N

-~
— ; YEARS OF DISCOVERY

; LAMONT-DOHERTY
/////l \ EARTH OBSERVATORY

&2 COLUMBIA UNIVERSITY

Ocean carbon and
biogeochemistry

Galen A. McKinley

Professor of Earth and Environmental Sciences
Columbia University and Lamont-Doherty Earth Observatory

27 May 2025




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

Atmospheric CO; at Mauna Loa Observatory

a0l Scripps Institution of Oceanography
NOAA Global Monitoring Laboratory
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Annual Carbon Emissions (+ve) and their Partitioning (-ve)
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Global Carbon Budget .
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Reduced uncertainty in ocean and land sinks required to usefully
detect emissions mitigation
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Outline

A Key processes of the ocean carbon cycle

A Improving quantification of the ocean carbon sink
A Models evaluate Mtbased data product skill, given sampling
ApCQdata products apply to identify model meanstate biases
A Models and datacombine using ML
A marine Carbon Dioxide RemovaGDRclj dzI Y G A Fe&é Ay 3 & |
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Air-sea CO,
fluxes vary
across space

and time

Carroll et al. 2020, 2022 Air-sea CO, Flux

ECCO-Darwin Model
03 Jan 2012 06:00
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Atmospheric Carbon
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Surface ocean pC@s primary control on aksea COflux

If pCQecean> pCA™ flux is out of ocean (positive)
If pCQecean< pCA™ flux is into ocean (negative)

L. pcqatm

’ pcqocean pCQOCean

: e.g. Tropical Pacific e.g. North Atlantic
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Ocean Inorganic Carbon Cycle 5 080 60

Atmospheric C0O;

Hydrogen ions

Bicarbonate ions

Carbonate ions

Doney2006 Scientific American
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K, Is an inverse function of
temperature

For same [CO,], pCO, is
higher at high temperature,
thus warm waters outgas
and cold waters absorb CO,
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Solubllity and physical transport

(a) physical transport and solubility
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B ——
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
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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

(b) carbon pathways in the ecosystem
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Simplified photosynthesis L _
CO, + H,0 + energy CH,0+0, Quantitative links

between Carbon,
More realistic Nutrients (N P),
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Table 5.2 ‘ The ratios of key elements in dissolved inorganic form in the water column and in marine

phytoplankton and zooplankton (“Redfield et al., 1963). The cultured phytoplankton data are the
average of 15 species of estuarine, coastal and open ocean phytoplankton grown under controlled
laboratory conditions (Ho et al., 2003). Prochlorococcus MED4 is a strain of tiny phytoplankton (about a
micron in scale). Elemental ratios were measured in Prochlorococcus cultures grown under phosphorus
replete and phosphorus limited conditions (‘Bertilsson et al., 2003). Ranges of values are also shown for
isolated marine bacteria grown under various conditions of nutrient limitation (*Vrede et al., 2002).

Reservoir C N P
“Marine inorganic nutrients 15 |

“Bulk marine organic matter 106 16 |
>Cultured phytoplankton 147 £ 19 16 £2 | 0.2
“Prochlorococcus MED4 (P-replete) 121 £ 17 212 +£45 |
“Prochlorococcus MED4 (P-limited) 464 + 28 62.3 £ 4.1 |
IMarine bacteria 35—178 /-18 |

Updated Redfield
C:N:P:-O,=117(£14):16(%£1):1:-170(x£10)

Anderson and Sarmiento, 2004
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Biogeochemical Cycling = Coupled carbon and nutrient cycles

(b) carbon pathways in the ecosystem
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Circulation redistributes carbon and nutrients

(a) surface flow pattern
wind stress

/
easterlies
subpolar gyre
westerlies |
4 ’ subtropical gyre
' l
Trade winds

(b) meridional section (alohg dotted red line above)
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Circulation redistributes carbon and nutrients
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Surface ocean pC@s primary control on aksea COflux

If pCQecean> pCA™ flux is out of ocean (positive)
If pCQecean< pCA™ flux is into ocean (negative)

L. pcqatm

’ pcqocean pCQOCean

: e.g. Tropical Pacific e.g. North Atlantic
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Atmospheric Carbon
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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

5 DIC from GLODAP
60°S 30°S
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Decadal Interior Data: Shows ocedollowing atmospheric pCO
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Decadal Interior Data: Shows ocedollowing atmospheric pCO
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Three independent approaches constrain the ocean carbon sink

1. Interior observations / products 2 Modeling
: Air-sea fluxes
Interior carbon storage )
Mechanisms
Decadal closure of global budget .
Projections

Model validation

ASTE-BGC
air-sea CO, flux

m

5 DIC from GLODAP

60°S 30°S Moseley et al, in review
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Ocean biogeochemical models

Circulation + Carbon = Air-sea CO, fluxes
- Processes

Total Carbon (C

Surface Ocean

phytoplankton, ¢
T T " zooplankton & ' ¢ !
‘ 5 [ ! bacteria

Deep-sea floor

€,
%, ,n/h
9

ASTE-BGC
_ DeepOcean air-sea CO, flux

: . . _ _ _ Moseley et al. in revi
On a 3D grid, calculate circulation and carbon fluxes by integrating over time the oseley SRl I Teview

equations of motion, conservation, biology and carbon chemistry
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Heat CO, Flux

Models
support
process

Air-Sea CO, Flux

knowledge <l:—:l>

moICm y'!

Lauderdale et al. 2016 Jan 1995



3. Surface ocean pC@ata used In reconstructions

Pfeil et al., Sabine et zﬂOlBESSqD)
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Globally integrated estimates agree, with ~30% uncertainty
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Outline

A Key processes of the ocean carbon cycle
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PCQ data are very sparg: Are reconstructions robust?
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ESMLarge Ensembkastestbedfor reconstruction skill

Earth System Models provide pCO,
and drivers (SST, Chl, etc) 50 to 100 ensembles

/4
<

e from 4 or 9 ESMs
= -3 EEEEEEEER Luke Gloege
€. 1. Sample model member as
SOCAT monthly pCO, product
4. Statistically compare reconstructed R
CO, flux to model truth. Each spatial R S — ,
point is temporally decomposed ! O |
L SSTG —— :
. SSS@SETg i
| MLD 0—%%3&;{%0 pCO, !
3. Estimate monthly . Chl ﬁi‘:&.\r.‘/ !
A . 1 A !
€. varying pCO, on global | *¢© —e |
SCa(;e Iusmlg t:alne}ld With various ML reconstructions
MOAel, calculate Tiux A MPI-SOMFFN (Gloege et al. 2021)
< A NN, RF, XGB (Stamell et al. 2020)
- X ensemble A pCO,-Residual (Bennington et al. 2022, Heimdal et
reconstruction members al, 2024a,b; Heimdal et al. in press)
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Skill evaluation: temporal decomposition

Ensemble member Reconstruction

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

Full Signal Detrended Seasonal Dec. var. Sub-dec. var.

Gloege et al. 2021, GBC
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Model Reconstruction

Bias Is small globally; larger where data sparse

Global avg = -0.01 molC m2 yr?

-0.50 —-0.25 0.00 025 050 p 6 12 18 24 30 36 42 48

bias [mol C m=2 yr=1] number of months with data

100-member mean
1985-2016
Gloege et al. 2021, GBC MPI-SOMFEN Gloege et al. 2021, GBC
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Model Reconstruction

Correlation r=0.99
Is the reconstruction in phase with the original data?

Ensemble mean

A Captures seasonal cycle well everywhere

Seasonal

A Decadal phase is more challenging to reconstruct

Decadal

0.0 0.2 0.4 0.6 0.8 1.0
Correlation 100-member mean

1985-2016
Gloege et al. 2021, GBC MPI-SOMFFEN
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Standard deviation of % error
Does the reconstruction capture the amplitude of variability?
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MPI-SOMFFEN 535N 35°5-35°N <35°S

A Globally the seasonal cycle is overestimated by ~7%
A Overestimates decadal variability in Southern Ocean by ~39%
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