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Atmospheric CO2 is rising due to human emissions
Ocean and terrestrial biosphere absorb ~50% of emissions

Fossil Fuels Land Biosphere Ocean

Atmosphere

~10 PgC/yr ~ 2 PgC/yr (net) ~ 3 PgC/yr (net)
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Global Carbon Budget

Friedlingstein et al. 2025, ESSD
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Reduced uncertainty in ocean and land sinks required to usefully 
detect emissions mitigation

© 2020 Lamont-Doherty Earth Observatory 4

Peters et al. 2017 Nature Climate Change

Black = Observed Atmospheric Growth Rate

Gray = Reconstruction (EmissionïLandïOcean)

Standard Deviation(Gray ïBlack) = 3 GtCO2/yr

Observations

Reconstructed
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Outline

ÅKey processes of the ocean carbon cycle

ÅImproving quantification of the ocean carbon sink 

ÅModels: evaluate ML-based data product skill, given sampling

ÅpCO2 data products: apply to identify model mean-state biases

ÅModels and data: combine using ML

Åmarine Carbon Dioxide Removal (mCDR) ςǉǳŀƴǘƛŦȅƛƴƎ άŀŘŘƛǘƛƻƴŀƭƛǘȅέΚ 
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Air-sea CO2

fluxes vary 

across space 

and time

Air-sea CO2 Flux

ECCO-Darwin Model 

Carroll et al. 2020, 2022
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Crisp et al., 2022, Review of Geophysics

Surface ocean pCO2 is primary control on air-sea CO2 flux

If pCO2
ocean> pCO2

atm  flux is out of ocean (positive)
If pCO2

ocean< pCO2
atm flux is into ocean (negative)

pCO2
atm

pCO2
oceanpCO2

ocean

e.g. Tropical Pacific e.g. North Atlantic

pCO2

Flux
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Ocean Inorganic Carbon Cycle

Doney2006 Scientific American
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13Williams_Fig. 6.5

SOLUBILITY

Ko is an inverse function of 

temperature

For same [CO2
*], pCO2 is 

higher at high temperature, 

thus warm waters outgas 

and cold waters absorb CO2
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14Williams_Fig. 2.24

Solubility and physical transport
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~5-10 PgC/yr
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Ocean primary productivity from NASA SeaWiFS satellite

Dark blue = very low chlorophyll; green = moderate chlorophyll; red = very high 
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Biological carbon cycling in the ocean

DIC = Dissolved 

Inorganic Carbon
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Productivity is structured by nutrients distributions, in turn set by the 

circulation 
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Nutrient cycling between biomass and inorganic nutrients
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Biogeochemical Cycling = Coupled carbon and nutrient cycles

DIC = Dissolved Inorganic Carbon

, Nutrients

, Nutrients
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Simplified photosynthesis

CO2 + H2O + energy              CH2O + O2

More realistic

106CO2 + 16NO3
- + H2PO4

- + 122H2O + energy

C106H246O110N16P + 138O2

Quantitative links 
between Carbon, 
Nutrients (N,P), 

Oxygen 
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Global, full-depth data
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Updated Redfield

C:N:P:-O2 = 117(±14):16(±1):1:-170(±10)
Anderson and Sarmiento, 2004  
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Oxygen distribution is inverse 

of nutrients and DIC



25



26Williams_Fig. 5.15

Biogeochemical Cycling = Coupled carbon and nutrient cycles

DIC = Dissolved Inorganic Carbon

, Nutrients

, Nutrients
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Williams and Follows Fig 8.1

Circulation redistributes carbon and nutrients 

(along dotted red line above)

H

L

H L

Winds + Coriolis force 

leads to mass 

convergence, divergence 

at surface; causing Highs 

and Lows in surface height

Pumping Suction

Horizontal flows lead 

to vertical motions; 

advecting carbon and 

nutrients

L

H
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Circulation redistributes carbon and nutrients 

http://rses.anu.edu.au/research/projects/southern-ocean-circulation

S. Ocean 
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Crisp et al., 2022, Review of Geophysics

Surface ocean pCO2 is primary control on air-sea CO2 flux

If pCO2
ocean> pCO2

atm  flux is out of ocean (positive)
If pCO2

ocean< pCO2
atm flux is into ocean (negative)

pCO2
atm

pCO2
oceanpCO2

ocean

e.g. Tropical Pacific e.g. North Atlantic

pCO2

Flux
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~5-10 PgC/yr
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Note that the Biological Pump is 

not shown here. This is because 

we do not have evidence of it 

HAVING CHANGED due to 

anthropogenic drivers. 

Thus, estimates of the 

anthropogenic sink assume a 

steady-state biological pump. 

~5-10 PgC/yr
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Three independent approaches constrain the ocean carbon sink

1. Interior observations / products 

Interior carbon storage

Decadal closure of global budget

Model validation

DIC from GLODAP
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Decadal Interior Data: Shows ocean following atmospheric pCO2

Müller, Gruber et al. 2023, AGU Advances
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Decadal Interior Data: Shows ocean following atmospheric pCO2

Müller, Gruber et al. 2023, AGU Advances

The fact that the ocean ANTHROPOGENIC carbon 

content has grown in parallel to rising atmospheric CO2

levels indicates that the ocean carbon sink can be 

understood as ñHenryôs Lawò, operating at the 

global scale, and supports the assumption that the 

biological pump is not changing. 
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Three independent approaches constrain the ocean carbon sink

1. Interior observations / products 

Interior carbon storage

Decadal closure of global budget

Model validation

DIC from GLODAP

2. Modeling 

Air-sea fluxes 

Mechanisms 

Projections

ASTE-BGC 

air-sea CO2 flux

Moseley et al, in review



37

Ocean biogeochemical models

Circulation

ASTE-BGC 

air-sea CO2 flux

+ Carbon 

Processes 
= Air-sea CO2 fluxes 

On a 3D grid, calculate circulation and carbon fluxes by integrating over time the  

equations of motion, conservation, biology and carbon chemistry

Moseley et al, in review



Models 

support 

process 

knowledge

Lauderdale et al. 2016
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3. Surface ocean pCO2 data used in reconstructions

Bakker et al. 2016 ESSD
Pfeil et al., Sabine et al. 2013 ESSD

SOCAT pCO2

1957-present
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3. Monthly pCO2Řŀǘŀ ŀǊŜ ǾŜǊȅ ǎǇŀǊǎŜ Χ

June 

2016
All data

~2% coverage at 1x1 degree
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3. Data-ōŀǎŜŘ άtǊƻŘǳŎǘǎέ ōǳƛƭǘ ǿƛǘƘ ǾΦ ǎǇŀǊǎŜ Ǉ/h2 data and ML

2. Predict pCO2 = f(SST, SSS, MLD, Chl, xCO2)

SST

MLD
SSS

Chl
xCO2

pCO2

SST

MLD
SSS

Chl
xCO2

pCO2

1. Train Machine Learning on sparse data

Monthly 

Flux

1 month ~ 2% coverage 

3. Calculate Flux from pCO2

Monthly

fCO2 at 

1ox1o

SOCAT pCO2,1957-2023
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Global Ocean Carbon flux, GCB2023 m odels (1std shading)

Models

Products

Interior

Growing 

sink

Models, products from Friedlingstein et al. 2023

Interior from Müller et al. 2023

Globally integrated estimates agree, with ~30% uncertainty

Total spread

±0.7 PgC/yr

1sspread
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pCO2 data are very sparse: Are reconstructions robust? 

~2% coverage at 1x1 degree
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ESM Large Ensembles astestbedfor reconstruction skill

SST

MLD
SSS

Chl
xCO2

pCO2

50 to 100 ensembles 

from 4 or 9 ESMs

1. Sample model member as 

SOCAT monthly pCO2 product

2. Train, evaluate, test

3. Estimate monthly 

varying pCO2 on global 

scale using trained 

model, calculate flux

4. Statistically compare reconstructed 

CO2 flux to model truth. Each spatial 

point is temporally decomposed

X ensemble

members

With various ML reconstructions 

Å MPI-SOMFFN (Gloege et al. 2021)

Å NN, RF, XGB (Stamell et al. 2020)

Å pCO2-Residual (Bennington et al. 2022, Heimdal et 

al, 2024a,b; Heimdal et al. in press)

CESM 002

reconstruction

é.

é.

Luke Gloege

Earth System Models provide pCO2

and drivers (SST, Chl, etc)

Thea Heimdal
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Skill evaluation: temporal decomposition

46

Ensemble member Reconstruction

Each location in each member and reconstruction decomposed 
into seasonal, decadal, and sub-decadal variability

detrend

Detrended Dec. var. Sub-dec. var.

++=

SeasonalFull Signal

Gloege et al. 2021, GBC
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Bias is small globally; larger where data sparse

100-member mean

1985-2016

MPI-SOMFFN 

Global avg = -0.01 molC m-2 yr-1

Gloege et al. 2021, GBC

bias

Model Reconstruction

Gloege et al. 2021, GBC
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Correlation
Is the reconstruction in phase with the original data?

ÅCaptures seasonal cycle well everywhere

Å Decadal phase is more challenging to reconstruct
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Ensemble mean

Gloege et al. 2021, GBC

Model Reconstruction

100-member mean

1985-2016

MPI-SOMFFN 
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Standard deviation of % error
Does the reconstruction capture the amplitude of variability?

ÅGlobally the seasonal cycle is overestimated by ~7%

Å Overestimates decadal variability in Southern Ocean by ~39%
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Gloege et al. GBC 2021

100-member mean

1985-2016

MPI-SOMFFN 


