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Abstract  

The ocean faces escalating stress from warming, acidification, deoxygenation, biodiversity loss, 

and pollution. Robust ocean data are indispensable for advancing fundamental research and for 

generating the actionable knowledge urgently needed for society to navigate a changing planet. 

We have entered a new era in which scientific progress and critical societal decisions hinge on 15 

our capacity to integrate and synthesize data across institutions, national borders, observation 

platforms, and disciplines. Yet the global ocean data landscape remains deeply fragmented, 

constrained by institutional silos, inconsistent standards, and outdated policies. Here, we 

introduce a modernized framework for global ocean data management built on four foundational 

pillars: policy-driven integration, unified direction through alignment with scientific needs, 20 

sustainable long-term stewardship, and rigorous version control. Realizing this vision will 

require coordinated action on three fronts: (a) reforms to remove policy barriers to data sharing; 

(b) sustained engagement with the scientific community to develop research-aligned metadata 

schemas, controlled vocabularies, and data standards; and (c) long-term investment in globally 

integrated, interoperable data infrastructure. Together, these efforts will enable seamless global 25 

data integration, open new horizons in ocean science, and strengthen economic resilience for 

present and future generations.  
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The ocean is the largest and most consequential component of the Earth system, yet it faces 

escalating stress from warming, acidification, deoxygenation, biodiversity loss, and pollution 

(Richardson et al., 2023; Findlay et al., 2025). Robust ocean data are indispensable not only for 

advancing fundamental research but for underpinning practical applications, including weather 

forecasting and early warning systems, maritime safety, marine ecosystems and biodiversity, 5 

food security, and the growing ocean economy (Chai et al., 2026).  

Technological advances have substantially expanded the spatial and temporal coverage of Earth 

observations, ushering in a new era in which scientific progress and critical societal decisions 

hinge on our capacity to integrate and synthesize data across institutions, national borders, 

observation platforms, and disciplines (IOC-UNESCO, 2025). However, the current global ocean 10 

data landscape remains deeply fragmented, divided by institutional silos, inconsistent standards, 

and outdated policies that prioritize national interests over open access (Haimson et al., 2025). 

This disjointed model hinders data reuse and integration and undermines the actionable 

knowledge urgently needed by policymakers and resource managers to navigate a changing 

planet (Brett et al., 2020). To address this challenge, we introduce a modernized framework for 15 

global ocean data management that will enable seamless global data integration, advance our 

understanding of the rapidly changing ocean, and support economic resilience and well-being for 

present and future generations.  

What data management is—and is not  

Designing effective data strategies requires a shared understanding and consistent 20 

implementation of the FAIR principles, ensuring that data are Findable, Accessible, 

Interoperable, and Reusable (Borgman, 2015; Wilkinson et al., 2016). However, “data 

management” is often mischaracterized or conflated with data-driven research. At its core, data 

management encompasses critical functions: (i) archiving data in trusted, long-term repositories 

with version control; (ii) creating and maintaining rich metadata that document data collection 25 

and enable discovery; (iii) applying controlled vocabularies to promote consistency and enhance 

discoverability; (iv) assigning persistent identifiers and supporting data citation to ensure 

reproducibility, attribution, and impact tracking; and (v) providing services that make data 

discoverable and accessible to users.  

In contrast, downstream data-related research activities, such as synthesis, climatology 30 

construction, algorithm development, and model development, are essential hallmarks of 

scientific inquiry but do not fall under the umbrella of data management. Like all research 

activities, they depend on robust data management services to access high-quality input data and 

ensure that their outputs are FAIR-compliant. Failing to distinguish between these roles risks 

diverting resources away from foundational data infrastructure and obscuring the vital role of 35 

data management in supporting ocean research and broader applications.  

Critical roadblock: fragmentation  

The current global ocean data management landscape suffers from deep fragmentation. This 

issue stems from funding mechanisms that promote siloed data management, outdated and 

inconsistent data policies across institutions and agencies, and geopolitical barriers that restrict 40 

seamless international data sharing (Brett et al., 2020; Haimson et al., 2025). As a result, datasets 

are scattered across repositories with incompatible metadata schemas, inconsistent controlled 

vocabularies, and divergent data standards. This lack of standardization creates a chaotic "Tower 
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of Babel" effect, limiting scientists' ability to discover, integrate, and synthesize data, and 

ultimately hindering scientific progress.  

Transformative framework to unify ocean data 

To propel modern ocean research forward, a fundamental overhaul of global ocean data 

management is essential, with data reuse and synthesis as core objectives. The proposed 5 

framework is built on four foundational pillars:  

1. Policy-driven integration: Nations are recommended to systematically review and revise 

their regulatory and policy frameworks in support of a unified global approach to ocean 

data management. This involves: 

● Transitioning from disjointed, agency-specific strategies to cohesive national and 10 

trans-national plans 

● Eliminating barriers to cross-border data sharing  

● Encouraging publicly funded data to be deposited in interoperable repositories 

aligned with international metadata schemas, controlled vocabularies, and data 

standards.  15 

Nations with limited resources should prioritize removing policy barriers that prevent 

scientists from accessing trusted international data centers.  

2. Research-aligned model: The new framework should place scientific data needs at its 

core, ensuring unified direction and preventing repository-driven fragmentation. This 

requires close collaboration with researchers to:  20 

● Develop comprehensive, cross-disciplinary, and broadly applicable metadata 

templates that allow individual communities to adopt relevant subsets (Jiang et al., 

2015).  

● Create discovery-oriented controlled vocabularies that separate attributes, such as 

units and measurement contexts, to enhance data discoverability (IOC-UNESCO, 25 

2010; Leadbetter and Vodden, 2016).  

● Standardize shared terminology, calculation methods, quality control 

flags, and missing value indicators (Jiang et al., 2022).  

3. Sustainable long-term stewardship: Preserving data over the long term requires sustained 

investment in resilient, geographically distributed infrastructure, with secure replication 30 

across both online and offline systems (Phillips et al., 2013). This should be recognized as a 

mission-critical function, distinct from the day-to-day data accessibility. Data assembly 

centers (DACs) lacking archival capabilities should partner with trusted archives to ensure 

systematic and secure replication, with digital object identifiers (DOIs) minted by archives 

rather than DACs.  35 

4. Rigorous version control: Dataset publications should follow the same stringent standards 

as peer-reviewed journal articles: each published version should remain immutable, with 

updates generating new versions. A structured DOI framework should link all versions 
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under a parent DOI, providing default access to the latest release while preserving the 

complete version history.  

The path forward 

Ocean data management is currently at a critical juncture. Over the coming decades, progress in 

ocean research, from understanding biogeochemical cycles to safeguarding marine biodiversity, 5 

will hinge on our ability to integrate observations at a global scale. This requires a fundamental 

shift in how we design and implement ocean data systems, moving beyond fragmented, 

repository-centric practices towards a cohesive research-aligned model that prioritizes data reuse, 

synthesis, and collaboration among researchers, data managers, and end-users.  

Achieving this vision requires actions along three fronts. First, the Intergovernmental 10 

Oceanographic Commission (IOC) is well positioned to lead a policy-driven global initiative to 

dismantle data-sharing barriers and foster interoperability across ocean data systems (IOC-

UNESCO, 2013; IOC-UNESCO, 2024). Second, ongoing engagement with the research 

community is essential to ensure that data management practices align with scientific needs by 

adopting data frameworks developed by and for the scientific community, including metadata 15 

schemas, controlled vocabularies, and data standards. Third, sustained investment in a globally 

integrated, interoperable infrastructure, anchored in existing networks such as the International 

Oceanographic Data and Information Exchange (IODE), including its National Oceanographic 

Data Centers (NODCs) and Associate Data Units (ADUs), will be pivotal to success. Together, 

these efforts will enable seamless global data integration, drive innovation and open new 20 

horizons in ocean science. 

Data Availability: Does not apply.  

Code Availability: Does not apply.  

References 

Borgman, C. L.: Big Data, Little Data, No Data: Scholarship in the Networked World, MIT 25 

Press, Cambridge, MA, USA, 2015. 

Brett, A., Leape, J., Abbott, M., Sakaguchi, H., Cao, L., Chand, K., Golbuu, Y., Martin, T. J., 

Mayorga, J., and Myksvoll, M. S.: Ocean data need a sea change to help navigate the warming 

world, Nature, 582, 181–183, https://doi.org/10.1038/d41586-020-01668-z, 2020.   

Chai, F., Deng, Q., Dai, M., Wang, X., Staneva, J., Behera, S. K., Tonani, M., Liu, J., Yu, Z., and 30 

Peng, Z.: Digital twin of the ocean as a catalyst for blue economy innovation, Natl. Sci. Rev., 13, 

nwag012, https://doi.org/10.1093/nsr/nwag012, 2026. 

Findlay, H. S., Feely, R. A., Jiang, L.-Q., Pelletier, G., and Bednaršek, N.: Ocean acidification: 

another planetary boundary crossed, Glob. Change Biol., 31, e70238, 

https://doi.org/10.1111/gcb.70238, 2025.  35 

Global Ocean Observing System Observations Coordination Group: GOOS Observations 

Coordination Group Cross-Network Data Implementation Strategy, GOOS Report No. 296, IOC-

UNESCO, Paris, France, 2024. 

https://doi.org/10.5194/essd-2026-650
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 

5 

 

Haimson, M. B., Lehahn, Y., and Sagi, T.: An overview of the ocean data ecosystem, Ocean Sci., 

21, 3131–3164, https://doi.org/10.5194/os-21-3131-2025, 2025.  

Intergovernmental Oceanographic Commission: The Intergovernmental Oceanographic 

Commission Data Policy and Terms of Use, IOC/INF-1548, IOC-UNESCO, Paris, France, 2023. 

Intergovernmental Oceanographic Commission of UNESCO: Ocean Data Standards, Vol. 1: 5 

Recommendation to Adopt ISO 3166-1 and 3166-3 Country Codes as the Standard for 

Identifying Countries in Oceanographic Data Exchange, IOC Manuals and Guides 54, Vol. 1, 

IOC-UNESCO, Paris, France, 2010. 

Intergovernmental Oceanographic Commission of UNESCO and OceanOPS: Global Ocean 

Observing System Status Report 2025, IOC-UNESCO, Paris, France, 2025. 10 

Jiang, L.-Q., O'Connor, S. A., Arzayus, K. M., and Parsons, A. R.: A metadata template for 

ocean acidification data, Earth Syst. Sci. Data, 7, 117–125, https://doi.org/10.5194/essd-7-117-

2015, 2015. 

Jiang, L.-Q., Pierrot, D., Wanninkhof, R., Feely, R. A., Tilbrook, B., Alin, S., Barbero, L., 

Byrne, R. H., Carter, B. R., Dickson, A. G., Gattuso, J.-P., Greeley, D., Hoppema, M., 15 

Humphreys, M. P., Karstensen, J., Lange, N., Lauvset, S. K., Lewis, E. R., Olsen, A., Pérez, F. 

F., Sabine, C., Sharp, J. D., Tanhua, T., Trull, T. W., Velo, A., Allegra, A. J., Barker, P., Burger, 

E., Cai, W.-J., Chen, C.-T. A., Cross, J., Garcia, H., Hernandez-Ayon, J. M., Hu, X., Kozyr, A., 

Langdon, C., Lee, K., Salisbury, J., Wang, Z. A., and Xue, L.: Best practice data standards for 

discrete chemical oceanographic observations, Front. Mar. Sci., 8, 705638, 20 

https://doi.org/10.3389/fmars.2021.705638, 2022.  

Leadbetter, A. M. and Vodden, P. N.: Semantic linking of complex properties, monitoring 

processes and facilities in web-based representations of the environment, Int. J. Digit. Earth, 9, 

300–324, https://doi.org/10.1080/17538947.2015.1033483, 2016. 

Phillips, M., Bailey, J., Goethals, A., and Owens, T.: The NDSA levels of digital preservation: an 25 

explanation and uses, in: Proc. Archiving Conference, Society for Imaging Science and 

Technology, 1–4, 2013. 

Richardson, K., Steffen, W., Lucht, W., Bendtsen, J., Cornell, S. E., Donges, J. F., Drüke, M., 

Fetzer, I., Bala, G., von Bloh, W., Feulner, G., Fiedler, S., Gerten, D., Gleeson, T., Hofmann, M., 

Huiskamp, W., Kummu, M., Mohan, C., Nogués-Bravo, D., Petri, S., Porkka, M., Rahmstorf, S., 30 

Schaphoff, S., Thonicke, K., Tobian, A., Virkki, V., Weber, L., and Rockström, J.: Earth beyond 

six of nine planetary boundaries, Sci. Adv., 9, eadh2458, https://doi.org/10.1126/sciadv.adh2458, 

2023. 

Wilkinson, M. D., Dumontier, M., Aalbersberg, I. J., Appleton, G., Axton, M., Baak, A., 

Blomberg, N., Boiten, J.-W., da Silva Santos, L. B., Bourne, P. E., Bouwman, J., Brookes, A. J., 35 

Clark, T., Crosas, M., Dillo, I., Dumon, O., Edmunds, S., Evelo, C. T., Finkers, R., Gonzalez-

Beltran, A., Gray, A. J. G., Groth, P., Goble, C., Grethe, J. S., Heringa, J., 't Hoen, P. A. C., 

Hooft, R., Kuhn, T., Kok, R., Kok, J., Lusher, S. J., Martone, M. E., Mons, A., Packer, A. L., 

Persson, B., Rocca-Serra, P., Roos, M., van Schaik, R., Sansone, S.-A., Schultes, E., Sengstag, 

T., Slater, T., Strawn, G., Swertz, M. A., Thompson, M., van der Lei, J., van Mulligen, E., 40 

https://doi.org/10.5194/essd-2026-650
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 

6 

 

Velterop, J., Waagmeester, A., Wittenburg, P., Wolstencroft, K., Zhao, J., and Mons, B.: The 

FAIR guiding principles for scientific data management and stewardship, Sci. Data, 3, 160018, 

https://doi.org/10.1038/sdata.2016.18, 2016.  

Author contributions: Both authors contributed to the writing of this paper. L.-Q. J prepared 

the first draft.  5 

Competing interests: The authors declare no competing interests.  

Acknowledgments: We thank Dr. Joanna Post of the Intergovernmental Oceanographic 

Commission, UNESCO, Paris, France, for her insightful comments that improved this paper. We 

are also grateful to the international ocean carbon and ocean acidification research community 

for contributions to some concepts presented in this paper through workshops and 10 

correspondence.  

Funding: Funding for this work was from NOAA Ocean Acidification Program 

(https://ror.org/02bfn4816) and NOAA grant NA24NESX432C0001 (Cooperative Institute for 

Satellite Earth System Studies – CISESS) at the Earth System Science Interdisciplinary Center, 

University of Maryland. The funders had no influence on publishing the study. 15 

 

https://doi.org/10.5194/essd-2026-650
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.


