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«® Forchhammer's Principle
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The major ions (>1mg/kg seawater) at S = 35.000 (from Pilson)

Ion Formula g/Kg mmol/Kg
Sodium Na' 10.781 468.96
Magnesium Mg 1.284 52.83
Calcium Ca™' 0.4119 10.28
Potassium K" 0.399 10.21
Strontium St 0.00794 0.0906
Chloride Cl 19.353 545.88
Sulfate SO~ 2.712 28.23
Bicarbonate HCO;y 0.126 2.06
Bromide Br 0.067 0.844
Borate H;BO, 0.0257 0.416
Fluoride F 0.00130 0.068
Totals 11 35.169 1119.87

Stanford university lecture notes
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«® Forchhammer's Princi

The major ions (>1mg/kg seawater) at S = 35.000 (from Pilson)

Ion Formula g/Kg mmol/Kg
Sodium Na" 10.781 468.96
Magnesium Mg 1.284 52.83
Calcium Ca*' 0.4119 10.28
Potassium K" 0.399 10.21
Strontium Sr* 0.00794 0.0906
Chloride Cl 19.353 545.88
Sulfate SO~ 2.712 28.23

Bicarbonate 0.126 2.06

Bromide Br 0.067 0.844
Borate H;BO, 0.0257 0.416
Fluoride F 0.00130 0.068

Totals 11 35.169 1119.87

Stanford university lecture notes

DIC = Dissolved Inorganic Carbon (umol kg)

pCO, = partial pressure of CO, (natm)
pH = - log(H+)

Carbonate chemistry

DIC covaries with SST and salinity
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The major ions (>1mg/kg seawater) at S = 35.000 (from Pilson)

Ion Formula g/Kg mmol/Kg
Sodium Na® 10.781 468.96
Magnesium Mg 1.284 52.83
Calcium Ca™ 0.4119 10.28
Potassium K" 0.399 10.21
Strontium Sr** 0.00794 0.0906
Chloride CI 19.353 545.88
Sulfate SO,” 2.712 28.23 i
Bicarbonate HCO;y 0.126 2.06
Bromide Br 0.067 0.844 DIC = Dissolved Inorganic Carbon (umol kg)
Bora.te 0'0257 0’4 1 6 pCO, = partial pressure of CO, (natm)
Fluoride F 0.00130 0.068 PH = - log(H+)
Totals 11 35.169 1119.87 Carbonate chemistry
Stanford university lecture notes H 3 BO4'
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4 ) «) The ocean carbonates‘

The oceanic carbonate system can be understood and probed through four key
parameters: total alkalinity (A7), total dissolved inorganic carbon (DIC or Cy),
basity (pH), and fugacity or partial pressure of CO, (fCO, or pCO,).
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Knowledge of any two of these parameters is sufficient to solve the
carbonate system equations along with temperature and pressure (due to
thermodynamics).
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4 ) ® The ocean carbonate Systemn
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Salinity effects carbonate system calculation coefficients.
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4 ) « The ocean carbonate
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Some pairs are more optimal than others.
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Relationship between different carbonate parameters is fundamentally driven

by thermodynamics (salinity and temperature).
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T) <& Application to satellite | " - esa
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Remote Sensing of Environment
Volume 235, 15 December 2019, 111489

T =

Salinity from Space Unlocks Satellite-Based Assessment of Ocean

Acidification Optimum satellite remote sensing of the marine
Peter E. Lanq;*" Jamie D. Shuth:r,‘:5 Helen S. Findlay,* Eanny Girard-A!;'clhuin,"t Roberto %abia,” . L. . .
Nicolas Reul, -Fi is Piolle,” Bertrand Ch ,” Yves Quilfen, h Salisbury,

ol Kl Jesnintcns Bl B Clogpuny Ty Osfpa” s Seny carbonate system using empirical algorithms in
Py o Labortory, Pospet s, The Yo Phymooth PLI 3DH, UK the global ocean, the Greater Caribbean, the

University of Exeter, Pearyn Campus, Comwall TR10 9FE, UK.

*Institut Francais Recherche Pour LExploitation de Ia Mer, Pointe du Diable, 29280 Plouzané France 1 d h 1
Vrekaposi Vega UK. foc Baropu s Agany (ESA) BSTEC, Noombeth The Nethtands Amazon Plume and the Bay of Benga
“Ocean Processes Analysis Laboratory, University of New Hampshire, Durham, New Hampshire 3824, United States
'Nc.-weg'un Institute for Water Research, Thormehlensgate 53 D, N-S006 Bergen, Norway

.r E J30 &= € Eirdlay @ . b . ] P -] ze| ©
D of Biological Sci Indian Institute of Science Education and Research-Kolkata, Mohanpur 741 246, West Bengal Peter E. Land * B &, Helen 5. Findlay # Jamie D, Shotler ®, lan G.C. Ashton ¥, Thomas Holding ®, Antoine Grouazel

Fanny Girard-Ardhuin ¢, Nicolas Reul %, Jean-Francois Piolle %, Bertrand Chapron &, Yves Quilfen &, Richard G.).
atmosphere each year, app ly a quarter fers into the
oceans.” This CO, addition has caused a shift in the seawater—

carbonate system, termed ocean acidification (OA), resulting in a

Bellerby .® punyasloke Bhadury, joseph Salisbury , Douglas Vandemark ¥, Roberto Sabia ™

26% increase in acidity and a 16% decrease in carbonate ion Show more -
ion since the industrial revolution.” Recently there has
been recognition that this acidification is not occurring uniformly

across the global oceans, with some regions acidifying faster than
others.™* However, the overall cause of OA remains consistent: . .
the addition of CO, into the oceans, and as such, it remains a ngh]]ghts
global issue. Continual emissions of CO, into the atmosphere
over the next century will decrease average surface ocean pH to
levels which will be deleterious to many marine ecosystems and

. o . : Get rights and content
» Satellite salinity measurements enable estimation of surface carbonate o A e

the services they provide.” parameters.
Land et al., (201 5) » Uncertainties within these observation-based estimates are well Land et al., (201 9)
characterized.

» Monthly satellite salinity and temperature allows synoptic monitoring.

- Satellite observations allow study of seasonal, interannual and episodic
variations.
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Example is pCO, (or fCO,), same is possible for At
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F\ «® Constraining the whole system
- Tie gee B ,

16

- o= N 4 J1 = 1111

a

= e DN b BN S 22 EX iem == i mem %] - THEEUROPEAN SPACE AGENCY



e

T) e Constraining the wh

500
450~ T
S T®
I g 53
1400 =2
3 3c
~ SE
3500 o
£ g
=4
300
72600 1100
| R
)
2500 55 b
o -
2400 ', _2
4 60 o g
2300 2 s
2 20 €
2200 T
s :
20
2100 §
2000 0
2400 1100
e
2300 _ 80 o
- <
‘o _3
2200 60 © g
g &
o
2100 2 035 <
[} ‘©
3 2
=)
2000 20 9
| c
| =¥
'1900 0
83 10.200
0175 @
©
82s 0150 @
25 i 3
3 01255 8
]
= )
81T 010027
] by
£ 0.0750.E
T
805 0050
19
0025 §
| = = - - - —— - J
7.9 -150 -100 -50 0 50 100 150 0.000

17

e Bl ZR 2= = = [6]  »THE EURGPEAN SPACE AGENCY



#0ceanAcidificationStripes

https://oceanacidificationstripes.info

9 Select Region
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Ocean
Global Ocean
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Regicn Global Ocean Basin
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Creator &
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A 0071 decrease in pH from 1982 fo 2022 represents an 18% increase in acidity
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Planetary
Health Check 2025

A Scientific Assessment of the State of the Planet
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Planetéry Health C

37

4. Planetary Boundary Information Sheets

Baseline
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FIGURE 39 - Ocean Acidification has transgressed its
Planetary Boundary. This figure shows how the global surface
aragonite saturation state has changed over time (based on
UExP-FNN-U data).**® It has declined significantly in recent
decades and has now breached the Planetary Boundary. The
baseline (green line) is a revised estimate of the pre-industrial
aragonite saturation state around the year 1750, based on
Jiang et al. (2023)%%%. Because it is higher than previous
estimates, the revised Planetary Boundary (set at 80% of
the pre-industrial state; red line) is also higher - meaning
today’s ocean is even further from its pre-industrial state than
previously thought.

Key takeaway: Ocean acidification has gone beyond safe
limits, increasingly endangering marine ecosystems.

12

20

(i

o CH bm B

EQIVA
L~ N

- ™ . J#] > THE EUROPEAN SPACE AGENCY



Technical Series 214

o, %

Integrated

Ocean|
ca rbon A vision

primed for

Research | imptementation

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

UNESCO (2026), IOC Technical Series 214, I0C/2026/TS/214 Rev

Research 2026 esa
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6 (& IPCC AR7 draft) esa

pH on the total scale (unitless)

8.050 A
—— UExP-FNN-U (v2026-prel) (Trend: -0.00171 yr1)
8.025 4 — CMEMS-LSCE-FFNN (v2026-03) (Trend: -0.00171 yr—!)
——— ETHZ_OceanSODA_v1 (v2025) (Trend: -0.00178 yr-1)
Jiang et al. (2023) 1750
—— JMA-MLR (v2025) (Trend: -0.00184 yr~1)
8.000

1990 1995 2000 2005 2010 2015

Year

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™!.
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) & Planetary Health
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Ensemble
confirms the safe
operating
boundary has
been breached

—— UExXP-FNN-U (v2026-prel) (Trend: -0.00759 yr~1)

—— CMEMS-LSCE-FFNN (v2026-03) (Trend: -0.00804 yr~1)
ETHZ OceanSODA v1 (v2025) (Trend: -0.00783 yr—1)
Jiang et al. (2023) 1750 80%

—— JMA-MLR {v2025) (Trend: -0.00852 yr~1)
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T) e Using the ocean constralrg on GLOBAL carbon esa

Ocean Sink
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7 ) «® Using the ocean Cd_onGLOBAL carbon oesa

Land Sink
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\straint on GLOBAL carbon @esa

Land Sink

—— |nferred Land Sink (d)
- GCB reported Land Sink

_n \ /\ |
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Land Sink (Pg C yr1)
(+ve indicates emission; -ve indicates uptake)
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Air-Sea
CO; flux

mmol C
m~< day~!

8 day, 0.25
degree

Gregor, Shutler,
Gruber (2025), GBC.
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Salinity understanding, expertise, and advances in sensing (in situ and in space)
are critical for supporting ocean carbon assessments.

COﬂVGX
SEASCAPE
Advances Funded by: SURVEY

European Space Agency (ESA OceanFlux, Pathfinders-OA, E
ceanlCU

OceanSODA, OceanHealth, SCOPE, OC4C)
Understanding Ocean Carbon

European Commission (OceanICU, UKRI)
Convex Seascape Survey

This work was funded by the European Union under grant agreement no. 101083922 (OceanICU) and UK Research and Innovation (UKRI) under the UK government’s 28
Co-funded by UK Research Horizon Europe funding guarantee [grant number 10054454, 10063673, 10064020, 10059241, 100796834, 10059012, 10048179]. Views and opinions expressed are
the European Union '.l and Innovation

however those of the author(s) only and do not necessarily reflect those of the European Union or European Research Executive Agency. Meither the European Union
nor the granting authority can be held responsible for them.
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These global carbon assessments are now being used to guide regional (e.g., US

and Canadian west coast, European OSPAR) and international policy (e.g., IPCC,
PHC, GCB).

COﬂVQX
SEASCAPE
Advances Funded by: SURVEY

European Space Agency (ESA OceanFlux, Pathfinders-OA,
OceanSODA, OceanHealth, SCOPE, OC4C)

European Commission (OceanICU, UKRI) Cea N I C U
Convex Seascape Survey

Understanding Ocean Carbon

Horizon Europe funding guarantee [grant number 10054454, 10063673, 10064020, 10059241, 100796834, 10059012, 10048179]. Views and opinions expressed are
the European Union and Innovation

This work was funded by the European Union under grant agreement no. 101083922 (OceanICU) and UK Research and Innovation (UKRI) under the UK government’s 29
- Co-funded by : 3 UK Research i i
oA

however those of the author(s) only and do not necessarily reflect those of the European Union or European Research Executive Agency. Meither the European Union
nor the granting authority can be held responsible for them. + THE EUROPEAN SPACE AGENCY
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More advances are possible.

Sl
COﬂVQXL)
SEASCAPE
Advances Funded by: SURVEY

European Space Agency (ESA OceanFlux, Pathfinders-OA, E
ceanlCU

OceanSODA, OceanHealth, SCOPE, OC4C)
European Commission (OceanICU, UKRI)
Convex Seascape Su rvey Understanding Ocean Carbon

This work was funded by the European Union under grant agreement no. 101083922 (OceanICU) and UK Research and Innovation (UKRI) under the UK government’s 30
Co-funded by [V, .4 UK Research Horizon Europe funding guarantee [grant number 10054454, 10063673, 10064020, 10059241, 100796834, 10059012, 10048179]. Views and opinions expressed are
the European Union =4 N and Innhovation

however those of the author(s) only and do not necessarily reflect those of the European Union or European Research Executive Agency. Meither the European Union
nor the granting authority can be held responsible for them.
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Salir;ity is impoﬁ'

More advances are possible.

Earth-Science Reviews 250 (2024) 104682

Contents lists available at ScienceDirect B awn scrence

Earth-Science Reviews o REVEWS

| Shutler et al., (2024), ESR. |

journal homepage: www.elsevier.com/locate/earscirev

Advances Funded by:

European Space Agency (ESA OceanFlux, Pathfinders-OA, The increasing importance of satellite observations to assess the ocean W
OceanSODA, OceanHealth, SCOPE, OC4C) b ink idifi .
European Commission (OceanICU, UKRI) carbon sink and ocean acidification

Convex Seascape Survey

Co-funded by RS
the European Union =4

UK Research
and Innovation

Jamie D. Shutler a *, Nicolas Gruber ", Helen S. Findlay ¢, Peter E. Land “, Luke Gregor ",

This work was funded by the European Union under grant agreement no. 101083922 (OceanICU) and UK Research and Innovation (UKRI) under the UK government’s 31
Horizon Europe funding guarantee [grant number 10054454, 10063673, 10064020, 10059241, 100796834, 10059012, 10048179]. Views and opinions expressed are

however those of the author(s) only and do not necessarily reflect those of the European Union or European Research Executive Agency. Meither the European Union
nor the granting authority can be held responsible for them.
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Saliﬁity is imporAté‘_

N
@ N

Ford et al., (2025), ERC.

More advances are possible.
Shutler et al., (2024), ESR.

Advances Funded by:

European Space Agency (ESA OceanFlux, Pathfinders-OA,
OceanSODA, OceanHealth, SCOPE, OC4C)

European Commission (OceanICU, UKRI)

Convex Seascape Survey

ENVIRONMENTAL RESEARCH
COMMUNICATIONS

INCLUSIVE PUBLISHING
TRUSTED SCIENCE

LETTER - OPEN ACCESS

Regionally different marine heatwave ocean carbon sink
responses are consistent with carbonate understanding
Daniel J Ford*, Sayooj P Nair, Kate Oglethorpe and Jamie D Shutler

Published 21 November 2025 - ® 2025 The Author(s). Published by IOP Publishing Ltd
Environmental Research Communications, Volume 7, Number 11

Citation Daniel J Ford et al 2025 Environ. Res. Commun. 7 111009

DOI 10.1088/2515-7620/ae15e0

This work was funded by the European Union under grant agreement no. 101083922 (OceanICU) and UK Research and Innovation (UKRI) under the UK government’s
Horizon Europe funding guarantee [grant number 10054454, 10063673, 10064020, 10059241, 100796834, 10059012, 10048179]. Views and opinions expressed are
however those of the author(s) only and do not necessarily reflect those of the European Union or European Research Executive Agency. Meither the European Union
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Spare slides
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These episodic acidification events can damage marife life,

including sensitive tropical reefs, wild fisliéries

and coastal aquaculture I ﬁ

Amazon plume

Marine Protected Areas ®
Routinely Monitored Reefs

1600 Amazon Mouth Reef @

Dissolved Inovrganic Carbon
2012 Jul
/

/

https://www.esa.int/Applications/Observing_the Earth/SMOS/Space is_key to _monitoring_ocean_acidification
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Linkages between carbonate species

[H'] (mol kg")
10° 10° 10* 10* 10° 10" 10* 10° 10" 10" 10"
1.0 ' ' ' ; il : . :
g [CO,] [CO.%]
:3 At typical surface seawater
£ 017 9 T pH of 8.2, the speciation
8 among [CO,], [HCO,], and
: L [CO4%]is 0.5%, 89%, and
= 001+ X\ . :
§ [HCO.] 10.5%, respectively (but this
3 .
- an acidification is temperature, pressure and
0,004 / " : : \ : : salinity dependent).
2 4 5 6 9 10 1 12
Pl Therefore, most of the
A A A A A AA A A A A A - :
S8 5 98 ¥3 B3 =5 52 2T S2BESH dissolved CO, in the oceans
€3, g€ &2 58 & t2 &% 52 gg§gég is in the form of [HCO4T]
< = &2 L 3T : :
3 g8 § 75 (bicarbonate) and not in the
% ©
5 form of [CO,].
- = > [CO,]
acidic alkaline
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T) Global Carbon

How uptake is partitioned between the atmosphere land, and ocean

sources <— good estimates

Land use change <«— poor estimates

<— modelled

<— observations

<«— Good observations

1880 1900 1920 1940 1960 1980 2000

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