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GroMoPo: A Groundwater Model Portal for
Findable, Accessible, Interoperable, and
Reusable (FAIR) Modeling
Sam Zipper1 , Kevin M. Befus2 , Robert Reinecke3 , Daniel Zamrsky4 , Tom Gleeson5 , Sacha Ruzzante5 ,
Kristen Jordan6 , Kyle Compare7 , Daniel Kretschmer3,8 , Mark Cuthbert9 , Anthony M. Castronova10 ,
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Problem: Data is Increasingly FAIR, But
Groundwater Models are Not

Groundwater systems are threatened worldwide
by stressors including climate change, land-use/land
cover change, contamination, and water use (Gleeson
et al. 2020). In many locations, numerical groundwater
models have been developed to understand how these
stressors and other processes impact water resources,
to develop suitable management strategies, and to
gain scientific insights about the drivers of change in
groundwater quantity and quality. These groundwater
models and their simulations are an incredible source
of groundwater knowledge due to the many activities
involved in model creation. Building a model requires
developing one or more conceptual (or perceptual) models
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of dominant processes affecting groundwater system
behavior (Enemark et al. 2019); synthesizing diverse
datasets describing hydrostratigraphy, hydrology, climate,
and human activities; and developing a mathematical
representation of the groundwater system that can repro-
duce diverse observational data and guide management
decisions (Hill and Tiedeman 2007; Wagener et al. 2021).

Effectively harnessing the knowledge embedded in
groundwater models can help address humanity’s ground-
water sustainability challenges from local to global scales.
Because the model-building process includes subjective
choices and decisions based on regional expert experience,
a groundwater model includes knowledge not captured by
available datasets, and a synthesis of best understanding of
how water resources would respond to stress. Extending
the use of groundwater modeling efforts beyond the sin-
gle or handful of studies they were originally designed
for requires that models be FAIR—Findable, Accessi-
ble, Interoperable, and Reusable (Hut 2022). FAIR mod-
els would enable meta-analyses and intercomparisons,
promote more robust and consistent documentation, and
avoid duplication of efforts through enhanced discover-
ability (Reinecke et al. 2022), acknowledging that reuse
of models outside their original design purpose requires
careful consideration of the transferability to other pur-
poses (Doherty and Moore 2020). Strides have been made
by funding agencies and journals, and FAIR data are now
required for many grants/publications, rapidly becoming
a community standard (Hall et al. 2022).

While data has become more FAIR, in our experience,
the sharing of groundwater models is lagging behind in
the academic community and rarely meets these standards
(with some organizations, like the U.S. Geological Sur-
vey, the Geological Survey of Denmark and Greenland,
and the consortium of the Dutch Hydrological Instrument
as notable exceptions). We speculate that there are mul-
tiple interconnected reasons for this, including that: (1)
many models are developed for site-specific investigations
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Figure 1. Screenshot of web app zoomed in to Northern India and surrounding region.

or without a scientific research focus, for example, those
developed for environmental assessment projects, and
therefore are never published in the peer-reviewed litera-
ture; (2) models may also contain proprietary intellectual
property and/or private information (Zipper et al. 2019);
(3) models often require large input/output files that are
challenging to archive; (4) some numerical models require
proprietary software (Zipper et al. 2022); (5) incentive
structures in the academic system are not designed for
common-good activities such as model sharing (Ver-
beke 2023); and (6) those models that do get published
are challenging to find due to the ever-increasing rate of
publication (Stein et al. 2022). In sum, we estimate that
globally between 330 and 540 journal articles describing
groundwater models are published (findable) every year
(Supporting information), but almost none of these models
are fully FAIR.

Solution: GroMoPo, A Community-Driven
Groundwater Model Portal

To promote the FAIR dissemination of groundwa-
ter models, we developed an open-source Groundwa-
ter Model Portal (GroMoPo; www.gromopo.org). We
envision GroMoPo as a community-driven resource for

sharing and finding existing numerical groundwater mod-
els and information about those models. By developing
this resource, we provide a tool for the groundwater com-
munity to harness the knowledge embedded in groundwa-
ter models and move toward FAIR modeling practices.

On its main page, GroMoPo includes a map display
that allows users to explore a growing compilation of
groundwater models around the world (Figure 1). Poly-
gons denote the locations of known groundwater models
based on either the active extent of the model or a bound-
ing box based on the model coordinates. Overlapping
models are clustered to improve viewability at low zoom
levels. Clicking on a model extent provides a pop-up box
with model metadata including the model authors, pub-
lication details, spatial scale, year of development, and
other information. Currently, the GroMoPo database has
487 models that span 103 countries, 65% of which are
built using U.S. Geological Survey MODFLOW code and
76% covering a domain smaller than 10,000 km2.

To add data to GroMoPo, there is a separate “Submit
Model” page with a data entry form. The entry form has
a limited number of required fields such as publication
name, model location, authors, model platform, and
model characteristics. There are additional optional fields
that allow the user to include more information, for
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example related to model boundary conditions. For FAIR
data storage and retrieval, GroMoPo is linked to the
CUAHSI HydroShare repository (https://www.hydroshare
.org/) via a resource submission with a “GroMoPo” tag.
This resource is immediately available in HydroShare,
but has a flag indicating the submitted information has
not yet been verified. Once a GroMoPo community
volunteer checks the resource, the model is flagged as
verified. Approximately weekly, a HydroShare Python
API script compiles all tagged GroMoPo resources as a
single HydroShare resource (http://www.hydroshare.org/
resource/114b76f89d1c41c38e0e235443c7544c) and uses
this to populate the GroMoPo map. GroMoPo is distinct
from repositories such as HydroShare in that its role
is to collect and share model metadata for searching
and discoverability purposes, rather than storing model
input/output files. For long-term storage of model files,
users are encouraged to deposit model input and output
files in a repository such as HydroShare or other model
storage locations such as an institutional website, and
then link these to their GroMoPo entry for complete
reproducibility.

We envision GroMoPo as a resource developed and
maintained by the groundwater modeling community with
both contributions from, and benefits to, diverse groups
(Figure 2). As the core of GroMoPo is a database of
groundwater models, groundwater modelers are the pri-
mary contributor of model metadata to the database.
Anticipated benefits to model creators include increased
visibility and discoverability of their efforts, a better abil-
ity to find other models from similar hydrogeological set-
tings for guidance and to evaluate transferability, and an
ability to determine if groundwater models have already
been created for a region of interest to serve as a starting
point for developing models in new or related areas. For
educators , GroMoPo provides a resource to find models
for instructional purposes and in-class examples allowing
students to explore the diverse approaches used for rep-
resenting groundwater systems around the world. These
educators, in turn, could contribute to the broader use of
GroMoPo by sharing their lesson plans on a platform such
as HydroLearn that use the database for other members
of the groundwater community. For researchers outside
the groundwater community , GroMoPo would provide a
community-curated platform to find models and ground-
water information for specific regions under investiga-
tion, which would allow them to better incorporate local
hydrogeological conditions into their work. For example,
ecologists working on groundwater-dependent ecosystems
may require information about local groundwater condi-
tions and sources, and by linking these studies to mod-
els through GroMoPo we can strengthen the connections
between groundwater science and other disciplines in both
the physical and social sciences (Huggins et al. 2023).

More broadly, the groundwater community as a whole
(including modelers, field investigators, data scientists,
and the many other roles in our discipline) will bene-
fit from GroMoPo through the opportunities it presents
for improved groundwater understanding and science. For
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Figure 2. GroMoPo anticipated contributions from (inwards
arrows) and benefits to (outwards arrows) different groups.

example, GroMoPo would enable a field investigator to
discover existing groundwater models of a region to iden-
tify areas with poorly understood hydrogeological con-
ditions to prioritize data collection during a field inves-
tigation. Conversely, meta-analysis and synthesis of the
GroMoPo database would allow groundwater modelers to
gain a better understanding of current groundwater mod-
eling practices, strengths, and weaknesses. Additionally,
as the GroMoPo database continues to grow, it will help
spotlight the current scope, distribution, and characteris-
tics of groundwater models, both emphasizing the world-
wide importance of groundwater science as well as reveal-
ing understudied conditions and regions that merit future
research. In sum, this will create new short-term and long-
term scientific research trajectories (Table S1) that will
help the community better understand current groundwa-
ter modeling approaches, areas for needed improvement,
and ways to serve society.

Future: Where Could the Community Go from
Here?

The vision laid out above is ambitious but necessary
to advance groundwater science to FAIR status and more
effectively integrate with fields outside our disciplinary
boundaries. To achieve these goals, the groundwater com-
munity needs to set and enforce an expectation that models
will be open and reproducible (Figure 2). This can be
done by diverse mechanisms, but will likely include shar-
ing requirements enforced by journals, institutions, and
funding agencies (Verbeke 2023). This requirement does
not need to be onerous: GroMoPo data entry is designed
to take less than 15 min yet provide immense value col-
lectively. Additionally, it will require the incorporation of
a much larger database of existing groundwater models,
some of which are already in organizational databases, for
example with various geological surveys. The 487 mod-
els currently included in GroMoPo were identified through
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a keyword search on Web of Science. During this time-
frame, an additional 330 to 540 potential model publica-
tions were published (Supporting information), indicating
that potential groundwater models are being published at
a rate of 1 to 2 per day—far exceeding the abilities of
any one person or team to incorporate into GroMoPo.
Additionally, the current version of GroMoPo remains
in development with future priorities including improved
model search and filtering processes, improved map func-
tionality, and migrating to community hosting platforms.
Harnessing the collective knowledge of our community
that is embedded in groundwater models will require a
true community effort and we hope that you, the reader,
will pitch in. Please visit us on the web (www.gromopo
.org) to join the effort!
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