

,"+",color="red",label="pH from CO$_2$ RCP8.5")
plt.plot(pH_obs_global_decadal_mean_years,pH_obs_global_decadal_mean

,"o",color="blue",markerfacecolor='none',label="pH obs")
plt.plot(pH_rcp85_global_decadal_mean_years,pH_rcp85_global_decadal_mean

,"o",color="red",markerfacecolor='none',label="pH RCP8.5")
plt.xlabel("year")
plt.ylabel("pH")
plt.title("pH from obs/rcp8.5 compared to approximate solution from CO$_2$")
plt.legend();

solving from alk/C_T :
alk0=2.2,C_T=2,pH=8.17476,pco2=0.279849,co2=0.0104829,hco3=1.8,co3=0.2
solving from alk/pco2:
alk0=2.2,C_T=2,pH=8.17476,pcO2=0.279849,co2=0.0104829,hco3=1.8,co3=0.2
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Summary

Acidification: “the other CO2 problem” already robustly observed.

Significant potential effects on ocean life.

Unavoidable at high atmospheric CO2 concentrations.

Very little uncertainty in estimating pH given atmospheric CO2, 
but more uncertain when it comes to effects on ocean life.

Buffer effect: allows the ocean to store large amounts of carbon.

The ocean carbonate system provides a positive feedback due 
to the release of dissolved CO2 with warming.

CO2 concentration will eventually drop via the dissolution of 
ocean sediments, but the residence time of CO2 is very long…

Ocean Acidification 
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The End


