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Abstract. Numerical modeling of Earth surface processes
emerged as an important scientific tool in the late 1960s
to mid-1970s, driven by the development of finite element
methods in computer science. These advancements, initially
applied in civil engineering, enabled scientists to simulate
complex geological phenomena. At that time, models were
often only described in publications, access was limited to
researchers with direct connections to the developers, and
the code was rarely documented for reuse, limiting their ap-
plication beyond the original research context. The FAIR
principles (Findability, Accessibility, Interoperability, and
Reusability) as applied to data began to take shape in the 21st
century with the rise of open science, digital repositories,
and standardized data sharing frameworks. In the late 2010s,
grassroots movements began to apply some of the FAIRness
goals to numerical models. Subsequently, more formalized
FAIR model principles were developed that addressed the
specific needs of the scientific modeling community, result-
ing in the formulation of the FAIR principles for research
software (FAIR4RS).

In this study, we examine the development and implemen-
tation of strategies by two geoscience research infrastruc-
tures — the CSDMS (Community Surface Dynamics Mod-
eling System) Model Repository and the U.S. Geological
Survey Model Catalog — to enhance the FAIRness of mod-
els guided by FAIR4RS. Some of the development and im-
plementation efforts described predate the formalization of
FAIR and FAIR4RS principles, making this an ongoing and
adaptive process. We evaluate the temporal progression to-
wards increased FAIR4RS alignment across three phases of
research infrastructure development: prototype, refinement,
and growth and iteration. Although certain principles were
more straightforward to implement early in prototypes of the
catalog infrastructures, others required broader community

collaboration during refinement, and some continue to pose
practical challenges in the growth and iteration phase. By
tracing these dynamics, our aim is to provide insights that
can guide other modeling initiatives in effectively adopting
FAIR4RS principles within their communities.

1 Introduction

The Earth is a highly dynamic system of interacting com-
ponents from geology, hydrology, ecology, and other geo-
and human sciences. Researchers from these diverse disci-
plines employ quantitative tools, including scientific models,
to capture, understand, and predict these interactions (Na-
tional Research Council, 2007). Formalization of knowledge
in these scientific models foster interdisciplinary dialogue
and advances scientific progress (Tucker et al., 2022). In this
study, the term “model(s)” refers broadly to process-based
(mechanistic), empirical or statistical, stochastic, reduced-
complexity (conceptual), and hybrid modeling approaches.

Before the widespread use of publishing scientific research
products online, source code of developed models were often
not accessible to all who could benefit from them or sup-
porting materials. For both technical and cultural reasons,
model source code and other details remained with the re-
search groups that created them. This limited sharing of mod-
els hindered the ability to build upon existing knowledge and
verify findings (Barnes, 2010).

Increased sharing of scientific data was a common topic in
workshops and initiatives in the 2010s (Carballo-Garcia and
Boté-Vericad, 2022). These discussions led to the develop-
ment of the FAIR Data Principles, published in 2016 (Wilkin-
son et al., 2016), where FAIR stands for Findability, Acces-
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sibility, Interoperability, and Reusability. Similar initiatives
soon after emerged to make scientific models more avail-
able and accessible (Crowston et al., 2008; Treloar, 2014),
which over time resulted in adopting the FAIR data principles
for models and software, with slight modifications to better
suit specific needs of the software community, resulting in
FAIR4RS (Barker et al., 2022; Garijo et al., 2022, Wilkinson
et al., 2025).

Government agencies, scientific journals, and funding
sources have promoted or required open access to newly de-
veloped or published software and models (McKiernan et
al., 2016). The availability of tools and services, such as
code repository platforms (Hahnel and Valen, 2020), have
facilitated collaborative coding efforts and helped move the
scientific modeling community toward more open and re-
producible work. However, many details of FAIR imple-
mentation are still left to the model developer. As noted in
Barker et al. (2022) contributions from research infrastruc-
ture groups used by the model developers can significantly
increase the FAIRness of models. So, integrating the techni-
cal, disciplinary, and community perspectives through user-
centric solutions can enhance effective application of FAIR
principles (e.g., the Actionable FAIR4RS Task Force; https://
www.researchsoft.org/tf-actionable-fairdrs, last access: May
2026). Although FAIR4RS offers high-level guidance, its
practical implementation depends on reconciling diverse
stakeholder needs and contexts—standardized technical ap-
proaches alone often lead to fragmented or incompatible im-
plementations (Jacobsen et al., 2020).

The geoscience community can be broadly organized
into several major research domains, each supported by
representative organizations that coordinate community ef-
forts, develop shared infrastructure, and accelerate scientific
progress. These domains include hydrology (e.g., Consor-
tium of Universities for the Advancement of Hydrologic Sci-
ence, Inc.), Earth surface dynamics (e.g., Community Sur-
face Dynamics Modeling System), geodynamics (e.g., Com-
putational Infrastructure for Geodynamics), and atmospheric
science (e.g., National Center for Atmospheric Research).
Each of these domains is supported by organizations that
foster collaboration, develop community standards and cy-
berinfrastructure, and engage researchers to advance under-
standing within their respective fields. This paper details the
path of two research infrastructures serving the geoscience
user community that have implemented strategies to support
model developers in practically implementing the FAIR4RS
principles for their models. The Community Surface Dynam-
ics Modeling System (CSDMS) Model Repository (https:
/lcsdms.colorado.edu/wiki/Model_download_portal, last ac-
cess: May 2026) and the U.S. Geological Survey (USGS)
Model Catalog (https://data.usgs.gov/modelcatalog, last ac-
cess: May 2026) both serve subsets of the community of
Earth process modelers. Note that the CSDMS Model Repos-
itory is commonly referred to as a “model repository”, but
it functions primarily as a catalog, because it does not host

Geosci. Model Dev., 19, 5381-5399, 2026

A. J. Kettner et al.: The path to FAIR research models

model source code directly but instead provides links to ex-
ternally maintained locations of the model code. The term
“repository” has been retained for historical reasons, but we
will use catalog from hereon to be more precise.

1.1 Overview of the CSDMS Model Catalog

The Community Surface Dynamics Modeling System (CS-
DMS) team represents a community of researchers that in-
vestigate the Earth’s surface — the ever-changing, dynamic
interface between lithosphere, hydrosphere, cryosphere, and
atmosphere. CSDMS supports the modeling of surface pro-
cesses by developing and disseminating integrated soft-
ware modules that predict the movement of fluids and
the flux (production, erosion, transport, and deposition) of
sediment and solutes in landscapes and their sedimentary
basins (Tucker at al., 2022). CSDMS promotes interdisci-
plinary collaboration, advances model interoperability stan-
dards, and provides educational resources to support learn-
ing and research. These efforts can enhance scientific under-
standing and inform environmental management, conserva-
tion, and policy.

The CSDMS model catalog was developed in the late
2000s to serve as a central digital portal for model meta-
data and references to model source code, and to support
broader accessibility and collaboration in Earth surface dy-
namics modeling. Early efforts focused on collecting meta-
data through web forms. Initially, more metadata than actual
source code was gathered, prompting the implementation of
stricter protocols in 2009 requiring open-source licenses and
downloadable code. This shift aimed to ensure models were
well-documented, reusable, and interoperable (Overeem et
al., 2013). The model catalog currently contains 451 mod-
els, tools, and components representing nine domains in the
Earth and environmental sciences (Fig. 1, Table S1 in the
Supplement).

1.2 Overview of the USGS Model Catalog

The USGS produces and applies models in the areas of
earth, water, and biological science. These models help the
USGS to use earth, water, biological, and mapping data and
expertise to support decision-making on environmental, re-
source, and public safety issues. Information about models
supporting USGS work is spread over a range of websites
and formats, which were created at different times and un-
der different agency or governmental policies. In addition,
all work performed by USGS Federal employees is subject
to Federal Source Code Policy: Achieving Efficiency, Trans-
parency, and Innovation through Reusable and Open Source
Software (Office of Management and Budget, 2016).
FAIRness and comprehension of USGS-wide models can
be particularly important because of the range of disciplines
covered by the USGS and the ability to use these models in
combination to address transdisciplinary challenges (Jenni
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Figure 1. To illustrate the subject matter contents of the CSDMS Model Catalog and the USGS Model Catalog, this figure shows the relative
proportion of domain tags (Hydrology, Terrestrial, Coastal, etc.) for the two model catalogs. A single model may have more than one domain
tag. Medium-blue boxes correspond to CSDMS tags and light blue boxes correspond to USGS Model Catalog tags. Abbreviations: Cryo
= Cryosphere, Geodyn = Geodynamics, GeoHydro = Geologic or Hydrogeologic, HD = Human Dimensions. The two smallest boxes

represent Atmosphere and Natural Resources.

et al., 2017; Keisman et al.,, 2021; Wilson et al., 2022).
Common knowledge or terminology by one discipline can
be unknown to other disciplines within the USGS. To eval-
uate which models are available for multi-disciplinary is-
sues faced by decision makers for risk, fire, natural resource,
safety, and more, FAIRness and model understanding can be
made easier when all USGS models are provided in a catalog
developed with a USGS-wide perspective.

The USGS Model Catalog started in 2020 in its proto-
type phase as a collection of USGS model-related prod-
ucts in an existing USGS repository system, ScienceBase
(https://www.sciencebase.gov, last access: May 2026). Incor-
porating user feedback, a second version was refined with
modified metadata fields, a more customized user interface,
and more transparent submission and management features.
In the current growth and iteration phase, areas remain for
improvement in including content for reusability. The USGS
Model Catalog now exists as a searchable catalog that allows
users to both contribute and find models across a wide range
of earth science domains. It currently contains 191 models
representing 12 domains (Fig. 1, Table S1).

This paper is organized into sections following the
FAIRA4RS principles: “Findability of Models”, “Accessibil-
ity of Models”, “Interoperability of Models”, and “Reusabil-
ity of Models”. The “Discussion” details shared challenges
and lessons learned in the path to FAIR4RS, some fully or
partially resolved, whereas others are yet to be solved. An
accounting of the FAIR principles addressed by these two
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systems illustrates both the simple and more complex ways
that FAIR4RS can be increased.

The description of features and implementation decisions
over time provides two complementary stories, about how
research infrastructure can help the modeling community
progress down the path to FAIR4RS. The two systems,
though overlapping in user audience, differ in their host or-
ganization — government versus academia — and this affected
the two paths to FAIR4RS. The aim of this paper is to pro-
vide insights to guide other modeling initiatives in effec-
tively adopting FAIR4RS principles within their communi-
ties. Moreover, the paper demonstrates that the application
of these principles can enhance efficiency, transparency, and
collaboration in model research and development, thereby
advancing both fundamental and applied scientific domains.

2 Increasing FAIRness of models

For both the CSDMS and USGS model catalogs, specific
choices were made regarding which of the FAIR4RS princi-
ples were partly or fully incorporated into each of the sys-
tems, and how they were implemented. For both systems,
the implementation of the principles represents a dynamic,
evolving process that can be delineated into three succes-
sive phases: prototype, refinement, and iteration and growth
(Fig. 2).
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Figure 2. Schematic diagram showing the three phases on the path to FAIR models, along with specific steps related to the principles Findable
(F), Accessible (A), Interoperable (I), and Reusable (R). In phases 1 and 2, metadata v1 and metadata v2 refer to metadata about the models
(e.g., Tables S2 and S3). In phase 3, the data model and records refer to the data model and records for the catalog items (e.g., Serna et al.,

2025). API: Application Programming Interface.

In the prototype phase, initial efforts focus on developing
the technical mechanisms necessary to operationalize spe-
cific FAIR principles, accompanied by active engagement
with the community to solicit feedback and assess feasibil-
ity. The refinement phase involves the development of a more
robust and mature implementation, incorporating commu-
nity input to ensure relevance, usability, and alignment with
best practices. In the iteration and growth phase, incremen-
tal updates and modifications are introduced as needed to ac-
commodate new insights, emerging technologies, or evolving
community requirements, ensuring sustained alignment with
the FAIR4RS principles over time. The paper follows Barker
et al. (2022) in the four sections below to detail which prin-
ciples were implemented for each system and indicate where
additional efforts were made to make the models more FAIR.

2.1 Findability of models

Findability of models refers to the discoverability of the
model and its associated metadata by both humans and
machine-driven systems. For software, including numerical
models, Barker et al. (2022) defines the following Findability
guiding principles as essential: software is assigned a glob-
ally unique and persistent identifier, where components of
the software representing levels of granularity are assigned
distinct identifiers, and different versions of the software are
assigned distinct identifiers; software is described with rich
metadata; metadata clearly and explicitly include the iden-
tifier of the software they describe; and metadata are FAIR,
searchable and indexable. By including these elements, nu-
merical models become more discoverable and accessible to
both humans and automated systems.

Findability was core to the initial development of both the
CSDMS and the USGS Model Catalogs — a driving moti-
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vation was to enhance the discoverability of models for hu-
man users. Over time, the emphasis expanded to include im-
proving machine-driven model discoverability, recognizing
the growing importance of automated systems in identifying
and utilizing models.

At the inception of CSDMS, it became evident to the prod-
uct owner (i.e., one of the authors) that merely cataloging the
various numerical models by displaying a model list, accom-
panied by a link to the source code and information about the
developer and their affiliation, was inadequate for enhanc-
ing their discoverability because of the significant number
of available models. Following the online publication of this
list, CDSMS implemented a filtered-search functionality, en-
abling users to refine their queries and identify a more tar-
geted subset of models that align with their specific require-
ments.

The USGS Model Catalog was developed for USGS re-
searchers on transdisciplinary teams to learn about the cur-
rent state of modeling and researchers involved in particu-
lar topical areas. Searches of the general internet, or of the
usgs.gov site, give thousands or dozens of returns, respec-
tively, and the results are in many different formats.

2.1.1 Software is assigned a globally unique and
persistent identifier

Assigning globally unique, persistent identifiers, such as
digital object identifiers (DOIs), to model source code re-
leases can ensure their long-term findability, proper attribu-
tion, and the ability to reproduce research findings, ultimately
contributing to a more robust and interconnected scholarly
ecosystem (Barker et al., 2022). CSDMS uses Zenodo to as-
sign DOIs to released versions of numerical models. For re-
searchers and model developers, use of GitHub for version
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control is common (Blischak et al., 2016; Escamilla et al.,
2022), and Zenodo provides a seamless interface for archiv-
ing model source code. Through this integration, each code
release on GitHub can be easily preserved and assigned a
DOI, facilitating citation and enhancing the reproducibility
of numerical models.

The USGS Model Catalog employs a USGS model iden-
tifier that is created and served by the USGS Asset Identifier
Service (https://www1.usgs.gov/identifiers, last access: May
2026) and is a 36-character unique string. The USGS model
identifier is not meant to replace any existing identifier but
exists to link and increase findability of the many different
model assets. The USGS model identifier is assigned to the
model concept that encompasses different software versions,
implementations in different languages, and applications of
a model to different spatial and temporal boundaries. Exist-
ing DOIs for USGS software releases (code) or data releases
(e.g., inputs and outputs) of the models are related to the
model concept identifier and shown together on the model
landing page, increasing findability. The model identifier is
in the model metadata schema, the title of the metadata file,
and the landing page URL (Uniform Resource Locator) in
the catalog.

2.1.2 Software is described with rich metadata

In response to community feedback, in 2008, CSDMS started
developing a set of metadata fields based on the Dublin Core
Metadata Terms (https://www.dublincore.org/specifications/
dublin-core/dcmi-terms, last access: May 2026) to provide
information for users to assess the utility of a numerical
model for their research, while minimizing the burden on
the model developers to supply the necessary metadata. The
metadata fields were designed to be comprehensive yet not
overly demanding knowing that model developers might be
reluctant to provide metadata if it required substantial time
and effort. Over the years minimal changes have been made
to the metadata fields to assure continuation and uniformity
of available model information (see Table S3). This rich
metadata is separate from the model source code and is stored
and maintained by the CSDMS facility through the CSDMS
web portal front end in MySQL (https://mysql.com, last ac-
cess: May 2026) tables.

The metadata for the USGS Model Catalog are described
in Table S2 and in Serna and Hsu (2022). For establish-
ing metadata relevant for the scope of USGS models, the
team drew from several existing efforts, including CSDMS,
Open Modeling Foundation (OMF) (Barton et al., 2022),
CodeMeta (Jones et al., 2017), and OKG-Soft (Garijo et
al., 2019). These fields were then tested across the range
of USGS models (numerical, geospatial, etc.) to determine
a set of fields for a basic profile, and a set of fields for an
advanced profile. Using an “off the shelf” metadata schema
with no modifications was difficult due to USGS-specific re-
quirements. The metadata are stored as flat JSON-schema
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compliant files. The metadata are also defined as a Python
class (Hunt, 2023), using the Pydantic library (Colvin et al.,
2025), which allows automation of several of the Model Cat-
alog components including validation and web form entry.

2.1.3 Metadata are FAIR, searchable and indexable

For making models more findable through the web, a com-
mon vocabulary as suggested by https://schema.org (last ac-
cess: May 2026, Ronallo, 2012) is incorporated for the USGS
and the CSDMS model catalogs. https://schema.org can pro-
vide structured data formats like JSON-LD, Microdata, and
RDFa, allowing markup of web pages in a way that is rec-
ognized by major search engines such as Google, Bing, and
Yahoo. These structured data help search engines more accu-
rately interpret web content, and can lead to improved search
result presentation and richer user experiences. By promoting
consistency and interoperability across different web plat-
forms, Schema.org enhances search results with rich snippets
— more information than a standard result — which can make
web search result listings more informative and visually ap-
pealing (Payne and Verhey, 2022).

To enable searchability and indexability of metadata for
machines, both the USGS and the CSDMS model catalog
contain Application Programming Interfaces (APIs). These
APIs allow programmatic exchange of information about the
models. They also enable communication, for example, be-
tween the CSDMS repository and the USGS catalog, allow-
ing for data sharing and functional integration. Additionally,
they promote modularity and reusability, enhancing code
maintainability and efficiency. APIs can accelerate develop-
ment and foster innovation by leveraging existing services.
This enables catalog developers to integrate diverse function-
alities to ensure that information provided by the metadata
is consistent over multiple catalogs. APIs can also facilitate
ecosystem growth by allowing third-party developers to ex-
tend platform functionality and provide standardized access
to metadata (Taylor, 2016).

The USGS model metadata, which are publicly released
and fully accessible as flat JSON files, can be queried through
a REST API and GraphQL API (Serna et al., 2022). CSDMS
has enabled API functionality for its website and associated
databases by implementing the Mediawiki extensions
Cargo  (https://www.mediawiki.org/wiki/Extension:Cargo,
last access: May 2026) and Semantic MediaWiki
(SMVW; Kroétzsch et al.,, 2006). Additional informa-
tion on how to use the CSDMS API is provided at
https://csdms.colorado.edu/wiki/Web_APIs (last access:
May 2026). For example, the following API query re-
trieves a JSON-formatted output listing 10 models that
were developed using the Python programming language:
https://csdms.colorado.edu/csdms_wiki/api.php?action=
askargs&conditions=Model: %2BIProgramming_language::
Python&printouts=Source_csdms_web_address|Source_

Geosci. Model Dev., 19, 5381-5399, 2026


https://www1.usgs.gov/identifiers
https://www.dublincore.org/specifications/dublin-core/dcmi-terms
https://www.dublincore.org/specifications/dublin-core/dcmi-terms
https://mysql.com
https://schema.org
https://schema.org
https://www.mediawiki.org/wiki/Extension:Cargo
https://csdms.colorado.edu/wiki/Web_APIs
https://csdms.colorado.edu/csdms_wiki/api.php?action=askargs&conditions=Model:%2B|Programming_language::Python&printouts=Source_csdms_web_address|Source_web_address%20&parameters=limit=10&format=json
https://csdms.colorado.edu/csdms_wiki/api.php?action=askargs&conditions=Model:%2B|Programming_language::Python&printouts=Source_csdms_web_address|Source_web_address%20&parameters=limit=10&format=json
https://csdms.colorado.edu/csdms_wiki/api.php?action=askargs&conditions=Model:%2B|Programming_language::Python&printouts=Source_csdms_web_address|Source_web_address%20&parameters=limit=10&format=json

5386

web_address%20&parameters=limit=10&format=json (last
access: May 2026).

2.2 Accessibility of models

Accessibility in the FAIR software context means being able
to be reached or retrievable. It does not mean the quality of
being easily understood or used (Chue Hong et al., 2022).
Barker et al. (2022) defines the following guiding principles
for accessibility: software is retrievable by its identifier using
a standardized communications protocol, where the protocol
is open, free, and universally implementable, and the proto-
col allows for an authentication and authorization procedure,
where necessary; and metadata are accessible, even when the
software is no longer available.

Accessibility of model information supports end users, be-
cause it enables them, once a model has been identified, to
determine how the model and its source code can be ob-
tained, executed, or integrated into their work. Moreover,
even if the model itself is no longer available, the associ-
ated metadata continues to provide valuable insight into the
model’s functionality, scope, and intended applications.

2.2.1 Software is retrievable by its identifier using a
standardized communications protocol

Both catalogs allow for the retrieval of models over HTTPS
(Hypertext Transfer Protocol Secure) via DOIs that are asso-
ciated with the model software repositories. Authentication
and authorization are currently not needed to access the cat-
alogs, because the information exposed is free and open.

2.2.2 Metadata are accessible, even when the software
is no longer available

For both the CSDMS repository and the USGS Model Cat-
alog, metadata remain accessible if the source code is no
longer available. Model source code can become unavailable
due to the programming languages, execution platforms, and
delivery sites evolving such that the model source code be-
comes out of date, obsolete, or no longer publicly available.
Repositories with model source code that were once public
can be deleted or made private. For example, in 2019 the
USGS changed its policy such that new code could only be
officially released on GitLab after new review and approval
processes, and could only continue to be publicly developed
on GitHub if it went through a documentation, review, and
approval process. This caused many repositories under active
development to be transferred to a private site.

The USGS Model Catalog accomplishes the persistent ac-
cessibility of model metadata by publishing the model meta-
data files in a USGS software release of a git repository
(Serna et al., 2022). Metadata are stored as JSON files and
follow a published metadata schema (Serna and Hsu, 2022).
The publication of the metadata files and schema has mul-
tiple benefits. One benefit is that anyone can take the JSON
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metadata files and build a tool around them, even if the USGS
Model Catalog website ceases to exist. Another benefit is that
the metadata schema can be used or built on by other efforts
that want to catalog models.

The persistent accessibility of model metadata through the
CSDMS portal is managed differently than the USGS cat-
alog. Source code repositories in the CSDMS catalog are
primarily maintained by community members. The CSDMS
team, unlike government agencies, does not have the author-
ity to require metadata in the source code repository be-
fore a software release. For that reason, model metadata is
stored separately from the source code, and CSDMS main-
tains metadata records once they are created. Developers
have the option to include a status update to the metadata
that, for example, indicates that the source code is no longer
available, or that the model has merged into another model.

2.3 Interoperability of models

Interoperability of models can have different interpretations
(e.g. conceptual, operational, technical) in our user com-
munities. Following the FAIR4RS framework, interoperable
models should be able to “communicate with other software”
or be coupled through exchanging data and/or metadata,
and/or through interaction via e.g. APIs. Barker et al. (2022)
indicate the following guiding principles for interoperabil-
ity: software reads, writes and exchanges data in a way that
meets domain-relevant community standards; and software
includes qualified references to other objects. Interoperabil-
ity is often one of the later, and more advanced FAIR4RS
principles to be implemented, as also is the case for the two
catalogs discussed in this paper.

For modeling communities like CSDMS, interoperability
is especially important because scientific questions increas-
ingly require coupling multiple models (e.g., linking hydrol-
ogy, sediment transport, and coastal dynamics) or integrat-
ing models with observational datasets. Without interoper-
ability, combining models becomes ad hoc, error-prone, and
harder to reproduce (Belete et al., 2017). With interoperabil-
ity, models can be more easily assembled into workflows,
reused across projects, and compared systematically, which
accelerates scientific discovery and reduces redundant effort.

2.3.1 Software reads, writes and exchanges data in a
way that meets domain-relevant community
standards

A domain-relevant standard is an accepted standard that ad-
dresses the needs of a given community or communities
(Chue Hong et al., 2022). The relevant communities for CS-
DMS and USGS include landscape evolution modelers, hy-
drologists, biologists, oceanographers, ecologists, and other
Earth and biological scientists.

Within the CSDMS community, a consensus emerged
early on that conducting simulations across diverse scien-
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tific domains may be better achieved not through the de-
velopment of a few large models, but rather by advanc-
ing model-linking techniques capable of coupling existing
domain-specific models. As such, over time, CSDMS has
developed several domain-relevant community standards for
making models more interoperable, including the “Basic
Model Interface (BMI)”, “Standard Names”, and the ‘“Python
Modeling Toolkit (PyMT)”.

The Basic Model Interface (https://bmi.csdms.io, last ac-
cess: May 2026) is a set of standard query and control func-
tions that, when added to a model code, make that model
easier to couple with other models (Peckham et al., 2013).
A model with a BMI exposes the same set of functions, no
matter which language the model is written in. Examples of
functions to exchange data between models are get_value
and set_value. These functions can be called every timestep
or while running over several timesteps (for example up-
date_until). Coupling can be performed between data and
models, where a model can have data access through BMI
plug-and-play components to integrate datasets with models
(Gan et al., 2024).

CSDMS developed a set of Standard Names, that provide
a comprehensive set of naming rules and patterns that are
modeling domain agnostic (Peckham, 2014). This ontology
framework addresses the key challenge of mapping inconsis-
tent input and output variable names, allowing one model’s
output to be the input for another model. Standard names
mapping means that models do not need to be rewritten to re-
name variables but rather map them onto the standard names
through a lookup table.

For the CSDMS catalog, the coupling of models occurs
within a framework. CSDMS developed the Python Model-
ing Toolkit (PyMT), a framework that allows the user to in-
tegrate and run models using the BMI Python interface and
standard names (Hutton et al., 2020b). PyMT is unique in
that it enables coupling between different models that might
be written in different languages (such as C, C++, Fortran,
Java, Javascript, Julia, Python) by providing a standardized
Python interface. It promotes interoperability between mod-
els which makes it easier to simulate complex systems that
involve multiple interacting processes. An example of a cou-
pled model system is provided by Ashton et al. (2013), where
a coastline evolution model (CEM) is coupled with a fluvial
dynamics model (HydroTrend) to investigate how fluctua-
tions in sediment input rates due to climate change may affect
the plan-view delta morphology and evolution.

The USGS Model Catalog has not developed its own ca-
pabilities for coupling models, however, it plans to high-
light examples of USGS model coupling. There are mod-
els in the USGS Model Catalog for which a BMI has
been developed, and documented on the model landing
page, such as the PRMS (Precipitation Runoff Modeling
System) model, https://data.usgs.gov/modelcatalog/model/
2b9f667c-d739-4d52-b404-112ff3eb7358 (last access: May
2026).
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Both catalogs have mapped their metadata fields to the
CodeMeta project (Jones et al., 2017). By aligning catalog
metadata with CodeMeta, the catalog adopts a community-
endorsed schema that facilitates exchange between different
repositories, registries, and discovery platforms. Therefore,
this effort increases the cross-platform compatibility of the
exchange of data and/or metadata via machine-to-machine
interaction. For example, it will make it easier for models
in both the catalogs to be integrated into other FAIR-aligned
infrastructures.

2.3.2 Qualified references to other objects

The objects that are referenced in both catalogs are digital
products such as data, publications, sites, and people. The
software references are covered under the Reusability princi-
ple.

In the USGS Model Catalog, models are linked to other
software, data, publications, web sites and people, via iden-
tifiers (Table 1). For all of these entities, only the identifiers
are stored in the Model Catalog metadata, and the current
information linked to those identifiers are resolved dynami-
cally instead of being stored in the system. The related ob-
jects are organized on the data, software, publication tabs,
and in a modeler or person view, allowing quick comprehen-
sion about the relationships between these assets.

CSDMS uses the name of a model as a unique identifier, to
link to other objects (Table 1). For example, references and
their citations are linked by including the name of a model,
or multiple models to a reference. References that describe
or apply a model are queried in real-time and displayed on a
model web page.

2.4 Reusability of models

Reusability means that the models are both usable — can be
executed, and reusable — can be understood, modified, built
upon, or incorporated into other software. The guiding prin-
ciples for reusability include: software is described with a
plurality of accurate and relevant attributes, where software
is given a clear and accessible license, and software is asso-
ciated with detailed provenance; software includes qualified
references to other software; and software meets domain-
relevant community standards (Barker et al., 2022). In addi-
tion to these practices, both of our experiences identify addi-
tional principles for reusability: use of executable notebooks
and use of model frameworks.

Reusable models offer meaningful benefits to scientific re-
search and engineering. A reusable model saves time by re-
ducing the need to develop new models from scratch, im-
proves consistency and reliability by facilitating repeatable
results, fosters collaboration, and encourages standardiza-
tion across teams for interdisciplinary use. An example of
model reusability in action is the LandLab, a Python toolkit
for modeling earth surface processes (Barnhart et al., 2020;
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Identifier name  System linked Linked object CSDMS/USGS
DOI USGS Publications Warehouse = Manuscript publications USGS

Paper ID Semantic Scholar Citations and citation count CSDMS

DOI ScienceBase Data releases, including model application data releases USGS

DOI Zenodo Data publications or software repositories CSDMS

DOI GitHub Software repositories CSDMS/USGS
DOl/tag URL USGS GitLab Software repositories CSDMS/USGS
ORCID ORCID/USGS Staff Profiles People USGS

model ID USGS Model Catalog Models USGS
metadata ID Science Data Catalog Metadata for data releases USGS

Hutton et al., 2020a). Using model components of LandLab,
Campforts et al. (2020) developed the landscape evolution
model Hylands to investigate the influence of landslides and
their associated sediments on landscape evolution. This effort
involved creating three new LandLab components, reusing
two existing components (FlowAccumulator and Channel-
Profiler), and leveraging five service components, such as
functionality for reading NetCDF data files. While we cannot
quantify the exact time savings, the reuse of existing Land-
Lab components and services likely reduced development
time substantially by eliminating the need to reimplement
and validate core functionality. This enabled the authors to
focus their effort on developing new process representations
rather than rebuilding standard modeling infrastructure.

2.4.1 Software is described with a plurality of accurate
and relevant attributes

Relevant attributes can be determined by repositories, and by
communities who create and reuse software. Plurality means
that, where possible, multiple terms for the same, similar, or
overlapping concepts should be provided to enable the broad-
est possible reuse (Chue Hong et al., 2022).

Software is given a clear and accessible license

Model licenses promote reusability because they define the
legal terms under which a model can be accessed, modified,
and redistributed. A license provides guidelines on model us-
age rights, restrictions, and attribution. This ensures that de-
velopers and users can share, adapt, and build upon models
within a structured and permissible framework, while avoid-
ing unintended consequences of sharing code openly. Licens-
ing is a complicated topic with nuances related to public do-
main, waiving copyright ownership, implications for patent
rights for code built on originally open code, what the ab-
sence of an explicit license means, and more. A resource
for learning more is the Open Source Initiative (OSI) site
(https://opensource.org/licenses, last access: May 2026).

For models developed by USGS scientists, the Cre-
ative  Commons CCO 1.0 Universal Public Domain

Geosci. Model Dev., 19, 5381-5399, 2026

Dedication is applied to model source code (USGS Of-
fice of Science Quality and Integrity FAQ 137; https:
/Iwww.usgs.gov/office-of-science-quality-and-integrity/
fundamental-science-practices/faq/
137-software-and-license, last access: May 2026). We
note that CCO is a public domain dedication rather than an
OSI-approved open-source license; it is applied here because
USGS, as a bureau of the U.S. Department of the Interior,
is required by the SHAREIT Act Memorandum to dedicate
federally-funded software to the public domain through CCO.
Code released under CCO enters the public domain, allowing
anyone to use it without restrictions from the copyright
holder (https://creativecommons.org/public-domain/cc0, last
access: May 2026). To implement this, USGS developed a
default license.md for any published software repository.
See the example from the MODFLOWG6 (USGS, 2026). The
clear and accessible license ensures the legality of re-using
the USGS model code.

The source code included in the CSDMS model cata-
log must be licensed but given CSDMS’s role in represent-
ing a diverse community from a variety of organizations,
there is flexibility in the choice of license. Although CS-
DMS does not enforce specific licensing standards, it recom-
mends that model developers use the GPL v3 license or a less
restrictive alternative (https://www.gnu.org/licenses/gpl-3.0.
en.html, last access: May 2026). The GPL v3 license offers
several advantages, such as fostering collaboration, protect-
ing the intellectual property of developers, and promoting the
free use of numerical models (https://csdms.colorado.edu/
wiki/License, last access: May 2026).

Software is associated with detailed provenance

To enhance model reusability, model developers should
maintain detailed provenance information linked to their
source code. This involves documenting the model’s origin,
development history, and any modifications or updates it has
undergone (Force, 2020). The CSDMS community, rooted
in academia, often addresses aspects of model provenance —
such as the purpose and motivation for developing a model —
through associated scientific journal publications. Addition-
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ally, CSDMS advocates for the use of version control soft-
ware (e.g., Git) during model development or modification
to capture other critical aspects of provenance. The USGS
Model Catalog does not have specific guidance for includ-
ing provenance, though this characteristic is made possible
for code repositories in the USGS GitLab Department of the
Interior and GitHub systems.
Examples of how provenance is documented:

— CSDMS: LandLab (https://doi.org/10.5281/zenodo.
3776837 (last access: May 2026) see changelog.md
file).

— USGS: MODFLOW6 and related programs website
(https://www.usgs.gov/mission-areas/water-resources/
science/modflow-and-related-programs, last access:
May 2026) and is an example for a very large model
project.

- USGS: StreamMetabolizer README
(https://doi.org/10.5281/ZENODO.2555998 (last
access: May 2026); Example for a smaller model
project).

2.4.2 Software includes qualified references to other
software

Software typically relies on other software components, such
as libraries, modules, or external packages, to function prop-
erly. These dependencies can be cumbersome to install or in-
tegrate. It is a good practice for model developers to provide
detailed documentation regarding dependencies such as up-
to-date Makefiles, environment.yml, requirements.txt, and
README documents. This supports potential model users
that have less experience with a model to execute a model
simulation on their platform of preference. Following good
coding practices, this information is included in the source
code, consequently, CSDMS does not include these detailed
dependency specifications as part of its metadata records.

References to other models or tools in the USGS
Model Catalog are provided in the “Related ModelCat-
alog item” field, which links to other pages in the cat-
alog for models that have been coupled or that are
related pre- or post-processing tools. For example the
MODPATH tool https://data.usgs.gov/modelcatalog/model/
5c3e20de-4ale-4063-9a31-7614433bd862 (last access: May
2026) is linked to the model, MODFLOW6. MODFLOW6,
a groundwater flow model, produces output that can be an-
alyzed by the MODPATH particle-tracking post-processing
tool (Langevin et al., 2017). The USGS catalog also plans
to pilot collection pages that group model pages according
to topics that the community requests, and links software to
similar software for comprehension.

Although the absence of this information does not affect
the ability to correctly execute a model, the CSDMS cata-
log provides metadata fields where developers can specify
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software dependencies required for pre- or post-processing.
In these fields Pre-processing software needed and Post-
processing software needed, developers may document ad-
ditional tools required to, for example, format input data ap-
propriately or to facilitate the visualization and analysis of
model outputs.

2.4.3 Software meets domain-relevant community
standards

The spirit behind this principle is that practitioners are aware
of what others are doing and using in the community (e.g.,
choice of programming language, standards for testing, us-
age of file formats that enable reuse).

The use of committees and working groups to help identify
community standards helps to achieve this especially if the
community includes many scientific domains with a variety
of norms and practices. For example, the identification of the
best terminology used to tag and describe models — one group
of modelers may prefer “numerical models” while another
prefers “mathematical models”, or “physics-based models”
and “mechanistic models”.

To support this principle, both catalog systems were de-
veloped in close communication with their user groups. For
the CSMDS catalog this is achieved via CSDMS Annual
Meetings, webinars, forums, and newsletters. Trainings and
presentations on topics like unit-testing and standard names
also supports developing and sharing community standards.
CSDMS is guided by an Executive Committee of practicing
community members. For the USGS Model Catalog, com-
munity standards are incorporated into the USGS Model Cat-
alog through a working group that was originally sourced
through the USGS modeling community, but is currently
open to all through the Community for Data Integration mod-
eling collaboration area.

In addition to implementing the FAIR4RS principles, both
the CSDMS and USGS initiatives have extended upon the
reusability principle to strengthen the practical usability and
long-term sustainability of research software. As indicated
below, practical usability is advanced through mechanisms
that enable the community to contribute executable note-
books, thereby promoting reproducibility and transparency.
And long-term sustainability is supported by providing stan-
dardized simulation environments that facilitate integration
and reuse of models (PyMT framework).

2.4.4 Additional guiding principle: Software is in an
executable notebook

Executable code notebooks have become a common tool
that scientists use to share and build upon different kinds of
code (Kluyver et al., 2016). Both CSDMS and USGS con-
tain code notebooks and supporting infrastructure to make
models more usable, executable, and reusable. These note-
books can be copied onto a local machine and run in a vari-
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ety of ways, such as utilizing plug-ins to common develop-
ment environments (like vscode), running on shared infras-
tructure run by CSDMS or USGS, or running on the com-
mercial cloud (Binder or Google Colab).

Notebooks are a way to become familiar with running a
model. Required dependencies of code can be integrated into
the simulation environment through the notebooks. Addition-
ally, they provide a user interface that can make it easy for
new users to execute code with accompanying documenta-
tion and visualizations. Lastly, best practices for code and
documentation can be shared in notebooks in a usable man-
ner.

Examples:

— Pleasant Lake worked Flopy example. An example of
the use of the Flopy Python Package (Bakker et al.,
2018) to assemble a MODFLOW 6 groundwater flow
model with external array input and advanced boundary
conditions (Leaf and Fienen, 2022).

— CSDMS community notebooks (includes numerous
example notebooks). https://csdms.colorado.edu/wiki/
Labs_portal (last access: May 2026).

2.4.5 Additional guiding principle: Software uses a
model framework

Similar to code notebooks, model frameworks make it eas-
ier to run and manipulate models without needing in-depth
knowledge of the underlying code or languages in which the
models are written. In this study, a modeling framework is
defined as a systematic method for developing, running, and
evaluating models within and across disciplines, often pro-
viding guidelines and tools. Frameworks can include addi-
tional advances, for example, the capability of coupling mod-
els.

CSDMS has developed the PyMT framework (Hutton et
al., 2021) which enables users to run a model, or couple
model configurations on different platforms and environ-
ments, enhancing the portability of models. There exists
several frameworks, and there have been initiatives to ex-
plore the ability to run the same set of coupled models on
different frameworks like OpenMI (Gregersen et al., 2007
and Harpham et al., 2019), OpenGMS (e.g. Xu et al., 2024;
Zhang et al., 2021), and PyMT.

An example of a USGS-developed framework is HyTEST,
https://hytest-org.github.io/hytest/doc/About.html (last ac-
cess: May 2026) the Hydro-terrestrial Earth Systems Testbed
project. The goal of HyTEST is to establish a long-term
framework for governance, model benchmarking, evaluation,
and evidence-based decision making through collaborative
research. The framework provides resources, information,
and tools for a computational testing environment that can
accelerate and improve the process of hydrologic model de-
velopment by the water-science community.
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3 Discussion

Above is a description of how two research infrastructures,
developed by CSDMS and by the USGS, can help make nu-
merical models more FAIR, following Barker et al. (2022).
Making models more FAIR has a direct effect on the scien-
tific modeling community, as it forms the basis for continu-
ous development (Schuwirth et al., 2019). The implementa-
tion of the FAIR guiding principles for scientific models has
progressed over several years for both initiatives (Fig. 2, Ta-
ble 2). The evolution of both research infrastructures from
initial version to current version is significant, regarding
the metadata, user experience, and capabilities. The changes
were driven by user feedback and trends in technologies.

In this section, we analyze the main obstacles encountered
throughout the development process and evaluate their in-
fluence on our implementation strategy. For each identified
challenge and lessons learned, we explicitly indicate the rel-
evant FAIR principle(s) involved, thereby underscoring the
practical implications for the development of FAIR-aligned
research infrastructure. Additionally, we highlight prospec-
tive next steps.

3.1 Challenges and lessons learned

3.1.1 Balancing community effort with descriptive
metadata (F)

Improving model findability depends on the provision of
complete and well-structured descriptions for all relevant
metadata fields. However, in research culture, this documen-
tation can be perceived as an added effort with limited di-
rect impact on research outcomes, leading to limited incen-
tives for thorough completion (Huang et al., 2025). Striking
the right balance between making models easily discover-
able for potential users and minimizing the effort required
from developers to describe their models may be challeng-
ing. Requiring too much information can discourage submis-
sions, whereas too little hinders model discoverability. Our
experience with developing the two cataloging efforts high-
lights that defining a minimal set of required metadata fields
(Tables S2 and S3) is important and still can encourage de-
velopers to provide more detailed information, for example,
through the capability of add-on modules. Both catalogs rely
on model developer submissions, but the CSDMS and the
USGS catalog have had periods where a small group of cat-
alog team members were responsible for submitting descrip-
tive metadata. Although this is one way to increase content
metadata when resources allow, both teams found that infor-
mation from the model developers themselves can be more
comprehensive. In the future, using auto-generated descrip-
tions may be part of the solution, for example through the use
of large language models (LLMs, e.g., Singh et al., 2025).
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Table 2. List of the FAIR4RS principles (Barker et al., 2022) and a comparison of the stage at which each catalog addressed the principle.

FAIR4RS Principle CSDMS USGS Model Catalog

F: Software, and its associated metadata, is easy for both hu-
mans and machines to find.

F1. Software is assigned a globally unique and persistent iden- ~ 2: refinement 2: refinement
tifier.
F1.1. Components of the software representing levels of granu-  2: refinement 3: iteration and growth

larity are assigned distinct identifiers.

F1.2. Different versions of the software are assigned distinct  2: refinement 3: iteration and growth

identifiers.

F2. Software is described with rich metadata. 3: iteration and growth 1: prototype, 3: iteration and growth
F3. Metadata clearly and explicitly include the identifier of the  2: refinement 2: refinement

software they describe.

F4. Metadata are FAIR, searchable and indexable. 3: iteration and growth 3: iteration and growth
A: Software, and its metadata, is retrievable via standardised

protocols.

Al. Software is retrievable by its identifier using a standardised  3: iteration and growth 1: prototype

communications protocol.

Al.1. The protocol is open, free, and universally imple- 3:iteration and growth 1: prototype
mentable.
A1.2. The protocol allows for an authentication and authoriza-  1: prototype 3: iteration and growth

tion procedure, where necessary.

A2. Metadata are accessible, even when the software is no  3: iteration and growth 3: iteration and growth
longer available.

I: Software interoperates with other software by exchanging
data and/or metadata, and/or through interaction via application
programming interfaces (APIs), described through standards.

I1. Software reads, writes and exchanges data in a way that 2: refinement 2: refinement
meets domain-relevant community standards.

12. Software includes qualified references to other objects. 2: refinement 1: prototype

R: Software is both usable (can be executed) and reusable (can
be understood, modified, built upon, or incorporated into other
software).

R1. Software is described with a plurality of accurate and rele-  1: prototype, 2: refinement  1: prototype, 3: iteration and growth
vant attributes.

R1.1. Software is given a clear and accessible license. 3: iteration and growth 1: prototype

R1.2. Software is associated with detailed provenance. 2: refinement 3: iteration and growth

R2. Software includes qualified references to other software. 1: prototype 2: refinement

R3. Software meets domain-relevant community standards. 3: iteration and growth 1: prototype, 3: iteration and growth
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3.1.2 Keeping the content in the catalog current and
comprehensive (F, A)

New scientific models are continuously developed, and users
may expect a level of completeness maintained in the catalog
to support findability and accessibility. Community catalog
contributions of content such as new model source code, as-
sociated publications and datasets, and up-to-date points of
contact support maintaining the catalog’s currency and com-
prehensiveness. This means that engagement with the CS-
DMS and USGS user communities to solicit content can lead
to more complete catalogs. However, sustained catalog con-
tributions may require the implementation of effective incen-
tive mechanisms.

Both initiatives provide examples and guidance on how
to submit model information to the catalogs, while also out-
lining the scientific and practical benefits. Beyond increas-
ing model visibility, submission of model information en-
ables the integration of additional resources such as associ-
ated publications for the CSDMS repository, thereby enhanc-
ing the model’s scientific impact and discoverability.

Having a method of updating catalog content that does not
rely on only community contributions and manual updates is
a feature that both development teams (i.e., the authors) have
heard requested, but is still in the exploratory stage for both
catalogs. For these more automated methods, recurring use
of APIs or other feeds from relevant systems, such as the Git
code repositories themselves, could retrieve information that
could be considered for addition to the catalog. The USGS
Model Catalog team (i.e., two of the authors) has experi-
mented with new content feeds from internal publications,
software, and data systems. From this experience, the team
concluded that human review is still necessary to supplement
these automated feeds.

3.1.3 Maintaining a technologically current catalog
application (F, A)

Maintaining and evolving a model catalog for findability
and accessibility of models is a complex challenge that re-
quires resources to sustain data management, infrastructure,
and technological advancements. A custom-built infrastruc-
ture can be challenging to maintain for a small team com-
prised of science subject-matter experts rather than software
engineers, which is largely the case for both the CSDMS and
Model Catalog teams (i.e., the authors).

One way both initiatives are working to minimize this
challenge is by choosing to use open-source software tools
that are supported by a large community. For the CSDMS
catalog, wikimedia, and for the USGS catalog, pydantic,
JSON schema, vue.js, and fastapi are tools that have been
used. Using open-source tools supports adoption, sustain-
ability, and evolution of the software to incorporate tech-
nological advances. Open-source tools that are adopted by
a large and diverse community also often makes the infras-

Geosci. Model Dev., 19, 5381-5399, 2026

A. J. Kettner et al.: The path to FAIR research models

tructure software more user friendly (Bonaccorsi and Rossi,
2003). For projects like these, open-source software can re-
duce the costs of sustainability of proprietary software into
the future.

3.1.4 Using clear language to increase comprehension
(F,I,R)

Certain terms possess multiple meanings that are not readily
distinguishable and may lead to ambiguity, particularly for
users originating from different disciplinary backgrounds.
For example, the term “application” can refer to an “appli-
cation of a model software to a particular spatial and tem-
poral bound” or to a “web application site that displays the
model interface”. Even the word “model” can be a source
of ambiguity, because the distinction between a numerical
process-based flow model, a species population model, a fi-
nite element fault model, and a mineral deposit model, and
whether they belong in the same catalog, is unlikely to be
clear to all catalog users.

Besides words with ambiguous meaning, disciplinary jar-
gon can hinder the FAIRness and interoperability of numer-
ical models (Guizzardi, 2020, Specht et al., 2024). Better
understanding the meaning and differences between models
can increase the number of tools available to scientists, es-
pecially when addressing interdisciplinary and team-science
goals. When integrating models to enable programmatic data
exchange, it is essential to ensure that one model’s output is
correctly identified and interpreted as a specific input vari-
able for another model, with consistent units. To address
this challenge, CSDMS has developed and implemented
the CSDMS Standard Names (Peckham, 2014). This cross-
discipline naming convention standardizes variable nomen-
clature, allowing models and datasets from diverse contrib-
utors to be seamlessly coupled in a plug-and-play manner,
facilitating the creation of composite models. A glossary that
can be easily updated by users to show multiple meanings
of terminology used in the systems is a method that helps
increase FAIRness.

3.1.5 Acknowledging researcher incentives around
identifiers (A)

Seemingly simple tasks for improving FAIRness, for exam-
ple by introducing new norms like assigning unique DOIs
to scientific models, may meet resistance if it contradicts re-
searcher evaluation and promotion efforts. Around 2011, the
CSDMS team (including one of the authors) introduced a
unique identifier in the form of a DOI for model source code.
This was expected to motivate modelers to include model
metadata in the CSDMS catalog. The rationale was that a
DOI would make the source code permanently accessible,
citable, and would provide modelers with due recognition
(Mabile et al., 2025). Katz et al. (2019) highlight, among
other challenges, the lack of a public mechanism for obtain-
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ing DOIs for unversioned software packages. Building on
this, one of the authors observed members of the CSDMS
community expressed hesitation to submit metadata under
the requirement to assign a DOI to their source code. This
reluctance stemmed from the fact that source code was often
not valued by academic departments to the same degree as
traditional journal publications (Puebla et al., 2024). As a re-
sult, modelers were concerned that a citable source code DOI
might detract from citations to a formal model description or
implementation paper. Consequently, to accommodate these
concerns, the inclusion of a DOI for model source code ver-
sions was made optional in the CSDMS catalog. DOIs are
required for official USGS software releases (USGS, 2019),
and efforts are ongoing to increase the value of software
and data products in the evaluation of research staff. How-
ever, the USGS catalog team (i.e., the authors) still sees in-
stances where model documentation encourages citation of a
peer-reviewed manuscript instead of a software release, pre-
sumably because the manuscript citation will have greater
weight. Although there has been resistance due to implica-
tions for career evaluation, there are several initiatives work-
ing to evolve research evaluation in academia and other sec-
tors and bring greater weight to research product citations be-
sides manuscripts (Puebla et al., 2024; Mabile et al., 2025).

3.1.6 Keeping integrated models synced with latest
development (I)

Increasing interoperability by incorporating a framework like
the Basic Model Interface (BMI) into models requires ac-
tive involvement of the model developers. Otherwise, model
source code can quickly become out of sync, with an out-of-
date model integrated into the framework.

The CSDMS catalog team aimed to minimize intrusive-
ness in implementing BMI functions, but some modifications
to the model’s source code are necessary (Peckham et al.,
2013). Collaborating closely with the developers and secur-
ing their commitment to maintain BMI compatibility during
the entire process, not just at the end, can ensure the BMI
remains integrated as the model evolves. Without this coop-
eration, divergence between the integrated BMI version and
the development version of the model could result in two dif-
ferent versions of the model.

3.1.7 Accommodating the diversity of models (I, R)

The models hosted in the CSDMS and the USGS Model
Catalogs exhibit significant variability due to the scope of
their user communities, which can complicate efforts to stan-
dardize their representation. These models can be catego-
rized into various types, each tailored to specific research
objectives, data availability, and scales of system understand-
ing. Models may be process-based, conceptual, determinis-
tic, stochastic, empirical, dynamic, static, statistical, or hy-
brid. Models also differ in their operational requirements
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such as compatibility with operating systems, reliance on
specialized hardware, programming languages, and licens-
ing restrictions. These variations further extend to data inputs
and model outputs which often lack standardized formats.

Both teams have initiated efforts to capture the diver-
sity of models and filter through them by adding meta-
data fields that provide better resolution for the user,
for example, model type (Serna and Hsu, 2022), spatial
dimensions (e.g. https://csdms.colorado.edu/wiki/Property:
Spatial_dimensions, last access: May 2026) and spatial ex-
tent (https://csdms.colorado.edu/wiki/Property:Spatialscale,
last access: May 2026). These metadata fields can help po-
tential users assess whether a model aligns with their needs
by understanding its unique characteristics. During the ini-
tial stages of metadata field development, CSDMS commu-
nity members critically evaluated the proposed fields and
provided recommendations, which were incorporated to im-
prove the capacity of the metadata to capture informative
and relevant model descriptions, thereby accommodating the
breadth of modeling practices across scientific domains. The
USGS data model for describing the scientific models can be
extended with additional modules, which would allow differ-
ent fields for different types of models.

3.1.8 Encouraging and informing code review (R)

Model source code reviews facilitate a host of benefits in-
cluding scientific accuracy, code quality, reliability, and re-
producibility (Bacchelli and Bird, 2013). However, code re-
views do take time, and both development teams (i.e., the
authors) have heard users remark that they are not sure what
a code review entails.

Initially, CSDMS aimed to establish code reviews by sci-
entific domain, identifying key community models for eval-
uation, defining the appropriate scope of review, and seeking
volunteers to conduct these assessments. However, this ap-
proach proved overly burdensome for the community, lead-
ing to its discontinuation. CSDMS now relies on the JOSS
journal, the Journal of Open Source Software (Diehl et al.,
2025), which maintains a dedicated editorial team and ex-
pert reviewers who volunteer for code review. Once a model
paper is accepted by JOSS and documented in the CSDMS
catalog, the model automatically receives a digital “code re-
viewed” certification, acknowledging its vetted status. This
demonstrates an instance of leveraging different existing in-
frastructure and community knowledge to gain the benefits
of code review. CSDMS encourages model developers to
undergo code review by tagging those models as “code re-
viewed” models and ranking them to the top in the CSDMS
model catalog.

For the USGS, code review is done according to guidelines
set by Instructional Memorandum OSQI 2019-01, Review
and Approval of Scientific Software for Release (USGS,
2019) and further explained by the Fundamental Science
Practices FAQs on Software (USGS, 2025). To help decrease
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the barrier of being unsure about the review process (Gomes
et al., 2022), sharing of existing checklists, tips, and other re-
sources developed by individual groups that supplement the
USGS policy can increase knowledge and efficiency of the
code review process. CDI-Software, a community of prac-
tice around software development, hosted by the Community
for Data Integration (Hsu et al., 2022), can help educate and
share templates that support the USGS review requirements.

3.1.9 Measuring the effectiveness of features for FAIR
F,A,LR)

Both CSDMS and the USGS have taken steps to increase
the FAIRness of scientific models in their communities. But,
how can the impact of these actions be measured? Assessing
effectiveness of these FAIR-enhancing actions can support
community maintenance and user support and inform the
strategic prioritization of resource-constrained teams. Fun-
ders may also be interested in metrics about the FAIRness of
the products that they support.

Certain efforts can be quantitatively assessed, for example,
CSDMS can measure the use of the BMI to facilitate model
coupling by counting the models that have implemented a
BMI, or by counting publications reporting coupled mod-
els that utilize the BMI. However, measuring the impact of
other implemented features might be more challenging, like
the implementation of schema.org tags, https://schema.org
(last access: May 2026), to make the model catalogs more
machine-readable. Both catalogs implemented the tags, but
following the implementation of schema.org tags, neither de-
velopment team (i.e., the authors) could find any existing
frameworks or methodologies to assess their impact or ef-
fectiveness. Although others can now build upon the imple-
mentations, there is no methodology developed to assess if
others take advantage of this effort.

3.2 Catalogs in support of FAIR compliance

The two model catalogs described here play a role in help-
ing code developers and users comply with journal FAIR re-
quirements. By providing standardized metadata, persistent
identifiers, and highlighting structured archiving workflows
(for example through code notebooks), catalogs help mod-
els meet the transparency and reproducibility standards in-
creasingly required in scientific publishing. Representatives
of the product teams of both model catalogs are part of the
SciCodes Consortium (https://scicodes.net, last access: May
2026), which aims to foster collaboration and standardization
among scientific software registries to improve the discover-
ability, interoperability, and reuse of research software across
disciplines.

For example, the CSDMS catalog supports FAIR compli-
ance by integrating model registration with Zenodo, assign-
ing a DOI for citation and requiring the selection of an ex-
plicit license. Similarly, the USGS Model Catalog strength-
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ens FAIR compliance by providing a structured framework
for model documentation, archiving, and discovery. Each
model entry is linked to a persistent identifier, ensuring
that the associated software and metadata remain findable
and citable over time. By enforcing consistent standards
for versioning, provenance, and access, the catalogs support
transparent reuse. These approaches not only safeguard the
longevity of scientific software but also enhance the trace-
ability and credibility of modeling studies within the broader
research community.

3.3 Continuing to make models more FAIR

Both USGS and CSDMS have developed and implemented
certain principles on their path to FAIR models, whereas
other aspects could receive more attention to promote
growth. Below we outline prospective efforts for each of the
FAIR principles based on our current perspective.

The Findability of the models in the catalogs can be en-
hanced through richer metadata descriptions, as noted above.
In the current CSDMS framework, however, this would ne-
cessitate additional time and effort from those submitting
model information. For the USGS Model Catalog, user en-
gagement to develop add-on metadata modules is an area
that can increase richness of metadata. With the integration of
generative artificial intelligence, many metadata fields could
be automatically populated, requiring model developers only
to review and refine the autogenerated content as necessary.

In regard to FAIR4RS Accessibility guiding principles,
both initiatives have implemented these as outlined in Barker
et al. (2022) and there are no immediate next steps.

The Interoperability of models in the CSDMS catalog
could be further enhanced through stronger enforcement and
communication of value statements of their capability to cou-
ple with other models or datasets. Achieving this would re-
quire model developers to adopt the BMI protocols and apply
Standard Names for all input and output variables. It is im-
portant to note however, that implementing these best prac-
tices must be carried out by the model developers themselves,
which entails additional time and effort from their perspec-
tive. From the research infrastructure perspective, the action
would be to make it easier to adopt the protocols and names.
For the USGS Model Catalog, the interoperability principle
for qualified references to other objects could be met to a
fuller extent by implementing currently experimental recur-
ring feeds of new content. These feeds from USGS publica-
tions, data releases, software releases, and web page content
systems would provide a stream of new objects for more ef-
ficient growth of the catalog.

Next steps for Reusability could include providing mech-
anisms to make it easier for model developers to meet the
principles for documenting provenance and using executable
code notebooks. Additionally, CSDMS could be more strict
about the use of version control systems. CSDMS might
explore the use of containerization technologies such as
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Apptainer and Docker, which encapsulate code, dependen-
cies, and runtime environments into portable, versioned units
(Vanegas Ferro et al., 2022). This approach supports repro-
ducibility and interoperability across platforms while en-
hancing the findability, accessibility, and reusability of nu-
merical models through easier distribution and reuse. In par-
allel, the USGS Model Catalog next steps could include
working with narrower modeling communities to develop
modular add-ons to the metadata fields to help accommodate
specific needs of specific disciplines, a publicly accessible
glossary to help with comprehension between different dis-
ciplinary scientists, and promotion of increased use of the
existing “software: runtime_image” field to point to runtime
images such as container images.

Making it easier to evaluate software and identify gaps
could enhance the implementation of the FAIR principles.
One approach may be to quantitatively assess the degree of
FAIR compliance in community-developed models. Bogan
et al. (2025) have developed a Python-based framework that
facilitates the automated evaluation of FAIR principles, sys-
tematically identifying gaps in metadata representation. Ap-
plying such quantitative assessments into individual models
can provide a twofold benefit: (1) potential users gain a clear,
immediate understanding of the extent to which each FAIR
principle is addressed, and (2) model developers are more
likely to improve the FAIR compliance of their models if they
can easily see which principles have not yet been achieved
but are easy to meet. This FAIR assessment framework could
be integrated into the CSDMS and USGS Model Catalogs to
enhance transparency and promote best practices in software
development.

4 Summary

This paper aims to advance understanding of how FAIR4RS
principles can be effectively adopted within research soft-
ware communities of diverse disciplines, while offering guid-
ance for their implementation in other modeling initiatives.
The adoption of these principles promotes sustained inter-
disciplinary dialogue and thereby enhances the cumulative
advancement of scientific understanding. Although numer-
ous approaches exist for discovering related and relevant
model information on the web, the two discussed catalogs
— both curated and community-supported — substantially
strengthen each of the FAIRness principles of model devel-
opment and dissemination (Findability, Accessibility, Inter-
operability, and Reusability). This improvement stems from
the ability to tailor the interfaces to the scope and norms
of the user community, thereby accommodating domain-
specific knowledge and reducing common sources of con-
fusion.

In this paper, we describe the trajectory toward enhanced
FAIRness of the Community Surface Dynamics Modeling
System (CSDMS) and the U.S. Geological Survey (USGS)
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model collections following the guiding principles outlined
by Barker et al. (2022). The findability of models in both the
CSDMS and USGS Model Catalogs relies on the implemen-
tation of rich, structured metadata aligned with community
standards, and the use of web technologies like Schema.org
to enhance human and machine discoverability. Despite chal-
lenges with component-level identifiers and versioning, the
integration of APIs and structured metadata formats has sub-
stantially improved the accessibility and discoverability of
numerical models, supporting broader adoption and effective
reuse in scientific research. Both catalogs ensure source code
accessibility through HTTPS retrieval of models and persis-
tent, machine-readable metadata. We achieve this by using
standardized protocols, persistent identifiers, and separate,
structured metadata files that remain accessible. Regarding
interoperability, CSDMS enhances this through technologies
such as the Basic Model Interface, Standard Names, and the
Python Modeling Toolkit, whereas the USGS Model Catalog
emphasizes linking models to other digital objects and high-
lighting BMI-enabled models, thus fostering an ecosystem
where models and data can interact efficiently. Reusability
of models is increased by the CSDMS and the USGS Model
Catalog by promoting the use of version control, open-source
licensing, and interactive code notebooks.

The efforts by CSDMS and the USGS to enhance the
FAIRness of model catalogs encountered numerous chal-
lenges, including maintaining current and comprehensive
software infrastructure, ensuring consistent and community-
driven content curation, and managing the diversity of model
types and disciplinary-specific jargon. At the same time, both
initiatives emphasize the importance of fostering community
engagement, selecting open-source tools to support sustain-
ability and adoption, and striking a balance between the need
for detailed documentation and the practical constraints on
developers’ time and resources. Lessons learned from these
experiences underscore that adaptable, user-centered solu-
tions that integrate technical, disciplinary, and community
perspectives, can support the development of sustainable, in-
teroperable, and effective model catalogs.
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