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a b s t r a c t

Environmental modelers rely on a variety of computational models to make predictions, test hypotheses,
and address specific problems related to environmental science and natural resource management.
Scientists and engineers must devote significant effort to preparing these computational models. While
significant attention has been devoted to sharing and reusing environmental data, less attention has
been devoted to sharing and reusing environmental models. A first step toward increasing environ-
mental model sharing and reuse is to define a general metadata framework for models that is flexible
and, therefore, applicable across the wide variety of models used by environmental modelers. This paper
proposes a general approach for representing environmental model metadata that extends the Dublin
Core metadata framework. The framework is implemented within the HydroShare system and applied
for a hydrologic model sharing use case. This example application demonstrates how the metadata
framework implemented within HydroShare can assist in model sharing, publication, reuse, and
reproducibility.

© 2017 Elsevier Ltd. All rights reserved.

Software availability

The software created in this research is free and open source as
part of the larger HydroShare software repository. The HydroShare
software respository is managed through GitHub and is available at
https://github.com/hydroshare/hydroshare.

1. Introduction

A large variety of environmental models exists, with eachmodel
tailored to address specific challenges related to environmental
science and natural resource management (Singh and Woolhiser,
2002; Singh et al., 2006). These models have grown in
complexity, with many simulating increasingly detailed processes
occurring within environmental systems. When scientists and

engineers use models, they must devote significant effort to collect
data, construct model inputs, and calibrate and validate model
parameters. Many environmental models also require sophisticated
data pre-processing routines, often with many manual steps (e.g.,
Billah et al., 2016). For this reason, many models come with sup-
porting applications such as Geographic Information System (GIS)
interfaces, calibration tools, visualization software, and other utility
software systems to assist in the data preparation process (e.g.,
Winchell et al., 2007). These data pre-processing steps must be
repeated each time a new model is created to simulate a system.
This introduces a number of challenges. From a pragmatic
perspective, it is an inefficient use of scientists' time. Perhaps more
importantly, it inhibits scientists’ ability to reproduce studies that
have a significant computational modeling component (David et al.,
2016; Essawy et al., 2016; Gil et al., 2016).

One way to begin to address these challenges is through better
approaches for sharing and reusing models built by others. Just as
there has been a major push to make better use of data collected* Corresponding author.
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and maintained by others, the scientific community can benefit
from a similar push to make better use of models built by others.
Data sharing and reuse has been strengthened through the adop-
tion of agreed-on metadata frameworks. Geospatial data, in
particular, has benefited from widely used metadata frameworks
that allow scientists and engineers to more easily reuse data
collected by others (e.g., ISO, 2003, 2011). More recently, hydrologic
time series data have also benefited from the adoption of
commonly used metadata frameworks (e.g., Taylor et al., 2014).
While many metadata frameworks exist, none specifically ad-
dresses computational environmental models. Thus, the objective
of this research was to design and implement such a metadata
framework for environmental models.

Designing a metadata framework for environmental models
poses unique challenges compared to other data types. First, the
data required for models are heterogeneous and, in the case of
environmental models, input for a single simulation can include
dozens, if not hundreds, of data files. These files describe properties
of the modeling elements, parameters, forcing functions, boundary
conditions, and other data needed to execute the model for a given
system. Each model largely adopts its own structure and semantics
for storing data, making it difficult to standardize across models.
Second, environmental modelers make use of a large and diverse
set of computational models; Singh and Woolhiser (2002) cata-
loged over 65 models focusing on watershed hydrology alone.
Environmental modelers will likely continue tomake use of a broad
range of models because each model is tailored for a given appli-
cation. As a result, each model adopts unique data structures and
semantics for both input and output data. A model metadata
framework, therefore, must not force all models into a fixed
structure, but rather be flexible and able to accommodate this di-
versity of models.

Some studies have begun to address the problem of designing a
metadata framework for computational models. The Content
Standard for Computational Models (Hill et al., 2001) was one of the
first attempts at providing detailed metadata about a numerical
model that includes the input and output data for model scenarios.
Wosniok and Lehfeldt (2013) provide a concept for metadata-
driven architecture for computational fluid dynamics simulations
and a way to integrate model descriptions into spatial data in-
frastructures. The Community Surface Dynamics Modeling System
(CSDMS) created a metadata framework and used it to describe
over 180 geoscience models, including over 50 hydrologic models
within its model catalog (see http://csdms.colorado.edu). The
CSDMS model category focuses on the software for executing a
model, what we refer to in this paper as amodel program. It does not
extend to the input files for a specific model simulation, or what we
refer to in this paper as a model instance. The metadata included in
CSDMS also do not follow higher-level metadata standards like
Dublin Core.

Much of the past research on model metadata has focused on
component-based modeling systems. Component-based modeling
systems are a tool for integrated environmental modeling where
model applications are constructed from a set of “plug-and-play”
model components that can be interchanged for different applica-
tions (Argent, 2004; Laniak et al., 2013). Metadata frameworks have
been proposed for model components generally (Elag and Goodall,
2013), the component interfaces (Gregersen et al., 2007; Peckham
et al., 2013), and the variables passed between linked compo-
nents (Peckham, 2014). Recently, Harpham and Danovaro (2015)
designed an un-encoded metadata framework supporting the
description of environmental numerical models giving more
attention to the construction of model compositions by interfacing
model components. This metadata framework was designed to
facilitate the description and communication between loosely

coupled components of a larger model chain. The framework en-
ables the output from one model component (e.g., a meteorological
model) to be used as an input for another model component (e.g., a
hydrological draingage model). This work used the ISO 19115
metadata standard as a starting point and expanded the spatial
characteristics, temporal characteristics, and environmental pa-
rameters to enable models to be discovered and reused.

Our work is different in that we focus on standalone model
programs instead of component-based modeling systems. Stand-
alone model programs can execute a model simulation and
generate output, while a model component requires a modeling
framework in order to be executed. Model components can be
loosely coupled using a modeling framework with other model
components, while a model program does not provide this loose
coupling capability. We take this focus because, while the adoption
of component-based modeling systems is growing, we believe that
the vast majority of ongoing studies are using standalone model
applications and a metadata framework is needed to enhance the
sharing of these standalone model instances. Also, this work could
later be merged with past work on model component metadata to
create an overarching model metadata framework.

A motivating factor for this research is the design and devel-
opment of a new system called HydroShare (https://www.
hydroshare.org). The goal of HydroShare is to advance hydrologic
science by enabling the scientific community to more easily and
freely share products resulting from their research e not just the
scientific publication summarizing a study, but also the data and
models used to create the scientific publication (Horsburgh et al.,
2015; Tarboton et al., 2014a, 2014b). HydroShare is a web-based
collaborative system developed with the goal of sharing, access-
ing, and discovering hydrologic data and models (Tarboton et al.,
2014a, 2014b). It was designed and built by the authors, along
with a larger team of researchers, in collaboration with the Con-
sortium of Universities for the Advancement of Hydrologic Science,
Inc. (CUAHSI).

The basic unit of digital content in HydroShare is called a
“resource.” One of the key steps in designing HydroShare was
defining metadata for different resource types (Horsburgh et al.,
2015; Tarboton et al., 2014a, 2014b). While users can upload any
digital content as a “generic resource” within HydroShare, these
generic resources only support basic metadata elements defined by
the Dublin Core metadata framework that are applicable to any
data type. Specific resource types in HydroShare can extend this
Dublin Core metadata to provide new metadata elements that
support functionality specific to common hydrologic datasets
(Horsburgh et al., 2015). For example, the time series resource types
support additional metadata elements relevant to a time series, and
the system can automatically plot time series resources because of
this metadata (Sadler et al., 2015). Because a model metadata
framework like this did not exist for environmental models, we first
had to design one. Then, we used the model metadata framework
we designed in HydroShare to implement new resource types
specific to the needs of environmental models. While the Hydro-
Share implementation motivated the design of the model metadata
framework, it is important to emphasize that the metadata
framework described here is general and can be adopted for envi-
ronment models more broadly.

The remainder of the paper is organized as follows. First, a
Methodology section is presented discussing the design of the
model metadata framework and describing an example use case
where the design implemented in HydroShare was used to share
results from a hydrologic modeling study. Next, the Results section
presents the implemented software and the results from the
example use case. Finally, the paper concludes with a summary
discussion of the proposed approach and steps that could be taken
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