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Land-use change  
160 Pg C 

(31%) 

Fossil emission  
348 Pg C 

(69%) 

Atmospheric accumulation  
234 Pg C 

(46%) 

Terrestrial sink  
147 Pg C 
(29%) 

Ocean sink  
127 Pg C 
(25%) 

Sources Sinks 

What we know about ocean CO2 chemistry …from cumulative 
carbon sources and sinks over the last two centuries 

Global Carbon Project (2008) Carbon Budget and trends 2007, 
[www.globalcarbonproject.org, 26 September 2008] 



Since the beginning of the industrial age, the pH and CO2 chemistry of 
the oceans (ocean acidification) have been changing because of 
the uptake of anthropogenic CO2 by the oceans. 

•  Decrease in pH 0.1 over the last two centuries 

•  30% increase in acidity; decrease in carbonate ion of about 16% 

These changes in pH and carbonate chemistry may have serious 
impacts on open ocean and coastal marine ecosystems. 
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Ocean Acidification 



   

Saturation State 

Ω phase = Ca 2 + [ ] CO 3 2 - [ ] 
K sp , phase * 

Ω > 1 = precipitation 
Ω = 1 = equilibrium 
Ω < 1 = dissolution 

What we know about the ocean chemistry of …saturation state 



WOCE/JGOFS/OACES Global CO2 Survey 
~72,000 sample locations 
collected in the 1990s 

DIC ± 2 µmol kg-1 

TA ± 4 µmol kg-1 
Sabine et al (2004) 

What we know about ocean CO2 chemistry …from field observations 



 Because the ocean 
mixes slowly, half of the 
anthropogenic CO2 stored 
in the oceans is found in 
the upper 10% of the 
ocean.  

 From the WOCE/JGOFS 
global CO2 survey, the 
observed anthropogenic 
CO2 inventory through 
1994 is calculated to be 
118±19 Pg C. 

Sabine et al. Science (2004) 

What we know about ocean CO2 chemistry…about human impacts 
on ocean CO2 chemistry 

 What are the impacts of 
increased CO2 on marine 
ecosystems? 



Global Water-column 
Dissolution = 0.5 Pg C yr-1 

Feely et al. (2004) 

What we know about ocean CO2 chemistry…from observed 
shoaling saturation horizons 

The aragonite and calcite 
saturation horizons have 
shoaled towards the surface 
of the oceans due to the 
penetration of anthropogenic 
CO2 into the oceans. 



Feely et al. (2004) 

What we know about ocean CO2 chemistry…from observed 
aragonite and calcite saturation depths 



Low Saturation States in Baltic Sea 

(Tyrrell et al, 2008, Biogeosciences, 5: 485-494) 

Undersaturated in winter, but pH not especially low 
Largest body of water experiencing seasonal surface  
undersaturation 

DIC and alkalinity measured, by Bernd Schneider and group (IOW) 

Ω=1 

pH 

Freshwater Input 



Reason for Low Wintertime Saturation States 
in Baltic Sea 

(Tyrrell et al, 2008, Biogeosciences, 5: 485-494) 

•  ~5-fold lower [CO32-] 
•  ~4-fold lower [Ca2+]              at Sal = 7, T = 0°C 
•  ~7-fold lower K*sp 

(5 * 4 / 7) ≈ 3-fold lower Ω in Baltic proper 
than in North Atlantic at same latitude 

[CO3
2-][Ca2+] 

        K*sp 
Ω =  



NACP West Coast Survey Cruise : 11 May - 14 June 2007 
and mooring locations 

moorings 

MBARI UCLA 

Aberdeen Newport 



NACP Coastal Survey Cruise: 11 May - 14 June 2007 

Red dots represent sample locations. 

Vertical sections from Line 5 (Pt. St. George, California)  

The ‘ocean acidified’ 
corrosive water was 
upwelled from depths 
of 150-200 m onto 
the shelf and 
outcropped at the 
surface near the 
coast.  

Feely et al. (2008) 



surface 120m 

Aragonite Saturation State in west coast waters 



Conclusions 
  Since the beginning of the industrial age surface ocean 

pH, carbonate ion concentrations, and aragonite and 
calcite saturation states have been decreasing because 
of the uptake of anthropogenic CO2 by the oceans. 

  By the end of this century pH could have a further 
decrease by as much as 0.3-0.4 pH units.  

  Aragonite and calcite saturation horizons (Ω=1) are 
rising at about 1-2 m yr-1 and could reach the surface 
ocean as early as 2020 in the Arctic Ocean. 

  Natural processes of remineralization of organic 
matter, freshwater input and coastal upwelling can 
accelerate the shoaling of corrosive waters in shallow 
regions of the oceans. 


