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Executive Summary

1	 See Global Carbon Project https://www.globalcarbonproject.org 
2	 See SOLAS https://www.solas-int.org/ 
3	 See IMBeR https://imber.info/ 
4	 See CLIVAR https://www.clivar.org/ 
5	 See IOCCP https://www.ioccp.org/ 
6	 See IOC https://www.ioc.unesco.org/ 
7	 See GOOS https://goosocean.org/ 

The mission of the ‘Integrated Ocean Carbon Research’ 
(IOC-R) programme is to enhance our understanding 
of the ocean as a changing sink for human-produced 
CO2 and its climate change mitigation capacity, as well 
as the vulnerability of ocean ecosystems to increasing 
CO2 levels. The IOC-R programme aims to provide an 
actionable foundation for addressing the challenges of 
ocean carbon research. In doing so, it is contributing to the 
objectives of the United Nations (UN) Decade of Ocean 
Science for Sustainable Development by integrating 
the latest scientific findings and observational data for 
ocean carbon. 

Supported by interdisciplinary research, the 
understanding of the ocean carbon cycle has advanced 
significantly since the last release of a report from the 
IOC-R community (IOC of UNESCO, 2021; Sabine et al., 
2024). However, major knowledge and observational 
gaps remain, leading to considerable uncertainties in 
model projections. These hamper the development of 
climate change adaptation and mitigation strategies, 
including those involving ocean based solutions. 

The IOC-R programme itself is co-sponsored by five 
international research and coordination programmes 
which have a strong involvement and focus on ocean 
carbon (Global Carbon Project1, SOLAS2, IMBeR3, CLIVAR4 
and IOCCP5) and the Intergovernmental Oceanographic 
Commission of UNESCO (IOC)6. 

This IOC-R report is a global community effort with 72 
authors and 13 reviewers from 23 countries. The report 
aims to guide the scientific focus of these programmes, 
as well as GOOS7, and to highlight new global cross-
cutting priorities of ocean carbon research that help 
national and international ocean science funding entities 
determine future areas of investment. It will accomplish 
this by identifying knowledge gaps and coordinated 
research approaches to increase understanding about 
the ocean carbon cycle in a changing world. 

The IOC-R community has defined five focus areas for 
ocean carbon research (Figure ES1), which will be further 
developed and explained in the report (Section 3):

1.	 �Evolution of the ocean carbon sink under a changing 
climate, 

2.	 �The changing role of biology in the ocean carbon 
cycle,

3.	 �Carbon exchanges across the land-ocean-ice 
continuum, 

4.	 �The impact of ocean industrial processes on the 
ocean bio logical carbon cycle, 

5.	 �Future changes in the carbon cycle from deliberate 
ocean-based climate interventions.

In order to close the knowledge gaps identified within 
each focus area, a series of internationally co-ordinated 
approaches are required. These prioritised approaches 
(Section 4) are : 

•	Support for sustained ocean carbon observing 
systems, 

•	Integration of sensor technologies and platforms, 

•	Enhancement and co-ordination of carbon observing 
and synthesis products, 

•	Next level biological process studies and experiments, 
and 

•	Improved ocean carbon cycle models.

https://www.globalcarbonproject.org
https://www.globalcarbonproject.org
https://imber.info/
https://www.clivar.org/
https://www.ioccp.org/
https://www.ioc.unesco.org/
https://goosocean.org/
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Developing these approaches should sit within a 
framework (Section 5) of transdisciplinarity involving 
non-academic participants such as policy makers, 
managers, science communicators and indigenous 

knowledge holders and a strong commitment to human 
and technological capacity development including 
improving access and participation from under-
represented groups.
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Framework and approach

Figure ES1.	 Overview of the five identified focus areas for integrated ocean carbon research, prioritised approaches and a 
framework of interdisciplinarity and capacity development. 

The report synthesises these approaches and aspects 
of the framework into overarching actions to support the 
development and continuous enhancement of robust 
and fundamental scientific work for humankind to 
understand and predict accelerating climate change and 

the possibility of unexpected environmental responses 
(Section 6 and Figure ES2). Also identified are a series 
of specific actions presented as key recommendations 
and priorities for globally integrated carbon research 
within each focus area. 
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Figure ES2.	 Overview of overarching and specific actions to be taken forward in the field of ocean carbon research. 
Overarching actions (inner ring) are identified to support the development and continuous enhancement of robust and 
fundamental scientific work for humankind to understand and predict accelerating climate change and the possibility of 
unexpected environmental responses. Specific actions (middle ring) are identified to address specific research gaps detailed 
under the five focus areas (outer ring) for integrated ocean carbon research.
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Overarching actions:

1.	 �Sustain and further expand an integrated ocean 
observing system covering the surface to deep 
ocean and the land to ocean interface, involving in 
situ and remotely sensed multi-variable observations 
(physical, chemical and biological parameters), 
including further development of sensors and 
autonomous platforms.

2.	 �Enhance ocean model process representations, 
addressing biases in the simulation of circulation 
and mixing, and forge improved collaborations 
between modellers and field-going and laboratory-
based scientists to help resolve biogeochemical 
exchanges of matter through the ocean-atmosphere, 
ocean-land and ocean-ice interfaces.

3.	 �Strengthen cooperation in human and technological 
capacity development activities, including improving 
access and participation from under-represented 
groups and cross-disciplinary knowledge exchange.

4.	 �Foster the establishment of a transdisciplinary 
framework in ocean carbon research involving 
non-academic participants such as policy makers, 
managers, research communicators and indigenous 
knowledge holders, creating time and space to 
understand the contributions of the social sciences, 
the humanities and creative arts to the field of ocean 
carbon research.

5.	 �Develop and further improve multinational 
cooperation and collaboration including the 
application of community based best practices 
including data quality control, access to reference 
materials and intercalibration of measurements and 
data archiving in accordance with FAIR8 and CARE9 
principles. 

8 FAIR: data are findable, accessible, interoperable and reusable
9 CARE: collective benefit, authority to control, responsibility, ethics in the context of the United Nations Declaration on the Rights of 
Indigenous Peoples and Indigenous data sovereignty

Specific actions related to the five focus areas:

Evolution of the ocean carbon sink during changing 
climate and emissions

	- Operationalize ocean carbon observations and related 
data products to be able to project and predict changes 
in the pools and fluxes of the ocean carbon cycle.

	- Improve air-sea CO2 flux parameterizations to reduce 
uncertainties in ocean CO2 uptake estimates, refine the 
seawater carbonate equilibrium constants to increase 
the internal consistency of the marine carbonate 
system, and monitor changes in physical processes 
and how they affect ocean CO2 uptake (e.g. changes 
in turbulence, warming and freshening).

	- Provide access to ocean carbon certified reference 
materials via a network of international laboratories 
that produce and deliver climate relevant calibration 
materials in both seawater and gas mixtures 

The changing role of biology in the ocean carbon cycle 

	- Couple observations of parameters and metabolic 
rates contributing to the biological carbon pump with 
a mechanistic understanding of the factors driving 
their variability and change over time.

	- Undertake adaptation studies to assess and connect 
cellular, physiological, and behavioural mechanisms, 
incorporating microevolution and epigenetics, to 
yield a more comprehensive understanding of how 
organisms are responding and evolving in a changing 
environment.

	- Develop multiple-driver mesocosm/macrocosm 
manipulation studies to advance the understanding 
of climate change effects on interactions between 
biogeochemistry, ecology and physiology. 
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Carbon exchanges across the land-ocean-ice 
continuum

	- Improve linkages to community and indigenous 
knowledge holders, and between ocean and inland 
water research communities to further advance 
understanding about the polar, coastal and open 
ocean carbon cycle. 

	- Assemble data products at adequate spatial and 
temporal resolutions that reflect the high heterogeneity 
of coastal and polar carbon cycling, in order to use 
flexible scenarios including variable and evolving 
climate forcings and anthropogenic disturbances for 
future predictions.

	- Launch a «land-induced global ocean CO2 outgassing 
Model Intercomparison Project» to promote ensemble-
mean assessments of the anthropogenic perturbation 
in the land-ocean carbon cycle.

The impact of ocean industrial processes on the 
biological ocean carbon cycle

	- Generate information on the key processes within the 
biological pump (such as grazing, remineralization, 
particle sinking and plankton mortality) that are likely to 
be impacted by industrial extraction and addition and 
degradation of plastics, and improve knowledge on the 
resilience of carbon sequestration to reorganisations 
of food webs by fisheries.

	- Undertake coherent and targeted research 
programmes to quantify the consequences and 
impacts of fishing, trawling, mining, dredging, drilling, 
CO2 injection and burial, and plastic pollution on 
processes affecting carbon export, transformation, 
remineralization and storage.

	- Develop regionally focussed shared socio-economic 
pathways (SSPs) which explore how marine 
ecosystems may evolve under varying climate, 
socio-economic and industrial process conditions to 
drive numerical models, informed by representative 
stakeholder consultations encompassing both the 
groups that regulate human activities in the ocean and 
those that seek to undertake these actions for profit. 

Future changes in the carbon cycle from deliberate 
ocean-based climate interventions

	- Improve models to be able to undertake relevant 
simulation experiments of the impacts of mCDR 
approaches.

	- Undertake a systematic policy relevant review of 
the effectiveness and feasibility of mCDR methods 
(including biologically based approaches such as 
coastal blue carbon and chemically based approaches 
such as ocean alkalinity enhancement), which also 
includes the environmental effects on biodiversity, 
ecosystem functioning and ecosystem services.

	- Undertake quantitative research on the ocean carbon 
cycle and related ecological processes in order to 
establish a wider consensus on whether mCDR can 
contribute to a credible, scalable, and politically-
acceptable climate mitigation strategy.

While these integrated ocean carbon research actions 
will be critical to achieve global goals in mitigating 
and adapting to climate change and the sustainable 
use of marine resources, reducing atmospheric CO2 
concentrations is the only real long-term and viable 
action that will save the ocean and our climate for future 
generations to enjoy.
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1. Introduction
Christopher Sabine and Carol Robinson

IOC-R Update - Advancing Ocean Carbon 
Research Since 2021

This report updates the work of the Integrated Ocean 
Carbon Research (IOC-R) programme, building upon the 
foundational work established in our 2021 publication, 
«Integrated Ocean Carbon Research: A Summary of 
Ocean Carbon Research, and Vision of Coordinated 
Ocean Carbon Research and Observations” (IOC of 
UNESCO, 2021a). As an expert working group of the 
Intergovernmental Oceanographic Commission  of 
UNESCO (IOC), IOC-R continues to contribute to the 
science elements of the United Nations (UN) Decade 
of Ocean Science for Sustainable Development (2021-
2030), the Ocean Decade. 

The mission of IOC-R is to enhance our understanding 
of the ocean as a changing sink for human-produced 
carbon dioxide (CO2) and its climate change mitigation 
capacity, as well as the vulnerability of ocean 
ecosystems to increasing CO2 levels. By integrating 
the latest observational data and scientific findings, the 
report provides a robust and actionable foundation for 
addressing the challenges of ocean carbon research and 
contributing to the Ocean Decade’s objectives. The IOC-R 
programme itself is co-sponsored by six international 
research and coordination programmes (CLIVAR, Global 
Carbon Project, IMBeR, IOCCP, SOLAS and IOC), which all 
have a strong involvement and focus on ocean carbon. 
IOC-R aims to guide the scientific focus of ocean carbon 
research within these programmes, as well as the Global 
Ocean Observing System (GOOS) at large, by identifying 
knowledge gaps and coordinated research approaches 
to increase understanding about the ocean carbon cycle 
in a changing world, as well as highlighting new global 
cross-cutting priorities of ocean carbon research, crucial 
for national and international ocean science funding 
mechanisms to determine future areas of investment.

The Ocean Decade is structured around 10 Challenges 
providing a framework to achieve the vision ‘The science 
we need for the ocean we want’. Launched during the 
third year of implementation of the Ocean Decade, the 
Vision 2030 process aimed to establish a quantifiable 
measure of success by exploring the question ‘What 
does success look like for each Challenge at the end of 
the Decade?’. This involved consideration not only of the 
science and knowledge, but also the associated capacity, 
resources, and infrastructure that would be required 
to meet the Ocean Decade Challenges. The mission 
of IOC-R aligns well with that of the Decade’s Vision 
2030 striving to enhance understanding of the ocean-
climate nexus and generating solutions to mitigate and 
adapt to climate change, particularly through improved 
predictions and forecasts in order to fulfill the Ocean 
Decade Challenge 5 “Unlock ocean-based solutions to 
climate change” (Sabine et al., 2024; Robinson et al., 
2025).

Originally the IOC-R addressed critical issues in ocean 
carbon research through a combined strategy of 
research and observational goals. The work was guided 
by four key questions formulated at the inaugural Expert 
Workshop in 2019 (IOC of UNESCO, 2021a):

1.	 �Will the ocean uptake of anthropogenic CO2 continue 
as primarily an abiotic process?

2.	 �What is the role of biology in the ocean carbon cycle, 
and how is it changing?

3.	 �What are the exchanges of carbon between the land-
ocean-ice continuum and how are they evolving over 
time?

4.	 �How are humans altering the ocean carbon cycle and 
resulting feedbacks, including possible purposeful 
carbon dioxide removal (CDR) from the atmosphere?
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Since the release of the initial report in 2021, a 
number of research programmes within the six 
sponsor organizations and programmes, along with 
several Decade projects and programmes, have 
been established. Given these developments and 
advancement in the field of ocean carbon science 
since the 2019 meeting, IOC-R decided that a revised 
vision document, including references to possible 
implementation strategies, was needed, considering 
Ocean Decade activities and coordination mechanisms. 
In an effort to get a broader community input to the new 
document, an online meeting was held in December 
2022. That workshop provided valuable information for 
an in-person meeting held on 3-5 May  2023 in Brussels, 
Belgium. Thirty-three experts attended in-person and 26 
connected online from countries across the world. 

This updated report reflects the outcomes from those 
meetings, including the division of the fourth question 
of the previous report into two sections separating the 
human-driven alterations of the ocean and its processes 
into industrial processes and deliberate interventions 
in the marine environment referred to in this document 
as marine carbon dioxide removal (mCDR). The report 
therefore  addresses these focus areas and knowledge 
gaps: 

1.	 �Evolution of the ocean carbon sink during changing 
climate and emissions. This section explores 
the long-term capacity of the ocean to absorb 
CO2 through physical and chemical processes, 
considering factors such as ocean circulation and 
stratification.

2.	 �The changing role of biology in the ocean carbon 
cycle. This assesses the influence of marine 
organisms on carbon uptake and sequestration, 
including the impacts of climate change on biological 
processes and ecosystem dynamics.

3.	 �Carbon exchanges across the land-ocean-ice 
continuum. This examines the carbon fluxes between 
different earth system components, focusing on the 
changing dynamics of coastal ecosystems and the 
impacts of melting ice.

4.	 �The impact of ocean industrial processes on 
the ocean biological carbon cycle. This section 
discusses the impacts of direct anthropogenic 
pressures by industry on the ocean biological carbon 
cycle across scales, e.g. disturbances of the seafloor 
and coast, fisheries and mariculture, and plastic 
pollution.

5.	 �Future changes in the carbon cycle from deliberate 
ocean-based climate interventions. This addresses 
the efficacy of mCDR as well as the potential and 
risks of various mCDR strategies.

Merely identifying the science gaps is not sufficient to 
advance integrated ocean carbon research. Therefore, 
current and emerging science approaches supporting 
knowledge generation are addressed extensively in 
Section 4, pointing to the importance of co-designed 
and co-implemented interdisciplinary research (Section 
5.a) and capacity development (Section 5.b). 

Given that more than 30 global initiatives are tackling 
parts of integrated ocean carbon research (Figure  2), 
the ambition is that this document will assist in 
optimizing future science investment and encourage 
global collaboration.
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2. �The Case for Integrated 
Ocean Carbon 
Research

2.a The role of ocean carbon in the global 
carbon cycle

Carol Robinson, Christopher Sabine, Signe Lemcke, 
Kirsten Isensee, Richard Sanders

Our best understanding of the ocean carbon cycle, as 
shown in Figure 3 , suggests that in the pre-industrial era 
(before ca. 1750), the ocean was a small net source of 
carbon to the atmosphere, which was offset by a net sink 
of atmospheric carbon in the terrestrial biosphere. The 
system was balanced by rivers that transported carbon 
from the terrestrial biosphere back to the ocean (Figure 3).

Today the situation has reversed, as CO2 accumulates 
in the atmosphere from anthropogenic fossil fuel 
use, cement manufacture and land-use change, the 
higher partial pressure of atmospheric CO2 exceeds 
the preindustrial ocean outgassing resulting in a net 
diffusion of CO2 into the ocean. The ocean thus plays a 
pivotal role in the global carbon cycle and in regulating 
the Earth’s climate: its immense capacity to remove 
and store carbon away from the atmosphere has been 
crucial in mitigating the greenhouse effects at the earth’s 
surface. 

The present day ocean carbon cycle involves a complex 
interplay of physical, chemical, and biological processes 
(Figure 3). Understanding the processes, interactions 
and feedbacks governing ocean carbon uptake, cycling 
and storage is essential for predicting future climate 
scenarios and developing effective mitigation strategies. 
The solubility pump continues to be the primary driver 
of ocean carbon absorption (Section  3.a), and this 
increased ocean carbon absorption is resulting in ocean 
acidification. Biological processes, driven by marine 
organisms, continue to play a significant role in ocean 
carbon cycling and storage (Section 3.b). Phytoplankton 
utilizes dissolved CO2 for photosynthesis, converting it 
into organic carbon.

This organic carbon can then be transferred through the 
food web, eventually sinking to the deep ocean where it 
can be stored for centuries or even millennia.

The exchanges of carbon between the ocean and 
other earth system components, such as land, rivers 
and ice, are also critical to ocean carbon cycling and 
storage. Coastal ecosystems, including mangroves, 
salt marshes, and seagrass meadows, are particularly 
efficient at storing carbon, known as «blue carbon». 
Changing sea-ice distributions and circulation in the 
polar oceans is impacting  carbon drawdown in those 
regions, including the fate of terrestrial carbon released 
by melting permafrost (Section 3.c).

Human activities through marine industries such as 
fishing, dredging, port construction and aquaculture are 
significantly altering the ocean carbon cycle through 
restructuring ecosystems, resuspending sediments 
and enhancing production in the coastal zone. Likewise, 
plastics are now an emergent component of the 
carbon cycle and may be altering critical earth system 
functions, including the strength of the biological 
carbon pump (Section 3.d). Furthermore, purposeful 
mCDR techniques, such as restoration of mangrove, 
saltmarsh and seagrass ecosystems, ocean fertilization 
or enhanced weathering, are being explored as potential 
mitigation strategies, but their long-term impacts on the 
ocean carbon cycle are still uncertain (Section 3.e).
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2.b Framework for Integrated Ocean Carbon 
Research

Kirsten Isensee, Erik van Doorn, Maciej Telszewski, 
Joanna Post, Jeremy Sterling

An integrated understanding of the ocean carbon cycle, 
accounting for the different and changing forms of 
ocean carbon and including carbon reservoirs, fluxes 
and transports, is crucial to determine current and future 
anthropogenic changes in the ocean and ultimately 
provide the best available scientific information for 
protecting the ocean and maintaining its services.

A number of multilateral agreements rely on the 
information provided by the ocean carbon scientific 
community, including the Paris Agreement and the 
United Nations Framework Convention on Climate 
Change (UNFCCC)10, the 2030 Agenda for Sustainable 
Development11, the London Protocol,12 the Kunming-
Montreal Global Biodiversity Framework (GBF) of the 
Convention on Biological Diversity (CBD)13 and the 
Agreement under the United Nations Convention on the 
Law of the Sea on the Conservation and Sustainable Use 
of Marine Biological Diversity of Areas beyond National 
Jurisdiction (BBNJ Agreement).14 

https://unfccc.int/sites/default/files/resource/parisagreement_publication.pdf
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As these frameworks traditionally do not take into 
account different ecosystems but rather legal boundaries 
of different maritime zones, integrated ocean carbon 
research that produces co-developed and co-evolved 
scientific knowledge is essential for informing national, 
regional and international policy and decision making. 

The UNFCCC and the Paris Agreement encourage its 
Parties to consider, as appropriate, ocean-based action 
in their national climate goals and in the implementation 
of these goals, including but not limited to nationally 
determined contributions, long-term strategies and 
adaptation communications (Decision 1/CP.27 and 
Decision 1/CMA.4). COP 28 (28th Conference of the 
Parties) invited all countries to preserve and restore 
the ocean and coastal ecosystems and scale up, as 
appropriate, ocean-based mitigation action15. The latest 
science and advances in integrated ocean carbon 
research will be indispensable to inform these efforts 
(Sections 3.b and 3.e).

The Agenda 2030 for Sustainable Development Goal 14 
(SDG 14) is to conserve and sustainably use the ocean 
and marine resources16. IOC is the custodian of SDG 
14 target 14.3, which focuses on one part of the ocean 
carbon cycle, ocean acidification, aiming to ‘Minimize 
and address the impacts of ocean acidification, including 
through enhanced scientific cooperation at all levels.’ 
This target  is supported by the associated SDG Indicator 
14.3.1 recording ‘Average marine acidity (pH) measured 
at an agreed set of representative sampling stations’. 
IOC supports countries and their scientists in developing 
the ocean carbon and ocean acidification technical 
capacity to measure indicator 14.3.1 and analyze the 
respective data, and to use the information obtained to 
ensure sustainable development in the coastal and open 
ocean.

The Kunming-Montreal Global Biodiversity Framework 
(GBF)17 target 8 provides a further concrete area of 
engagement for the IOC-R community to ‘Minimize 
the impact of climate change and ocean acidification 
on biodiversity and increase its resilience through 
mitigation, adaptation, and disaster risk reduction 
actions, including through nature-based solutions and/
or ecosystem-based approaches, while minimizing 

15	 See https://unfccc.int/sites/default/files/resource/cma2023_L17_adv.pdf  
16	 See https://undocs.org/en/A/RES/70/1 
17	 See  https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf 
18	 See https://wwwcdn.imo.org/localresources/en/KnowledgeCentre/IndexofIMOResolutions/LCLPDocuments/LP.4(8).pdf 
19	 See https://docs.un.org/en/A/RES/78/272 A/RES/78/272

negative and fostering positive impacts of climate action 
on biodiversity’, as impacts can only be minimized if a) 
monitored (Section 4) and b) the underlying mechanisms 
are understood (Section 3.a and 3.b).

The 2013 amendments to the London Protocol18 
addressing marine geoengineering have not yet entered 
into force but some states have already incorporated 
these rules in their national legislation. Increasing 
understanding of mCDR approaches, including the risks 
and opportunities, will be critical for further climate 
action (Section 3.e).

Meanwhile, the 2023 BBNJ Agreement19 is one of the 
first legally binding international agreements to explicitly 
link climate change, ocean acidification and the carbon 
cycle to ecosystem integrity and resilience (Art. 7(h)). 
Moreover, mCDR might be a fitting test case for the 
rules in the BBNJ Agreement on environmental impact 
assessment.

The United Nations Decade of Ocean Science for 
Sustainable Development (2021-2030) took note of 
these and other relevant frameworks and conventions 
and identified a suite of ten challenges for ocean science 
and sustainable development (IOC of UNESCO, 2021b). 
While ocean carbon research is a prerequisite to most 
of them, it is indispensable for Challenge 2, aiming to 
‘Understand the effects of multiple stressors on ocean 
ecosystems, and develop solutions to monitor, protect, 
manage and restore ecosystems and their biodiversity 
under changing environmental, social and climate 
conditions’ (White paper for Challenge 2, Muller-Karger et 
al. 2024) and for Challenge 5 to ‘Enhance understanding 
of the ocean-climate nexus and generate knowledge and 
solutions to mitigate, adapt and build resilience to the 
effects of climate change across all geographies and at 
all scales, and to improve services including predictions 
for the ocean, climate and weather’ (White paper for 
Challenge 5, Sabine et al., 2024). The white paper for 
challenge 5 states the need for ocean observations, 
including ocean carbon, and the requirement to further 
investigate mCDR and its impacts.
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In response to UNFCCC and to aid its Member States 
with implementation of the Paris Agreement, the World 
Meteorological Organization (WMO) has initiated 
the Global Greenhouse Gas Watch (G3W) Flagship 
Program (Carmichael et al., 2024). The G3W will 
provide ‘a comprehensive framework of monitoring 
greenhouse gases’, including the provision of flux 
estimates with a 1° latitude by 1° longitude resolution 
with a maximum delay of one month. Task Teams for 
observations, modelling and data flows are planning 
the comprehensive framework for the first phase of 
the G3W (2024-2027). The initial focus of G3W was 
on anthropogenic fluxes but the task teams have 
included natural fluxes, and monthly net air-sea CO2 
flux estimates as deliverables.  

While the global scientific community recognizes 
the need for integrated and sustained ocean carbon 
observations and research, hurdles remain, including 
unequally distributed technical and human capacity 
in the northern and southern hemisphere, heavy 

20	  See Care principles https://www.gida-global.org/care 

reliance on short-term funding to provide critical long-
term observations, and restricted access to data, 
information,  and  areas under national jurisdiction, 
both for sampling and recovering ocean carbon 
instrumentation (IOCCP, 2024). Applying and improving 
uptake and implementation of internationally agreed 
codes of conduct, including FAIR (Wilkinson et al., 2016) 
and CARE20 principles for data management, as well as 
national long-term commitments to invest in ocean 
science and observation, will be important stepping 
stones to improve future ocean science in general, 
and integrated ocean carbon research in particular. 
New areas of research, such as mCDR techniques, 
are also challenged by national and international 
legislation. Only community agreed best practices 
and standard operating procedures embedded in the 
current landscape of ocean carbon research can assist 
in obtaining the knowledge required to evaluate the 
feasibility of ocean-based climate change mitigation 
approaches (Section 3.e).

20	  See Care principles https://www.gida-global.org/care 



24 Integrated Ocean Carbon Research: A vision primed for implementation

3. �Fundamental and Emerging 
Research Questions

21	See  https://www.globalcarbonproject.org/reccap/index.htm

3.a Evolution of the ocean carbon sink under 
a changing climate 

Ute Schuster, Philip W. Boyd, Judith Hauck, Matthew P. 
Humphreys, Rik Wanninkhof, Galen A. McKinley, Jamie 
Shutler, Parvadha Suntharalingam

«Anthropogenic carbon (Canth)’’ is defined as the excess 
carbon in the atmosphere due to human activity, and 
hence oceanic «anthropogenic CO2 uptake» as the 
process that is driven by rising atmospheric CO2 as 
well as carbon-climate feedback associated changes 
in climate and ocean circulation. This would include (a) 
changes in CO2 fluxes between the surface ocean and 
atmosphere due to changes in atmospheric CO2 alone, 
and (b) changes in ocean carbon uptake and storage due 
to carbon-climate feedback induced changes in ocean 
circulation. It’s important to note that the anthropogenic 
perturbation is small relative to the solubility, transport 
and storage of carbon due to the natural carbon cycle 
(i.e., that not derived from human activity); quantifying 
the resulting small anthropogenic signal within the large 
natural variability requires very high quality carbonate 
system observations.

Since the industrial revolution, this anthropogenic carbon 
sink in the ocean has so far been an almost entirely abiotic 
process, i.e. driven by physical and chemical principles. It 
is therefore considered here separately from processes 
associated with the biological carbon pump which are 
covered in Section 3b.

Oceanic CO2 uptake has significant impacts on the 
global carbon cycle, not only by reducing the CO2 content 
in the atmosphere, hence acting as a brake on climate 
change, but also altering seawater carbonate chemistry. 
The latter impact includes decreasing seawater pH and 
carbonate ion availability, a long-term effect known as 
ocean acidification, impacting marine ecosystems and 
ultimately reducing the ocean’s capacity to further take 
up carbon due to a reduction in seawater buffer capacity. 

Earth System Models (ESMs) project changes in the 
mechanisms involved in the global ocean carbon sink, 
through 2100 to be: warming, buffering, wind and 
circulation changes, including the reemergence of waters 
already laden with anthropogenic carbon to the surface 
ocean (a significant effect by 2100 under low emission 
scenarios) (Ridge and McKinley, 2021; McKinley et al., 
2023; Terhaar et al., 2022). Global Ocean Biogeochemical 
Models (GOBMs) appear to underestimate the mean 
ocean carbon sink by 10 to 20%, relative to observations, 
as shown by a number of different approaches. These 
include comparison with interior ocean Canth estimates 
(e.g. Gruber et al., 2019; Müller et al., 2023), surface 
ocean pCO2 (partial pressure of CO2) observation-based 
products (DeVries et al., 2023; Friedlingstein et al., 2025), 
atmospheric inversions (though they are not completely 
independent from pCO2-products; Friedlingstein et al., 
2025), atmospheric O2 to N2 ratios (Tohjima et al., 2019), 
and process-based model evaluation (Friedlingstein et 
al., 2025; Terhaar et al., 2022; RECCAP2 chapters21). 
Observation-based products, in turn, may overestimate 
decadal variability and trends of ocean carbon uptake, 
and recent investigations have focussed on assessing 
the impact of data scarcity and methodological 
deficiencies in the mapping methods (Gloege et al., 
2021; Hauck et al., 2023b; Dong et al., 2024)).

Whilst confidence in estimates of the oceanic uptake 
of CO2 has significantly increased over recent decades, 
knowledge gaps remain, especially about the increasing 
discrepancy between model and surface ocean 
observation-based ocean sink estimates (Hauck et al., 
2020; Friedlingstein et al., 2025).

In view of the discrepancies between observations 
and model estimates, the question whether - and how 
- the ocean will continue to act as a significant sink for 
anthropogenic CO2 is of fundamental, and increasing, 
importance (Figure 4). 
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Major knowledge gaps

The major knowledge gaps in understanding the physical 
and chemical processes involved in oceanic CO2 uptake 
can be summarised as: What are the processes that 
lead to the discrepancies between observation- and 
model-based oceanic CO2 uptake estimates and how 
will they affect future ocean carbon uptake? Several 
questions contribute to the discrepancy, including:

1.	 �Temporal variability on interannual and decadal 
scales: 

Do observation-based products overestimate 
decadal variability or do model-based products 
underestimate decadal variability, influencing 
trends in ocean CO2 uptake? How does sparse and 
heterogeneous sampling of surface ocean pCO2 

impact estimated variability and trends (Gloege et 
al. 2021; Hauck et al., 2023b; Heimdal et al., 2024; 
Heimdal and McKinley, 2024; Dong et al., 2024)?

2.	 �Significance of riverine inputs:

High uncertainties remain, regarding the magnitude 
and spatial distribution of riverine carbon outgassing 
(Hauck et al., 2023) and the “river offset” (correction 
of CO2 uptake estimates) and its variability is poorly 
constrained (Regnier et al., 2022). This is mainly due 
to a lack of information on global terrestrial carbon 
and nutrient fluxes in the «land-to-ocean aquatic 
continuum», and a scarcity of observations (Section 
3.c). If the “river offset” were at the smaller end of the 
estimates (e.g. ~0.2 Pg C yr-1; Lacroix et al. 2020) and 
observation-based products had too small an ocean 
CO2 sink around 2000 (Heimdal et al., 2024), then it 
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might appear that the observation-based products 
and the models are closer in recent years. 

3.	 �Capturing of vertical temperature gradients (i.e., 
warm layers and the opposing skin effect) and 
errors in temperature assignment (e.g., warm bias 
within in situ data):

Accounting for these factors might reduce 
uncertainties and bias within observation-based and 
model-based ocean carbon sink assessments (Woolf 
et al., 2016; 2019; Shutler et et al., 2020; Watson et al., 
2020; Dong et al., 2022; Belanger et al., 2022; Ford et 
al., 2024; Park et al., 2024) 

4.	 �Impacts of different cryosphere processes in high 
latitude regions:

In the Arctic, climate change has appeared to increase 
ocean CO2 uptake over the recent past, largely due to 
sea-ice retreat and greater surface area for air-sea 
CO2 exchange (Yasunaka et al., 2023). Processes in 
the Southern Ocean are different, where altered wind 
patterns and resulting stronger upwelling seem to be 
reducing ocean CO2 uptake (Hauck et al., 2023). 

5.	 �Impacts of changes in the ocean buffer factor: 

These interact with the highly seasonal physical and 
biological processes in the ocean, and the impact 
on the annual mean net air-sea CO2 flux is not well 
constrained (Fassbender et al., 2022; Hauck and 
Völker, 2015; Rodgers et al., 2008; Mongwe et al., 
2024).

6.	 �Extreme events: 

An additional layer of complexity relates to the 
roles and impacts of extreme events and abrupt 
changes, including high wind speeds or precipitation, 
heatwaves (terrestrial and oceanic), acidification, 
deoxygenation and their compound effects. The 
frequency and intensity of extreme events are 
increasing under climate change and initial analyses 
of the effect of recent marine heatwaves on the 
ocean carbon sink are emerging (Mignot et al., 2022; 
Li et al., 2024). Knowledge of how these will impact 
long-term ocean CO2 uptake and storage is currently 
missing.

22	 See www.socat.info
23	 See www.glodap.info

Actions to be taken

Three main interlinked actions are essential to 
significantly tackle knowledge gaps: increase sustained 
observations (Section 4a), enhance ocean model 
process representations (Section 4e) and intensify 
collaborations between modelers and observationalists. 
All are crucial to increase confidence in estimates 
of ocean CO2 uptake and storage, especially when 
unexpected or extreme events occur, such as heat waves. 
These activities should address the key components of 
the ocean CO2 uptake, including: 

I.	 �Quantification of variabilities (e.g. across latitudes, 
from interannual through interdecadal time scales); 

II.	 �Refinement and extension of air-sea CO2 flux 
parameterisations, to reduce uncertainties in CO2 
uptake estimates via bulk methods; 

III.	�Determination of seawater carbonate equilibrium 
constants, to increase the internal consistency of 
calculation of the marine carbonate system; and 

IV.	�Monitoring of changes in physical processes and 
how they affect anthropogenic carbon uptake, 
e.g., warming and freshening, ocean circulation, 
stratification, and mixing. 

These actions will be best achieved through: 

•	Ensuring integrated and coordinated, long-term, 
sustainable, multi-variable and multi-platform based 
observations from coasts to open ocean, including 
further targeted development of sensor technologies, 
expanding observations to under-observed regions;

•	Maintaining a network of international laboratories 
that produce and deliver climate-relevant calibration 
materials (in seawater, as well as in gas mixtures);

•	Achieving and agreeing on a robust understanding 
of the effect of near-surface ocean temperature and 
salinity gradients;

•	Ensuring dedicated long-term, sustainable operating 
support for critical data synthesis products: the 
Surface Ocean CO2 ATlas (SOCAT22) and the GLobal 
Ocean Data Analysis Project (GLODAP23);
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•	Enabling enhanced model development and 
calibration/validation via the identification and 
elimination of model biases (e.g. due to mixing 
schemes), and the incorporation of important missing 
processes and variables (e.g. organic alkalinity, 
near-surface temperature gradients and mesoscale 
dynamics);

•	Employing other independent lines of evidence to 
constrain the ocean carbon sink, such as oceanic 
observations of CFCs and oxygen;

•	Comprehensively and routinely identifying and 
characterising biases and uncertainty in the suite of 
observation-based air-sea CO2 products (for example 
as achieved by Ford et al., (2024) for one product and 
begun by the SOCOMv2 community effort);

•	Training and sharing of best practices and global 
capacity expansion.

3.b The changing role of biology in the ocean 
carbon cycle 

Sandy Thomalla, Nina Bednaršek, Philip W. Boyd, Emma 
Cavan, Feng Chen, Richard A. Feely, Helen S. Findlay, 
Stephanie Henson, Nianzhi Jiao, Marja Koski, Adrian 
Martin, Carol Robinson, Richard Sanders, Jamie Shutler, 
Xilin Xiao 

Biological processes in the ocean influence the uptake, 
storage and release of carbon on climatically relevant 
timescales. Without these processes, atmospheric CO2 
concentrations in the pre-industrial era would have been 
approximately 200-300 ppm higher (Maier-Reimer et al., 
1996; Kwon et al., 2009; Carter et al., 2021). The strength 
and efficiency with which these biological processes 
impact the carbon cycle are unlikely to remain constant 
over time, as they are themselves affected by climate 
change, leading to feedbacks within the climate system 
(Crichton et al., 2023; Wilson et al., 2022; Henson et 
al., 2022, Frenger et al., 2024). Indeed, if the supply of 
nutrients to the ocean’s euphotic zone, or the planktonic 
community’s ability to utilise nutrients, changes, then 
atmospheric CO2 concentrations can be impacted 
(Frenger et al., 2024). For example, during the last glacial 
maximum, iron fertilisation from dust and a subsequent 
increase in export flux and carbon burial, resulted in a 
reduction in atmospheric CO2 of ~20 ppm (Lambert et 
al., 2015).

Anthropogenic forcing (driving changes such as 
warming, acidification, deoxygenation, stratification, 
and altered light and nutrient supply) affects ecosystem 
function and the transfer of carbon, energy, and nutrients 
through pelagic and benthic food webs. These changes 
create complex feedback mechanisms on ocean 
biogeochemistry, remineralisation, carbon storage, and 
climate (Barnes, 2018; Henley et al., 2020; Lee and Feely, 
2021; Sulpis et al., 2021). Estimates of how climate 
change is impacting biological carbon flux are, however, 
poorly constrained due to a lack of understanding of the 
complexity of processes that interact to drive carbon 
production, remineralization, and export (Henson et al., 
2022; 2024a; 2024b) (Figure  5). Factors that regulate 
phytoplankton growth (e.g. temperature, light, nutrients), 
particle formation and rates of sinking (e.g. aggregation, 
fragmentation, ballasting, senescence, grazing, viral lysis), 
physical processes (e.g. mixing, advection, subduction) 
and remineralization (microbial metabolism, chemical 
dissolution, zooplankton consumption) all modify the 
fate of carbon (Henson et al., 2022). This multitude of 
interacting factors affects the depth at which particulate 
organic and inorganic carbon fixed in surface waters 
is transformed to dissolved carbon, which ultimately 
determines its storage time in the ocean’s interior. It is 
also important to recognise that carbon flux is not purely 
gravitational or vertical, but is influenced by additional 
‘particle injection pumps’ by both biological (e.g. animal-
migration) and physical (e.g., mixed layer dynamics, 
subduction) processes. These processes, which are often 
intensified at features such as eddies and fronts, transport 
suspended and sinking particles to depth (Boyd et al., 
2019; Sulpis et al., 2021). In addition horizontal dispersal 
can advect organic material over large distances as it 
decomposes. 

As primary producers, phytoplankton are responsible 
for determining the amount of organic carbon fixed 
in surface sunlit waters that is available for export and 
subsequent transfer to depth via a series of biological 
and physical mechanisms (the biological carbon pump). 
Particle feeders (e.g. zooplankton, metazoans) modulate 
carbon transfer by consuming, disaggregating and 
transforming sinking particles via remineralization, 
dissolution, and defecation processes. Marine microbes 
readily utilise most of the exported organic carbon, 
producing CO2 through remineralisation (the microbial 
loop), but also produce refractory dissolved organic 
matter (DOM) that resists degradation enhancing storage 
(the microbial carbon pump) (Jiao et al., 2010). Linking 
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microbial community complexity with the chemical 
diversity of DOM has advanced our understanding of 
the role of microbes in ocean carbon cycling (Jiao et 
al. 2024). Major uncertainties still exist regarding the 
processes that govern the different biological pumps 
and how they interact, which makes it challenging to 
detect and determine changes in organic carbon flux in 

response to climate stressors. This highlights the need 
for baseline knowledge of the magnitude of the biological 
carbon pump and the natural variability around it, so that 
changes in the biologically-mediated component of the 
ocean carbon cycle can be detected and attributed to 
climate forcing.
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Figure 5.	Conceptual schematic illustrating the complex interplay between key climate stressors, ocean circulation, ecosystem 
responses, and carbon cycling processes that feedback on climate. Climate feedbacks arising from changes in atmospheric 
CO2 concentrations and ocean CO2 uptake drive evolving climate stressors, the interplay of which in turn influences ocean 
circulation and ecological responses across key groups (e.g. phytoplankton, metazoans, microbes, viruses). These responses 
affect the efficiency of biological carbon export and long-term storage of carbon in the ocean interior, further modifying climate 
feedbacks and reinforcing a dynamic and interconnected system.  
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Major Knowledge Gaps

Key knowledge gaps concerning the impact of biology 
on carbon uptake and storage and how it is changing, 
now or in the future, have been broadly divided into two 
categories below. 

External forces shaping the biological community

Knowledge gaps concerning climate-related drivers and 
their interplay (synergisms and antagonisms), impact on 
the role of community structure and function in driving 
carbon production and its fate:

1.	 �Impacts of ocean acidification on rates of 
calcification, respiration, and dissolution processes 
that influence the spatial patterns of organic and 
inorganic carbon ratios and the downward flux of 
carbon;

2.	 �Effects of altered biomineralization (calcification, 
dissolution) on subsurface total alkalinity and how 
will this feedback to CO2 uptake from the atmosphere 
and transport within the ocean interior;

3.	 �Impact of competitive responses in phytoplankton 
community structure (e.g. dominant cell size) on 
the efficiency of carbon export and sequestration, 
and the transfer of carbon to higher trophic levels;

4.	 �Changes in the epipelagic and mesopelagic 
communities, and associated adjustments in 
substrate feeding preferences, vertical migration 
patterns, life cycles, and egested faeces 
density, affecting vertical transport and particle 
transformations through fragmentation, aggregation, 
degradation, and altering particle characteristics, and 
thus impact long-term carbon sequestration;  

5.	 �Impact of  environmental change on the 
biogeochemical roles of viruses and viral lysis 
through selective pressure on host populations, viral 
replication rates, host susceptibility, viral community 
composition, and their lytic/lysogenic patterns;

6.	 �Synergistic effects of the biological carbon pump, 
microbial carbon pump, carbonate pump, and viral 
shunt/shuttle/sweep on carbon storage and its 
response to climate change;

7.	 �Variation of magnitude, efficiency, and relative 
contributions of these carbon pumps with depth, 
region, and time under changing climate conditions.

Internal biological responses to environmental change

Unlike the first knowledge gap, which is about external 
forces shaping the biological community, the second 
refers to internal biological responses to environmental 
change.

Knowledge gaps concerning how key organisms 
respond (evolve, adapt, and acclimate) to environmental 
change and in doing so impact carbon production, 
transport and storage: 

1.	 �Potential of plankton to adapt or acclimate (e.g. by 
adapting their physiology and morphology) quickly 
enough to maintain growth, ecological roles, and 
competitiveness under changing conditions, and to 
what extent does functional redundancy among key 
groups buffer carbon cycling and ecosystem function 
against regional niche losses and ecological shifts;

2.	 �Alteration of climate-related drivers on the 
physiological rates and traits of metazoan species 
i.e., clearance, ingestion, metabolic, and egestion 
rates, predator-prey dynamics and their diet 
preference;

3.	 �Influence of climate-driven changes in gene 
expression within microbial communities influence 
particle type, the transformation of bulk DOM and 
the formation of refractory DOM, and to what extent 
will microevolution and functional redundancy 
provide a buffer against these changes;

4.	 �Impact of altered viral lysis on the evolution 
of resistance mechanisms that contribute to 
biodiversity and the resilience of marine ecosystems.
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Actions to be taken

The knowledge gaps are broad, with priority areas that 
span the full spectrum of functional types that influence 
carbon production and its fate. Albeit a daunting 
challenge, several targeted recommendations can be 
implemented to address key aspects of these knowledge 
gaps - advancing our understanding of this complex 
and important planetary carbon flux, and improving 
confidence in our ability to detect and predict change. 
These recommendations can be broadly organised into 
four strategic themes:

I.	 �Coordinated observations and model integration

Multinational coordination is essential to integrate 
emerging and synergistic observation approaches—
particularly those involving technical advances 
that reduce the cost of observing and modelling 
biologically driven carbon fluxes across large spatial 
and temporal scales (e.g. ocean robotics, imaging, 
and satellite remote sensing). While progress has 
been made by the remote sensing community (e.g. 
Brewin et al., 2023; Shutler et al., 2024), broader 
engagement from across the ocean carbon 
community is needed to strengthen model validation, 
improve understanding of environmental controls, 
and better detect climate-driven change.

This integration should include state-of-the art 
physical modelling (e.g. particle tracking) coupled 
with biogeochemical modelling and diverse 
observations (e.g. ship based, moorings, buoys, 
floats, autonomous platforms and satellites) to better 
resolve the three-dimensional trajectories and fate 
of carbon injected into the ocean via the biological 
carbon pump.

II.	 Mechanistic understanding to inform models

Observing the biological carbon pump must be 
closely coupled with a mechanistic understanding 
of the factors driving its variability. This requires 
coordinated efforts that integrate sustained and 
targeted observations, experimental research across 
trophic levels, and model–data synthesis—focusing 
on how different functional types contribute to 
carbon production, export, remineralisation, and 
long-term storage. These targeted process studies 
should aim to determine the interplay across all 
functional groups and their integrated impact on 
carbon production, transport, and sequestration.

Mechanistic understanding gained from these 
observations should directly inform model 
parameterizations to improve predictive capabilities 
for assessing ocean carbon cycle changes.

III.	Experimental studies

Laboratory, in situ and mesocosm/macrocosm 
experiments are essential for improving model 
parameterisation, model evaluation and predictive 
capabilities in a changing ocean. Controlled 
single-species laboratory studies provide critical 
mechanistic insights, while multiple-driver 
mesocosm/macrocosm manipulation studies or 
marine ecosystem chamber experiments (that 
closely mimic in situ conditions) are needed to 
simulate a changing climate and tease apart the 
effects of environmental change on biogeochemical 
outcomes that transpire from complex functional 
group interactions and organismal physiology. 

Studying physiological rates in the context of group-
specific reaction norms under multiple stressors 
(e.g. thermal and dissolved oxygen performance 
curves and CO2 affinity curves) can shed light on 
which organism groups will likely benefit or be 
disadvantaged in future oceanic conditions. Such 
group-specific reaction norms are needed to develop 
or improve model parameterizations. 

IV.	Omics and adaptive capacity

Collecting in situ and in vitro omic data - 
including metagenomics, metatranscriptomics, 
metaproteomics, and metabolomics - for both 
prokaryote and eukaryotes communities that can 
provide  crucial information on metabolic pathways 
including carbon fixation and degradation, diet 
composition, energy acquisition strategies, 
physiological stress responses, and rates of 
evolutionary adaptation.

Adaptation studies should connect cellular, 
physiological and behavioural mechanisms, 
incorporating microevolution and epigenetics in order 
to yield a more comprehensive understanding of 
how organisms will respond and evolve in changing 
environments.
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The land-ocean-ice continuum involves the exchanges 
of carbon from land to ocean and between ocean and 
ice, including the complex transport and transformation 
of carbon components. Traditionally the Land-
Ocean-Aquatic Continuum (LOAC; Figure 6), includes 
ecosystems such as river systems, estuaries, inshore 
waters, coastal regions, continental margins and the 
open ocean. This  assessment broadens the term to 
also consider ocean carbon transport in the cryosphere.  

Estuaries and coastal vegetated ecosystems collectively 
act as a net sink of CO2 (~ -0.50 Pg CO2 yr-1 or -0.13 Pg C 
yr-1), but recent research has shown that anthropogenic 
activities resulted in a decrease of the sink capacity by 
about 25% between 1975 and 2020 (Laruelle et al., 2025; 
Rosentreter et al., 2023; Regnier et al., 2022). Mangrove 
forests, tidal marshes and seagrass meadows, often 
referred to as “coastal blue carbon ecosystems”, have 
been lost and remain under threat, yet these ecosystems 
capture a significant amount of in situ carbon, as well as 
transferring carbon from land to sea (e.g. Bianchi et al., 
2020; Fourqurean et al., 2012; Hatje et al., 2021). Hence 
they effectively store both marine and terrestrial organic 
carbon in their soils and sediments, while also exporting 
a significant amount of fixed carbon (i.e. organic) to 
the coastal and open oceans (Cai, 2011; Regnier et al., 
2022). Blue carbon ecosystems also contribute to lateral 
export of dissolved inorganic carbon (DIC) and total 
alkalinity (TA). For example, Alongi (2022) estimates a 
lateral export to the ocean of ~366 TgC yr-1 (DIC) and 
~17 TgC yr-1 (TA) from the world’s mangroves. It is also 
worth highlighting that blue carbon ecosystems remain 
the only formally recognized mechanism within the 
current guidelines of the IPCC wetland supplement24 
and frameworks of the UNFCCC by which ocean climate 
change mitigation can be delivered.

24	 See 2013 Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands 
https://www.ipcc-nggip.iges.or.jp/public/wetlands/

Extending from the coast, the global continental margins 
(including  shelf seas) were likely a near neutral or small 
pre-industrial source of atmospheric CO2 (Cai, 2011; Dai 
et al., 2022; Regnier et al., 2013, 2022).  Recent analyses 
suggest a globally integrated coastal ocean CO2 uptake 
of 0.25 ± 0.05 Pg C yr−1 over the last two decades, with 
polar and subpolar regions accounting for most of the 
CO2 removal (>90%) (Dai et al., 2022; Roobaert et al., 
2019). While biological production is a major driver for 
carbon sequestration in these areas, the continental 
margin CO2 uptake may be strongly driven by regionally 
specific physical characteristics (e.g. Northwestern 
European shelf, Kitidis et al., 2019).

Anthropogenic activities have directly accelerated the 
carbon turnover between terrestrial ecosystems and 
inland waters (by up to 25%), with some evidence that 
this may be regionally (Dai et al., 2022) and temporally 
(Smeaton et al., 2021) important, but with limited 
evidence for its overall impact on global carbon export 
to the ocean (Regnier et al., 2022; Tian et al., 2023). 
However, the anthropogenic perturbations of land 
nutrient cycles extend beyond the terrestrial domain 
and there is evidence that these changes are causing 
significantly enhanced carbon uptake in the global 
coastal ocean (Jiao et al., 2011; Lacroix et al., 2021a; 
Mathis et al., 2024; Fernandes et al. 2025; Lacroix et al., 
2021b; Resplandy et al., 2024; Roobaert et al., 2024), and 
thus reinforcing the effect of increasing atmospheric 
CO2 on ocean uptake. For shelf seas it is suggested 
that the lateral export of both dissolved and particulate 
organic carbon to the open ocean, despite being difficult 
to measure and constrain in models (Huthnance et 
al., 2022; Fennel et al. 2019) largely offsets the input 
from advection and riverine sources, producing a net 
carbon deficit in coastal waters (Mathis et al 2024). The 
difficulties in observing and modeling these land-ocean 
processes result in large uncertainties in quantifying 
and identifying the magnitude and drivers of increased 
shelf sea carbon uptake, especially in tropical regions 
(Resplandy et al., 2024) 
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Significant differences in air–sea CO2 fluxes occur 
between coastal regions and the adjacent open-ocean 
waters, particularly for upwelling or western boundary 
systems (e.g., Humboldt and California upwelling systems, 
or the Kuroshio current) and those dominated by large 
river plumes (e.g, Amazon, Changjiang, Mississippi rivers, 
with an estimated sink of 0.07 Pg C yr-1; Bourgeois et al., 
2016; Dai et al., 2022). Other coastal regions and seas, 
for example the Mid-Atlantic Bight, South China Sea, and 
Baltic Sea, show different long-term patterns in air-sea CO2 
fluxes, as various physical and biogeochemical processes 
can dominate carbon flux evolution in those areas (e.g. Dai 
et al., 2022; Siedlecki et al. 2021b).

Climate change is also altering carbon drawdown in 
high latitude ocean basins. In the Arctic, sea-ice loss, an 
increasing river flow to the ocean, permafrost melt, and 
coastal erosion are changing CO2 dynamics in ways that 
vary temporally and regionally (e.g. Clark et al., 2022; 
Lannuzel et al., 2020; Terhaar et al., 2019; Oziel et al., 
2025). Equally, quantification of the coastal ocean CO2 
sink in the Southern Ocean remains highly uncertain 
(Henley et al., 2020; Legge et al., 2015; 2017; Lencina-
Avila et al., 2018; Monteiro et al., 2020a; 2020b; Droste 
et al., 2022; 2025).

Section 3.e addresses the potential of additional carbon 
sequestration in coastal ecosystems via intentional 
mCDR and nature based solutions.
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Major knowledge gaps

The priorities for future research relate to seven key 
knowledge gaps:

1.	 �Spatio-temporal patterns in land-derived carbon 
(and nutrient) inputs to the ocean and changes over 
time: 

Observationally constrained assessments of land-
ocean carbon (organic and inorganic) and nutrient 
and alkalinity fluxes, including contributions from 
groundwater, coastal erosion, and permafrost, 
remain critically needed at the global scale. Most 
importantly, the temporal variability and evolution 
of these fluxes needs to be better resolved across 
temporal scales (seasonal to decadal). Other 
research questions that need to be urgently tackled 
concern the DIC/TA ratio of land-derived inputs, the 
role of organic alkalinity, and the contribution of urban 
ecosystems (particularly coastal cities) to the inputs 
of anthropogenic organic carbon and nutrients.

2.	 �Fate of land-derived carbon inputs in the ocean: 

The source, composition, and lifetime of terrestrial 
and coastal marine organic matter remains highly 
uncertain, with major implications for the recycling 
of land-derived carbon in the ocean and associated 
air-sea CO2 fluxes. Better constraints on the fate of 
(natural and anthropogenic) land-derived carbon 
and its evolution in time, together with the lateral 
exports of DIC and alkalinity, are required to improve 
the assessment of the anthropogenic coastal CO2 
sink. Melting permafrost and coastal erosion are a 
particularly large source of organic carbon to Arctic 
coastal waters, with an uncertain future trajectory 
(knowledge gap item 6, below). Future research also 
needs to better constrain the recycling efficiency 
of nutrients across continental shelves as a key 
controlling factor on the productivity of the global 
coastal ocean.

3.	 �Changes in coastal ocean carbon cycling and lateral 
exchanges with the open ocean:

The evolution of the Net Ecosystem Productivity 
(NEP) and Canth sink of the global coastal ocean 
remain poorly quantified. The attribution of temporal 
trends to atmospheric composition change, changes 
in the ocean’s physical climate, changes in land-
derived carbon and nutrient inputs, and the role of 

surface sediment carbon and alkalinity dynamics 
are also uncertain. These knowledge gaps reflect the 
insufficient observational coverage in both space and 
time of in situ approaches to quantify coastal carbon 
fluxes (partly due to limited dedicated data products 
and observing systems specifically designed for the 
highly heterogeneous coastal ocean) and the need to 
further improve the capabilities of numerical models 
to better represent physical and biogeochemical 
coastal processes at high spatial resolution.

4.	 �Coastal carbon storage and contribution of blue 
carbon ecosystems in a changing world:

Present day and potential future changes in carbon 
storage in key reservoirs of the land-ocean aquatic 
continuum (LOAC; Regnier et al., 2022), including the 
specific contribution of blue carbon ecosystems, 
remain a challenge to fully quantify. Specifically, 
carbon fixation, burial, and lateral export fluxes from 
coastal vegetated ecosystems are based on relatively 
limited observations that are insufficient  to deliver 
robust global estimates. Carbon fluxes to and from 
these ecosystems in response to anthropogenic 
perturbations, including accelerating sea-level rise, 
remain another priority for further research effort. 
Due to their disproportionate contribution to the total 
area of blue carbon systems globally and their wider 
significance for biodiversity and livelihoods, tropical 
ocean margins constitute hotspot regions for further 
research.

5.	 �Impact of human activities and global change 
factors individually and in combination on global 
coastal ocean carbon:

The interactions between direct human activities 
(fishing, sea-bed disturbance, aquaculture, energy 
generation, conservation/protection and rewilding) 
and global change factors (physical climate, sea-
level rise, acidification, eutrophication/hypoxia) as 
regulators of the delivery and fate of carbon in the 
ocean needs to be better studied. Anthropogenic 
activities along watersheds such as river damming, 
and land-use change, as well as permafrost thawing, 
also impact the land-ocean carbon fluxes (Best, 
2019; Clark et al. 2022; Vargas and Gelcich, 2024). In 
particular, the role of sea-level rise and its impact on 
carbon exchanges across the LOAC remains poorly 
understood. As well as a focus on these longer-term 
trends, further research should also investigate the 
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impact of extreme and slow onset events (droughts, 
altered riverine flows and sediment delivery through 
damming, marine heat waves, storms, and tsunamis), 
because they are likely to influence regional and 
global carbon budgets, as well as local and regional 
economies.

6.	 �Polar shelf carbon cycling. 

Polar shelves are currently experiencing changes at 
a faster pace than anywhere else on Earth. However, 
the delivery of freshwater, carbon, and nutrients 
to the coastal ocean in response to a changing 
cryosphere (losses of glacier ice, ice sheets, sea 
ice and permafrost) remains highly uncertain, as is 
the response of the polar ocean carbon cycle (e.g. 
NEP, CO2 uptake, acidification). Nissen et al. (2024) 
suggest that by 2100 seawater pH may decline by 
up to 0.36 (total scale) in the upper 200 m within 
Antarctic coastal regions and in the Barents Sea in 
the Arctic  decreases of up to 0.51 pH are predicted 
by 2100 (Årthun et al., 2025). Changes in sea ice 
and meltwater appear to be changing carbon uptake 
in varied and unpredictable ways. Both data and 
most models currently lack sufficient temporal and 
spatial resolution, as well as fundamental process 
understanding, to capture these changes. The lack 
of winter observations, as well as geographically 
sparse sampling, is a particularly severe limitation to 
regional flux estimates in polar regions.

7.	 �Integration of the land-ocean aquatic continuum 
into global carbon cycle assessments and Earth 
System Models (ESMs).

As stated in the IPCC AR6 Report (WG I, chapters 
2, 5, and 12 in IPCC, 2021), integrating the LOAC or 
at least the coastal ocean into global carbon cycle 
assessments and ESMs is urgently needed but 
remains a significant challenge. This is because it 
will require the online coupling of the C-(N-P) cycles 
of the river-estuary-blue carbon-shelf continuum 
with land surface and ocean  schemes of ESMs. This 
goal is crucial in assessing how LOAC carbon fluxes 
impact the carbon cycles of the global ocean.

Actions to be taken

Filling these research gaps requires strengthening 
multilateral cooperation, promoting scientific innovation 
and developing human and technical capacity, to 
overcome the north south bias in ocean observation, 
to improve the knowledge base in high latitudes and 
priority coastal areas, supporting the delivery of fit-for-
purpose local, regional and global models. The specific 
actions required include:

I.	 �Establish a fit-for-purpose land-ocean global 
observation system. 

Large networks are needed to support sustained 
monitoring and compile existing data (IOC of 
UNESCO, 2024). Research efforts in coastal and open 
ocean areas should also be better linked through 
international collaborations among researchers and 
governments. Collaboration between ocean and 
inland water research communities (including those 
studying groundwater fluxes and coastal erosion) 
is key to co-develop global datasets of river carbon 
and nutrients (Liu et al., 2024; Virro et al., 2021). 
Co-location of the water column observing network 
with benthic observations at the sediment/water 
interface is also critical. Machine-learning methods 
and geographical information systems (GIS) should 
be developed to fill spatial and temporal gaps and 
tackle regional differences (e.g. Dai et al., 2022; 
Krishnamoorthy et al., 2025; Laruelle et al., 2025; 
Roobaert et al., 2024).

II.	 �Develop and share best practices.

Best practices should be developed for i) closing 
geographical gaps through, ideally, high quality and 
affordable observations; ii) the characterization 
of riverine, blue carbon ecosystems and coastal 
sources of alkalinity, carbon (including terrestrial 
DOC) and nutrients (e.g. Dickson et al., 2007; 
Mantovani et al., 2024). Best practices also need 
to be developed for estimating carbon fluxes and 
accounting for the carbon stocks in coastal and 
blue carbon ecosystems, with the application of 
advanced mapping, including groundwater (Tomer et 
al., 2025), seafloor and submerged sediments, as in 
action item 1 above. Estimates should also account 
for changes in carbon storage due to climate change, 
sea-level rise, and eutrophication, as well as direct 
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human perturbations (e.g., fisheries and aquaculture, 
see action item 5 below). Best practices also include 
building capacity for ocean observations, data quality 
control, access to reference materials, reporting, and 
data archiving in accordance with FAIR and CARE 
principles (Tanhua et al., 2021).

III.	�Develop ocean biogeochemistry models.

Features of the land-ocean and ocean-ice continuum  
need to be nested into global and regional ocean 
biogeochemistry models under different scenarios, 
by using variable grid sizes and improving data 
assimilation systems for LOAC carbon and nutrient 
observations from multiple platforms (ships of 
opportunity, buoys, uncrewed surface vehicles, 
satellites (Myers-Pigg et al., 2025)). Assembling data 
products at adequate spatial and temporal resolutions 
that reflect the high heterogeneity of the LOAC is 
needed, but assimilation into numerical models is 
a particular challenge. Flexible scenarios should 
be used to include variable and evolving climate 
forcings and local as well as global anthropogenic 
disturbances (e.g., effluents, pollutants, erosion, high-
risk events). These modelling efforts also depend on 
the strength of the networks cited in action items 
1 and 2, above, in collaboration with the ocean 
biogeochemistry modelling community.

IV.	�New approaches to study the land-ocean carbon 
cycle.

A multi-stressor (climate, natural and anthropogenic 
forcing) approach to studying the changing land-
ocean carbon cycle may help inform local economies, 
develop adaptation and mitigation policies, and 
design regional sustainability initiatives for marine 
spatial planning. Socio-economic dimensions 
should also be integrated into coastal ocean carbon 
research. Dedicated essential variables for the 
coastal ocean (current GOOS EOVs are limited in 
this respect25) should be defined, using the tailored 
strategies in action items 1 to 3, above.

V.	 �Multidisciplinary and multinational research effort.

Substantial multidisciplinary research effort is 
required to improve our understanding of air–sea 
CO2 fluxes and land-derived carbon and nutrient 
inputs (amount, composition, reactivity) in polar 

25	 See https://goosocean.org/what-we-do/framework/essential-ocean-variables/ 
26	 See https://www.globalcarbonproject.org/reccap/publications.htm  

regions and how the polar oceans are changing 
with climate (Willis et al., 2023). Particular priorities 
include: i) focussed air–sea CO2 flux measurements 
and biogeochemical observations under varied 
conditions, through more and multiple sensors 
deployed on uncrewed platforms designed to operate 
in sea ice conditions; ii) expanded process studies 
of the relationships between climate conditions, the 
annual sea-ice cycle, and carbon drawdown; iii) better 
quantification of sea-ice carbonate chemistry and 
the biogeochemical lability and fate of permafrost 
carbon, within both terrestrial and marine aquatic 
systems; and iv) biogeochemical responses to 
increasing temperatures (Gou et al., 2025; Vonk et al. 
2025). The more generalized needs detailed in action 
items 1 to 4 above, also apply in the polar regions.

VI.	�Model intercomparison project.

A “land-induced global ocean CO2 outgassing 
Model Intercomparison Project” should be 
launched with the upcoming 7th Coupled Model 
Intercomparison Project (CMIP7), to promote 
ensemble-mean assessments of “the anthropogenic 
perturbation in the land-ocean carbon cycle” within 
its initiatives (“MIPs”). Recent land-to-ocean model 
developments26, should be leveraged to achieve 
fully coupled and interactive carbon and associated 
nutrient cycles in Global Ocean Biogeochemical 
Models (GOBMs). This action depends on action 
items 1 to 5 cited above.

VII.	�Integrate satellite and in situ observations.

 Arguably the only viable way to observe synoptic scale 
variations in river to ocean flows and its constituents 
is from space. Some synoptic scale assessments 
using satellite and in situ observations show promise 
and could help constrain land to ocean fluxes (which 
may include sediment loads, river plume extension, 
primary production, particulate organic carbon and 
salinity) and their variability, particularly for larger 
river systems (e.g. as demonstrated within Shutler et 
al., 2024), but these sorts of synergistic approaches, 
where the benefits of multiple observation data types 
are exploited, need more widespread development.
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3.d The impact of ocean industrial processes 
on the ocean biological carbon cycle 

Richard Sanders, David Reid, Natalya Gallo, Matthias 
Haeckel, Emma Cavan, Pieter Torrez, Alex J. Poulton, 
Mary S. Wisz, Aron Stubbins 

In most evaluations, the natural ocean carbon cycle is 
considered to be unchanged, with the perturbation to 
the ocean carbon cycle suggested to be limited to an 
enhanced air to sea flux (see e.g. the graphical overview 
presented in Figure 3). However, climate change, resource 
extraction and pollution are likely at a scale where 
this assumption may well be unfounded. The effects 

of resource extraction on the biological component 
of the marine carbon cycle can be conceptually 
separated into those that disturb and resuspend large 
amounts of sediment (e.g. mining, trawling, dredging, 
port construction  and drilling), those that restructure 
ecosystems via biomass removal (e.g. fishing and 
whaling) and those that enhance biomass production 
in the coastal zone such as aquaculture. With respect 
to pollution, plastics are now an emergent component 
of the carbon cycle and may be altering critical earth 
system functions, including the strength of the biological 
carbon pump. See Figure 7 for a conceptual overview of 
key processes.
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Seafloor removal during mining operations has long-
lasting (many thousands of years) effects on sediment 
biogeochemical processes and fluxes (Jones et al., 
2025). Reduced bioturbation activity and microbial 
organic carbon remineralization rates leading to 

enhanced carbon burial, reduced nutrient release 
from the seafloor, reduced benthic oxygen uptake, and 
enhanced oxygen diffusion into the sediment, have all 
been documented (Haffert et al., 2020; Volz et al., 2020; 
Vonnahme et al., 2020).
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These impacts result from the mode of operation of the 
mining process. The proposed collection of polymetallic 
nodules from the seafloor leads to suspended sediment 
plumes that remain relatively close to the seafloor but 
disperse several kilometers away from the mining area 
(Weaver et al., 2022). Ship-based processing of the 
nodules results in streams of waste water being injected 
into the water column at various depths (Weaver et al., 
2022). The anticipated impacts of these sediment and 
wastewater plumes include scavenging of suspended 
organic and inorganic carbon by aggregates and a 
possible enhancement to the downward flux of material 
via the so-called ‘ballast effect’. In addition, particles 
release absorbed nutrients (e.g. Cheize et al., 2019) and 
some modelling studies suggest that mineral particles 
may interfere with zooplankton grazing (e.g. Fakhraee et 
al., 2023). 

Additionally, processes that disturb seabed sediments 
(mining, trawling, dredging, drilling) can liberate carbon 
stored in the sediment, leading to a reduction in long-
term sedimentary carbon stores, with the scale of this 
being highly contentious, depending on the refractory 
nature of the carbon and the oxidation to CO2 of pyrite 
contained in the sediments (Sala et al., 2021; Hiddink et 
al., 2023; Zhang et al., 2024; Kalapurakkal et al., 2025). 
Sediment resuspension can also affect light fields and 
thus potentially alter photosynthesis (Lotsberg and 
Stamnes, 2010), leading to a reduction in the biological 
component of the continental shelf pump. 

The impact(s) of ecosystem restructuring via biomass 
removal depend on the role that commercially exploited 
species play in ocean carbon cycling. Fish play important 
roles in the biological pump through deadfall to the seabed 
and defecation, contributing up to 16-18% to total carbon 
export (Saba et al., 2021; McMonagle et al., 2024). There 
have been suggestions that whales play an important role 
in the biological pump via the so-called ‘whale pump’ (e.g. 
Pearson et al., 2023) and also that krill may be important 
(Cavan et al., 2019) potentially storing 20 MtC each year 
through their faecal pellets alone (Cavan et al., 2024).

Fishing is clearly a highly mature industry; it has been 
estimated that fish biomass and recycling rates 
produced roughly 10% of carbon export and oxygen 
consumption in the preindustrial era, but this has now 
halved (Bianchi et al., 2021). Future projections are that 
the fraction of human protein demands supplied via 
fisheries will increase (Costello et al., 2020), implying 

that the role of fish and the fishing industry in biological 
carbon sequestration and storage may change also. 

The future trajectories of other industrial processes 
are less well characterised. Wind farms, which can 
effectively operate as ‘no take zones’, as can oil rigs, are 
increasing in number and spatial scale: Xu et al. (2020) 
suggest an average annual growth rate of over 20% 
over the period 2008-2018 in the North Sea, (Chirosca 
et al., 2022). Whilst multiple studies have considered 
frameworks for evaluating the impact of wind farms on 
ecosystem processes and the tradeoffs involved (e.g. 
Punt et al., 2009) there appear to be few systematic 
studies of the overall impact on ocean carbon cycling. 
However, since  biodiversity in such regions is enhanced 
(Knoorn et al., 2024), carbon storage is also likely to be 
enhanced. 

Deep sea mining is in its startup phase, and whilst 
frameworks for evaluating the impacts of these activities 
exist (e.g. Amon et al., 2022) the future demand is highly 
uncertain and dependent on multiple external factors 
(Section 3.c). A useful framework for considering the 
future evolution of ocean resource extraction processes 
is the concept of ocean system pathways (OSPs; 
Maury et al., 2017; 2025). These are an extension of 
the shared socioeconomic pathways (SSPs) which use 
considerations of the different trajectories along which 
human society may evolve, to create emission scenarios 
(Riahi et al., 2017). OSPs can be used to evaluate likely 
future trajectories for fisheries under diverse human 
society evolution pathways (Maury et al., 2017; 2025) 
and an extension into considering the likely future 
evolution of other industrial processes is plausible. 

Plastic levels in the 2010’s were identified as a potential 
planetary boundary threat, including to the functioning 
of critical earth system functions (Arp et al., 2021). 
Instead of taking action to reduce plastic pollution, 
plastic production and accumulation in the environment 
continue to increase exponentially (OECD, 2022). To 
compare plastics to other carbon cycle terms, plastic 
masses are converted to carbon mass assuming plastics 
are approximately 83% carbon by mass (Stubbins et al., 
2021). Conversion of the most recent estimates of plastic 
mass data (OECD, 2022) to carbon indicates global 
production increased to 0.38 Pg C yr-1 in 2019, is likely 
to reach 0.43 Pg C yr-1 in 2025 and will breach almost 1 
Pg-C yr-1 by 2060. Approximately 95% of primary plastic 
production accumulates on earth (Stubbins et al., 2021), 
suggesting that in 2025 0.41 Pg plastic-carbon was 
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added to the earth system, which is more than double the 
global rates of biogenic organic carbon accumulation in 
inland waters (approximately 0.2 Pg C yr-1), deep ocean 
sediments (around 0.2 Pg C yr-1) and as blue carbon in 
coastal systems (approximately 0.1 Pg C yr-1), all of which 
are of significance to the global carbon cycle (Ciais et 
al., 2013; Canadell et al., 2022). Although plastics are 
accumulating at the sea floor and throughout the water 
column (Zhao et al., 2025),  most data have been collected 
in surface waters of the subtropical gyres. For instance, in 
the North Pacific subtropical gyre, areal concentrations 
of microplastics in the surface 15 cm range from 0.03 to 
34 kg km-2 (Lebreton et al., 2018), which equates to 0.1 
to 21.9 g C L-1 (average 4.7 g C L-1). Particulate organic 
carbon (POC) concentrations in the upper 5 m of the North 
Pacific at Station ALOHA average 26 ± 7 g C L-1 27. Thus, 
microplastic-carbon may constitute 0.1 to 57% (average 
15%) of the total POC in the North Pacific subtropical gyre 
surface waters. When microplastics are incorporated 
into particles, the resulting marine plastic snow can 
have slower sinking rates than plastic-free marine snow 
(Ziervogel et al., 2024). Plastics also represent an addition 
of reduced organic carbon to the ocean and therefore a 
potential energy source for heterotrophs. Sunlight can 
photodegrade and dissolve these plastics at the ocean 
surface to form plastic-derived dissolved organic carbon 
(pDOC) (Zhu et al., 2020; Romera-Castillo et al., 2018; 
Tuttle et al., 2024). This pDOC is among the most biolabile 
forms of DOC and may be altering microbial ecology and 
the stoichiometric balance of the surface ocean. Plastics 
are increasing in the oceans year on year (Eriksen et al., 
2023; Lebreton et al., 2018). Understanding how plastics 
are altering the carbon cycle and ecology of the oceans 
is critical to informing policy to reduce plastic production 
and proliferation. 

Major knowledge gaps

Key uncertainties and knowledge gaps include: 

1.	 �The impact that adding sediment to pelagic 
systems has on multiple processes in the ocean 
carbon cycle (e.g. ballasting, inhibition of grazing, 
protection of adsorbed organic matter, release of 
nutrients, shading). 

2.	 �The lability and bioavailability of organic and 
inorganic matter released from the seabed during 
activities that disturb the seafloor. There appears 
to be no information on the impact of sediment 

27	 See https://hahana.soest.hawaii.edu/hot/dataaccess.html 

resuspension on inorganic carbon remineralization 
and this is likely a key knowledge gap to close.  

3.	 �The precise role commercially exploitable and 
exploited fish species play in ocean carbon cycling. 
Selective fishing can alter the structure of food 
webs, often by so-called predator release (or trophic 
cascade effect), i.e. if we fish the predators, their 
prey will increase. There are multiple studies on how 
fishing affects food webs, (e.g. Sun et al., 2024), but 
extending this to how carbon fluxes will respond is 
largely unexplored. In particular, the extent to which 
the flux from the surface ocean to depth is resilient 
to a reorganisation of higher trophic levels within a 
particular region (i.e. will the export mediated via fish 
in a perturbed system simply happen via a different 
pathway if they are removed or will export not occur?).

4.	 �The role of on-shelf fisheries. Most research on the 
contribution of fish to the biological carbon pump 
has concentrated in the deep (>1 km) off-shelf part 
of the ocean, where carbon can be sequestered 
in abyssal sediments over geological timescales. 
However, most fishing activity takes place on the 
shallow (<0.2 km) tidally-swept continental shelves, 
and the mechanisms of carbon export relative to 
remineralization under these conditions are not well 
understood (ICES, 2024).  

5.	 �Future trajectories of resource extraction, 
expanding marine protected areas, and wind farms 
with their associated exclusion zones. Mining will 
release sediment into the water, with significant 
spatial and temporal footprints and the removal 
of the biologically active seafloor layer. Trawling, 
dredging, and drilling will have similar effects. 

6.	 �The impact of future changes in regulatory and 
legislative regimes on activity levels. The recently 
adopted Kunming-Montreal Global Biodiversity 
Framework of the Convention on Biological Diversity 
calls nations to protect 30% of the ocean by 2030 
(CBD, 2022). The rate at which nations progress this 
target will have a bearing on the role that biological 
systems play in ocean carbon storage. In addition, 
the regulatory regime around deep sea mining is 
complex and rapidly evolving. The precise details of 
how this unfolds will be an important factor (Pickens 
et al., 2024)
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7.	 �Future trajectories of plastics production, waste 
generation and the proportion that accumulates in 
the surface ocean, throughout the water column, and 
at the seafloor.

8.	 �The current and future impacts of plastics upon 
critical ocean functions including carbon cycling, 
particle sinking rates, microbial ecology and fisheries 
productivity. 

Actions to be taken

I.	 �Generate information on the key processes within 
the biological pump (such as grazing, particle 
sinking, remineralization and plankton mortality), 
that are likely to be impacted by industrial extraction 
and the addition and degradation of plastics. Multiple 
approaches to address this can be envisaged 
ranging from in vitro incubations (Geisen et al., 2022), 
mesocosm studies (e.g. Lagaria et al., 2017) and in 
situ studies potentially around mine tailing discharge 
(e.g. Ramirez-Llodra et al., 2022) as an analogue for 
deep sea mining discharges.

II.	 �Quantify the lability and bioavailability of material 
released from the seabed during industrial activities 
and that produced through photodegradation 
of plastics. Studies to address this should take 
place at a range of scales, from bottle incubations, 
through to in situ studies along trophic gradients 
(e.g. Pusceddu et al., 2005) and large scale meta 
analyses / modelling (e.g. Zhang et al., 2024).

III.	�Improve knowledge on the resilience of carbon 
sequestration to distortions / reorganisations of food 
webs by fisheries. 

IV.	�Undertake coherent and targeted research on the 
effects of fishing, industrial processes (including 
wind farms) and plastic pollution on plankton 
ecology and biogeochemistry in a range of settings, 
including the continental shelves. 

V.	 �Improve numerical models to receive, use and 
generate new information: many of the models 
that we currently use to predict the future evolution 
of climate contain simplified representations of the 
ecosystem that do not consider or parameterise 
explicitly the key processes (such as photochemistry 
and competition between bacteria and phytoplankton 
for nutrients), taxa and functional groups that will be 
impacted by human activity in the ocean.

VI.	�Adapt fishery ecosystem models to provide explicit 
knowledge about the consequences of removing 
large numbers of fish, e.g. reduced deadfall and 
defecation flux. This problem is much more difficult 
for the shelf than for the off-shelf seas, and effort 
should be focussed there.            

VII.	�Develop regionally focussed ocean system 
pathways to drive numerical models, informed 
by representative stakeholder consultations 
encompassing both the groups that regulate 
human activities in the ocean and those that seek to 
undertake these actions for profit. 

3.e Future changes in the carbon cycle 
from deliberate ocean-based climate 
interventions

Phillip Williamson, Nina Bednaršek, Jean-Pierre Gattuso, 
Nianzhi Jiao, Robert C. Steenkamp, Erik van Doorn, Philip 
W. Boyd

There are two main groups of ocean-based climate 
interventions: those aiming to reduce atmospheric CO2 

(mCDR; Figure 8); and those intended to reflect sunlight 
(solar radiation management, SRM). Whilst ocean-based 
SRM methods (e.g. marine cloud brightening and sea-
surface foams) are likely to impact ocean ecosystems, 
and therefore the carbon cycle, such effects would be 
indirect, through changes in light availability, temperature, 
and ocean mixing. SRM approaches are therefore not 
considered further here.

Climatically-meaningful mCDR (i.e. at Gt scale) would 
necessarily change the carbon cycle: that is its purpose. 
However, many marine processes can be used for 
initially capturing carbon, with many different pathways 
for the subsequent fate of captured carbon. As a result, 
there is high method-specificity for carbon-related 
consequences, and for other environmental impacts, 
scalability, and storage durability. These factors 
affect acceptability and cost, hence the likelihood of 
implementation.

Biologically-based mCDR approaches include:

•	Coastal blue carbon: the restoration of mangrove, 
saltmarsh and seagrass ecosystems that accumulate 
organic carbon in their sediments.

•	Large-scale seaweed cultivation (also known as ocean 
afforestation), with either deep-sea sinking of macro-
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algal biomass (with impacts on benthic ecosystems 
and seafloor pH and O2) or its removal to land for 
processing into biofuel (with carbon capture and 
storage) or biochar.

•	Ocean fertilization to increase phytoplankton 
productivity and subsequent deep-water carbon 
sequestration through the biological pump. 
Fertilization can be achieved by directly adding 
limiting micronutrients (ocean iron fertilization) 
or macronutrients (nitrogen or phosphorus), or by 
physical manipulation, increasing nutrient supply 
through enhanced upwelling. The latter has the 
counterproductive effect of bringing CO2-rich water to 
the surface.

Chemically-based mCDR involves the manipulation of 
carbonate chemistry, for example:

•	Adding alkaline minerals, to convert dissolved CO2 to 
carbonate and bicarbonate ions, thereby increasing 
the ocean capacity to take up anthropogenic CO2 from 
the atmosphere, and potentially mitigating ocean 
acidification at the local level. This is referred to as 
ocean alkalinity enhancement (OAE).

•	Electrochemical CO2 removal from seawater, with its 
subsequent collection and geological storage (direct 
ocean removal, DOR). After further processing, climate 
benefits are obtained when CO2-depleted seawater is 
released and re-equilibrates with the atmosphere. 
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Figure 8.	Overview of carbon dioxide removal approaches using ocean processes and ocean-land linkages.  
Source: “Carbon dioxide removal: overview of options II” by Rita Erven, GEOMAR, licensed under CC BY 4.0,  
www.cdrmare.de/en/spp-1689-materialien/ 

In addition, a range of land-ocean hybrid methods would 
involve ocean storage for carbon initially captured on land 
(e.g. Raven et al., 2024; Zhu et al., 2024).

For further details of specific methods, and discussion 
of their effectiveness, risks, costs and governance, see 
Gattuso et al. (2018, 2021), GESAMP (2019), Hoegh-
Guldberg et al. (2023), Cai and Jiao (2022), NASEM 
(2022), Williamson et al. (2022), Zhang et al. (2022), 

Cross et al. (2023), Jiao et al. (2023), Doney et al. (2024), 
Roberts et al. (2024), and Oschlies et al. (2025).

Unlike land-based CDR, mCDR has yet to be included 
in IPCC mitigation scenarios. That is due to scientific 
uncertainties regarding effectiveness and potential 
environmental risks, in addition to legal constraints. In 
particular, open-ocean mCDR methods are currently 
strongly discouraged as geoengineering under the 
UN Convention on Biological Diversity (CBD), and the 

www.cdrmare.de/en/spp-1689-materialien/
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deployment of ocean fertilisation is restricted under 
the London Protocol (IMO, 2023). Furthermore, the 
International Tribunal for the Law of the Sea (ITLOS) 
has recently designated anthropogenic CO2 as a marine 
pollutant, with hazards that should not be transferred 
from one area to another (ITLOS, 2024; Klerk, 2025).

In contrast, coastal blue carbon has relatively high public 
and political acceptability. This ‘nature-based’ mCDR 
approach was identified as a climate mitigation policy 
in 23 initial Nationally Determined Contributions to the 
Paris Agreement (Gallo et al., 2017) and was considered 
a no-regrets action by Gattuso et al. (2021) on account 
of its important co-benefits. However, IPCC assessed 
the mitigation potential of coastal blue carbon as ‘very 
modest’ or ‘small’, at 0.05 – 0.3 Gt CO2 per year (Bindoff 
et al., 2019; Canadell et al., 2021), and there are concerns 
that such removal rates may be over-estimated 
(Williamson and Gattuso, 2022).

Major knowledge gaps

1.	 �Demonstrating safety and long-term effectiveness. 

The potential climatic benefits of other mCDR 
methods (with much greater theoretical CO2 
removals) could arguably be achieved if their main 
knowledge gaps could be resolved, demonstrating 
their safety and long-term effectiveness. NASEM 
(2022) recommended a ~$1.5 billion mCDR research 
program to address such issues, in the context of 
increasing need for CDR to meet the internationally-
agreed goal of net zero (IPCC, 2023), together with 
realisation of the limitations of land-based CDR 
approaches (Boysen et al., 2017; Deprez et al. 2024). 
There are also market opportunities for UNFCCC-
approved carbon trading under Article 6.4 of the Paris 
Agreement.

2.	 �Demonstrating additionality. 
To qualify for emission credits, mCDR methods need 
to demonstrate additionality: i.e. that their climate 
benefits are unequivocal and can be reliably measured 
relative to a well-established baseline (Michaelowa 
et al., 2019). Uncertainties relating to additionality 
are crucial for mCDR research and development 
(Boyd and Bressac, 2016; Bach 2024; Bach et al., 
2024), requiring information on the energy used (as 

CO2e) to carry out the mCDR action as well as an 
assessment of all its climate-related biogeochemical 
consequences; i.e. a fully comprehensive life 
cycle analysis (Terlouw et al., 2021; Delval et 
al., 2025), relative to a counterfactual baseline. 
 
Many of those consequences (shown conceptually in 
Figure 9) will likely occur over large spatial and temporal 
scales, influenced by ocean conditions over thousands 
of km2 and decadal-to-century time periods. Their 
robust quantification is extremely challenging, with 
future conditions depending on emission scenarios.  
 
Although models can greatly assist in determining 
mCDR additionality for open-ocean mCDR (Zhou et al., 
2024), direct measurements will still be needed, not 
only of carbon-related parameters (Doney et al., 2024) 
at much greater accuracy than currently possible 
(McKinley et al., 2024) but also of other environmental 
impacts (that may be adverse or beneficial) within a 
regulatory framework of Monitoring, Reporting and 
Verification (MRV; Smith et al., 2024). Such monitoring 
is itself likely to involve significant CO2e emissions, 
affecting the cost-effectiveness of the intervention. 
 
The relative importance of factors determining mCDR 
additionality is technique-specific. However, for most 
mCDR actions, the following are relevant (in addition 
to CO2e costs for implementation and MRV):

2.1 Reduction in natural carbon sinks, shown as 
a dashed rectangle in Figure 9. Increasing local 
productivity through ocean fertilization can decrease 
productivity ‘downstream’ through nutrient depletion 
(Gnanadesikan et al., 2003; Aumont and Bopp, 2006; 
Tagliabue et al., 2023), with similar effects occurring 
for large-scale seaweed cultivation (Berger et al., 
2023). Abiotically-induced regional changes in the 
ocean carbon sink may also affect terrestrial sink 
efficiency (Keller et al., 2018; Boyd et al., 2025), as 
also likely for ocean storage of land-derived biomass. 
These feedback effects need to be taken into account 
when comparing mCDR effectiveness with any other 
CDR approaches (Yamamoto et al., 2024; Jeltch-
Thömmes et al., 2024; Oschlies et al., 2025). 
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Figure 9.	Conceptual representation of additionality (excluding albedo effects) for a generic mCDR action, adapted from Bach 
et al. (2024). See text for details.

2.2 Emission of non-CO2 greenhouse gases. 
Anaerobic conditions in coastal sediments and 
mid-water oxygen minimum zones favour methane 
(CH4) and nitrous oxide (N2O) production, with the 
potential to significantly offset the CO2 removal 
benefits of coastal blue carbon (Rosentreter et al., 
2021, 2023) and ocean fertilization (Law and Ling, 
2001). Measurement of the efflux of these gases 
therefore needs to be included in MRV protocols. 
For seaweed cultivation, the production of dimethyl 
sulphide (DMS) and halomethanes (e.g. bromoform, 
CHBr3) may also have climatic impacts (Carpenter et 
al., 2009).

2.3 Leakage. The non-permanence of carbon storage 
for most biotic mCDR approaches is a cause for 
concern, since the durability of CO2 removal is critical 
for effective climate mitigation (Brunner et al., 2024). 
For ocean fertilization, leakage results in declining 
effectiveness over time for global-scale deployment 
(Aumont and Bopp, 2006; Oschlies et al., 2025); 
similar effects are likely for seaweed cultivation with 
deep-sea biomass sinking. For coastal blue carbon, 
rising sea level, warmer temperatures, and human 
disturbance all threaten the long-term integrity of 
carbon stores (Williamson and Gattuso, 2022).

Actions to be taken

I.	 �Model improvement

Roberts et al. (2024) reviewed the inclusion of 
CDR-relevant parameters in marine ecosystem 
models and ESMs. They identified 14 deficiencies 
with medium/high relevance to specific mCDR 
methods: most related to seaweed cultivation, 
including the effects of changes to surface 
ocean ecosystems, benthic smothering, and the 
attraction of seafloor biomass to deep sea fauna. 
 
Modelling priorities identified by Buesseler et al. 
(2024) for ocean iron fertilization included observing 
system simulation experiments, storage durability, 
and the biological carbon pump. Despite the research 
attention given to the biological carbon pump, many 
aspects remain poorly understood (Henson et al., 
2022; Baker et al., 2022; Sections 3.a, 3.b, 3.d and 
4.a).

II.	 �Field experiments and operational deployment

Buesseler et al. (2024) also proposed a new 
generation of iron fertilization field experiments, 
of larger size and longer duration than previously, 
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to improve understanding of carbon fluxes and 
environmental impacts. MRV protocols should also be 
developed and tested, using autonomous platforms 
and novel biogeochemical sensors (including for 
total alkalinity and dissolved inorganic carbon). 
Relatively few field experiments have been carried 
out on ocean alkalinity enhancement (Cyronak et al., 
2023). Although controversial (Cornwall, 2024), these 
are needed to demonstrate safety (or otherwise) and 
should be closely linked to experimental studies of 
potential biological impacts (Bednaršek et al., 2025; 
Ferderer et al., 2022), as well as high-resolution 
modelling of physico-chemical processes and 
exposure risk (Laurent et al., 2025 ; Wang et al., 2025) 
 
The only mCDR method currently in operational 
deployment is coastal blue carbon, regulated through 
the voluntary carbon market. It is unclear whether 
the MRV protocols developed to date (e.g. VERRA, 
2023) meet UNFCCC certification requirements, 
since major methodological uncertainties remain 
(Kristensen et al., 2025; Dahl et al., 2025; Williamson 
et al., 2025). 

III.	�Updated comprehensive assessment of proposed 
marine-based climate interventions

An updated version of the GESAMP (2019) report 
is needed to provide a systematic, policy-relevant 
review of the effectiveness and feasibility of mCDR 
methods. In addition to potential for climate 
mitigation, assessments of wider implications 
should include environmental effects on biodiversity, 
ecosystem functioning, and ecosystem services – 
issues not always well-covered in other reviews. The 
new Scientific Summary for Policymakers released 
in 2025 provides a first overview in this respect 
(GESAMP, 2025). 

IV.	�Improving mCDR credibility

The scientific literature shows that a wide range of 
interventions to increase the ocean uptake of CO2 are 
theoretically possible. Further research on the ocean 
carbon cycle and related ecological processes should 
help resolve key knowledge gaps; such research will 
also be necessary to establish a wider consensus on 
whether or not mCDR can contribute to a credible 
and scalable climate mitigation strategy, that is also 
both societally and politically acceptable.
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4. �Approaches to achieve 
Integrated Ocean Carbon 
Research

28	 See GO-SHIP: www.go-ship.org/
29	 See GOOS https://www.goosocean.org/
30	 See BGC-Argo: https://biogeochemical-argo.org

4.a Support for sustained ocean carbon 
observing systems

Rik Wanninkhof, Richard A. Feely, Dorothee C. E. Bakker, 
Nianzhi Jiao, Richard Sanders, Ute Schuster, Jamie 
Shutler, Andrew Watson

Sustained ocean carbon and environmental observations 
are critical to monitor changes in the surface and deep 
ocean to inform policies for emissions reductions. This will 
aid timely implementation of adaptation and mitigation 
efforts necessary to address rising atmospheric CO2 
levels. Furthermore, these observations are needed to 
monitor and guide ocean health issues caused by rapidly 
increasing greenhouse gas concentrations and other 
changes in the upper ocean. The trends and variability 
of the sea-air CO2 fluxes  can also be used in tandem 
with emissions and atmospheric CO2 levels to constrain 
the land carbon fluxes  and any resulting policy guidance 
(Shutler et al., 2020). Systematic observations of ocean 
carbon and related biogeochemical variables provide 
unprecedented opportunities to quantify and understand 
biogeochemical processes in a changing ocean. 

The IOC-R effort identifies the need for sustained in situ 
and satellite observations through enhancing existing 
and establishing new observing networks capable of 
making ocean carbon and relevant biogeochemical 
observations. These networks with associated data 
management and service capacities, along with 
improved mechanistic understanding, modeling, and 
machine learning approaches, are critical elements of an 
ocean carbon observing system. Such an ocean carbon 
observing system must be sustained on decadal scales 
and measure specific essential ocean carbon variables 
for defined goals. They should also meet appropriate 
requirements for spatial (e.g. 1°x1° at basin-scale or 

global) and temporal (e.g. seasonal, monthly, or annual) 
resolution, as well as data and product delivery times 
(e.g. real-time, monthly, or within 1 year). Requirements 
will be application- and science-question-specific. For 
example, high-frequency daily to weekly 0.25 km x 0.25 
km  assessments are needed for extreme events such 
as marine heatwaves, but monthly data at 1°x1° are 
adequate for global and annual net ocean CO2 sink or 
acidification assessments. 

Complementary ocean observing networks covering the 
surface to deep ocean are necessary for a comprehensive 
ocean carbon observing system. Established efforts 
such as the decadal global ocean surveys under the 
aegis of GO-SHIP28, a GOOS29-endorsed network, are 
essential in providing reference-quality observations 
to discern the changes in the interior ocean, including 
storage of anthropogenic carbon. The reference quality 
measurements serve to check observations and add 
information to other networks, such as the BGC-Argo 
(Biogeochemical Argo) float array. This array provides 
measurements from the surface to 2000 m depth at 
10-day intervals of oxygen, nitrate, pH, chlorophyll-a, 
suspended particles, and downwelling irradiance, in 
addition to the standard Argo float measurements 
of temperature, salinity, and pressure. The BGC-Argo 
network30 is of particular importance for elucidating the 
biological carbon pump. Quantifying decadal changes 
in the ocean carbon cycle is aided by the decadal 
reoccupation of ocean transects in all major basins 
under the aegis of the GO-SHIP network that also serves 
as an example of successful international partnerships 
and engagement.
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An emerging network in GOOS that is of high relevance 
for IOC-R is the Surface Ocean Carbon Observing 
Network, SOCONET31 (Wanninkhof et al., 2019; 2025). 
This network will help to further integrate ocean carbon 
observations into the information delivery mechanisms 
for critical management and policymaking bodies, such 
as UNFCCC assessments, WMO’s State of the Climate 
Report, and the WMO’s Global Greenhouse Gas Watch 
(G3W), a WMO Flagship Program (Carmichael et al., 
2024). The G3W has the objective to deliver monthly 
CO2 fluxes and emissions at 1°x 1° resolution, with 
a one month delay. The ongoing SOCONET, SOCAT32 
and SOCOM33 efforts are critical in this endeavor, and 
the support from the Committee on Earth Observation 
Satellites (CEOS) will be key to ensuring the satellite 
observations that the G3W deliverables critically rely 
upon. These efforts, collectively referred to as the  air-
sea CO2 flux observing system, are highlighted in the 
Declaration on Operationalizing the Surface Ocean 
Carbon Value Chain (Figure 10; IOCCP, 2024).

Ocean carbon observing systems provide an efficient 
framework for the specified deliverables but also yield 
information on gaps and can serve as incubators of 
new ideas and new and improved approaches. They are 
now beginning to be used to guide conservation and 
mitigation strategies (e.g. Shutler et al., 2024). Several 
ocean observing systems operate under the umbrella 
of GOOS, and, as such, GOOS serves as a means to 
coordinate and develop synergies and efficiencies 
between these elements. The provision and support 
for agency and industry satellite observation sensors 
and platforms can be guided and coordinated by CEOS. 
Networks can serve multiple stakeholders, and they 
often serve multiple objectives, which can facilitate the 
integration and collaboration required. 

31	 See SOCONET: www.aoml.noaa.gov/ocd/gcc/SOCONET/,
32	 See SOCAT: www.socat.info
33	 See SOCOM: https://www.bgc-jena.mpg.de/SOCOM/

IOC-R priorities

1.	� Establishing and maintaining the disparate 
observing systems requires operational approaches 
(e.g. sustained funding and dedicated human 
resources and technical infrastructure) that are not 
fully embraced by government funding agencies nor 
by relevant operational agencies. 

2.	� A systematic approach and resources are needed 
to execute each step of the value change process. A 
proper emphasis on data curation, including quality 
control, is necessary. 

3.	� There is a lack of authoritative requirements (e.g. 
a definitive statement of the minimum quantity and 
quality) for ocean carbon observing networks. 

4.	� Regular intercomparisons of instrumentation 
(including new technology) and access to reference 
materials for core variables are crucial to ensure the 
delivery of globally comparable data.

Actions to be taken

Efforts to sustain long-term observations and 
encapsulate them into an observing system concept are 
critical and include: 

I.	 �Engaging with the operational communities, such 
as marine meteorological services, on operational 
practices and procedures;

II.	 �Developing sustained funding mechanisms beyond 
the traditional research funding agencies such as 
governmental and private sector operational services;

III.	�Establishing working groups on requirement 
setting for operational ocean carbon networks in 
coordination with GOOS.  
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Figure 10.	 The value chain of inorganic ocean carbon measurements. The base of the value chain is the in situ measurement 
of ocean carbon and other biogeochemical and physical variables from a variety of programs and platforms, e.g. moorings, 
research vessels, and uncrewed surface vehicles. Observations are coordinated through observing networks such as Soconet 
for the surface ocean, utilizing one set of observing platforms (examples such as moorings and research vessels in red box) and 
through observing networks such as Go-Ship, OceanSITES and Argo for the interior ocean utilizing a different set of observing 
platforms (examples such as CTDs and BGC-Argo in blue box). The data are then stored at data centers and quality controlled 
for consistency and synthesis in programmes such as SOCAT. At the next level, the observational products are used for mapping 
and modeling purposes, such as within the Surface Ocean CO2 Mapping and Intercomparison Project, SOCOM. These outputs 
are, in turn, used in scientific assessments where they provide guidance for policy, such as within the United Nations Framework 
Convention on Climate Change (UNFCCC) processes. The needs and guidance from intergovernmental organizations are relayed 
back to the observational, synthesis, and modeling community in a feedback loop through the Global Climate Observing System 
(GCOS) and the Global Ocean Observing System (GOOS). Figure amended from Figure 2.2 in Guidi et al., 2020.

4.b Integration of sensor technologies 
and platforms critical for ocean carbon 
observation

Kenneth S. Johnson, Jamie Shutler, Socratis Loucaides, 
Ute Schuster

Resolving the driving processes for the upper ocean 
carbon cycle, such as the role of biology, in controlling 
ocean carbon storage or the air-sea CO2 flux, will 
require comprehensive, biogeochemical observations 
with seasonal resolution and an appropriate spatial 
scale across the global ocean. The rationale for such 
observations is presented in Section 4a. Making these 
sustained observations requires a system of robust and 
distributed autonomous in situ observing platforms and 
sensors, as well as orbiting satellites. These sustained 
observations must be routinely supported by reference 

instruments and systems installed on moorings, 
uncrewed vehicles, and crewed ocean-going ships. 
These sensors and reference systems must scale to 
large networks that observe the global ocean for key 
parameters and, in many cases, must extend from the 
surface through the water column. The data products 
provided by observing systems should be capable of 
resolving decadal scale change. The use of AI methods 
to gap-fill the real-time data returned by autonomous 
sensor systems might enable the production of 
biogeochemical products with little to no time lag (e.g. 
Sharp  et al., 2023). These products will enable novel 
applications in fisheries and carbon cycle studies. 
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Oceanographic observations from ocean-going ships 
provide an essential baseline, often with higher accuracy, 
for long-term observations and function as reference 
measurements for all other observation platforms. 
Ships also provide the necessary platforms for targeted 
process or experimental studies, and several biological 
processes, which contribute to the efficiency or 
otherwise of ocean carbon storage cannot be measured 

with uncrewed systems. However, individual ships or 
uncrewed platforms cannot sample or view the global 
ocean, so satellite observations from space are needed 
to gain a synoptic view. The combination of all of these 
observation and analysis technologies will result in a truly 
global system with seasonal resolution, often in real-time, 
whilst being logistically, economically, and scientifically 
efficient (Figure 11).
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Figure 11.	 In situ and satellite observational capabilities and carbonate system processes as a function of time and space. 
Ocean processes that affect the carbonate system (solid color shapes - labeled in the legend) are depicted as a function of the 
temporal and spatial scales over which they must be observed to capture important variability and/or long-term change. Figure 
adapted from Bushinsky et al. 2019. 

In situ observations and capabilities

A variety of different sensors and uncrewed platforms 
have been, and are being, developed, which enable an 
essential set of biogeochemical observations (Chai et 
al., 2020). 

Platforms include surface drifters, moorings, uncrewed 
surface vehicles, buoyancy-driven gliders, propeller 
driven uncrewed profiling vehicles, and profiling floats 
(Figure 12). The ability to operate large arrays of 
uncrewed platforms at the global and decadal scales, 

and successfully integrate the data from hundreds of 
independent sensors, has been demonstrated by the 
successful surface drifter program (Laurindo et al., 2017) 
and the profiling floats of the Argo program (Riser et al., 
2016; Claustre et al., 2020; Roemmich et al., 2019). 

A challenge now is to operate networks of these 
platforms with different spatial and temporal reach in 
regions including the harshest conditions such as the 
Southern Ocean.
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A set of chemical and biological sensors that are capable of 
long-term operation on these platform arrays now enable 
a variety of biogeochemical processes to be observed 
over large regions (Claustre et al., 2020; Sarmiento et al., 
2023). Surface ocean carbon dioxide partial pressure 
(pCO2) is critical to quantify the uptake of atmospheric 
CO2 by the ocean. Infrared sensors with gas calibration 
standards provide data to allow surface ocean pCO2 to 
be tracked over full annual cycles on surface moorings 
(Sutton et al., 2014; 2019) and over great distances on 
uncrewed surface vehicles (Sutton et al., 2021). Primary 
productivity (Johnson and Bif, 2021), net community 
production (Emerson and Yang, 2022) and respiration 
(Hennon et al., 2016), which drive the biological carbon 
pump, can be tracked across ocean basins with data 
from oxygen sensors on large arrays of profiling floats. 
Ultraviolet (UV) optical nitrate sensors also provide data 
to track net community production (Arteaga et al., 2019) 
and investigate the linkage to dissolved inorganic carbon 
(DIC; Johnson et al., 2022) at the scale of ocean basins. 
Sensors for pH provide data to track acidification (Mazloff 
et al., 2023), seasonal variations in upper ocean pCO2 
(Bushinsky et al., 2019), and the coupling of deep physical 
processes to regional variations in air-sea CO2 flux (Prend 
et al., 2022). Bio-optical sensor data can be used to track 
production (Stoer and Fennel, 2023), export (Dall’Olmo 
et al., 2016; Lacour et al., 2023) and loss of particulate 
organic carbon (Kheireddine et al., 2020). The challenge 
now is to extend the set of chemical and biological 
sensors to allow for greater resolution of carbon cycling 
and quantifying the driving processes at the global scale.

Satellite-based observations and capabilities

Satellite observations allow synoptic scale processes to 
be mapped with high spatial resolution across the ocean 
and over decadal time scales. These remote sensing 
observations are now a fundamental component for all 
global scale observation-based carbon assessments 
(Section 4.c; Shutler et al., 2020; Brewin et al., 2023; 
Shutler et al. 2024). Satellite ocean color and sea 
surface temperature observations are extensively used 
to estimate surface biological state and production 
enabling, for example, estimates of chlorophyll-a, net 
primary productivity, net community production, and 
the distribution of particulate inorganic and organic 
carbon (Brewin et al., 2023). Hyperspectral data are 
now beginning to be  used for the identification of 
phytoplankton functional groups and other relevant ocean 
carbon parameters 34.

34	 See Pace project: https://pace.oceansciences.org/ 

Machine learning and artificial intelligence methods used 
to intelligently gap-fill the sparse in situ surface ocean 
CO2 data use satellite data to drive the algorithms (e.g. 
Landschützer et al., 2016; Watson et al., 2020; Gregor 
and Gruber, 2021). The resultant data are then used, 
in conjunction with more satellite observations and 
reanalysis data, to estimate global and regional air-sea 
CO2 exchange and the ocean CO2 sink (e.g. all observation-
based ocean sink methods in Friedlingstein et al., 2025). 
Beyond this, satellite observations in combination with 
in situ data are increasingly being used to quantify all 
surface water carbonate chemistry variables (e.g. Gregor 
and Gruber, 2021; Land et al., 2019). Consequently, both 
satellite observations and in situ data are fundamental to 
any global ocean carbon monitoring approach (Shutler 
et al, 2024). Merging satellite observations with bio-
optical data from BGC-Argo profiling floats enables 
depth-resolved observations to be extended from the 
surface into the ocean interior (Fox et al., 2024; Stoer and 
Fennel, 2024). Such combined products demonstrate the 
synergism that results from operating multiple types of 
sensor arrays.

IOC-R priorities

1.	 �Sensors for ocean carbon observations  
Only a small set of chemical and biological sensors 
have capability for large-scale, sustained observing. In 
addition, these systems do not encompass all of the 
desired chemical species. In situ and remotely sensed 
DIC and alkalinity concentrations (TA) are essential 
to understanding the evolving ocean stocks of these 
species and will be essential if mCDR by altering 
ocean alkalinity becomes widespread. Dissolved 
inorganic carbon (Fassbender et al., 2015; Wang et 
al., 2015) and alkalinity sensors (Briggs et al., 2020) 
are in the early stages of development. While capable 
pCO2 sensors are available for surface measurements, 
and synergistic satellite and in situ approaches enable 
synoptic scale observations, systems or approaches 
with comparable performance for subsurface 
observations are still emerging. Commercial sensors 
that are capable of submerged pCO2 and pH 
measurements do exist, but various limitations in 
stability, precision, reliability, or power requirements 
have prevented widespread adoption for the required 
long-term deployments of large network arrays. 
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Figure 12.	 Timeline of oceanographic observation platforms that support biogeochemical understanding and capabilities. 
Sensor and platform development has developed towards autonomous systems including surface drifters, moorings, 
uncrewed surface vehicles (USV), buoyancy-driven gliders, propeller driven autonomous profiling vehicles, and profiling floats. 
Oceanographic observations from ocean-going ships provide an essential baseline to verify and calibrate all of these platforms 
and systems. Figure adapted from Chai et al. 2020. 

A variety of additional in situ sensors would be 
useful to fully characterize the ocean carbon cycle. 
Particulate inorganic carbon (PIC) sensors would 
shed light on the effects of ocean acidification on 
calcium carbonate production. Prototype PIC sensors 
have been developed (e.g. Bishop et al, 2022), but they 
have not yet been demonstrated during extended 
deployments on autonomous platforms. Sensors 
for dissolved organic carbon (DOC) would be highly 
desirable. Sensors for fluorescent dissolved organic 
matter (FDOM) have been used to track particle 
dynamics (Organelli and Claustre, 2019). However, 
there is no quantitative correlation between the FDOM 
signal and DOC concentrations. Optical backscatter 
sensors operating at one or two wavelengths can 
provide a sense of particulate organic carbon 
concentration, but limited information on particle 
size distributions (Briggs et al., 2020). More capable 
imaging systems, which resolve particle size and are 
capable of deployment on autonomous platforms, 
are now available (Picheral et al., 2022), and are being 

deployed on some BGC-Argo floats but are not yet 
routinely part of the sensor package. 

2.	 �Sensors for concurrent biogeochemical 
measurements 
In addition to carbon system specific sensors, 
observations of additional biogeochemical 
parameters that influence the ocean carbon cycle 
would be of use. This includes the ability to observe 
nutrient supply and specific chemical compounds, 
such as dissolved orthosilicic acid or various 
compounds of iron that regulate the uptake of 
inorganic carbon through photosynthesis. Some in 
situ sensors for these are now available (Mowlem 
et al., 2021), but further work is needed to increase 
autonomy (deployment duration) and improve 
analytical performance. Many of the biological 
processes involved in the biological carbon pump 
e.g. respiration rates, egestion rates, carbon content 
of particles etc. cannot be observed with the sensor 
suite currently in development.
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Actions to be taken

I.	 �Sustained observation network
Sustained and integrated actions can strengthen 
our autonomous observing capability, greatly 
enhancing our understanding of the ocean carbon 
cycle. Existing in situ observing networks and 
satellite capabilities routinely rely upon short-term 
and small-scale funding. Actions for improved global 
carbon budget assessments must be sustained and 
expanded to ensure the establishment of a resilient, 
long-lasting, and high-quality network (Section 
4.a). Most autonomous biogeochemical observing 
systems are operated as research projects without 
long-term support, and many satellite datasets used 
and relied upon are likely non-optimal as they were 
originally designed for other uses and not for climate 
carbon assessments (Shutler et al., 2024). As these 
systems mature and their capabilities are proven, 
there needs to be a pathway to move them into a 
sustained, operational status with the production of 
climate quality data records. Such records will enable 
the production of decadal scale, observation-based 
assessments that are needed to observe climate 
impacts and feedbacks. The intelligent combination 
of all sensor types and platforms (Figure 12) to 
achieve internally consistent and depth-resolved 
carbon budgets has yet to be attempted and could 
offer a way forward.

II.	 �Improved suite of sensors
Broadening the suite of sensors and continuing 
to improve performance of existing sensors is 
essential to answer key questions, such as the 
role of biology in modulating the ocean carbon 
sink and how this may change in the future. The 
technical challenges to achieve this are significant. 
Progress will require sustained support for the 
analytical chemistry, engineering, and technical 
groups that develop sensors and transition those 
sensors to commercialization. Further, the often 
high cost of in situ sensors is a major impediment to 
widespread adoption. For example, there are several 
manufacturers of high quality oxygen sensors and 
costs for these systems are relatively affordable, 
hence they are widely used on autonomous platforms. 
However, there is only one, widely used and high 
pressure capable nitrate sensor. The costs for these 
systems are reported to be 5 to 8 times that of an 

35	 See Biogeochemical Argo: https://biogeochemical-argo.org

oxygen sensor, and so they are used in much lower 
numbers on autonomous platforms. A challenge 
here is to reduce cost whilst not compromising data 
quality to an extent that makes the advancement of 
human understanding impossible, keeping in mind 
that the quality is relevant to the desired application. 

4.c Enhance and co-ordinate carbon 
observing and synthesis products 

Siv K. Lauvset, Amanda R. Fay, Stephanie A. Henson, 
Matthew P. Humphreys, Peter Landschützer

Ocean carbon observation and assessment approaches 
require extensive coordination and synthesis products 
due to the complexity and diversity of the global datasets 
on which these assessments critically rely. For example, 
co-located high-quality measurements of physical and 
biogeochemical variables that allow for the separation 
of natural variability from anthropogenic changes are 
a key component to monitoring, understanding, and 
underpinning advice on how to mitigate the impacts of 
anthropogenic climate change (Tanhua et al., 2021). 
Presently two major, carbonate chemistry focused 
community-driven synthesis products - SOCAT (Bakker 
et al., 2016) and GLODAP (Figure 13a; Lauvset et al., 
2024) - deliver such quality controlled datasets, but the 
available observations within these two datasets are 
biased toward the Northern Hemisphere (Figure  13) 
and specifically to the boreal summer months. The 
BGC-Argo network35 provides a comprehensive dataset 
on ocean biogeochemistry, and while the network is 
growing, these data still primarily cover the Southern 
Ocean. Several other data products exist as detailed 
in Jiang et al. (2025), but, combining the information 
in these data products is non-trivial due to the lack of 
interoperability, common metadata vocabularies, and 
quality control procedures (e.g. Jiang et al., 2022). It 
is highly likely that sparse in situ sampling in some 
regions or seasons is limiting our ability to provide 
reliable and robust ocean carbon assessments (e.g. 
Gloege et al., 2021; Hauck et al., 2023). It is also possible 
that the future reduction in observations in critical 
locations could have large detrimental effects on any 
resulting assessments and policy advice. Similarly, 
satellite climate quality data records require long-
term international efforts in order to cross-calibrate 
and merge data from multiple satellites (Shutler et al., 
2024). These international efforts are often invisible or 
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overlooked, by both scientists and policy makers, but 
they require continued and ongoing support as without 
them global-scale carbon assessments would be 
impossible (Shutler et al., 2024).  

The spatial and temporal distribution of surface ocean 
carbon observations is highly variable, and there are 
large gaps in both space and time where no data exist 
(Figure 13b). Thus, observations are combined with 
data from remote sensing, reanalysis information and 
models of varying complexity (from statistical analysis 
to artificial intelligence) to create gap-filled fields 
on a regular spatial grid and with uniform temporal 
frequency (see Jiang et al., 2025 for a comprehensive 
list). These elaborated products are then used to 
assess the global ocean carbon sink strength and 
its variations in time (Friedlingstein et al., 2025). 
The Surface Ocean pCO2 Mapping Intercomparison 
(SOCOM) provides a framework and community for 
comparison and evaluation of gap-filled surface ocean 
pCO2 and air-sea CO2 flux products (e.g. Rödenbeck 
et al., 2015, Roobaert et al., 2024), and is helping to 
guide community best practice and address questions 
about data sparsity and drivers of uncertainties. Use 
of these products range from inclusion in the annually 
updated Global Carbon Budget36 (Friedlingstein et al., 
2025) and other synthesis efforts, such as RECCAP 

36	 See Global Carbon Project: https://www.globalcarbonproject.org/ 
37	 See SCOR WG 168 website: https://4d-bgc.github.io/
38	 See GLOBESINK project: https://bio-carbon.ac.uk/bio-carbon/sites/bio-carbon/files/documents/Globesink_Nathan_Briggs_Mar23.pdf 

and IPCC reports, to hypothesis-driven research, such 
as extreme event analysis and ocean acidification 
projections (IPCC, 2021; DeVries et al., 2023; Burger et 
al., 2022; Jiang et al., 2019). 

To answer key knowledge gaps, such as changes in 
ocean heat, oxygen, and carbon content, observation-
based data products covering the entire water column 
are needed (Tanhua et al., 2021), but the spatial and 
temporal distribution of interior ocean carbon data is 
even more sparse than for the surface (e.g. Lauvset et 
al., 2024).  There has been little in terms of coordinated 
work on gap-filled and elaborated products for the 
interior ocean. This was one of the motivations for the 
creation of the SCOR Working Group 168 (4D-BGC37), 
which is coordinating scientific communities involved 
in developing and validating gridded four dimensional 
data products from observational datasets - especially 
the BGC-Argo network. Efforts at mapping biological 
carbon storage have focused on mesopelagic POC 
content and fluxes by merging the BGC-Argo network 
dataset with satellite observations using machine 
learning approaches (e.g. Sauzède et al., 2024; 
GLOBESINK project38). As for the surface ocean 
products, an overall aim is to guide community best 
practice and address questions about sensor quality 
and data sparsity and drivers of uncertainties. 

a b

Figure 13.	 a) Location of stations in GLODAPv2.2023. Source: GLODAP, Lauvset et al., 2016 and Key et al., 2015. 
b) SOCAT version 2024: The number of individual months with 1° x 1° gridded surface ocean fCO2 between 1970 and 2023. 
Source: Bakker et al., 2024.
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The observation-based gap-filled products, both for 
the surface and interior ocean, are also important and 
useful for model validation and biogeochemical sensor 
evaluation, and as initial conditions for regional and 
global ocean models (e.g., Beadling et al., 2023; Lovato 
et al., 2023; Fu et al., 2022). 

IOC-R priorities

Several areas are identified where there is a need for 
improved coordination in order to better enhance carbon 
observing and synthesis products: 

1.	 �Coordination of observing campaigns: Despite 
the great efforts of the observing network GO-SHIP 
and the emerging observing network SOCONET 
there is currently limited coordination of observing 
campaigns. There is also an overall lack of sustained 
funding for observations and their synthesis, which 
is critical since biogeochemical data collection is 
limited by the lack of sensor technology and the time 
and cost requirements for wet chemical analyses 
(Section 4a). 

2.	 �Data integration: There are challenges related 
to integrating data from various platforms and 
measurement technologies. Sensors on moorings, 
floats or uncrewed platforms are often less accurate 
than ‘traditional’ ship-based observations, and/or only 
measure proxies for the desired variables rather than 
make direct measurements. The sensors also usually 
measure at much higher temporal resolution, which 
makes it challenging to combine these two data types 
(sensors and ship-based observations) into a single 
data product. Combining data made with different 
technologies also challenges the quantification of 
uncertainties in the final product (Section 4b). 

3.	 �Sustained funding to data products: The creation 
of elaborated gap-filled data products lacks 
international coordination and funding. Insufficient 
financial support does not allow to develop a 
standardized approach to assess the uncertainties, 
or to benchmark the reliability of the methods used 
(only available for SOCOM) . 

4.	 �Integration of marginal seas, coastal areas and 
riverine fluxes: Our current observational syntheses 
and elaborated gap-filled data products are largely 
open-ocean products and we lack methods that 
efficiently integrate marginal seas, coastal regions, 

39	 See OneArgo https://argo.ucsd.edu/oneargo/

and riverine fluxes into a total estimate of the ocean 
carbon sink (Section 3.c). 

Actions to be taken 

Regarding carbon observing and synthesis products 
the recommendations for actions that should be taken 
involve both high-level and short term actions. 

High-level actions:  

I.	� Improved international cooperation and 
collaboration for all steps in the carbon data value 
chain (observations -> synthesis products -> gap-
filled observation-based products, Figure 10) is 
needed. This includes collaborative efforts on data 
management, data archival, and data quality control. 
This should comprise clear pathways between the 
levels of the value chain with clear responsibilities at 
each layer, culminating in an international strategy 
for the long-term funding of ocean observations. 

II.	 �The impact of removing data streams (i.e. simulating 
the impact of withdrawing a funding stream which 
supports data collection) as well as the impact of 
increasing sampling coverage (i.e. the impact of 
funding specific new in situ sampling efforts) needs 
to be assessed to provide the necessary evidence 
base to enable continued support of all synthesis 
products. Such assessments can be achieved  via 
observing system simulation experiments (e.g. 
Shutler et al., 2024). 

III.	�International collaboration securing  long-term 
funding for existing key observational programs 
such as GO-SHIP and OneArgo39, as well as emerging 
networks such as SOCONET and the BGC-Argo 
mission of OneArgo is needed.

Specific, short-term, actions include:

I.	� Funding to support data synthesis efforts such 
as SOCAT and GLODAP. The ocean is very sparsely 
covered by data so useful gap-filled products begin 
with properly collated and quality controlled synthesis 
products.

II.	� Funding for efforts such as SOCOM and 4D-BGC 
such that the information contained in the data 
synthesis products can be fully utilized to fill 
knowledge gaps.
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V.	� Establishment of federated data systems40 to ease 
interoperability of the various sources of data and 
metadata, and to make it easier to combine many 
data streams into one product.

VI.	�Increase the utilization of full water column data 
products to quantify the ocean carbon sink.

VII.	�Establish annual meetings for the communities 
generating SOCAT, GLODAP, and other observational 
data products, with those who develop elaborated 
gap-filled data products in order to secure enhanced 
cooperation in the short and long-term. 

4.d Next level biological process studies and 
experiments

Nina Bednaršek, Philip W. Boyd, Richard A. Feely, Helen S. 
Findlay, Nianzhi Jiao, Maria Koski, Linbin Zhou

Effective decision-making and conservation 
management require a comprehensive understanding 
of complex ocean carbon dynamics and their 
interactions. However, our current knowledge is 
incomplete, especially concerning the integration of 
physical, chemical, and biological processes across 
various temporal and spatial scales (Lindenmayer and 
Likens, 2009). This includes quantifying direct and 
indirect ecological responses to environmental change 
and providing ecological data to develop informed 
ecological syntheses and prognostic ecological 
models. Current gaps in our understanding of carbon 
dynamics and their feedbacks are related to modes 
of action and underlying mechanisms. Some of these 
gaps can be targeted through integrated studies 
that simultaneously address the impacts of multiple 
climate change stressors, the occurrence of extreme 
events, and their interactions, as well as anthropogenic 
pressures (fishing, pollution, mining, dredging, and 
dumping) on the carbon cycle. Differentiating the drivers 
of biogeochemical and ecological consequences (e.g. 
enhanced coastal and ocean acidification, hypoxia, 
eutrophication, and marine heat waves) is especially 
important in the coastal areas where these drivers 
overlap. The requirement is to identify the impacts with 
the greatest magnitude vs. those with the fastest rates 
of change, the areas of ‘extreme’ risks vs. resilience, and 
the impact of mitigation and adaptation strategies (e.g. 

40	 A federated data system is a type of meta-database management system, which transparently maps multiple autonomous database 
systems into a single federated database. It requires standardisation and automation of metadata provision.

marine protected areas, and mCDR), both currently and 
in the context of future climate change. This research 
requires new process studies and novel experiments 
that can close existing knowledge gaps (Frenger et al., 
2024). 

Investigating the different climatic stressors and 
anthropogenic pressures on the marine carbon cycle 
requires common approaches that provide for the 
integration of laboratory, field, and modelling studies, 
with mutual cross-validation. This includes studying 
scenarios related to habitat variability, not only in terms 
of shifts in average conditions but also regarding the 
frequency and intensity of extreme events or regime 
changes. Crucially, the development of scenario-based 
and mechanistic investigations that provide a conceptual 
understanding of the interacting mechanisms at play 
is required to move beyond (empirical) extrapolations 
that are not based on process-level understanding. 
Integration between efforts and disciplines also requires 
solving scalability issues. This includes upscaling 
understanding from experiments conducted in a 
laboratory or within mesocosms into field observations 
and modelling exercises that address non-linearities 
and identify tipping points in the process (Boyd et al., 
2019). Co-located chemical and biological observations 
need to be integrated into observational networks in a 
coordinated way using high-resolution modelling and 
advanced sensor technologies for in situ observations 
(McClure et al., 2023). This can promote the development 
of indicators and best practices to identify the causality 
of changes to ocean systems.

Understanding how ecosystems are responding to 
global climate change requires the development of 
state-of-the-art synthetic approaches and ultra-high-
resolution molecular level techniques for understanding 
and monitoring biogeochemical processes. For 
example, high throughput functional gene arrays, single-
cell genomics and metatranscriptomics, in situ and in 
vitro -omics and eDNA techniques supported through 
the use of improved isotopic analyses, are needed to 
provide data on distribution, diet/energy preferences 
and evolution rates. Such approaches need to be closely 
integrated with advanced modelling approaches capable 
of handling non-linearities and complex interactions. 
Downscaling necessitates linking community-level 
responses to individual organismal processes, and 
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identifying potential bottlenecks or vulnerabilities within 
the ecosystem (Harfoot et al., 2014). Artificial Intelligence 
(AI) and Machine Learning (ML) approaches offer 
powerful tools for analyzing large, complex datasets 
from various sources, automating data processing 
and analysis, and identifying patterns and correlations 
needed for developing predictive models (Dong et al., 
2022). 

The studies that address carbon export, sequestration, 
and transformation, and their responses to multiple 
and co-occurring environmental stressors include 1) 
experimental studies (single species and community); 
2) ship-based studies on organismal behavior, 
ecophysiology, environmental tolerance, and ecosystem 
processes; and 3) current short-term and long-term 
in situ observations that characterize the biodiversity 
(genetic, taxonomic or functional traits) and their 
relation to environmental variables. These approaches 
aim at determining the mechanisms of interaction 
with environmental forcing, while also contributing 
information required for effectively mitigating or 
managing changes resulting from the anthropogenic 
pressures. To be able to validate results across 
scales and contexts, different approaches need to be 
integrated. This validation, in turn,  is essential for the 
development, calibration, and validation of predictive 
biogeochemical models, forecasting future changes 
and proactive management interventions. The outputs 
from such a combined approach will effectively address 
ecosystem functioning and resilience and implement 
specific conservation and management approaches, 
while also representing a baseline to assess the efficacy 
and potential impacts of mCDR technologies, including 
long-term effects and risk assessment. 

IOC-R priorities

The integration of physical, chemical, and biological 
processes across various temporal and spatial scales 
will require:

1.	 �Development of scenario based and mechanistic 
investigations related to habitat variability, not 
only in terms of shifts in average conditions but also 
regarding the frequency and intensity of extreme 
events or regime changes.

2.	� Application of synthetic approaches and ultra-
high-resolution molecular level techniques for 
understanding and monitoring biogeochemical 
processes.

3.	� Integration of co-located chemical and biological 
observations  into observational networks in a 
coordinated way using high-resolution modelling 
and advanced sensor technologies for in situ 
observations.

4.	� More studies combining experimental and long-
term observations in order to validate results across 
scales and contexts.

Actions to be taken

I.	 �Conduct large scale manipulation experiments  
with multiple stressors 
Extend manipulative experimental studies that focus 
on the impact of multiple stressors on individual 
species, community structure and ecosystem 
functions. Historically, these experiments have 
typically manipulated one or more environmental 
stressors, and have included both coastal e.g., 
macroalgae (Pessarodona et al., 2023) and 
pelagic studies, including microbial and plankton 
communities (Spisla et al., 2021; Riebesell et 
al., 2017) and ecosystems (Nagelkerken et al., 
2020). The stressors typically manipulated in such 
studies include temperature, pH, dissolved oxygen, 
nutrients, and light, with a recent focus on mCDR 
methods including manipulating alkalinity (e.g. 
Riebesell et al., 2023) and non-essential elements, 
such as aluminium (Zhou et al., 2018; 2021; 
2023). The experiments have produced several 
recommendations for best practices so that similar 
studies can be undertaken (Boyd et al., 2018).  
The essential next step is for such manipulative 
experimental studies to be conducted on larger 
scales to more accurately address the implications 
for carbon export and storage and their environmental 
effects. Such studies need to include the identification 
of biological and ecological essential ocean variables 
(Miloslavich et al., 2018) and early-warning indicators 
and thresholds (Bednaršek et al., 2017) which 
directly respond to environmental stressors. In situ 
experimental ecophysiological studies should use a 
space-for-time approach that investigates multiple 
co-linear stressors in the field (Bednaršek et al., 2022). 
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As part of this endeavour, there is an urgent need 
to strengthen our observational and monitoring 
capacities of environmental variability in coastal 
zones, where patterns of variability can change over 
spatial scales ranging from a few to several hundred 
kilometres (Vargas et al., 2017; Vargas et al., 2022). 
Integrating the characterization of environmental 
variability regimes is essential not only to design 
more realistic experiments, but also to ensure that 
future manipulation experiments do not inadvertently 
expose populations to stressor levels already 
encompassed within their current environmental 
variability.

II.	 �Extend ship-board process studies
Although studies to date have increased our 
understanding of the processes that result in the 
production and degradation of sinking particles, gaps 
remain in matching the carbon budgets in different 
depth layers (Henson et al., 2022). Budgeting needs 
to be improved with targeted field and simulated 
experimental studies (e.g., Jiao et al., 2018), including 
the use of natural analogues, coupled with digital-
twin ocean models (Jiao et al., 2024), that allow 
for consideration of scaling issues and potential 
nonlinear effects. Particular attention needs to be 
given to the processes that account for the impact of 
viral infection and mesopelagic daily fish migrations. 

Hence, it is necessary to extend ship-board process 
studies that estimate carbon production and 
abundance, vertical flux, and its fate, integrating 
across physical, bio-optical, sedimentary, acoustical, 
metagenomic, and proteomic methodologies. These 
studies usually centre around the deployments of 
short-term sediment traps along with autonomous 
and remote sensing observations to measure the 
quantity and quality of vertical flux to relate them to 
water-column processes such as primary production, 
particle production, particle modification and sinking, 
consumption through zooplankton activities and 
bacterial remineralization (e.g. Thomalla et al., 2023), 
and transformation of organic carbon from labile to 
refractory states (Jiao et al., 2010; 2014). 

41	 See https://www.pmel.noaa.gov/ocs/Papa 
42	 See www.awi.de/en/science/biosciences/deep-sea-ecology-and-technology/observatories/lter-observatory-hausgarten.html 
43	 See https://biogoship.org/ 
44	 See https://www.pmel.noaa.gov/dbo/ 

III.	�Support sustained biological observatories 
and global biodiversity sampling campaigns 
Support sustained distributed biological observatories 
and global sampling campaigns targeting biodiversity 
at different levels with the use of advanced technology 
(e.g. Picheral et al., 2022). Examples of  sampling 
campaigns include BioGO-SHIP (Boss et al., 2022; 
Clayton et al., 2022), Tara Oceans and the MOSAIC 
expedition (e.g. Snoeijs-Leijonmalm et al., 2022) that 
have provided the most complete record of genetic 
diversity of marine microorganisms to date (e.g. 
Sunagawa et al., 2020), and have sampled previously 
inaccessible areas, such as the Arctic Ocean.  
 
Long-term ocean observatories such as  PAPA41 and 
Hausgarten42 as well as initiatives like BioGOSHIP43, 
and the Distributed Biological Observatories44, a 
network of stations of advanced sensor technologies 
on moored equipment (e.g. autonomous platforms, 
underwater robotics) and transect lines, serve as vital 
detection arrays for monitoring coupled physical-
biological responses (e.g. Swoboda et al., 2024; 
Kohlman et al., 2024) and should be continued. 

4.e Modelling the ocean carbon cycle

Judith Hauck, Laurent Bopp, Fei Chai, Annalisa Bracco, 
Galen A. McKinley 

Models of the carbon cycle and other key biogeochemical 
processes have been developed since the 1990s (Fennel 
et al., 2022). Early models were based on the work of two 
distinct communities. One community was interested 
in plankton dynamics, whereas the second community 
was motivated by understanding the role of the ocean 
in anthropogenic carbon uptake (Fennel et al., 2022). 
These two threads were combined in the seminal work 
by Ernst Maier-Reimer (Maier-Reimer, 1993) and several 
such models now exist and are incorporated into ocean 
circulation models and ESMs. 

The range of biogeochemical and ecosystem 
model applications is broad, including re-analyses 
for the assessment of past and current physical 
and biogeochemical ocean states, short-term to 
seasonal and multi-annual forecasts, what-if scenario 

https://www.pmel.noaa.gov/ocs/Papa
https://www.pmel.noaa.gov/ocs/Papa
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simulations, and climate change projections making 
use of comprehensive ESMs (e.g. Bunsen et al., 2024; 
Le Quéré et al., 2010; Li et al., 2019; Terhaar et al., 
2022). A strength of modelling approaches is their 
ability to attribute simulated changes to drivers, e.g. 
to separate natural and anthropogenic components. 
Ocean biogeochemistry models are today run in global 
(Hauck et al., 2020) and regional configurations (e.g. 
Oziel et al., 2020; Xiu and Chai, 2014). High-resolution 
simulations are becoming more common, although 
they are still computationally costly and often allow 
for only a shorter simulation period. Notably, data-
assimilation systems in both ocean-only and ESM 
configurations are starting to appear (Caroll et al., 
2020; Bunsen et al., 2025; Moseley et al., 2025), though 
they may not have reached full maturity yet. In the 
meantime, insufficient observations pose a bottleneck 
for ocean biogeochemical model development that 
ultimately limits progress to reduce uncertainties and 
deliver robust forecasts (e.g. model evaluation against 
SOCAT CO2 observations in Friedlingstein et al., 2025; 
IOC of UNESCO, 2024).

On global and decadal scales, coupled physical-
biogeochemical ocean models can be used to estimate 
the air-sea CO2 flux and long-term trends of the ocean’s 

uptake of anthropogenic CO2. Long-term globally-
integrated anthropogenic carbon sink estimates vary 
between models, but uptake estimates diverge much 
more on regional and interannual scales (Hauck et 
al., 2020; Fay and McKinley, 2021). These model 
differences remain large due to coarse resolutions, 
the parameterizations required to represent critical 
smaller-scale physical processes (Sane et al., 2023), 
and partially inadequate or incomplete biogeochemical 
parameterizations (Hauck et al., 2023). Because model 
results fall within poorly-constrained observational 
ranges, a lack of process-understanding from 
experiments and field observations hinders further 
model development (e.g. Gloege et al., 2017; Planchat 
et al., 2023; Hinrichs et al., 2023). Therefore, improving 
observational coverage and process-understanding 
are critical steps to guide model development and 
improvement. With regard to biological processes, 
model uncertainty is much larger than for physically 
and chemically driven processes such as ocean 
anthropogenic carbon uptake (Frölicher et al., 2016), 
and observational constraints are even weaker (Henson 
et al., 2022). Different types of modeling approaches 
and observations must be integrated to cover the 
necessary spatial and temporal scales.  
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Figure 14.	Box‐whisker plots showing median values, interquartile ranges, and outliers (red plus symbol when present) of biological 
pump parameters from the RECCAP2 global ocean biogeochemical model (GOBM) ensemble (left) and observational estimates 
(right). Global integrated, annual a) net primary productivity NPP, b) particulate organic carbon export fluxes at 100 m F100, and 
c) 1,000 m depth F1000, all in Pg C yr-1 (note that the median line for F1000 is also the upper interquartile because two of the three 
observational estimates match). Global and annual average surface export efficiency ratio (adapted from Doney et al. 2024).

IOC-R priorities:

1.	 �Uncertainty in ocean CO2 uptake and mixing 
With regard to the ocean uptake of anthropogenic CO2, 
biases in the simulation of circulation and mixing are 
the primary source of uncertainty. The transport of 

carbon out of the surface mixed layer (“ventilation”) is 
thought to be a key bottleneck of ocean anthropogenic 
carbon uptake (e.g. Goris et al., 2018; Iudicone et al., 
2016). Evidence is accumulating that inadequate 
representation of ocean ventilation leads to the 
underestimation of the simulated ocean carbon 
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sink in recent decades by 10-20% (Friedlingstein et 
al., 2022; Terhaar et al., 2022). While no remedies to 
these model deficiencies are available yet, improved 
turbulence understanding may be a way forward (Qiao 
et al., 2016). The fact that ocean biogeochemistry and 
ESMs continue to typically have too coarse resolution 
to simulate mesoscale dynamics in transporting 
carbon and other key biogeochemical elements 
may also be a critical issue (e.g. mesoscale eddies 
that are prevalent throughout the oceans, Ford et 
al., 2023). Other sources of uncertainty are related 
to the conceptual difference between modeled 
anthropogenic and observational-based air-sea CO2 
fluxes (Friedlingstein et al., 2025). A comparison 
requires an adjustment for the preindustrial ocean 
outgassing related to rivers, which in turn requires 
assumptions to be made (Section 3c). For air-sea 
CO2 fluxes, gap-filled observation-based estimates 
are likely to constrain mean and seasonality, but are 
unlikely to capture different frequencies of variability 
well (Gloege et al., 2021; Hauck et al., 2023b; Heimdal 
et al., 2024). In all cases, effort is needed to ensure 
that the use of these observation-based data are 
appropriate to the question or model process being 
evaluated.

2.	� Need for robust future projections
While biogeochemical model tuning and calibration 
against observations may be sufficient for 
attaining a reasonable model state for the present 
day, underlying processes must be described 
mechanistically to obtain robust future projections 
(e.g. Frölicher et al., 2016; Henson et al., 2022). 
While model development is possible even with 
the current understanding, this is limited by 
deficiencies in available data (Siegel et al., 2023).  
 
Biogeochemical models initially had rather simple 
plankton dynamics, and have evolved to include 
a large variety of complex representations of 
biological processes (e.g. Wright et al., 2021; Stock 
et al., 2020). Nevertheless, many parameterizations 
are empirical, rather than based on mechanistic 
understanding (Section 3.b). For the global-mean 
biological pump of carbon from the surface to 
the deep ocean, model results tend to fall within 
“observational constraints” (Doney et al., 2024), but the 
reported observational range is so large (e.g. export 
production of organic matter estimates 4-12 PgC yr-1;  
Figure 14) that different model realizations cannot be 

sufficiently constrained. In addition, biogeochemical 
observational data sets are usually too sparse for 
a comprehensive evaluation or optimization of 
biogeochemical models and this becomes more 
severe at regional scales (Gloege et al., 2017). Major 
knowledge gaps in biological carbon storage are 
summarized by Henson et al. (2022; 2024). The 
increasing amount of satellite-observed organic and 
inorganic surface ocean carbon datasets, and their 
ongoing advancement, offers potential for addressing 
many of these observation and knowledge gaps 
(Brewin et al., 2021; 2023; Shutler et al., 2024), at least 
for the ocean surface.

3.	� Poor estimates of the land-ocean carbon continuum 
in the global models
In addition to physics and biology in the open ocean, 
the coastal areas and the land-ocean interface 
represent a major knowledge gap (Dai et al., 2022; 
Resplandy et al., 2024). Global models, even those 
with higher spatial resolution, poorly represent the 
land-ocean carbon continuum because they do not 
incorporate all pertinent processes in this realm (e.g., 
coastal vegetation, water-sediment interactions). 
Land-ocean coupling through rivers and erosion is not 
well understood and represented (Section 3c). Current 
estimates of river carbon, nutrient, and alkalinity input 
to the ocean, the processing of these materials in the 
coastal ocean, and their redistribution in the open 
ocean are too few and partly contradict each other 
(Regnier et al., 2022). A dearth of observations across 
coastal systems that are heterogeneous and rapidly 
varying is a major barrier to progress. The lack of 
local to global understanding of how carbon moves 
off the land, across the coastal zones, and to the open 
ocean is a first-order uncertainty in comparisons 
of modelled (not including these riverine effects) 
and observation-based estimates (including riverine 
effects) of ocean carbon uptake (Hauck et al., 2020; 
Friedlingstein et al., 2025). Modelling of carbon 
cycling processes in the polar oceans is additionally 
hampered by poor understanding of sea-ice and 
bottom associated processes and their role in water 
mass transformations. Process gaps in ocean carbon 
cycling models are also a major challenge for the 
development of mCDR efforts, their future monitoring 
and the assessment of potential side effects (Hinrichs 
et al., 2023; Fennel et al., 2023).	
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Actions to be taken

Models will always be simplifications of the real 
world; however, continuous model development is 
needed to ensure that the models are fit-for-purpose. 
Recommended actions to be taken to support and 
develop models: 

I.	� Increase funding in support of continual efforts in 
model development that should focus on processes 
either to be represented with refined mechanistic 
process understanding (e.g., for biological processes; 
Sections 3.b and 4.d) or where confidence that 
observational estimates are robust exist (e.g., mean 
CO2 flux, seasonality). 

II.	 �Observations are fundamental to constrain and 
improve models. As such, enhanced physical, 
biological, and chemical observations from the 
open ocean, across the coastal zone and upstream 
into rivers, as well as laboratory and in situ 
experiments to investigate underlying processes, 
are critical. To maximize the use of available 
observations, it is important to develop targeted 
process-based evaluation metrics for the model 
application of interest in contrast to (only) harvesting 
easily accessible data. 

III.	�Major model development is needed to resolve 
coastal and polar areas, which requires not only 
higher resolution, but also implementation of 
processes relevant to the resolved scales and to 
the biogeochemical exchange of matter through the 
land-ocean and ice-ocean interface. This will also 
pave the way for the use of high-resolution models 
for MRV of mCDR (Ho et al., 2023). 

IV.	�Improved mechanistic understanding is required, 
not only of physical processes (ventilation and deep 
water formation) that can likely be tackled via higher 
resolution and improved mixing schemes (Babanin, 
2023), but also of chemical and biological processes. 
These improvements call for a strong collaboration 
of modelers with field-going and laboratory-based 
scientists.

V.	� The use of machine learning methods as a post-
simulation correction for models (Gloege et al., 
2022; Bennington et al., 2022; Liu et al., 2023), as 
well as for development of model parameterizations 
(Zanna et al., 2020; Sane et al. 2023) should be 
evaluated and may contribute to a reduction of model 
computational costs. Equation discovery tools could 
also contribute to this endeavor (Ross et al., 2023), 
building upon laboratory-based experiments.

VI.	�In a parallel endeavor, data-assimilation systems 
are needed to ultimately merge observations and 
models. For this to be successful, both the data 
assimilation systems and the observational coverage 
in the ocean need major improvement, and training in 
data assimilation methods has to be provided to the 
community. 

VII.	�Detailed technical implementation of all model 
development must occur in individual working 
groups and modeling centers. Coupling this detailed 
work to robust support for international coordination, 
collaboration and model intercomparison is essential 
to accelerate model development in support of 
understanding and quantification of the ocean 
carbon cycle. 
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Ingrid van Putten, Stephanie Brodie, Rachel Kelly, Kelly 
Ortega-Cisneros, Debbi Pedreschi, Lavenia Ratnarajah, 
Tilla Roy, Rebecca J. Shellock, Jamie Shutler

To maintain, restore, and increase our understanding 
of ocean carbon cycling there is an urgent need for a 
common transdisciplinary framework in ocean carbon 
research. Oceans are interconnected social-ecological 
systems that are complex and adaptive (Preiser et al., 
2018), characterised by uncertainty and unpredictability 
(Partelow, 2018), and challenged by a myriad of complex 
problems. Solutions require integrated research to 
understand the dynamic ecosystem that is shaped by its 
physical, biogeochemical, and biological components, and 
how these affect our social, economic, and governance 
systems (Partelow, 2018; Kelly et al., 2019; Bammer et al., 
2020). International effort in ocean carbon research to date 
has largely focused on understanding carbon uptake and 
storage by the ocean—drawing extensively on expertise 
in the physical, chemical and biological sciences—with 
little evidence of inter- and transdisciplinary approaches 
being undertaken. Recognising diverse perspectives and 
leveraging multi-, inter-, and transdisciplinary approaches 
in ocean carbon research (Figure 15) will help to advance 
innovation. 

Interdisciplinary research approaches can facilitate 
combining previously disconnected ideas, concepts, 
methods, and resources - and in doing so, can 
expand disciplinary expectations to produce novel 
scientific societal advances and outputs with 
high impact (Fortunato et al., 2018). Researchers 
should work together to gain these collective and 
interdisciplinary insights and include for example, 
the social acceptability of the technology and the 
required legal and governance implications. At present, 
interdisciplinary approaches to ocean carbon research, 

development, and implementation that include a social 
dimension are mostly lacking (Loomis et al., 2022).

Implementing interdisciplinary research in practice 
is complex and requires significant resourcing and 
time to engage diverse disciplinary collaborators, 
build collaborations and (co-)develop and apply novel 
approaches (Figure 15; reviewed by Karcher et al., 2022). 
Researcher capability is needed, and researchers must 
transcend their own disciplines to inform others’ work and 
create new intellectual spaces. One approach for initiating 
such efforts is for an expert group to offer advice or co-
creation time (at no cost) to other disciplines or research 
efforts (one example being the international expert 
group on satellite observations proposed by Shutler et al. 
(2024)). Interdisciplinarity requires an understanding of 
and respect for other disciplines. Unfortunately, there has 
been a lack of awareness and understanding of marine 
social science, which is often attributed only to a service 
role in the wider system of research and practice (Shellock 
et al., 2023; McKinley et al., 2022). By co-designing projects 
around ocean carbon, scientists from both natural and 
social disciplines can present theories, knowledge, and 
perspectives that may be integrated to help understand 
and address the complexity of global ocean carbon 
cycling, for example, by helping to understand how 
carbon sequestration efforts may affect society, or how 
behavioural and policy changes may best be managed, 
implemented or guided (Shellock et al., 2023). 

Moving from a multi- to an interdisciplinary approach 
is the first step but a transdisciplinary approach will 
ultimately be necessary for ocean carbon research. 
This will require effective incorporation of other ways of 
knowing, and collaboration with for example indigenous 
knowledge. Research is most successful when it includes 
diverse perspectives, values, skills and networks (Christie 
et al., 2011), for example also including the humanities 
and the creative arts (as a way of knowing). 
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Stepping into another discipline can be overwhelming 
as “disciplinary understanding is required to reach 
interdisciplinary understanding” (You et al., 2018), and 
many disciplinary uncertainties around ocean carbon 
remain. Therefore, efforts to implement interdisciplinary 
approaches in ocean carbon research must seek to 

45	 See https://imber.info/
46	 See https://scor-int.org/project/changing-ocean-biological-systems-cobs/
47	 SCOR Ocean Carbon Working Groups – Scientific Committee on Oceanic Research (SCOR) (https://scor-int.org/).

train and engage all researchers including early career 
researchers and scientists from under-represented, 
marginalised and overburdened groups (Johri et al., 
2021; Bennett et al., 2021; Shellock et al., 2022; Shellock 
et al., 2023, Strand et al., 2022). 
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Figure 15.	 Difference between multi-, inter-, and trans-disciplinary research to address research priorities in ocean carbon. 
Adapted from McPhee et al. (2018). In multi-disciplinary research each discipline provides a perspective, in interdisciplinary 
research the contributions are integrated, and in transdisciplinary research the boundaries of the disciplines are transcended to 
address ocean carbon problems.

There are some promising signs for regional and 
global interdisciplinary approaches for the physical, 
biogeochemical and biological components such as in 
IMBeR45, COBS46, various SCOR working groups47 and 
through national and regional research grants for more 
small scale working groups, and individual limited term 
projects. However, these efforts are still mainly multi-
disciplinary, and it is apparent that the field would benefit 
from leveraging diverse disciplinary expertise in more 
integrated and holistic ways and moving from multi- to 
interdisciplinarity. 

Examples of benefits of and recommendations for 
incorporating interdisciplinarity in ocean carbon 
research

Ocean Governance: Governance of ocean activities is 
both complicated and incomplete (Haas et al., 2021). 
Any ocean scale carbon sequestration technologies 
(e.g., marine cloud brightening, Diamond et al., 2022) that 
are developed over the coming decades will be situated 
in this incomplete governance landscape. Researchers 
working in technology development will benefit from 
interdisciplinarity by extending the sphere to legal and 
(international) political sciences to ensure appropriate 
governance arrangements.

https://scor-int.org/
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Human Behaviour: Dealing with different carbon-capture 
technologies and incentives to implement them, will need 
inter- and transdisciplinary research to determine how 
and if incentives around marine carbon sequestration 
will be taken up or indeed change human behaviour. 
Collaboration with social scientists (e.g., on public 
perception and ocean literacy research) and behavioural 
scientists (economists, sociologists, psychologists, and 
cultural anthropologists) is key. These same behavioural 
sciences can provide insight into the impacts of different 
technologies and the trade-offs associated with 
different societal choices and management actions. It 
is important to also consider cultural perspectives on 
the governance of ocean carbon technologies, as cross-
cultural differences can have unexpected impacts on the 
outcomes. Inter and cross-cultural psychology have a 
large role to play in the acceptability and implementation 
of various management options. 

Compliance: For the effectiveness of mCDR 
technologies to be assessed it will be necessary 
to establish monitoring technologies, assessment 
methods, and standard systems (Smith et al, 2024; 
GESAMP, 2025). To develop such assessment and 
monitoring systems, social sciences can provide 
insight into best practices and how compliance can be 
facilitated. This is especially the case when it concerns 
market-based trading schemes, as recent evidence 
of inaccurate reporting and lack of compliance 
in the carbon trading system (Chubb et al., 2022) 
demonstrates that policing and monitoring will be key.

Economics: Interdisciplinary approaches will also 
be required to establish the social, ecological, and 
economic implications of climate-driven changes to the 
biological carbon pump. Interdisciplinary approaches 
can highlight differences in research infrastructure, 
resources and projected impacts of climate change 
(ecological, economic and social) among regions. 
Collaboration between disciplines and stakeholders can 
help find innovative and inclusive solutions for these 
complex problems (Nyboer et al., 2023) at relevant 
scales and contexts. While ocean carbon research is 
globally important, regional differences in the capacity to 
respond and adapt to climate change must be addressed 
to achieve equitable partnerships, collaborations and 
research outcomes. For impacted human communities, 
restorative economics is one discipline that may be 
informative in the recovery of marine carbon systems 
(e.g. blue carbon ecosystems). 

Different ways of knowing and inclusion: Creating time 
and space to understand the potential contributions of 
the social sciences, the humanities and creative arts 
(as a way of knowing) to the field of ocean carbon 
sequestration is key. At a fundamental level, early career 
researchers and diverse and minority voices need to 
be engaged as they are the scientists and knowledge 
holders of today and tomorrow. Therefore, efforts to 
implement interdisciplinary approaches in ocean carbon 
research must be inclusive. 

Ocean literacy: Most importantly, interdisciplinary 
approaches are essential to understand and boost 
the levels of ocean literacy and understanding within 
the general population (McKinley et al., 2022). This 
understanding can help identify where ocean carbon 
research is relevant, what gaps exist, and what knowledge 
is held by stakeholders that can help to inform ocean 
carbon research to ensure research is relevant and can 
be applied in service to society. It is essential to leverage 
this capability to push the population’s demand for the 
urgent government level policy changes that are needed 
to drastically reduce emissions. Ultimately, this is the 
only real long-term and viable action that will save the 
oceans and our climate for future generations to enjoy.

5.b Capacity development 

Kirsten Isensee, Kaitlyn B. Lowder, Maciej Telszewski, 
Sophie Seeyave, Li Li, Sam Dupont, Heather Benway, Nina 
Bednaršek, Annalisa Bracco, Lina Hansson

Capacity development for ocean carbon research builds 
on decades of existing efforts, conducted by a wide range 
of scientists, networks and organizations. Depending 
on the overall objectives and mandates of many 
organizations (Figure 2), their capacity development 
activities focus on specific topics of the ocean carbon 
cycle and they are carried out by applying different 
approaches, such as online training, in person workshops 
and summer schools or mentorship programmes. The 
ocean carbon community is thereby contributing actively 
to the seven main outputs of capacity development as 
defined by the IOC Capacity Development Strategy (IOC 
of UNESCO, 2024) and amended in the Ocean Decade 
Vision 2030 process (Arbic et al. 2024): 1. Human 
resources developed at individual and institutional 
levels; 2. Access to technology, physical infrastructure, 
data and information established or improved; 3. Global, 
regional and sub-regional mechanisms strengthened; 
4. Development of ocean research policies in support 
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of sustainable development objectives promoted; 5. 
Visibility, awareness and understanding on the roles and 
values of the ocean and ocean research in relation to 
human wellbeing and sustainable development increased; 
6. Sustained resource mobilization reinforced; 7. Diverse 
representation in decision-making spaces, redressing 
of imbalance through inclusive codesign, listening to all 
relevant voices. 

Among the organizations supporting integrated ocean 
carbon research, nine programmes and organizations, 
including science networks and programmes, Ocean 
Decade activities and UN organizations were identified as 
having a specific mandate in capacity development (Table 
1). Many of these focus on human and technical capacity 
development, as well as awareness raising. However, only 
a few organizations put emphasis on research policies.

In addition to the international programmes and activities 
identified in Table 1, NGOs and philanthropic organizations 
are pivotal partners in building capacities and capabilities 
in ocean carbon science. The Global Ocean Science 
Report 2020 (IOC of UNESCO, 2020), stresses their 
importance in conducting and financing ocean science 
and particularly in capacity development.  Examples are 
The Ocean Foundation and Conservation International, 
which champion  closing the capacity gaps in ocean 
carbon science, with  dedicated programmes focusing on 
multiple parts of the global ocean carbon cycle, such as 
advancing  capabilities to study ocean acidification and 
blue carbon science. 

Major capacity gaps and recommendations for future 
capacity development activities:

1.	 �National research strategies and policies: The 
development of research policies, identification of 
research priorities and financial stability for ocean 
carbon research and observation are key enablers to  
maintain and further develop capacities. Research 
strategies securing long-term commitments to ocean 
carbon observation and research at the national level 
are required to ensure that relevant instrumentation is 
used and to avoid loss of human capacity locally due 
to migration to another country or that experts take  on 
new roles in other fields.

2.	 �Establishment of baselines and measures of 
success: Based on capacity needs assessments 
of existing capabilities, definitions of baselines and 
measures of success of ocean carbon capacity 
development (Abric et al., 2024; Newton et al., 2024) 
will allow the optimization of  impact and use of 
financial and human resources.

3.	 �Co-design of capacity development activities: 
Capacity development activities ought to be adapted 
to local contexts (Dupont et al., 2024) through 
early, frequent, and open discussion with engaged 
researchers as well as pre-evaluations of existing 
ocean carbon capacity and capacity needs. There 
is not one type of capacity development which fits 
all, and fostering trust and respect requires power-
sharing among all participants. 

4.	 �Partnerships: Organizations have different mandates 
and focus areas (Table 1 and Figure 2). Strengthening 
collaborative capacity development will ensure that 
a wider audience can benefit from and participate 
in training and knowledge transfer. Ocean carbon 
research, like ocean science development in general, 
needs to seek new avenues for financial support. 
Engagement with the private sector, decision and 
policymakers will allow for greater impact.

5.	 �Sharing of data and knowledge: While human and 
technical development is the foundation for the 
delivery of the science required to fill the knowledge 
gaps explained in Section 3, providing easy access 
to ocean carbon data and knowledge at no cost 
as well as the ability to define ocean carbon data 
uncertainties to the research community worldwide 
will support researchers in less developed regions 
to compare local data and benefit from knowledge 
generated in other regions without any delay.

6.	 �Equity and diversity: Guiding principles for all ocean 
carbon research capacity development must include 
generational, geographical and gender balance.  
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Table 1.	 Mapping of capacity development activities and outputs in the field of ocean carbon. The table shows categories 
of capacity development outputs adapted from the UNESCO-IOC Capacity Development Strategy by Abric et al. (2024) 
and a selection of organisations and programmes conducting capacity development in the field of ocean carbon research, 
observation and policy. The organisations are Climate and Ocean: Variability, Predictability and Change project, 48 (CLIVAR), 
the Ocean Acidification Research for Sustainability programme of the Global Ocean Acidification Observing Network49  
(GOA-ON OARS), the Ocean Acidification International Coordination Centre of the IAEA50 (IAEA OA-ICC), the Integrated Marine 
Biosphere Research programme51 (IMBeR), the Intergovernmental Oceanographic Commission of UNESCO52 (UNESCO-IOC), 
the International Ocean Carbon Coordination Project53 (IOCCP), Ocean Carbon & Biogeochemistry54 (OCB), the Partnership 
for Observation of the Global Ocean55 (POGO), Surface Ocean Lower Atmosphere Study56 (SOLAS). X represents a capacity 
development effort carried out by the relevant organisation or programme.

Category CLIVAR
GOA-

ON 
OARS

IAEA 
OA-ICC IMBeR IOC IOCCP OCB POGO SOLAS

1. �Human resources 
developed at individual 
and institutional levels

x x x x x x x x x

2. �Access to technology, 
physical infrastructure, 
data and information 
established or improved

x x x x x x x x x

3. �Global, regional 
and sub-regional 
mechanisms 
strengthened

x x x x x x x x

4. �Development of ocean 
research policies in 
support of sustainable 
development objectives 
promoted

x x x

5. �Visibility, awareness 
and understanding of 
the roles and values of 
the ocean and ocean 
research in relation 
to human wellbeing 
and sustainable 
development increased

x x x x x x

6. �Sustained resource 
mobilization reinforced

x x x x x x x

7. �Diverse representation in 
decision-making spaces, 
redressing of imbalance 
through inclusive 
codesign, listening to all 
relevant voices

x x x x x x

48	 See www.clivar.org/
49	 See www.goa-on.org/oars/overview.php
50	 See www.iaea.org/services/oa-icc
51	 See imber.info/
52	 See www.ioc.unesco.org/
53	 See www.ioccp.org/
54	 See www.us-ocb.org/
55	 See pogo-ocean.org/
56	 See www.solas-int.org/
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6. �Integrated Ocean Carbon 
Research - Global Priorities 

Overarching actions to fill the research gaps and address 
the emerging questions identified in this report include 
creating an integrated and sustained ocean observing 
system covering the surface to deep ocean and the 
land to ocean interface, involving in situ and remotely 
sensed multi-variable observations (physical, chemical 
and biological), and including targeted development 
of sensors and autonomous platforms. Broadening 
the suite of sensors and continuing to improve the 
performance of existing sensors is essential to answer 
key questions, such as the role of biology in modulating 
the ocean carbon sink.

Enhancing ocean model process representations, 
addressing biases in the simulation of circulation 
and mixing, forging improved collaborations between 
modellers and field-going and laboratory-based 
scientists and resolving biogeochemical exchange of 
matter through the land-ocean and ice-ocean interfaces 
are also required. Continuous model development 
efforts are needed to ensure that the models are fit-for-
purpose focusing on processes that can be represented 
with refined mechanistic process understanding or 
where observational estimates are robust.

It is vital to build global human and technological capacity 
to fully implement ocean carbon research. This involves 
continued and increased training opportunities for early 
career ocean professionals, access and participation 
from under-represented groups and personnel based 
in less developed countries, and a focus on the priority 
technologies (e.g. sensors, observing platforms, 
machine learning, coding), disciplines (e.g. physical, 
ecological, social, inter- and transdisciplinary research 
approaches) and geographies (e.g. coastal, polar, 
mesopelagic). Future activities aiming at democratizing 
access to ocean carbon data will be critical to increase 
the capabilities of projecting ocean change at locally 
relevant scales.

There is an urgent need for an interdisciplinary framework 
in ocean carbon research. Creating time and space to 
understand the contributions of the social sciences, 
the humanities and creative arts to the field of ocean 
carbon research is crucial. Interdisciplinary approaches 
will be vital in enabling equitable ocean governance, 
development of best practices and compliance with 
mCDR monitoring and evaluation, incorporation of 
local community knowledge in management and 
conservation, identification of economic and social 
as well as ecological impacts of climate change and 
understanding and increasing the levels of ocean literacy 
in the general population. Transdisciplinarity (involving 
non-academic participants such as policy makers, 
managers, research communicators and indigenous 
knowledge holders) can ensure ocean carbon research 
is relevant and can be applied in service to society.

Improved international cooperation and collaboration 
are needed for all steps in the carbon data value 
chain, from observations to synthesis products to 
elaborated observation-based products. Multinational 
coordination of studies that address carbon export, 
sequestration, and transformation, and their responses 
to multiple and co-occurring environmental stressors 
are required. International knowledge exchange and 
sharing of best practice including data quality control, 
access to reference materials and intercalibration 
of measurements, reporting, and data archiving in 
accordance with FAIR (Wilkinson et al., 2016) and 
CARE (for indigenous knowledge) principles are needed 
(Figure 16).
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Figure 16.	Overview of overarching and specific actions to be taken forward in the field of ocean carbon research. Overarching 
actions (inner ring) are identified to support the development and continuous enhancement of robust and fundamental 
scientific work for humankind to understand and predict accelerating climate change and the possibility of unexpected 
environmental responses. Specific actions (middle ring) are identified to address specific research gaps detailed under the five 
focus areas (outer ring) for integrated ocean carbon research.

Evolution of the ocean carbon sink under a changing 
climate and emissions

In addition to the overarching actions above, actions 
within this focus area should address the key 
components of CO2 uptake by the ocean: air-sea CO2 flux 
parameterizations to reduce uncertainties in CO2 uptake 
estimates, refinement of seawater carbonate equilibrium 

constants to increase the internal consistency of the 
marine carbonate system, and monitoring of changes 
in physical processes and how they affect CO2 uptake 
e.g. warming, freshening and changes in turbulence. 
Establishment and maintenance of an international 
network of facilities that produce climate-relevant 
calibration materials for both seawater and gas mixtures 
are also required. Sustained global-scale observations 
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over time are essential for documenting the changes 
in ocean carbon, and these observations and related 
data products should be operationalised. Enhanced 
model development and calibration/validation should 
be enabled through the identification and elimination 
of model biases, such as those arising from mixing 
schemes, and the incorporation of missing processes 
and variables such as organic alkalinity, near-surface 
temperature gradients and submesoscale mixing. 
Comprehensive identification of biases and uncertainties 
in various «gap-filling» techniques is also essential.

The changing role of biology in the ocean carbon cycle

Multinational efforts are required to enable the 
coordination and synthesis of biological carbon pump 
data across large spatial and temporal scales, both 
of which are crucial for understanding environmental 
controls on processes, climate change trends, and for 
developing and validating models. These multinational 
efforts should fully utilize new approaches and 
instrumentation, such as ocean robotics, optical 
imaging, and hyperspectral satellites. Observations of 
parameters and metabolic rates contributing to  the 
biological carbon pump must be closely coupled with 
a mechanistic understanding of the factors driving the 
variability and change over time of these parameters 
and rates. This understanding needs to be incorporated 
into model parameterizations for developing effective 
predictive capabilities to address change in the ocean’s 
carbon cycle. The collection of in situ and in vitro omic 
data, encompassing both prokaryotes and eukaryotes, 
can provide crucial metabolic pathway information 
on diet, energy preferences, and evolution rates of key 
organisms. The study of rates in the context of reaction 
norms under multiple stressors, such as thermal and 
dissolved oxygen performance curves and CO2 affinity 
curves, can shed light on which organism groups 
will likely be impacted the most from changes to 
oceanic conditions. Adaptation studies should connect 
cellular, physiological, and behavioural mechanisms, 
incorporating microevolution and epigenetics to yield a 
more comprehensive understanding of how organisms 
will respond and evolve in changing environments. 
Targeted process studies should aim to determine the 
interplay across all functional groups and their integrated 
impact on carbon production, transport, transformation, 
remineralization and sequestration. Multiple-driver 
mesocosm/macrocosm manipulation studies or the use 

of marine ecosystem chamber systems which mimic 
in situ marine environments as closely as possible, are 
needed to simulate a changing climate, thereby enabling 
the disentanglement of environmental change effects 
on biogeochemical outcomes resulting from complex 
functional group interactions and organismal physiology. 
Physical modelling, such as particle tracking, should 
be incorporated with biogeochemical modelling and 
observations for improved understanding of the three-
dimensional trajectories followed by carbon injected 
into the ocean via the biological carbon pump.

Carbon exchanges across the land-ocean-ice 
continuum

The ideal is to establish a fit-for-purpose land-ocean 
global observation system to support sustained 
monitoring and compilation of existing data. Research 
efforts in coastal and open ocean areas should be 
better linked through community and indigenous 
collaborations, and it is key to liaise with inland water 
research communities to co-develop global datasets 
of riverine carbon species and nutrients, as well as 
with the marine sediment geochemistry community. 
The application of machine-learning methods and 
geographical information systems should be used 
to fill spatial and temporal gaps and tackle regional 
differences. Best practices should be developed for 
enhanced, good quality, and affordable observations 
and characterization of riverine, permafrost, blue carbon 
ecosystem, and coastal sources of alkalinity, carbon and 
nutrients, including the biogeochemical lability and fate 
of terrestrial dissolved organic carbon in the ocean.

The features of the land-ocean-aquatic continuum 
(LOAC) need to be nested into global and regional ocean 
biogeochemistry models under different scenarios, 
using variable grid sizes. Assembling data products at 
adequate spatial and temporal resolutions that reflect 
the high heterogeneity of the LOAC is needed, and flexible 
scenarios should be used to include variable and evolving 
climate forcings and anthropogenic disturbances. Best 
practices also need to be developed for estimating carbon 
fluxes and accounting for the carbon stocks in coastal 
and blue carbon ecosystems, with the application of 
advanced mapping, including groundwater, seafloor, and 
submerged sediments. Estimates should also account 
for changes in carbon storage due to climate, sea-
level rise, and eutrophication, as well as direct human 
perturbations. A multi-stressor approach to studying the 
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changing coastal ocean carbon cycle will help inform 
local economies, develop adaptation and mitigation 
policies, and design regional sustainability initiatives for 
Marine Spatial Planning. Socio-economic dimensions 
should be integrated into coastal carbon research, and 
dedicated coastal ocean essential variables be defined. 
Substantial multidisciplinary research effort is required 
to improve our understanding of air–sea CO2 fluxes and 
land-derived carbon and nutrient inputs in polar regions 
and how the polar oceans are changing with climate, 
including development of platforms designed to operate 
in sea-ice and quantification of sea-ice carbonate 
chemistry. A «land-induced global ocean CO2 outgassing 
Model Intercomparison Project» should be launched 
with the upcoming CMIP7, to promote ensemble-mean 
assessments of «the anthropogenic perturbation in the 
land-ocean carbon cycle».

The impact of ocean industrial processes on the ocean 
biological carbon cycle

Priority actions include generating better information on 
the key processes within the biological pump (such as 
grazing, remineralization, particle sinking and plankton 
mortality) that are likely to be impacted by industrial 
processes (such as dredging, drilling, aquaculture, 
fishing) and the addition and degradation of plastics, 
and improving knowledge on the resilience of carbon 
sequestration to reorganisation of foodwebs by fisheries. 
Numerical models should be developed to specifically 
parameterise the key taxa and functional groups that 
are and will be impacted by human activity in the ocean. 
Fishery ecosystem models should be adapted to provide 
explicit knowledge, particularly on the shelf, of what 
happens when millions of tonnes of fish are harvested, 
such as reduced deadfall and defecation flux.

Quantification of the consequences of sediment 
release, from trawling, dredging and drilling, into 
different water depths on processes affecting carbon 
export, transformation and storage is required. The 
anticipated impacts include scavenging of organic 
and inorganic carbon by particle aggregates leading to 

enhanced export fluxes to the seafloor and effects on 
diel plankton migration. Likewise, current and future 
impacts of plastics need to be quantified, including on 
particle sinking rates, microbial growth and fisheries 
productivity. Integrated observational and modelling 
process studies are required at a range of time and space 
scales to understand the effect of sediment plumes on 
fish stocks and fishing activities. Models should also 
continue to be developed using the framework of ocean 
system pathways to evaluate likely future trajectories for 
fisheries and other industrial processes, including the 
impact of future changes in regulatory and legislative 
regimes and changes in priorities for marine spatial 
planning.

Future changes in the carbon cycle from deliberate 
ocean-based climate interventions

Actions include model improvement to address 
deficiencies in mCDR-relevant parameters in marine 
ecosystem models and ESMs, particularly regarding 
seaweed cultivation, such as changes to surface ocean 
ecosystems, benthic smothering, and deep-sea faunal 
attraction to enhanced seafloor biomass. Modelling 
priorities also include observing system simulation 
experiments, storage durability, and poorly understood 
aspects of the biological carbon pump. Field experiments 
and operational deployments are crucial, requiring larger, 
longer-duration iron fertilization field experiments, field 
experiments on ocean alkalinity enhancement linked to 
impact studies, and evaluation of monitoring, reporting 
and verification protocols, including  coastal blue 
carbon projects. An updated assessment (modelled 
on GESAMP, 2019) is needed to provide a systematic, 
policy-relevant review of the effectiveness and feasibility 
of mCDR methods, including environmental effects on 
biodiversity, ecosystem functioning, and ecosystem 
services. Quantitative research on the ocean carbon 
cycle and related ecological processes is necessary to 
establish a wider consensus on whether or not mCDR 
can contribute to a credible, scalable, and politically-
acceptable climate mitigation strategy.
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G LOBA L C A R BON
p r o j e c t

The ocean is critical to climate change prediction and mitigation, but major 
knowledge gaps remain.

The Integrated Ocean Carbon Research (IOC-R) Report identifies clear global 
priorities for integrated ocean carbon research, observation, and cooperation.

IOC-R has brought together the foremost international scientists in ocean 
carbon research to provide a consensus on the priority research needs required 
to close these fundamental knowledge gaps. These include operationalising 
ocean carbon observations, undertaking multiple driver manipulation and 
adaptation studies on marine plankton, creating a land-ocean observational 
programme which incorporates local and indigenous knowledge, and 
evaluating the impact of future ocean based industrial processes including 
fisheries. Improved quantification of the ocean carbon sink can then be used 
to assess whether ocean based climate interventions are feasible, safe and 
effective. 

By setting the priority needs for integrated ocean carbon research, observation, 
and cooperation, the report allows the international community to identify 
those essential actions for moving ocean carbon research forward to which 
they can contribute. The report  invites the global community of countries, 
policymakers, funding bodies, local communities, and researchers, to partake 
and address the interdisciplinary challenges in understanding, predicting and 
mitigating inevitable changes of the global carbon cycle. 
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