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Forchhammer's Principle

Stanford university lecture notes
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Forchhammer's Principle

Carbonate chemistry

Stanford university lecture notes

HCO3
-

DIC covaries with SST and salinity
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Forchhammer's Principle

Stanford university lecture notes H3BO4
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Carbonate chemistry
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The ocean carbonate system

The oceanic carbonate system can be understood and probed through four key 

parameters: total alkalinity (AT), total dissolved inorganic carbon (DIC or CT), 

basity (pH), and fugacity or partial pressure of CO2 (fCO2 or pCO2).
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The ocean carbonate system

The oceanic carbonate system can be understood and probed through four key 

parameters: total alkalinity (AT), total dissolved inorganic carbon (DIC or CT), 

basity (pH), and fugacity or partial pressure of CO2 (fCO2 or pCO2).

Knowledge of any two of these parameters is sufficient to solve the 

carbonate system equations along with temperature and pressure (due to 

thermodynamics). 

Salinity effects carbonate system calculation coefficients. 

Some pairs are more optimal than others.

Relationship between different carbonate parameters is fundamentally driven 

by thermodynamics (salinity and temperature).
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Application to satellite Earth observation

Land et al., (2015) Land et al., (2019)
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Fundamental role of Earth observation data 

Shutler et al., (2020), FEC.

Satellite salinity, temperature, sea-sate, ocean colour and land area in synergy with machine learning and AI.
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Shutler et al., (2020), FEC.

Satellite salinity, temperature, sea-sate, ocean colour and land area in synergy with machine learning and AI.

Fundamental role of Earth observation data 

Example is pCO2 (or fCO2), same is possible for AT
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Per pixel uncertainties

Ford et al. 

(2024), GBC
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Constraining the whole system

1. Exploitation of as many Climate 

Data Records as possible:
 Ocean Colour CCI

 SST CCI

 Land cover CCI

 Salinity CCI

 Sea ice CCI (via OSI-SAF)

2. Exploit multiple constraints on the 

system e.g., Gregor and Gruber (2021), ESSD.

3.Propagation of uncertainties.
Ford et al. (2024), GBC.
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https://oceanacidificationstripes.info

Guiding regional management
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Planetary Health Check (Boundary) Assessment
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Planetary Health Check (Boundary) Assessment
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UNESCO Roadmap of Ocean Carbon Research 2026

Satellite Earth observation for ocean physics, 
biology and the carbonate system are included.

UNESCO (2026), IOC Technical Series 214, IOC/2026/TS/214 Rev

https://doi.org/10.71245/FULK2623

https://doi.org/10.71245/FULK2623
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Planetary Health Check 2026 (& IPCC AR7 draft)

Gradient in pH is near identical to the result from in situ estimates of long-term decline.
Consistency across all four datasets. 0.017 to 0.018 decade-1.
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Planetary Health Check 2026 (& IPCC AR7 draft)

Ensemble 
confirms the safe 
operating 
boundary has 
been breached
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Using the ocean constraint on GLOBAL carbon

Global carbon 
Budget (GCB) 
provided to 
guide policy 
decisions on 
reducing 
emissions.

Data provided for annual GCB assessments



25

Using the ocean constraint on GLOBAL carbon

GCB

land sink

Estimate 

increasing 

with time
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Using the ocean constraint on GLOBAL carbon

Stagnant

Land sink

GCB

land sink

Estimate 

increasing 

with time
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Can we have higher resolution analyses?

8 day, 0.25 

degree

Gregor, Shutler, 

Gruber (2025), GBC.
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Salinity is important

Salinity understanding, expertise, and advances in sensing (in situ and in space) 

are critical for supporting ocean carbon assessments. 

Advances Funded by: 

European Space Agency (ESA OceanFlux, Pathfinders-OA, 

OceanSODA, OceanHealth, SCOPE, OC4C) 

European Commission (OceanICU, UKRI)

Convex Seascape Survey
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Ford et al., (2025), ERC.

Shutler et al., (2024), ESR.
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Spare slides
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Sims et al., (2023), ESSD.
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Space observations for supporting 

conservation

36

https://www.esa.int/Applications/Observing_the_Earth/SMOS/Space_is_key_to_monitoring_ocean_acidification
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Linkages between carbonate species

37

At typical surface seawater 

pH of 8.2, the speciation 

among [CO2], [HCO3
-], and 

[CO3
2-] is 0.5%, 89%, and 

10.5%, respectively (but this 

is temperature, pressure and 

salinity dependent).

Therefore, most of the 

dissolved CO2 in the oceans 

is in the form of [HCO3
-] 

(bicarbonate) and not in the 

form of [CO2]. 
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Eunice 
Foote
1856

Discovered the properties 
of green house gases
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sources

sinks

Fossil fuel

Land use change

Uptake by vegetation

good estimates

observations

Good observations

poor estimates

modelled

Ocean data and observations are a key constraint on global carbon budgets

Global Carbon Budget – advising global policy

How uptake is partitioned between the atmosphere, land, and ocean
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