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Abstract. Large, multidisciplinary projects that collect vast amounts of data are becoming increasingly common in academia.
Efficiently managing data across and beyond such projects necessitates a shift from fragmented efforts to coordinated, collab-
orative approaches. This article presents the data management strategies employed in the Nansen Legacy project (Wassmann,
2022), a multidisciplinary Norwegian research initiative involving over 300 researchers and 20 expeditions into and around the
northern Barents Sea. To enhance consistency in data collection, sampling protocols were developed and implemented across
different teams and expeditions. A searchable metadata catalogue was established, providing an overview of all collected data
within weeks of each expedition. The project also mandated a policy for immediate data sharing among members and publish-
ing of data in accordance with the FAIR guiding principles where feasible. We detail how these strategies were implemented

and discuss the successes and challenges, offering insights and lessons learned to guide future projects in similar endeavours.

1 Introduction

We are now firmly in the age of big data, where datasets are so vast that they exceed the capacity of a single person or project
to collect and process. These large datasets are crucial for addressing some of today’s most pressing scientific questions. Data
from diverse sources can be integrated into monitoring systems that track changes in our dynamic environment. Data provide
the foundation for models that provide forecasts and projections of future changes and their impacts, serving as powerful tools
for decision making.

To maximise the effectiveness of scientific research, a shift from fragmented efforts to coordinated, collaborative endeavours
is essential. Central to this shift is the way data are managed and governed. This coordination should extend throughout
the entire data workflow, ensuring that data collection methods are consistent, thus allowing datasets to be comparable and
synthesised and reused effectively, both within and beyond the project. Transparent tracking of data collection activities enables

better coordination within and between projects, fostering the collection of complementary data and filling gaps rather than
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duplicating efforts. Early sharing and publication of data accelerate scientific progress, as data can be reused more rapidly.
The FAIR guiding principles (Wilkinson et al., 2016) offer a framework on how to make data machine-actionable, enabling
integration into services that benefit society.

The Nansen Legacy project (Wassmann, 2022) is a Norwegian research initiative aimed at understanding the profound
changes observed in the Northern Barents Sea and the Arctic as a whole. Spanning from 2018 to 2024, this multidisciplinary
project has conducted 20 extensive research expeditions, integrating a wide array of scientific disciplines, including oceanog-
raphy, meteorology, marine biology, marine chemistry, geology and engineering. In this article, we will explore the challenges
and opportunities associated with data management in such a large-scale, multidisciplinary project.

From its inception, the project prioritised effective data management, with the board and leadership team establishing a data
policy (The Nansen Legacy, 2021) and data management plan (The Nansen Legacy, 2024) at the outset. The leadership team’s
involvement was crucial in ensuring these foundational documents were both well-conceived and effectively implemented.
These documents served as the cornerstone for all subsequent data management activities discussed in this paper.

This article provides a comprehensive overview of the data management practices implemented throughout the Nansen

Legacy project, ordered according to the typical data cycle (Figure 1):

1. Consistent data collection: We begin by exploring the importance of standardising the data collection processes. This

section details the implementation of sampling protocols designed to ensure consistency across various data collectors.

2. Keeping track of data collected: We examine how we monitored and documented the collection process. This includes
methods for keeping both project members and external stakeholders informed about the data collected, including its

location and timing.

3. Data storage and sharing within the project: The article addresses the storage of unpublished data, focusing on how
storage solutions were developed to support efficient data sharing within the project while adhering to best practices in

data security.

4. Data Publishing: We discuss the publication process of the project’s data, emphasising our efforts to adhere to the
FAIR (Findable, Accessible, Interoperable, and Reusable) data management principles (Wilkinson et al., 2016) wherever

feasible.

Each section is further divided into subsections that cover: 1) the motivations and objectives of the project related to each
aspect of the data workflow, 2) the methods used to achieve these objectives, including the support provided by the data
management team to facilitate these processes, and 3) an evaluation of outcomes, key lessons learned, and recommendations
for the broader data management community and for future large-scale projects.

At the end of the article is a discussion and summary section that highlights the importance of cultural and organisational
changes required for implementing and sustaining the data management practices within and beyond the Nansen Legacy

project. This section also summarises the key findings outlined in the article.
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Figure 1. The Nansen Legacy data workflow, encompassing all stages from data collection through to publication. The figure includes

references to specific sections of the article (bold font) where each aspect of the data workflow is discussed in detail.

2 Consistent data collection
2.1 Motivation and Aims

An important but sometimes overlooked aspect of data management is ensuring consistent data collection between datasets.
The Nansen Legacy project conducted 20 research expeditions covering all seasons, to collect time series covering multiple

years. To ensure comparability within these datasets, it was essential to maintain consistency in data collection methods.

2.2 Methods

The project collaboratively developed a series of sampling protocols — detailed, step-by-step instructions for collecting each

type of data. The first step was to identify researchers interested in collecting similar types of samples. Researchers from
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different institutions agreed on the methodology for the specific sampling and analysis planned to ensure comparable data
across different cruises and institutional responsibilities. Detailed protocols were developed in collaboration and published,
coordinated by a senior engineer who worked closely with each researcher and group. They ensured that all methods and
sampling strategies were properly described and that all relevant scientists were included in the preparations ahead of the
cruises. Updates were made when new methods were included or improvements made, ultimately resulting in ten versions
being published (e.g. The Nansen Legacy, 2022). By referring to these protocols in published datasets and data papers, the
project enhances the transparency of its data collection processes, providing users with a clear understanding of how the data
were gathered and processed. These protocols can be used to more effectively onboard new people into the project, and can be

referred to when writing the methodology section of scientific articles (e.g. Marquardt et al., 2023b; Koenig et al., 2024).
2.3 Outcomes and Lessons Learned

The sampling protocols were widely adopted across the Nansen Legacy project and have even been utilised beyond the project,
for example at the UiT the Arctic University of Norway, the University Centre in Svalbard and the University of Agder.
The bottom-up approach, involving researchers directly in the design and implementation of these protocols, proved to be
highly effective. We encourage future researchers and projects to use and build upon these protocols. This approach fosters a
more consistent data collection methodology, which is vital for making observations comparable between data providers and
projects. Without such comparability, integrating datasets becomes challenging, potentially leading to measurement bias, gaps

in understanding and undermining long-term monitoring efforts.

3 Keeping track of data collected
3.1 Motivation and Aims

In large-scale, multidisciplinary projects, effectively tracking data collection—what data was collected, by whom, where,
and when—is crucial. Providing such an oversight not only facilitates cross-disciplinary collaboration but also enhances the
reusability of the data by ensuring that it is well-documented and accessible for future use. This oversight further enables sci-
entists to strategically plan future expeditions, focusing on complementary datasets and addressing potential gaps in coverage.
Paired with the adoption of consistent sampling protocols, it can also reduce the environmental footprint of science by avoiding

unnecessary duplication of observations within and between projects in the same timeline.
3.2 Methods

Within the Nansen Legacy project, addressing these challenges involved developing a metadata catalogue (Ellingsen et al.,
2021) to provide an overview of all the data collected and maintaining an up-to-date data management plan (The Nansen
Legacy, 2024). This metadata catalogue focuses on pre-publication metadata, capturing information that is part of the data

production process rather than the final documentation and publishing of datasets. The data management plan includes an
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Figure 2. An example workflow for the metadata logging system. The steps are not numbered as the order can vary between use cases. Steps
include label printing, logging metadata in templates and combining all the templates into a searchable online metadata catalogue hosted at

https://sios-svalbard.org/aen/tools. Figure adapted from Ellingsen et al. (2021).

overview of all datasets that project participants plan to publish. The subsections below outline how these approaches were

implemented.
3.2.1 Metadata Logging System

The metadata catalogue, hosted at https://sios-svalbard.org/aen/tools, was developed to provide a searchable overview of all
data collected during the expeditions. This catalogue includes only metadata descriptions and not the data themselves. The
system is described in full in Ellingsen et al. (2021) and summarised below. Figure 2 presents an example workflow of a
scientist using the metadata logging system.

Ellingsen et al. (2021) developed a spreadsheet template generator to ensure consistent and structured metadata recording
by all scientists. This template included required and recommended terms, ensuring all records contained essential information
such as the collection date and location, the data collector, the principal investigator’s contact details, and the type of sample
(e.g., seawater sample, ice core, fish, virtual sample). Terms were taken from the Darwin Core terms (Darwin Core Community,
2010) or Climate and Forecast standard names (Eaton et al., 2022) where possible to encourage a consistent use of standard
terms from data collection right through to publication.

Scientists could also reference the relevant section and version of the sampling protocols (discussed in section 2) for detailed
data collection procedures. Each metadata record was assigned a universally unique identifier (UUID), facilitating precise

tracking. Label printers onboard the vessel produced labels with UUIDs encoded as scannable data matrices, linking physical
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Figure 3. The figure shows two examples of parent-child relation trees. Both trees display the inheritance of UUIDs from parent to child.

Figure taken directly from Ellingsen et al. (2021).

samples to the electronic log. UUIDs can be generated using most common programming languages or using websites such as
https://www.uuidgenerator.net.

The metadata catalogue is hierarchical. The metadata for a sample can include the UUID of a ‘parent’ record. For instance,
if multiple fish were caught in a net, each fish would be recorded with its own UUID along with a reference to the net’s parent

UUID (see Figure 3 for examples).
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Before the end of each cruise, the populated templates were verified using an onboard checker. Logs from all cruises were
then combined into a PostgreSQL database - a free, open-source relational database management system. Shared metadata,
such as time and coordinates, were propagated from parent to child records to ensure consistency. After each major update, the
PostgreSQL table was exported as a new CSV file and made available as a searchable catalogue at https://sios-svalbard.org/

aen/tools.
3.2.2 Planned Data Publications

On each cruise, the scientists listed each dataset they planned to publish using the data collected as an individual row in a
shared spreadsheet template. Scientists included contact details for the principal investigator for each dataset and estimates
for if and when the data would be published and whether an embargo period was required (The Nansen Legacy, 2021, policy
VI). These tables were included into the project’s data management plan (The Nansen Legacy, 2024), which has been revised
through time. This was a useful resource for the project leadership and data management teams in tracking progress on data
publication. The tables from each cruise have since been harmonised into a single table to provide an overview for the whole
project (The Nansen Legacy, 2024), and data not collected on cruises (e.g. data output from models, long-term moorings or

experiments) have been added.
3.3 Training and support

To ensure that metadata and planned data publication templates were filled in correctly, training webinars were held prior to
each cruise or onboard. Members of the data management team participated in some research expeditions to offer support to
scientists and to ensure there were no technical mishaps. They were contactable remotely on expeditions where they were not
personally present. The data management team liaised with scientists following the cruises to fix any errors or for clarification

on certain matters.
3.4 Outcomes and Lessons Learned

The uptake in filling out the templates thoroughly and accurately was very good, though it is difficult to quantify this precisely
since unrecorded metadata remain unknown. For scientists with a large number of samples to log, this was a time-consuming
process. Success was only possible thanks to the project leadership team fully committing to the process. Yet the procedure
has been adopted by project alumni outside of the project, for example in student courses at the University Centre in Svalbard.
In Nansen Legacy, the metadata catalogue includes 90376 records from 490 spreadsheets. While many samples were labelled
and logged correctly, in some cases a single label was assigned to a single bagged collection of samples. Some samples were
recorded in the electronic log using UUIDs that did not correlate with the physical samples.

Future projects should aim to build logging systems that are less time-consuming. Using spreadsheet templates can be

advantageous, as scientists are already familiar with them and do not need to learn a new system. However, projects with more
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time and resources for development could consider using dedicated software with a graphical user interface to simplify the
logging process and automate tasks, especially when logging many samples with common metadata.

The link between physical samples and the electronic record in the metadata catalogue was also not complete. Scanning
a sample’s label would yield its UUID, requiring a separate search for the UUID in the metadata catalogue to retrieve its
metadata. This could be improved by encoding a unique URL that includes the UUID for each sample within the metadata
catalogue into the data matrix, enabling direct access via most smartphones. However, careful planning would be needed to
determine where the metadata catalogue would be hosted and a defined pattern for each sample’s URL in advance.

The metadata catalogue was widely used by interested parties both within and outside the project. For each record, the
principal investigator’s contact details were available, enabling inquiries about specific datasets before their publication. This
was useful in tracking down data as discussed in section 4.3.

Keeping track of data not connected to a single research cruise proved more difficult. A complete overview of the project’s
data should also include data from long-term moorings, experiments and model outputs. This would require a single identifier
for the project that would act as the parent for each child cruise and other data source. These were added to the data management

plan on a case-by-case basis, but there was no formal routine for tracking these datasets.

4 Data Storage and Sharing within the Project
4.1 Motivation and Aims

In a survey conducted by Tenopir et al. (2020), 85% of respondents indicated their willingness to share their data with others
and to use data collected by others if it were easily accessible. Despite this, more than half of the respondents admitted to
following only ‘high’ or ‘mediocre’ risk practices for storing their data, such as on personal computers, departmental servers,
or USB drives. Such practices can impede data sharing and expose data to security risks or the risk of losing the data. These
results illustrate that whilst data security and sharing are prevalent issues, there is an encouraging willingness to improve.
However, we strongly agree with the statement by Tenopir et al. (2020) that guidance from data managers is clearly needed to
achieve this change.

Recognising this, the Nansen Legacy board implemented a policy mandating that all data, regardless of any embargo period,
be made available to all project participants (The Nansen Legacy, 2021, policy IX). However, permission from the principal
investigator of the data was required for their use. This policy aims to foster collaboration between research groups by providing

early access to data, thereby enabling research to progress with minimal delay.
4.2 Methods

Standard cruise data from onboard instrumentation was transferred from the vessel to a common project area on the National
e-Infrastructure for Research Data (NIRD) (Sigma 2, 2024). For security, folders were backed up in NIRD and the Institute of

Marine Research also held a copy of the data. Project members could apply for an account and access NIRD using secure shell
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or secure file transfer protocol (using software like WinSCP or FileZilla). Scientists were encouraged to share their own Nansen
Legacy data via the project area also. This approach provided secure data access to project members only, whilst providing a
shared working area for scientists to share and work on their data and prepare them for publication.

The number of scientists actively using NIRD across Norway is growing. However, many project members were unfamiliar
with using secure shell or secure file transfer protocol before the project. Dedicated project webinars and written training

materials were provided to aid researchers in using NIRD.
4.3 Outcomes and Lessons Learned

Whilst many project members obtained user accounts to access the NIRD project area, data were often instead shared between
project members via other methods. Furthermore, only a few scientists shared their own datasets with the rest of the project
via NIRD. This was likely due to 1) analysis and quality control taking a long time for certain data (e.g. biological data), 2)
the aforementioned unfamiliarity of many project members in using the NIRD platform, 3) reports that some project members
were reluctant to share the data in their possession with other project members. The metadata catalogue (section 3.2.1) and the
planned data publications document (section 3.2.2) were useful in determining which datasets were not being shared and who
was responsible for these datasets. However, governing this sensitive topic at scale across the project was deemed challenging

and impractical and instead managed on a case-by-case basis when access was requested by a project member.

5 Data Publishing
5.1 Motivation and Aims

The scientific community is growing increasingly aware of the importance of publishing FAIR data. The FAIR guiding prin-
ciples aim to maximise the reuse of data, ensuring the greatest return on investment in terms of time, cost, and environmental
impact involved in data collection. Central to the FAIR guiding principles is the requirement that data and metadata be fully
readable and understandable by machines, a point emphasized throughout by Wilkinson et al. (2016). As the volume and het-
erogeneity of data continues to grow, the ability to automate the processing and integration of datasets becomes increasingly
important. Big data presents both challenges and opportunities for data management and utilisation. Ensuring that data can be

easily interpreted by machines is crucial for the development of services on top of data, such as:
— Visualisation and analysis tools, allowing efficient and intuitive data exploration.

— Streamlining the aggregation of multiple datasets into a single, usable file, providing flexibility and accessibility to the

data users.

— Options to download data into the user’s choice of file format, ensuring flexibility and accessibility for diverse user

needs.
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Such services automate data preparation so that humans can focus on interpretation and analysis. These services are not
merely technical conveniences; they provide the foundations for the creation of large scale, impactful projects that can serve

humanity in significant ways. Some particularly noteworthy projects that deserve attention are:

— Destination Earth: A project to develop a digital twin of the Earth. This initiative aims to provide a high-precision

replica of the Earth’s systems, enabling improved climate modelling, disaster response, and resource management.

— Global Biodiversity Information Facility (GBIF): An international network and data infrastructure that provides open
access to data about all types of life on Earth. GBIF supports research and informed decision-making in biodiversity

conservation, protecting the life on our planet.

— Copernicus: The European Union’s Earth observation programme, providing comprehensive data for environmental
monitoring, climate change analysis, and disaster management, supporting a wide range of applications from agricultural

planning to emergency response.

These projects exemplify the potential of FAIR data in enabling advanced research, integrated environmental monitoring,
and comprehensive data-driven decision-making systems. Despite the critical importance of standardised machine-readability,
it is often overlooked in discussions about FAIR data, even by some online resources that discuss or provide guidance on
publishing FAIR data.

The Nansen Legacy project’s data management plan (The Nansen Legacy, 2024) emphasises that datasets should be pub-
lished according to FAIR principles whenever possible. This approach maximises the value of the data for both the scientific

community and society.
5.2 Methods

Nansen Legacy data should be published in FAIR-compliant data formats such as NetCDF files compliant with the Climate and
Forecast conventions (Eaton et al., 2024) or Darwin Core Archives (Darwin Core Community, 2010) whenever possible (The
Nansen Legacy, 2024). All data should be findable through a data catalogue hosted by the Svalbard Integrated Arctic Earth
Observing System (SIOS - https://sios-svalbard.org/metsis/search), which aims to make all data relevant to Svalbard available
in one place. SIOS itself does not host any data; instead, the data catalogue harvests metadata from contributing data centers.

As the Nansen Legacy is a Norwegian project, the data centers depicted in Figure 1 were recommended. However, a growing
number of data centers hosted in other countries also contribute to SIOS, listed at https://sios-svalbard.org/DataSubmission.
These data centres have long-term commitments to storing, curating and make data available through time, including contin-
gency plans for preservation if the service is shut down.

Data published to data centers that do not contribute to SIOS can be manually linked to the data catalog using a metadata
collection form (https://sios-svalbard.org/metadata-collection-form), though SIOS cannot build any services upon data linked

using this approach.

10
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Publishing FAIR data is new for many scientists and there is a learning curve associated with this. To simplify this process,
the data management community should provide tools and software to streamline all aspects of the FAIR data publishing
workflow. Additionally, training resources should be made available to teach scientists how to publish and work with FAIR
data effectively. It should not be overlooked, however, that making data FAIR can be both costly and challenging, particularly
for smaller, heterogeneous datasets—often referred to as “long-tail data”—such as experimental results or diverse, novel field
measurements collected by individual researchers or small teams. These datasets often require significant support to meet
FAIR principles. By clarifying the importance of publishing FAIR data and addressing these barriers, scientists will be more
motivated and empowered to adopt these practices.

As part of the Nansen Legacy project, the following tools were developed to support data publication:

— Nansen Legacy template generator: The spreadsheet template generator developed as part of Ellingsen et al. (2021)
has been enhanced to help scientists both within and beyond the project prepare their metadata and data for publication
in a structured manner (Marsden and Schneider, 2023). Users can select from the full list of CF standard names or
Darwin Core terms to use as column headers. The templates include descriptions for each term as notes, appearing
each time a cell is selected, and cell restrictions to prevent users from entering invalid values. The template generator
includes configurations that facilitate the creation of Darwin Core Archives or CF-NetCDF files. This tool is being
used and promoted outside of the project, including by SIOS, NorDataNet, OBIS, and the SCAR Antarctic Biodiversity
Portal. The Nansen Legacy template generator is fully described by Marsden and Schneider (2024) and it is accessible

at https://www.nordatanet.no/aen/template- generator/.

— Transforming Data from the Metadata Catalogue to Darwin Core event core and extensions: Project members
recorded extensive metadata on each cruise, which is openly available in the metadata catalogue (section 3.2.1). To avoid
duplicating efforts by recording the same metadata again during data preparation for publication, a tool was developed
to streamline this process. Scientists can provide the UUIDs related to their data records, and the tool returns spreadsheet
templates pre-populated with associated metadata from the metadata catalogue. Each template includes multiple sheets

that correspond to a core or extension in a Darwin Core Archive, including:

— Event core - one row for each sampling event - https://rs.gbif.org/core/dwc_event_2024-02-19.xml

— Occurrence extension - one row for each observation of an organism or group of organisms of the same species -

https://rs.gbif.org/core/dwc_occurrence_2024-02-23.xml
— Extended measurement or facts extension - one row for each measurement or fact related to either an event or

occurrence - https://rs.gbif.org/extension/obis/extended_measurement_or_fact_2023-08-28.xml

It is relatively easy to create a Darwin Core Archive from the resulting product using GBIF’s Integrated Publishing
Toolkit (Robertson et al., 2014). This process is described in a video tutorial at https://www.youtube.com/watch?v=

ExtF2sSiH8s, and the tool is hosted online at https://sios-svalbard.org/cgi-bin/aen_data/create_event_core_and_extensions.

11



Earth System
Science

Data

https://doi.org/10.5194/essd-2025-56
Preprint. Discussion started: 10 March 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

265 cgi. Whilst this tool is tailored only to the Nansen Legacy metadata catalogue, we hope that this inspires developers in

other projects that use metadata catalogues to develop similar tools to reduce the workload for their scientists.

Recognising the need for ongoing support and education, the Nansen Legacy project also provided training and resources to
all project members. These resources were designed not only to teach the technical skills needed to publish FAIR data, but also
to highlight the broader significance and impact of these practices. Some of these resources are available and applicable to the

270 general scientific community beyond the project.

— Presentations:

— Dedicated webinars were held to outline how to publish data in compliance with the project’s data management

plan.
— Workshops:
275 — Introductory workshops were held to teach researchers to work with CF-NetCDF files in Python or R. Attendees

could create NetCDF files from dummy datasets and learn how to access data from real published datasets.

— Scientists were encouraged to bring their data and work on publishing them in either a Darwin Core Archive or CF-
NetCDF files at dedicated workshops. Data managers were present to guide scientists through the process. These

workshops were vital in helping scientists who are less familiar with creating such data formats.
280 — Video tutorials:

— One of the project’s data managers, Luke Marsden, hosts a YouTube channel (https://www.youtube.com/@LukeDataManager)
where he shares video tutorials on how to work with FAIR data. This includes videos on how to create CF-NetCDF
files in Python or R, how to extract data from CF-NetCDF files, and how to create Darwin Core Archives. Nansen

Legacy has supported Luke in creating these videos.
285 — Written tutorials:

— A step-by-step guide outlining how to publish Nansen Legacy data (Marsden, 2024b)
— Comprehensive guides on how to work with CF-NetCDF files using either Python (Marsden, 2024a) or R (Marsden,
2024c)

5.3 Outcomes and Lessons Learned

290 Our data management plan was ambitious, requiring significant changes in behaviour from many scientists. It is unsurprising
that 100% compliance was not achieved. However, the project has made a significant contribution to progressing the attitudes,
habits and competence of its projects members which has likely had knock-on effects beyond the project. This is reflected in

the following:
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— A growing number (hundreds) of Nansen Legacy datasets are accessible via the SIOS data catalogue. They can all be
found in one place at https://sios-svalbard.org/metsis/search by filtering by collection using the abbreviation AeN (Arven

etter Nansen), e.g https://sios-svalbard.org/metsis/search?f[0]=collection%3AAeN.

— The following datasets (amongst others) are published in CF-NetCDF files:

CTD data (Reigstad et al., 2024)

Nutrients data (Jones et al., 2024)

Chlorophyll A data (Vader, 2022)

POC/PON data (e.g. Marquardt et al., 2022)

Flow cytometry data (Miiller et al., 2023)

— Biodiversity data and related measurements have been published in Darwin Core Archives, including data related to:

Mesozooplankton (e.g. Wold et al., 2023)

Phytoplankton (e.g. Assmy et al., 2022a)

Ice algae (e.g. Assmy et al., 2022b)

Sea ice meiofauna (e.g. Marquardt et al., 2023a)

Despite the positive progress, the project has highlighted several areas where data publishing practices could be improved to
better facilitate FAIR compliance. This section is divided into three subsections; the first focuses on challenges related to data

centres, the second related to data formats, and the third related to granularity - a measure of how finely datasets are divided.
5.3.1 Data Centres

There is an ever-growing number of data centres. It is not practical for data users to have to search through all of these data
centres to find data relevant to them. Data access portals aim to increase the findability of data by making all data relevant to
a certain region, or all data of a certain type, available in one place. According to the Nansen Legacy data management plan

(The Nansen Legacy, 2024), the project’s data should be published in one of the following data centres:

Norwegian Marine Data Centre - https://metadata.nmdc.no/UserInterface/

Norwegian Polar Data Centre - https://data.npolar.no/

MET Arctic Data Centre - https://adc.met.no/

NIRD Research Data Archive - https://archive.norstore.no/
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These data centres were carefully selected as they host metadata systems that comply with commonly used standards (e.g.
ISO 19115, GCMD DIF) and host their metadata on web platforms that consume this metadata system (e.g. OAI-PMH, OGC-
CSW). Since they comply with these standards, these data centres can contribute not only to the SIOS data access portal, but
also to other data access portals such as SAON (https://data.arcticobserving.org/) and Polar Data Search (https://search.polder.
info/).

Many popular data centres do not currently comply with these standards. This reduces the Findability of data, thereby
making reuse less likely. It is not practical for each aggregators at each data access portal to build custom workflows to harvest
metadata from each individual data centre. Like datasets, the interoperability of data centres should also be considered when
we discuss FAIR data.

To build unified data access portals that truly expose all relevant data through a single access portal, two things must be

addressed:
— Data centres should host accessible metadata systems that comply with commonly used standards.

— The scientific community should be educated in what to consider when deciding which data centre to publish their data

to and why. This is discussed in this video - https://www.youtube.com/watch?v=RC14Ty0D4wO.
5.3.2 Data Formats

The Nansen Legacy project has collected a wide range of datasets, presenting challenges in ensuring FAIR compliance. While
many of the Nansen Legacy datasets have been successfully published in FAIR-compliant formats, there are instances where
this has not been achieved. Throughout the project, we have gained valuable insights into the various reasons behind these
shortcomings.

Firstly, there is a learning curve associated with creating and using FAIR-compliant data formats. It is evident that the data

management community needs to provide greater support to scientists in this endeavour. This support should involve:
— Creating tools or software to simplify or even automate certain aspects of the workflow.

— Providing more training resources to educate scientists on how to create FAIR-compliant data formats and the importance

of doing so.

Secondly, it is not always obvious which data format scientists should choose for their data. Several measures can be taken

to address this issue:

— Greater availability of FAIR-compliant data formats: Suitable FAIR-compliant data formats do not exist for some
complex scientific datasets. Existing data formats and conventions can be expanded to encompass more types of data
where possible. However, while it may be necessary to develop new FAIR-compliant data formats and conventions, this
should be approached with caution. Having fewer, broadly-used standards offers several advantages, such as more ef-

ficient development and maintenance, a smaller learning curve for data creators and users, and simplified data sharing
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between disciplines that use common data formats. Additionally, software and online tools that support opening and
visualisation of data can be developed and maintained more efficiently. Developing additional standards can be counter-

productive, as it detracts from the goal of maintaining a limited set of standards to ensure consistency and interoperability.

Clarity on which data formats should be used: Guidance should be provided on what types of data should go into

certain data formats. Examples should be included on how the data should be encoded.

A more proactive approach to developing standards: Most well-governed standards evolve in response to requests
from the broader scientific or data management community. However, members of a scientific community who are
not actively using a standard are unlikely to advocate for its development. A more proactive approach to expanding
standards into new disciplines could therefore be valuable. It is unrealistic to expect scientists to dedicate significant
time to mastering data standards such that they can adapt them to their needs. The data management community should

play a key role in bridging this gap.

5.3.3 Granularity

Granularity is a measure of how finely datasets are divided, a crucial consideration for optimising data discovery and reuse.
While data providers often group data by projects or research cruises for internal convenience or citation purposes, this ap-
proach can hinder data consumers who need aggregated datasets spanning regions or timeframes for numerical modelling,
environmental monitoring, and other large-scale analyses. The Research Data Alliance Data Granularity Working Group
(https://www.rd-alliance.org/groups/data- granularity-wg) addresses these challenges by exploring solutions that balance the
needs of both data providers and consumers. Fortunately, there are solutions to suit the needs of both data providers and
consumers.

Publishing data with finer granularity provides several benefits:

— Improved discoverability: Each dataset or profile is described with its own discovery metadata, making it easier for

users to identify sampled locations and isolate the data they need.

— Simplified dataset structure and enhanced workflows: Finer granularity reduces complexity by minimising the num-

ber of dimensions in individual datasets, which simplifies processing, interpretation, and integration into automated

workflows or broader data networks.

— Reduced redundancy in downloads: Users can download only the specific data they need, rather than larger aggregated

datasets that may contain unnecessary information.

Common concerns about handling many small files—such as difficulties in downloading—can be addressed through im-
proved data services. For example, data centres can provide tools to aggregate datasets upon user request. Data providers
should recognise that users will increasingly be able to and interact with datasets in different formats and structures than those

used for data storage. The focus should remain on creating datasets optimised for long-term storage and interoperability.
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Some data centres support publishing data as collections, where each individual dataset is assigned its own metadata and
DOI, and the collection as a whole also receives metadata and a DOI. This structure allows data users to cite either specific
datasets or the entire collection, depending on the extent of data used, enhancing transparency in which data underpin publica-
tions. Journals could be encouraged to permit longer lists of references, enabling a greater number of datasets to be cited.

To maximise reusability and interoperability, we recommend the following best practices:

— Publish at the highest functional granularity: Avoid combining data from multiple stations or sources into single

datasets.

— Separate datasets with different temporal resolutions: Minute-level and hourly-level observations, for instance,

should not be merged.

— Avoid mixing feature types or vertical dimensions: Surface observations, vertical profiles, and different measurement

types (e.g., time series vs. time series of profiles) should be published separately.

— Use metadata to establish relationships: Link datasets to research cruises, fieldwork, or other collection activities

through tags or parent/child relationships, enabling discovery based on spatio-temporal criteria.

In the Nansen Legacy project, many have been advocating for finer granularity data, and several key data collections have

been published in line with these recommendations (e.g. Vader, 2022; Miiller et al., 2023).

6 Discussion and summary

Effective data management in large-scale projects like the Nansen Legacy goes beyond technical systems and workflows;
it also involves cultural and organisational shifts. These changes are essential for ensuring that data management practices
are adopted, sustained, and continuously improved. A key to success in the Nansen Legacy project was integrating technical
strategies with a strong emphasis on communication, coordination, and visibility of data management activites. The project’s
leadership, administration, and communication teams played a crucial role in echoing and amplifying the messages from the
data management team. Positive feedback confirmed that it was helpful for project members to know they had a point of contact
for their data management concerns.

A foundational aspect of effective data management was the establishment of a comprehensive data policy and data man-
agement plan at the project’s inception. Our experiences underscored the need for these documents to be thorough, clear, and
precisely worded. Misinterpretations of the open data policy sometimes led to incorrect assumptions about access to unpub-
lished data. Additionally, it was not always clear which datasets were considered ‘Nansen Legacy data’ and therefore needed
to be managed adhering to the project’s data policy and data management plan. This ambiguity was particularly challenging
in cases where scientists were funded by multiple projects, or where external scientists participated in cruises funded by the
Nansen Legacy project. This process will become easier if the adoption and enforcement of good data management practices
become commonplace. In the meantime, agreeing on criteria for which datasets should comply with a project’s data policy and

data management plan at the project’s inception would be beneficial.
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Regular meetings were held involving data management representatives from all the research institutions participating in
the project. This facilitated the relay of unified messages to each institution while also strengthening relationships between the
institutions and affiliated data centres (Figure 1). As discussed in Section 5.3.1, this kind of coordination is vital for building
services that fully support FAIR data.

Key findings from the Nansen Legacy project include:

— Consistent data collection: Sampling protocols developed collaboratively across the project enhanced consistency in
data collection across the project. By adopting and further developing these protocols beyond the project, we can improve
consistency in data collection across the scientific community. This would improve comparability of observations and

enable more appropriate and accurate aggregation of datasets.

— Keeping track of data collected: The logging system developed by Ellingsen et al. (2021) was widely adopted across the
project, tracking data collected during research expeditions and making the metadata publicly available in a searchable
online catalogue (https://sios-svalbard.org/aen/tools). Future initiatives could focus on streamlining the process to reduce

the workload for scientists.

— Data storage and sharing: The National e-Infrastructure for Research Data (Sigma 2, 2024) hosted a centralised plat-
form for storage and internal sharing of project data prior to publication. Adoption was uneven, most likely due to
unfamiliarity with using secure file transfer protocol (SFTP) tools and reluctance to share data, often requiring case-by-
case resolution. This highlights the need for training materials that not only advocate for best practices in data sharing

and storage but also educate users on how to implement them.

— Publishing FAIR data: The project mandated the publishing of FAIR data where possible, and provided tools and
training that could be useful to scientists outside of the project (see section 5.3.2). Despite progress, many scientists are
still new to FAIR data publishing, indicating a need for further support, including the development of tools and software

to streamline the process and training to ease the learning curve.

Implementation of policies: Successful implementation relied on more than just clear documentation. The cultural shift

towards prioritising data management, coupled with consistent communication and support, played a crucial role.

In conclusion, our experiences from the Nansen Legacy project demonstrate that effective data management hinges on a
blend of robust technical solutions and a supportive cultural environment. Success implementing the former hinges on the
latter, and requires commitment from the project’s leadership team. The experiences and practices developed through this
project offer a valuable framework for future scientific endeavours, emphasising the need for continued focus on both technical

and cultural aspects of data management.

Author contributions. Luke Marsden was the main data manager for the project from June 2020 until the end of the project (June 2024)

and wrote most of the article. Pal Gunnar Ellingsen was the main data manager for the project from May 2018 until August 2019, and has
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