
is provided by existing international monitoring frameworks such as the 
Essential Ocean Variables (EOVs) and the Essential Climate Variables 
(ECVs) developed by the GOOS and GCOS international programmes. 
GOOS EOVs are defined as the minimum set of ocean variables that are 
needed to assess ocean state and variability for important global ocean 
phenomena, and to provide essential data for applications that support 
societal benefit. They are derived from sustained individual measure-
ments, or combinations of measurements, that can be undertaken at 
global scale and in a cost-effective manner (Martin Miguez et al., sub-
mitted). GOOS define the EOVs and the panels of experts curate them 
and develop observational requirements for three main applications: 
climate, operational oceanography and ocean health. The ECVs cover 
atmospheric, oceanic, and terrestrial domains [20]. The oceanic ECVs 
include several of the GOOS physics, biogeochemistry, and biology and 
ecosystem EOVs. The Essential Biodiversity Variables (EBVs) are 
established by the Group on Earth Observations Biodiversity Observa-
tion Network (GEO BON), and use a time series of observations or 
modeled results to advance the use of biodiversity information at mul-
tiple levels of biology and ecosystems organization [151,161]. Essential 
Variable frameworks can serve as fundamental building blocks for 
creating indicators, as they represent the essential measurement foun-
dation from which indicators are derived. Often, a single indicator may 
be developed from multiple EOV datasets, involving the setting of 
thresholds and combining with other data.

Applying clear scientific quality criteria to the endorsement and 
development of ocean indicators will facilitate consistency of content, 
identification of the data streams and methodologies needed, and ensure 
that they are scientifically robust and relevant. For indicators, variations 
exist in data availability, uncertainty characterization, regional speci-
ficity, in ocean practices (methodologies, protocols and standards), ap-
plications, and user priorities. Limited long-term observations, or delays 
in the availability of observational data, hinder the calculation of ocean 
indicators and uncertainty estimates. Uncertainty estimates help to 
detect real change with confidence (e.g., real change rather than 
observational error). Many existing ocean measurements that seek to 
track change can benefit from more robust uncertainty estimates, 
including clear documentation of accuracy and precision, better meta-
data documentation (e.g., sensor stability, platform, or standards), and 
guidance on errors that may be due to the observing procedures. The 
building of some indicators also involves complex and varied method-
ologies which, if not adequately described, may affect transparency and 
implementation in operational services, assessments, or reporting 
mechanisms.

Clear quality criteria for ocean indicators production will also make 
them more understandable, usable, and accessible to decision makers, 
stakeholders, rights holders, and the public. These criteria should be 
based on methodologies that adhere to Findable, Accessible, Interop-
erable, and Reusable (FAIR) and Collective Benefit, Authority to 

Control, Responsibility, Ethics (CARE) principles for data and knowl-
edge gathering [205,26], to boost credibility and reliability of ocean 
observing networks, including the delivery of information. By promot-
ing transparency in EOVs or ECVs selection for indicator production, and 
in their implementation processes, the provision of clear criteria fosters 
accountability, ensuring reporting of change. Ultimately, science-based 
indicators that adhere to clear and commonly accepted criteria will 
provide a solid foundation for evidence-based decision-making, and 
enhance the effectiveness of indicators. Building on the successful 
implementation of the WMO and BIP criteria, GOOS has developed a 
comprehensive set of six specific quality criteria for ocean indicators 
(Fig. 1):

(1) Verified. The indicator must represent a state of an ocean phe-
nomenon that relies on a peer-reviewed scientific rationale of the fully 
traceable indicator approach.

(2) Significant. The indicator must provide robust information on 
the state of an ocean phenomenon within a scientific framework.

(3) Scalable: An ocean indicator should be scalable spatially and 
temporally, and where possible interoperable.

(4) Justified: The indicator should be relevant to inform and support 
decision-making, and be understandable to a broad audience.

(5) Measurable: The indicator should be determined where relevant 
via one or more Essential Variable framework, such as EOVs, ECVs, or 
EBVs.

(6) Accessible: The ocean indicator should be provided whenever 
possible on a regular basis guided by CARE and FAIR principles, and 
enables past and near-term information, forecasts, and projections.

Ocean indicators should only be endorsed as verified, if they are 
generated using a method or an approach based on a solid theoretical 
background, evaluated through rigorous scientific analysis, and 
confirmed to be accurate and reliable, validated through peer review to 
ensure consistency and credibility. To be listed as significant, they will 
require to be grounded in a robust and rigorous scientific framework, 
considering uncertainties that may influence their interpretation, reli-
ability, and the perceived accuracy of the data used in their calculation. 
To be scalable, ocean indicators should be applicable across different 
spatial scales (e.g., local, regional, or global levels) and temporal scales 
(e.g., extremes, short-term, seasonal, or long-term trends). Additionally, 
they should be based on interoperable information, meaning it should 
rely on consistent approaches, and can integrate with other datasets, 
systems, or models to enable seamless comparison, sharing, and anal-
ysis, enhancing its utility across various contexts and disciplines. The 
ability to downscale the indicator from a global to a regional/local level 
will help explain how various regions exhibit unique environmental 
patterns and understand the factors driving these differences. To be 
justified, ocean indicators will need to be clearly relevant for informing 
and supporting decision-making processes, addressing specific envi-
ronmental, social, or policy needs. They will also need to be presented in 
a way that is accessible and understandable to a broad audience, 
including stakeholders, knowledge holders, decision makers, and the 
public, ensuring their practical value and usability. To qualify as 
measurable, indicators should be quantifiable and, where applicable, 
derived using established essential variable frameworks, which rely on 
an internationally coordinated governance for the global ocean and 
climate observing systems. Finally, to be accessible, ocean indicators 
should be made available regularly, ensuring consistent updates for 
users, which underlines the critical role of regular services for sustained 
data and indicator dissemination. They should follow CARE principles to 
respect data sovereignty and ethical considerations, including those of 
interest to Indigenous and Local Communities, and adhere to FAIR 
principles to maximize scalability over time and space and scientific 
utility. Additionally, they should include historical data, current infor-
mation, and near-term forecasts or projections to support informed 
decision-making and planning.

Fig. 1. Overview of the six science-based quality criteria identified by the 
GOOS cross-panel task team on ocean indicators, using the climate and biodi-
versity indicator criteria [19,246] as a starting point. Each of the six criteria 
must be met for the establishment of an ocean indicator.
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