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j. Global ocean carbon cycle
—R. Wanninkhof,  J. A. Triñanes,  P. Landschützer,  A. Jersild,  R. A. Feely,  and B. R. Carter
1. INTRODUCTION
The oceans play a major role in the global carbon cycle by taking up a substantial fraction of 

the excess carbon dioxide that humans release into the atmosphere. As a consequence of human-
kind’s collective carbon dioxide (CO2) release into the atmosphere, referred to as anthropogenic 
CO2 (Cant) emissions, the atmospheric CO2 concentration has risen from pre-industrial levels of 
about 278 ppm (parts per million) to 419.3±0.1 ppm in 2023 (see section 2g1 for details). Marine Cant 
is the major cause of anthropogenic ocean acidification. Over the last decade the global ocean 
has continued to take up Cant and therefore is a major mediator of global climate change. Of the 
10.9±0.8 Pg C yr−1 Cant released during the period 2013−22, 2.8±0.4 Pg C yr−1 (26%) accumulated in 
the ocean, 3.3±0.8 Pg C yr−1 (28%) accumulated on land, and 5.2±0.02 Pg C yr−1 (46%) remained 
in the atmosphere, with an imbalance of −0.4 Pg C yr−1 (−3%; see Table 7 in Friedlingstein et al. 
2023). This decadal Cant uptake estimate is a consensus view from a combination of measured 
ocean decadal CO2 inventory changes, global ocean biogeochemical models, and global air–sea 
CO2 flux estimates based on surface ocean fugacity of CO2 (fCO2w)1 measurements.

This year saw the release of several significant syntheses of ocean Cant, including global and 
regional chapters of the second REgional Carbon Cycle Assessment and Processes (RECCAP2) 
assessment (see e.g., DeVries et al. 2023). The Cant accumulation rate estimates from these studies 
agree with the overall rates given by Friedlingstein et al. (2023), but show differing patterns of 
variability in the ocean Cant accumulation rate with time.

2. AIR–SEA CARBON DIOXIDE FLUXES
Ocean uptake of CO2 is estimated from the net air–sea CO2 flux derived from a bulk flux formula 

determined from the product of air and surface-seawater fCO2 difference (ΔfCO2) and gas transfer 
coefficients. Gas transfer is parameterized with wind as described in Wanninkhof (2014). This 
provides a net flux estimate. Here, 0.65 Pg C yr−1 is applied as the river adjustment (Regnier et al. 
2022) as recommended in the Global Carbon Budget 2023 and RECCAP2 to convert the net flux 
to the Cant flux. The data sources for fCO2w are annual updates of observations from the Surface 
Ocean CO2 Atlas (SOCAT) composed of moorings, autonomous surface vehicles, and ship-based 
observations (Bakker et al. 2016), with SOCAT v2023 containing 35.6 million data points from 
1957 through 2022 (Bakker et al. 2023). The increased observations and improved mapping 
techniques, including machine learning methods summarized in Rödenbeck et al. (2015), now 
provide annual global fCO2w fields on a 1° latitude × 1° longitude grid at monthly time scales. For 
this report, we use a self-organizing maps feed-forward neural network (SOM-FNN) approach of 
Landschützer et al. (2013, 2014) using SOCATv2023 for training. The monthly 2023 fCO2w maps 
use as predictor variables: sea-surface temperature (SST; Rayner et al. 2003); chlorophyll-a 
(Globcolour; Maritorena et al. 2010); mixed-layer depth (de Boyer Montégut et al. 2004; 
Schmidtko et al. 2013), and salinity (Good et al. 2013). For atmospheric CO2, the zonally-resolved 
NOAA marine boundary layer atmospheric CO2 product is used (Dlugokencky et al. 2021). The 
gas transfer coefficients are determined using European Centre for Medium-Range Weather 
Forecasts Reanalysis version 5 (ERA5) winds (Hersbach et al. 2018). The air–sea CO2 flux maps 
for 2023 do not include fCO2w observations for 2023 but rather are created by extrapolation 
using the predictor variables. The uptake of the fCO2-based models such as the Flanders Marine 
Institute (VLIZ) SOM-FNN used here is substantially larger than the model-based estimates, with 
differences in uptake of ≈1 Pg C in 2022.

The VLIZ SOM FNN results (Fig. 3.27) show a steady ocean CO2 sink from 1982 to 1998, followed 
by a period of decreasing uptake from 1998 to 2002. There is a strong increase in the ocean sink 
from 2002 onward that continues through 2016, after which the global uptake shows a small 
increase up to 2023. The Cant flux of 3.8 Pg C yr−1 for 2023 (green line in Fig. 3.27) shows a substan-
tial 0.34 Pg C increase in uptake above the 2013–22 average of 3.46±0.11 Pg C yr−1. The amplitude 
of seasonal variability is ≈1.2 Pg C with a minimum uptake in June–September.

1 The fugacity is the partial pressure of CO2 (pCO2) corrected for non-ideality. They are numerically similar for surface waters with 
fCO2≈0.994 pCO2.
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Sea-surface temperature anomalies can manifest themselves in differing ways on fCO2w. 
Positive SST anomalies will decrease solubility and thereby increase fCO2w. However, in regions 
with high fCO2w due to upwelling, warmer SSTs as a result of decreased upwelling of cold CO2-rich 
water will lower fCO2w.

The annual average flux map for 2023 
(Fig. 3.28a) shows the characteristic pattern 
of high effluxes (ocean-to-air CO2 fluxes) in 
tropical, coastal upwelling, and open-ocean 
upwelling regions. Coastal upwelling regions 
include those in the Arabian Sea and off the 
west coasts of North and South America. The 
western Bering Sea was a strong CO2 source in 
2023, a clear juxtaposition to the strong sink 
in the surrounding regions. This regional 
source is hypothesized to result from a local 
outcropping of shallow isopycnals with 
high CO2 values, but this has not been inde-
pendently verified. Cumulatively, the regions 
of effluxes are substantial CO2 sources to the 
atmosphere (≈1 Pg C). The primary CO2 uptake 
regions are in the subtropical and subpolar 
regions. The largest sinks are poleward of the 
sub-tropical fronts. In the Southern Ocean, 
the area near the polar front (~60°S) was a 
weak to moderate sink in 2023.

In the Northern Hemisphere, the entire 
North Atlantic is a large sink while in the 
North Pacific the sink region is punctu-
ated by a substantial source of CO2 in the 
western to central Bering Sea. The Northern 
Hemisphere sinks are, in part, due to the 
position of the western boundary currents 
whose cooling waters when transported 
poleward cause an increase in solubility and contribute to CO2 uptake at high latitudes. The Gulf 
Stream/North Atlantic Drift in the Atlantic extends farther north than the Kuroshio in the Pacific, 
extending the region of a strong sink in the North Atlantic.

The ocean carbon uptake anomalies (Fig. 3.28c) in 2023 relative to the 1990–2020 average, 
adjusted for the 20-year trend, show the substantial effect of the El Niño condition in the second 
half of 2023, with reduced upwelling and lower effluxes in the eastern equatorial Pacific (EEP). 
The Southern Ocean shows a band of increased uptake (≈45°S–60°S), associated with a weak 
positive SST anomaly. The larger sink is attributed to weaker exchange with deep water in these 
regions of mode water outcropping (Hauck et al. 2023). Large regions in the subtropical gyres 
show positive anomalies due to the marine heat waves prevalent during 2023 (Sidebar 3.1) and the 
associated lower solubility enhancing outgassing or decreased uptake. Of note is the wedge of 
anomalously high outgassing in the central equatorial Pacific adjacent to the region of decreased 
outgassing due to repressed upwelling showing that in the Central Pacific, the thermal effects 
are larger than the impact of decreased upwelling. Globally, the impact of reduced outgassing 
in the EEP due to the El Niño, and increasing uptake in the Southern Ocean due to decreased 
exposure of the surface-to-mode waters, is much greater than the increase in fCO2w due to the 
marine heatwaves in mid- and high latitudes (Sidebar 3.1).

The spatial differences in CO2 fluxes between 2023 and 2022 (Fig. 3.28b) resemble that of the 
longer-term anomaly (Fig. 3.28c). The negative flux anomalies in the EEP are due to the transi-
tion from the triple dip La Niña to a strong El Niño in the summer of 2023. The regions of increased 
effluxes/decreased influxes in the Northern Hemisphere correspond with the positive SST anom-
alies in the boreal summer. The increased uptake in the Southern Ocean (45°S–60°S) latitude 

Fig. 3.27. Global annual (thick blue line) and monthly (thin 
blue line) net air-sea carbon dioxide (CO2) fluxes (Pg C 
yr−1) for 1982–2023 using the Flanders Marine Institute 
(VLIZ) self-organizing maps feed-forward neural network 
(SOM-FNN) output. The annual anthropogenic CO2 (Cant) 
air–sea flux (thick green line) includes a riverine adjustment 
of −0.65 Pg C. The black dashed line is the 2013–22 mean Cant 
flux based on models and fCO2 products (Friedlingstein et al. 
2023). Negative values indicate CO2 uptake by the ocean.
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band resembles that of the longer-term anomaly with the same attribution. The strong source in 
the western Bering Sea (Fig 3.28a) shows up as a positive anomaly compared to the long-term 
average but has decreased in the last year.

3. OCEAN INTERIOR INVENTORY 
ESTIMATES

An important insight from the 
RECCAP2 synthesis study is that the global 
air-to-sea CO2 flux, which was found to have 
increased by 0.61±0.12 PgC yr−1 from 2001 to 
2018, is dominated by the flux of Cant. Cant accu-
mulation rate estimates averaged across years 
therefore provide a constraint on the decadal 
air–sea CO2 flux. The Cant in Fig. 3.27 is derived 
from the net air–sea CO2 flux by assuming a 
constant source of CO2 to the ocean from land 
and sediment fluxes and assuming that there 
are no natural variations in the ocean carbon 
inventory; however, the RECCAP2 synthesis 
also finds that climate-driven variability in 
the natural ocean carbon inventory is poten-
tially a significant component of the overall 
CO2 flux variations and is inconsistently repre-
sented across CO2 flux estimation methods. It 
is therefore important to obtain independent 
estimates of Cant and to separately quantify 
both the Cant changes and the overall ocean 
carbon inventory changes.

Ocean carbon inventory changes provide 
means of estimating ocean Cant accu-
mulation quantity directly. The global 
RECCAP2 synthesis (DeVries et al. 2023) esti-
mated an overall Cant accumulation rate of 
2.7±0.3 Pg C yr−1 from 2001 to 2018 based on 
a collection of reanalysis-forced global ocean 
biogeochemical model experiments and simu-
lations with an ocean circulation inverse model 
fit to measurements of ocean physics and tran-
sient tracers for air–sea gas exchange. This 
result is indistinguishable from the consensus 
estimate of 2.8±0.4 Pg C yr−1 for 2013–22 of 
Friedlingstein et al. (2023) and the 2.8±0.3 Pg C 
yr−1 estimate for 1994–2014 given by Müller et al. 
(2023) from an analysis of multiple decades of 
seawater ocean carbon content measurements; 
however, the RECCAP2 synthesis finds that the 
global ocean Cant accumulation rate increased by 0.34±0.06 PgC yr−1 decade−1 and 0.41±0.03 PgC 
yr−1 decade−1 from 2001 to 2018 from reanalysis-forced and steady-state ocean circulation inverse 
models, respectively, whereas the observational study by Müller et al. (2023) showed that the 
accumulation rate instead slowed by ~0.2 PgC yr−1 decade−1 between 1994–2004 and 2004–14. 
Müller et al. (2023) argue that Cant accumulation would be expected to intensify by ~0.2 PgC 
yr−1 decade−1 given steady state ocean circulation, constant seawater chemistry, and the observed 
accelerating atmospheric Cant accumulation between these time periods, so the observed accu-
mulation rate in fact slowed down by 15±11% relative to expectations; however, this claim of a 
slowing ocean Cant sink, which they attribute to changing ocean chemistry and circulation, can 

Fig. 3.28. Global map of (a) net air–sea carbon dioxide 
(CO2) fluxes for 2023, (b) net air–sea CO2 flux anomalies for 
2023 minus 2022, and (c) net air–sea CO2 flux anomalies 
for 2023 relative to 1990–2020 average values adjusted 
for the 20-year trend using the Flanders Marine Institute 
(VLIZ) self-organizing maps feed-forward neural network 
(SOM-FNN) approach. Units are all mol C m−2 yr−1. Ocean 
CO2 uptake regions are shown in blue. For reference, 
a global ocean CO2 uptake of 2.8 Pg C yr−1 equals a flux 
density of −0.65 mol C m2 yr−1.
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only be made with modest statistical confidence. Müller et al. (2023) find meaningful differences 
from earlier regional estimates: In the South Pacific and the North Atlantic, Müller et al. (2023) 
find statistically insignificant decreases in accumulation rates where earlier studies (Carter et al. 
2019; Woosley et al. 2016) found statistically significant increasing rates; in the South Atlantic, 
they find a rapidly increasing accumulation rate where an earlier study (Woosley et al. 2016) 
found a consistent accumulation rate. Methodological decisions that differed among these 
studies can lead to meaningful variations in the findings.

Comparisons of Cant accumulation rate variations from Müller et al. (2023), the RECCAP2 syn-
thesis, and earlier analyses reveal consistency between the multi-decadal Cant accumulation 
rates but also show different patterns of regional and temporal accumulation rate variability 
(Fig. 3.29; Sabine et al. 2004; Gruber et al. 2019; Mueller et al. 2023; Lauvset et al. 2016; DeVries 
2014; Davila et al. 2022; Khatiwala et al. 2009; Waugh et al. 2006). The disagreements in the 
findings from these various Cant accumula-
tion rate estimates therefore parallel an 
increasing disagreement noted in CO2 flux 
estimates derived from global ocean biogeo-
chemistry models and fCO2 products 
(Friedlingstein et al. 2023). In both cases the 
broad patterns of natural and anthropogenic 
ocean carbon accumulation are clear, but 
the decadal variations in ocean carbon accu-
mulation are less well constrained and in 
need of robust uncertainty quantification.

Fig. 3.29. A compilation of data-based global ocean anthropo-
genic carbon inventory estimates vs. the year for which the 
estimate is made. While these estimates vary considerably 
with respect to methodology and the underlying measure-
ments, a general increasing trend can be seen consistent 
with ongoing ocean anthropogenic CO2 (Cant) accumulation.
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Appendix 1: Acronyms

ACC Antarctic Circumpolar Current
BASS Blended Analysis of Surface Salinity
bbp particle backscattering coefficient
Cant anthropogenic CO2

CERES Clouds and the Earth’s Radiant Energy Systems
Chla chlorophyll-a
CO2 carbon dioxide
COARE Coupled Ocean Atmosphere Response Experiment
Cphy phytoplankton carbon
E Evaporation
EBAF Energy Balanced and Filled
EEP eastern equatorial Pacific
EKE eddy kinetic energy
ENSO El Niño–Southern Oscillation
ERA5 European Centre for Medium-Range Weather Forecasts Reanalysis version 5
FC Florida Current
fCO2w surface ocean fugacity of CO2

FlashFlux Fast Longwave And Shortwave Radiative Fluxes
GMSL global mean sea level
GPCP Global Precipitation Climatology Project
IOD Indian Ocean dipole
ITCZ Intertropical Convergence Zone
LH latent heat
LW longwave radiation
MEI Multivariate ENSO Index
MHT meridional heat transport
MHW marine heatwave
MOC meridional overturning circulation
MODIS Moderate Resolution Imaging Spectroradiometer
MODIS-A Moderate Resolution Imaging Spectroradiometer on Aqua
NBC North Brazil Current
NECC North Equatorial Countercurrent
OAFlux Objectively Analyzed Air–Sea Heat Fluxes
OHCA ocean heat content anomaly
OSNAP Overturning in the Subpolar North Atlantic Program
P Precipitation
PACE Plankton, Aerosol, Cloud, ocean Ecosystem
pCO2 partial pressure of CO2

PDO Pacific Decadal Oscillation
PSO permanently stratified ocean
Qnet net surface heat flux
RAPID Rapid Climate Change
RECCAP2 REgional Carbon Cycle Assessment and Processes
SD standard deviation
SeaWiFS Sea-viewing Wide Field-of-view Sensor
SEC South Equatorial Current
SH Southern Hemisphere
SIO Scripps Institution of Oceanography
SMAP Soil Moisture Active Passive
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SMOS Soil Moisture and Ocean Salinity
SOCAT Surface Ocean CO2 Atlas
SOM-FNN self-organizing maps feed-forward neural network
SPCZ South Pacific Convergence Zone
SSS sea-surface salinity
SST sea-surface temperature
SSTA sea-surface temperature anomaly
SW shortwave radiation
VIIRS Visible Infrared Imaging Radiometer Suite
VIIRS-N20 Visible Infrared Imaging Radiometer Suite on NOAA20
VLIZ Flanders Marine Institute
XBT Expendable Bathythermograph
YC Yucatan Current
Δ fCO2 fCO2 difference
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Appendix 2: Datasets and sources

Section 3b Sea Surface Temperature

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3b Sea Surface Temperature ERSSTv5 https://doi.org/10.7289/V5T72FNM

3b Sea Surface Temperature HadSST4 https://www.metoffice.gov.uk/hadobs/hadsst4/

3b Sea Surface Temperature
NOAA Daily Optimum 
Interpolated Temperature 
(DOISST)

https://doi.org/10.25921/RE9P-PT57

Section 3c Ocean Heat Content

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3c Ocean Heat Content Argo http://doi.org/10.17882/42182#98916

3c Ocean Heat Content RFROM https://www.pmel.noaa.gov/rfrom/

3c Ocean Heat Content
CLIVAR and Carbon 
Hydrographic Data Office

https://cchdo.ucsd.edu/

3c Ocean Heat Content IAP/CAS http://www.ocean.iap.ac.cn/pages/dataService/dataService.html

3c Ocean Heat Content MRI/JMA www.data.jma.go.jp/gmd/kaiyou/english/ohc/ohc_global_en.html

3c Ocean Heat Content NCEI https://www.ncei.noaa.gov/access/global-ocean-heat-content/

3c Ocean Heat Content PMEL/JPL/JIMAR http://oceans.pmel.noaa.gov

3c Ocean Heat Content UK Met Office EN4.2.2 https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-2.html

Section 3d Salinity

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3d2 Ocean Salinity Argo https://usgodae.org/argo/argo.html

3d2 Ocean Salinity
Blended Analysis for 
Surface Salinity

ftp://ftp.cpc.ncep.noaa.gov/precip/BASS

3d2 Ocean Salinity World Ocean Atlas 2013 www.nodc.noaa.gov/OC5/woa13/

3d3 Ocean Salinity NCEI salinity anomaly https://www.ncei.noaa.gov/access/global-ocean-heat-content/

3d3 Ocean Salinity World Ocean Atlas 2018 www.nodc.noaa.gov/OC5/woa18/
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Section 3e Global ocean heat, freshwater, and momentum flux

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3e1
Air-sea fluxes (shortwave/
longwave radiation)

CERES Energy Balanced 
and Filled version 4.2

https://asdc.larc.nasa.gov/project/CERES/CERES_EBAF_Edition4.2

3e1
Air-sea fluxes (shortwave/
longwave radiation)

CERES FLASHflux 4A 
product

https://cmr.earthdata.nasa.gov/search/concepts/C1719147151-LARC_
ASDC.html

3e1
Air-sea fluxes (latent heat/
sensible heat)

OAFlux2 https://oaflux.whoi.edu/ 

3e2 Precipitation
Global Precipitation 
Climatology Project (GPCP) 
v2.3

https://psl.noaa.gov/data/gridded/data.gpcp.html

3e2 Evaporation OAFlux2 https://oaflux.whoi.edu/ 

3e3 Wind stress OAFlux2 https://oaflux.whoi.edu/ 

Section 3f Sea Level variability and change

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3f Ocean Heat Content Argo monthly climatology https://sio-argo.ucsd.edu/RG_Climatology.html

3f Ocean Mass GRACE/GRACE FO https://grace.jpl.nasa.gov/data/get-data

3f
Sea Level / Sea Surface 
Height

Argo https://usgodae.org/argo/argo.html

3f
Sea Level / Sea Surface 
Height

NASA MEaSURES
https://podaac.jpl.nasa.gov/dataset/SEA_SURFACE_HEIGHT_ALT_
GRIDS_L4_2SATS_5DAY_6THDEG_V_JPL2205

3f
Sea Level/Sea Surface 
Height

NASA Sea Level Change 
Program

https://podaac.jpl.nasa.gov/dataset/MERGED_TP_J1_OSTM_OST_ALL_
V51

3f
Sea Level / Sea Surface 
Height

NCEI steric sea level https://www.ncei.noaa.gov/access/global-ocean-heat-content/

3f
Sea Level / Sea Surface 
Height

NOAA Laboratory for Sea 
Level Altimetry

www.star.nesdis.noaa.gov/sod/lsa/SeaLevelRise/LSA_SLR_timeseries.
php

3f
Sea Level / Sea Surface 
Height

Tide Gauge http://uhslc.soest.hawaii.edu/

3f
Sea Level / Sea Surface 
Height

University of Texas Center 
for Space Research Gravity 
field

https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_CSR_RL06_
OCN_v04
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Section 3g Surface Currents

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3g ocean currents Global Drifter Program https://www.aoml.noaa.gov/phod/gdp/interpolated/data/all.php

3g3 ocean currents Atlantic ocean monitoring https://www.aoml.noaa.gov/phod/altimetry/cvar/

Section 3h Meridional Overturning Circulation and Heat Transport in the Atlantic Ocean

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3h ocean currents
Atlantic Ship of 
Opportunity XBT

https://www.aoml.noaa.gov/phod/goos/xbt_network/

3h ocean currents Argo https://usgodae.org/argo/argo.html

3h ocean currents Florida Current transport https://www.aoml.noaa.gov/phod/floridacurrent/data_access.php

3h ocean currents
Global Temperature and 
Salinity Profile Program 
(GTSPP)

https://www.ncei.noaa.gov/products/global-temperature-and-salinity-
profile-programme

3h ocean currents MOVE array http://www.oceansites.org/tma/move.html

3h ocean currents OSNAP https://www.o-snap.org/

3h ocean currents RAPID array https://rapid.ac.uk/rapidmoc/

3h ocean currents SAMBA http://www.oceansites.org/tma/samba.html

Section 3i Global Ocean Phytoplankton

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3i
Phytoplankton, Ocean 
Color

MODIS-Aqua https://oceancolor.gsfc.nasa.gov/reprocessing/
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Section 3j Global Ocean Carbon Cycle

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

3j2 Ocean Carbon SOCAT version 2022 https://doi.org/10.25921/r7xa-bt92

3j2 Sea Surface Temperature
NOAA Optimum 
Interpolation SST (OISST) 
v2.1

https://www.ncei.noaa.gov/products/optimum-interpolation-sst

3j2 Chlorophyll GlobColour https://www.globcolour.info/

3j2
Atmospheric Carbon 
Dioxide

NOAA Greenhouse Gas 
Marine Boundary Layer 
Reference

https://gml.noaa.gov/ccgg/mbl/mbl.html

3j2 Winds [Near] Surface ERA5 https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5

3j2 Ocean Salinity Hadley Center EN4 https://www.metoffice.gov.uk/hadobs/en4/

3j3 Ocean Temperature Argo monthly climatology https://sio-argo.ucsd.edu/RG_Climatology.html

3j3 Ocean Salinity Argo monthly climatology https://sio-argo.ucsd.edu/RG_Climatology.html

Sidebar 3.1 Marine Heatwaves in 2023

Sub-
section

General Variable or 
Phenomenon

Specific dataset or variable Source

SB3.1 Sea Surface Temperature OISSTv2.1. https://www.ncei.noaa.gov/products/optimum-interpolation-sst
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